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Abstract

X-ray photoelectron spectroscopy (XPS) shows that dramatic changes in the core level binding
energies can provide strong indications of transitions between more dielectric and more metallic
CoFe,04 and NiCo,0y thin films. These significant variations in the XPS core level binding
energies are possible with a combination of annealing and oxygen exposure; however, the
behaviors of the CoFe, 04 and NiCo,0y thin films are very different. The XPS Co and Fe 2ps/,
core levels for the CoFe, Oy thin film at room temperature show large photovoltaic surface
charging, leading to binding energy shifts, characteristic of a highly dielectric (or insulating)
surface at room temperature. The photovoltaic charging, observed in the XPS binding energies
of the Co and Fe 2p3/; core levels, decreases with increasing temperature. The XPS core level
binding energies of CoFe,Oy4 thin film saturated at lower apparent binding energies above

455 K. This result shows that the prepared CoFe,Oy thin film can be dielectric at room
temperature but become more metallic at elevated temperatures. The dielectric nature of the
CoFe, 04 thin film was restored only when the film was annealed in sufficient oxygen,
indicating that oxygen vacancies play an important role in the transition of the film from
dielectric (or insulating) to metallic. In contrast, the XPS studies of initially metallic NiCo,04
thin film demonstrated that annealing NiCo, Oy thin film led to a more dielectric or insulating
film. The original more metallic character of the NiCo,04 film was restored when the NiCo,0y4
was annealed in sufficient oxygen. Effective activation energies are estimated for the carriers
from a modified Arrhenius-type model applied to the core level binding energy changes of the
CoFe,04 and NiCo,0y thin films, as a function of temperature. The origin of the carriers,
however, is not uniquely identified. This work illustrates routes to regulate the surface
metal-to-insulator transition of dielectric oxides, especially in the case of insulating NiCo,Oy4
thin film that can undergo reversible metal-to-insulator transition with temperature.

Supplementary material for this article is available online
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1. Introduction

The oxide at the surface of CoFe,O4 (CFO) thin films has
been identified to be different from the bulk [1]. The sur-
face weighted component was distinguished from the bulk
weighted component for the Co and Fe 2ps/, core levels in
angle-resolved x-ray photoelectron spectroscopy (ARXPS) of
CFO thin films. In that study, binding energy corrections were
necessary to consider the photovoltaic charging in the XPS
core level binding energies, indicating that CFO thin films
were dielectric. Such binding energy shifts in the XPS of insu-
lating samples are common due to the uncompensated build-
up of surface charges. When the photoelectron current leaving
the sample is not sufficiently compensated, due to the lack of
conductance through an insulating or non-metallic sample, the
result is a positive potential developed at the surface [2—4] and
makes the sample’s surface an electron-deficient region. This
potential (V) developed, at the surface of an insulator with a
dielectric constant (€), is related to the volume charge density
build-up (p) by the Poisson’s equation:

ey

where V is a function along the z direction normal to the sur-
face such that, for a thin dielectric film of a certain thickness
(1), expression (1), for the grounded sample holder and ana-
lyzer, yields [5, 6]:

ve 2 @

€

where o is the surface charge density build-up. For a con-
ductor, the dielectric constant (¢) is ideally infinite. From
equation (2), there is no potential build-up at the surface for
the conductor. In contrast, for an insulator, finite value of the
dielectric constant (¢) creates a finite potential. The develop-
ment of such potential at the surface of an insulating sample
in XPS is called photovoltaic surface charging and is a well-
established concept [5-8]. The positive potential at the sur-
face reduces photoelectron’s kinetic energy during the pho-
toemission process; hence, it leads to an increase in the appar-
ent binding energy, as the surface charging shifts the core
level binding energies in photoemission.

For CFO thin films, questions regarding the temperature
dependence of the surface photovoltaic charging and the pos-
sible role of oxygen vacancies at the surface remain unre-
solved. The effects of oxygen defects or vacancies can be cru-
cial because the loss of oxygen from the surface, when an
oxide sample is annealed at higher temperature, can cause
drastic changes in the electronic properties of the oxide
materials [9—11]. For instance, oxygen vacancies can contrib-
ute to the conductivity [12, 13], change in crystal color [11,
14], make occupied states appear in the band gap [15], drive
phase transitions [16—18], play important roles in resistive
switching [19, 20] and photocatalytic effects [21, 22], affect

the behavior of electrocatalysts [23], and participate in the
electrochemical redox and structure-work function-activity
relationship in some oxides [24, 25]. Here, we explore the role
of oxygen vacancies on the temperature-dependent changes in
the surface charging of CoFe,O4 (CFO) and NiCo,04 (NCO)
thin films. Both CFO and NCO are inverse spinel ferrimag-
netic oxides. Although CFO thin films tend to be insulating,
NCO thin films, despite being structurally similar to CFO, can
be conducting [26-29].

2. Experimental details

(111)-oriented epitaxial CoFe,O4 (5 nm) and NiCo,04
(10 nm) thin films were grown on -Al,O3 (0001) substrates
by pulsed laser deposition with an oxygen pressure of 5 mTorr
at 530°C and 300°C, respectively [26]. The KrF excimer laser,
with a wavelength of 248 nm, was employed to ablate the CFO
and NCO targets with a pulse energy of 120 mJ and a repetition
rate of 4 Hz. The growth processes were in situ monitored by
areflection high energy electron diffraction (RHEED) system.
XPS spectra were acquired using an un-monochromatized
SPECS X-ray Mg K,, anode (hv = 1253.6 eV) source (3 cm
from the sample) and VG100AX hemispherical analyzer at
different temperatures.

The ARXPS technique has been applied to the investiga-
tion of the surface composition of other oxides [30-32] and
is a common approach for determining the surface composi-
tion of multicomponent oxides. Here, ARXPS measurements
were performed at six different emission angles. The emission
angle is, here, defined as the photoelectron takeoff angle with
respect to the sample surface normal (figure S1 of the supple-
mentary information (SI)). In cases where photovoltaic char-
ging needed to be eliminated so as to ascertain the correct core
level XPS binding energies, the ARXPS spectra were correc-
ted using the adventitious carbon 1s (AdC 1s) binding energy
position, for each of the angles. In the ARXPS technique, the
measurements at higher photoelectron emission angles (more
grazing to the surface) are more surface sensitive than the
measurements at lower angles, as described elsewhere [1, 33,
34]. In this study, the acceptance angle of the hemispherical
analyzer for the ARXPS measurements is +10°, and the pos-
sible error in the binding energy measurements is +0.2 eV.

For the samples studied here, no compelling signatures
of photoelectron diffraction were observed in the angle-
resolved XPS measurements. For the temperature-dependent
XPS measurements, the temperature was measured with a
type-K thermocouple. The XPS data were acquired after a
steady temperature was reached, for each value of temperat-
ure. The temperature fluctuations of £1 K does occur dur-
ing the XPS measurements. Low energy electron diffraction of
NCO does indicate a six-fold diffraction pattern of the (111)
surface, indicating that there is surface order (figure 1), but
the diffraction spots are diffused and the background is high,
indicative of a high density of surface defects.
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Figure 1. The low energy electron diffraction (LEED), obtained at
an electron kinetic energy of 203 eV and screen voltage of 5 kV of
10 nm thick NiC0,04(111) film grown on single-crystal
Al,03(0001).

3. Results and discussion

3.1 Spectroscopic evidence that the surface is distinct from
the bulk

The angle-resolved 2p3, core level XPS from epitaxial CFO
and NCO reaffirms the contention that the surface is differ-
ent from the bulk not only for CFO but also for NCO thin
films. For Ni, Fe, and Co, in the inverse spinel oxides, the 2ps/,
core level XPS spectra are all characterized by two overlapping
components below the 2p3,, core level envelope and a satellite
feature (S) (as noted elsewhere [1, 26, 29, 33, 35-53] and the
references therein). Although the satellite XPS feature is com-
mon to transition metal oxides, for CFO and NCO, the 2ps/,
core level satellite feature is viewed to be the strongest for Co
in CFO and the strongest for Ni in NCO while comparing the
transition metal 2p spectra, as seen in figures 2 and 3.

3.1.1. CoFey04(111).  Some representative ARXPS spectra,
for CFO at room temperature, are depicted in figure 2. The Co
2psp, core level spectra were fitted for three components: P at
779.4 eV, P, at 781.4 eV, and S (satellite) at 785.9 eV bind-
ing energies. The binding energy of the main Co 2p3, core
level peak at normal emission (0°) is found to be at 779.7 eV,
which is in excellent agreement with the 779.9 + 0.2 eV repor-
ted elsewhere [35]. The Fe 2ps/, core level spectra were fitted
for two component peaks: P; at binding energies of 709.6 eV
and P, at 711.6 eV. The binding energy of the main Fe 2ps,
core level peak at normal emission is found to be at 710.3 eV,
which is in good agreement with the value of 710.6 + 0.2 eV
reported elsewhere [36]. The P;/P; ratio for the Co 2p3/, core

level components decreases with increasing emission angle,
whereas the P;/P, ratio for the Fe 2p3/, core level compon-
ents increases, as seen in figure 2. This result means that P;
(P,) is a surface (bulk) weighted component of the Fe 2ps/,
core level, and P, (P;) is a surface (bulk) weighted compon-
ent for the Co 2ps; core level. The binding energy differ-
ence of 2 eV between the components P, and P, is there-
fore an apparent surface-to-bulk core level shifts in the bind-
ing energies of Co and Fe core levels, as described elsewhere
[1,33].

The CFO thin film surface was found to be rich in
cobalt, as indicated by the calculated surface stoichiometry
of Co, 1Feq (039 derived from XPS. Such cobalt-rich surfaces
for CFO thin films were also indicated by prior studies of sev-
eral CFO thin films [1, 33]. Thus, the CFO surface differs from
the bulk not only because coordination at the surface is reduced
from the bulk but also because the surface stoichiometry dif-
fers from the bulk. The different surface stoichiometries and
the facility for surface oxygen vacancy formation, as discussed
below, may result in a surface oxide that differs from the bulk,
and thus contribute to the observed surface-to-bulk core level
shifts discussed above.

3.1.2. NiC0,04(111).  To provide a comparison between
CFO and NCO thin film surfaces, we conducted angle-
resolved XPS measurements on two different NCO thin films,
which were prepared at different oxygen pressures: one NCO
thin film was prepared at the oxygen pressure of 5 mTorr
and the other was prepared at the higher oxygen pressure of
30 mTorr. Figure 3 shows the XPS Ni and Co 2p3, core level
spectra of NCO at room temperature. The Ni 2ps/, core level
spectra for the 10 nm thick NCO prepared at a lower oxygen
pressure of 5 mTorr, as shown in figure 3(a), contain three
components: P; at 853.7 eV, P, at 855.5 eV, and a satellite
feature (S) at 860.7 eV. At normal emission (0°), the main
(overall) peak position of the Ni 2p3/, core level was found to
be at the binding energy of 854.3 eV, which is slightly higher
than previously reported values [37, 38]. For the sample pre-
pared at 5 mTorr oxygen pressure, the Co 2p3, core level also
contains three components: P; at 779.0 eV, P, at 780.8 eV,
and S (satellite) at 785.2 eV, as shown in figure 3(b). The main
peak position of the Co 2ps3, core level at normal emission
was found to be at the binding energy of 779.3 eV, which
is slightly smaller than the values reported elsewhere [37,
38]. For NCO film prepared at the higher oxygen pressure
of 30 mTorr, the resulting Ni and Co 2p3/, core level spectra
show that the main core level peaks are shifted by 0.7 eV to
higher binding energies, indicating a more oxidized surface, as
shown in figures 3(c) and (d). Both the 10 nm thick NiCo,04
thin films prepared at 5 mTorr and 30 mTorr exhibit surface
nickel enrichment, as indicated by the ratio of Ni to Co 2p3.,
core level XPS intensities normalized by analyzer transmis-
sion and photoemission cross-section. The stoichiometries, at
the surface, for the 10 nm thick NCO thin films prepared at
oxygen pressure of 5 mTorr and 30 mTorr are Ni; 7;Co,,103
and Ni; 3Co; 303 g, respectively.
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Figure 2. The angle-resolved x-ray photoelectron spectroscopy of 5 nm thick CoFe;O4(111) (CFO) thin film. Representative XPS core
level spectra of the (a) Co 2ps32 and (b) Fe 2p3/, core levels, at emission angles of 0° and 50° with respect to the surface normal, are shown.
The ratios between the XPS core level components (P/P;) are plotted as a function of the photoelectron emission angle for (c) Co and (d)
Fe core levels. In the panels (a) and (b), red circles, green solid lines, blue solid lines, and black solid lines are raw data, fitted lines,

component peaks, and background levels, respectively.
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Figure 3. The angle-resolved x-ray photoelectron spectroscopy of 10 nm thick NiCo,04(111) (NCO) thin films. (a) The Ni 2p3,; and (b) the
Co 2p3;p XPS core level spectra taken at emission angles of 0° and 50° with respect to the surface normal of the sample grown at 5 mTorr
(mT) pressure. (c) The Ni 2p3, and (d) the Co 2p32 XPS core level spectra at 0° and 50° emission angles with respect to the surface normal
of the sample grown at 30 mTorr (mT) pressure. The ratios between the 2p3,» XPS core level components (P/P,) have been plotted as a
function of the emission angle for the (e) Ni and (f) Co core levels of the sample grown at 5 mT oxygen pressure and (g) Ni and (h) Co core

levels of the sample grown at 30 mT oxygen pressure.
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For both the NCO thin films prepared at the oxygen pres-
sures of 5 mTorr and 30 mTorr, the binding energy differences
between P; and P, components of the Ni and Co 2p3/, core
level spectra are 1.8 eV. Using ARXPS measurements, the
ratios P1/P, of both Ni and Co 2p3/, core levels for the NCO
thin film prepared at the oxygen pressure of 30 mTorr were, on
average, found to increase as the emission angle increased with
respect to the surface normal, indicating that P; (P,) is a sur-
face (bulk) weighted core level component. The NCO thin film
prepared at the oxygen pressure of 30 mTorr has, therefore,
surface-to-bulk weighted core level components that differ by
about 1.8 eV in binding energies of the Ni and Co 2p3/, core
levels [33]. However, the dependence of the component intens-
ity ratios (P1/P,) for the core levels on the emission angle was
not found to be as significant, in the NCO thin film prepared
at the oxygen pressure of 5 mTorr, as was the case in the NCO
thin film prepared at the higher oxygen pressure of 30 mTorr,
especially for the Co core level, as can be seen in figure 3(e)—
(h). Any change in the oxygen pressure during sample growth
might clearly affect the nature of the surface oxide and hence
the dependency of the P,/P; intensity ratios on the emission
angle. The surface-to-bulk core level shift, in oxides in partic-
ular, may be due to differences in the chemical environments
of the elements at the surface compared to the bulk [39]. Local
environmental effects at the Ni and Co sites in NCO thin films
might be altered by changes in the oxygen pressure during
sample growth due to changes in the number of oxygen vacan-
cies throughout the films. The diminished dependency of the
P,/P ratios on the emission angle, for the NCO thin film pre-
pared at the oxygen pressure of 5 mTorr, and hence little evid-
ence for a surface-to-bulk core level shift, occurs with the film
which is much more likely to be replete with oxygen vacancies
throughout the entire film.

Due to the observed emission angle dependence of the rel-
ative intensities of the 2ps, core level component peaks of
Ni and Co for NCO thin films, assigning features as surface
weighted and bulk weighted is preferred in this work, rather
than the usual assignments of the 2ps/, core level components
to multiple cationic species or to the presence of tetrahedral
and octahedral sites. The assignments given to the 2ps,, core
level component peaks, typically for tetrahedral and octahed-
ral sites, have a long history [1, 33] but do not seem to have a
strong experimental validation. We have noticed that there is
not even a prior general consensus on the physical interpret-
ation of the component peaks in the core level spectra in the
XPS of spinel oxides like NCO and CFO [33]. For instance, the
component peak of Ni or Co 2p3,, with lower binding energy
(here labeled P; in this work) has been assigned to the 42
oxidation state of the element in some reports, but other works
suggest the same peak to be of +3 oxidation state [40-53].
Importantly, earlier XPS studies of the inverse spinel oxides
have not given much attentions to the fact that photoemission,
even core level photoemission, is surface sensitive and the sur-
face may be distinct from the bulk. Here, ARXPS shows that,
for both CFO and NCO thin films, there exist variations in
the relative 2p3,», component peaks with emission angle. The
variations in the composition at the surface and bulk further
indicate that the surface oxide is distinct from the bulk.

3.2. Evidence of non-metal to metal transitions at the
surfaces of CoFe,04(111) and NiCo,04(111) thin fims from
temperature-dependent XPS

So far, in the above analyses of the ARXPS of both the
CoFe;04(111) and NiCo,04(111) thin films, all the binding
energies were corrected for any possible surface charging, that
is, the surface photovoltaic effects mentioned at the outset have
been taken into account. As we have indicated above, such
corrections are always needed for insulating samples, in the
absence of an external compensating current, usually imple-
mented with a combination of a very low energy electron flood
gun and ion sources. In the absence of an external compens-
ating current, the photoemission process leads to a shift in the
measured XPS core level binding energies as a result of the
surface photovoltaic effect [2—4, 7, 55-60]. This surface char-
ging resulting from the continuous photoemission-generated
currents causes a misalignment of the effective Fermi levels
between sample and the XPS spectrometer by some amounts
equal to the photovoltaic surface charging (V), as illustrated in
figure 4. Thus, the accumulated uncompensated surface charge
leads to the apparent binding energy change of the core levels.
For example, the XPS of a CFO thin film, in the geometry of
our XPS system, showed the core level binding energy shifts
by 5.8 eV, as shown in figure 4(c), indicating a large photo-
voltaic surface charging at the surface. The shift is consistent
with the dielectric character of CFO. The XPS of NCO, for the
same Mg Ka (hv = 1253.6 e V) fluence, showed small shifts of
around 0.4 £ 0.1 eV, suggesting that the prepared NCO thin
films are significantly better conducting, compared to the CFO
thin film. The core level binding energy, in XPS, is given by
[61, 62]:

Ey=hv—KEy, —®,. 3)

In equation (3), E} and KEg, are the core level binding
energy and the kinetic energy of the photoelectrons measured
by the spectrometer, respectively, and P, is the work func-
tion of the spectrometer. £} is measured with respect to the
spectrometer’s Fermi level (E;") which aligns with the Fermi
level (E}) of a sample only if the sample is sufficiently con-
ducting. If a sample is insulating, the measured core level
binding energy Ej}, (T), at given temperature T, will be shif-
ted by the photovoltaic surface charging V(7), as can be seen
in figure 4(b), so that

Ej(T) :hvaEs,,—CDSPJrV(T). @
Hence
Ep(T) —Ez=V(T). ©)

So, the measured binding energy Ej, (T) at a temperature
(T) is greater than the correct binding energy (£}), which
would be obtained in the absence of surface charging, by
photovotaic charging V(T) at the temperature. With increasing
temperature, carrier concentrations in the sample are expected
to increase. With a sufficient carrier density in the sample, a
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Figure 4. (a) A schematic of XPS experiment. The measured photoelectrons from well-defined core levels, resulting from the X-ray photon
(hv) fluence, are only a small part of the photocurrent, which includes inelastically scattered and secondary photoelectrons. A (gray) sample
is mounted on a metallic (rectangular) holder, which is in electrical contact with the XPS spectrometer. (b) The energy-level diagrams for
the sample and the spectrometer showing the Fermi level misalignment for an insulating sample due to certain photovoltaic surface
charging. The core level binding energy, Fermi level of sample (spectrometer), vacuum level of sample (spectrometer), work function of
sample (spectrometer), and kinetic energy of photoelectron emitted from sample (as measured by spectrometer) are Ej , Eg (EY), E,

(EY), @, (Psp), and KEs(KE,,), respectively. (c) The Co (Fe in the inset) 2p3» core level binding energy shift by 5.8 eV due to the surface
photovoltaic charging of a CoFe,O4 (CFO) thin film. The red spectra are the raw spectra, but the blue spectra are the corrected spectra,

corrected for the surface charging [54].

steady state charge compensation occurs through the sample
and with sufficient conductivity throughout the sample, no
surface charging occurs (in figure 4(b), V becomes zero)
and hence the sample and spectrometer Fermi levels align.
However, whether we can get E} (T) — E} (or V(7)) truly
equal to zero for a sample at some 7 remains a topic of debate
[62-64].

The XPS core level spectra for CFO thin film illustrate this
temperature-dependent surface photovoltaic effect, as seen in
Co 2p3p, and Fe 2ps); core level XPS spectra. Figure 5 shows
temperature-dependent normal emission (emission angle is
0°) XPS for the CFO thin film. Starting at room temperat-
ure, the CFO thin film was annealed in stages to 605 K and
the thin film was then cooled down to room temperature. It is
evident that the XPS spectra of Co 2ps, Fe 2p3p, and O 1s
core levels show shifts in the apparent binding energies that
are not symmetric with annealing and cooling, as shown in
figure 5. Initially, at room temperature, the observed binding
energies of all core levels were shifted from expected values
by about 5.8 eV to larger binding energies by surface photo-
voltaic effects. This is not unexpected. The CFO thin film is
an insulator at room temperature with an indirect (direct) band
gap of ~1.4eV (~2.5eV) [65-79], and the intrinsic resistivity
of CFO can be at least ~10% © cm [66, 78—80]. The core level
binding energy shifts are therefore a very good indicator of
photovoltaic surface charging during XPS measurements and
hence the insulating nature of the prepared CFO thin film. As
the sample temperature increases, the Co 2ps/», Fe 2ps/, and
O 1s core level XPS binding energies decrease, indicating that
surface charging decreases with increasing temperature. The
changes in the XPS core level binding energies cease at around
455 K as shown in figure 5. Such changes in the measured core
level binding energies of the Co 2ps/,, Fe 2p3/, and O 1s were

observed to be irreversible with temperature. When the sample
temperature decreased from 605 K back to room temperature,
the core level binding energies of CFO did not change, mak-
ing the temperature-dependent XPS binding energy changes
irreversible under ultra-high vacuum conditions and indicating
that the sample became and remained more conducting after
annealing the sample at higher temperatures. The trend of the
temperature-dependent changes in core level binding energies
of CFO suggests that the annealing of CFO thin films in ultra-
high vacuum conditions leads to irreversible insulating (non-
metallic) to conducting (metallic) transition (in vacuum) when
temperature is increased.

Based on the temperature-dependent photovoltaic charging
signatures of the XPS binding energies, the NCO thin film is
also observed to undergo an irreversible transition with tem-
perature, but the character of this transition is different from
that seen with CFO thin film. To investigate the temperature-
dependent properties of NCO thin films, we selected films pre-
pared at the lower oxygen pressure of 5 mTorr because, for
these NCO thin films, there are a larger number of oxygen
vacancies; however, the samples are still more conducting at
the outset than CFO and likely more easily driven through the
metal to non-metal phase transition. In addition, the ARXPS
indicates that the NCO surface more closely resembles the
bulk (for the NCO samples prepared at lower oxygen pres-
sure of 5 mT) than is the case for CFO and NCO prepared at
a higher oxygen pressure, as discussed above. Figure 6 shows
the temperature-dependent Ni 2p3;, Co 2p3p, and O 1s XPS
core level spectra taken at normal emission and the binding
energies of corresponding core level features, as a function of
temperature, for the NCO thin films prepared at the oxygen
pressure of 5 mTorr. During the initial increase in the tem-
perature of the NCO thin film, there is little or no appreciable



J. Phys. D: Appl. Phys. 57 (2024) 495301

A Subedi et al

(@) Co2p;, (b) Fe 2p;,

RT

Cooling

605 K

Intensity (a. u.)

e
T

|

455 K

Annealing

|

I RT !
800 790 780 72 710

Binding Energy (eV)

RT

605 K

455K

RT

786
RT %'y
7841 A
782F A

780

71614,

714t

—\—605 K
7121 ‘

536 F
5341

sl q‘. O ls

Measured Binding Energy (eV)

A
530 [YrrrryPax xapnnal

RT

300 400 500 600
Temperature (K)

Figure 5. The temperature-dependent Co 2p3., Fe 2p32, and O 1s core level XPS spectra taken at normal emission for a CoFe,O4(111)
(CFO) thin film. The (a) Co 2p32, (b) Fe 2p32, and (c) O 1s core level XPS spectra of CFO are shown at different temperatures during
annealing (red spectra) and cooling (blue spectra) cycles. The measured binding energies of the (d) Co 2p32, (€) Fe 2p352, and (f) O 1s core
level main peaks have been plotted as a function of temperature during annealing (red upright triangles) and cooling (blue inverted triangles)

cycles. RT indicates room temperature (roughly 297 K).

changes in the measured core level binding energies. It has
already been noted elsewhere that depending upon the sample
growth conditions and distribution of cationic species, the pre-
pared NCO thin film can be conducting and exhibit resistivities
as low as ~1073 Q cm at room temperature [27, 81-106]. The
absence of discernible core level binding energy changes, with
increasing temperature during the first annealing treatment, is
consistent with the conducting nature of the NCO thin films.
This initial annealing treatment, under ultra-high vacuum con-
ditions, of the NCO thin films prepared at the lower oxygen
pressure of 5 mTorr, however, does change the nature of the
film.

The temperature dependence of the NCO thin film core
level binding energies became evident when the NCO thin
film, prepared at the oxygen pressure of 5 mTorr, was cooled
from 591 K to room temperature (297 K) after the initial
annealing treatment. The changes in the XPS core level bind-
ing energies with temperature were observed to be reversible
with temperature in this new phase, with strong photovoltaic
charging occurring at lower temperatures and with the meas-
ured core level binding energies decreasing at higher temper-
atures, as shown in figure 6. A small hysteresis was observed
between cooling and 2nd annealing cycles for the NCO thin
film core level binding energy changes with temperature. For
NCO, the temperature-dependent core level shifts are more
dramatic, since the maximum changes in the measured core
level binding energies of Ni 2p3;, Co 2p3p, and O 1s were
found to be about 6.4 eV, 7.0 eV, and 6.9 eV respectively,
which are significantly larger than the binding energy changes
observed for the initial dielectric phase of CFO, as discussed
above and plotted in figure 5.

Based on the behavior of the photovoltaic charging, of the
core level XPS binding energies, both CFO and NCO thin
films have clearly undergone a phase transition in the first

annealing cycle under ultra-high vacuum conditions. Since
the as-prepared CFO was an insulator, there was initially
temperature-dependent surface charging when the CFO was
annealed. The annealing process, however, led to a non-metal
to metal phase transition for CFO, as discussed above, so that
there were no changes in core level binding energies, with
temperature, for the latter conducting phase of CFO, as was
also seen with the initial conducting phase of the NCO thin
film during the first annealing cycle. The initially conduct-
ing NCO thin film became an insulator when annealed, sub-
sequently exhibiting temperature-dependent behavior of the
core level binding energies during cooling and second anneal-
ing cycles, indicative of a non-conducting or insulating phase,
as shown in figure 6. Thus, the CFO thin film can be driven
from an insulating to a conducting phase, whereas the NCO
thin film can be driven from a conducting to an insulating
phase upon annealing in vacuum. The phase changes of both
the CFO and NCO thin films are irreversible with temperat-
ure. Interestingly, when the NCO thin film became insulator
(or non-metal) after the first annealing treatment, reversible
core level binding energy changes were observed with tem-
perature (with cooling and second annealing cycles as shown
in figure 6). Since the phase transition processes were not
reversed upon cooling the CFO and NCO thin films back to
room temperature, thermally generated electron and hole carri-
ers at higher temperatures cannot be the sole source for the sur-
face photovoltage compensation. The irreversible insulating
(non-metallic) to conducting (metallic) transition (in vacuum)
for CFO suggests that there should be defect or vacancy form-
ation at the CFO thin film surface at elevated temperatures.
The same may be said for the irreversible conducting (metal-
lic) to insulating (non-metallic) transition (in vacuum) seen
for NCO thin film, prepared at a lower oxygen pressure of
5 mTorr, which exhibits hysteresis in the reversible changes
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Figure 6. The temperature-dependent Ni 2p3/2, Co 2p32, and O 1s core level XPS spectra taken at normal emission for a NiCo,O4(111)
(NCO) thin film grown at 5 mT oxygen pressure. The (a) Ni 2p3., (b) Co 2p3/2, and (c) O 1s core level XPS spectra of NCO at different
temperatures during first annealing (red spectra), cooling (blue spectra) and second annealing (violet spectra) cycles are shown. The
measured binding energies of the (d) Ni 2p3/2, (e) Co 2p32, and (f) O 1s core level main peaks are plotted as a function of temperature
during first annealing (red upright triangles), cooling (blue inverted triangles) and 2nd annealing (violet diamonds) cycles. RT indicates

room temperature (roughly 297 K).

in the XPS core level binding energy changes once in the
insulating (non-metallic) phase. Furthermore, thermally gen-
erated electron and hole carriers at higher temperatures can-
not explain the noticeable deformation (figure S2 in SI) of
core level spectra observed for the NCO thin film at higher
temperatures.

3.3 The possible role of oxygen vacancies in mediating the
non-metal to metal transitions at the surfaces of
CoFe»04(111) and NiCo2,04(111) thin fims with temperature

Vacancy formation through the loss of oxygen atoms with
increasing temperature, from the surface of oxide thin films, is
expected [11]. In high-temperature XPS measurements, pho-
toelectron and secondary electron currents, combined with
higher temperatures, may enhance oxygen loss from oxide thin
films. Oxygen atoms leaving from the surface result in the
chemical reduction of the specimen and increase of the n-type
character of an insulator or semiconductor. The availability
of additional electrons and the reduction of cationic species
due to oxygen vacancies at higher temperatures should play
important roles in the observed variations in binding energy
changes with temperature and the electronic phase changes of
the CFO and NFO films.

We have used XPS to investigate whether oxygen vacancies
play some role in the insulating (non-metallic) to conducting
(metallic) transition for CFO and conducting (metallic) to
insulating (non-metallic) transition for NCO films and the

temperature-dependent surface charging in CFO and NCO
films. Figure 7 shows the Co 2ps», Fe 2ps3p, and O 1s core
level XPS spectra of the CFO thin film after vacancy cre-
ation through annealing followed by oxygen exposure treat-
ments. The first (i) and the second (ii) Co 2p3/,, Fe 2ps/», and
O 1s core level spectra at the bottom of figure 7(a)—(c) were
acquired at room temperature and while annealing the thin film
at 605 K, respectively (see also figure 5). Going from room
temperature to 605 K, there were changes in the Co 2ps,, Fe
2psn, and O 1s core level binding energies for the CFO thin
film surface, as noted above, but does annealing of the sample
in oxygen change the observed shifts back to higher bind-
ing energies, caused by surface photovoltage effects, at room
temperature?

Annealing the CFO thin film at low oxygen pressure causes
some changes to the Co 2ps, Fe 2pspn, and O 1s core level
spectra. The sample was later annealed at 574 K in the oxygen
pressure of 5 x 10~° Torr, and XPS spectra were acquired, as
shown in the (iii) spectra of figure 7. Increases in the binding
energies (main peak positions) of the Co 2p3., Fe 2ps/, and
O 1s core level features were observed, indicating that oxid-
ation increased the photovoltaic surface charging and hence
the insulating properties of the CFO thin film surface region.
The shapes of the CFO thin film Co 2p3/,, Fe 2p3, and O 1s
XPS core level spectra were, however, not restored and some
XPS core level components were observed as shown (iii) spec-
tra in figure 7, which resulted in spectral shapes with some
deformations and deviations from what is expected [1, 36, 37].
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Figure 7. The Co 2p3., Fe 2p32, and O 1s core level XPS spectra taken at normal emission for CoFe;O4(111) (CFO) under different
conditions. (a) Co 2p3., (b) Fe 2p3., and (c) O 1s XPS core level spectra are shown for CFO (i) at room temperature just before annealing,
(ii) at 605 K, (iii) after the sample was annealed at 574 K in oxygen pressure of 5 x 107 Torr, (iv) after the sample was exposed to ambient
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inverse spinel oxides, whereas the components in cyan blue may be assigned to residual surface domains of more metallic CFO or a more
reduced oxide. The higher binding energy components of O 1s spectra represent surface contamination species (see also figure S4 of SI)

[107].

The spectral deformations are likely the results of residual
surface domains of a more metallic CFO or possibly a more
reduced surface oxide.

After acquiring the (iii) XPS spectra (figure 7), then expos-
ing the CFO thin film to ambient conditions for several hours,
the XPS spectra (iv) taken for the Co 2p3/», Fe 2p35, and O 1s
core levels, shown in figure 7, showed some reduction of the
features characteristic of more metallic surface domains or a
more reduced oxide. Annealing the sample in ambient oxy-
gen (the XPS spectra (v) in figure 7) seems to eliminate the
lower binding energy components (components in cyan blue),
and the XPS core level spectra become restored to what were
initially observed. Furthermore, the Co 2p3), satellite feature,
at higher binding energy, has diminished intensity relative to
the other Co 2p3,, components, which is often indicative of a
reduction in the number of oxygen vacancies suggesting that
the number of oxygen vacancies is reduced with the various
oxygen treatments, driving the CFO surface more dielectric,
consistent with the increased photovoltaic charging. Taken as
a whole, this shows that the number of oxygen vacancies at the
surface can affect the binding energies of the core level spec-
tra and hence the sample charging in XPS measurements, as
shown in figures 5 and 7.

Similar annealing and oxygen exposure experiments were
conducted for the NCO thin film to validate that oxygen vacan-
cies play a role in binding energies of the Ni 2p3,, Co 2p3p,

and O 1s XPS core level peaks. In figure 8, the core level XPS
spectra at room temperature (i) are shown in comparison with
the XPS spectra obtained after annealing and oxygen exposure
of NCO thin film. The room temperature XPS core level spec-
tra after the first annealing and the cooling cycles are shown
in the (ii) spectra of figure 8, and the (iii) spectra were taken at
591 K during the second annealing cycle of NCO (see also
figure 6). The Ni 2p3, and Co 2p3» XPS core level spec-
tra of NCO, taken at 591 K during second annealing cycle,
have significant spectral contributions at lower binding ener-
gies characteristic of more reduced surface oxides. The low
binding energy XPS core level components characteristic of
reduced oxides, in the XPS Ni and Co 2p3,, core level spec-
tra, increased during the second annealing cycle (figure S3 in
SI) and we attribute this to an increase in oxygen defect con-
centration at the surface. The XPS spectral components asso-
ciated with the reduced oxides diminished significantly when
the NCO sample was exposed to ambient conditions, as shown
in the (iv) spectra of figure 8. The NCO thin film was observed
to be insulator even after exposing it to ambient conditions,
with high photovoltaic surface charging, indicated by the XPS
core level peak (binding energy) shifts in the (iv) spectra of the
figure 8. The original XPS core level spectral shapes and bind-
ing energies of the core levels were restored when the sample
was annealed in ambient oxygen, as shown in (v) spectra of
figure 8. This means that the NCO thin films become insulators
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Figure 8. The Ni 2ps35, Co 2p3» and O 1s core level XPS spectra taken at normal emission for NiCo,O4(111) (NCO) under different
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blue are expected for inverse spinel oxides, whereas the components in cyan blue are attributable to more reduced oxides. The higher
binding energy components of O 1s represent surface contamination species (see also figure S4 of SI) [107].

when oxygen defects are introduced, but for the NCO sample
to be more conducting again at room temperature, the sample
needs to be oxidized heavily. Our results align with the find-
ings that oxygen vacancies open the band gap in the density
of state calculations of NCO [38] and decrease in Ni** ions
(reduction of Ni in this work) leads to increased insulating
character of NCO films [38, 86]. This is diametrically different
from CFO thin films where oxygen vacancies lead to increase
in conductivity and to a non-metal to metal transition, as dis-
cussed above.

Redox reactions, that is to say an increase or decrease in
the number of oxygen vacancies, can lead to a change in the
majority carrier and conductance in oxides [108, 109]. It has
long been recognized that the band bending and the associ-
ated photovoltaic charging are different for n-type versus p-
type semiconductors [110-112], which lead to shifts in the
core level binding energies. Our results cannot be explained
solely on the basis of the band bending analysis as the change
in core level binding energy observed is much greater than
the band gap. For instance, the core level binding energy
change for CFO is about 5 eV, but the indirect (direct) band
gap is around ~1.4 eV (~2.5 eV) [65-77]. In this work, the
major underlying phenomenon causing the core level binding
energy to change with temperature is the presence or absence
of charge compensation and Fermi level alignment between
sample and spectrometer. The band at the sample surface can
bend, leading to binding energy shifts. These shifts cannot
exceed the band gap [110-112]. Furthermore, the studies of

10

changing oxygen concentration at the oxide surface [108, 109]
tend to support our observation of decrease in surface charging
(or increase in conductance) due to reduction at the surface for
the CoFe,O4(111) thin film.

3.4. A model for temperature-dependent core level binding
energy change or surface charging

From the temperature-dependent core level XPS binding ener-
gies of insulating CFO and insulating NCO thin films, as seen
in figures 5(d)—(f) and 6(d)—(f), an estimate of the carrier activ-
ation energy may be obtained. At room temperature, the core
level binding energies in XPS of a dielectric oxide thin film
are shifted to high binding energies due to surface charging
and perhaps due to a very minor extent by band bending as dis-
cussed above. As the temperature is increased, the electron car-
rier concentration should increase due to the thermal excitation
of trapped electrons and additional number of electron carriers
due to the surface reduction (loss of oxygen). The availabil-
ity of electrons to the surface decreases the surface charging
and hence the core level binding energies in higher temper-
ature XPS. Both the excitation of trapped electrons and oxy-
gen vacancy creation are activated processes. The change in
core level binding energy with temperature in this work should
have a mathematical model similar to the model (the Arrhenius
equation) for temperature dependence of conductivity in semi-
conductors. Figure 9 shows the plots for a possible model
of temperature-dependent XPS core level binding energies of
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during (a) the annealing of insulating CoFe,04(111) (CFO) thin film, (b)

the cooling of insulating NiCo,04(111) (NCO) thin film from 605 K, and (c) 2nd annealing of insulating NCO thin film. Ej (T) (E} (Tr))
are the core level binding energy at temperature 7 (7r, room temperature).

Table 1. The activation energies (E,) and coefficients of determination (? values) using the best fit. A perfect functional model has r* value

of 1.

Activation
energy E,

The core level of (Jmol™)

Coefficient of determination
(* value) for the fitted line

For CoFe;04 (During heating)

Co 489 + 18 0.98
Fe 494 + 15 0.99
Oxygen 459 £ 19 0.98
For NiCo,04 (During cooling)

Ni 913 £ 74 0.94
Co 910 £ 76 0.94
Oxygen 920 + 76 0.94
For NiCo,04 (During 2nd heating)

Ni 2103 £98 0.98
Co 1808 + 170 0.93
Oxygen 1830 + 170 0.94

insulating CFO and NCO thin films. We present a very good
linear least squares fit of the logarithmic part of the absolute
value of the core level binding energy change relative to the
core level binding energy at room temperature (7g), as a func-
tion of the inverse of the absolute value of the temperature
change from room temperature, as expressed by the following
modified Arrhenius-type [113] equation:

_E,
ABE|=A 6
ABE| = A exp e ©
where ABE=F}(T) —E}(Tr) and AT=T-Tg. In

equation (6), E, is the activation energy and A is the pre-
exponential frequency factor, which is assumed here to
be independent of temperature and effectively a constant.
Since ABE is defined with respect to room temperature, the
absolute value of core level binding energy change (ABE)
in equation (6) increases as the temperature change (AT)

increases from room temperature, which is expected behavior
between dependent and independent variables in Arrhenius-
type equation.

Deviations of the plots of the logarithm of the change in
the core level binding energy versus the inverse of the change
in temperature, as shown in figure 9, from the perfect linear
nature, are not entirely unexpected. The change in conduct-
ance of NCO and CFO with temperature is not only due to
the increased carrier concentration with increasing temper-
ature but also due to the change in carriers associated with
increased oxygen vacancy formation at higher temperatures.
These two processes occur simultaneously, but likely with dif-
ferent activation energies. Thus, we extract from the core level
binding energy shifts with temperature an effective activation
energy for changing conductance that includes both processes.
Deviations from the perfect linear nature, in figure 9, are,
however, small as the * values for the fitting are still very close
to 1.
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Table 1 lists the effective activation energies and coef-
ficients of determination (?) for the model expressed by
equation (6). Values of 7> close to unity suggest that the
core level binding energy changes, and hence the photovol-
taic surface charging, of insulating CFO and NCO thin films
in temperature-dependent XPS follow the proposed model
expressed by (6).

Table 1 shows that relatively lower activation energies for
the core levels of CFO thin films, compared to the NCO thin
films, are observed. This finding suggests that carrier cre-
ation and surface oxygen loss at the surface of CFO are more
facile than for NCO. For NCO, we observed that the activa-
tion energies extracted from the surface photovoltaic charging
are doubled for second annealing compared to cooling. Higher
activation energies for the second annealing of NCO suggest
that carrier generation during the second annealing required
higher energies. The higher thermal energy, required to cre-
ate carriers to compensate the photovoltaic surface charging
when the NCO film was annealed for the second time, may
be the result of increased oxygen loss, but also suggests that
the defect states within the band gap are farther from the band
edges. Different surface defect densities created and different
activation energies for the cooling and for the second anneal-
ing cycles of NCO thin film should account for the observed
hysteresis in the measured binding energy vs temperature in
figure 6.

4. Conclusions

Although both CFO and NCO thin films are inverse spinels,
annealing the thin films in vacuum drives a CFO thin film from
non-metallic (insulating or dielectric) to metallic (conduct-
ing) and a NCO thin film from metallic (conducting) to non-
metallic (insulating or dielectric). Both thermally generated
electron and hole carriers and oxygen vacancies play important
roles in temperature-dependent photovoltaic surface changing,
observed in both CFO and NCO thin films. The increase in
oxygen vacancies plays a major role in electronic phase trans-
itions of CFO and NCO thin films, leading to increased insu-
lating character for NCO films, that is a metal to non-metal
transition. In contrast, for CFO thin films, oxygen vacancies
increase conducting character and lead to a non-metal to metal
transition. The fact that the properties observed in one oxide
may differ in another oxide is further established here, and it
would be difficult to generalize the non-metal to metal trans-
ition at the surface of one oxide to another. Furthermore, not
only is the apparent surface-to-bulk core level shift possibly
due to the surface oxide being different from the bulk, but it is
now also clear that there may be an interplay between surface
segregation and the surface of the oxide.

CoFe,04 and NiCo,04 thin films have often been men-
tioned in the context of spintronics. The new insight that
metal-to-insulator transition (MIT) can also be applied to
these materials opens an avenue for defect assisted and/or
temperature-dependent future beyond CMOS devices. In
particular, the insulating phase for NiCo,Oy4 thin film can
undergo reversible MIT even in a redox programmable

devices and this redox could be voltage controlled and
thus “programmable.” The non-metal to metal transition
seen for CoFe,O4(111) and NiCo,04(111) thin films
could well be localized just to the surface regions open-
ing the door for an Anderson-type temperature dependent
field effect transistor unlike the Mott transistor schemes
proposed [114-117].

For CFO and NCO in the insulating phase, our studies sug-
gest that the core level binding energies, measured by XPS
technique, and hence the surface charging, follow a model, as

a function of temperature, given by |[ABE| = A exp| R"EL‘TI ].
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