Downloaded via OKLAHOMA STATE UNIV STILLWATER on May 29, 2021 at 16:46:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IXSAPPLIED

N A N O M AT E R I A L S @ Cite This: ACS Appl. Nano Mater. 2019, 2, 4113-4120

www.acsanm.org

Evolution of the Stoichiometry and Electronic Structure of Cobalt
Oxide in Thermally Treated Co-Doped ZnO Nanorods for Solar Cells

Elena Echeverria,’® Amrit Kaphle,_“t Aaron Austin,’ Lyndon Bastatas,

and David Mcllroy* "

- 58
"® Parameswar Hari,"*

TDepartment of Physics, Oklahoma State University, Stillwater, Oklahoma 74078-3072, United States
iDepartment of Physics and Engineering Physics and $Oklahoma Photovoltaic Research Institute, University of Tulsa, Tulsa,

Oklahoma 74104, United States

© Supporting Information

ABSTRACT: The effects of annealing on the stoichiometry and electronic structure of Co-
doped ZnO nanorods (NRs), as prepared by chemical bath deposition (CBD), were Co304
investigated by photoemission spectroscopies (XPS and UPS) and X-ray diffraction (XRD).
The Co 2p core level state of the as-grown Co-doped ZnO NRs is consistent with a Co;0,
stoichiometry, independent of the Co concentration. Upon annealing of the as-grown
material above 865 K, a Co 2p core level satellite state forms, which is consistent with the

Co-doped ZnO Nanorods

(973 K)

formation of CoO. The valence band density of states also exhibits changes with annealing,

where a new density of states forms between the Fermi level and 1 eV below. The new valence band states are also consistent
with the formation of CoO. This change in the cobalt oxide stoichiometry from Co;0, to CoO results in Zn™ due to reduced O
coordination, consistent with the Auger analysis. In addition, the evolution of Co;0, to CoO is irreversible upon exposure to
air. The oxidation state of Co is a key parameter in the material’s performance when used for solar cells.
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I. INTRODUCTION

The unique electrical and optical properties of ZnO make it a
suitable material for a wide range of industrial applications in
catalysis, photovoltaics, spintronics, and even gas sensors.' ~°
Of late, the dilute magnetic properties of transition-metal
(TM)-doped ZnO suggest it may be a suitable material for use
in spintronics,’”'® where magnetically doped semiconductors
are termed dilute magnetic semiconductors (DMS). Among
the transition metals used to dope ZnO, cobalt (Co) and
manganese (Mn) are the most common due to their high
solubility limit compared to other metals.*”'" The interest in
DMS materials is due to the fact that both semiconducting and
magnetic properties can simultaneously be controlled, which
should allow for better control of spin transport in spin diodes
and transistors. Furthermore, the Curie temperature on TM-
doped ZnO-based DMSs is theoretically predicted to be above
room temperature (RT).>'>"* Although some groups have
observed ferromagnetism (FM) above RT in TM-doped ZnO,
there are questions of reproducibility and if FM is an intrinsic
effect. Furthermore, it has been shown that the preparation
method and the form of the material (bulk, thin film, or
nanostructured) play a role in their magnetic properties.
Consequently, it is proposed that the defects and impurities
associated with the method of preparation play a special role in
the spintronic performance of devices constructed with
them 521415

Along these lines, there is growing interest in understanding
the behavior of nanoscale ZnO-based DMSs given that these
nanostructures seem to be more stable and have high surface-
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to-volume ratio, leading to enhancement in performance and
interesting properties, as compared to thin films. In particular,
it has been shown that ZnO nanorods (NRs) improve the
absorption and sensitivity of ZnO gas sensors.'® They are also
good candidates for optoelectronics and energy conversion
applications.'”'® On other hand, Co inclusion has been shown
to enhance the optical and magnetic properties of the ZnO
NRI9—23

Additionally, several experiments have demonstrated RT
ferromagnetism of TM-doped ZnO nanostructures,”*~>°
where ferromagnetism increases with annealing and is sensitive
to the atmosphere in which samples are annealed.”**™°
However, if or why annealing of TM-doped ZnO nanostruc-
tures enhances their ferromagnetic properties is still an open
question. Furthermore, studies of the effects of annealing on
the stoichiometry of these nanostructures, in conjunction with
their valence band electronic structure that will influence their
magnetic properties, do not appear to have been conducted.
Ghosh et al. have reported ferromagnetism at RT on CoO
nanoparticles,”’ and therefore the presence of CoO in Co-
doped ZnO nanostructures upon annealing could explain the
ferromagnetic behavior, as opposed to attributing it to oxygen
defects.”””*° The annealing environment obviously affects the
oxidation state of the cobalt. For example, cobalt nitrite could
form during annealing in N,,”¢ as opposed to cobalt oxide in
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2— .
an O, atmosphere,*** or reduction effects when samples are

annealed in an ultrahigh vacuum (UHV).>

In this study, we explored the effects of UHV annealing on
the stoichiometric and electronic properties of Co-doped ZnO
NRs synthesized by a chemical bath deposition (CBD)
method. We have developed a scalable, low-temperature
chemical bath deposition method by which the morphology,
doping levels, and aspect ratio of the nanostructures can be
easily controlled."” We performed experiments on undoped
ZnO NRs as well to differentiate between intrinsic effects of
annealing and those associated with Co doping. Specifically, we
studied the changes in electronic structures of these doped
ZnO-based NRs as a function of Co content and annealing
temperature using X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), and X-ray
diffraction (XRD).

Il. EXPERIMENTAL SECTION

Cobalt-doped ZnO NRs were synthesized on Si substrates by the
method of chemical bath deposition (CBD), described in detail in
prior works®>™*” and illustrated in Figure 1. Briefly, ZnO nanorods
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Figure 1. Schematic diagram of (a) ZnO seed layer fabrication
method and (b) chemical bath deposition method for the growth of
ZnO nanorods.

were grown with an equimolar (0.1 M) aqueous solution of zinc
nitrate hexahydrate and hexamethylenetetramine. For cobalt-doped
ZnO nanorods, cobalt nitrate hexahydrate was used as a doping agent
with cobalt to a zinc molar percent of 5%, 10%, 15%, and 20%.

X-ray and ultraviolet photoelectron spectroscopies (XPS, and UPS)
were performed at room temperature in a UHV chamber with a base
pressure <10~° Torr. The XPS spectra were acquired with the Al Ka
emission line from a dual-anode X-ray source (Physical Electronics
XR 04-548) operated at 400 W, an incident angle of 54.7° and normal
emission. UPS spectra were acquired by using both the He I (21.2
eV) and He II (40.8 eV) excitation lines from a UVS 40A2 UV source
(PREVAC) at 54.7° and normal emission. While spectra were
acquired with both UV photon energies, for brevity, only data with
21.2 eV photon energy are presented. The photoelectrons were
collected and analyzed with an Omicrometer EA 125 hemispherical
electron energy analyzer with a resolution of 0.02 eV. Samples were
annealed between 773 and 973 K in vacuo by backside electron beam
heating for 1 min, where the sample temperature was monitored with
an infrared pyrometer (Marathon MA2SB). During the annealing
process the pressure increased to ~ 5 X 107® Torr, and measurements
were taken at least 1 h after the sample was annealed; this time was
enough to allow the sample to cool to room temperature. XPS data
were analyzed using the CasaXPS$ software package,®” and a Shirley
background was used and subtracted from the core level spectra
presented herein.*""**

Crystal structures of undoped and doped ZnO NRs were
determined using a Ricaku X-ray diffraction spectrometer (Cu Ka

4114

radiation, 4 = 1.54056 A). Rietveld refinement were perfomed using
Rigaku PDXL XRD analysis software.

lll. RESULTS

Displayed in Figure S1 (Supporting Information) are scanning
electron microscopy (SEM) images of undoped and 15%
cobalt-doped ZnO NRs. The hexagonal shape of the NRs is
clearly seen for both undoped and doped samples. As expected,
the Co-doped NRs have a larger diameter and are longer than
the undoped ZnO-based NRs;>” however, little is known
whether these morphological changes impact the stoichiometry
and/or electronic structure. Therefore, the aim of this work is
to examine the oxidation states of the Zn and Co cations as a
function of the Co concentration and their evolution with
annealing. Results of the XPS and UPS studies are presented
first, followed by the XRD study.

A. X-ray Photoelectron Spectroscopy Analysis. Dis-
played in Figure 2a are the XPS spectra of the Zn 2p core level

a) Zn 2p 1022.4 eV b) Zn 2p 1021.7 eV
41045[5‘5\/ | oresey 15% Co
5 S| AT
© ©
— ~ 973 K
=) =
[72] [72]
C C
[0 | (U]
-— -
k= ! =
1
1 5 %
| 746 K A
I 0% ! ! RT !
1 1 1
T T T T T T T T T T T T T T T
1048 1040 1032 1024 1016 1048 1040 1032 1024 1016

Binding Energy (eV) Binding Energy (eV)

Figure 2. XPS core level spectra of the Zn 2p of ZnO NRs (a) as-
grown samples as a function of Co content and (b) annealing
dependence for the 15% Co-doped sample.

states as a function of Co doping. The binding energies of the
Zn 2p3;, and 2p;,, peaks are 1022.4 and 1045.5 eV,
respectively, with a spin—orbital splitting of 22.9 eV, in
agreement with previously reported values.”**** The Zn 2p
core level steadily shifts to lower binding energy with
increasing Co doping, where the maximum shift of 0.85 eV
occurs for 15% Co. However, it shifts back 0.2 eV to higher
binding energy for 20% Co. Furthermore, the full width at half-
maximum (fwhm) of the Zn 2p core level state increases from
2.19 eV for undoped ZnO to 2.80 eV for 20% Co content. The
core level shift is consistent with the formation of metallic-like
Zn bonds.”*> However, the increase in the fwhm suggests
either of two things: the ZnO lattice becomes more disordered
with increasing Co concentration, where disorder is due to
defects in the form of interstitials, substitution, oxygen vacancy
defects, and so on,”?’ or the coexistence of zinc oxide and
cobalt oxide regions within the ZnO NRs. If we assume the
latter, the lower binding energy of the Zn 2p with Co doping is
due to a higher content of Zn cations with fractionally more
negative charge, where the formation of cobalt oxides
scavenges oxygen from the zinc oxide. Furthermore, at 20%
Co content, there exists regions of ZnO with 10% Co content
(higher Zn 2p binding energy) and regions with clusters of
cobalt oxide (lower Zn 2p binding energy), where this is based
on the comparison with the spectrum for 10% Co doping. This
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suggests that clustering of cobalt oxide occurs at 15% Co
doping.

Figure 2b shows the annealing dependence of the Zn 2p
core level of the 15% Co-doped sample. The binding energies
of the Zn 2p peaks and the oxidation state remain unchanged
with annealing, regardless of Co content. However, with
annealing, the fwhm of the Zn 2p core level state for 20% Co-
doped sample decreases from 2.80 to 2.17 eV, indicative of
improved short-range order.

Zn LMM Auger spectra were also collected for additional
information about the ZnO stoichiometry with Co doping. A
comparison of the Auger spectra of the as-grown 0% and 15%
Co samples are presented in Figure 3a. The predominant
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Figure 3. Zn LMM Auger peak of (a) the as-grown undoped ZnO
NRs (black line) and the as-grown 15% Co-doped NRs (blue line),

(b) as-grown (black) and annealed (cyan) undoped ZnO NRs, and
(c) as-grown (blue) and annealed (purple) 15% Co-doped ZnO NRs.

weighting of the Zn LMM Auger peak of the 15% Co-doped
sample is on the lower binding energy, in contrast to the
undoped sample, and is indicative of less positive Zn cations.*’
It has been proposed that Co doping results in metallic Zn,**°
but we believe the correct identification is Zn*>~%, where 0 < §
< 1, and is associated with nonstoichiometric ZnO. Our
conclusion is supported by the corresponding valence band
spectra, presented below. Upon annealing of the 15% Co
sample, the leading edge of the Zn LMM Auger spectrum shifts
to lower binding energy, where spectral weight is transferred
from the trailing edge to the leading edge (Figure 3c). In
contrast, the Auger spectrum of the undoped ZnO sample is
unchanged with annealing (Figure 3b), confirming that any
change on the stoichiometric of Zn is due to the presence of
Co.

Spectra of the Co 2p core level states as a function of Co
concentration are displayed in Figure 4a, where the relative
intensity of the Co signal increases with Co concentration. On
the basis of the binding energy of the Co 2p;/, and 2p,,, core
level states of 780 and 795 eV and the absence of shakeup
satellite features at 786 and 803 eV of the as-grown samples,
regardless of Co concentration, we conclude that Co;0, is
preferentially formed over CoO.”*****’~* Note that the
binding energies of the Co 2p core level states do not shift with
increasing Co concentration. However, upon annealing, the
line shapes of the Co 2p core levels, regardless of Co
concentration, become more asymmetric, and shakeup satellite
peaks emerge. The evolution of the Co 2p core level state for
15% Co as a function of annealing temperature is presented in
Figure 4b and is typical for all levels of doping in this study.
The broadening of the Co 2p core level states and the
emergence of the shakeup satellite peaks at 785.9 and 802.9 eV
are indicative of the evolution from Co;0, to CoO or from the
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Figure 4. XPS core level spectra of the Co 2p of ZnO NRs of (a) as-
grown samples as a function of Co content and (b) annealing
dependence for the 15% Co-doped sample.

mixed oxidation state Co>* and Co®* to purely Co**,
respectively.'”*” The change in the stoichiometry of cobalt
oxide with annealing is significant, as the oxidation state of Co
plays an important role in the performance of the material in
catalytic and photovoltaic applications.”*”

The O 1s core level state of the as-grown Co-doped ZnO
NRs as a function of Co concentration are displayed in Figure
S2a. The O Is binding energy of undoped ZnO is 531 eV.
Upon doping with Co, a new, low binding energy, oxygen state
is observed at 529.8 eV that increases in intensity with
increasing Co concentration and corresponds to either Co;0,,
CoO, or a mixture thereof.’® Both forms of cobalt oxide have
spectral weights at 531 and 529.8 eV. Displayed in Figure S2b
are O 1s core level spectra of ZnO NRs with 15% Co as a
function of annealing and are representative of all of the Co
concentrations in this study. Although not shown here, the O
1s spectra of the undoped sample became gradually sharper
upon annealing; therefore, the main peak at 531 eV for all the
samples is assigned to O* ions in the ZnO wurtzite structure.

Upon annealing, the O 1s core level state at 531 eV of all the
Co-doped samples shows a significant loss in spectral weight,
while the peak at 529.8 eV becomes sharper. Even though this
peak does not prove the formation of CoO, it is an indication
that at the surface there is more contribution of states related
to cobalt rather than from zinc.

B. Ultraviolet Photoelectron Spectroscopy Analysis.
Displayed in Figure Sa are the valence band (VB) spectra of as-
grown Co-doped ZnO NRs as a function of Co concentration,
and in Figure 5b are their postannealed VB spectra. The VB
spectrum of the undoped as-grown sample (0% in Figure Sa) is
composed of two main bands, where the one centered around
11 eV corresponding to Zn 3d states and the broad band from
5 to 7 eV is assigned to O 2p states. With the incorporation of
Co, a band emerges at ~1.5 eV that shifts and grows in
intensity with increasing Co concentration. This is the Co 3d
band of cobalt oxide’' and is likely hybridized with Zn 4s
orbitals.”> Upon annealing the as-grown samples, the
characteristic Zn 3d and O 2p states become more pronounced
and well-defined, indicative of improved ordering of the ZnO
lattice, ie., healing of defects, etc. Additionally, the establish-
ment of the density of states (DOS) very close to the Fermi
level (Ep) is observed for samples with high Co content
(>15%). These new DOS correspond to the formation of
C00,"* ™ in agreement with the XPS results herein.
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Figure S. Valence band spectra for ZnO NRs samples (a) as-grown
and (b) after annealing at the maximum temperature.

Displayed in Figure 6 are UPS spectra of the region near the
Ep as a function of annealing temperature of undoped and 15%
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Figure 6. Valence band spectra of undoped (a) and 15% Co-doped
(b) ZnO NRs as a function of annealing temperature, where hy = 21.2
eV. The insets are difference spectra with respect to spectrum of the
as-prepared, undoped, ZnO NRs sample.

Co content ZnO NRs samples. In the case of the undoped
ZnO NRs sample, the DOS in the vicinity of Ey (see the inset
in Figure 6a) is unchanged. However, for 15% Co-doped ZnO
NRs annealed to ~750 K, a new DOS emerges in the vicinity
of Eg (see the inset in Figure 6b), which is characteristic of
CoO formation.*”*

The integrated density of states (I-DOS) of the UPS spectra
from —2 to 4 eV of the as-grown Co-doped samples and after
annealing at the maximum temperature are plotted in Figure 7.
From inspection of Figure 7, it is apparent that the I-DOS is
much higher upon annealing, regardless of doping, but increase
significantly with Co doping. The rapid rise in the I-DOS is
due to the evolution of Co;0, to CoO and discussed in section
Iv.

C. X-ray Diffraction Analysis. Figure S3 shows the XRD
patterns of 0%—20% cobalt-doped ZnO NRs and correspond-
ing Rietveld analysis. For undoped and 5% cobalt-doped
samples (Figure S3a,b), all the XRD diffraction peaks are well
matched to the ZnO wurtzite-phase structure (JCPDS No. 36-
1451).>° This indicates that the Co®* ions are well-substituted
into Zn sites during doping without the creation of a secondary
phase, at least within the detection limits. All the undoped and
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Figure 7. Integrated valence band spectra from —2 to 3.76 €V as a
function of Co doping for the as-grown samples (gray squares) and
after annealing at the maximum temperature (cyan triangles).

cobalt doped ZnO are highly c-axis oriented, where the (002)
diffraction peak position gradually shifts toward smaller angles
with higher cobalt doping. For 10%, 15%, and 20% cobalt
doping (Figure S3c—e), we observe an additional spinel
ZnCo,0, phase, which is a typically observed spinel structure
with Zn®* ions in the tetrahedral sites and Co®" occupying the
octahedral sites. Rietveld analysis of these samples (10%—20%)
revealed that the percentage of ZnO phase in samples
decreases and the secondary phase of ZnCo,0, increases
with increasing cobalt concentration. The results of Rietveld
analysis are summarized in Table SI.

The lattice parameter c increases from 5.2061 to 5.2084 A,
and a varied from 3.2500 to 3.2514 A with increasing cobalt
concentration, as shown in Table S1. The expansion of the unit
cell in the c-axis direction produces distortions in the unit cell
and leads to compressive stress in ZnO nanorods.”* Because of
the mismatch between the ionic radii of Zn** and Co?*, the
crystallite size increases from 50.022 to 73.232 nm. As a result,
the presence of interstitial atoms at higher cobalt concen-
trations increases the lattice volume, thereby increasing the
average crystal size.”

Figure S4 shows the XRD analysis of 15% cobalt-doped
samples treated at 773 K (Figure S4a), 873 K (Figure S4b),
and 973 K (Figure S4c). One sees that the intensity of ZnO
peaks gradually increases with temperature, indicating an
increased release of zinc from the spinel structure. This is
attributed to the energetic advantage of placing the d° ions in
octahedral sites, where adoption of the low-spin configuration
gives it a decisively favorable crystal field stabilization energy.’’
Accordingly, the ionic radii of the cationic species in this spinel
structure are 0.60 and 0.55 A for the Zn** and Co®" ions,
respectively.”® When the temperature is increased to 873 K,
Co’" starts to reduce to Co?*; as a result, a mixture of both
Co,0, (5.13%) and CoO (6.91%) phases are present. As the
reduction of Co®" ions progresses, more and more zinc is
released, subsequently leading to a more cobalt-enriched
spinel. However, in the case where all of the cobalt is present as
Co", the absence of trivalent ions will lead to the collapse of
the spinel structure, and a mixture of ZnO and only CoO can
thus be expected.® Note that the sample annealed at 973 K has
small traces of Co;O, (2.43%) present. This indicates that
Co;0, is not fully converted into CoO. Consequently, in the
annealing temperature range between 873 and 973 K, the three
components ZnO, spinel Co;O, and rock-salt CoO coexist.
With annealing above 973 K, Co’" starts to reduce to Co**,
and these ions can substitute for the Zn>* ions in the
tetrahedral positions of the spinel arrangement. In this way,
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zinc is released from the spinel structure, leading to ZnO and a
cobalt-enriched spinel.”®

IV. DISCUSSION

Typically, the CoO (Co®") phase is observed for Co-doped
ZnO films,>”'>*? yet XPS measurements of the Co 2p core
level state of Co-doped nanostructures reveal the presence of
Co®" and Co®" or only Co*, corresponding to either
C0;0,%7% or €00, where the speciation depends
on the method of materials preparation. The Co 2p XPS
spectra in Figure 4a of as-prepared Co-doped ZnO NRs
synthesized by CBD clearly indicate the presence of the Co;0,
phase; however, Figure 4b shows that CoO phase can be
obtained by annealing the samples under UHV conditions.
Annealing affects not only the oxidation state of the cobalt but
also that of the Zn present in the samples, as evident in the Zn
LMM Auger spectra (Figure 3). The changes in the Zn Auger
spectra indicate that zinc goes from Zn** to Zn*>"%, where 0 <
0 < 1, in doped samples when annealed at high temperatures in
UHV.

The annealing of the samples in UHV has the same effect as
the reducing process shown in eq 1.”°

2Co0;0, = 6Co0O + O, (1)

Therefore, the UHV annealing of samples containing Co;0,
will lead to CoO formation as well as oxygen vacancies. The
loss of oxygen is verified by the decrease in atomic
concentration obtained by the XPS analysis in Figure 8a.
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Figure 8. (a) Atomic concentration of oxygen based on XPS as a
function of temperature for the undoped sample (black squares) and
15% Co (blue triangles). (b) O:Zn ratio for undoped and Co-doped
samples as a function of annealing temperature.

The loss of O associated with ZnO coincides with the
formation of the CoO phase; ie., O is scavenged by Co to
transform Co;0, to CoO. Although there is also a decrease in
the oxygen content for the undoped sample, it is attributed to
elimination of oxygen impurities on the ZnO surface and the
healing of defects.”” Reduction of ZnO requires high
temperatures on the order of 1000 K.°® Additionally, the
oxygen-to-zinc ratio (O:Zn) shows a more pronounced change
in samples containing Co relative to the undoped sample, as
shown in Figure 8b.

In addition to the verification of the CoO phase of cobalt
oxide by photoelectron spectroscopy (XPS and UPS) and X-
ray diffraction, visual inspection before and after annealing
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revealed that the color of the 15% Co-doped ZnO NR sample
changed from brownish to greenish when heated at high
temperatures. To evaluate the stability of the CoO surface
layer, the samples were removed from the UHV chamber and
exposed to ambient laboratory conditions for several months
and then returned to the UHV chamber for XPS character-
ization. The XPS analysis revealed some oxygen contamination
on the surface, but the oxidation state of Co remained CoO.
Therefore, the presence of CoO in these samples is stable at
ambient temperature and atmospheric conditions and needs to
be annealed in O, to transform CoO back to Co;0,.”

The change in the stoichiometry of cobalt in heavily doped
ZnO presented here indicates that it should be accounted for
when the material is used in a vacuum or reducing
environments. For example, in CO conversion processes, the
oxidation state of the metal catalyst is critical to the reaction
process given that in some reactions the presence of CoO is
more effective catalyst than those containing Co;0,.”
Additionally, the photocatalytic efficiency of a catalyst
containing cobalt relies on the competition between Co®"
and Co® ions and the band gap of the material.”> The UPS
measurements herein have shown that the formation of a CoO
phase is accompanied by new DOS in the vicinity of Ey, and as
a result, the band gap of these samples decreases. Therefore,
the evolution of Co;0, to CoO in heavily doped ZnO should
be accounted for when interpreting its impact on materials
properties and performances of devices.

Additionally, the impact of our findings may be relevant to
the ongoing debate concerning the room temperature
ferromagnetism (FM) of Co-doped ZnO. Three main
arguments have been proposed to explain the observed FM:
i) proper substitution of Co cations within the host
lattice,”*7*%*9%7% (ji) O vacancies and defects associated
with ZnQ,”!#?4272832396071 45 (jii) Co clustering or second
phases.”””® We postulate the unintended formation of the
CoO phase cobalt oxide in Co-doped ZnO may account for
the ferromagnetic properties, which have inadvertently
attributed to O vacancies and defects. It has been proposed
that Co doping of ZnO introduces Co** ions that produce a
red-shift of the optical absorption band, increases sp—d
exchange interactions and activates d—d transitions, but
without changing the ZnO wurtzite structure.”” The observed
FM may arise from CoO on the surface of the ZnO NRs and in
contact with the subsurface Co;0,, ie., the formation of a
C0;0,/Co0 interface, as revealed in the X-ray diffraction
analysis, which increases the concentration of Co®" ions and
shifts the band edge (see UPS data in Figure 6b), in agreement
with prior studies.”>*”’*”* Lim et al.”” ruled out CoO as the
source of FM because it is antiferromagnetic and instead
suggested that Co clusters exist within the ZnO.”” This study
found no evidence to support Co cluster formation. We
speculate that strained CoO at the surface or within clusters of
CoO may be responsible for the reported FM.®° We cannot
rule out the oxygen vacancies (V,) as source of FM, but we
attribute it as a consequence of Co—V, interactions rather than
just V,, as mentioned in refs 76 and 77. While this study does
not address room temperature FM of Co-doped ZnO, it brings
to light new information about the evolution of the oxidation
state of Co and that the presence of CoO in heavily Co-doped
ZnO, which is important to understand the materials room
temperature FM. Furthermore, the inconsistency of the reports
of room temperature FM of Co-doped ZnO may be due to the
lack of reproducibility of the initial oxidation state of Co. For
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example, if Co;0, is the predominant oxide phase in Co-doped
ZnO, the reduction process will lead to CoO formation and
oxygen vacancies within the ZnO phase, concomitant with the
emergence of room temperature FM. Alternatively, if CoO is
the predominant oxide phase in the as-grown material,
annealing in UHV or a mild reducing atmosphere will not
affect the CoO phase or increase the density of oxygen
vacancies within the ZnO.

V. CONCLUSION

In conclusion, we have explored the effects of annealing in
vacuo on the stoichiometry of Co-doped ZnO-based nanorods
prepared by chemical bath deposition. X-ray photoelectron
spectroscopy showed that the inclusion of Co causes the Zn 2p
core level to shift to lower binding energy relative to the
undoped material, indicative of the reduction in its ionicity.
XPS, UPS, and XRD measurements showed that the
stoichiometry of the cobalt oxide of the as-prepared samples
is Co;0, and independent of the Co concentration. The
stoichiometric state of Zn was unaffected by UHV annealing.
In contrast, the oxidation state of cobalt changed from Co;0,
to CoO with UHV annealing, in concert with an increase in
the density of oxygen vacancies. Cobalt in the form of CoO
increases the density of divalent cations relative to Co;0, and,
therefore, may be responsible for the reported room temper-
ature ferromagnetism of Co-doped ZnO with annealing.
Additionally, the results presented herein are important to
catalytic and photovoltaic applications of Co-doped ZnO since
their performance depends on the oxidation state of the dopant
metals.
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