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Co-doped ZnOsCoxZn1−xOd is of potential interest for spintronics due to the prediction of room-temperature
ferromagnetism. We have grown epitaxial CoxZn1−xO films on Al2O3s012d substrates by metalorganic chemi-
cal vapor deposition using a liquid precursor delivery system. High concentrations of Cosxø0.35d can be
uniformly incorporated into the film without phase segregation. Co is found to be in the +2 oxidation state,
independent ofx, by both surface-sensitive core-levelx-ray photoemission and bulk-sensitive optical absorp-
tion spectroscopies. This material can be grownn-type by the deliberate incorporation of oxygen vacancies, but
not by inclusion of,1 at. % Al. Semiconducting films remain ferromagnetic up to 350 K. In contrast films
without oxygen vacancies are insulating and nonmagnetic, suggesting that exchange interaction is mediated by
itinerant carriers. The saturation and remanent magnetization on a per Co basis was very smalls,0.1 mB/Cod,
even in the best films. The dependence of saturation magnetization, as measured by optical magnetic circular
dichroism, on magnetic field and temperature, agrees with the theoretical Brillouin function, demonstrating that
the majority of the CosII d ions behave as magnetically isolatedS=3/2 ions.

DOI: 10.1103/PhysRevB.70.054424 PACS number(s): 73.61.Le

I. INTRODUCTION

With silicon-based electronics approaching fundamental
fabrication and performance limits, the use of quantum me-
chanical spin states in semiconductor devices represents an
exciting new concept. For example, the additional degree of
freedom provided by spin would enable the development of
spin-transistors, high performance nonvolatile memories, and
polarized light emitting devices. In the emerging field of
quantum computing and communication, the electron spin is
a natural candidate for the qubit–the fundamental unit of
quantum information.1 Loss and Vincenzo show that these
spin qubits, when located in quantum-confined structures,
satisfy all the requirements for a scalable quantum
computer.2 These quantum-confined structures include semi-
conductor quantum wells and quantum dots with a wide
range of dimensions. The common goal of both analog and
digital spintronics is to gain control over and effectively
utilize the dynamics of spins in semiconductor device
structures.

Ferromagnetism provides an ideal way to achieve the spin
polarization necessary for realization of spintronic technolo-
gies, provided the spin injection material remains ferromag-
netic at or above room temperatureand is capable of high
efficiency spin injection into semiconductor heterostructures.
Given these requirements, ferromagnetic metals are very at-
tractive because they have Curie temperatures that are well
above room temperature. However, ferromagnetic metals are
typically inefficient spin injectors, exhibiting spin injection
efficiencies on the order of,1%.3 This low efficiency is due
to the sizeable conductivity mismatch that exists at the
metal-semiconductor interface. A simple resistor model has

been proposed to explain this phenomenon and reveals that
the spin polarization is proportional to the ratio of the resis-
tances in the metal and the semiconductor. One way to cir-
cumvent the conductivity mismatch issue has been shown
experimentally by Hanbickiet al.4 By using an insulating
AlGaAs Schottky barrier between Fe and a GaAs-AlGaAs
quantum well structure, these workers demonstrated,30%
spin injection efficiency at room temperature.

A superior approach, in principle, is to use a diluted mag-
netic semiconductor(DMS) whose conductivity has been
tuned (by altering the dopant level) to match that of the
channel material. For example, BeyMnxZn1−x−ySe and
sMn,ZndSe have been utilized as efficient spin injectors,
with spin polarizations between 40% and 50%, into
sAl,GadAs-GaAs-sAl,GadAs quantum well structures.5,6

However, these materials are Brillouin paramagnets, and the
spin polarization effect can be maintained only with an ex-
ternal magnetic field. Thus, DMS materials that are strongly
ferromagnetic at and above room temperature are highly de-
sirable. Indeed, a few unconventional semiconductors have
exhibited room temperature ferromagnetism. These include
MnxGa1−xN,7 CoxTi1−xO2,

8 and CoxZn1−xO.9

Interest in ZnO-based DMSs was initially generated by
the theoretical work of Dietl and coworkers. Their calcula-
tions showed that both Mn-doped ZnO and Mn-doped GaN
would exhibit above-room-temperature ferromagnetism if
the materials were grown with substitutional Mn+2 ions and
sufficiently high levels of somep-type dopant s,3
31020 atoms/cm3d.10 Recently, Mn-doped GaN films with
Curie temperatures greater than 300 K have been
synthesized,7 while Mn-doped ZnO has been shown to be
ferromagnetic with a Curie temperature of 250 K.11
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Ab initio calculations by Satoet al. indicated thatn-type
Co-doped ZnO would remain ferromagnetic above room
temperature as well.12 Subsequent experiments, performed
by Uedaet al., showed ferromagnetism up to 320 K; how-
ever, the reproducibility was less than 10%.9

In this paper, we describe the plasma-enhanced metalor-
ganic chemical vapor deposition(MOCVD) of epitaxial,
Al-doped CoxZn1−xOs110d on Al2O3s012d using a liquid pre-
cursor delivery system. These MOCVD-grown films consis-
tently show weak ferromagnetism with a Curie temperature
of at least 350 K, which is the highest temperature measured
to date for doped ZnO. The Co ions are in the +2 oxidation
state and there is no evidence for the formation of metallic
Co or CoOx clusters. We show that the magnetic properties
depend critically on the conductivity, which is greatly im-
proved by vacuum annealing since oxygen vacancies, not
aluminum dopants, have been found to be the source of the
n-type conductivity. Finally, low-temperature electronic ab-
sorption and magnetic circular dichroism(MCD) data are
presented from which we have identified and assigned a sub-
bandgap charge transfer transition. The presence of such a
transition is of relevance to the functional properties of this
material as it reveals covalent mixing between the dopant ion
and the semiconductor wave functions, which is important
for ferromagnetism.

II. EXPERIMENT

Film deposition was performed in an Emcore Discovery
75 metalorganic chemical vapor deposition reactor, modified
to incorporate a 1.5 kW downstream microwave source(AS-
TeX, AX7610) and a multi-wavelength spectroscopic ellip-
someter(J. A. Woollam, M44). The system is a cold-wall,
vertical, stainless steel reactor in which substrates are
mounted on a high-speed rotating disk(up to 2000 rpm).
Oxygen is supplied through a quartz tube that is located a
half inch above the substrate surface, which minimizes gas-
phase reactions. The substrate heater consists of a heating
filament, located approximately 3 mm below the susceptor,
which enables substrates to reach a maximum temperature of
1000°C. The substrate temperature was measured using a
type-R thermocouple positioned approximately 0.8 mm be-
low the susceptor. As a calibration, the surface temperature
of a silicon substrate mounted on the susceptor was mea-
sured directly using a two-color infra-red pyrometer, and was
found to be approximately 20°C higher than the thermo-
couple value near the growth temperature, which was typi-
cally 475°C. In order to prevent the introduction of moisture
into the reactor and reduce substrate surface contamination
by airborne particles, samples were introduced into the
growth chamber through a quick-access door that is enclosed
in a nitrogen ambient glove box.

The system is equipped with two metalorganic precursor
delivery systems–(i) three bubblers with heated vapor deliv-
ery lines, and(ii ) a direct liquid-source injection system
(ATMI, LDS-300B) with two source reservoirs. The liquid
delivery system is especially well-suited for oxide thin film
growth and addresses specific precursor delivery challenges
including low vapor pressure liquid-solid precursors, con-

densation of source material in nonuniformly heated delivery
lines, and poor precursor mixing in multi-component mate-
rials. The liquid-delivery system operates by flash vaporizing
the precursors(typically at 230°C) immediately prior to de-
livery by argon carrier gas into the growth chamber.

The zinc and cobalt sources were bothb-diketonate
based, solid precursors Bis(2,2,6,6-tetramethyl-3,5-
heptanedionato) zinc fZnstmhdd2g, and Costmhdd3. The Zn
and the Co precursors were initially dissolved in separate
bubblers and then diluted in a 75% tetrahydrofuran/25% iso-
propanol solvent mixture to 0.14 and 0.05 M, respectively.
The isopropanol was added in order to increase the boiling
point of the solvent to prevent premature vaporization during
precursor delivery. Altering the volume ratio between the
two precursor solutions changes the Zn to Co ratio in the
solution, and therefore alters the film composition.

Triethylaluminum(TEAl) was chosen over the more com-
mon trimethylaluminum(TMAl ) because TMAl is prone to
introduce carbon contamination due to the strong aluminum-
carbon bond.13 The vapor pressure, as a function of tempera-
ture, for TEAl is given by the following:

log10P = 8.99 −F 2361.2

T − 73.82
G , s1d

whereP is in units of Torr, andT is the temperature of the
bubbler in units of Kelvin. The bubbler was kept at room
temperature, where the vapor pressure was 29 mTorr, and
argon was used as a carrier gas to deliver the TEAl to the
chamber. The TEAl flowed through a line heated to,100°C
and kept separate from the Co and Zn sources to prevent
condensation and premature mixing.

Films were deposited on Al2O3s012d single crystals,
which is commonly referred to asr-plane sapphire. Prior to
growth, the substrates were degreased by sonicating first in
acetone for five minutes and then in isopropanol for five
minutes. The substrates were then immediately loaded into
the reactor and heated to the growth temperature(typically
475°C) in an oxygen plasma to remove any residual carbon
contamination from the surface. Film growth was initiated
after the substrate had been heated for,5 min at the growth
temperature. The specific processing parameters during film
synthesis are summarized in Table I. After deposition, the
CoxZn1−xO films were cooled to room temperature in a flow-
ing O2-Ar gas mixture.

TABLE I. Summary of MOCVD growth parameters.

Substrate temperature 300–650°C

Chamber pressure 40 Torr

Oxygen flow rate 80–120 sccm

Liquid precursor flow rate(total) 0.08–0.15 mL/min

Carrier gas flow rate through TEAl 0–30 sccm

Sample rotation rate 600 rpm

Microwave plasma power 0–600 Watts

Growth rate 15–90 minutes

Film thickness 400–6000 Å
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In order to explore the effects of post-growth vacuum
annealing, samples were loaded into a vacuum chamber with
a base pressure of 2310−10 Torr. Immediately prior to an-
nealing, each sample was heated to 150°C and cleaned in an
oxygen plasma for,15 min at an oxygen partial pressure of
2310−5 Torr. The CoxZn1−xO films were then annealed at
500°C for 20 min in vacuum and then allowed to cool to
room temperature.

The films were characterized by variousex situ tech-
niques. X-ray photoelectron spectroscopy(XPS), Rutherford
backscattering spectrometry(RBS), and secondary ion mass
spectrometry(SIMS) were used to determine the film com-
position. The film structure and surface morphology were
characterized by x-ray diffraction(XRD) and atomic force
microscopy(AFM), respectively. The electrical properties,
including resistivity, carrier concentration, and carrier mobil-
ity, were determined by four-point probe resistance and Hall
measurements. The magnetic properties of the film were
characterized using a vibrating sample magnetometer
(VSM), and a temperature-dependent superconducting quan-
tum interference device(SQUID). Electronic absorption
spectra were obtained using a Cary 500 UV-VIS-NIR spec-
trophotometer fitted with a closed cycle He cryostat. Mag-
netic circular dichroism(MCD) spectra were collected using
an Aviv 40DS circular dichroism spectrophotometer fitted
with a CryoIndustries magneto-cryostat. Spectra were col-
lected in the Faraday configuration in fields ranging from 0
to 6 T at 5 K.

III. RESULTS AND DISCUSSION

A. Film composition

Analysis and modeling of RBS data showed that a signifi-
cant degree of Co substitution is achievable by plasma-
enhanced MOCVD. Figure 1 shows RBS data(circles) and a
simulated spectrum(solid line) for an epitaxial CoxZn1−xO
film grown on Al2O3s012d. Fitting to the model, which was
generated using theSIMNRA software,14,15 reveals thatx
=0.35 for this film. Assuming that the incorporation of Co
into the ZnO lattice does not significantly change the density
of ZnOs5.67 g/cm3d, we estimate the thickness of this film

to be 434 Å using the RBS simulation. We have also mea-
sured the thickness of the film from the fringes in the XRD
reflectometry profile16 and find that the thickness measured
in this way is only 3% different than the value determined by
RBS.

The growth rate is between 65 and 75 Å/min at the typi-
cal growth temperature of 748 K. This rate appears to be
faster than the average growth rates10–20 Å/mind of the
CoxZn1−xO material grown by pulsed laser deposition
(PLD),9 but it is actually many orders of magnitude slower
than theinstantaneousgrowth rate per laser pulse, which has
been shown to be up to 106 times faster than the rate in other
synthesis techniques.17

The Co concentration in the films depends not only on the
amount of Co precursor delivered to the reactor, but also on
the deposition temperature. We find that increasing the sub-
strate temperature increases the reactivity of the Co metal-
organic source relative to the Zn source. Previously it was
reported that both thermal decomposition and oxidation of
the precursor molecules occur in MOCVD growth using
b-diketonate type sources.18 However, at higher tempera-
tures, thermal decomposition is dominant. From our results,
it appears that above,798 K the rate of thermal decompo-
sition of the Co precursor molecules is notably greater than
that of the Zn precursor molecule. We have also character-
ized the film composition as a function of thickness with
SIMS depth profiling. Figure 2 shows a plot of the Zn, Co,
and Al ion currents normalized to the total ion current as a
function of sputter time for an Al-dopeds,1 at. %d
Co0.09Zn0.91O film that has been vacuum annealed as de-
scribed in the experimental section. Normalization by the
total ion current partially removes matrix sensitivity effects
which change as the interface is approached during sputter-
ing. Figure 2 is also representative of data acquired on most
of the as-grown films. The film-substrate interface is marked
by the rapid increase in the Al counts at approximately
900 s. The fact that the profiles are very flat indicates that the
Co and Al are uniformly distributed throughout the film and
that very little, if any, segregation exists at the surface. This

FIG. 1. RBS data(circles) for a CoxZn1−xO wherex has been
shown to be 0.35 by quantitative analysis(solid line).

FIG. 2. Co, Zn, and Al SIMS depth profiles for a Co0.09Zn0.91O
film with ,1% Al-doping.
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is an important result as it shows the annealing does not
induce any detectable enrichment or segregation of the Co or
Al. The increase in Co and Zn signals at the interface
s,900 sd is attributed primarily to changes in the ion yields
at the interface not removed by normalization by the total ion
current, a commonly encountered SIMS phenomenon.

Figure 3 shows XPS spectra for an Al:CoxZn1−xO sample
obtained on the as-grown film and after removal of 50 Å of
surface material by sputtering. The inset highlights the re-
gion of the survey scan in the vicinity of the C 1s peak at
283 eV. The absence of the carbon peak in the spectrum
obtained after sputtering indicates that the bulk of the film is
free of carbon contamination. This result reveals that the
metal-organic precursor molecules react completely and that
the carbon-containing ligands are desorbing from the sur-
face. The peak in the as-grown spectrum is presumably due
to adsorption of adventitious hydrocarbons during sample
transfer through air.

XPS was also used to characterize the charge state of the
Co ions in the films. This information is useful in determin-
ing the magnetic and electrical properties of the material.
Figure 4 compares the Co2p core level photoemission spec-
trum from an Al-doped Co0.1Zn0.9O film (solid line) with
spectra from various standards that contain Co atoms in dif-
ferent oxidation states(dashed lines). The standards consist
of: (a) A polycrystalline Co metal filmsCo0d grown on
Sis001d, (b) an epitaxial CoO film sCo2+d grown on
MgOs001d, (c) an epitaxialg-Co2O3 film sCo3+d grown on
MgOs001d, and (d) a linear combination of the spectra for
CoO andg-Co2O3 that simulates a film containing equal

concentrations of Co2+ and Co3+. Each of the standards was
synthesized by molecular beam epitaxy(MBE) and then
characterized byin situ XPS. In each case, the spectra were
independently shifted such that the O 1s peak was positioned
at a binding energy of 530.1 eV.

Comparison of the shapes and positions of the primary
and satellite peaks shows that there is a good fit between the
Co0.1Zn0.9O film and the Co2+standard[Fig. 4(b)] but a very
poor fit to the Co3+ [Fig. 4(c)] and the Co0 [Fig. 4(a)] stan-
dards. There is also poor agreement between the spectra
shown in Fig. 4(d), which reveals that there is not a mixture
of Co+2 and Co+3. We, therefore, conclude that Co in our
MOCVD-grown films is in the +2 oxidation state. It is ex-
pected that Co+2 would incorporate into the wurtzite lattice at
Zn+2 sites since the ionic radii of four-coordinate Zn+2 and
Co+2 (0.060 and 0.066 nm, respectively) differ by only 10%
and Co+2 is very soluble in ZnO.19 Thus, within the detection
limits of the spectrometer, we can rule out metallic Co as the
observed source of ferromagnetism.

B. Film structure and surface morphology

XRD patterns reveal that all CoxZn1−xO films on sapphire
were crystalline. However, the nature of the crystallinity(i.e.,

FIG. 3. XPS spectra for an Al:CoxZn1−xO sample obtained be-
fore and after removal of 50 Å of surface material by sputtering.
The inset shows an expanded region around the C 1s peak.

FIG. 4. Comparison of the Co 2p core-level photoemission line
shapes for an Al-doped Co0.1Zn0.9O film (solid line) with (a) a
polycrystalline Co metal filmsCo0d grown on Sis001d, (b) an epi-
taxial CoO film sCo+2d grown on MgOs001d, (c) an epitaxial
g-Co2O3 film sCo+3d grown on MgOs001d, and(d) a summation of
the spectra from(b) and (c) that simulates a film containing equal
concentrations of Co2+ and Co3+.
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single-crystal, highly oriented, or randomly oriented) de-
pends strongly on both the Co content and the growth tem-
perature. Epitaxial growth of CoxZn1−xO films is possible for
0,x,0.35 between 723 and 798 K. However, if the Co
concentration is increased by injecting a greater volume of
Co precursor or by increasing the growth temperature(as
high as 873 K), the resultant films are typically polycrystal-
line and highly(110) or (001) oriented. Separate CoO is seen
if the temperature and/or Co concentration is further in-
creased.

Figure 5(a) shows the XRD pattern for a Co0.1Zn0.9O film
grown at 748 K. The single ZnOs110d peak at 55.806° indi-
cates that the film is highly(110) oriented, if not single crys-
talline. The absence of crystalline metallic Co or CoOx sug-
gests that the film is single phase. Furthermore, from the
ZnOs110d peak position, we calculate the lattice parameter,
a, to be 3.291 Å. This value is 1.3% larger than that of pure
wurtzite ZnOs3.250 Åd and is most likely due to the substi-
tution of the larger Co+2 ion for Zn+2.

In order to determine whether the film was single-
crystalline or highly oriented, we acquired an XRD pole fig-
ure using a four-circle diffractometer, which can reveal in-
formation regarding in-plane crystallinity.20 In the pole figure
shown in Fig. 5(b), the ZnOs101d diffraction peaks from a
Co0.1Zn0.9O film are shown as a contour plot. The sample tilt,
C, is the angle by which the surface is tilted out of the
diffraction plane. In the figure,C increases linearly in the
radial direction from 0° to 90° and the three concentric rings
representC values of 30°, 60°, and 90°. The angle of rota-
tion about the surface normal is denoted byF, which ranges
from 0° to 360°. In the plot,F varies around the circumfer-
ence of the circle and each radial line represents aF incre-

ment of 45°. As expected for an epitaxially grown
CoxZn1−xOs110d film, the pole figure shows four diffraction
spots atC=40°. If, instead, the film were only oriented and
had in-plane randomness, the pole figure would be character-
ized by a ring atC=40°. Finally, our results are in agree-
ment with Liu et al. who show that the following epitaxial
relationship exists for ZnO onr-plane sapphire.21

ZnOs110diAl2O3s012d and ZnOf001giAl2O3f011g. s2d

The surface morphology of the CoxZn1−xO films was charac-
terized using AFM. Figure 6 shows a micrograph of the sur-
face of a 530 nm thick Co0.1Zn0.9O film grown at 748 K
[same film as in Fig. 5(a)]. The film consists of dense and
fairly uniformly sized grains that are roughly 100 nm in di-
ameter. The existence of these small grains indicates that the
nucleation density was rather high and that the growth pro-
ceeded in a three-dimensional fashion. Furthermore, since
the pole figure in Fig. 5(a) shows that this film is epitaxial,
each of the grains remained in registry with the substrate
during film growth.

C. Electrical and magnetic properties

The influence of annealing on the resistivity was investi-
gated for several Al-doped CoxZn1−xO films that were simi-
larly grown. Prior to annealing and in spite of the intentional
n-type doping with 1% aluminum, the films were highly re-
sistive. As a result of the vacuum anneal, the resistivity typi-
cally decreased from.10 to ,0.01V ·cm. We believe that
this change in resistivity is caused by the generation of oxy-
gen vacancies due to the reductive nature of the vacuum
anneal. This conclusion is supported by Changet al. who
show that annealing ZnO films in a hydrogen atmosphere
results in a decrease in resistance, while annealing in air
results in a dramatic increase in resistance.22 They conclude
that annealing in any type of oxidizing atmosphere not only
eliminates oxygen vacancies, but can also incorporate addi-

FIG. 5. XRD results for a Co0.1Zn0.9O film grown at 475°C.
Part(a) shows au-2u scan and(b) shows a pole figure of the same
sample.

FIG. 6. AFM micrograph of a 530 nm thick Co0.1Zn0.9O film.
This is the same sample for which XRD data is shown in Fig. 5.
The lateral dimensions are 5mm35 mm and the vertical relief is
20 nm.

EPITAXIAL GROWTH AND PROPERTIES OF COBALT-… PHYSICAL REVIEW B 70, 054424(2004)

054424-5



tional oxygen along grain boundaries, thereby reducing the
carrier concentration. Interestingly, the fact that the fully oxi-
dized, Al-doped CoxZn1−xO films were resistive suggests that
the O-vacancies generated during the anneal, and not the Al
dopant, are the source of free carriers. Most likely, impurity
atoms such as carbon and hydrogen passivate the Al atoms
and prevent the Al from acting as an electron donor. Hall
effect and resistance measurements on annealed CoxZn1−xO
films without Al doping show resistivities of approximately
2310−3V ·cm with an electron carrier concentration of
,2.231020 cm−3 and provide further evidence that impurity
dopants are not necessary to achieven-type conduction in
ZnO-based materials.

Room-temperature magnetic measurements on the VSM
were performed on films of thickness in the range
200–600 nm deposited on 131 cm2 substrates. For SQUID
measurements samples were cut to 130.5 cm2 dimensions.
SQUID scans on the as-grown samples, measured at 2, 5,
and 10 K, show a combination of paramagnetic and diamag-
netic behavior, the latter being due to the substrate. However,
the vacuum annealed CoxZn1−xO films consistently demon-
strated weak ferromagnetic behavior. The saturation magne-
tization was observed to increase with conductivity, which in
turn depended on the details of the post-growth vacuum an-
neal. The value of spontaneous moment per Co atom at room
temperature ranged from 0.01 to 0.07mB per Co, coercive
fields were in the range 100–200 Oe. Figure 7 shows M–H
hysteresis loops for a vacuum-annealed, Al-doped
Co0.09Zn0.91O film measured at 10 and 300 K. The measured
magnetization has been compensated for the diamagnetic
background and then scaled to units ofmB per Co atom. At
10 K, the coercive field, Hc, is 300 Oe, while the saturation
magnetization, Ms, is only 0.01mB per Co atom in this par-
ticular sample. At 300 K, the Ms and Hc values are smaller;
however, hysteresis is still clearly observed. Similar results
were found for Co concentrations up to 34%, where the satu-
ration moment and coercivity, at room temperature, were
found to be 0.07mB per Co atom and 100 Oe, respectively.
The rather small value for saturation magnetization suggests
that only a small portion of Co spins are coupled ferromag-
netically and that a significant paramagnetic fraction of Co
remains.

The dependence of the magnetic properties on resistivity
is presumably a result of the generation of carriers during the
vacuum anneal and is consistent with the model of carrier-
induced ferromagnetism. However, the carriers do not origi-
nate from their intended source—the Al dopant atoms. Fig-
ure 8 shows the room-temperature saturation moment,
determined by VSM, as a function of the Al concentration in
various Co0.1Zn0.9O films after vacuum annealing. In the fig-
ure, we represent the Al content, which ranges from 0 at % to
roughly 1.5 at %, by the carrier gas flow rate through the
triethylaluminum source bubbler. If the carriers responsible
for mediating the magnetic behavior in the films were asso-
ciated with the Al dopant, one would expect the saturation
moment to decrease to zero with decreasing Al concentra-
tion. However, within the experimental error, the magnetiza-
tion is independent of the Al content, indicating that Al is not
responsible for the conductivity.

Figure 9 displays both the temperature dependence of the
saturation moment, measured from 10 to 350 K at a field of
2000 Oe, and the remanence, measured at zero field, for an-
other Co0.09Zn0.91O film. The saturation moment versus tem-
perature plot was obtained by first subtracting out the dia-
magnetic background, which also contained the

FIG. 7. SQUID-derived hysteresis loop acquired on a an
Al-doped CoxZn1−xO film measured at 10 and 300 K, wherex
=0.09.

FIG. 8. A plot of the room-temperature saturation moment as a
function of the Al concentration in various Co0.1Zn0.9O films after
vacuum annealing.

FIG. 9. Plots of both the temperature dependence of the satura-
tion moment, measured from 10 to 350 K at a field of 2000 Oe, and
the remanence, measured at zero field.
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paramagnetic contribution, from the magnetization value
measured at each temperature, and then smoothing the data
using a three-point boxcar algorithm. Both the saturation
remanent magnetizations, although weak, decrease very
gradually and do not exhibit a region of rapid decline up to
350 K, indicating that the Curie temperature is greater than
350 K.

Figure 10 shows the 30 K absorption and 5 K variable-
field MCD spectra of a Co0.09Zn0.91O thin film sample. The
absorption and MCD spectra in the bandgap region could
not be measured because of the large sample thickness
s,300 nmd. The structured absorption band in the range of
15,000–19,000 cm−1, shown in the inset of Fig. 10(a),
arises from the spin-orbit split4A2sFd→4T1sPd ligand-field
transition of tetrahedrald7 Co2+ with additional contributions
from the numerous nearby doublet levels, as discussed in
detail previously.23,24 The similarity of the ligand-field ab-
sorption spectrum in Fig. 10(a) to those of the bulk single
crystal samples clearly demonstrates substitutional Co2+ dop-
ing in this ZnO film.23,24 This optical assignment of oxida-
tion state is consistent with the XPS data in Fig. 4.

The fine structure of the C-term MCD feature between
15 000 and 19 000 cm−1 again reflects the spin-orbit splitting
of the4T1sPd excited state. The very sharp interference dip at
17 575 cm−1 correlates with a weaker dip in the absorption
spectrum. We interpret this dip as resulting from a Fano-type
anti-resonance involving interaction of the2A1sGd and4T1sPd
excited states. This effect has been well documented in oc-
tahedral Cr3+ sites25,26possessing the4A2sFd ground state but
is rarely observed in the spectra of tetrahedral Co2+ ions.24,27

The inset in Fig. 10(b) shows the 5 K saturation magnetiza-

tion behavior of the MCD intensities measured at 24 727 and
15 465 cm−1. The solid line shows theS=3/2 Brillouin func-
tion calculated forg=2.25.28 Deviation of the experimental
curves from the Brillouin function is due to the +5.5 cm−1

zero-field splitting of the4A2 ground state24 that is not ac-
counted for in the Brillouin function, which assumes a pure
spin multiplet. A detailed analysis of the low-temperature
MCD saturation magnetization nesting behavior in
Co2+-doped ZnO is beyond the scope of this paper but is
reported elsewhere.29 These MCD saturation magnetization
data demonstrate that the majority of the Co2+ ions in this
sample behave as magnetically isolatedS=3/2 ions.

An attempt was made to detect the ferromagnetic species
using MCD spectroscopy performed at high temperatures.
Whereas the paramagnetic magnetization diminishes with in-
creasing temperature approximately following Curie behav-
ior, that of the ferromagnetic species does not(Fig. 7). No
MCD signal attributable to a ferromagnetic species was de-
tectable. The ferromagnetic behavior shown in Fig. 7 must,
therefore, arise from a minor fraction of the cobalt ions
present in this sample, indicating the presence of two types
of magnetic cobalt species. This interpretation is in agree-
ment with the saturation limit of the ferromagnetic magneti-
zation, the magnitude of which is approximately 1% of the
expected total saturation moment per high-spin Co2+s3mBd.

In addition to the ligand field transitions centered at
17 000 cm−1, a second MCD feature is observed at
,24 700 cm−1 that corresponds to the broad featureless
bandgap onset in the absorption spectrum. As shown in the
inset of Fig. 10(b), this negative MCD feature also exhibits
S=3/2 saturation magnetization behavior, revealing that it
also derives from tetrahedral Co2+ ions. This transition has
been assigned previously as a charge transfer(CT) transition
involving the Co2+ ions(vide infra).30 The assignment of this
feature as a CT transition is supported by analysis of its
C0/D0 ratio, defined as31

C0/D0 = kT/bHsD«/«d, s3d

where k=0.695 03 cm−1/K, T is the temperaturesKd, b is
0.466 86 cm−1/Tesla,H is the applied field(Tesla), D« is the
molar ellipticity, and« is the molar absorption coefficient.
The C0/D0 ratio thus parametrizes the MCD intensity rela-
tive to the absorption intensity for a given transition.C0/D0
ratios for four prominent features are presented in Table II.
Experimentally, theC0/D0 ratio, is typically as much as an
order of magnitude lower for CT transitions than for ligand-
field bands in sites of reduced symmetry due to the greater

FIG. 10. (a) 30 K absorption and(b) 5 K, 0 to 6 T variable-field
MCD spectra of a MOCVD-grown Co0.09Zn0.91O thin film whereu
is the ellipticity. The inset in part(a) shows an expanded view of the
spectra between 15 000 and 19 000 cm−1. The inset in part(b)
shows the 5 K saturation magnetization at 24 727 cm−1 and
15 465 cm−1 with the solid line showing theS=3/2 Brillouin func-
tion calculated forg=2.25.

TABLE II. C0/D0 ratios for five prominent features.

Band scm−1d C0/D0

15 448 −0.25

15 984 −0.25

17 427 +0.20

17 708 +0.26

24 727 −0.05
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spin-orbit coupling strength of the metal.32 The values shown
in Table II are thus consistent with the assignment of the
negative MCD intensity and the broad tailing absorption in-
tensity at 24 727 cm−1 as due to a CT transition. Because of
overlap with the bandgap onset, the MCD feature observed
maximizes at lower energy and has a truncated bandshape on
the high-energy side, and therefore, provides a lower limit
for the energy of this transition. Consequently, the absorption
and MCD intensities of this CT transition are difficult to
measure reliably, and theC0/D0 value for this transition re-
ported in Table II is considered approximate.

We now address the specific nature of this CT transition in
Co2+-doped ZnO. It has previously been assigned as a metal-
to-ligand charge transfer(MLCT) transition involving pro-
motion of a Co2+ d electron into the ZnO conduction band.30

Its assignment, however, as a ligand-to-metal charge transfer
(LMCT) transition in which a valence band electron is pro-
moted into a Co2+ d orbital, is also possible. Although these
two classes of CT transitions may in fact both occur in the
same energy region,33 we prefer to assign the absorption and
negative MCD intensity in this region as arising from a
LMCT transition. This assignment is based on orbital overlap
considerations and comparison to Ni2+-doped ZnO. A sub-
band gap LMCT transition having an absorption edge at
,19 655 cm−1 has been identified in bulk Ni2+-doped ZnO
and recently in Ni2+-doped ZnO nanocrystals.23,34,35 Using
Jørgensen’s optical electronegativity model36 and the well-
characterized optical electronegativities of tetrahedral
Co2+s1.9d and Ni2+s2.05d,37 the analogous LMCT transition
in Co2+-doped ZnO is predicted to occur,8000 cm−1 to
higher energy,29 in the energy region where this intensity is
observed experimentally in Fig. 10. It is important to note
that, whereas the optical electronegativity model was devel-
oped for discrete metal-ligand bonded pairs, the LMCT pro-
cess in Co2+-doped ZnO involves promotion of a valence
electron into a Co2+-localized d orbital. The initially pre-
pared excited state thus involves a loosely bound hole in the
valence level coupled to the reduced dopant,38 and differs
substantially from the corresponding excitation anticipated
for molecular oxyanion complexes.

Assignment of the sub-bandgap absorption and negative
MCD charge-transfer intensity in CoxZn1−xO as arising from
an LMCT transition is further supported by orbital overlap
considerations. In the general case, the intensity of a CT
transition is governed by covalent mixing of the donor and
acceptor wave functions as described by Eq.(4)

fA8 = Î1 − c2sfAd − cfD, s4d

wherefA andfD are the unperturbed one electron orbitals of
the CT acceptor and donor, respectively. Both theoretical and
experimental studies indicate the donor-acceptor CT inten-
sity is proportional to the square of the mixing coefficient,
c:32

ICT ~ c2, s5d

wherec is proportional to the donor-acceptor resonance in-
tegral and inversely proportional to the mismatch in valence-
shell ionization energies,EA andED:

c <
− fe fAHfDdtg

EA − ED
. s6d

The p-d hybridization in II–VI semiconductors that gives
rise to LMCT intensity is generally over an order of magni-
tude greater thans-d hybridization responsible for MLCT
intensity, and the charge transfer intensity will, therefore, be
dominated by the former.

The observation of a sub-band gap CT feature is of inter-
est in the area of spintronics because it relates to delocaliza-
tion of spin from the dopant ion into the semiconductor band
structure. The observation of a sub-bandgap CT transition in
CoxZn1−xO reveals a relatively small denominator in Eq.(6)
that favors hybridization of Co2+ and ZnO wave functions.
Hybridization is also favored by the small unit cell dimen-
sions of ZnO sa=3.2495 Å,c=5.2067 Åd, since the reso-
nance integral in Eq.(6) is proportional to orbital overlap.
This p-d covalency is directly responsible for the unique
magnetic and magneto-optical properties of DMSs in
general,39 and in particular its magnitude has been identified
as a key factor in determiningTC in ferromagnetic DMSs.10

IV. CONCLUSIONS

We have grown epitaxial CoxZn1−xOs110d on Al2O3s012d
by plasma enhanced metalorganic chemical vapor deposition
using a liquid-precursor delivery system. We find that large
amounts of Cosxø0.35d can be uniformly incorporated into
the film without phase segregation. The Co appears to sub-
stitute for tetrahedrally coordinated Zn cations in the lattice
and exhibits a +2 oxidation state. There is no evidence for
the formation of either metallic Co or CoOx particles in the
thin film. Prior to annealing and in spite of then-type doping
with Al, the as-grown films were highly resistive. It appears
that oxygen vacancies generated during the vacuum anneal,
rather than Al dopants, contribute the majority of the carri-
ers. Furthermore, all the films that were annealed showed
weak ferromagnetic behavior up to 350 K, which is the high-
est temperature measured to date. Finally, using low-
temperature optical absorption and MCD spectroscopies we
have identified a sub-bandgap transition that we assign as a
ZnO valence band to Co2+ d orbital ligand-to-metal charge
transfer transition. The relatively low energy of this transi-
tion, combined with the small unit cell dimensions of ZnO,
favors Co2+-ZnO p-d covalency and likely contributes to the
high Curie temperature for ferromagnetism in this DMS.
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