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Co-doped Zn@Co,Zn,_,0) is of potential interest for spintronics due to the prediction of room-temperature
ferromagnetism. We have grown epitaxial Zo,_,O films on ALO5(012) substrates by metalorganic chemi-
cal vapor deposition using a liquid precursor delivery system. High concentrations(e&0®35 can be
uniformly incorporated into the film without phase segregation. Co is found to be in the +2 oxidation state,
independent ok, by both surface-sensitive core-levetay photoemission and bulk-sensitive optical absorp-
tion spectroscopies. This material can be grawtype 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 vegy8riallz/ Co),
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 Cdl) ions behave as magnetically isolat®d3/2 ions.
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[. INTRODUCTION been proposed to explain this phenomenon and reveals that
the spin polarization is proportional to the ratio of the resis-
With silicon-based electronics approaching fundamentatances in the metal and the semiconductor. One way to cir-
fabrication and performance limits, the use of quantum mecumvent the conductivity mismatch issue has been shown
chanical spin states in semiconductor devices represents &perimentally by Hanbicket al* By using an insulating
exciting new concept. For example, the additional degree oflGaAs Schottky barrier between Fe and a GaAs-AlGaAs
freedom provided by spin would enable the development ofiuantum well structure, these workers demonstrat@@%
spin-transistors, high performance nonvolatile memories, ang@pin injection efficiency at room temperature.
polarized light emitting devices. In the emerging field of A superior approach, in principle, is to use a diluted mag-
quantum computing and communication, the electron spin i§€etic semiconductotDMS) whose conductivity has been
a natural candidate for the qubit-the fundamental unit ofuned (by altering the dopant levelto match that of the
quantum informatiort. Loss and Vincenzo show that these channel material. For example, B&n,Zn;. ,Se and
spin qubits, when located in quantum-confined structuresMn,Zn)Se have been utilized as efficient spin injectors,
satisfy all the requirements for a scalable quantunwith spin polarizations between 40% and 50%, into
compute? These quantum-confined structures include semi{Al, Ga)As-GaAs{Al,Ga)As quantum well structures®
conductor quantum wells and quantum dots with a wideHowever, these materials are Brillouin paramagnets, and the
range of dimensions. The common goal of both analog angpin polarization effect can be maintained only with an ex-
digital spintronics is to gain control over and effectively ternal magnetic field. Thus, DMS materials that are strongly
utilize the dynamics of spins in semiconductor deviceferromagnetic at and above room temperature are highly de-
structures. sirable. Indeed, a few unconventional semiconductors have
Ferromagnetism provides an ideal way to achieve the spiexhibited room temperature ferromagnetism. These include
polarization necessary for realization of spintronic technoloMn,Ga_,N,” Co,Ti;-,0,.2 and CqzZn;_,0.°
gies, provided the spin injection material remains ferromag- Interest in ZnO-based DMSs was initially generated by
netic at or above room temperatuaed is capable of high the theoretical work of Dietl and coworkers. Their calcula-
efficiency spin injection into semiconductor heterostructurestions showed that both Mn-doped ZnO and Mn-doped GaN
Given these requirements, ferromagnetic metals are very atvould exhibit above-room-temperature ferromagnetism if
tractive because they have Curie temperatures that are wélie materials were grown with substitutional #rions and
above room temperature. However, ferromagnetic metals agufficiently high levels of somep-type dopant (~3
typically inefficient spin injectors, exhibiting spin injection x 10?° atoms/cm).1° Recently, Mn-doped GaN films with
efficiencies on the order 6f 1%3 This low efficiency is due Curie temperatures greater than 300 K have been
to the sizeable conductivity mismatch that exists at thesynthesized, while Mn-doped ZnO has been shown to be
metal-semiconductor interface. A simple resistor model hagerromagnetic with a Curie temperature of 256K.
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Ab initio calculations by Satet al. indicated thain-type TABLE I. Summary of MOCVD growth parameters.
Co-doped ZnO would remain ferromagnetic above room
temperature as well Subsequent experiments, performed
by Uedaet al, showed ferromagnetism up to 320 K; how-
ever, the reproducibility was less than 18%.

Substrate temperature 300-650°C
Chamber pressure 40 Torr

In this paper, we describe the plasma-enhanced metalof2xygen flow rate 80-120 scem
ganic chemical vapor depositioMOCVD) of epitaxial, Liquid precursor flow ratetotal) 0.08-0.15 mL/min
Al-doped C@Zn,;_,0(110 on Al,05(012) using a liquid pre-  Carrier gas flow rate through TEAI 0-30 scecm
cursor delivery system. These MOCVD-grown films consis-Sample rotation rate 600 rpm
tently show weak ferromagnetism with a Curie temperaturévicrowave plasma power 0—600 Watts
of at least 350 K, which is the highest temperature mgasgreérowth rate 15-90 minutes
to date for doped ZnO. The Co ions are in the +2 oxidation., . nocc 400—6000 A

state and there is no evidence for the formation of metallic
Co or CoQ clusters. We show that the magnetic properties

sorption and magnetic circular dichroisMCD) data are livery by argon carrier gas into the growth chamber.
presented from which we have identified and assigned a sub- The zinc and cobalt sources were boghdiketonate

bandgap charge transfer transition. The presence of SUChb%sed solid  precursors  B&52,6,6-tetramethyl-3,5-

transition |s'of relevance to the _fu_nctlonal properties of th'sheptanedionapozinc [Zn(tmhd),], and Cdtmhd). The Zn
material as it reveals covalent mixing between the dopant IO%nd the Co precursors were initially dissolved in separate
%?dfgnirﬁzmr:zzgg]ucmr wave functions, which is importan ubblers and then diluted in a 75% tetrahydrofuran/25% iso-
9 ' propanol solvent mixture to 0.14 and 0.05 M, respectively.
The isopropanol was added in order to increase the boiling
Il. EXPERIMENT point of the solvent to prevent premature vaporization during
. » ) i precursor delivery. Altering the volume ratio between the
Film deposition was performed in an Emcore Discoveryyy g precursor solutions changes the Zn to Co ratio in the
75 metalorganic chemical vapor deposition reactor, modified | tion. and therefore alters the film composition.
to incorporate a 1.5 kW downstream microwave SOUA®- Triethylaluminum(TEAI) was chosen over the more com-
TeX, AX7610 and a multi-wavelength spectroscopic ellip- yon trimethylaluminumTMAI) because TMAI is prone to
someter(J. A. Woollam, M44. The system is a cold-wall, jyroduce carbon contamination due to the strong aluminum-
vertical, stainless steel reactor in which substrates arg;rhon bond? The vapor pressure, as a function of tempera-

mounted on a high-speed rotating digkp to 2000 rpMm tre for TEAI is given by the following:
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 whereP is in units of Torr, andT is the temperature of the
1000°C. The substrate temperature was measured usingbabbler in units of Kelvin. The bubbler was kept at room
type-R thermocouple positioned approximately 0.8 mm betemperature, where the vapor pressure was 29 mTorr, and
low the susceptor. As a calibration, the surface temperaturargon was used as a carrier gas to deliver the TEAI to the
of a silicon substrate mounted on the susceptor was me&hamber. The TEAI flowed through a line heatedtb00°C
sured directly using a two-color infra-red pyrometer, and wasand kept separate from the Co and Zn sources to prevent
found to be approximately 20°C higher than the thermo-condensation and premature mixing.
couple value near the growth temperature, which was typi- Films were deposited on AD;(012) single crystals,
cally 475°C. In order to prevent the introduction of moisturewhich is commonly referred to asplane sapphire. Prior to
into the reactor and reduce substrate surface contaminatigrowth, the substrates were degreased by sonicating first in
by airborne particles, samples were introduced into theacetone for five minutes and then in isopropanol for five
growth chamber through a quick-access door that is enclosedinutes. The substrates were then immediately loaded into
in a nitrogen ambient glove box. the reactor and heated to the growth temperattypgically

The system is equipped with two metalorganic precursod75°0C in an oxygen plasma to remove any residual carbon
delivery systemsd) three bubblers with heated vapor deliv- contamination from the surface. Film growth was initiated
ery lines, and(ii) a direct liquid-source injection system after the substrate had been heated~<&r min at the growth
(ATMI, LDS-300B) with two source reservoirs. The liquid temperature. The specific processing parameters during film
delivery system is especially well-suited for oxide thin film synthesis are summarized in Table I. After deposition, the
growth and addresses specific precursor delivery challengeso Zn;_,O films were cooled to room temperature in a flow-
including low vapor pressure liquid-solid precursors, con-ing O,-Ar gas mixture.
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In order to explore the effects of post-growth vacuum _FIG. 2. Co. Zn, and Al SIMS depth profiles for a £aZng 0,0
annealing, samples were loaded into a vacuum chamber witm with ~1% Al-doping.

a base pressure ofx2107 Torr. Immediately prior to an- y, pe 434 A using the RBS simulation. We have also mea-
nealing, elach sample was heated to 150°C anld cleaned in Qlred the thickness of the film from the fringes in the XRD
oxygen plasma for-15 min at an oxygen partial pressure of eactometry profilé and find that the thickness measured

5 X
2x 10 Torr. The CqZn, O films were then annealed at i, yhig way is only 3% different than the value determined by
500°C for 20 min in vacuum and then allowed to cool to RBS.

room temperature.

The films were characterized by varioex situ tech-
niques. X-ray photoelectron spectroscapyS), Rutherford
backscattering spectromet(iRBS), and secondary ion mass
spectrometrySIMS) were used to determine the film com-
position. The film structure and surface morphology wer
characterized by x-ray diffractiotXRD) and atomic force
microscopy(AFM), respectively. The electrical properties,
including resistivity, carrier concentration, and carrier mobil-

ity, were determined by four-point probg resistance and Hal<L;1mount of Co precursor delivered to the reactor, but also on
measurements. T_he magnetic properties of the film WeTHhe deposition temperature. We find that increasing the sub-
characterized using a vibrating sample magnetometery o temperature increases the reactivity of the Co metal-
(VSM), and a temperapure-dependent super.conductmg quar&’rganic source relative to the Zn source. Previously it was
tum interference .deV|ce(.SQUID). Electronic absorption reported that both thermal decomposition and oxidation of
spectra were obtained using a Cary 500 UV-VIS-NIR specy, precursor molecules occur in MOCVD growth using
trophotometer fitted with a closed cycle He cryostat. Mag',B—diketonate type sourcéd.However, at higher tempera-
netic circular dichroismMCD) spectra were collected using tures, thermal decompositién is dom’inant. From our results
an Aviv 40DS circular dichroism spectrophotometer fittedit app;ears that above 798 K the rate of thermal decompo- '

with a Cryolndustries magneto-Cryostat. Spectra were COI'sition of the Co precursor molecules is notably greater than

lticée_?_ ';[gh?( Faraday configuration in fields ranging from 0that 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,
[ll. RESULTS AND DISCUSSION and Al ion currents normalized to the total ion current as a
function of sputter time for an Al-doped~1 at. %9
C0y oL 91O film that has been vacuum annealed as de-
Analysis and modeling of RBS data showed that a signifi-scribed in the experimental section. Normalization by the
cant degree of Co substitution is achievable by plasmatotal ion current partially removes matrix sensitivity effects
enhanced MOCVD. Figure 1 shows RBS daticles and a  which change as the interface is approached during sputter-
simulated spectrungsolid line) for an epitaxial CeZn,_,O  ing. Figure 2 is also representative of data acquired on most
film grown on ALO3(012). Fitting to the model, which was of the as-grown films. The film-substrate interface is marked
generated using theIMNRA softwarel*'® reveals thatx by the rapid increase in the Al counts at approximately
=0.35 for this film. Assuming that the incorporation of Co 900 s. The fact that the profiles are very flat indicates that the
into the ZnO lattice does not significantly change the densityCo and Al are uniformly distributed throughout the film and
of ZnO(5.67 g/cm), we estimate the thickness of this film that very little, if any, segregation exists at the surface. This

The growth rate is between 65 and 75 A/min at the typi-
cal growth temperature of 748 K. This rate appears to be
faster than the average growth rdte0—20 A/min of the
CoZn;,O material grown by pulsed laser deposition
(PLD),° but it is actually many orders of magnitude slower

&han theinstantaneougrowth rate per laser pulse, which has
been shown to be up to $@mes faster than the rate in other
synthesis techniqués.

The Co concentration in the films depends not only on the

A. Film composition
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FIG. 3. XPS spectra for an Al:Gan,;_,O sample obtained be-
fore and after removal of 50 A of surface material by sputtering.
The inset shows an expanded region around thes Gehk.
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is an important result as it shows the annealing does not

induce any detectaple enrichment or segregation of.the Co %rhapes for an Al-doped GaZn,4O film (solid line) with (a) a

Al. The Increase in CQ an,d Zn signals ,at the, Irm?rf"’lcepolycrystalIine Co metal film{(Cd®) grown on S{001), (b) an epi-

(~900 9 is attributed primarily to changes in the ion yields ;.21 "coo film (Co*?) grown on MgQdo01), (c) an epitaxial

at the interface not removed by normalization by the total ion,.co,0, film (Co*3) grown on Mg@001), and(d) a summation of

current, a commonly encountered SIMS phenomenon. the spectra frontb) and(c) that simulates a film containing equal
Figure 3 shows XPS spectra for an Al:Zo,_,O sample  concentrations of &§ and C&*.

obtained on the as-grown film and after removal of 50 A of

surface material by sputtering. The inset highlights the reconcentrations of C6 and Cd*. Each of the standards was

gion of the survey scan in the vicinity of the G peak at  Synthesized by molecular beam epita®yiBE) and then

283 eV. The absence of the carbon peak in the Spectru,ﬁ;,haracterlzed b}n situ XPS. In each case, the spectra were

obtained after sputtering indicates that the bulk of the film igndependently shifted such that the ®eak was positioned

free of carbon contamination. This result reveals that thét @ Pinding energy of 530.1 eV. g .

metal-organic precursor molecules react completely and that Comparison of the shapes and positions of the primary

the carbon-containing ligands are desorbing from the syrand satellite peaks shows that there is a good fit between the

face. The peak in the as-grown spectrum is presumably d G00.:ZNo O film and the C&'standardFig. 4(b)] but a very

. - ; oor fit to the C8* [Fig. 4(c)] and the CB [Fig. 4(a)] stan-
to adsorption of adventitious hydrocarbons during sampley,4s There is al[sogpg(or)]agreement tEet\?vei(n)]the spectra
transfer through air.

_ shown in Fig. 4d), which reveals that there is not a mixture
XPS was also used to characterize the charge state of thg cq+2 and Cg2. We. therefore. conclude that Co in our

Co ions in the films. This information is useful in determin- MOCVD-grown films is in the +2 oxidation state. It is ex-
ing the magnetic and electrical properties of the materialpected that C& would incorporate into the wurtzite lattice at
Figure 4 compares the CpZore level photoemission spec- zp*2 sjtes since the ionic radii of four-coordinate 2rand

trum from an Al-doped C§,Zny O film (solid line) with Co'2 (0.060 and 0.066 nm, respectivelifier by only 10%
spectra from various standards that contain Co atoms in difyng C§?2 is very soluble in ZnG?® Thus, within the detection

ferent oxidation statedashed lineg The standards consist |imjts of the spectrometer, we can rule out metallic Co as the
of: (a) A polycrystalline Co metal film(Co®) grown on observed source of ferromagnetism.

Si(001), (b) an epitaxial CoO film (Co?*) grown on

MgO(001), (c) an epitaxialy-Co,05 film (Cc**) grown on B. Film structure and surface morphology

MgO(001), and(d) a linear combination of the spectra for ~ XRD patterns reveal that all Czn,_,O films on sapphire
CoO and y-Co,0; that simulates a film containing equal were crystalline. However, the nature of the crystalliritg.,

FIG. 4. Comparison of the Cop2core-level photoemission line
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ALD012) A0 (024)

Imbensity (countsises)

b
i FIG. 6. AFM micrograph of a 530 nm thick GgZny O film.
é This is the same sample for which XRD data is shown in Fig. 5.
The lateral dimensions are m X5 um and the vertical relief is
20 nm.
(b) XRD

ment of 45°. As expected for an epitaxially grown

FIG. 5. XRD results for a CpZny O film grown at 475°C.  CaZn;,O(110) film, the pole figure shows four diffraction
Part(a) shows ag-26 scan andb) shows a pole figure of the same spots at¥'=40°. If, instead, the film were only oriented and
sample. had in-plane randomness, the pole figure would be character-

ized by a ring at¥’=40°. Finally, our results are in agree-

single-crystal, highly oriented, or randomly orientede- ~ ment with Liu et al. who show that the following epitaxial
pends strongly on both the Co content and the growth temtelationship exists for ZnO on-plane sapphiré!
perature. Epitaxial growth of G@n,_,O films is possible for
0<x<0.35 between 723 and 798 K. However, if the Co ZnO(110)Al;05(012) and ZnQOOL|AI,04011]. (2)
concentration is increased by injecting a greater volume ofhe surface morphology of the (Zn,;_,O films was charac-
Co precursor or by increasing the growth temperai@® terized using AFM. Figure 6 shows a micrograph of the sur-
high as 873 K, the resultant films are typically polycrystal- face of a 530 nm thick GpZny O film grown at 748 K
line and highly(110) or (001) oriented. Separate CoO is seen [same film as in Fig. @)]. The film consists of dense and
if the temperature and/or Co concentration is further in-fairly uniformly sized grains that are roughly 100 nm in di-
creased. ameter. The existence of these small grains indicates that the

Figure %a) shows the XRD pattern for a @gZny O film nucleation density was rather high and that the growth pro-
grown at 748 K. The single Zn@10) peak at 55.806° indi- ceeded in a three-dimensional fashion. Furthermore, since
cates that the film is highlgl10) oriented, if not single crys- the pole figure in Fig. &) shows that this film is epitaxial,
talline. The absence of crystalline metallic Co or Ga&Dg- each of the grains remained in registry with the substrate
gests that the film is single phase. Furthermore, from theluring film growth.
ZnO(110 peak position, we calculate the lattice parameter,
a, to be 3.291 A. This value is 1.3% larger than that of pure
wurtzite ZnO(3.250 A) and is most likely due to the substi-
tution of the larger C& ion for Zn*2. The influence of annealing on the resistivity was investi-

In order to determine whether the film was single- gated for several Al-doped Con,_,O films that were simi-
crystalline or highly oriented, we acquired an XRD pole fig- larly grown. Prior to annealing and in spite of the intentional
ure using a four-circle diffractometer, which can reveal in-n-type doping with 1% aluminum, the films were highly re-
formation regarding in-plane crystallinif).In the pole figure  sistive. As a result of the vacuum anneal, the resistivity typi-
shown in Fig. Bb), the ZnQ101) diffraction peaks from a cally decreased from»10 to ~0.01Q2-cm. We believe that
Caqy 1Zn, O film are shown as a contour plot. The sample tilt, this change in resistivity is caused by the generation of oxy-
W, is the angle by which the surface is tilted out of thegen vacancies due to the reductive nature of the vacuum
diffraction plane. In the figureW increases linearly in the anneal. This conclusion is supported by Chatgal. who
radial direction from 0° to 90° and the three concentric ringsshow that annealing ZnO films in a hydrogen atmosphere
represent¥’ values of 30°, 60°, and 90°. The angle of rota-results in a decrease in resistance, while annealing in air
tion about the surface normal is denoteddywhich ranges results in a dramatic increase in resistafficEhey conclude
from 0° to 360°. In the plotd varies around the circumfer- that annealing in any type of oxidizing atmosphere not only
ence of the circle and each radial line represends iacre-  eliminates oxygen vacancies, but can also incorporate addi-

C. Electrical and magnetic properties
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FIG. 7. SQUID-derived hysteresis loop acquired on a an |G, 8. A plot of the room-temperature saturation moment as a
Al-doped CgZn, O film measured at 10 and 300 K, whexe  fynction of the Al concentration in various §¢n, (O films after
=0.09. vacuum annealing.

tional oxygen along grain boundaries, thereby reducing the . ) o
carrier concentration. Interestingly, the fact that the fully oxi-  The dependence of the magnetic properties on resistivity
dized, Al-doped CgZn,_O films were resistive suggests that IS presumably a result of the generation of carriers during the
the O-vacancies generated during the anneal, and not the XRcuum anneal and is consistent with the model of carrier-
dopant, are the source of free carriers. Most likely, impurityinduced ferromagnetism. However, the carriers do not origi-
atoms such as carbon and hydrogen passivate the Al atomsgite from their intended source—the Al dopant atoms. Fig-
and prevent the Al from acting as an electron donor. Hallure 8 shows the room-temperature saturation moment,
effect and resistance measurements on annealegdnCQO  determined by VSM, as a function of the Al concentration in
films without Al doping show resistivities of approximately various Cg ;Zny 4O films after vacuum annealing. In the fig-
2X1073Q-cm with an electron carrier concentration of ure, we represent the Al content, which ranges from 0 at % to
~2.2x 107 cm® and provide further evidence that impurity roughly 1.5 at %, by the carrier gas flow rate through the
dopants are not necessary to achievgype conduction in  triethylaluminum source bubbler. If the carriers responsible
ZnO-based materials. _ for mediating the magnetic behavior in the films were asso-
Room-temperature magnetic measurements on the VSMjated with the Al dopant, one would expect the saturation
were performed on films of thickness in the rangemnoment to decrease to zero with decreasing Al concentra-
200-600 nm deposited orxd1 cn? substrates. For SQUID ion However, within the experimental error, the magnetiza-

measurements samples were cut o5 cnf dimensions. o is independent of the Al content, indicating that Al is not
SQUID scans on the as-grown samples, measured at 2, %sponsible for the conductivity.

and 10 K, show a combination of paramagnetic and diamag- Figyre 9 displays both the temperature dependence of the
netic behavior, the latter being due to the substrate. Howevegai ration moment. measured from 10 to 350 K at a field of
the vacuum annealed (&, O films consistently demon- 5000 Oe, and the remanence, measured at zero field, for an-

strated weak ferromagnetic behavior. The saturation magngher Cg ,Zn, 6,0 film. The saturation moment versus tem-
tization was observed to increase with conductivity, which 'nperature plot was obtained by first subtracting out the dia-

turn depended on the details of the post-growth vacuum Alnagnetic  background, which also contained the
neal. The value of spontaneous moment per Co atom at room '

temperature ranged from 0.01 to 0.0 per Co, coercive 3

fields were in the range 100—-200 Oe. Figure 7 shows M—H ' ' ' I I I
hysteresis loops for a vacuum-annealed, Al-doped 3 2505 00 o o . 1
Cay,0eZNp.9:0 film measured at 10 and 300 K. The measured o KAS o 0%07%%000000, oop
magnetization has been compensated for the diamagnetic o.‘; 2r ]
background and then scaled to unitswgf per Co atom. At < sl |
10 K, the coercive field, H is 300 Oe, while the saturation =

magnetization, M is only 0.01ug per Co atom in this par- E“ 1L AAIMMAAM“AMAM“A“ _
ticular sample. At 300 K, the Mand H, values are smaller; o " S8s8aanan
however, hysteresis is still clearly observed. Similar results § o5t -
were found for Co concentrations up to 34%, where the satu- =

ration moment and coercivity, at room temperature, were 00 50 100 150 200 250 300 350
found to be 0.07ug 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- FIG. 9. Plots of both the temperature dependence of the satura-
netically and that a significant paramagnetic fraction of Cotion moment, measured from 10 to 350 K at a field of 2000 Oe, and
remains. the remanence, measured at zero field.

Temperature (K)
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30K TABLE Il. Cy/Dy ratios for five prominent features.

Band (cm™) Co/Dg

15448 -0.25
15984 -0.25
17 427 +0.20
17708 +0.26
24727 -0.05

Absorbance

18x10°

16 14

0 (deg)
o

tion behavior of the MCD intensities measured at 24 727 and
15 465 cm*. The solid line shows th8=3/2 Brillouin func-
tion calculated forg=2.2528 Deviation of the experimental
curves from the Brillouin function is due to the +5.5 tm
0 pHKT 04 zero-field splitting of the’A, ground stat® that is not ac-
-2 ' 4 4 counted for in the Brillouin function, which assumes a pure
28 24 20 16 12 spin multiplet. A detailed analysis of the low-temperature
Energy (10°cm™) MCD saturation magnetization nesting behavior in
) . . Co?*-doped ZnO is beyond the scope of this paper but is
FIG. 10.(a) 30 K absorption andh) 5 K, 0 to 6 T variable-field  reported elsewher®. These MCD saturation magnetization
MCD spectra of a MOCVD-grown GyeZng 910 thin film whered  gata demonstrate that the majority of the?Cins in this
is the ellipticity. The inset in pait) shows an expanded view of the sample behave as magnetically isolagse3/2 ions.

SEeCtra tﬁetvvsein 15t00(i' and 19 OO?&TThe itnsze; ;nﬂp]g”(sz An attempt was made to detect the ferromagnetic species
shows the o & saluration magnetization at &4 ffchnd — qnq VD spectroscopy performed at high temperatures.
15 465 cm~ with the solid line showing th&=3/2 Brillouin func- f o S o
) z Whereas the paramagnetic magnetization diminishes with in-
tion calculated fog=2.25. ) . . .

creasing temperature approximately following Curie behav-

ior, that of the ferromagnetic species does (fy. 7). No
paramagnetic contribution, from the magnetization valueMCD signal attributable to a ferromagnetic species was de-
measured at each temperature, and then smoothing the dagegtable. The ferromagnetic behavior shown in Fig. 7 must,
using a three-point boxcar algorithm. Both the saturatiortherefore, arise from a minor fraction of the cobalt ions
remanent magnetizations, although weak, decrease vepresent in this sample, indicating the presence of two types
gradually and do not exhibit a region of rapid decline up toof magnetic cobalt species. This interpretation is in agree-
350 K, indicating that the Curie temperature is greater thament with the saturation limit of the ferromagnetic magneti-

350 'K. _ . zation, the magnitude of which is approximately 1% of the
~ Figure 10 shows the 30 K absorption and 5 K variable-expected total saturation moment per high-spit'Guz).
field MCD spectra of a GgheZNg 91O thin film sample. The In addition to the ligand field transitions centered at

absorption and MCD spectra in the bandgap region could7 000 cm?, a second MCD feature is observed at
not be measured because of the large sample thickness24 700 cm® that corresponds to the broad featureless
(~300 nm. The structured absorption band in the range ofhandgap onset in the absorption spectrum. As shown in the
15,000-19,000 ci, shown in the inset of Fig. 18), inset of Fig. 10b), this negative MCD feature also exhibits
arises from the spin-orbit splfA,(F)—*T,(P) ligand-field  S=3/2 saturation magnetization behavior, revealing that it
transition of tetrahedral’ Co?* with additional contributions  also derives from tetrahedral €oions. This transition has
from the numerous nearby doublet levels, as discussed ibeen assigned previously as a charge trar(§f&y transition
detail previously?®24 The similarity of the ligand-field ab- involving the CG* ions(vide infra).2° The assignment of this
sorption spectrum in Fig. 18) to those of the bulk single feature as a CT transition is supported by analysis of its
crystal samples clearly demonstrates substitutiondf @op-  C,/D, ratio, defined &%
ing in this ZnO film?324 This optical assignment of oxida-
tion state is consistent with the XPS data in Fig. 4. Co/Do =kT/BH(Agle), (3)

The fine structure of the C-term MCD feature between
15 000 and 19 000 cmh again reflects the spin-orbit splitting where k=0.695 03 crit/K, T is the temperatur¢K), g is
of the“T,(P) excited state. The very sharp interference dip al0.466 86 cr'/Tesla,H is the applied fieldTeslg, A is the
17 575 cm* correlates with a weaker dip in the absorption molar ellipticity, ande is the molar absorption coefficient.
spectrum. We interpret this dip as resulting from a Fano-typerhe C,/D,, ratio thus parametrizes the MCD intensity rela-
anti-resonance involving interaction of th&,(G) and“T,(P) tive to the absorption intensity for a given transiti@/ D,
excited states. This effect has been well documented in ogatios for four prominent features are presented in Table II.
tahedral Ct* site$>26possessing th#A,(F) ground state but  Experimentally, theCy/D, ratio, is typically as much as an
is rarely observed in the spectra of tetrahedrad*Gons242”  order of magnitude lower for CT transitions than for ligand-
The inset in Fig. 1(®) shows the 5 K saturation magnetiza- field bands in sites of reduced symmetry due to the greater
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spin-orbit coupling strength of the mef&The values shown ~[f ¢aHppd7]
in Table Il are thus consistent with the assignment of the c= T E-E.
negative MCD intensity and the broad tailing absorption in- A D
tensity at 24 727 cit as due to a CT transition. Because of
overlap with the bandgap onset, the MCD feature observe@he p-d hybridization in 1I-VI semiconductors that gives
maximizes at lower energy and has a truncated bandshape @ige to LMCT intensity is generally over an order of magni-
the high-energy side, and therefore, provides a lower limitude greater thas-d hybridization responsible for MLCT
for the energy of this transition. Consequently, the absorptiomntensity, and the charge transfer intensity will, therefore, be
and MCD intensities of this CT transition are difficult to gominated by the former.

measure reliably, and th&,/ Dy value for this transition re- The observation of a sub-band gap CT feature is of inter-

ported in Table Il is considered approximate. _. . estin the area of spintronics because it relates to delocaliza-
We now address the specific nature of this CT transition I;L

P*-doned h iouslv b ned ion of spin from the dopant ion into the semiconductor band
Co"-doped Zn0. [t has previously been assigned as a metagi,cyyre, The observation of a sub-bandgap CT transition in
to-ligand charge transfeiMLCT) transition involving pro-

: . X CoZn, O reveals a relatively small denominator in E6)

- X
Imotlon_ of a C8 ﬁ electron mtol"the Zan condlljctrl]on barfd. fthat favors hybridization of G6 and ZnO wave functions.
ts assignment, however, as a ligand-to-metal charge transtely i, iization is also favored by the small unit cell dimen-

(LMCT) transition in which a valence band electron is PIO-sions of ZnO(a=3.2495 A £=5.2067 A, since the reso-
mOte? Into a Cf:%c_? frb't"’.‘tl.’ Is also ppsilblf.bAithhough thestﬁ nance integral in Eq(6) is proportional to orbital overlap.
0 classes o ransitions may in fact both occur in his p-d covalency is directly responsible for the unique

same energy regioti,we prefer to assign the absorption and magnetic and magneto-optical properties of DMSs in
negative MCD intensity in this region as arising from a

. ) . ) . eneraf® and in particular its magnitude has been identified
LMCT transition. This assignment is based on orbital overlapg ' ; . . ; 0
considerations and comparison to?Niloped ZnO. A sub- as a key factor in determining in ferromagnetic DMS$

band gap LMCT transition having an absorption edge at
~19 655 cm* has been identified in bulk Ri-doped ZnO
and recently in Ni*-doped ZnO nanocrystatg:343% Using
Jagrgensen’s optical electronegativity mofeind the well-
characterized optical electronegativities of tetrahedraL
C?*(1.9 and NF*(2.05,% the analogous LMCT transition Y
in Co?*-doped ZnO is predicted to occur8000 cm? to
higher energy? in the energy region where this intensity is

(6)

IV. CONCLUSIONS

We have grown epitaxial G@n;_,O(110 on Al,05(012
plasma enhanced metalorganic chemical vapor deposition
using a liquid-precursor delivery system. We find that large
amounts of Cax=0.35 can be uniformly incorporated into
the film without phase segregation. The Co appears to sub-

observed experimentally in Fig. 10. It is important to note " . : . ! .
that whereas the opticgl elect?onegativity ch))deI was deveStitute for tetrahedrally coordinated Zn cations in the lattice
' and exhibits a +2 oxidation state. There is no evidence for

oped for discrete metal-ligand bonded pairs, the LMCT pro- : . i ) X
cess in C&*-doped ZnO involves promotion of a valence the formation of either metallic Co or Cq@articles in the

electron into a C#-localized d orbital. The initially pre- thin film. Prior to annealing and in spite of tietype doping

pared excited state thus involves a loosely bound hole in th ith Al, the as-grown films were hlghly resistive. It appears
valence level coupled to the reduced dop&rand differs that oxygen vacancies gener_ated during t_he_ vacuum ann_eal,
substantially from the corresponding excitation anticipatecf ather than Al dopants, contnbute the majority of the carri-
for molecular oxyanion complexes. ers. Furthermore, all the films that were annealed showed

Assignment of the sub-bandgap absorption and negativ\g’eak ferromagnetic behavior up to 350 K, which is the high-

MCD charge-transfer intensity in Gon;_,O as arising from test temtperaturf,- rlnegsuref_l to %aﬁbg mallyit using low-
an LMCT transition is further supported by orbital overlap emperature optical absorption an Spectroscopies we

considerations. In the general case, the intensity of a C ave identified a sub-bandgap transition that we assign as a

transition is governed by covalent mixing of the donor and nO valence band to Cod orbital ligand-to-metal charge

: : transfer transition. The relatively low energy of this transi-
acceptor wave functions as described b . . . . . . .
P y & tion, combined with the small unit cell dimensions of ZnO,

’ favors C3*-ZnO p-d covalency and likely contributes to the
dn=V1-CX(p) — Cohp, (4) high Curie temperature for ferromagnetism in this DMS.

whereg, and ¢ are the unperturbed one electron orbitals of
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