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An oxide-diluted magnetic semiconductor: Mn-doped ZnO

T. Fukumura,® Zhengwu Jin, A. Ohtomo, H. Koinuma,” and M. Kawasaki
Department of Innovative and Engineered Materials, Tokyo Institute of Technology,
Yokohama 226-8502, Japan

(Received 19 July 1999; accepted for publication 24 September) 1999

Epitaxial thin films of an oxide-diluted magnetic semiconductor, Mn-doped ZnO, were fabricated by
pulsed-laser deposition technique. Solubility of Mn into ZnO exceeds thermal equilibrium limit as
a result of nonequilibrium film growth process. As Mn content is increased, the lattice constants of
both a and ¢ axes of wurtzite Zp_,Mn,O films (x<0.35) increase and the band gap expands
although considerable in-gap absorption develops. Itinerant electrons dveni§ can be doped

into the Zn _,Mn, O films by Al doping, in contrast to low carrier density in the other 11-VI diluted
magnetic semiconductors. The temperature dependence of the resistivity is almost metallic and
considerable magnetoresistance is observed at low temperatures99®American Institute of
Physics[S0003-695099)03547-0

Diluted magnetic semiconductor is expected to play arpolished sapphire (001) substrates at 600°C in 5
important role in interdisciplinary materials science and fu-x 10 ° Torr of oxygen pressure at a growth rate ©0.01
ture electronics because charge and spin degrees of freedam/pulse. Conventional x-ray diffraction spectra of the films
accommodated into single matter resulting in interestingshowed(002) and(004) peaks of wurtzite structure without
magnetic, magneto-optical, magnetoelectronic, and othekny impurity peaks. The homogeneous distribution of Mn in
properties. Among them, Mn-doped II-Vand 1l1-V? com-  the film was also confirmed by electron probe microanalysis
pound semiconductors have been extensively studied. TH&EPMA). The root mean square of the surface roughness was
former has a variety of compounds consisting of variousevaluated to be about 10 nm by an atomic force microscope.
combinations of ll-group cations and VI-group anions exceptnductively coupled plasmédCP) spectroscopy and EPMA
for oxygen. Some of these materials have been applied t8nalyses confirmed that the Mn content in the films was ap-
optical devices. proximately the same as that in the targets.

Recently, one of the [1-VI compound semiconductors, Figure 1 shows Mn content dependence of the lattice
ZnO, has attracted revival attention since it was found thafonstants analyzed by a high-resolution four-circle x-ray dif-
high quality epitaxial thin films display excitonic ultraviolet fractometer. Both the- andc-axes lengths expand monoto-
laser action at room temperatdrén addition, the energy gap "OUSly with the increase of Mn content up X@9-35- The
of this compound can be extended up-td eV by synthe- valence state of Mn ion was determined to be“Mhaving

sizing alloy compounds of M@n,_,O.° Heavy electron SP'NS of S=5/2  from electr_onu_: Spin resonance
doping (>10%*cm™2) was readily achieved in contrast to the measurementTherefore, the Mn ion is understood to have

other l=VI compound semiconductdtsEurthermore, the occupied the Zn site without changing the wurtzite structure
oo . - X far beyond the thermal equilibrium limit ok~0.13 at
thermal equilibrium solubility of Mn is larger than 10

) 7 e . .
mol % and the electron mass is as large-8.3m, where 600 °C. The nonequilibrium nature of the growth process in

: L ulsed-laser deposition enables us to obtain films with high
m, is free electron mass. Therefore, the amount of |njec:te(]rf/I : S -
n content exceeding the thermal equilibrium limit.

spins and carriers into the film can be very large. When we
take into account the Ruderman—Kittel-Kasuya—Yosida
(RKKY) interaction, the above mentioned factors of
Zn;_,Mn,O favor strong correlation between spins and car-
riers. Here we report the fabrication of ZnMn,O epitaxial
films and their optical and magnetotransport properties.
Zn;_,Mn,O films were deposited by pulsed-laser depo-

sition. Prescribed amount of ZnO and ADy were mixed, 540

Cell volume [AB]
N
»

[3.30

calcined at 400 °C for 7 h, and sintered at 900 °C for 12 h in < 5.35 ] o
air for making ceramic targets. When we made conductive ) 1325 &
thin films, 1 mol% ALO; was also included in the target. & 530 ] 8
The targets were ablated by KrF excimer laser pul24$8 2 5.25 ] S
nm, 10 Hz, 20 newith a fluence of 5 J/ch The films with S 1320%.
a thickness of several hundred nanometers were grown on 5.20

0.0 0.1 0.2 0.3 0.4
xinZn, Mn O

dElectronic mail: fukumura@oxide.rlem.titech.ac.jp
YAlso at: Materials and Structures Laboratory of Tokyo, Institute of Tech-FIG. 1. Mn content dependence of cell volurftep) and a- and c-axes
nology and at CREST, Japan Science & Technology Corporation, Tokyolattice constantgbottom for Zn, _,Mn, O films.
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E 35 E_ _E FIG. 3. Temperature dependence of resistivity in various magnetic fields for
LL|°’ - 3 a Zny giMng 1O:Al film. Inset: Temperature dependence of carrier concen-
34F = tration (top) and mobility () (bottom).
3.3k 3 _ - _
E 3 tion and the mobility are almost constant as a functio of
3.2 st biass el leraatsesgtl

except for slight decrease im, below 50 K. Resistivity rap-
0.0 0.1 0.2 0.3 04 . . . .
(b) xin Zn. Mn.O idly increases with decrease ®fbelow 10 K n 0 T as the
X result of the reduction ofi;, and is substantially altered by
FIG. 2. (@ Transmittance spectra of ZnMn,O films measured at room applying magnetic field below-50 K. Between 15 and 50
temperature for varioug values. Numbers in the figure denote Inset: K, the resistivity monotonously increased as the magnetic

Photon energy dependence @f for deducing band gapE() from the : : . S
intersection of the dotted linegb) Variation of E; with Mn content. The field was increased. Below 15 K, the increase of resistivity

solid line is a fitted line expressed Bg=3.273+ 1.3% [eV]. was suppressed at high field, resulting in negative magne-
toresistance at high field below 3 K.

_ _ _ Isothermal magnetoresistan@R) was measured both
Figure 2a) shows optical transmittance spectra mea-or x=0 film (n.=9.6x 10 cm3) andx=0.19 film at dif-
sured at room temperature. As Mn content is increased, thgrent temperatures. The results did not depend on the mag-

midgap absorption around 3 eV develbpand the absorp- netic field direction with respect to theaxis of the film. The
tion edge shifts toward higher energy S.Ide. F(_)r evaluatlng th§/R for x=0 film was weakly negative as shown in Figay
band gap Eg), the data are replotted in the inset by taking similar to that observed in an accumulation layer in Z10.
«? as vertical axis, where is absorption coefficienE in Figure 4b) shows the MR curves for=0.19 film. The MR
Fig. 2(b) defined from the intersection of the dotted extrapo-pehavior at 100-300 K was quantitatively similar to that of
lated lines in the inset of Fig.(d) increases linearly witk. ~ x=0 sample. The MR at 11-40 K is appreciably positive

Such an expansion di; and development of midgap ab- and keeps on increasing with decreasih@t 2 K, the MR

sorption by Mn were also observed in oth@&"Mn)B"' al- s positive in weak magnetic field less thari.5 T having a
loys. The dominant in-gap absorption was assignefigs
—*4T, transition based on the reflectance spectra for ceramic N LALLLAl LAALLY LLLAAL AL

specimeng.However, the absorption observed here is con-
siderably large in spite of the spin forbidddr-d transition,
namely®A; — 4T, due to high spird® electron configuration

of Mn ion. The broken symmetry caused by large lattice
distortion in wurtzite Zp_,Mn,O might contribute to the
large oscillator strength of spin forbiddesh-d transition.
However, the absorption takes place in wide energy range
rather than a discrete peak. Therefore, it is more reasonable (a)
to assign this absorption to the charge—transfer transition be-

tween donor and/or acceptor ionization levels of Mn ions and

the band continuum as indicated in calculated results of

o

o
(ZnMn)S and (ZnMn)Se based on the Anderson impurity 4:? .
model*° =

-—
o
=
TTITT[TIT1T
=
[=)
o
A

p[H]/p [0]

The Zn,_,Mn,O films doped with Al were highly con-
ductive and the type of the conducting carrier was confirmed
to ben type by Hall measurements with Van der Paw con- (b)
figuration. Figure 3 shows temperatu(€) dependence of
resistivity (p) of an x=0.19 film (n,=3.1x10%cm3) in HIT]
various magnetic fields applied perpendicular to the film surgig. 4. Normalized magnetoresistance farx=0 and(b) x=0.19 films as

face. As shown in the inset of Fig. 3, the carrier concentraa function of magnetic field. The magnetic field was parallet taxis.
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sharp peak around0.3 T and turns into negative in a mag- fruitful discussions and help for experiments. This work was
netic field more than~1.5 T. The MR ratio p[H] conducted as JSPS research for the Future Program in the
—pl[0])/p[0] is +5.0% at 0.3 T and-5.5% 4 8 T at the Area of Atomic-Scale Surface and Interface Dynamics
lowest temperature measured at 2 K. The MR behavior obtJSPS-RFTH-96P00205

served &2 K can be qualitatively explained as was reported

earlier!?>!® The positive MR at low field and the negative

MR at high field were thought to come from the spin split- 1J. K. Furdyna, J. Appl. Phy$4, R29(1988.

ting enhanced bg—d exchange interactidfand the rise of zH- Ohno, Science81, 951 (1998. _
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