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We describe the structural and optical properties of II-VI oxide alloys,avlg ,O and
Cd,Zn, -, O, grown by pulsed-laser deposition. Single-phase alloyed filmgMg,Zn)O and
(Cd,ZnO with c-axis orientations were epitaxially grown on sapph{@®01) substrates. The
maximum magnesium and cadmium concentratigrs0.33 andy=0.07, respectively were
significantly larger than the thermodynamic solubility limits. The band gap energies systematically
changed from 3.0y(=0.07) to 4.0 eV x=0.33) at room temperature. The photoluminescence peak
energy deduced at 4.2 K could be tuned from 3.19 to 3.87 eV by usingAtg 4O and

Mg 3ZNg /O at both ends, respectively. The lattice constants ofatlais were monotonically
increasing functions of the concentrations of both alloys. The exciton—phonon coupling strength
was determined in GgZngodO grown on a lattice-matched ScAlMgGsubstrate. ©2001
American Institute of Physics[DOI: 10.1063/1.1350632

Much interest has recently been shown in ZnO as aptical properties of C&n, ,O and MgZn, ,O alloys.
promising candidate for ultraviolet optical applications suchSince laser actions in ZnO-related materials are of excitonic
as light-emitting diodes or laser diodes. Its large excitonorigin, precise determination of the excitonic parameters is
binding energy of 59 meV\(Ref. 1) has enabled observation important.
of laser action and/or stimulated emission of exciton is ori-  Alloyed Cd,Zn, ,O films were grown on sapphire
gins at temperatures well above room temperat®® in (0001 and ScAIMgQ (0009 substrate¥~*?by pulsed-laser
ZnO thin filmg~*and in ZnO(Mg,Zn)O superlattice$SLs).>  deposition(PLD) in an ultrahigh vacuum chamber. The tar-
Such observations indicate that an exciton-related recombgets were ablated by excimer laser pulses. The f{lr200
nation process can be utilized in optoelectronic devicesim in thicknesswere deposited at 400 °C inx510™° Torr
based on ZnO. A lower pumping threshold can be expected)f pure oxygen. The cadmium content in the Za; ,O
in principle, if exciton-related recombination is used, ratherfilms was determined by electron probe microanalyses as
than recombination of an electron-hole plasma, which is thavell as by induction coupling plasma optical emission spec-
dominant mechanism of laser action {m,GaN devices. troscopy. The cadmium contents in the alloyed films were
Fabrication and characterization of alloys suchMg,Zn)O slightly lower than those in the targets, due to the difference
or (Cd,ZnO are important from the viewpoint of band gap between the vapor pressures of Cd and Zn. The surface mor-
engineering as well as of@njunction. A Mg.Zn,_,O alloy ~ phology of the films was examined using contact-mode
has been found to be a suitable material for the barrier layerdtomic force microscopy. The crystal structure of the films
of ZnOAMg,Zn)O SLs due to its wider band g&g.On the Was analyzed using a high-resolution x-ray diffraction
other hand, 4Cd,ZnO mixed crystal is expected to expand (XRD) apparatus. Optical properties were characterized by
the wavelength tunability by virtue of its narrower band gap.2Psorption spectroscopy. A He—Cd lagg25 nm was used
Because the ionic radius of €d(0.74 A) is close to that of ~for the photoluminescend®L) measurements.

Zn** (0.60 A), the wurtzite(WZ) phase, which is a stable The.XRD study revealed. that all of .the films hedhxis
phase of ZnO, is expected to be conserved when a rock-sdifiéntation and WZ phase without any impurity phéeeg.,
(RS)-structured CdO s alloyed. There have been, howeverRS Phask The maximum Cd content was=0.07 which is

few experimental studies on the properties of this alloyedbidnificantly larger than the thermodynamic solubility limit
epitaxial film®? In this letter, we describe the structural and (Y=0-02). Figure 12) shows the cadmium content depen-
dence of the full widths at half maximuWHMSs) of the

) — . . _ Zn0O(0002 peaks in x-ray curves obtained lay and w—26

, Etectronic mail: tmakino@postman.riken.go jp . scans. The measured film was grown on sapphire substrates.
Present address: Lucent Technologies, Inc., Bell Laboratories. . . .

9Also at Photodynamics Research Center, RIKEN. As the cadmlum content mcreas_ed, both of the FWHMSs in-

9Also a member of CREST, Japan Science and Technology Corporation. creased. Considerable degradation, presumably due to large
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R 1 5
"325 [ ‘,_j_—.—‘—’—q/. 590 S down to 2.99 eV could be achieved by incorporating Cd
L S with y=0.07. PLspectra obtained at room temperature ex-
C a (9)=3.252+0.143y-0.147y" 1 hibited a single PL band, the peak energy of which approxi-
F | ] 49 mately coincided with those in absorption spectra. The pho-
320 0.05 o.10 toluminescence peak energy deduced at 4.2 K could be tuned
' Cd Content () ' from 3.19 to 3.87 eV by using G@ZnyoO and
Mg 32Ny 60O, respectively.
FIG. 1. Cadmium content dependence(af FWHM values of the(0002 Figure 3 shows tha-axis lengths as a function of room-

peak in XRD w and w—26 scanned curvesip) dependence of the cell . _
volume, and(c) dependence of tha- and c-axis lattice lengths of the temperatureEg values in CQan_yO and MgZzn, -,O al

Cd,zn,_,0O films grown on sapphire substrates. The solid linegcinare loys. A (Cd,ZnO/(Mg,Zn)O (CZM) SL, having a perfect

fitted lines obtained by using=3.252+0.143/—0.14%2 and c=5.204  (in-plan@ lattice match and a maximum barrier height of

+0.956/—5.42. 0.09 eV, can be obtained by choosing an appropriate combi-
nation of Cd and Mn concentratiofisyecause botla-axis

compositional fluctuation gt=0.05, was observed. The cell lengths are monotonically increasing functions of concentra-

volume (3/2a%c) anda- andc-axis lengths determined by tions of both alloys. This is one advantage compared to

XRD are plotted as functions of Cd content in Figé&)land (In,GaN/(AlL,Ga)N SLs. The same parametric plots (-
1(0), respectively. The cell volume varied 1.5%at 0.07 ,GaN and(Al,Ga)N are shown by dashed curves. In the case

from that of pure ZnO, which is in a good agreement Withof WZ, if the lattice constant of the well layer differs from

the predicted valug1.6% obtained by assuming that this that of the barrier layer, strain and a piezoelectric field exist
difference is caused by the difference in the cation radii of

Cd* and zrf*. Both a- andc-lattice constants were mono- Cd content () Mg content (x)
tonically increasing functions of and could be fitted by —— 0|05 i ? — ,0;1, — ,0|'2, — ,0;3
=3.252+0.143/— 0.14%2 and c=5.204+ 0.956/— 5.422, I an-y@‘.dyo . Mg Zn, O

Y nO X~ 1-x

respectively. The ratio of/a was also a monotonically in-
creasing function o, in contrast to that itiMg,Zn)O alloys.
This could be explained by the magnitudes of electronega-
tivity of the compounds, i.e.Fyg™>Fz,>Fcq (F denoting

Y

™)

[
T

a-axis lattice constant (A)

Y
1
electron negativity We tested the thermal stability of the : Gal—xlan
Cd,Zn, 0O films. Annealing at a temperature of 700 °C im- L : p
proved the compositional homogeneity as well as the crys- 3201k | GaN
|

tallinity, while annealing at 800 °C in air caused a consider-
able reduction in the Cd concentration due to its evaporation.
Figure 2 shows concentratiog) dependence of absorp-

) ; i : In Content : Al Content ™
tion spectra in as-grown films obtained at room temperature. A I PR P P I
The energy of the band gajg) shifted downward whewy 315+ 0.1 : :0 0.1 02 03
increased. The spectrum of £g@+ny 4,0 encompassed a P SR B M
broad shoulder on the lower energy side, indicating the for- 3.0 3.5 4.0
mation of a cadmium-rich phase, the density of which is Bandgap (eV)

relatively low. Energiesk,) are plotted in the inset of Fig. _ _
2. We could fit they dependence of thEg values by a FIG. 3. Optical and structural properties of Zd,_,O and MgZn,_,O

. . . EL . . alloy films mapped out in a plane @faxis length and room-temperature
well-known equation in polynomial fornt, and it was esti- g gap energy. The same curves fiorGaN and (ALGa)N alloys are

mated a€,(y) =3.29-4.40y+ 5.93/2. Band gap narrowing also shown. Alloy compositions are shown at the top axis.
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TABLE I. \ is the proportional coefficient anth is the effective phonon
X energy. These parameters were deduced from( B
X+LO 9y- p u Q-

-—

-(a) CdZnO

A fiw
Material (meV) (meV)

Znc? 66 22
CdznO 66 22

] K l
3.2 3.4 3.6 %From Ref. 12.

Photon energy (eV)

Absorption (arb. u.)

pling strength. Table | shows and 7w of (Cd,ZnO and
ZnO. These two quantities 6€d,ZnO were similar to those
of Zzno1%16

In summary, 1I-VI semiconductor alloy GdAn, O
films (0<y=0.07) were grown by PLD. The maximum Cd
(4 content determined in this study is significantly larger than
the thermodynamic solubility limity{=0.02). The band gap
could be tuned to the lower energy side by 0.3 eVyat
=0.07 in comparison with that of ZnO. Strain-free SL struc-
tures having a maximum barrier height of 0.9 eV can be
fabricated by combining them with the wider-gap
Mg,Zn; _,O. The enlarged solubility attained by nonequilib-
rium PLD growth and the perfectly lattice-matched hetero-
R N junction open new possibilities for an active layer in blue
0 100 200 LEDs based on ZnO.

(b)
3.38
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Exciton energy (eV)
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FIG. 4. (a) Absorption spectra in a Gdn,_,O (y=0.01) epilayer grown on Program of NEDQGrant No. 9951201Gand by the Special
a lattice-matched ScAlMgQsubstrate obtained at 5 Kb) Temperature ~ Postdoctoral Research Program of RIKEN, Japan.
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