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ZnO/Mg, »Zny O superlattices with a band-gap offset of about 0.5 eV were epitaxially grown by
laser molecular-beam epitaxy on a sappld@®l substrate using a ZnO buffer layer. The
superlattice structure with a period ranging from 8 to 18 nm was clearly verified by cross-sectional
transmission electron microscopy, Auger depth profile, and x-ray diffraction. As the well layer
thickness decreased below 5 nm, the photoluminescence peak and absorption edge in the
photoluminescence excitation spectra showed a blueshift, indicating a quantum-size effect.
© 1999 American Institute of Physid$s0003-695(99)04033-4

Recently, considerable attention is being paid to ZnO a$.5 eV at the heterointerface with pure ZnO. The oxygen
a wide-gap oxide semiconductor. ZnO has a band gap gfressure was kept constant at 10~ ® Torr during the depo-
3.34 eV at room temperature, thus it is a potential candidatsition. Before deposition of the superlattice, a 100-nm-thick
for ultraviolet light emission. We have demonstrated room-ZnO buffer layer was grown on a sapptil@01) substrate at
temperature laser action with a low threshold (24 kWicm 550 °C. Then, a superlattice with ten periods was fabricated
from optically pumped ZnO thin films composed of hexago-0on the ZnO buffer layer at 650 °C. The ZnO layer thickness
nally shaped nanocrystals closely assembled in a honeyconfbw) was varied from 1.7 to 12 nm, maintaining the
fashion! There are three interesting findings concerning thisVido.2Zno ¢O layer thicknessl(g) constant at 6.2 nm. A sche-
phenomenon. First, the stimulated emission process wd¥atic of the superlattice structure is given in Figa)l The
caused by exciton—exciton collision even at room temperal@yer thickness was controlled by the deposition time by tak-
ture because of the very large exciton binding eneigfy ing into account the deposition rate predetermined by the
meV).2 Second, the threshold of this excitonic process wasingle-layer deposition ex.periments. In order_ to determine
very low when the nanocrystalline size was tuned at about 5§'¢ Mg content of the barrier layer, Nign, O single-layer
nm (Ref. 3. Third, the longitudinal cavity was automatically films were grown on sapphire under the same condition us-

formed by making use of the grain boundaries between hexN9d @ M&1Zno O target and the composition was analyzed
agonal nanocrystals acting as mirrérsRecently, we have

by inductively coupled plasmdCP) optical emission spec-
reported that MgzZn, ,O alloy films can be prepared by

troscopy by dissolving the films in HN{QO(0.1 mol/l) solu-
pulsed-laser deposition, which show a higher band gap up dion. Note that we have chosew 0.1 of the target because
4 eV atx=0.33 and have similar lattice constaft3he

of Mg condensation during growth due to the larger vapor
emission process with exciton recombination further can pEressure o

f ZnO than that of MgO.
enhanced if such low-dimensional structures as quantum
wells, wires, and dots are constructed. (a) (10 periods)
Here, we report the structural characterization and opti- E
cal properties of ZnO/Mg,Zn, O superlattices. A quantum-
confinement effect was observed in photoluminescéRte
and photoluminescence excitatiALE) spectroscopies.

ZnO/Mg,Zn, _,O superlattices were fabricated by laser g - -
molecular-beam epitaxfMBE), i.e., pulsed-laser deposition . [10101§
from ceramic targets along with reflection high-energy elec- 3-‘3 (¢) ~denth of
tron diffraction (RHEED) observation in an ultra-high- 82 superilattice barrier
vacuum chambet.The Mg content of the barrier layer was Ei: N\N\j\/\/\/\/\/\::ier
chosen aix=0.20, corresponding to a band offset of about 2t [JMVVYVNVY Y VY YY—,
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PAlso a member of CREST, Japan Science and Technology Corporation. FIG. 1. Cross-sectional schemati@ and TEM image (b) of a

9Present address: Department of Electronic Materials School of Science arghO/Mg, Zn, O superlattice with.,y=5.7 nm andLg=6.2 nm. The depth
Engineering, Ishinomaki Senshu University, 1 Shinmito, Minamisakai profile of the Mg signal intensity in AES was measured for a superlattice
Ishinomaki 986-8580, Japan. with Ly=12 nm andLg=6.2 nm(c).
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FIG. 2. The period of superlattices estimated from the XRD patterns is Grroig) (A7)

plotted as a function of deposition time for the well layer thickness. The .
barrier thickness was constant at 6.2 nm, while the well layer thickness wag|G. 3. X-ray diffraction reciprocal space contour map aro(h@15) dif-
varied from 1.7 to 12 nm. The inset shows a typical x-ray diffraction pattertraction for a superlattice sample with,=12 nm. The buffer ZnO layer

merss?ée(tjt fé)rl_'fésuperlattice with,,= 1.7 nm (solid line) and simulated and superlattice have an identica 1010] value, indicating the barrier
curve(dotted fing. Mgo.Zny O layer is strained to form a pseudomorphic epitaxial structure.
The cross in the figure is the peak position for a thickyM&n, ¢O film. The

The surface morphology of the films was examined by gattice mismatch is as small as 0.22%.
contact-mode atomic force microscof@éM). The superlat-
tlf:e structure was characterized by cross-_s_ectlongl transmis- | the superlattices composed of alloy semiconductors,
sion electron microscopelEM), depth profiling using Au- 6 jn_plane lattice mismatch is an important parameter in the

gsrrlllglect;(’)n sp?\;lzg%sc_cl)_ﬁy\ES)l, alnd x-ray diffractorrr]]eter case of strained superlattices. With increasing Mg cortent
(Philips, X"-pert ). The optical properties were charac- in Mg,Zn,_,O) the a-axis length expands as 3.250

terized by PL using a continuous He—Cd laser ba3ab +0.036¢.° Therefore, an in-plane lattice mismatch of 0.22%

nm) and PLE using monochromatic light from a Xe lamp. . . .
! an be expected for the superlattice prepared in this study.
A fine streaky RHEED pattern was observed throughout . ) .
his lattice constant change is much smaller than those for

the deposition. The surface morphology observed by AFM . )
was similar to that for ZnO films reported previou&lifhe 3.189-0.07%& in Al,Ga, _,N (Ref. 10 and 3.18% 0.3& in

root-mean-squarérms) roughness of the superlattice was Gai,xlnxl\'l.lli When the superlattice is under strain, the pi-
less than 1 nm over 2mx 2 um area. Hexagonally shaped e.zoelectrlc'fleld proportlpngl to the product of the strain and
grains are closely packed. On the grains, atomically flat terPi€zoelectric constant is induced. If the well layers are
races and step®.5 nm high, aligned as hexagonal spirals, Strained, electrons and holes confined in the well layers will
can be seen. When the superlattice was deposited directly di¢ spatially separated due to the internal electric field. In the
sapphire, the surface was quite routire rms roughness was case of ZnO/MgzZn; _,O superlattices, the in-plane lattice
about 10 nm The insertion of the ZnO buffer layer was mismatch is small enough to neglect the internal electric
essential to grow smooth superlattice films. Moreover, thdield. Even if there is an internal field, the choice of the ZnO
deposition temperatures for the ZnO buffer layer and for thébuffer layer will produce an unstrained well ZnO layer and a
superlattice were independently optimized to get a smootistrained Mgzn, _,O barrier layer.
surface. Figure 3 shows a reciprocal space contour mapping for a
Figure Xb) shows the TEM image of a superlattice with syperlattice with_,y=12nm around an asymmetri¢015)
LW=5.7.nm. The designed layer structure is clearly seen as Blane of ZnO. Two peaks corresponding to the buffer layer
modulation of the contrast. The depth profile of the Mg con-3nq syperlattice were observed. As can be seen, the superlat-

te_nt in the superlattice was measured by AES a.nd plotted Iﬂce and buffer Zno have an identioaﬂlOTD] value within
Fig. 1(c). As can be clearly seen, regular oscillation was

observed until the end of the superlattice, indicating that thgxperlmental accuracy. The peak position measured for a

interface diffusion at the bottom interfaces during the succest-h'Ck Mgo..Zng (O layer is marked by a cross as well to show

sive film deposition is negligible. X-ray reflection at a small 0-22% mismatch in the plane. Therefore, in these superlat-
incident angle was measured for all of the samples. A typicalices: only the barrier layers are strained to form a pseudo-
example is shown in the inset of Fig. 2. The solid line isMOrPhic epitaxial structure.

obtained from the experiment and the dotted curve is a simu-  Figure 4 shows PL and PLE spectra taken at 4.2 K for
lation, calculated by using a theoretical mddessuming the the superlattices with.y=1.7 and 3.1 nm. The PL peak
interface rms roughness of 1 nm as evaluated by the AFMhifts towards the higher-energy sidelag decreases. When
image. Peaks corresponding to the superlattice reflectiohw=5.2nm, no detectable shift was observed. The two
were consistently observed for all superlattices. The periog€aks in the PLE spectra indicated by open and filled tri-
deduced from the superlattice peaks is plotted in Fig. 2 as angles are assigned to the=1 quantum subband level and
function of the deposition time for the well layers. As can bebarrier layer absorption level, respectively. The positions of
seen, the periodic structure is in excellent agreement with ththe latter peaks shown by filled triangles agree with the ab-

designed one. sorption edge for a 200-nm-thick MgZny O film, indicat-
Downloaded 25 Oct 2006 to 130.34.224.202. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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limit (x=0.04) (Ref. 12 of the bulk solid solution and close
to the solubility limit of metastable thin filmsx&0.33) 8
Therefore, we suspect reas@h to be the most probable.
Our preliminary results for superlattices usirg 0.10 bar-
rier layers showed higher-crystalline quality, better interface
sharpness, and sharper PL peaks with a negligibly small
Stokes shift3 Therefore, the uniformity of Mg content in the
barrier layers significantly affects the optical properties of
the ZnO/MgZn, _,O superlattice.

In summary, we have shown that superlattices composed
of oxide wide-gap semiconductors, ZnO and gMgn, O
were successfully grown by employing a ZnO buffer layer.
The PL and PLE spectra clearly showed a quantum-size ef-
fect. The Mg concentration of=0.2 is close to the limit to
obtain clear electronic structures at the heterointerfaces,

R M probably due to the spatial fluctuation of Mg content in the
3.2 3.4 3.6 3.8 .
Photon Energy (eV) barrier Iayer.

PL Intensity (arb. units)
PLE Intensity

ZnO (200 nm) Mg, ,Zn, ;0

Absorption

»
o

FIG. 4. PL and PLE spectra measured at 4.2 K for two of the superlattices ~ 1hiS work was partly supported by the JSPS Research

(Lw=1.7 and 3.2 nm For comparison, the PL spectrum of a 50-nm-thick for the Future Program in the area of Atomic-Scale Surface

ZnO film and the absorption spectrum of a 200-nm-thickyMamn, O film and Interface Dynamic$RFTF96P0020)5 One of the au-

are also shown. The ruler in the figure shows the calculated quantum sul{h (A.O)i ted b JSPS R h Eell hip f

band energy as a function of well layer thickndssultiples of unit-cell Ors(A. " IS _suppor edabya esearc . ellowship O_r

height; L,y/0.52(L)]. Young Scientists. The authors thank Dr. Imai of the Asahi
Chemical Industry Co., Ltd., for the AES measurement and
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ing that the carriers excited at the barrier layers are relaxegng. Co.. Ltd.. for the TEM observation.
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