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We report on the observation of stimulated emission in ZnQ&g ,O superlattices well above

room temperature. Two kinds of superlattices grown by laser molecular-beam epitaxy showed clear
systematics on the quantum subband levels in absorption and spontaneous emission spectra.
Stimulated emission with excitonic origin could be observed at very low optical pumping levels.
The threshold excitation intensity changed from 11 to 40 k\W§/@nd the emission energy could be

tuned between 3.2 and 3.4 eV, depending on the well thickness and/or the Mg content in the barrier
layers. The excitonic stimulated emission could be observed up to 373 K and the characteristic
temperature was as high as 87 K. ZD00 American Institute of Physics.

[S0003-695(00)04640-4

As a wide band gapEy=3.37 eV) oxide semiconduc- lated emission was observed well above RT. We tested
tor, ZnO has attracted considerable attention due to potentighe high-temperature operation of the stimulated emission
applications, such as ultraviolet light-emitting devices andfrom the viewpoint of device applications.
laser diodes. A large exciton binding ener@®@ me\)* per- Ten-period SLs, [ZnO(L,)/Mgg1ZNpe]1p and
mits excitonic recombination well above room temperaturg ZnO(L,,)/ Mg 2¢ZNg 780119, Were directly grown on SCAM
(RT). In fact, RT lasing in ZnO epilayers on sappli@@0l) substrates by laser molecular-beam epitaxy. This substrate
substrates having a very low threshold (24kWfgnhas  has negligibly small lattice mismatof®.08%9 with the SL
been experimentally confirméd? A lower pumping thresh-  films.® The well layer thicknessl(,) was varied from 0.7 to
old can be expected, in principle, if an exciton-related re-4.7 nm. The thickness of the barrier layer was fixed at ap-
combination rather than an electron-hole plasma recombingroximately 5 nm. The thicknesses are the averages of 10
tion is used. An example of the latter mechanism is thewell layers. The Mg content of=0.12 is less than the solu-
In,Ga,_,N/GaN based semiconductor lasdor further im-  bility limit ( x=0.15)** Band gap energies of Mgn;_,O
provement of efficiency, a quantum-well structure is an im-are given elsewher€.Nine SLs were integrated on a single
portant approach. We fabricated Ziidy, Zn)O superlat- substrate using a combinatorial masking systérirF exci-
tices (SL9 on ScAIMgO, (SCAM) substrates because the mer laser pulses were impinged on to a ZnO single crystal or
use of this lattice-matched substrate significantly improvedgyZn; _,O ceramic targets located 5 cm from the substrate
the semiconductor properties of epitaxial ZnO films in termssurface. The films were grown at 600 °C ix10 > Torr of
of surface flatness, crystallinity, electron mobifftyand op-  pure oxygen. The energy diagrams of conduction and va-
tical spectrd. These SLs are expected to have negligiblylence bands are shown in Ref. 10. Structural characterization
small interface diffusion of M§",® and consistently showed was performed with a commercial x-ray diffractigRD)
excellent optical propertie€. The most salient feature is the apparatus equipped with a masking system, which was spe-
observation of room-temperature photoluminescefte of  cially designed for the combinatorial SL libraries. The sur-
excitons accompanied by the quantum confinement effect iface morphology of the films was observed by means of
the SLs having various well widths and band offsets. In thiscontact-mode atomic force microscod+M). A weak con-
letter, we report on the structural characterization and th&nuous wavelcw) He—Cd lase(325 nm was the excitation
characteristics of stimulated emission in ZnO{Mg, ,O  source for spontaneous emission measurements. The ar-
SLs grown on the lattice-matched SCAM substrates. Stimurangements related to the absorption and spontaneous emis-

sion measurements were the same as those adopted in a pre-
dpresent address: Lucent Technologies Inc., Bell Laboratories, NJ. vious StUdyg"ls Frequency-tripled pulse855 nm, 10 Hz, 15
bElectronic mail: kawasaki@oxide.rlem.titech.ac.jp ps from a mode-locked Nd:YAG laser were used for the
®Also a member of CREST, Japan Science and Technology Corporation. pulsed excitation experiments at temperatures ranging from

0003-6951/2000/77(14)/2204/3/$17.00 2204 © 2000 American Institute of Physics
Downloaded 26 Jun 2007 to 130.34.226.195. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 77, No. 14, 2 October 2000 Ohtomo et al. 2205

é Ly =1.80m . L= i
S 24K Z| 17kW/cm
£ = E
E) h ....u..’”....—g-g
S \ 0 10 ,2 2>
.5 I, kW/cm™) 4(}>‘ <
nm) £ ;
z Well Py *
5 9 INd: YAG {1 -
‘s 0.7 2 |exc. . - Barrier| £ £
B kS| S £5
£ 09 g A el n g
S = % . €Xc. B3
] ORI T DA l dal
%‘ L3 31 32 33 34 35 36
5_5) 1.7 Photon energy (eV)
Eo ¢ 24 FIG. 2. Excitation intensity I,,) dependence of the stimulated emission
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26 (deg.) threshold intensity I(,) is 17 kwWi/cn?.

FIG. 1. XRD patterns of ZnO/Mg¢Zny 740 SLs having various well layer
thicknesses (0%L,<2.8 nm), grown on a ScAlMgQsubstrate. The tri-  sjon peaks showed the Stokes shi 100 meV), i.e., the
angles mark_ the Bragg diffra(_:tion peak_s corresponding to the superlatticE)eak energies were lower than the absorption energy. The
period. The inset shows a typical AFM image of the SL sample. . L . .

stimulated emission and absorption peak energies of the SLs

are summarized in Figs(& and 3b). ThelL,, dependence of
294 to 380 K. The maximum intensity of excitation was the peak positions could be clearly seen not only in the ab-
58 kW/cnt. Emission spectra were taken in the conventionalsorption (open circley but also in the stimulated emission
side-emission geometry. spectra(closed squargesTheL,, dependence of the sponta-

Figure 1 shows the XRD patterns of SLs having variousneous PL was shown in Ref. 10. The threshold values versus

well layers thicknesses ranging from 0.7 to 2.8 nm grown orL,, are shown in Fig. @) for x=0.12 (closed circles and
SCAM (000)) substrates. Bragg diffraction peaks from the x=0.26 (open circles Since the pumping laser energy was
superlattices, indicated by triangles, and clear intensity oscileonstant at 3.49 eV, when the absorption state was located
lations due to Laue patterns corresponding to the layer thick-

ness were observed in all samples, indicating high crystallin- 3.6

ity and high thickness homogeneity. The thicknesses of the | (x=0.12,294K O ABS Egb_

well and the barrier layers were precisely determined by ana- 34l oO ® SE

lyzing the XRD data. A typical AFM image is shown in the = 7 ©0o oo o

. . s [ | o)e}

inset of Fig. 1. Here we note that the surface of the superlat- < Em g

tices is composed of well-defined atomically flat terraces and 2 3.2F u B ng

0.26-nm-high stepgcharge neutral unit cell of ZnOThere- 5 — S

fore, the interface roughness in the heterostructure cannot be g 3.9 (b)x =026 Eg™

larger than 0.26 nm at most. We conclude that the ZnO and -n% 37

Mg,Zn, _,O alloy film grows in a two-dimensional growth 35k o]

mode on ScAIMgQ substrates, resulting in a sharp hetero- o o o

. 3.3F [ ] o OO0

interface between them. I u 5 mm
Figure 2 shows stimulated emission spectra of SLs hav- K

ing x=0.12 andL,,=1.8 nm, measured under strong pulsed _60F©) . 5 x=026

excitation at room temperature. Strong sharp emission peaks “g ot <

were observed at 3.24 eV above a very low thresholg ( § 40 o .0

=17kW/cnt), and their integrated intensities rapidly in- S x=0.12 ..

creased as the excitation intensity,J increased, as can be F 20__ ..‘“.'"/o ------- '"--:G‘-‘-OQ

seen in the inset. Almost all the SLs showed stimulated emis- ob— 1 L L

sion below the maximum excitation intensity used in this 0 1 2 3 4 5

study. Spontaneous PL and absorption spectra are also Well width, Ly, (nm)

thown for Compa.nson'. The energies of PL and lower absorpIEIG. 3. Optical transition energies of subband absorptigen circley and
“0n_ peaks CO|nC|d_e W”h the resonant energy of the loweskimylated emissioriclosed squaresas a function of well layer thickness
exciton state confined in the well lay¥r.The agreement (L, for the ZnO/MgZn,_,O SLs withx="0.12(a) and 0.26(b). The band
between the spontaneous PL and absorption peaks is an igap energies of the barrier layefsy) are aiso showr(c) L,, dependence of

dication of the well-regulated heterointerfaces as well as thd'® stimulated emission threshold,f in the SLs withx=0.12 (closed
.. . . . Circles and 0.26(open circles Stimulated emission did not take place for

small composmonal fluctuations in the barrier Iay&mell- the x=0.26 films withL,, below 1 nm since the excitation energy is lower

depth fluctuations On the other hand, the stimulated emis- than the absorption energy.
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the stimulated emission from the same set of specimens in
:./_/./. the range of 5-300 K was found to be analogous to that of
ZnO epilayers. The stimulated emission induced by the
ex—ex scattering has been certainly confirmed in the latter
ST case. Therefore, we could conclude that the stimulated emis-
280 320 360 . )
Temperature (K) sion due to the ex—ex process also occurred in the well layers
294K 326K 348K 377K of the SL samples. The characteristic temperaiyref 87 K
was significantly higher than that of 55-nm-thick ZnO/
sapphire(67 K),'° which has shown excitonic laser action
with a threshold of 24 kW/cf We suggest that this kind of
improvement can be explained by the enhanced binding en-
ergy of excitons due to the quantum confinement efféct.
Aaat®l In summary, excellent characteristics of the ZnO-based
0 20 4 60, 80 100 superlattices, such as high crystallinity and atomically flat
Tex (kW/em) surfaces and heterointerfaces, were confirmed. These
FIG. 4. Temperature dependence of the emission intensity as a function siamples also showed very high performance in terms of ul-
excitation intensity (.,) in a ZnO/Mg ,Zn, 70 SL (Lw=4.2nm). The traviolet stimulated emission. We demonstrated efficient
inset_shoyvs the threshold intensityf as a function of temperature on a gstimulated emission of up to 377 K by virtue of the com-
logarithmic scale. bined effects of excitons and quantum confinement. These
structures also have the big advantage of a tunable emission
higher than that energy, stimulated emission did not takenergy in the 3.2—3.4 eV range. The optimized threshold of
place as seen in the case>of 0.26 films withL,, below 1 the stimulated emission was 11 kW/&nwhich is far better
nm. All the SLs with x=0.12 had threshold below than the record value (24 kW/@nobserved in ZnO epilay-
22kw/cnt, and the lowest threshold was as small asers, The estimated characteristic temperature of 87 K was

11kw/cnt at L, =4.7 nm. Figure 4 shows the temperature significantly higher than that of ZnO epitaxial layers grown
dependence of thie;m— I curves of a SL withk=0.26 and  on sapphire substrat¢§7 K).

L,=4.2nm in the temperature range between 294 and 377

K. Here, | i, means the intensity of the stimulated emission, ~ This work was supported by the Proposal-Based Pro-
while I, denotes the excitation intensity. The threshold ofgram of NEDO(Grant No. 99S12010and partially by the
the stimulated emissionl) increased gradually with in- Special Postdoctoral Research Program of RIKEN, Japan.
creasing temperature. The inset shows the temperature de-

pendence ofy, on a logarithmic scale. The relevant depen-

ZnO/Mg, 5¢Zny 7,0
L,=4.2 nm

I~

L T,=87K
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