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Room-temperature ultraviolétJV) laser emission of ZnO microcrystallite thin films is reported.

The hexagonal ZnO microcrystallites are grown by laser molecular beam epitaxy. They are
self-assembled and parallelly arrayed on sapphire substrates. The facets of the hexagons form
natural Fabry—Pet lasing cavities. The optical gain for the room-temperature UV stimulated
emission is of an excitonic nature and has a peak value an order of magnitude larger than that of
bulk ZnO crystal. The observation of room-temperature UV lasing from the ordered, nano-sized
ZnO crystals represents an important step towards the development of nanometer photoelectronics.
© 1998 American Institute of Physids$0003-695(98)03325-7

In recent years, wide-gap semiconductor compoundsheir linear optical spectra were reported many years ago by
have attracted a great deal of attention because of the intenseme research groups.n this work, self-assembled ZnO
commercial interest in developing practical short-wavelengthmicrocrystallites were grown on sapphire substrates by the
semiconductor diode laserSDLs) for the huge market laser molecular beam epitaxy techniddeat a deposition
needs. World-wide research efforts on the development ofemperature of 500°C and an oxygen pressure of 1
short-wavelength SDLs were initially focused on ZnSe-x10"° Torr. A pure ceramic ZnO targ€9.999% was ab-
based heterostructures, but recently the interest in InGalted in an ultrahigh vacuum chamber using a KrF excimer
materials has grown considerably. These developments hal@ser. X-ray diffraction measurement revealed that the ZnO
culminated in the demonstration of room-temperature opermicrocrystallites have high crystallinity witb-axis orienta-
ating green—blue as well as blue SDL structifésznO is  tion. Figure 1 shows the atomic force microsco@dM)
another wide-gap semiconductor, but it has received surprigopography of a ZnO thin film with a thickness of 200 nm.
ingly little attention despite its large exciton binding energy The thin film consists of close-packed hexagons. The hex-
of 60 meV, which in principle should allow efficient exci- agonal column structure is also confirmed by transmission
tonic lasing mechanisms to operate at room temperaturelectron microscope TEM observatibhThe facets of the
(RT). Ultraviolet (UV) stimulated emission and lasing have hexagons correspond to tfiE10G plane and they are strictly
been extensively studied in bulk ZnO crystals at cryogenic
temperature$;’ but observation of lasing at RT was men-
tioned only briefly in the works of Klingshifnand in very
recent report§=1°

We report RT UV lasing from ZnO thin films that were
grown on sapphiré000)) substrates. As a result of the large
lattice mismatch, these films consist of an epitaxially ordered
array of hexagonal microcrystallites. The facets of all hexa-
gons are parallel to those of the others, forming natural
Fabry—Peot lasing cavities. Under moderate excitation, the
optical gain responsible for the RT UV stimulated emission
is of an excitonic nature. For a 55-nm-thick film, an exci-
tonic gain of 320cm! is measured at a fluence of
3.0 Jlen?, an order of magnitude larger than the gain re-
ported for bulk ZnO crystals measured at much higher
fluence!!

The growth of ZnO thin films on sapphire substrate and

dauthor to whom correspondence should be addressed: Electronic maiFIG. 1. AFM topograph of a ZnO epitaxial film grown on a sappl@@01)
phzktang@usthk.ust.hk substrate.
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FIG. 2. The lower trace shows the absorption specttdatted curve and

photoluminescence spectrum, measured at 70 K and room temperature, |Fe|-,G' 3| @ rTLhef n;()de qucin?solidbcircles)Tﬁlotte(li_dals a _func}iorll ofdtf;e
spectively. The upper traces show spontaneous and stimulated emissic[tc‘ﬂ'ge elggtt oft ef‘“mpt'”g _;S?r ?Zmp'\ edslo 'f mte 'Slﬁza Eu at'??et ora
spectra under pumping intensities of 13,2 1.02, and 1.12y, provided by abry—reot resonant cavity with length. A model of natural Fabry—

the frequency-tripled and mode-locked Nd:YAG 1a&855 nm, 15 ps The microcavity formed by the hexagonal microcrystallites is schematically

inset at right side shows the degree of polarization of the UV emissionéjrta\’;’.n in thel 'ni_it(b) The_lase: (Iamlism_n |n:]en5|t¥ ptl(r)]ttgd a? ffll_:‘unctmr) of
plotted as a function of the pumping intensity. rotating angle. The experimental setup is shown in the inset. The maximum

and the minimum of the laser emission intensity repeats every 60°.

arallel to the{112Q plane of the sapphire substrate. . o .
P e(112G p PP niies. The degree of polarization increases quickly near the

The lower trace in Fig. 2 shows the absorption spectru ) S o
(dotted curvg measured at 70 and 295 K, respectively, asthreshold, and tends to unity when the pumping intensity is

well as the photoluminescence spectr(solid curvg mea- highgr thanly,, indicating that the emission is highlzL c
sured using the 325 nm line of a continuous waze)) polan;ed at above th_reshold pumping. The.above obserya—
He—Cd laser in a backscattering configuration at 295 K for 4i0ns indicates unequivocally that RT UV lasing occurred in
55-nm-thick ZnO thin film. The AFM topographynot (heseé ZnO microcrystallites. o _

shown hergreveals that the microcrystallite size of this film ~ The regularly spaced sharp lines in the lasing spectrum
is about 50 nm in diameter. At 70 K, a pronounced frae 1 00K like cavity modes. However, since we did not intention-
exciton absorption peald) is observed at 3.38 eV. The free- ally form a lasing cavity, it was not clear where the required
exciton energy shifted to 3.31 eV at room temperature. Arfeedback came from. The line spacing is measured under
intense free-exciton emissiorEy,), slightly Stokes-shifted ~different pumping stripe lengths, and is plotted in Figa)&s
from the absorption peak, is seen at room temperature. THe function of the reciprocal stripe length The solid line
upper traces in Fig. 2 show the emission spectra pumped &own in Fig. 8a) is calculated for a Fabry—Rat resonant
below, near, and above a thresholg,=40 kw/cnf, for ~ cavity with length L, using equationAE=(wrch/L)(n
stimulated emission, using the frequency-tripled outgss  +Edn/dE)~*, whereE(dn/dE) is the variation of the re-
nm) from a pulsed Nd:YAG lasef15 ps, 10 Hx in a con- fractive indexn with photon energyE. The data of the re-
figuration shown in the inset. At low pumping intensities, afractive indexn(E) is obtained from Ref. 15. The good
broad emission band is observed at 3.2 eV which is loweAgreement between the calculated values and the measured
than E,, by about 110 meV. The intensity of this emission spacing between the cavity modes strongly indicates that the
band increases quadratically when the pumping intensity isharp lines are due to the longitudinal modes of an optical
below thel,, in contrast to the linear increase in the free-cavity having a cavity length equal to the entire excitation
exciton emission intensity. When the ZnO film is pumped atstripe. We propose that a laser cavity is formed by{ft#G

an intensity just above the thresholds 1.02,,, a narrow facets of the parallelly arrayed hexagonal ZnO microcrystal-
emission band® emerges directly from the broad spontane-lites, as schematically shown in the inset of Figg)3Many

ous spectrum. ThE band grows superlinearly with pumping such hexagons are expected to be covered by the pumping
intensity. At a higher pumping intensity £1.12,,), many  stripe. Within the pumping region, the high density of exci-
sharp lines equally spaced in energy appear in the emissidons created in the microcrystallites by the photoexcitation
spectrum. The inset on the right side of Fig. 2 shows thdeads to a decrease of the refractive index because of the
degree of polarization, 1€, .—lgc)/(Ie ¢+ 1gc), for the  exciton phase space filling effect. Hence, a significant reflec-
emission band as a function of the pumping intensity, herdivity can occur at the two ends of the pumping stripe, while
e, . andlg are the integrated intensities of the.c and  the reflections at the boundaries between grains inside or
Ellc polarized emissions, respectively. Beldy, the ELc outside the pumping region should be negligible because of

andEllc polarized emission bands have nearly equal intensithe same refractive index between those grains. To confirm
Downloaded 27 Oct 2004 to 130.34.226.195. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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our microcavity model, we measured the laser emission in-
tensity by rotating the sample using the experimental con-
figuration shown by the inset of Fig(l®. The intensity is
plotted in Fig. 3b) as a function of the angle of rotation. The
maximum or the minimum of the lasing intensity repeat ev-
ery 60°, which indicates that the laser cavity is formed by the
parallel facets of the hexagonal ZnO microcrystallites. It is
worth pointing out that the angle dependence of the lasing
intensity can come also from scattering losses which depend
on the orientation of wave vectét relative to the hexagons.
However, without the hexagonal cavity model, we cannot
explain where the equal-spaced lasing modes come from.
The pumping induced reflectivitir at the two facets
near the end of the pumping stripe can be approximately
estimated from the refractive index,=2.45 for the lasing
light with energy of 3.2 eV and the refractive index 1.92 for
the light far away from the exciton resonariéender high
pumping conditions, the refractive index near the excitonic

Emission Intensity (a.u.)

resonant energy can be decreased due to the exciton bleach- 3.05 3 15. ' 325 3.35
ing effect. Hence, the largest change in the refractive index ' ' ' ’
due to the high intensity pumping is expected to e Photon Energy (eV)

= —0.53, which can give rise to a reflectivity of about 1.5%. _ . - :

. I FIG. 4. Lasing spectra of the ZnO microcrystallite film pumped using the
Th_e strong contrast of the_ observed FabryrePescHIatmn; _ frequency-tripled output of a mode-locked Nd:YAG laser at various pump-
(Fig. 2) cannot be explained by such a small reflectivity ing intensities.
without the presence of a large optical gain. We measured
gain spectrd using variable stripe length by carefully taking bination process of the exciton—exciton collision as dis-
the pumping saturation effect into account. The measuredussed in Ref. 18 in detail.
peak gain reaches a value of 320¢mat a fluence of )
3.0 Jicn?. This peak gain value is nearly one order of  This work was supported by CERG grants from the Re-
magnitude larger than that of bulk ZnO crystals measured atéarch Grants Committee of Hong Kong, and the Lightwave
much higher excitation intensity. Technology Research Programme of the Hong Kong Tele-
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