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Random laser action in ZnO nanorod arrays embedded in ZnO epilayers
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Random laser action with coherent feedback has been observed in ZnO nanorod arrays embedded
in ZnO epilayers. The sample was fabricated by depositing a MgO buffer layer and followed by a
layer of ZnO thin film onto a vertically well-aligned ZnO nanorod arrays grown on sapphire
substrate. Under 355 nm optical excitation at room temperature, sharp lasing peaks emit at around
390 nm with a linewidth less than 0.4 nm has been observed in all directions. In addition, the
dependence of the lasing threshold intensity on the excitation area is shown in good agreement with
the random laser theory. Hence, it is demonstrated that random laser action can also be supported in
ZnO nanorod arrays. @004 American Institute of Physic§DOI: 10.1063/1.1734681

Room-temperature lasing in ZnO nanorod arrays hagZnOf/air natural facets, respectively, is derived under the
been demonstrated under 355 nm optical excitation withdeal Fabry—PerofFP) cavity approximation with no inter-
threshold pump intensity of 40 kW/cat It is believed that  nal absorption loss is taken into consideration. It is found
the optical feedback between the top and bottom natural fachat the calculated value offy, is roughly equal to 11
ets of the ZnO nanorods is the lasing mechanism. On thex 10> cm™ . If the influence of diffraction losses is taken
other hand, high-density ZnO nanorod arrarys can also forrnnto consideration, the actual required valueggf could be
random lasers if the corresponding gain length and scatteringoubled® This implies that the required value gf, to sus-
mean-free path satisfy the requirement of random lasefain lasing in the natural FP cavities of the ZnO nanorods is
action® In fact, random lasing has been observed in ZnOvery large, larger than the ZnO material can provide. Hence,
nanorod arrays embedded in anodig@{ with a threshold the natural FP cavities of the ZnO nanorod arrays will not
pump intensity of 100 kW/cfalthough the authors did not sustain lasing even under a high optical excitation.
confirm the lasing mechanism is due to the random laser The above measurement has also indicated that the ZnO
action? In this letter, we demonstrate the possibility of nanorod arrays do not support random lasing due to the low
achieving random laser action with coherent feedback irlensity of nanorods. In order to satisfy the requirement of
ZnO nanorod arrays. random laser action, the gain lengtbcattering mean free

ZnO nanorods were grown on sapphire at about 400 °@ath of the ZnO nanorod arrays has to be increased
by using a metalorganic vapor-phase epitaxy systéthe  (reduced.® This can be achieved by forming a low-loss slab
ZnO nanorods are aligned normal to the surface of the sapwaveguide, which allows strong transverse confinement of
phire substrate with an average diameter, length, and densitight inside the ZnO thin film, along the surface parallel to
of 70 nm, 2um, and 1.% 10'* nanorods/crh respectively. the sapphire substrate growth with ZnO nanorod arrays. Fig-
The optical characteristics of the ZnO nanorods were studiedre 1 shows the fabrication procedures of the ZnO nanorods
at room temperature under optical excitation by a frequencgmbedded in ZnO epilayers. A MgO buffer layer of thickness
tripled (355 nm Nd:YAG laser at pulsed operatidé ns and 700 nm was deposited onto the ZnO nanorod arrays and
10 H2). The pump beam illuminated on the ZnO nanorods afollowed by a ZnO film of thickness 200 nm by using filtered
an incident anglévaries between 0° and 80fo the surface cathodic vacuum arc technique at 230°The purposes of
normal of the substrate. The emission light was collected ifforming the slab waveguide arél) To provide an extra gain
the directions normal as well as parallel to the substrate. Ouength and(2) to reduce the scattering mean-free péth.,
measurement has shown that only amplified spontaneousjuivalent to minimize the average separation between the
emission (ASE) spectra with a peak wavelength and full ZnO nanorods, that occurs when light only travels in the
width half maximum(FWHM) of about 380 nm and 15 nm, direction parallel to the substratdt must be noted that the
respectively, are observed at a pump intensity greater than@fractive indices of MgO and ZnO are roughly equal to 1.76
MW/cm?. The threshold gairgy,, of the ZnO nanorods can and 2.1, respectively, at 390 nm and the effective refractive
be estimated frongy,=L "t In(rgif ), WhereL (=2 um)  index of the slab waveguide can be estimated to be &.99.
is the length of the ZnO nanorods,,, (=0.329 andr,,  Hence, light scattering formed by the ZnO nanorods is main-
(=0.355 are the field reflectivities at the ZnO/sapphire andtained which is due to the discontinuity in refractive index
between the boundaries of the slab waveguide and nanorods.

aAuthor to whom correspondence should be addressed; electronic mailf the sample_ _is U_nder optical exs:itati(()'ne., see also Fig.)1
esfyu@ntu.edu.sg optical amplification and scattering of the guided modes can
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FIG. 1. Schematic diagram of the ZnO nanorods embedded in the ZnO(a Pump power (MW/cm?)

epilayers. Bottom half of the diagram shows the arrangement of optical
excitation of the sample. Top half of the diagram shows the cross section ol 1
the sample and the corresponding effective refractive index of the slab Area=3.0x10"3cm?
waveguide and ZnO nanorods.

be obtained simultaneously so that random laser action witt =
coherent feedback can be achieved.
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Threshold pump intensities of TE and TM polarizations are
found to be about 800 kW/cimand 1.6 MW/crﬁ, respec- FIG. 2. Light-light curves and emission spectra®@f TE polarization and
tively. For both polarizations, single-broad emission spectrd? TM polarization form the ZnO nanorods embedded in ZnO epilayers.
. he insets on the top-left-hand side corner is the emission spectra at various
with a FWHM of about 15 nm are observed. When the eX'pump intensities and that on the bottom-right-hand side corner is a sche-
citations exceed the threshold, sharp lasing peaks of a lingnatic diagram showing the formation of closed-loop path for light through
width less than 0.4 nm are emerged from the single-broagecurrent scatteringdashed arrojvand single-broad ASE spectfsolid ar-
emission spectra. A further increase in pump intensity inSoW i the sample.
creases the number of lasing modes as the increase in optical
gain excites more cavity modes with higher losses. The gercases may not appropriate, as the threshold pump intensity is
eration of single-broad emission spectra above threshold ialso dependent on the excitation volume.
due to the weak optical feedback from the facets of the slab  Figure 3 plots the emission spectra measured at different
waveguide’. This indicates that the FP modes will not be observation angles. It is noted that different emission spectra
supported in the slab waveguide otherwise the single-broadan be observed in different directions. This is because dif-
emission spectra will be suppressed. The excitation of shaderent laser cavities formed by multiple scattering can have
lasing peaks is in fact caused by the formation of closed-looglifferent output directions so that lasing spectra observed at
paths for light through recurrent scatteririge., coherent different angles are different. Furthermore, the dependence
feedback It can be shown that the average separation beef random laser action on the excitation area was studied.
tween nanorods is less than 90 nm and the field reflectivityrigure 4 shows the variation of emission spectra with exci-
between the nanorods and slab waveguide is about 0.08tion area(from 5x10 4 cn? to 3x10 2 cm?) for con-
Hence, the estimated scattering mean-free path will be lesstant pump intensity of 2.6 MW/ctn It is observed that
than the emission wavelength so that the claim of recurrerbefore the critical aredi.e., 1X10 2 cn?) is reached, no
scattering is justified. In addition, the lasing intensity of TM sharp lasing peak is observed. However, when the excitation
polarization is weaker than that of TE polarization, which isarea has exceeded the threshold, sharp lasing peaks with a
due to the orientation of the ZnO nanordde., the scatter- linewidth of less than 0.4 nm appear. The number of sharp
ing strength is strong for TE polarizatiprirhe high thresh- lasing peaks increases with the increase of excitation area.
old pump intensities of our sample compared with that of theThis is because in a large excitation area, more closed-loop
ZnO nanorod arrays embedded in anodie@®y (Ref. 4 may  paths for light can be formed. As a result, random laser ac-
be due to the low optical reflectivitf.e., scattering strength tion could occur in more cavities formed by recurrent scat-
at the boundaries between the ZnO nanorods and the slaéring. However, if the excitation area was reduced to below

waveguide. However, a direct comparison between the twa critical size, laser oscillation stopped. This is because if the
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FIG. 3. Spectra of TE polarization radiate from 30° and 60° from the sampleemISSIon

surface. The pump intensity is 2 MW/érand the excitation area is kept at . _ .. .
o105 e TP Y PL2 tion of AZR againstP,! for the TE polarization. It is ob-

served thatAz’3 versusP;,! exhibits a linear relationship so
that the Iasmg mechanism of the ZnO nanorod arrays embed-
ded in the ZnO epilayers is verified to be random laser ac-
on.

In conclusion, the FP cavities formed between the top
and bottom natural facets of our ZnO nanorods will not sus-
V¥aln lasing caused by the short cavity lenditle., very high
caV|ty loss. Furthermore, the random laser action is also not
detected due to the low density of the ZnO nanorod arrays.
However, if the ZnO nanorod arrays are embedded in the
ZnO epilayers, which consist of a thick MgO buffer layer
and a ZnO thin film, random lasing can be obtained. This is
films is roughly proportional to the pump intensity so that thebecause the presence of ZnQ epilayers incregwekices

empirical expression off, can be written as€:l the optical gain(the scattering mean-free patbo that ran-
g

§ — 9 . dom lasing can be sustained. In addition, the dependence of
1/2(9g/ 9P)Pry, wherePy, is the threshold pump intensity threshold pump intensity on the excitation area agrees well

; P ; /3
andag/Jp is a constant. Hence, it is possible to Wm‘é with the random laser theory. Hence, the claim of random

~2¢ d‘2’3((9g/aP)‘1Pt}11 This linear relationship between
AZ3 and P, ! indicated that the lasing threshold characteris- lasing action can be supported in ZnO nanorod arrays is veri-

tics of the ZnO nanorods embedded in ZnO epilayers agreede

well with the random laser theoﬁFlgure 5 plots the varia- This work was supported by the Agency for Science,
Technology, and Research of SingapdRzoject No. 022-
101-0033 and Nippon Sheet Glass Foundation. Two of the

closed-loop paths are too short, the amplification along the
loops is not high enough to achieve lasing.

From the above measurement, all of the essential char
acteristics of random laser action have been observed from
the sample. Furthermore, the random laser theory has sho
that the critical volumeV= Ay, (threshold excitation area)
X d (thickness of ZnO) can be related to the threshold gain
length €4 and the scattering mean-free pdthof the highly
dlsordered gain media By~ (£¢)¥23 It is noted that ; is
defined as twice the inverse of the optical gainpf the ZnO
epilayers. In Ref. 7, it has been shown tlgabf ZnO thin

pump intensity area authors (W.1.P. and G.C.V. supported by the Center for
1 =2.6MW/en?® a - 3.0x10-3cm? Nanostructured Materials Technology under the 21st Century
b - 1.5%103cm?2 Frontier R&D Program of the Ministry of Science and Tech-
1 TE@ 6= ¢ - 1.0x10%cm? nology, Korea.
(threshold) . ) )
E d - 5.0x10~4cm? M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R.

Russo, and P. Yang, Scien262, 1897 (2001J).
2J. C. Johnson, H. Yan, R. D. Schaller, L. H. Haber, R. J. Saykally, and P.
Yang, J. Phys. Chem. BO5, 11387(2001).
3H. Cao, J. Y. Xu, Y. Ling, A. L. Burin, E. W. Seeling, X. Liu, and R. P. H.
Chang, IEEE J. Sel. Top. Quantum Electr&n111 (2003.
4C. H. Liu, J. A. Zapien, Y. Yao, X. M. Meng, C. S. Lee, V. Lifshitz, and S.
T. Lee, Adv. Mater(Weinheim, Ge). 15, 838 (2003.
SW. I. Park, D. H. Kim, S. W. Jung, and G. C. Vi, Appl. Phys. Leg0,
365 375 385 395 405 4232(2002.
Wavelength (nm) A. V. Maslov and C. Z. Ning, Appl. Phys. Let83, 1237(2003.
’S.F. Yu, C. Yuen, S. P. Lau, Y. G. Wang, H. W. Lee, and B. K. Tay, Appl.
FIG. 4. Spectra of TE polarization of the sample when the excitation area is Phys. Lett.83, 4288(2003.
(from top to bottom 3.0x10°%, 1.5x10°%, 1.0x10°3 and 5.0 8C. W. Teng, J. F. Muth, U. Ozgur, M. J. Bergmann, H. O. Everitt, A. K.
X10™* cn?. The excitation intensity is 2.6 MW/cm Sharma, C. Jin, and J. Narayan, Appl. Phys. L&8.979 (2000.

Output intensity (a.u.)

Downloaded 20 Apr 2004 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



