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Low-loss and directional output ZnO thin-film ridge waveguide random
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Room-temperature ultraviolet lasing characteristics of ZnO thin-film ridge-waveguide random lasers
with MgO capped layer fabricated ontype (100 Si substrate are reported. It is demonstrated that
highly directional emission from the facets of the random lasers can be achieved. Reduction of
scattering loss inside the random cavities can also be obtained. In addition, the improvement in the
efficiency of the lasing characteristics of the random lasers by optical feedback is stud2€95©
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Room-temperature UV random laser action has beewarying the ion-beam current and voltage. Finally, a MgO
demonstrated from randomly disordered ZnO polycrystallinecapped layer of thickness200 nm was deposited on to the
thin films (i.e., irregular distribution of ZnO grains and sample by the FCVA technique with the same conditions as
voids) grown on Si substrate by laser ablatioor filtered  that of ZnO.
cathodic vacuum ar¢FCVA) techniqué’. The advantage of Room-temperature UV lasing characteristics of the ZnO
developing Si-based UV lasers using ZnO random cavities ighin-film ridge-waveguide random lasers with and without
to avoid the difficulty in cleaving smooth facets, thereby fa-MgO capped layer under optical excitation by a frequency-
cilitating the mass production of low-cost UV lasing sourcestripled Nd:YAG laser (at 355 nm at pulsed operation
However, high scattering loss and off-axial emission of ran{6 ns,10 Hz were studied. Optical pumping was achieved
dom lasers limit their usefulness in most of the practicalby using a cylindrical lens to focus a pump stripe of lenigth
applications’ In this letter, we proposed the use of annealedand width less than &m onto the ridge structure. Figure 2
ZnO thin-film ridge waveguides with a MgO capped layer to shows the typical lasing characteristics of the samples with
realize random lasers with low scattering loss and directiona@nd without MgO capped layer withset to 1 mm. From the
optical output from the facets. The improvement in the effi-unpolarized light-light curves given in Fig(&, it is ob-
ciency of the lasing characteristics of the random lasers bgerved that a kink(i.e., pump threshold occurs at
optical feedback is also studied. ~0.61 MW/cn? (~0.69 MW/cn?) for the sample with

Figure Xa) shows the schematic of the proposed ZnO(without) MgO capped layer. The increase in pump intensi-
thin-film ridge waveguide random laser. A Si@uffer layer ties above the pump threshold excites more sharp peaks, with
of thickness~420 nm was formed on the surface of the
n-type (1000 Si substrate by thermal dry oxidation at Pump intensity \
1000 °C for 10 h. Then, a-200-nm-thick ZnO film was \\ R
deposited on the surface of the Si®uffer layer by the \4\ .
FCVA technique“. During the deposition, substrate tempera- /
ture and oxygen partial pressure were set to 230 °C and 2 (a) MgO
X 1074 Torr, respectively. The random cavities were then -
formed inside the ZnO thin film by postgrowth annealing in
open air at 900 °C for about 22hRidges of height, width,
and separation of 100 nm, 2m, and 500um respectively,
were subsequently formed on the surface of the annealed
ZnO thin film by ion-beam sputtering. During the etching
process, the chamber pressure, ion-beam current, ion-beam
voltage, and flow rate of argon gas were set to b#

X 1074 Torr, ~100 mA, 800 V, and~14 sccm, respectively.
The corresponding etching rate of the annealed ZnO was (b)
found to be~12 nm/min. Figure (b) shows the scanning

electron microscop€¢SEM) image of the ZnO ridge wave-

guide realized by ion-beam sputtering. It is shown that ion-

beam sputtering is an effective way to etch the annealed ZnO

thin films and the etching rate can be easily controlled by

SiO, (buffer layer)

N

$<°

~ annealed
Silicon substrate Zno

Transverse

Longitudinal

FIG. 1. (a) Schematic diagram of ZnO thin-film ridge waveguide random
dauthor to whom correspondence should be addressed; electronic mailaser with a MgO capped layeib) SEM picture of the annealed ZnO thin
esfyu@ntu.edu.sg film after etching a ridge structure by ion-beam sputtering.

0003-6951/2005/86(3)/031112/3/$22.50 86, 031112-1 © 2005 American Institute of Physics
Downloaded 17 Feb 2005 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1850595

031112-2 Yuen et al. Appl. Phys. Lett. 86, 031112 (2005)
sl @kz’}I{éW“cn';;le position s o L (mm)
30 N without MgO 3252 15 1
_ .| . layer 600 —— T p
% - 500 || %t = ~127, ~70 e
E_ 504 x=~42.3
§ 404 :'E: 400 |-
3 3] < 300
e 204 -Q's
10- & 200 f T measured data
—— without capped layer
%0 05 1o 15 370 380 30 40 410 wlb~~ L= with capped layer
Input power (MW/cm?) Wavelength (nm) 1 L L L L

0 2 4 6 8 10 12
FIG. 2. (a) Light-light curves andb) emission spectra of the samples with 1/L (Jem)
(O) and without(®) MgO capped layer measured at room temperature. The
length of pump stripé. was set to 1 mm. The inset shows the TE emission
far fields of the samples with and without MgO capped layer at pump
intensity of 1.2 MW/cm. The dashed lines indicate the location of the

sample.

FIG. 4. Plots ofPyby vs L™ for the samples witlidashed lingand without
(solid line) MgO capped layer wher,, was measured from the samples by
varying L from 1 to 3 mm.by=0.77x 103 cm W is used in the plot.

linewidth less than 0.4 nm, as observed from the emission € Valué Ofase Can be estimated fromy,=ascs* f(L),

spectra in Fig. &). Random lasing action is responsible for whereg, is the t.h.reshold gain anﬂL). Is the cavity IOS.S of .
these observations because the facets are too rough to sust fi rand_om cavities. Based on _the_ fl_rst-order approximation
round-trip conditions for Fabry—Perot-type Iasﬁfg’he re- 9 _one-d|men5|onal random cavﬂ&ﬂ, IS assu_med t.ha&sca‘
duction (increment in pump thresholdoutput powey im- 'S mdepen(_:lent ot _and fL) N_XL , wherey is def|r!ed as
plies that the MgO capped layer has reduced the scatteririg® Normalized cavity loss. Itis noted that by reducinghe
loss of the random cavities. The polarization properties of th&UMPp threshold of the random lasers can be reduced. If the
samples with MgO capped layer are similar to that given in@hn€aled ZnO film has a linear excnolrglc gé@at IS Gin
Ref. 2 and hence, not elaborated herein. The TE-polarized faran(Nin=No) = anNy, whereay (=2 100 cn®) is the dif-
fields of the samples with and without the MgO capped |aye,fere_nt|al gainNy, is the t_hreshold carrier concentration, and
at pump intensity of~1.2 MW/cn? are also shown in the No IS carrier concentration at transparengy, can be ex-
insets of Fig. 2. Light emitted from facet of the sample with- Pressed in terms of the pump threshélgl. From the carrier
out MgO capped layer exhibits multiple circular spots. Onfate equation, we havgP\/dhc=N,/ 7 at threshold where
the contrary, the sample with MgO capped layer shows & (200 nm is the thickness of ZnO films (=0.4 ng is the
single bright-spot emission. Hence, it is shown that the ancarrier lifetime,\ (=355 nm) is the pump wavelengtt is
nealed ZnO ridge waveguide random lasers with Mgothe Plank’s constantc is the velocity of light, and
capped layer can reduce scattering loss as well as realizimg (=0.108 is the coupling efficiencyz is deduced by as-
directional UV lasing output. suming only 87% of light is transmitted into the ZnO film,
The improvement in lasing characteristics of the ZnOthe ridge structure is exposed to 25% of the total excitation
ridge waveguide random lasers can be explained by the traight and at most 50% of the pump power is converted to
ping of scattering light inside the random cavities, as noted@ptical gain. Hence, it can be shown thgiPy= agcart xL
from Fig. 3° MgO capped layer traps the light scattered fromwhere by=7ay\/dhc. Figure 4 plotsbyPy, versusL™ for
the ZnO voids to the surface and to the side of the ridgesamples with and without MgO capped layer. Rg is de-
waveguide by total internal reflection. Hence, light emittedduced from the light-light curves manuallye., by interpo-
from the facets is collimated to a single-spot profile and thdation), a small uncertainty oPy, is unavoidable. To take into
scattering l0ssqg.,, Of the random cavities is also reduced. consideration the error d?y,, the graph ofoyPy, is plotted
with 5% tolerance error bars.e., byPy=10 cni?). In addi-

tion, two lines are linearly fitted to the data within the al-

\ air lowed tolerance and the difference in the gradients of the two
L TRNRE lines is limited to a maximum of 1%. As a result, the values
T \}\‘ ,/// fio \fl'ght Mg0 of ag.ocfor samples with and without MgO capped layer are
e e ermglo } ] found to be~70 and~127 cni?, respectively, from they
NN intercept of Fig. 4. These deduced valuesxgf,;are reason-
A RN Ianne;alled“Zn? able as the measured waveguide loss of the ZnO ridge
AR Zn,Si,_O waveguides  is ~45 cmt® The _reduction  of ageee by
\ ‘ 9 - ~57 cnit! is considered to be significant. In addition, the
= guided * void grain insignificant difference in the gradients between the two fit-
o mode SiO, ted lines indicates that the presence of MgO capped layer
qf) ' does not change the longitudinal resonant conditions of the
a Si substrate samples. This is expected as the radiation fields are not in
E resonance with the longitudinal guided modes inside the ran-
Langitndingl (2) dom cavities. Hence, the independencexgf,;on L and the

dependence df(L) onL previously assumed is justified. The

FIG. 3. Schematic cross section of the annealed ZnO ridge waveguide witRPServations also account for the choice of the values of the

MgO capped layer. parameters used to estimdig
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L (mm) too short a cavity length is not preferred.of ~1.7 mm is
200 \3 222 10 ; 046 the optimized length for bothPy, by and Py, /Py, Our
180 I results, however, contradict the theoretical predictipe.,
~ 160 042 Pim/ Py decreases with the increaselin® This is because
g 140 5 the pump light of our samples has longer localization length
£ 120 ‘ 038 % than that of lasing modes and our pumping scheme excites
é 100 § n.§ lasing modes uniformly along the laser cavity. Hence, the
80 4o =67 cnr! { I 034 re-injection of light will be coupled to the lasing modes near
eof  [x=~10 . I ~~~~~~ the coated facet more effectively aRy, Py, decreases with
o 2z 4+ 6 s 1 2 the decrease ih.
VL (fem) In conclusion, we have solved the problems of high scat-

tering loss and off-axial emission of ZnO thin-film random
Fl?d sls PlotsbofPth,Mde (sollid ling) and Py, /Py, (dashid lingvs lL’l-hThe cavities. This can be achieved simply by the formation of
solid line is obtained from linear regression fitting within 5% tolerafiee, . . . L .
buPyt5 oY), by=0.77x 10 cm W is used in the plot. ridge waveguide on the d|so.rd_ered ZnO thin films .WI'[h MgO
capped layer. Furthermore, it is found that the lasing charac-
. - ... _teristics of the random lasers can be improved effectively b
To study the lasing characteristics of the random cavities__,. ' b€ Imp y by
X ) ptical feedback only at an optimized length. Hence, our
under the influence of optical feedback, one cleaved facet o . )
roposed ZnO random lasers can achieve high-performance

the sample with MgO capped layer was coated with V lasi hich i tible with th tional facet
~100-nm-thick Al using an electron-beam evaporator. It is~ ", asing, which 1S compatibie wi € conventional facet-
mitted lasers. It is believed that the ZnO random lasers will

noted that the cavity loss of the Fabry—Perot cavity, which i€

superimposed to the random cavities by the presence of Ape one of the most promising UV lasing sources to realize
coating, is also proportional to~* such that the cavity loss low-cost UV optoelectronics to be integrated with Si-based

of the Al coated samples will be approximately proportional€lectronics.
to L. The value ofa*® which is mainly dependent on the
geometry of the random cavities, will be less dependent oRc
the optical feedback. Hence, the approximatigf= agcat
+xL™! still holds for the Al coated samples. Figure 5 plots

_l .

Pinmby Ver.SUSL Wh.erepth'M IS the pump thre_ShOId of the . Cao, Y. G. Zhao, X. Liu, E. W. Seeding, and R. P. H. Chang, Appl.
samples with Al coating. The solid line is obtained from the pys | eyt 75 1213(1999.
linear regression fitting of the measureg , with 5% toler- 23S, F. Yu, Clement Yuen, S. P. Lau, and H. W. Lee, Appl. Phys. L&
ance. It is observed that the variation Bf, \ is approxi- 3244(2004.
mately proportional toL™'. However, the value ofag.y jNewsbreaks, Laser Focus WorkD, 11 (2004.

(~67 Cm_l) is found to be slightly less than that obtained S. F. Yu, Clement Yuen, S. P. Lau, Y. G. Wang, H. W. Lee, and B. K. Tay,
from Fig. 4. This may be due to the variation in the reflec- sAppI' Phys. Lett. 83, 4288(2003.

L. L . Our transmission electron microscopy analysis has verified that there is an
tivity _Of the Al coated facet arising from the uncontrollable iyermediate z48i, .0 layer of thickness-100 nm and refractive index
cleaving processfacet roughnegsof the samples. On the  jower than that of ZnO, formed between the ZnO and Sif@erface
other hand, the reduction gf from ~42 to ~10 indicates during the postgrowth annealing process. The presence of the intermediate
that the pump threshold of the random cavities can be re-layer can also reduce the scattering of light at the interface between ZnO
duced significantly by optical feedback. Figure 5 also shows,2"d SIQ by total internal reflection.

. . . H. Cao, J. Y. Xu, Y. Ling, A. L. Burin, E. W. Seeling, X. Liu, and R. P. H.
the pump threshold ratio between samples with and without Chang, IEEE J. Sel. Top. Quantum Electrd. 111 (2003.

. 21 )
AI_ coating, Pth,M/Pth* v_ersu_sL - The (_je_cre(_ase 'Pth,M/Pth ’J. Ding, H. Jeon, T. Ishihara, M. Hagerott, and T. Yao, Phys. Rev. Bét.
with the decrease ih implies that re-injection of light can 1707 (1992.

reduce pump threshold of short cavities more effectively but®. Feng and K. I. Ueda, Phys. Rev. 88, 025803(2003.

This work was supported by the Agency for Science,
hnology and Research of SingapgRroject No. 022-
101-0033 and Nippon Sheet Glass Foundation.

Downloaded 17 Feb 2005 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



