-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Kyoto University Research Information Repository

Bl
&
Kyoto University Research Information Repository > KYOTO UNIVERSITY

Efficient radiative recombination from < 11(2)over-bar-2 >-
Title oriented InxGal-xN multiple quantum wells fabricated by the
regrowth technique

Nishizuka, K; Funato, M; Kawakami, Y; Fujita, S; Narukawa,

ALIEIE) Y; Mukai, T

Citation | APPLIED PHYSICS LETTERS (2004), 85(15): 3122-3124

Issue Date | 2004-10-11

URL http://hdl.handle.net/2433/50168

Copyright 2004 American Institute of Physics. This article may
be downloaded for personal use only. Any other use requires

Right prior permission of the author and the American Institute of
Physics.
Type Journal Article

Textversion | publisher; none

Kyoto University


https://core.ac.uk/display/39184659?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 15 11 OCTOBER 2004

Efficient radiative recombination from (112_2) -oriented In ,Ga;_,N multiple
guantum wells fabricated by the regrowth technique
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Department of Electronic Science and Engineering, Kyoto University, Kyoto 615-8510, Japan

Y. Narukawa and T. Mukai
Nitride Semiconductor Research Laboratory, Nichia Corporation, Tokushima 774-8601, Japan
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In,Ga,_,N multiple quantum well§QWSs) with [0001], <1152>, and(llEJ) orientations have been
fabricated by means of the regrowth technique on patterned GaN template with striped geometry,

normal planes of which ar€0001) a_nd {1120}, on sapphire substrates. It was found that
photoluminescence intensity of tH&122} QW is the strongest among the three QWs, and the
internal quantum efficiency of thg1122} QW was estimated to be as large as about 40% at room

temperature. The radiative recombination lifetime of {&€22} QW was about 0.38 ns at low
temperature, which was 3.8 times shorter than that of conven{i6@all-oriented InGa; _,N QWs
emitting at a similar wavelength of about 400 nm. These findings strongly suggest the achievement
of stronger oscillator strength owing to the suppression of piezoelectric fiel@0@ American
Institute of Physics[DOI: 10.1063/1.1806266

Nitride-based light-emitting dioded EDs) have already seed. We demonstrate that the multiple quantum wells
been commercialized for the violet to green spectral r&r‘?ge. (MQWs) grown onC-oriented GaN patterned with a stripe
g itS often retﬂort?? thaT theret are t\f/f\'lo' Compiﬁ:iﬁ/e faCtorSE’;\Iong the[1100] direction have the facets ¢0001), {1122},

etermining the internal quantum efficiency of the presen - - .
LEDs; one is carrier/exciton localizatidfiand the other is and {1120}:' and'that the{1122} QWS involve W.e"?"‘er PFs
the quantum confinement Stark efff{QCSE)SJ which was and drastically improve the luminescence efficiency com-
caused by strong piezoelectric polarization in straineooared with convent|onaE—.or|ente_d I8Gay N QWS. .
In,Ga,_,N/GaN quantum well§QWs).2° The former sup- The GaN template \{\nth a thickness ofidm was flrstly
presses nonradiative processes to improve internal quantu@joWn on a0001) sapphire substrate by metalorganic vapor-
efficiency, and the latter prevents the radiative recombinatioR@S€ €pitaxy under atmosphere pressure. A stripe pattern
to degrade the efficiency. Furthermore, the QCSE becomewith a repetition of 20um was then formed along tf&100]
remarkable  with increasing In composition in direction by a reactive ion etchin&®IE) technique. The GaN
In,Ga,_\N/GaN QWs and, so, can be a major drawback fortemplate was deeply etched to the sapphire substrate. The

realizing LEDs operating at longer wavelengths. Thereforestripe width was 4um and the sidewall is nonpoldf120}
it is crgmally important for LEDs with higher performances planes. A 1um-thick GaN layer was then grown on the pat-
to avoid the QCSE. terned GaN to recover damage induced by the RIE process,
For this purpose, the use of nonpolar planes such agnq followed by the growth of three-period,@g;,,N/GaN
M-plane (1010) or A-plane (1120) has been proposed. In MQWSs. The well thickness and In composition of the QWs
fact, a(Al,Ga)N/GaN multiple quantum we{MQW) with  were analyzed by the cross-sectional scanning transmission
a nonpolaf1010] orientation was grown on-LiAIO , (100 €lectron microscopySTEM) equipped with energy disper-
substraté® However, it is generally difficult to grow polar SIV€ X-ray spectroscopyEDS) (JEOL:JEM-2100F and
materials such as GaN on nonpolar substrates. A clue to ak-ray diffraction (XRD) measurements. The specimen for
other approach can be found in Refs. 11 and 12, in which th& TEM was prepared by a conventional Ar ion milling tech-
magnitude of piezoelectric field®F9 was calculated as a nique, the thickness of which was about 100 nm or less. The
function of the tilt angle of the-axis from the surface nor- acceleration voltage for STEM was 200 kV.
mal, and it was shown that PFs could be zero at 90° and 39°. Microscopic photoluminescend@l) was measured at
The plane inclined 90° corresponds to nonpolar planes suctPom temperaturgRT) using a confocal microscope, of
asM- or A-p]ane’ while 39° is very close to the ang|e formed which the spatial resolution was less than 500 nm. Both ex-

by (1124) and (1012) planes. In these paper  OWs erecitation and collection of PL were through a microscope ob-
y( ) ( ) P — papers, Q W jective lens, and therefore, the PL property of each growth

grown on the inclined1011) facets but the QWs unexpect- 5cet could be assessed separately. The excitation pulses
edly showed very weak luminescence due to the presence Qfere from a frequency-doubled Ti:sapphire lagBpectra
a number of stacking faults. Physics: TSUNAM], of which the wavelength and excita-

From this background, in this study, we propose the reyjon power density were 353 nm and 4%8/cn?, respec-
growth technique, in which well-established and high qual|tytive|y_ The PL was detected by a cooled head CCD camera.

C-oriented GaN on sapphir€000) substrate is used as a In order to estimate the internal quantum efficiency and
lifetimes of both radiative and nonradiative processes, tem-

¥Electronic mail: k-nishi@fujita.kuee.kyoto-u.ac.jp perature dependence of PL and time-resol¢yEd) PL was
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FIG. 1. Cross-sectional STEM images viewed fré&i00] direction. (a) 9o
Entire region andb) magnified image of thé0001) and{1122} facets. The £
white broken square indicates the shape of GaN before regrowth. d

investigated. The IGa, N well layers were selectively ex- 350 400 450 500 550 600

cited using excitation pulses with a wavelength of 380 nm Wavelength (nm)

from the frequency-doubled Ti:sapphire laser. The excitation

energy density was 7.98J/cnt. The sample was held in a FIG. 2. Microscopic PL spectra from ti&120), (1122), and(0001) MQWs
cryostat, and luminescence was detected by a CCD cames@RT. The inset figure shows the schematic sample structure, and arrows
or a streak camera. indicate the directions for excitation and collection.

Figure Xa) shows a cross-sectional STEM image viewed

from the[1100] direction. It is clearly seen that the regrowth_ the EDS signal was generated also around the electron beam,

transforms the shape of the cross-section, and that two inyng assumed that the contribution could be expressed by a
clined facets as well a®001) and{1120} appear. These two Gaussian distribution. A good fit with the line profiles could

facets form the same angle @001), and therefore, these are be attained by assuming a standard deviation of 1.75 nm. The
crystallographically equivalent. The angle was estimated tdn compositions shown subsequently were determined taking

be 56°, indicating that the planes dtE122}. A very similar  this distribution into account. _
cross-sectional shape has already been reported for ELOG or First, the XRD profile of th€0001) QW was taken in
facet-controlled ELO GaR® These techniques use a $iO the vicinity of the (0002 diffraction. Satellite peaks were
mask on the top of a GaN template, while in this study, theclearly seen, and the In compositions, well and barrier thick-
sapphire substrate appearing between each GaN stripe work§sses were estimated to be 13.5%, 5.8 nm, and 32.1 nm,
as a mask. According to Ref. 13, the shape strongly dependgspectively, by a fit using the dynamical diffraction theory.
on the growth conditions such as growth temperature andhe error seems very small because a 1% difference in the In
pressure. The growth mechanism is still unclear, but phecomposition caused a discernible difference between the

nomenologically it was pointed out th{a‘ﬂEZ} facets tend to _S|mulated and the_experlmentally obtained XRD profiles. It
. . is also worth nothing that the thickness determined by the
appear by decreasing the growth temperature and/or INCTeAYRD is more reliable than STEM. From the relative intensity

ing the pressure. Since present sample was grown under at-

mospheric pressure, it is, thus, natural to hen/éz} facets. of EDS signals for In, the In compositions 61122} and
The three-period iGa_/N MQWs could be observed {1120} QWs were calculated to be 7.5% and 2.4%, respec-

e - tively. Using the obtained In compositions, the magnitude of
on all the facets. A magnified image of tt@001 and{1122} electric fields due to piezoelectric and spontaneous polariza-

facets is shown in Fig.(b), where the well and barrier layers tions were calculated to be 1.87 MV/cm foi0001),

rr;]ake abstrlklng tct:]ontrastt. Tthat of ;Hdﬁ'z‘;} facet IE ?F;t. 0.53 MV/cm for{llEZ}, and 0 MV/cm for nonpola{llEO}
shown, because the contrast can actually be seen, but it1s n@\Ns. Taking these electric fields and quantum confinement
so clear due to a low In composition. The well and barrier

thicknesses were estimated to be 6.1 and 38.6 nr{Ofid]), efg mtoda(l:ti%nt, \;\?e t:a;s_nmn energ?lest thmfog’zz
2.8 and 17.2 nm fof1122}, and 2.2 and 17.4 nm fda120}  --22h and{1120} QWs at RT were evaluated to be 2.22,
OWs 3.15, and 3.39 eV, respectively. If the electric fields are to-

. . . tally screened, the transition energies could be 2.96 eV for
In order to estimate the In compositions in the well lay- y 9

ers, XRD and EDS measurement were performed. It is diffi{0000 and 3.23 eV forl1122} MQWs. _

cult to evaluate true In compositions from EDS signals with- ~ 11€ microscopic PL spectrum from each facet is shown
out a standard sample, and it is also difficult to measurén Fig. 2. The peaks front1120), (1122), and(0001) QWs
XRD profiles of the{1122} and {1120} QWs under the Were observed at3.31, 3.07, and 2.86 eV, respectively. Small

present sample geometry. Therefore, both XRD and epgleviations from the calculated transition energies may be due
were measured to complement each other. For the EDS melf thé error in estimating In mole fractions, and/or to the
surement, line profiles of the In compositions across thdartial screening of PFs induced by photogenerated carriers.
MQWSs were investigated. If the EDS signal was generated he luminescence intensity is the strongest for th&22)

only within the incident electron beam, the line profile mustQW and the weakest for tH®001) QWSs. As was mentioned

be expressed by a delta function because the beam spot eérlier, the(0001) QW has the strongest PFs and, further-
1 nm is narrower than the well widths. However, this doesmore, the widest well width, which leads to a lower transi-

not fit the experimental results. Therefore, we considered thaton probability. Therefore, it is reasonable that the PL inten-
Downloaded 04 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Temperature (K) well as thin as 2.8 nm and th@&-oriented QW showed al-
3‘10"’-‘”-‘” P 3-0. 2;° ::e most identical blue shift of the PL peaks when the excitation
E T o 1 power was changed from 0.27 to 190/cn?. (The blue-
Sosl $*° shift can be attributed to the band filling effect of localized
'§06- .3’ states). On the other hand, a theoretical study showed that
g g | exciton spontaneous emission lifetime is strongly affected by
7 04 the presence of electric fields even in a well as thin as
.18 . comeeman 1 nm* This theoretical study tells us that, if the electric field
% 02 2 o (0001) InGaN QW ; — ) o
g‘oo _ . . in the{1122} QW is surely weakened, a fast radiative recom-
TS0 20 4 60 8 bination lifetime should be observed. To confirm this asser-

10007 (K) tion, the temperature dependence of TRPL was measured for

FIG. 3. Temperature dependence of integrated PL intensities c{ﬂ@} the {1122} QV_V' _and with Fig. 3, th? Femperature ere”'
QW and the conventional-oriented InGa,_N QW. The intensities were  dences of radiativérrap) and nonradiativeé ryon.rap) life-
normalized by those at 13 K. times were extracted. Figure 4 shows the summary. The ra-

diative lifetime of the{1122} QW is slightly changed from

sity from the (0001) QW is the weakest. For a comparison 0.38 to 0.65 ns upon increasing the measurement tempera-
— ture, while another experiment showed that of @eriented

between the(1_122) and (1120) QWs, the In com_p_ositi_ons In,Ga,_,N QWs with a 3 nm well emitting at a similar wave-
must be considered. The very low In composition in thejgnaih was 1.43 ns at low temperatures. The much faster

(1120) QWs of 2.4% weakens the confinement of carriers iNjitotime for the{1122} QW provides strong evidence for the
the wells, and carriers can thermally escape from the wells to

the barriers. Consequently, carriers do not recombine radig€duction of the electric fields in tHa 122} QW. The internal

tively in the wells and the PL intensity becomes weak, com-qugmr‘:m eﬁicienfcyh isllezxpressed ‘meTSAD/ TNON-R/aD)' "
pared with the{1122} QWs. It should be noted that the PFs and thus, that of th¢1123 was enhanced compared wit

: ) . C-oriented InGaN QWs.
in the {1122} QWSs are predicted rather weak, which also
contributes to the enhancement of the PL intensity. The authors are grateful to JEOL Ltd. for the STEM and

In order to assess the internal quantum efficiency in théEDS observations. They are also grateful to Mr. T. Ishibashi

{1152} QW, the temperature dependence of PL was mea@l Kyoto University for variable comments and discussions.
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