AlP | e ™

Optical modes within Ill-nitride multiple quantum well microdisk cavities
R. A. Mair, K. C. Zeng, J. Y. Lin, H. X. Jiang, B. Zhang, L. Dai, A. Botchkarev, W. Kim, H. Morkog, and M. A.
Khan

Citation: Applied Physics Letters 72, 1530 (1998); doi: 10.1063/1.120573

View online: http://dx.doi.org/10.1063/1.120573

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/72/13?ver=pdfcov
Published by the AIP Publishing

Instruments for advanced science

Gas Analysis Surface Science Plasma Diagnostics Vacuum Analysis contact Hiden Analytical for further details

ANALYTICAL

= dynamic measurement of reaction = UHVTPD = plasma source characterization = partial pressure measurement and . - =
gas streams = SIMS = etch and deposition process control of process gases info@hideninc.com
e e S 1 end point detection i fon beam stch reaction kinetic studies = reactive sputter process control HidenAnalvtical
= molecular beam studies M ket (g -l iy = analysis of neutral and radical & vacuum diagnostics
R e s i, R i ) www.HidenAnalytical.com

-ur:n--hn. environmental and CLICK to view our product catalogue %


http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1289713340/x01/AIP-PT/Hiden_APLArticleDL_022614/1640x440_-_23874-BANNER-AD-1640-x-440px_-_USA.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=R.+A.+Mair&option1=author
http://scitation.aip.org/search?value1=K.+C.+Zeng&option1=author
http://scitation.aip.org/search?value1=J.+Y.+Lin&option1=author
http://scitation.aip.org/search?value1=H.+X.+Jiang&option1=author
http://scitation.aip.org/search?value1=B.+Zhang&option1=author
http://scitation.aip.org/search?value1=L.+Dai&option1=author
http://scitation.aip.org/search?value1=A.+Botchkarev&option1=author
http://scitation.aip.org/search?value1=W.+Kim&option1=author
http://scitation.aip.org/search?value1=H.+Morko�&option1=author
http://scitation.aip.org/search?value1=M.+A.+Khan&option1=author
http://scitation.aip.org/search?value1=M.+A.+Khan&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.120573
http://scitation.aip.org/content/aip/journal/apl/72/13?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 13 30 MARCH 1998

Optical modes within llI-nitride multiple quantum well microdisk cavities

R. A. Mair, K. C. Zeng, J. Y. Lin, and H. X. Jiang®
Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601

B. Zhang and L. Dai
Department of Physics, Peking University, Beijing 100871, People’s Republic of China

A. Botchkarev, W. Kim, and H. Morko¢
Department of Electrical Engineering, Virginia Commonwealth University, Richmond, Virginia 23284-3072

M. A. Khan
Department of Electrical and Computing Engineering, University of South Carolina, Columbia,
South Carolina 29208

(Received 19 December 1997; accepted for publication 29 January 1998

Optical resonance modes have been observed in optically pumped microdisk cavities fabricated
from 50 A/50 A GaN/ALGa _N(x~0.07) and 45 A/45 A InGa,_,N/GaN(x~0.15) multiple
quantum well structures. Microdisks, approximately® in diameter and regularly spaced every

50 um, were formed by an ion beam etch process. Individual disks were pumped at 300 and 10 K
with 290 nm laser pulses focused to a spot size much smaller than the disk diameter. Optical modes
corresponding tdi) the radial mode type with a spacing of 49-51 m@dth TE and TM and (ii)

the Whispering Gallery mode with a spacing of 15—-16 meV were observed in the GaN microdisk
cavities. The spacings of these modes are consistent with those expected for modes within a
resonant cavity of cylindrical symmetry, refractive index, and dimensions of the microdisks under
investigation. The GaN-based microdisk cavity is compared with its GaAs counterpart and
implications regarding future GaN-based microdisk lasers are discussed.99® American
Institute of Physicg.S0003-695(198)00513-7

Recently, great successes toward stable and robust Iithe evanescent wave outside of the disk is described by Han-
nitride lasers have been reported, and the realization of conkel functions. It has been pointed out that the microdisk cav-
mercially available Ill-nitride laser devices operating in theity may support two distinctly different resonant mode
ultraviolet and blue regime appears to be imminenthe types® One mode type is described by Bessel functions
anticipated success of these edge-emission lasers is encodr(x) with m=—1,0,1 within the cavity. These modes are
aging for the study of alternative laser geometries, whichdominated by photon wave motion along the radial direction
offer several benefits over the edge emitter. For instance, th@f the disks. The equivalent cavity is formed between the
microdisk cavity laser offers benefits over edge emitters inedge and the center of the disk giving an effective round-trip
cluding the ability to create arrays of individually control- cavity length of R whereR is the radius of the microdisk.
lable lasers on a single chip, laser production without cleayThis mode consists of radial oscillations of field intensity
ing or edge polishing, enhanced quantum efficiency, and 'uch like the wavelets formed by a pebble dropped in still
greatly reduced lasing threshdiGuccessful microdisk cav- Water. Another type, known as the Whispering GalleiG)
ity lasers have already been fabricated within the InGaAspnode; is described by Bessel functiodg(x) for large m.

quaternary systeh? suggesting that the geometry may also "€ WG mode may be thought of as in-plane propagation

be feasible for the Ill-nitride system. Previously, a large en_around the inside perimeter of the disk, which is facilitated

hancement of the intrinsic transition lifetime and quantumgy tqtal-interrk;al r:eflectlio(;\.. ﬁn e:;fective gg_vity. Iengthdof

efficiency relative to the as-grown multiple quantum wells hWR 1S gllvgn y the periodic boundary condition imposed on

(MQWSs) structure was observed for the GaN/AlGaN MQWt € _clz_lrzcutatln'\g/ll W\?Vvet' " d for this stud

microdisks® In this letter, we report the observation of opti- N (OOSDWO thr S rul;: :Jrre:[s US_?h Oé I\IIS/:IE )l/\lwl\irevgrawn

cal mode behavior in GaN/AlGaN and InGaN/GaN MQW0 sapphire substrates. the -a a Q as
. : " : rown by molecular beam epitaxy and consists of a 50 nm

microdisk cavities. The resonance modes are observed in t

. » . N buffer layer followed by a 10 period 50 A/50 A
photoluminescencéPL) spectra under the condition of high N
intensity optical excitation of a single disk, and the modeGaN/AlXGal‘xN(X 0.07) MQW and a 200 A AN cap

layer. The InGaN/GaN MQW was grown by metal organic

spacing is found to be consistent with t-he cglculate.d Spacmgc%emical vapor deposition and consists of a 50 nm GaN
of the expecte_d mode type_s for the microdisk cavn_y. _buffer layer followed by a 20 period 45 A/45 A

_ The_ de_scrl_ptlon of optlcal_reso_nance modes in a th'nInXGai,XN/GaN(x~0.15) MQW. All layers were grown
dplectnc disk involves the sat|sfact|pn of Maxwell’'s equa- nominally undoped. Dry etching was used to pattern arrays
tions across a boundary of cylindrical symmet?y’ The ¢ \nicrodisks of approximate @m diam and 5Qum spac-

fields within the disk are described by Bessel functions whilqng_ The samples were etched to an approximate depth of

250 nm and thus into the sapphire substrate so that no IlI-
¥Electronic mail: jiang@phys.ksu.edu nitride material is present between microdisks. The micro-
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A (nm) order Bessel functions and the boundary condition for a TM
390 385 380 375 (TE) mode requires thal;(kR)=0 [or J5(kR)=0]. Here,k

(a)' InGaN/GaN MQW Microdisks is the photon wave number in the disk ake 27/(\/n)
Radial Modes

T=10K | with A andn being the wavelength of the mode and index of
refraction of the microdisk, respectively. Differentiation is
performed with respect to the radial variable. The optical
modes can be found by noting that in the limitidR>1 (as

in this casg

Jo(kR) =~ (2/7kR)¥? cog kR— 7/4). )

. . We can, thus, obtain the eigenmodes for the case-e as
94 (b) InGaN/GaN MQW| Jo(kR)=0 [J4(kR)=0], or equivalently,

T=10K
TM modes: DR=(p+3/4)rn, p=123,..., (2)

L,,(au.)
(=g

TE modes: 2AR=(p+1/4\, p=1,23,... 3

From Egs.(2) and (3), we find both the TE and TM radial
modes exhibit a mode spacing of

AN = ANDE=N2/2Rn. (4)

3.20 325 . .
E (eV) 3:30 Furthermore, the\/2 offset between Eq92) and (3) indi-

cates the equally spaced modes alternative between TE and
FIG. 1. Room-temperature PL spectrum fréa InGaN/GaN MQW micro-  TM.
disk and(b) the I_nGaN/GaN MQW Without microd_isk_s. Optical m_odes of The second type of microdisk cavity mode, the WG
t:;]:ivs?eri”\?vi:ﬁ‘i;]agstzpeexggitzzsfer;‘;fdé%z‘?%}gi indicated spacings are 1y 4e  has a low loss due to the total-internal reflection, and

thus, low threshold for lasing. The effective cavity length of

2R imposed by the periodic boundary condition results in a
disk structure was verified by atomic force microscopyWG eigenmode condition of
which yielded a measured diameter of @ud1. An UV trans-
mitting objective was used in a confocal geometry to opti-
cally pump a single microdisk normal to the sample surfaceand the mode spacing is given by
and to collect the PL emitted in the direction of the surface
normal. The excitation laser and PL detection system have Ahwg=N*12mRN= AN rag/ . ©)
been described elsewhefe-ocused beam spot diameters as It is shown in Eq.(6) that the radial mode spacing is
small as 2um could be achieved with the objective lens. expected to be larger than the WG mode spacing by a factor

Strong optical-mode behavior was observed in the 10 Kof 7. For the InGaN/GaN MQW microdisk emission spec-
PL emission spectra of individually pumped InGaN/GaNtrum shown in Fig. (a), mode spacings of 16 and 52 meV
MQW microdisks as shown in Fig.(d). These mode peaks are observedTE to TE or TM to TM). Calculation of the
may be compared with the emission spectrum shown in Figexpected spacings with E¢6) and representative values of
1(b) from the InGaN/GaN MQWs without microdisks ob- R=4.65um andn=2.6 reveals that the observed spacings
tained under equivalent conditions. The three small peaksorrespond well to the WG and radial-mode types, respec-
(3.304, 3.312, and 3.320 ¢\¥een at the high-energy side of tively. From the observed mode spacings of 16 and 52 meV
Fig. 1(a) exhibit spacing of 8 meV and are attributed to al- for the WG and the radial modes, we indeed obtain the ratio
ternating TE and TM WG modes. The labeled peaks on thef A\ ,g/ANyc=3.25~7 as expected from Ed6).
low-energy side of the spectrug3.174, 3.181, 3.188, and Figure 2 shows a PL emission spectrum obtained from
3.195 eV are separated by 7 meV and also attributed to then individually pumped GaN/AlIGaN MQW microdisk at 300
WG mode. The three large peak3.219, 3.244, and 3.271 K and mode fringes are clearly seen. The indicated mode
eV), on the other hand, are spaced by approximately 26 me¥pacing of 51 meV is due to alternating TE and TM modes
and due to alternating TE and TM radimh& 0) modes. The of the radial m=0) type. The approximate fringe positions
spacing and assignment of the two mode types are discussbdve been denoted by equally spaced lines and the radial
in more detail in the following. modes calculated and labeled using E@sand(3). No WG
Precise determination of mode spacing for the resomodes are observed in this 300 K spectrum. The observed

nances within a microdisk is a complicated calculation in-mode spacing of 51 meV agrees well with a calculated spac-
volving consideration of the field within and outside the cyl- ing obtained from Eq(4) using values of 2.61 for the refrac-
inder when satisfying the boundary conditions. Howevertive index and 4.65um for the disk radius.
some of the features of the modes may be understood with Figure 3 shows a PL emission spectrum obtained from
simplified calculations. In the following, we assume the diskan individually pumped GaN/AlIGaN microdisk at 10 K,
walls are perfectly conducting so that the field outside of thewhich also clearly shows mode fringes. This spectrum shows
disk vanishes. In this way, approximate mode positions andwo mode spacings similar to the spectrum of Fig. 1. Here,
spacings are readily derivable. For the radial mode typéhe spacing of the stronger mode peaks is found to be ap-
(m=0), the fieids within the disk are described by zerothproximately 15 meV as indicated by the soiid lines and is

27Rn=m\, for large (integey m, (5)
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A (nm) conventional 1ll-V semiconductors, say GaAs, can be made
380 370 360 350 in order to proylde a guideline _for fl_Jtu_re _GaN microdisk
T T —— lasers. The obvious and attractive distinction of the GaN-
GaIf/Alﬁ?gozliSk\:]- based microdisk is the working wavelength range in the blue
5 > 1 and ultraviolet. There are also other differences between the
5 T=300K | conventional and 111-N microdisk systems. The GaAs-based
- system benefits from a larger index of refraction, which aids
Y 1 in optical confinement. However, the refractive index differ-
| - ence between GaN and the substrate matésibphire is
much larger than the index differences found between GaAs-

2 ‘.:’ “‘ i based microdisks and their substrate materi@pically,

] fl GaAs or InP. This lack of sufficient index difference re-
1/ \_ quires that conventional GaAs microdisks be specially

*teens

L, (au)
M

P ] etched to be isolated from the substfatesulting in a less
TE: 64 | 65 L 66 i 67 i 68 mechanically stable structure. Perhaps such procedures will

09 ™ o . .
A not be necessary for the Ili-nitride/sapphire system. Finally,

i _.l i ,IT_,Slmev . we note that the cavity qualityQ) for the WG mode is
33 3.4 3.5 3.6 expected to increase with the mode numbm).¢:’ By in-
E (eV) creasing the microdisk_radiqs,_one can increasand thqs _
Q, but the mode density within the spontaneous emission

FIG. 2. Room-temperature PL spectrum from a single GaN/AlGaN MQw SPectrum will also be increased. For a fixed disk radius, the
microdisk showing radialrhi=0) optical resonance modes. Equally spaced GaN system will have a much greater mode nunmb®@rthan

lines show the approximate spacing of TE and TM modsmeV). The  the GaAs system because the GaN emission spectrum occurs
radial mode number and tyd@E or TM) are also indicated. at a much shorter wavelength.

) ) ) ) In summary, we have observed both radial and WG op-
attributed to WG modes in the microdisk. quever, only TEical modes within the PL spectra of individually pumped
(or TM) WG modes are observed here while both TE a”dGaN/AIO +Ga o and Iny ,Ga, N/GaN MQW microdisks.

TM WG modes are seen in Fig. 1. A secondary weak fringérpe GaN-based and GaAs-based microdisk systems were
of spacing 48.5 meV is also observed as indicated by th@,mnnared and possible advantages of the GaN-based micro-
dotted lines. This spacing represents the radial mode typgisy system were discussed. The presence of cavity modes in
(alternating TE and TMjust as observed in Fig. 2. The 056 MOW microdisks is a promising indication that at least
spacings of 15 and 48.5 meV for the GaN/AIGaN MQW gniically pumped lli-nitride microdisk cavity lasers may
microdisks in Fig. 3 agree well with calculated spacings Usy,on be achievable.

ing Eq. (6) and values oh=2.8 andR=4.65um and also
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