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Unidirectional lasing from InGaN multiple-quantum-well
spiral-shaped micropillars
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We report unidirectional emission from lasing i jaGay 91N/ 1ng 1G& oN multiple-quantum-well

spiral micropillars. Our imaging technique shows that the maximum emission comes from the notch
of the spiral microcavities at an angle about 40° from the normal of the notch. At room temperature,
the spiral microcavity lases near 400 nm when optically pumped with 266 or 355 nm light. A

reduction in the lasing threshold and an improvement in unidirectionality occurs when the

microcavity is selectively pumped near its boundary.2@03 American Institute of Physics.
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A promising approach to making higD- optical mi-  pillar samples were etched into spiral cross-sections, defined
croresonators is to base them on totally internally reflectedy
modes of dielectric microstructures. Such devices have re-
ceived considerable attention as versatile elements for inte- r(¢)=rg
grated optics and as low threshold semiconductor lasers. Ini-
tial work focused on whispering gallery mod®GM)  using chemically assisted ion beam etchi@AIBE) to a
spherical: cylindrical, and disk lasers.* Some time ag6;®  depth of about 1.5um. Here,e is the deformation parameter
it was shown that smoothly deformed cylindrical lasersandry is the radius of the spiral ab=0. The cross section
[asymmetric resonant caviti€dRCs)] could achieve highly JUmps back ta at =2 creating a “notch;” the unidirec-
directional emission and much improved output power.ional emission is from this notdfsee, e.g., inset, Fig(l)].
However, these microlaser@s well as those based on We optically excited the micropillars at room tempera-

hexagonaf triangular’® and squark cavitieg were found to ture using two different sources: a frequency tripled 355 nm

produce multiple output beams. In fact, it would seem that" quadrupled 266 nm Nd:YA®-switched laser. A laser

. o repetition rate of 1 Hz was used to avoid heating. The semi-
any lasing mode based on non-normal incidence f(ags

quired o 1ghe) would generat ateas wo vt beas £ 1" SATPI Vs mounted on oo s e
due to the possibility of interchanging incident and reflected
rays.

In this letter, we report a design which provides unidi- (@)
rectional emission from an InGaN multiple-quantum-well ~<
(MQW) spiral-shaped microcavity laser. Theoretical work
below indicates that the lasing mode is a non-emit{o@un-
terclockwise rotating WGM coupled out by diffraction at
the notch of the spiral. Our design may be of great interest = \
for future development of current-injection blue lasers. | sapphire ]

The InGaN MQW heterostructures were grown by met-
alorganic chemical vapor depositiolOCVD) on ac-plane 7
[0001] oriented sapphire (AD;) substrate; the composition 1 4 oA *
and dimensions are indicated in Figall The InGaN MQWs J €
are sandwiched between two GaN layers, which are dopecg
with Si and Mg to provide carriers for current injection of the ga-
microcavities in the future and allows for optical mode con- 'ﬁ
finement along the axis of the cylinder due to the change in& *
refractive index from the InGaN MQW layer to GaN layer.
The Ga and In concentrations in the MQWs determine the
output emission wavelength. Transverse modes of this struc-

ture have an effective index of refractior=2.6. The micro- FIG. 1. (a) Structure of the InGaN MQW sample. Spectra of spiral micro-
cavity (e=0.10 andd=500 um) (b) flood-pumped andc) ring-pumped
with 266 nm light for increasing intensities. Peaks at 364 nm and 404 nm
¥Electronic mail: richard.chang@yale.edu correspond to emission from GaN layers and InGaN MQWs, respectively.
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sample at normal incidence to the top face of the micropillar.
. o . . _ ! (a)
Light emission from the pillar sidewalls was imaged with a
camera lens onto either a spectrometer for spectral analysis
or an intensified charge coupled devid€CD) for spatial
imaging.
We focus here on the=rq(2+ 3€)=500 um pillars
with €e=0.10, which had the lowest thresholds and narrowest
emission lobes. Figure(i) shows the spectra obtained when
the top face is uniformly exposed to the 266 nm pulfiqod
pumping. Spectra are shown for increasing pump intensities o o3 ™
with strong emission peaks at 404 and 364 nm. The 404 nm Peak pump intensity Ip(chmz)
emission is associated with localized exciton recombination
in the InGaN MQW(active layer. The 364 nm peak results
from the band-gap recombination process in the GaN:Mg (b)
layers above the MQWSs. As the input intensity increases,
Fig. 1(b) shows that a narrow peak at 404 nm begins to )
appear, indicating the onset of amplified spontaneous emis- 300//'
sion (ASE).
Following Rexet al,™ we then selectively pumped the
same cavity using an axicon lens to form a ring-shaped beam 270
(ring pumping to achieve better spatial overlap with the
high-Q mode and thus lower the ASE and lasing threshold.
The results are shown in Fig(d. At the highest input power
(2.17 kW), the 404 nm peakwith a spectrometer-limited
width of 5 nm) for ring pumping is nearly an order of mag-
nitude greater than that for flood pumpiffgll width at half
maximum (FWHM) of 15 nm] and the ASE threshold was
less than half that for flood pumping. FIG. 2. (a) Log—log plot of peak output intensity, vs peak pump intensity
The 355 nm pump light was found to excite the InGaN I, for ring pumping with 355 nm light({b) uni'directiona}l farfield emission
MQWs more efficiently than 266 nm radiation. This is attrib- pattern of tr_‘e spiral. Experimental dapen circlesare in good agreement )
with the far-field pattern obtained from the numerical solution of the Helm
uted to a smaller attenuation of the pump energy at 355 NMoltz equation(solid line) and model calculation&lashed
in the Mg-doped GaN layers. In fact, the absorption coeffi-
cient for GaN at 266 nm isr~1.5x10° cm™ !, about 1.5
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. ) >~ circular resonator: the hig resonances of the spiral ex-
times greater than that at 355 riTherefore, the intensity .. o pronouncecchirality and are predominantly com-

of 256 nm light reaching the MQWs is only half that of 355 posed of clockwisécw) rotating component&orresponding
nm light. We found that the peak wavelength from the MQW,, ray motion which could not escape at the natdo illus-

emission was blueshifted by as much as 10 nm when exciteglaia" this we expand the electric field of the resonance in
with 355 nm radiation. cylindrical harmonics:

When we ring pumped with 355 nm, at low pump inten-
sities (1,<<500 kWi/cnf), we observed a region of slow 1o ,
growth (I,~13%%%) characteristic of spontaneous emis-  E(r)= > apdp(nkne™, v
sion. Abovel ,=500 kWi/cnf, the peak output intensity rap- meE
idly increased as,~15%°%*, clearly signaling the laser tran- and plot the distribution of angular angular momentum com-
sition [see Fig. 23)]. ponents|ay,|? in Fig. 3b). In analogy with the cylindrical
Unidirectionality of this lasing emission is shown in the case we may interpreh/nkR=siny as the sine of the aver-
farfield image of Fig. ). This polar plot is obtained by age incidence angle of the rays on the bounfdtye strong
integrating over image profiles taken at 5° intervals of theweighting of the distribution on negative components
camera angl®,ccp defined such that accp=0°, detected (—m) peaked aroundéin|~160 corresponds to a mode with
emission is normal to the notch. Because we use this imagingiostly cw-rotating waves having an angle of incidence
technique, we can state definitely that the directional far-fieldsin y~0.8, which are hence totally internally reflectétie
lobe is from the notclisee inset, Fig. ®)]. critical angle . is defined by siry.=*1/n==*=0.38 forn
The resonancegquasinormal modgsof the spiral- =2.6). The small amount of counterclockwigw) rotating
shaped dielectic resonator were calculated using a generaliraves are responsible for emission at the notch and are due
zation of the scattering quantizati@rapproach, well suited to diffraction of the cw-waves as they pass the inner corner
for the short wavelength limit. These calculations show thabf the notch[see Fig. 8)]. Various ray-tracing models fail
there are indeed such dominantly notch-emitting quasibountb reproduce this behavior indicating that diffraction is cru-
states of the spiral microcavity and that these modes haveial.
high intensity near the perimeter, consistent with the ring- It is counterintuitive that the farfield emission lobe is not
pumping result§see Fig. 8)]. However, these modes dis- maximum atf,ccp=0° corresponding to normal emission

play a crucial difference from the regular WG modes of afrom the notch, but is ﬁ)eaked at two anglég;cp~30° and
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FIG. 3. (Color) (a) Real-space false color plot of the modulus of the electric
field for a calculated quasibound staten&try~ 200 ate=0.10 deformation.
(b) Distribution of angular momenta for the resonance plotte¢ajnNote
the peak at negativen, which corresponds to cw rotation and the small
weight at positivem, which constitute the diffracted waves emitting from
the notch.

0,cco~50° [see Fig. 2)]. This tilt in the vicinity of the

Chern et al.

interface, which we assume to be composed of e 0
components only, and then propagating the emission into the
farfield (this technique is described in Ref.)15he calcu-
lated emission loks), shown in Fig. 2b), also has the de-
flection from 6,ccp=0° and agrees fairly well with the
farfield emission profile.

To summarize, we have demonstrated unidirectional las-
ing emission into free space by a dielectric microcavity, spe-
cifically a InGaN MQW spiral-shaped micropillar. This sug-
gests an alternative design for future development of a class
of current-injection blue lasers with features similar to verti-
cal cavity surface emitting lase(§¢CSEL9 (e.g., that they
can be arranged in two-dimensional arrays and devices can
be tested on-chijp but without the materials challenges as-
sociated with the electrical and optical requirements for dis-
tributed Bragg reflector mirrors in a VCSEL structure.

The authors would like to thank T. Ben-Messaoud, S.-Y.
Kuo, H. Schwefel, J. Wiersig, V. Boutou, D. W. Treat, N.
Miyashita, and M. Teepe for their helpful contributions to
this work. This work was partially supported by NSF,
AFOSR, and the DARPA SUVOS program under SPAWAR
Systems Center Contract No. N66001-02-C-8017.

1S. X. Qian, J. B. Snow, H. M. Tzeng, and R. K. Chang, Scie2@k 486
(1986.

2S. L. McCall, A. F. J. Levi, R. E. Slusher, S. J. Pearton, and R. A. Logan,
Appl. Phys. Lett.60, 289(1992.

3S. M. K. Thiyagarajan, D. A. Cohen, A. F. J. Levi, S. Ryu, R. Li, and P. D.
Dapkus, Electron. Lett35, 1252(1999.

4S. Anders, W. Schrenk, E. Gornik, and G. Strasser, Appl. Phys. &@itt.
4094 (2002.

5J. U. Nakel, A. D. Stone, G. Chen, H. L. Grossman, and R. K. Chang,
Opt. Lett.21, 1609(1996.

6J. U. Nackel and A. D. Stone, Naturéondon 385, 45 (1997.

7C. Gmachl, F. Capasso, E. E. Narimanov, J. Uché&, A. D. Stone, J.
Faist, D. L. Sivco, and A. Y. Cho, Scien@80, 1556(1998.

8N. B. Rex, H. E. Tureci, H. G. L. Schwefel, R. K. Chang, and A. D. Stone,
Phys. Rev. Lett88, 094102(2002.

°1. Braun, G. lhlein, F. Laeri, J. U. Nukel, G. Schulz-Ekloff, F. Schuth, U.
Vietze, O. Weiss, and D. Wohrle, Appl. Phys. B: Lasers Qffl. 335
(2000.

10y, 7. Huang, W. H. Guo, and Q. M. Wang, Appl. Phys. Létt, 3511
(2000.

1A, W. Poon, F. Courvoisier, and R. K. Chang, Opt. L&#, 632 (2001).

12N, B. Rex, R. K. Chang, and L. J. Guido, IEEE Photonics Technol. Lett.
13, 1 (2002).

notch arises because the ccw component of the resonance'id. F. Muth, J. H. Lee, I. K. Shmagin, R. M. Kolbas, H. C. Casey, B. P.

incident on the notch interface with a spread of wavevectors

Keller, U. K. Mishra, and S. P. DenBaars, Appl. Phys. L&, 2572
(1999.

determined by the spgqific resonance. We can model this BYE poron and U. Smilansky, Nonlinearify 1055(1992.
an angular decomposition of the incident field on the notcH®H. E. Tureci and A. D. Stone, Opt. Le@7, 7 (2002.

Downloaded 30 Sep 2003 to 130.132.94.241. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



