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~Abstract—Room temperature lasing from optically pumped The defect cavities studied here utilize a half-wavelength
single defects in a two-dimensional (2-D) photonic bandgap (PBG) thick high-index membrane to confine the light vertically by
crystal is demonstrated. The high€) optical microcavities are way of total internal reflection (TIR) similar to the design

formed by etching a triangular array of air holes into a half- . . . . S
wavelength thick multiquantum-well waveguide. Defects in the of a whispering gallery microdisk laser. The high-index slab

2-D photonic crystal are used to support highly localized optical IS then perforated with a hexagonal array of air holes which
modes with volumes ranging from 2 to 3 &/2r)3. Lithographic  Bragg reflects the light in-plane. A defect is formed in the 2-
tuning of the air hole radius and the lattice spacing are used to D photonic lattice by removing an air hole and/or adjusting
match the cavity wavelength to the quantum-well gain peak, as the diameters of a few neighboring air holes. A mode, or
well as to increase the cavity)). The defect lasers were pumped . .
set of modes depending on the defect geometry, which is

with 10-30 ns pulses of 0.4-1% duty cycle. The threshold pump > . Lo
power was 1.5 mW &500 W absorbed). highly localized to the defect region is formed. Photons can

Index Terms—nGaAsP, microcavities, photonic crystals, quan- escape from the defect cavity by tunneling through the 2-

tum-well laser, semiconductor device fabrication, spontaneous D photc_)nlc Crystal, or by leaking out Vgrtlgally from the
emission control. waveguide. An illustration of the defect cavity in cross section

is shown in Fig. 1. In earlier work [10], we performed an initial
demonstration of pulsed lasing action in defect laser cavities
where it was necessary to cool the substrate down to 150K.
HE proposed use of photonic crystals to modify th&he original laser cavities suffered from relatively large losses
optical radiation from emitters within the crystal datei the vertical direction due to the large holes used to define
back to the seminal papers of Yablonovitch [1] and John [2he photonic crystal [11]. The work presented here consists
In this paper we report on the use of a two-dimensional (&f measurements of defect cavities in which the hole size has
D) photonic crystal to localize light to a single defect, thubeen reduced, improving the quality fact@p)(of the defect
forming a high€} microcavity laser with a modal volume lessmodes from 250 to above 500, resulting in room temperature
than 0.03 cubic microns. The confinement of the defect mogalsed operation. The paper is separated into four sections: In
energy to this tiny volume, and the predicted enhancemesection Il we describe the fabrication method, in Section IlI
of the spontaneous emission rate [3], [4] make the defege model the defect cavity using finite-difference time-domain
cavity a very interesting device for low threshold lasers [5]FDTD) techniques, in Section IV we present the measured
[6] and high modulation rate light-emitting diodes [7]. Nanolasing characteristics of the defect cavities, and in Section V
optic structures formed from photonic crystals also hold \ee provide some conclusions.
great deal of promise due to the flexibility in their geometries.
Lithographic methods may be employed to alter the photonic [I. FABRICATION

crystal geometry so as to tune device characteristics. An arrayrpo qefect cavities were fabricated in the InGaAsP—InP

of densely packed photonic crystal waveguides [8], prisms [}, ytarial system. The choice of this material system was based
and light sources [10] integrated on a single monolithic chig,,n jts relatively slow surface recombination velocity [12]
may thus be envisioned. Lithographically defined photonigich s important due to the large surface to volume ratio
crystal cavities may also find use in some material systemS,sent in the defect cavities. Metalorganic chemical vapor
as an alternative to epitaxially grown mirrors, such as f‘?feposition (MOCVD) was used to grow the laser structure
long wavelength vertical-cavity surface-emitting lasers ang” o1 indium phosphide (InP) substrate. A schematic of

GaN-based devices. the epitaxy is shown in Fig. 2. Optical gain is provided by
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Defect Reqion /2 waveguide (n=3.4) ——
— Active Region (4 QWs) Etched Air Holes (n=1)
InP Substrate (n=3.2) Undercut Region (n=1)

Fig. 1. lllustration of a cross-section through the middle of the photonic crystal microcavity. Photons are localized to the defect region byeTIR at th
air/slab interface and by Bragg reflection from the 2-D photonic crystal.

50nm InP cap
57.5nm InGaAsP
9nm InGaAsP QW (+0.85%) X 4
20nm InGaAsP barrier (Eg=1.22um) X 3
57.5nm InGaAsP (Eg=1.22pm)
664nm InP buffer layer

20nm InGaAs etch stop
InP substrate

211nm

Fig. 2. InGaAsP-InP epitaxy for the defect lasers. The active region consig
of four 0.85% compressively strained InGaAsP quantum wells. The InP buff
layer is used as a sacrificial layer which is removed by a selective HCI et(
in order to free the membrane from the substrate. The total thickness of t
membrane after processing is 211 nm.

and cladding which is subsequently removed in order to fre YO O
the membrane. A thin InGaAs etch stop layer is grown jug OO
below the sacrificial InP layer. T1tek 8.53um
Electron beam lithography is used to first define the photonic . . . _ .
crystal pattern in 100 nm of 29 polymethyl methacrylath®, %, 199 e o & micrfabycates 20 hecagonal sy ofa e ui
(PMMA). An Art ion beam etch is then used to transfer thedius of the holes are approximately 160 nm.
pattern into an Au mask layer. This is followed by aFg
reactive ion etch which etches the holes into a,.S&yer. The
final dry etching step is a €hssisted ion beam etch to transfer
the air holes through the active region and into the sacrificial Three-dimensional (3-D) FDTD simulations [15] can be
InP layer. Once the dry etching is complete the remains v$ed to accurately model the electromagnetic modes of a
the surface mask are removed using a buffered oxide etchmplex structure such as a photonic crystal microcavity. The
The perforated waveguide is then undercut by placing tistructure is discretized on a three dimensional mesh and ap-
sample in a slightly agitated HCI (4:1) solution at roonpropriate boundary conditions are applied at the outer surface
temperature. The HCI solution enters through the etched hotdsthe computational domain. In the calculations presented
and selectively removes the underlying InP material, stoppihgre, an initial electric and magnetic field is defined on the
on the InGaAs etch stop layer, thus providing a smooth bottamesh and FDTD is used to step the field in time. The discrete
interface. Scanning electron microscope (SEM) images of thkectromagnetic modes of the structure show up as resonance
defect cavity are shown in Figs. 3-5. The resulting membrapeaks in the Fourier transform of the time-stepped field [16].
is 211 nm thick and approximately @m across. The lattice A given discrete mode may then be isolated in the structure by
spacing ¢) and the hole radiusr)] of the defect cavities convolving the field in time with a bandpass filter. This allows
studied here are approximately 500 and 160 nm, respectivalye to associate given mode patterns and symmetries with
At these dimensions a forbidden frequency bandgap opensdifferent resonance peaks. For localized modes of a cavity, the
for the TE-like (or even) guided modes of the thin membrargower that is radiated from the computational domain may also
which encompasses the emission wavelength of the QW’s, s calculated using the Poynting vector, from which one can
described below. estimate the quality factor of the mode. In order to elucidate

I1l. DESIGN



2084 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 17, NO. 11, NOVEMBER 1999

0.7

0.6

0.5 !

0.2

0.1

Fig. 4. SEM micrograph of a defect cavity taken at an angle &f. 2Gter

the HCI etch the etched surfaces are smooth down to a scale from 3 to 5 nm 0.7
(SEM resolution). The sidewalls of the holes are sloped &tfi@m vertical,
which can be reduced by optimizing the temperature and gas flow during the 06 M
chemically-assisted ion-beam etch. ’
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Fig. 6. In-plane band-structure of the triangular lattice of air holes in an
30. R i optically _thln high-index slab for: (a) the TE-like (_even) modes qnd (b)
@.8kV X18.0K '1.87wsm the TM-like (odd) modes. The parameters used in this calculation are:
. . r/a =0.32,d/a = 0.409, nga, = 3.4, andngp.qa = 1.
Fig. 5. Cross section through the patterned membrane structure. The slab is

211 nm thick after processing. The use of an InGaAs etch stop layer results in

a smooth bottom interface below the membrane. For membranes larger than | vina f bands of the fund tal ticall
10 pm a significant bowing occurs and for devices greater thammbthe € lower lying frequency bands of the tTundamental vertically

membrane collapses onto the InGaAs etch stop layer. guided modes. A more detailed analysis of the modes of finite
2-D photonic crystal slabs can be found in the work by Russell

many of the results discussed in Section 1V it will be importar%e[t al. [18] and_ \ﬁlleneuvee_t al. [19]'. . . .
to analyze the effects of varying cavity geometries on the The pho_tonlc crystal Iatt_lce us_ed in this wo_rk is atnangular
defect modes of the structure using these FDTD methods. &ay of air holes as depicted in the SEM image of Fig. 3.
The defect microcavity studied here is formed from twg N€ important parameters in defining the photonic crystal
basic building blocks: A high-index slab, and a 2-D photonigt'ucture are the lattice spacing(the hole radius(, the slab
crystal. Since the high-index slab is approximately a haffickness ¢), the slab index #;i.1,), and the outer cladding
wavelength thick, it is not accurate to neglect the finite natuf@deX (uciaa). A dispersion diagram of frequency versus in-
of such a 2-D photonic crystal. The guided modes of Rlane momentum for the TE-like (even) modes is given in
symmetric perforated waveguide can be classified simply & 6(@). In this calculation/a was set to 0.32(d/a to
even or odd modes, pertaining to the mode symmetry about thé09, 7s1a1, 10 3.4, andnjaq to 1. This corresponds to the
horizontal mirror plane in the middle of the slab. The even argean value of the parameters for the fabricated devices studied
odd vertically guided modes may be termed TE-like and TMA Section IV. The shaded region in Fig. 6(a) and (b) is for
like, respectively, in connection to the modes of a 2-D photonitequencies above the light line of photons in the air cladding.
crystal which is infinite in the third direction [17]. The TE-likePhotons with frequencies above the light line can propagate
and TM-like labels only provide an accurate description fan the air, and thus are leaky resonant modes of the slab or
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nonresonant radiation modes. The bands plotted below the
light line represent the guided modes of the photonic crystal
slab. As shown in Fig. 6(a) there exists a frequency bandgap
for the transverse electric (TE)-like guided modes between
the first two bands. We will use the terms “conduction” and
“valence” band to describe the upper and lower bands defining
the bandgap, respectively. The valence band is completely
guided over the entire first Brillouin zone (IBZ), while the
conduction band is leaky around thegpoint. The leaky nature

of the conduction band is the fundamental source of vertical
radiation loss from the defect cavity. The band diagram of the
transverse magnetic (TM)-like (odd) guided modes is plotted
in Fig. 6(b). With anr/« ratio of 0.32 and a slab refractive
index of 3.4 a bandgap does not form for the TM-like guided
modes. For our purposes, however, this is beneficial as it will
limit the number of high® localized modes of the defect
(TE-like only).

Lateral confinement of the optical field is obtained by
removing a single hole in the photonic lattice creating a local
potential energy well for photons. For the index contrasts
studied here (3.4:1) a pair of localized dipole-like modes
form which are very similar in nature to the defect modes
of the infinite 2-D photonic crystal [17]. The localized modes
of this cavity can be described as a linear combination of the
« andy dipole modes shown in Fig. 7. The electric field of
the diopole modes is polarized predominantly in the plane of
the slab and has an antinode in the center of the defect thus
providing good overlap with the active material. The defect

modes of this structure have been previously analyzed in detail C| D D [:] D

elsewhere [11], [19]. Using the relation [20]

o / (PP dr O Q(b)Q O

‘/Iﬁode = Y N D A2 (1)
max(¢(7)| E(7)]?) Fig. 7. Two-dimensional slice through the middle of the membrane showing

the mode volume of the dipole modes is estimated to be énhsdeeleggéc(ft'slfh;n_ﬁggl‘f of the degenerate dipole modes: (a)-ipole

(A/2n)3, which is roughly 0.03 cubic microns at a wavelength
of 1.55 pm.

As the dimensions of a laser cavity are reduced, the feed
from the laser mirrors must also increase in order to maint
the photon lifetime in the cavitytf;). For the defect cavity

&fhe cavity(. In order to reduce the vertical loss smaller air
fpes are preferred, which both increases the effective index
gwdlng of the slab (less material removed) and reduces the

which is almost a half-wavelength on a side it is criuca‘?hommC bandgap (PBG). The smaller bandgap results in a

that the power loss from the 2-D photonic crystal mirrors %“ghgy shallovlver eneré;yt well, l‘ESL;:tlng in aTrrT]mde which is
minimized. The quality factor() of the localized modes in roader in real space but narrowerkrspace. The narrowing

the defect cavity can be calculated from the stored endrgy ('ndk sp?ce of th% defecth mode }O reglcl)nskaround the fba;nd-
and radiated powerH.q) as follows: edge (X-point) reduces the coupling to leaky portions of the

conduction band in Fig. 6. The calculatégl value for the
QO=w U(t) @) cavities analyzed in the next section varies between 500-600
— Paalt) (r/a = 0.31 andd/a = 0.41), an improvement by a factor of

where w is the angular frequency of the mode. The powé Vo rela}tive to the earlier IOV.V tempgrature lasers. I}healge
radiated from the defect can be divided into a compone?]?n be.mcreas_ed further bymcr(_easmg the wavegwde.thlckness
due to photons which leak vertically from the waveguide, aﬁ by Increasing the lateral dimension .Of the_cawty [11],
a component due to photons which tunnel through the fini 9. however this IS at Fhe expense of increasing the mOde
number of periods of the photonic crystal. The energy whi \ﬂ)l me and potentially increasing the number of localized
escapes by tunneling can be reduced by simply adding m&?ev'ty modes.

periods to the photonic crystal (limited eventually by scattering
or absorption). The power which leaks out of the waveguide
vertically can not be captured by adding more periods of theA large array of defect cavities was fabricated with varying
photonic crystal, and thus poses a much more serious limitatiattice spacings and hole sizes in order to cover a wide range

IV. MEASUREMENT RESULTS AND DISCUSSION
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of wavelengths of the defect mode resonance. It was found
that for a lattice spacing of 525 nm and a hole radius of 165
nm the cavity mode resonance matched the gain peak of the
multiquantum well active region. The defect cavities consist
of eight periods of the photonic crystal surrounding a single
removed hole in the center. With eight periods of photonic
crystal the defect mode theoretically emits most strongly in
the vertical direction thus allowing measurements to be taken
from the top of the sample.

The sample was mounted on an X-Y—Z stage and the defect
cavities were optically pumped from above at an angle normal
to the sample surface. A high numerical aperture, long working
distance 108 objective lens was used to both image the
defect cavities and to focus the optical pump beam. An 830-nm
semiconductor laser diode was used as the pump source in this
experiment. The photoluminescence (PL) was also collected
by the objective lens and then fed into an optical spectrum
analyzer. A GaAs filter was placed just before the optical
spectrum analyzer to separate the pump from PL. The spot
size of the beam on the sample surface could be adjusted : : : :
down to 1um, however a spot size of approximately;#n 1300 1200 1500 1600
was found to be optimum in the sense of providing the lowest Wavelength (nm)
threshold for lasing. We attribute this to the fact that the QW'’s . _ _
in the photonic crystal mirror surrounding the defect will b%(')gr{d%ionZL(LonT ;Sm“pnzg’;teziszz‘)’. e 'Soft';?nwglL?rc?rﬂiipdéﬁﬁf?éﬂ%mpmg
absorbing if not pumped to transparency. Absorption in th@ntinuous wave (CW) pumping. In the middle plot the peak pump power is
2-D photonic crystal mirror will then limit thé) of the defect 170xW with a 50% duty cycle. The PL in the top plot was taken using 10 ns
cavity. FDTD calculations [11] indicate that to obtain¢a PU!Ses With a3«s period ata peak pump power of 7 mW (duty cysl8.3%).
of roughly 200 requires at least three periods of the photonic
lattice surrounding the defect, which corresponds to /aB-
diameter. As the pump is defocused to increase the spot sizg : :
above 4um the intensity in the center of the cavity decreases| : , C SN | I
to a point where the threshold pump power starts to rise. Foi '
consistency a pump beam spot size of roughjydwas used |
throughout to take the data. ro

With the pump beam focused to a;#n spot, we first
measured the PL from an unprocessed area on the sample ve
near to the array of defect cavities. In Fig. 8 the PL spectra|
is shown for various duty cycles and pump powers. At low-
pump powers (bottom plot) the emission is peaked at 1545
nm which corresponds to the first energy level in the QW's. [
As the pump power is increased (middle plot) a peak in the , . : ,
emission spectrum appears at 1380 nm corresponding to gy “U1500 1550 1600 1650
second level in the QW’s. The top plot was obtained using Wavelength (nm)
similar pumpin_g_ conditions as those used to obtain lasing i% 0. PL spectra from a defect cavity with 525 nm andr/a = 0.32
Fhe defect Cav_'t'es_(lo ns pulse_s,_ 0.3% duty cycle). The_#‘we. piJmp power is increased from just below_threshold (bottom)_to 1?5 times
is very broad in this case, providing almost a 400 nm widgreshold (top) in the series of plots.
emission range over which the photonic crystal cavities can

be characterized xperimentally measured PL. The vertical dashed lines in
The PL from the defect cavities is markedly different tha b y ) : )
10 represent the extent of the calculated TE-like guided

from the unprocessed areas. The emission spectrum for vari T
pump powers from a defect cavity with a lattice spacing of 578°d€ bandgap. The defect laser line is seen to match up
nm is shown in Fig. 9. The emission can be seen to be stronyffy Well with the calculated defect mode resonance. The
frustrated except for two peaks. The broad shorter wavelengiiPntaneous emission peak at 1425 rufiA(= 0.37) also
peak at 1425 nm most likely corresponds to spontanedi@tches up very nicely with the photonic crystal conduction
emission from the conduction band of the photonic crystdland-edge. Although the modes at the conduction band-edge
The narrow longer wavelength peak at 1580 nm is the defége guided in an ideal slab (Fig. 6), the sidewalls supporting
mode laser line. In Fig. 10, we plot the theoretical resonanddte membrane (Fig. 5) may scatter the light into the collection
of the defect cavity as calculated by FDTD along with théens.
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Fig. 10. Plot of the experimentally measured PL (top) along with an FDTD
simulation of the defect cavity (bottom). The defect cavity in both the
simulation and experiment had a lattice spacing of 525 nmiglad= 0.32. 600 for the higher threshold defect modes which is consistent

The band edges of the TE-like guided mode bandgap are shown as vertical
dashed |ines_g 9 gap With the FDTD calculated values.
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A plot of the collected power versus the pump power V. SUMMARY

(L-L) for a typical defect cavity is shown in Fig. 11. The | conclusion, we have demonstrated pulsed room temper-
Iaser_ remains single mode over the entire pumping rangRire lasing at 1.5m in an optically pumped 2-D photonic

of this plot. The external threshold pump power (peak) i{§ystal cavity with a single missing hole (defect). The modal
approximately 1.5 mW, from which we estimate an absorbggllume of the defect modes is theoretically as small as 2.5
power of 500.W (~3.1 kW/cn¥). The laser line becomes () /2,,)3 By reducing the hole size of the 2-D photonic crystal
linearly polarized (measured in the plane of the slab) aboygrror we have been able to reduce the waveguide losses of
threshold. The fiber coupled average power from some of the gefect cavity and increase tig by a factor of two or
defect laser cavities is as high as 4 nW, which correspongig,re. The estimated absorbed threshold pump power of the
to an approximate peak power of AW. This is roughly gefect cavities is 50Q:W, limited mainly by nonradiative

30 dB above the shorter wavelength resonance peak of Wi¢yer recombination due to heating of the membrane cavity.
conduction band. We were able to obtain lasing at duty cycleg)Tp simulations of the defect cavity agree very well with
up to 1% (30 ns pulses) however threshold pump powers Wefg measured photoluminescence data and are used to design

significantly increased due to heating in the membrane. Thgch parameters as lasing wavelength, emission pattern, and
relatively large threshold powers are most likely a result ity ().

the poor heat sinking of the membrane cavity. Nonradiative

Auger recombination exponentially increases with temperature

and is especially problematic in small bandgap materials such

as InGaAsP [21]. O. J. Painter would like to thank K. Vahala and T. Yoshie
The linewidth of the defect mode narrows from 1.1 nnfor many helpful discussions and R. Johnson for his help in

just below threshold to 0.15 nm (resolution limited) at twic&etting up the experimental apparatus.
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