Optical properties of photonic crystal
heterostructure cavity lasers

Antonios V. Giannopoulog, Yu-Jia Li %2, Christopher M. Long %3,
Jian-Ming Jin 1, and Kent D. Choquette*

1Department of Electrical and Computer Engineering, Unsigr of lllinois, Urbana, lllinois
61801

2Currently with Cadence Design Systems, San Jose, CA 95134

SCurrently with School of Electrical and Computer Engineeri Purdue University, West
Lafayette, IN 47907-1285

giannopo@illinois.edu

Abstract:  We design, fabricate, and test photonic crystal heterostru
ture cavity lasers in the InP material system. A heterosiireccavity is
formed by interfacing two different photonic crystals sulht a dispersion
maximum of the inner lattice lies within the band gap of theraunding
lattice. Feedback to slow light modes of the central regéasulits in a lower
threshold and single mode operation. The use of a kagonieelas the
inner defect area increases the semiconductor volume &gsvile modal
overlap with the gain material. We use a simulation techaitp verify
experimentally observed single mode operation as well apigntify the
effects of the heterostructure cavity formation.
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1. Introduction

The progression of fabrication technologies has alloweth® realization of compact and ef -
cient semiconductor lasers. Because of this, micro-caétgiconductor lasers have been used
in a wide variety of applications in communications and semsas well as for experiments in
cavity quantum electrodynamics. Recently two-dimendiphatonic crystals have been pur-
sued as viable candidates for creating micro- and nane-t&sdrs [1]. These types of devices
utilize a periodic refractive index variation which enabldtra-small modal volumes and low
lasing thresholds with high delity in their lasing speatnj2]-[5]. They are suitable for a wide
range of integrated applications since their optical cttarsstics are lithographically tunable.

Two basic characteristics of photonic crystals can be eyagldo make lasers: photonic
band gaps and slow light. Photonic crystal defect cavitgrasely on the defects of a photonic
crystal to act as optical cavities. In this case, the laskes®n the high re ectivity of the
photonic crystal at frequencies inside the photonic baipd §kow light effects at the dispersion
symmetry points, or band edges, in photonic crystals cantssused to create lasers [6]-[8].
In band edge lasers the slow group velocity at the dispessiormetry points acts to increase
the interaction time between the optical eld and the gairtenal, effectively enhancing the
available optical gain. The modal areas in the plane of anZedsional photonic crystal slab
of the photonic crystal defect cavity lasers can range fress than 1 to a fewn? and still
maintain high spectral delity [1]-[5]. In contrast, the genator area for ef cient band edge
lasers is generally larger than 1@8@r? (approximately 300mm? in [6]). While small area
defect lasers support only a few modes within the gain baditivaf the material system, larger
area defects can support many modes. Band edge laserseopéhas few modes or a single
mode lasing, but are somewhat impractical for micro- andoramotonics due to the large
area required to operate ef ciently. Thus there exists @agap for ef cient and high spectral
delity photonic crystal lasers.

Recent work has indicated that the combination of these tvempmena, photonic band gaps
and slow light, can yield promising results [9]-[13]. In paular, the use of the same lattice with
regions of two different hole diameters was used to locaizmnd edge mode within a het-
erogenous defect, and resulted in low lasing thresholdg 8 work presented herein focuses
on the incorporation of a kagome photonic crystal as theatiefieea within a hexagonal pho-
tonic crystal to form a photonic crystal heterostructungtyaA scanning electron micrograph
of a photonic crystal heterostructure cavity is shown in Eigrhe use of a kagome inner lattice
allows for an increase in the semiconductor material of #atg region while maintaining
spectral delity. The design of the laser is such that a basigkecon ned mode of the kagome
inner lattice is also in the photonic band gap of the surrinmpdexagonal lattice. This results



in optical feed back to a slow light mode of the inner region.
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Fig. 1. Scanning electron micrograph of a photonic crystétostructure cavity laser.

In this paper, the design, fabrication, and testing of phiatarystal heterostructure cavity
lasers using kagome lattices will be discussed. Single naxieg is observed and explained
using simulation techniques. The modal properties of phiotorystal heterostructure cavities
are characterized in terms of the cavity size dependenaeeffacts of the formation of the
heterostructure on the optical mode will also be quanti dexrimentally and numerically.

2. Design by band diagram analysis

One of the main advantages of using a kagome lattice as tlee diafect of a photonic crystal
heterostructure laser is to increase the overall semiandarea. Figure 2 shows the percent
semiconductor material for kagome (solid) and hexagoaal{dd) 2D lattices as a function
of hole radius, r, to nearest neighbor hole spacing, a. Theepéage of more semiconductor
material in a kagome lattice is also shown (dotted). As thie raa increases, the difference in
semiconductor material between the two lattices incredseke design range of the photonic
crystal heterostructure laser this results in the kagomababout 25% more semiconductor
material. This is advantageous in that more material pewigetter mechanical and thermal
stability. The main advantage to using the kagome latticéhas for the modes of interest,
the kagome lattice has a higher overlap between the semictordand the optical eld. This
leads to a more ef cient use of the available material gais.af example, wher=a = 0:37,
the overlap of the K-point mode closest to the bottom of thedbgap is 78% and 69% for
the kagome and hexagonal lattices, respectively. A largerlap of the mode with the gain
material allows for the use of a lower quality factor cavithis allows more light to escape the
cavity without a degradation in device performance. It @ows for the use of material that
has a smaller material gain.

The photonic crystal heterostructure cavity using a kagtatteee as the inner defect re-
gion and an outer hexagonal lattice can be designed by anirsicthe band diagrams of the
two photonic crystals. Figures 3(a) and 3(b) show the baagrdims for a hexagonal lattice
and kagome lattice, respectively. In order to avoid lattiiematch between the kagome and
hexagonal regions is equal for both lattices. The=a ratio of each lattice is used to tune
the dispersion. The=a ratios of the kagome and hexagonal lattices are 0.37 and @§2ec-
tively, in Fig. 3. The bandgap of the hexagonal lattice whies betweera=/ = 0:259 to 0348



is tuned to overlap a dispersion maximum at the K-point ofkhgome lattice which lies at
a=l = 0:274. The high re ectivity of the hexagonal lattice due to thendgap effect thus pro-
vides feedback to the slow light modes at the K-point of thgdrae lattice. This results in a
decrease of in-plane losses when compared to the case whhaxagonal cladding is absent.
Out-of-plane losses are minimized by operation below thigt icone of both lattices, shown by
the shaded area of Fig. 3. Although analysis of the band amagipredicts a cavity resonances
close toa=I = 0:274, a more rigorous simulation is performed as describ&ation 4.2.
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Fig. 2. The percent semiconductor material for a kagomedjsahd hexagonal (dashed)
lattices. The percent more semiconductor material is dlsws (dotted).
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Fig. 3. Photonic band diagrams of a hexagonal(left) and ikegfaght) 2D membrane pho-
tonic crystal. The grey regions correspond to modes noted with the membrane. The
band gap of the hexagonal lattice (horizontal lines) oypertae dispersion maximum at the
K-point of the kagome lattice.

3. Fabrication

The lasers are fabricated in the InGaAsP/InP material sys&&x 5.5 nm thick quantum wells
with a photoluminescence peak around 1550 nm are sepanatEsitm thick barriers. A sep-
arate con nement heterostructure is formed by surrountliegguantum wells on either side



with wider band gap materials that sum to 84.5 nm thick. A 1@0sacri cial InP layer is
grown on top of the quaternary membrane which is grown on Brsuibstrate. This layer helps
minimize damage to the membrane due to the try etch process.

Fabrication begins with the deposition of a 200 nm layer @,Siising plasma enhanced
chemical vapor deposition. Poly(methyl-methacrylaté)liA) is then spun on the sample
and electron beam lithography (e-beam) is used to creatphtbnic crystal patterns. The
PMMA is developed using a mixture of methyl isobutyl ketomel é&sopropanol and a CHF
(Freon 23) etch is used to transfer the pattern into the Si©2 mask. Inductively-coupled
plasma reactive ion etching using,CH,, and Ar is used to transfer the pattern through the
INnGaAsP Im and into the substrate. A 1:1 mixture of HCEPIO, at room temperature or a
4:1 mixture of HCl:deionized water at @ is used to undercut the photonic crystal in order to
create a suspended membrane.

4. Optical properties of a photonic crystal heterostructure cavity
4.1. Experimental measurement of a 9-period kagome héteobsre

Testing of the lasers is done via optical pumping. A 980 nnr beupled laser diode with a
collimated output is focused onto the sample using a 20xctilbge The cavities are optically
pumped using 100 ns pulses on a 1% duty cycle at room temperdtne 20x objective also
collects the photonic crystal laser light and couples @ etber which is the input to an optical
spectrum analyzer.

The photonic crystal heterostructure cavity laser comsidlén this section is that shown in
Fig. 1. There are 9 periods of kagome lattice surrounded Ipetidds of hexagonal lattice. The
nearest neighbor hole spacing, a, is 418 nm and the holearadd.37a and 0.32a in the kagome
and hexagonal regions, respectively. These design pagesmesult in a kagome cavity that has
an area of 36.7m? (approximately 15.3 2) of which approximately 63% is semiconductor.
The collected power at the lasing wavelength vs. instamianpump power is plotted in Fig. 4.
The input power has not been calibrated to the pump spot sideagpump spot larger than
the cavity is used. The device has a soft turn on with a liyeaxtrapolated threshold of ap-
proximately 8.0 mW. Figure 5 shows the lasing spectrum at ¥B8input power. Single mode
lasing is observed at a wavelength of 1551.5nm. The insetgn3shows the subthreshold
emission spectrum at a pump power of 7.0 mW. A lorentzian thte® emission spectrum at 7
mW pump power gives a linewidth of approximately 0.64nm ¢spmeter limited). Assuming
above transparency operation this gives an upper limiteégthality factor of about 2400.

4.2. Calculation of resonant modes

Simulation of the photonic crystal heterostructure calasers requires the use of a large sim-
ulation domain. In order to reduce the computation time aredeiase the computational ef -
ciency, the modes are calculated using the dual-primaé-eiement tearing and interconnect-
ing method (FETI-DPEM) as discussed in [14], [15]. The FEPREM uses a full-wave tech-
nigue based on a domain decomposition implementation oftteeelement method. It allows
for ef cient broadband frequency domain solutions of lasgpale electromagnetics problems
by exploiting geometrical repetition. The FETI-DPEM is fiaularly well suited for photonic
crystal problems because because the computational coséses sublinearly with overall do-
main size in cases where geometrical elements are repdaied [

Figure 6 shows the calculated modal spectrum of a photonistadr heterostructure cav-
ity with 9 periods of kagome lattice, = 418m, andr=a= 0:37 and 032 for the kagome and
hexagonal lattices, respectively. The calculation udiegRETI-DPEM is performed by placing
a randomly in-plane polarized current sheet in the kagorfextiarea, sweeping the frequency



1
1000 L
—_ [ ]
E) .
) [ ]
E .
[ ]
S -
o [ ]
T - [ ]
ks 500 .
[3]
9@ ]
° ]
o ]
[ ]
[}
- [ ]
0 put : ;
0 10 20

Instantaneous Pump Power (mW)

Fig. 4. Collected laser output power as a function of ingtaebus pump power at 980 nm.

n

-60 o
s
=
2
85 s
£ 0
5 70 1548 1552 1556
2
2
g -75
8
£
) _M
-85 . . : . - ; . .
1450 1500 1550 1600 1650

Wavelength (nm)

Fig. 5. Lasing spectrum of the photonic crystal heterostingccavity laser. The inset show
the spectrum on a linear scale just below threshold.

of this current, and measuring the stored energy in theycaMite line widths in Fig. 6 are re-
lated to the loss of the particular mode. There are no resmsarelow approximately 1550 nm
due to the overlapping bandgaps of the kagome and hexagbotric crystals. The shortest
wavelength mode appears at about 1552 nm and there are malgsmablonger wavelengths.
The intensity pro le of the three shortest wavelength moae$552 nm, 1560 nm, and 1573
nm are shown in Figs. 7(a)-7(c), respectively. Figures-7(€) show the small scale variation
near the maxima of the eld envelopes.

Even though the calculated spectrum shows many modes ab&@nin, only one mode at
around 1552 nm is experimentally observed in the lasingtsp@c The single mode operation
is due to several factors. First, it should be noted thateclpsoximity to the K-point implies
that a given mode should have a smaller group velocity anefibee experience the greatest
gain enhancement that the slow group velocity provides.mbde at 1552 nm is closest to



Fig. 6. Calculated stored energy spectrum of a photonidalristerostructure cavity laser
using the FETI-DPEM.

Fig. 7. The calculated modal pro les of the modes at (a) 1562 (b) 1560 nm, and (c)
1573 nm. (d),(e),(f) small scale variation of (a), (b), any] (espectively

the K-point obtained using the plane wave expansion metbpatial overlap with the gain and
the kagome lattice also needs to be taken into account. Tle @iol552 nm is well con ned
inside the kagome lattice which is denoted by the dashed Im&ig. 7. This plays a crucial
role since the parts of the eld that lie within the hexagomgion experience signi cant optical
loss. When considering the small scale (on the ordes) afariation of the eld, the mode at
1552 nm looks similar to the hexapole mode often encounteresingle defect hexagonal
photonic crystal cavities. The eld is localized mostly imetsemiconductor region away from
the holes. The mode at 1560 nm, however, is primarily con hetiveen three adjacent holes
and thus greatly overlaps the air holes. The latter modevdlkfeel the in uence of fabrication
imperfections more than the shorter wavelength mode.y,db# mode at 1552 nm has a well
de ned intensity maximum at the center of the kagome regiwhia likely easiest to optically



excite. These criterion in combination lead to single madinlg as evident in Fig. 5.

4.3. Quality factors of different sized cavities

In this section, simulation of different sized kagome dasitare discussed. The wavelength
and quality factors of different sized photonic crystaldmestructure cavities are analyzed us-
ing the FETI-DPEM. The relative hole sizes and lattice spgds the same as the previous
section. Resonance and quality factor calculations arfemmeed using the FETI-DPEM. Fig-
ure 8 shows the calculated cavity resonances and qualitgr&ator 3, 5, 7, and 9 kagome
periods in the inner region of the photonic crystal hetetms$tire cavity. The wavelength in-
creases slightly as the inner kagome cavity decreases én Biis can be attributed to the
uncertainty in dispersion maximum at the K-point of the baimfram. Similar phenomena
have been described in [8]. As the size of the kagome regioredses, the distribution of the
mode in momentum space increases. As a result, the mode rasagsfrom the dispersion
maximum at the K-point to points lower in the band where adagpread in the momentum
vector is supported. Since the mode effectively moves anay the dispersion maximum, it
also starts to include momentum-space components withgarlgroup velocity. This in turn
decreases the quality factor as the cavity gets smalleh@d&agome region becomes smaller,
the optical mode overlap with the hexagonal cladding regiso increases. This causes the
mode to experience greater loss as these wavelengths hieheitband gap of the hexagonal
cladding. The decrease in quality factor and increase iic@dbss for decreasing cavity size is
expected to eventually inhibit lasing. Experimentallypfdmic crystal heterostructure cavities
with inner defect diameters equal to or less than 5 periadiadi lase.

Fig. 8. Resonant wavelength (squares) and quality faati@ngles) of the shortest wave-
length mode as a function of the number of kagome inner pgriod

4.4. Decomposition of the heterostructure

The photonic crystal heterostructure cavity laser can Ipegmentally compared to a kagome
band edge laser. During heterostructure laser operatiemyerlap of the photonic band gap
of the exterior hexagonal lattice with the slow group vetpd{-point of the kagome lattice

dictates the predominant feedback mechanism. It is thisruthiat creates a high quality factor
and thus results in laser action. In the absence of the heshgladding, the mode should shift
to a longer wavelength do to the decrease in optical con meniehe lack of heterostructure



feedback should also decrease the quality factor at thegagavelength and result in a higher
threshold pump power.

In order to experimentally con rm the above, a kagome bangdeelhser identical to the
inner region of the photonic crystal heterostructure dbedrin Section 4.1 was fabricated and
optically pumped using the same previously mentioned atioit conditions. Figure 9(a) shows
the lasing spectra of a photonic crystal heterostructuiycésolid line) and a kagome band
edge laser (dashed). The kagome band edge laser operat&atrh, whereas the photonic
crystal heterostructure operates at 1552 nm. Figure 9¢@wsthe measured light input vs. light
output for the heterostructure (triangles) and kagome leaige (squares) lasers. The kagome
band edge laser has a higher threshold than the heterastreetvity laser. This is attributed to
the lack of feedback of the heterostructure resulting inneeloquality factor.

Fig. 9. Comparison between the lasing spectrum(a) and iligrhit vs. light output (b) of
a photonic crystal heterostructure and a kagome band edgkeduige laser. The kagome
band edge band edge laser has a longer lasing wavelengthhégitea threshold.

In order to investigate the exact cause of the shift in lagiagelength, the FETI-DPEM was
employed in order to calculate the optical modes of the kagband edge laser. Figure 10
shows the stored energy as a function of wavelength for tigerk@ band edge laser. There



are two local maxima at around 1565 nm and 1590 nm that lieinvitie gain bandwidth of
our material. The mode at 1590 nm has a larger quality fabem the mode at 1565 nm. The
resonance at 1565 nm has a modal pro le similar to that of eftthterostructure lasing mode
at 1552 nm (shown in Fig. 7(a)), and the resonance at 1590 s haodal pro le similar to
that of the heterostructure mode at 1560 nm (shown in Fig).7(b

Fig. 10. Stored Energy vs. wavelength for a kagome band ealgéycalculated by the
FETI-DPEM.

A comparison between the two lasing moded$52 nm for the heterostructure and 590
nm for the kagome band edge laser) is made by consideringigtrébdtion of the modes in
momentum space. Figures 11(a) and 11(b) show the spatigefFtiansforms of the calculated
heterostructure and kagome band edge modes, respeciiwddg. precise, the sum of the mag-
nitude squared of the Fourier transform of the in-planetdteeld components is shown in
Fig. 11. For both lasers, the momentum contribution ardyrsd 0 is from the y-polarized part
of the eld. The heterostructure mode is seen to contain maxat the six K-points of the rst
Brillouin zone. In this case, the mode is strictly localizechear the K-point. This is in con-
trast to the kagome band edge mode which exhibits a broadeemiim space representation.
While the kagome band edge mode has momentum localizattamdrthe K-points, the mo-
mentum space representation actually has nulls at the gigiits. Instead, the mode is spread
out and has lobes that contain momentum components in théfhand K-Gdirections. This
arises presumably from the lack of heterostructure con eetm\When a heterostructure is cre-
ated, there is strong feedback into the central kagomeycaiits in effect makes the kagome
region act similarly to a large area kagome photonic cryStiaice the optical mode effectively
samples a larger photonic crystal area, the uncertaintyoimemtum space decreases resulting
in a more well de ned momentum vector. This also causes a &hifard a shorter wavelength
in the kagome lattice since the K-point of interest is a laoalximum in the photonic band
diagram. The kagome band edge laser on the other hand expesiminimal feedback from
the edge of kagome lattice. The result is that the opticalesadll contain more momentum
space uncertainty and the wavelength will diverge from thpdiat. Similar phenomena are
described for various sizes of hexagonal lattice band emigs$ in [8].

5. Conclusion

In summary, we have demonstrated the design, fabricatrmhpperation of a photonic crystal
heterostructure cavity laser. The high re ectivity of thegtonic band gap of the hexagonal
cladding results in high feedback to the central kagomereghich operates at the band edge.
The FETI-DPEM method was used to calculate the resonant srexad con rm experimental



results. The photonic crystal heterostructure lasers vkhgome periods in the central defect
exhibit single mode lasing, which was justi ed with simutat results. Experimental measure-
ments matched well with calculation which indicated a daseein threshold and wavelength
with the formation of the heterostructure. However, bothigation and experiment show that
for small enough cavity size, the quality factor decreasesaptical loss increases, leading to
inoperable lasing. We nd that 7 to 9 kagome periods in thetregrlefect leads to ef cient
single mode lasers. The primary advantages of the hetaobste cavity laser using a kagome
lattice is the increase in semiconductor volume and largettahoverlap with the gain mate-
rial. This allows for a greater mechanical and thermal §itglas well as more ef cient use
of material gain while still providing single mode operatid he larger semiconductor volume
would also aid in reducing device resistance were the plotoystal heterostructure cavity to
be implemented as an electrically injected laser.

Fig. 11. Fourier space representation of the heterosteicnode at 1552 nm (a) and
kagome band edge mode at 1590 nm (b).
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