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We present the design of mid-infrared and THz quantum casleesér cavities formed from planar photonic
crystals with a complete in-plane photonic bandgap. Theégdés based on a honeycomb lattice, and achieves
a full in-plane photonic gap for transverse-magnetic poéar light while preserving a connected pattern for
ef cient electrical injection. Candidate defects modes lasing are identi ed. This lattice is then used as a
model system to demonstrate a novel effect: under certaiditons - that are typically satis ed in the THz
range - a complete photonic gap can be obtained by the saémag of the top metal contact. This possibility
greatly reduces the required fabrication complexity anoids/potential damage of the semiconductor active
region.

PACS numbers:

I.  INTRODUCTION

Quantum cascade (QC) lasers are semiconductor laser sdagsed on intersubband (ISB) transitions in multiple quant
well system$. Their emission wavelength can be tuned across the midsd® (mid-IR, 5pm < | < 24um) and THZ (65
pm < | < 200um) ranges of the electromagnetic spectrum. In the mid-IRerevtthey are becoming the semiconductor source
of choice thanks to their good performance, the potentipliegtions are chemical sensing, spectroscopy and fraeespptical
communications. In the THz range the most promising aptiinas the imaging of concealed objects. Biological matisi
semiconductor chip packaging and clothing are all THzdpament (while they are opaque at shorter wavelengths)ngakiz
imaging useful for security and medical applications.

Most of the activity in the QC laser eld has concentrated dge-emitting lasers due to the intrinsic transverse-mig(eV)
polarization of ISB transitions, and corresponding diflitin implementing vertical-cavity surface emitting las€VCSELS).
Surface emission has been obtained, rather, by integrsgicnd-order gratings on edge emitting devi€es by replacing the
standard Fabry-Perot cavity with a photonic crystal (P@Gpnatof€. The latter solution, the application of photonic crystal
technology to QC laset4?, is particularly appealing because of the exibility thaallows the designer. Two-dimensional (2D)
photonic crystals can be used to create localized microckager sources that can be built as two-dimensional amayssingle
chiptt:t?or for large-area, high-power, single-mode surface engjttaser sourcés.

Of particular importance in determining the propertiesmof photonic crystal structure is the effective refractivééx contrast
attainable. The higher the index contrast, the strongeoptieal dispersion of the photonic bands and the greatealbiiiy to
localize, diffract, and re ect light within the photonictt&ce. A high index contrast is therefore crucial for devicmiaturization.

In planar waveguide devices, the presence of a full optiaadbgap in two-dimensions is bene cial (although not cortglie
necessary) in forming ultra-low-volume laser cavitieshwitinimal optical loss. As is discussed in Réf.for 2D photonic
crystals, TM optical band gaps are favored in a lattice déisal higheregions. Unfortunately, this con gurationis incompaégbl
with an electrical injection device due to its non-conndcatature and an alternate approach is required.

In this paper we study the use of a connected honeycomlddtticreating 2D photonic crystal QC laser structures. Viggrbe
in Sectior1l with a review of the properties of this 2D laétigia a planewave expansion (PWE) analysis. We show that a full
2D optical bandgap for TM polarization can be obtained is tonnected lattice, and study the localized resonant ntbdés
form around a simple point defect in the lattice. In Sect@Band[IV]full three-dimensional (3D) nite-differencertie-domain
(FDTD) simulations are used to analyze the properties ohtireeycomb lattice in two different vertical waveguide strues.
Sectior Il deals with mid-IR PC QC lasers. The real actiegion and waveguide structure of a mid-IR surface-plasrsé?) (
QC laser is considered. The high-index contrast in this gaige structure is obtained by air holes that penetrateldésp
the semiconductor layers. Sectionl IV focuses on THz PC Q€r lasveguide structures. In the metal-metal waveguides of
THz lasers we nd that the effective index contrast, and éfi@e the photonic bandstructure, is strongly dependerthen
waveguide thickneg$. In particular, below a certain critical waveguide thickaga full photonic gap can be induced by the sole
patterning of the metal layers. This novel effect could befuisfor the development of a variety of THz lasers, inclglPC
surface-emitting lasek, due to the simple fabrication requirements.
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II. TWO-DIMENSIONAL ANALYSIS: PLANEWAVE EXPANSION

A. The planewave expansion method

The calculations of this section are based on a planewavensign (PWE) method. It is a frequency-domain method that
allows extraction of the Bloch elds and frequencies by dirdiagonalization. The calculations were performed ugiegMIT
Photonic Bands (MPB) simulation td8] With the PWE method it is possible to compute the bandsirestand electromagnetic
modes of perfectly periodic dielectric structures. Cadtioh of defect modes will be tackled in sectlon]I C using pestcell
approach.

B. Photonic crystal structure and TM gap

The 2D photonic crystal considered in this work is that of adya@omb lattice, consisting of a hexagonal Bravais lattiith
a basis of two air holes per unit cell (see Hig. 1(a)). The hadtus isr and the lattice constant & The reciprocal lattice is
also hexagonal, witks, X andJ the high symmetry points of the lattice (see Fify. 1(b)). ka 2D simulations of this section the
relative dielectric constant of the dielectric backgroigken ag= 11:22 (h= 3:35), corresponding to the index of refraction
of most Ill-V semiconductor materials at frequencies belbe/energy gap.

FIG. 1: Structure of therhgneycomb lattice . (a) Two-dimenal honeycomb lattice with two "dielectric atomsA @ndB) per unit cell.

a; = (&a0) andap = (a=2; 3a=2) are the principal lattice vectora € jaij = jayj), r is the hole radius. (b) Two-dimensional reciprob‘a_l space
for the honeycomb r{ggtice. The reduced Brillouin zone isdglthin blue. Reciprocal lattice vectors are superpositadns; = ( 0;4p= 3a)
andGy = (2p=a;2p= 3a).

FIG. 2: Photonic band calculations for a 2D honeycomb lattitair holes in a dielectric lattice& 11:22). (a) Photonic bandstructure for
TM polarization withr=a = 0.234. (b) Complete band gap (shaded blue region) as adaraftr=a. A full TM gap exists only for=a> 0:18
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Fig. 2(a) shows the photonic bandstructure for a latticwia = 0:234. For thig=aratio a full TM gap is present, centered
arounda=l  0:225, with a width approximately 12% of the central gap fragpye The existence of a gap, however, depends
strongly onr=a. In Fig.2(b) we plot the gap-map for this lattice, which clgahows that only above a critical value of circular
hole size (=a  0:18) can a TM photonic gap be obtained. This is a common behafiattices of air holes; the larger the
holes, the closer the lattice is to a system of isolated kigggions, and the larger the TM photonic bandydihe advantage of
the honeycomb lattice is that the TM gap opens when the hodessid porosity of the lattice are still reasonably smdibwahg
for more ef cient electrical injection.

C. 2D defect design: supercell method

In this section we study, in 2D, the localized resonanceisftiten around a point-like defect of the honeycomb latticbeT
defect that we consider is obtained by removing a hexagoix dicdes, as shown in Fig. 3(a). The defect modes are cakxullat
with a supercell method using the same PWE solver. The pteseinthe defect cavity breaks the periodicity of the lattice
requiring the creation of a supercell over which the strieets assumed periodic. This supercell contains the deésfitycand
is tiled in space. The Wigner-Seitz cell of the reciproctida of the supercell will be correspondingly smaller thiaat of the
underlying photonic lattice, resulting in a folding of therfeycomb lattice photonic bands (see Fig. 3(b)). The Ipedldefect
states of the supercell appear as bands with almost no dispelying inside the photonic bandgap of the honeycontlzéat

FIG. 3: (a) lllustration of the 2D honeycomb lattice defeavity supercell (background dielectric material shown i&y,gair holes shown as
white). The principle lattice vectors agag, ap, wherejajj = japj = a. The defect region consists of removal of the central hemagair holes
(central hexagon shown as a dashed line). (b) Folded TM piotmndstructure for a 20-period supercell of the defeeitgahown in (a)
with r=a= 0:24. The blue-lines correspond to the folded bandstructitteechoneycomb lattice. The red lines are the defect frequavels.
Localized defect modes: (c) hexapole and (d-e) dipole+likeles.

A PWE calculated bandstructure of the supercell defectatra withr=a= 0:24 is shown in Fig. 3(b). In these calculations,
a supercell consisting of 20 periods of the honeycomb attias used in order to obtain well localized resonant modies2€l
defect modes lie within the complete band gap: two degeaaliable-like modes and a hexapole-like mode (Figs. 3(c-e))
These are the defect modes that are predicted for the homéyiedtice through simple symmetry argumehtsOf the defect
modes present in the bandgap, the dipole-like modes are enamentrated in the center of the defect region, thus githeq
the most overlap with the QC gain material. As such, thesthareavity modes we will focus on in the 3D simulations ddseai
below.

Our choice of hole radiug£a = 0:24) in the above cavity design was made based upon a tratetofeen the extent of the
photonic bandgap and cavity mode localization, with thathef electrical and thermal resistance incurred in a sendiecctor
realization of such a structure. As already mentioned,&deced connectivity of a photonic lattice makes electiigaktion of
a defect cavity more challenging. Electrical current intsstuctures is typically injected from the edge of the phaterystal
vertically through the device active region. Injectionoiihe defect region of the cavity is a result of lateral cursgreading
into the center of the photonic crystal. The increaseddhatesistance of highly porous photonic lattices signi tameduces
the injection ef ciency of the laser, resulting in added tieg and reduced gain. Other injection geometries are plessuch
as the use of surface-plasmon laser cavities in which thentetpl contact extends over the entire photonic crystal aodges
not only vertical waveguiding but also electrical injectidr his geometry was used in the demonstration of the rstteleally
injected 2D photonic crystal microcavity laderNonetheless, high-aspect ratio 2D photonic crystaldestiof high porosity
pose a greater challenge to fabricate due to the reducéchtdimension size. It should be noted that further optatian of
the honeycomb lattice can be obtained through use of aistail@ modi ed geometry. Lattices formed from air holes with
a truncated circular cross-section were found to have tggetonic bandgaps for a given critical dimension than tdiahe
standard lattice. In what follows, however, we focus on tbedycomb lattice with circular air holes.



Ill.  3D-FDTD ANALYSIS OF MID-IR DEVICES

The PWE method allows the rapid solution of structure eigetas in the frequency domain. However, for the 2D analysis de
scribed above one can only approximate the laser activemegith an effective index of refraction. The objective abthection
is to verify the design developed with the 2D model in Sectlipand to apply it to a realistic mid-IR QC laser structuren &c-
curate representation of the structure waveguide in thexdpl direction will be taken into account within a 3D nigifference
time-domain (FDTD) approach. It is well known that the mitiesystem of choice for mid-IR QC lasers is InGaAs/AllnAs
lattice matched to I, In addition, waveguides based on surface-plasriidrse been shown to be advantageous for PC QC
lasers in the mid-I1®. This is therefore the model system that we will use for thesBBulations.

A. Mid-IR surface-plasmon waveguides for QC lasers

Semiconductor diode lasers and conventional QC laser®retptical waveguides where a higher-index-core is sartudc
between thick cladding layers of lower refractive indexystcon ning the light inside the active region stack. The Bma
refractive index difference between the active core andwhesguide claddings results in a standard mid-IR QC laséciwik
typically 6 to 9um thick.

FIG. 4: Normalized intensity pro le of the fundamental agztl mode computed for a quantum cascade laser dielectrieguile (a) and a
surface-plasmon waveguide (b) designed for a wavelengdof. The shaded green areas indicate the stack of active eegiwhinjectors.
The vertical dashed line indicates the position of the desiaface. In the dielectric case the thickness of the épltgxgrown material is 6
pum. The origin of the abscissa is at the air-semiconducterfiace. In the surface-plasmon case the thickness is thst&qum. The optical
con nement factor is indicated b

Maxwell's equations, however, also allow for another tygeoptical waveguiding based upon surface-plasmans'M
polarized electromagnetic guided modes exist at the exterbf two dielectrics with opposite sign of the real part ludit
dielectric constants. Negative dielectric constants gpé&cal of metals below the plasma frequency. Thus, guidethse-
plasmon modes at a metal-semiconductor interface are alwsafeguiding solution for QC lasefs This is due to the intrinsic
TM polarization, i.e. normal to the layers, of intersubbdrahsitions. SP waveguides need a smaller thickness ofrgrow
material, while yielding even larger optical con nementtiarsG (see Fig. 4).

The surface-plasmon damping along the propagation directin be approximated with the following forméfia

4p nm N3
[ k3,

wherekmy, (ny) is the imaginary (real) part of the metal index of refrantigg is the real part of the semiconductor index of
refraction, and is the wavelength. The=k3| dependence of the propagation losses shows that SP waeeguizlespecially
appealing at long wavelengths. In particular tiZ] factor, which pushes the eld out of the metal region and uthe
losses, becomes very small at long wavelengths. A simpld®model shows that the imaginary part of the index of reibact
for a generic metal, increases dramatically when movingifsbort { = 1-3um) to long { = 100-200um) wavelengths. Recent
advances have also shown that low-loss metallic wavegoatebe implemented at mid-IR wavelendthdVe therefore employ
this waveguide structure as a model system for the 3D nualaiimulations of our QC laser structures. The correspayidiyer
sequence is displayed in Table I, together with the corneding indeces of refraction that are used for the simulation
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TABLE I: Layer structure for the mid-IR SP QC ladémodeled in the 3D FDTD simulations. Nominal operating wameth isl 8 pm.

Material Doping (cm 3) Thickness jim) n Function

air n.a. 4 1 top cladding

Au n.a. 0.3 perfect conductor metal contact
InGaAs 137/10'8 0.05 3.3/3.47 contact layers

InGaAs-AllnAs MQW 1.7 x 106 2.6 3.374 active region
structure
InGaAs 5 x 186 0.5 3.475 Buffer/lower cladding
layer
InP 107 3 3.077 substrate

While the vertical con nement is provided by the SP wavegulithe in-plane optical con nement is induced by the phatoni
crystal. A high index contrast can be obtained by penetatfdghe air holes through the top metal layer and deep intedna-
conductor waveguide structure. Intuitively, reducedtecatg losses are obtained for a hole depth which overlajnacant
fraction of the guided mode enerjy In Fig. 5(a) we show a schematic of the vertical cross-saatif the photonic crystal
SP waveguide structure, and in Fig. 5(b) we plot the verticatle pro le of a localized defect mode (see Fig. 6(a)) of the
honeycomb lattice of air holes with a hole depth of gm in the semiconductor heterostructure. At an operatingeleagth
of 8 um this results in a vertical mode overlap (energy overlaphwie air holes of almost 90%. It is clear from this example
why surface-plasmon QC lasers are ideally suited to PC t#oby; their reduced thickness allows for a signi canthasibwer
etch of the semiconductor material in comparison to conwaat laser waveguide structures in which an etch depth i @r
more would be required in the mid-IR.

FIG. 5: (a) Surface-plasmon optical mode pro le superingzben a sketch of the vertical section of a mid-IR photonicstalyQC laser
with air holes extending:Z pm deep into the semiconductor. (b) 3D-FDTD calculated gleatld intensity cross-section of a defect mode
(top-view shown in Fig. 6(a)) of the deeply patterned howeyk photonic lattice. The vertical mode pro le shows a sanibehavior as the
1D surface-plasmon simulation of (a), whereas the con nenire the in-plane direction is provided by distributed Bgag ection of the
photonic lattice.

B. Defect cavity design

The cavity investigated in this section is the same as ini@ettC. It is obtained by removing a full hexagon of air holes
from the PC lattice. As depicted in Fig. 5, we “etch” 4+ deep holes into the semiconductor laser structure, with=thratio
of the air holes set to:Q1. The properties of the different laser structure laysegiun the simulation are given in Table I. Full
3D-FDTD simulation§™'2??were performed with an effective grid resolution of 100 nmresponding to roughly 20 points
per wavelength in the high-index semiconductor materiahnadperating wavelength ofi8n. The use of perfectly conducting
boundaries for the top metal contact layer is a small appmation at 8um due to the much higher plasma frequency of the Au
metal contacts used in practice.

A simulation of a photonic crystal cavity withy = 7 periods in thex-tirection andny = 4 periods in they-tirection yields
the three localized defect modes shown in Fig. 6(a-c). Thes#es are the same modes as found in the 2D analysis of Fig. 3.
Comparison of the 2D and 3D mode properties are summarizédile II. The normalized frequencies of the defect modes
lie within the TM-like bandgap of the 3D honeycomb latticeweguide structure, and are centered aroadd 0:2. At a
wavelength of 8um this corresponds to a lattice constant of approxima}gt_yl:G pum, a hole radius of = 0:34 ym, and a
minimum dimension given by the gap between nearest neidgities ofa(1= 3 2r=a)= 0:25um.

Effective quality factors associated with in-plaig ), topside vertical@;), and bottomside vertica(},) radiation losses are
also calculated for the 3D FDTD simulations. The topsideivaleffectiveQ-factor for all of the defect modes is estimated at



TABLE II: Comparison between 2D (PWE) and 3D (FDTD) simuthteefect modes.

Parameter x-dipole mode y-dipole mode hexapole mode
PWEa=l 0.2115 0.2115 0.2162
FDTD a= 0.196 0.197 0.205

Qx 326 288 169

(o} 12 10 9 10° 11 107

Qb 92 93 114

> 105, due to the fact that the cavity modes lie predominantlywete light cone of the top air-claddif§ Q, on the other
hand, can be increased only slightly from that reported inleél through deeper etching of the air holes, limited mgioy

the high-index of the semiconductor substrate and theilmhhature of the cavity. Due to the TM-like polarizatiorglane
bandgap provided by the honeycomb lattice, an increaseeimtimber of PC mirror periods to a value above 10 effectively
eliminates in-plane radiation loss, and @dactor of the cavity modes is limited by both radiation ithe substrate as well as
material absorption loss due to ohmic heating in the metése-plasmon layer (for wavelengths in the mid-IR, and aveial
surface-plasmon layer, material absorption limits@aéactor to approximately 195).

FIG. 6: In-plane mode pro lesH;) for the (a)x-dipole, (b)y-dipole, and (c) hexapole defect modes of the surface-masrartical waveguide
structure with an “etched” hexagonal defect cavity in thadyzomb lattice.

IV. ANALYSIS OF THZ DEVICES

Our FDTD analysis of mid-IR PC QC lasers examined structureghich the honeycomb lattice was patterned through the
QC semiconductor active region. This is necessary in o@rduce a strong index contrast. However, a different gmiut
is possible if the optical mode is highly con ned in the vedi direction, as is the case for THz QC lasers with metalamet
waveguide structuré$?®. In this case, and under certain constraints related totthetsre thickness, the sole patterning of the
top metal contact is capable of inducing a complete photoaicigap. These metal-insulator-metal (MIM) structtffeas we
will refer to them here (see Figs. 7 and 8), will be the focuswftime domain modeling in the following sections. The agipe
of this design lies in the fact that only the top metal layezdeto be patternéd?®, which both simpli es the fabrication process
and improves the ef ciency of carrier diffusion in the atixegion.

A. MIM structures: waveguides for THz QC lasers

Metal-metal waveguidé8 are usually employed for QC lasers in the THz ratigé because they can provide almost unity
optical con nement factors, and simultaneously, reldiidew waveguide losses. The active laser core is sandwibledadeen
two metal layers (typically Ti/Au or Ge/Au/Ni/Au) which aetis surface-plasmon layers (Fig. 7(a)). The two surfacenpda
modes of both the top and bottom metal-core interfaces be@mmpled and form two guided modes, one of even parity and
one of odd parity (assuming a nearly symmetric metal-coegahstructure, and where thvector parity is determined by the
symmetry of the magnetic eld). The dispersion diagram oballe-metal waveguide with active layer core thickneds,6f 1
pm is displayed in Fig. 7(e). For sub-wavelength core thiskes the odd parity surface mode is cut-off, while the eveitypa



mode exists all the way down to zero frequency. The electritraagnetic eld pro les of the even parity surface mode at a
wavelength of o = 100pm are shown in Fig. 7(b-d), showing the near-unity con neirfantor of the elds in the core region.

FIG. 7: (a) Schematic showing the cross-section of a MIM waige (metal layers are assumed semi-in nite). Ep)normal electric eld
component, (CEx longitudinal eld component, and (djly magnetic eld plot of the even parity guided surface modé at 100 um for an
active region core thickness &g = 1 um. (e) Dispersion diagram of the double-metal (Au) wavegusttucturel(z = 1 pm). The core is
modeled with a constant refractive indexmaf= 3:59, while the metal layers are modeled using a Drude-Lonewtdel for Au (background
dielectric constang, = 9:54, plasmon frequenoy, = 1:35 106 rad/s, and relaxation time 810 15s).

As has been noted by other authrsa reduction in the dielectric core region thickness of Mitvustures results in an
increase in the in-plane wavevector of the even parity glidede for a particular frequency. This is a result of the fpng”
of the electromagnetic energy into the metal cladding megiweith decreased core thickness. Of import to the curremk g
the ability to create a large effective index contrast tiglopatterning only of the metal layers. In such a patterneadtsire the
guided mode sees two effective indeces as it propagatelrtfeeffective index of the guided surface-plasmon moderah
the metal is left intact, and a lower effective index, moréodalized mode of the dielectric core and air-cladding vehire
metal is removed. That this picture is in fact valid, and carubed to great effect, is demonstrated below where we antigz
bandstructure and localized resonances of double-met@guides with only a surface-patterning in the top metatacn

B. Patterned MIM waveguide bandstructure analysis

FIG. 8: Schematic of the honeycomb lattice and MIM structused in FDTD modeling. (a) Top view of the lattice with a cahtiefect
consisting of the removing of the central hexagon of air fio(e) Cross-section of the simulated structure. Only tipentetal layer (perfect
conductor) is patterned. The displayed layer thicknessedoa an operating wavelength 6 = 100 ym and a normalized frequency of
a=l ¢ = 0:17 within the bandgap of the honeycomb lattice.

The model MIM structure that we will consider here, shownesohtically in Fig. 8(b), consists of the following sequence
of layers (from bottom to top): a bottom unpatterned metatact, a QC active region dielectric core (modeled with darm
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index ofng = 3:59 for simplicity??), a top patterned metal contact, and a region of air abovsttheture. The metal layers are
assumed to be perfect conductors; loss due to absorptibe métal regions is discussed in section IV D. Mur absorbmgid-
ary conditioné! are used to model radiation loss out of the structure. Fdr eithe THz FDTD simulations described below, a
grid resolution of 58 points per lattice constardf the honeycomb lattice was used. At a nominal operatingeleangth of 100
um, and for normalized frequenciesl o 0:17 within the bandgap of the honeycomb lattice (see beldve)ldttice constant
isa= 17 pm. At this wavelength and normalized frequency (hereimaftenominal operating conditior)sthe corresponding
spatial resolution is:@ um (roughly 95 points per wavelength in the dielectric coreerial), and the MIM layer thicknesses are
as shown in Fig. 8(b).

FIG. 9: FDTD calculated bandstructure of a patterned MIMegaide with a normalized dielectric core thicknes& o La=a= 0:176 and a
normalized air hole radius ofa = 0:25 in the top metal contact. Metal layers are simulated de@aronducting boundaries. At an operating
wavelength ofl g = 100 um within the photonic bandgam$l o = 0:17), the corresponding physical sizes of the patterned Ideubktal
waveguide aréa; r; Lag= 17, 4:25, 3gum.

The band diagram for surface-patterned MIM waveguide &ires with various dielectric core thicknesses were coagut
to con rm the existence of a complete in-plane bandgap, andxamine the dependence of the bandgap frequency width
on structure thickness. The simulation volume consists single unit cell of the honeycomb lattice with Bloch periodi
boundary conditions applied in the plane of periodicity &hat boundary conditions in the top and bottom directiongmal
to the metal and semiconductor layers). Figure 9 shows thd degram for a structure with a normalized core thickndss o
La= Ls=a= 0:176 and a normalized air hole radiusrefa = 0:25 in the top metal layer. The corresponding physical core
thickness id 5 = 3 um under nominal operating conditionsg(= 100 um, a=l o = 0:17). In the band diagram, truly guided
modes lie below thair light-line, while leaky modes lie above it (in this case liglan only leak into the top vertical direction
where patterning of the metal has been applied). The bottast band is a surface wave, lying just below the light-lifie o
the active region core. It is akin to the even parity guidedasie-plasmon mode of the symmetric (unpatterned) dontatsl
waveguide studied above. The higher-lying frequency baodstitute zone-folded versions of this surface wave. Aplane
photonic bandgap exists for guided modes of this structaeteden normalized frequenciesl o = 0:165 0:18. Due to the
extreme thinness of the dielectric core, the higher-oréetical modes of the MIM waveguide are not present in thigdien,
but lie at much higher frequenciea={ o > 0:75). As a result, the photonic bandgap is a true full in-plaaedgap for guided
resonances of the MIM structure, not just for a single pa&tion or mode symmetry. Note, the modes that lie along the ai
light-line in the diagram are radiation modes, predomilydotalized in the air regions above the MIM structure.

In Fig. 10 we plot the dispersion of the bands de ning the @st)y photonic bandgap between the high symm¥tandJ
points of the honeycomb lattice for varying dielectric ctreknesses. The bandgap is seen to shrink with increaghecttic
core thickness, closing for a normalized active regiorkigss greater thdn, = 0:294 (nominal physical thickness = 5 pm).
Mode eld plots (see Fig. 11) at th¥ andJ points indicate that the high and low frequency modes degrtime bandgap are
of mixed type: the low-frequency “dielectric” or “valenceand mode is predominantly a surface wave at the interfatieeof
top patterned metal surface, whereas the high-frequencydia’conduction” band mode is predominantly a surface wa¥
the bottom unpatterned metal interface. Additionally, hiigh-frequency gap mode sits largely beneath the unpaiteregions
of the top metal boundary and the low-frequency mode redig&sn the patterned areas with more energy residing in the ai
cladding. The photonic bandgap in this case is a result &réifices in these two surface waves. This simple pictutteyadh
correct, betrays its complexity for two reasons: (i) perfeetal conductor boundaries were used in the simulatiohgshwdo
not support surface waves when continuous and at, andh@)datterned air holes are much smaller than the wavelengiin i



FIG. 10: (a) Valence and conduction band dispersion betwhernX and J points for varying active region core thickneds, &
f0:089 );0:176( );0:294( );0:41 )g; nominal physical thicknesses, = f1:5( );3( );5( );7( )g pm). The symbols correspond to
data points from FDTD simulations and the lines are guideékd@ye. The normalized hole radius for all simulations wesd atr=a= 0:25.
Note that the complete band gap shrinks as device thicknessaises, and is closed fog > 0:294 (5> 5 pm).

of the guided mode. That a surface wave can indeed exist atidwgace of gpatternedperfect conducting layer was pointed
out in Ref32, where it was shown that it is precisely the cut-off frequeatthe air holes in the perfect conductor which sets
the effective plasma frequency of the layer. The thinnerdiledectric core layer, the larger the fraction of energyt tlesides

at the top patterned metal interface, and a greater degre®dé delocalization that occurs into the air-cladding \ehiie
top contact is removed, both effects which increase the®ffeindex contrast of the two surface waves and thus théopio
bandgap. It should be noted that the use in our model of parferlucting boundaries as opposed to a Au metal contaat laye
for instance, does not affect the photonic bandstructuoevshin Fig. 9 and Fig. 10, as the plasma frequency of Au is much
greater than the THz frequencies under consideration h€udiscussion and analysis of photonic bandgap strucfaresed
from surface patterned metal and perfectly conductingriawéll be presented in a future stutly In practice, laser structures
with thicknesses much below that of several microns may beutdtito fabricate and incur insurmountable optical losgsee
below for discussion), but the trend shown in Fig. 10 cle@fjicates that such structures would support complete dpgpsl
that are quite substantial, approaching 15% of the gap cietpuency folL; = 1:5 um at an operating wavelength lo§ = 100

pm.

C. Characterization of defect modes

Ultimately, one would like to utilize the strong photonicriaiyap effects present in the patterned MIM waveguide sirast
studied above to, for instance, form localized microcaldger resonators. In order to demonstrate the effectigeofabe top
metal patterning in this regard, we have also simulatedabalized resonances that are formed within and around gefetts
of the honeycomb metal pattern studied in the previous sghiem. In Fig. 12(a) we show thg, eld plot of the localized
y-dipole-like®® mode that forms around a point-defect consisting of the ketnaf the central 6 holes in the top metal (see Fig.
8(a)) of a MIM waveguide with an active region thicknesslgf= 3 pm (Ly = 0:176). The corresponding (in-plane) spatial
Fourier transform of the mode is plotted in Fig. 12(b), shayihat the mode is localized at tkg points in reciprocal space,
and consistent with a “donor” mode formed from the “condurtibandedge at th¥-point'’. This mode is identi ed as the
same dipole-like mode of the mid-IR surface-plasmon sitiana of Fig. 6(b) in section Ill, where in those structureteap air
hole patterning of the semiconductor dielectric materia$wsed to create a large index-contrast.

For the xed waveguide core thickness ofugn they-dipole-like mode of Fig. 12(a) is seen to be highly locatdize real-
space, as expected from the bandgap simulations of Fig. d@itidnal con rmation of the in-plane localization of theféct
mode due to an in-plane photonic bandgap effect can be @okdin studying the scaling of the in-plane radiation lossea a
function of the number of periods of the PC patterning sundhinig the central defect. The total quality factor due taaton
loss is determined by

11,1
Qrad Qk Q’? ,

)
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FIG. 11: High-frequency (a-c) and low-frequency (d-f) gapda eld plots E;) at theX-point of the honeycomb lattice for the patterned
double-metal waveguide structure of Fig. 10 with= 0:294 (L = 5 um). The in-plane eld plots of (a,d) correspond to a sectibrotigh
the core of the MIM structure just below the patterned topaihetntact. The dashed white lines in (a,d) and (b,e) inditia position of the
sections used in the eld plots of (b,e) and (c,f), respejiv

whereQ, andQ- quantify the in-plane and out-of-plane radiation lod4e$he out-of-plane quality factor is found to be10®

for these structures; thus the dominant radiation lossrsdouthe in-plane direction. Fig. 13 shows a plot of tdactor as

a function of the number of surrounding PC periods. The tadiaQ-factor increases exponentially with period number as
expected for a bandgap mode, with a cavity consisting of d8ly 6:5 periods able to sustain a mode with radiat@®r 10°.

D. Effective mode volume and metal absorption losses

We have shown above that in double metal structures thedreyyuwidth of the photonic bandgap of an honeycomb photonic
latticeincreasesvhen the structure is thinner. It implies, intuitively, thihe photonic crystal becomes increasingly effective in
con ning light when the waveguide core thickness is reducezlquantify the modal localization versus core regionkhé&ss
we calculated the effective mode volumég of the y-dipole-like mode of Fig. 12 for various active region thigssesl(y).

Vesi is de ned as:

R
gEj*dV
maxgEj?]’

wheremay::] denotes the maximum value of the argument. The results pogtesl in Table 1ll. The decrease \@f; with the
active core region thickness is super-linear, as can be seen in the third column of Tabie Which Veg=L; is tabulated. The
super-linear decrease Vs with active region thinning is a clear indication that thevfimic crystal formed from patterning of
the top metal surface provides more effective in-plane cement for thinner waveguide cores.

FDTD simulations to this point have approximated the metaitacts de ning the MIM waveguide structures with perfect

Veff =

®3)
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FIG. 12: In-plane mode pro le of thg-polarized dipole-like defect mode for a point defect cetisg of the removal of the central 6 air-hole
patterns in the top metal contact (see Fig. 8). (a) Real spaxte of E; and (b) magnitude of the spatial Fourier transfornEgffor an
in-plane cut through the middle of the MIM waveguide.

FIG. 13: Increase o®, with the number of PC periods for an MIM structure with= 3 um (L5 = 0:176) thick active region. The diamonds
show the results of FDTD simulations and the solid line isssiesquares t to these results. The PC cavities were chasea approximately
square, so that the number of lattice periags (ny) used in the FDTD simulstions were 2,5 3,7 4,9 5and 11 6 (referring to Fig.
8(a), a “period” in thex tirection is taken ag, whereas in thg direction itis 3a). The abscissa of the plot refers to the number of periods
(ny) in thexX direction.

conductor boundary conditions, neglecting ohmic heatirsg in the metal layers. Additionally, the optical lossethimi con-
ventional THz QCLs include a contribution from free-carabsorption, the level of which can be minimized throughuin

of the thickness and doping levels of the semiconductoramtnayerd*?>39 Given that the thin MIM waveguide structures
studied here have a large fraction of mode energy at the metfalces, we will concern ourselves here with estimatiegpibti-

cal losses in the metal layers, with free-carrier absonpdiod other losses contributing at a level similar to thatinventional
THz QCL structures. Incorporation of “real” metals into 88 FDTD simulations would require a prohibitively large ammo

of memory and/or simulation time due to the very short skiptdeat THz frequencies. Fortunately, an estimate of the ohmi
heating losses in the metal can be obtained for the pattéflédvaveguide structure by considering the analyticalctiable
unpatterned MIM structure.

Speci cally, we approximate the losses due to absorptiothizn metal contacts through an analysis of the fundamental,
even parity, coupled-surface-plasmon mode in a simplegplab double-metal waveguide structtfieThe complex dielectric
constant of the Au metal layers in the THz £ 100 um) are taken from Re¥* (ea, = 1:.06 10°+i1:93 10°). The
refractive index of the QC active region core (which is assdito be homogeneous and lossless) is taken to be 3.59. Tde el
and complex propagation constant are determined througterical solution of the dispersion relation. The imaginpayt of
the propagation constant, which determines the modal lessanit length down the waveguide (see Table Ill), is coreetd a
loss per unit time and related to an effectyelue to metal absorption for comparison with the radiatiasés plotted in Fig.
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TABLE III: Effective volume {/q5f), metal-absorption-limited loss coef cienaf,), Q-factor @Qm), and guided wave energy velocity: as a
function of the active region thickness at a nominal vacuusmelength of = 100um.

La (um) Vet (1 0=na)® Vefi=La (I 0=na)? am cm 1 C=Ng Qm
15 0.37 0.247 50.6 3.627 45
3 0.93 0.31 25.8 3.609 88
35 1.18 0.337 22.2 3.606 102
5 - - 15.5 3.601 146
7 - - 10.5 3.598 215

FIG. 14: EffectiveQ-factor due to metal waveguide l0$3, blue line) and effective energy velocity index( c=ng, red line) versus active
region thicknessl(y) for a 1D MIM waveguide with Au metal guiding layerslag = 100 um.

13:

_ Wo |
Qm_ms (4)

whereng is theglobal energy velocity of the mode in the waveguide amgdthe angular frequency of the mode. The energy
velocity is computed from

R
hS dz

" Wiz ®)
wherehS is the time-averaged Poynting ukWi the time-averaged energy density valid for a lossy, disperaediunt®, and
the quantities are integrated along the transverse withréction) of the waveguide. Fig. 14 shows the variatioQgfand
c=ng versus the width of the core region. This behavior is duedég#netration of the electric eld into the lossy metalligdas
when the active region is made thinfret®. The metal-absorption-limited propagation loss per warigth @) and Q-factor
(Qm) for active core region thicknesseslgf= 1.5, 3, 35, 5, and 7um are tabulated in Table Ill along with the effective mode
volume data. From this estimate we see that metal absorpsswill dominate the in-plane radiation losses ofyFdipole-like
mode of Fig. 12 for defect cavities of 95 periods or more.

In order to connect this work with that of more conventionBlIZTQC laser structures and measurements, and to determine
whether such thin double-metal waveguide structures ak ptactical, one must relate the calculat@dactors of Fig. 13 and
Fig. 14 to per unit length exponential loss coef cients. Tipical gains that can be achieved in THz QC lasers at100
pum are 20 40 cm 130 These values refer to modes whose energy velocity is appately equal to the phase velocity of
the bulk material. In thin metal waveguide structures thergyvelocity of the plasmon mode can be much reduced rel&tiv
that for a mode in a thick waveguide structure (see the digpeof Fig. 7(e)); however, for the MIM waveguide thickness
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considered herd{y 1:5um) the energy and core phase velocity are nearly equal andeted absorption loss coef cientap,
of Table Ill can be directly compared to measured gain caehts of conventional laser structures. Such comparisatisate
that for all but the thinnest waveguide structurg £ 1:5 um), laser action should be achievable.

V. CONCLUSIONS

In conclusion, we have described photonic crystal guidegevesructures tailored for quantum cascade lasers, in vahfak
TM photonic bandgap is present and lateral electrical tigeds possible. Laser cavity designs in both the mid-IR ahix
ranges of the electromagnetic spectrum were considereddé&kiéi ed candidate defect modes for lasing, and calcualdbeir
mode pro les andQ-factors. In addition, we have shown that it is possible -arrappropriate conditions - to implement high-
contrast photonic structure& the sole patterning of the top metal layer in THz QC lasertuféag double-metal waveguides.
Such photonic crystal structures are of particular intdimdaser structures due to the negligible damage thegdhice into the
active semiconductor layers and their reduced fabricatmplexity.
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