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Abstract:  We demonstrate a framework to understand and predict the
far-field emission in terahertz frequency photonic-crygtentum cascade
lasers. The devices, which employ a high-performance tvedeactive
region, are lithographically tunable and emit in the 104-fi& wavelength
range. A peak output power of 7 mW in pulsed mode is obtainetDat
K, and the typical device maximum operating temperature3is K. We
identify the photonic-crystal band-edge states involvetthe lasing process
as originating from the hexapole and monopole modes af tipeint of
the photonic band structure, as designed. The theoreticéield patterns,
obtained via finite-difference time-domain simulationse an excellent
agreement with experiment. Polarization measurementsidursupport
the theory, and the role of the bonding wires in the emissimtgss is
elucidated.
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1. Introduction

Compact sources of terahertz (THz) frequency radiationickvts approximately defined as
the region between 0.5 THz and 5 THz [1] - have potential &pgibbns in several areas of
science and technology including astronomy, environnientaitoring and bio-security [2].
The demonstration in 2002 of quantum cascade (QC) lasersitopgin this spectral region
[3] was an important breakthrough, and the QC laser is nownagrgent compact source for
narrowband THz radiation [4, 5]. Currently, devices witle thest temperature performance
[6] employ metal-metal waveguides, where the optical maedaighly confined between two
metal plates [7]. However, low output powers [8] and extrBmen-uniform far-field emission
patterns [9, 10] are major drawbacks of THz QC lasers fatgiteith such waveguides.

We have recently demonstrated a class of THz semiconduser Where a photonic-crystal
(PC) structure is written in the top metallization layer J[1This simple technology yields
lithographically-tunable, single-mode operation andudady narrow, but not always single-
lobed, surface-emission from metal-metal waveguideshiggaper, we provide a framework
for predictive far-field emission engineering for this das devices. Our far-field simulations
are in excellent agreement with the experimental results aéso explain the action of the wire
bonding on the emission pattern. First, we demonstrate pggformance THz QC lasers emit-
ting at 2.7 THz and operating up to 165 K. We then describeghgdation of surface-emitting
PC devices based on the same semiconductor material. A maaxioperating temperature
(Tmaxy Of 136 K is obtained, with peak output powers of 7 mW at 10 K admW at 78 K.
Finally, the far-field emission patterns and polarizatiars measured and compared with the
theoretical model.
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2. Active region quantum design

The active region is based on the three-well resonant-phaoiesign reported in Ref. [12].
This design yielded the highest maximum operating tempegdtl 78 K) for THz QC lasers
at a frequency of 3.1 THz [6]. The conduction band profile of stuucture is shown in Fig.
1. The frequency of the radiative transition (between kevehnd 3) is 2.69 THz by design,
corresponding tez 90 cni L.
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Fig. 1. Conduction band profile of two periods of the GaAg/AlGay gsAs QC heterostruc-
ture. The moduli squared and energies of the wavefunctiensteown. The wavefunctions
which are relevant to the laser operation are in color. Thaieg electric field is 12.5
kV/cm, i.e. 54.6 meV per period. The layer thicknesses - fitefnto right starting from
the injection barrier - ard.89.42.47.2/4.2/15.7 nm (The AlGaAs barriers are in bold).
The central 5.5 nm of the 15.7 nm-thick quantum well is n-@bpéth silicon to a level
of 5.0x10:6 cm3. The energy of the laser transitiond¥, its dipole matrix element z)
and the corresponding oscillator strengtiz)fare reported in the upper right corner of the
figure.

The laser heterostructure (wafer L207) was grown by moédgam epitaxy on an undoped
GaAs substrate. After a 250-nm-thick undoped GaAs buff@ria 300-nm-thick AjsGay sAs
etch-stop layer was grown, followed by an 80-nm-thick layeGaAs n-doped with silicon at
5x10% cm~3. The core consists of 226 stages of the active region of Figjving a total thick-
ness ofx 10 um. The growth was concluded by a 50-nm-thick GaAs cappingrlay-doped
at 5x1038 cm~3. Following growth, the QC wafer was thermo-compressivelyded with gold
onto an n-GaAs wafer following the procedure in Ref. [13]] &#me undoped substrate removed.
Laser ridges 80, 140, 200, and 3@ wide were then defined by contact optical lithography
followed by wet chemical etching down to the lower, thernoorpressively bonded, metal
layer. Ti/Au contacts (8/200 nm) were used as a top metétizaAfter backside polishing to
give an n-GaAs substrate thickness of 200, the devices were cleaved into laser bars (1.5 and
2 mm long), indium soldered to copper blocks, wire bonded,ranunted in a continuous flow
liquid helium cryostat for device characterization.

Devices were tested in pulsed mode (typically at 0.3% dutyedyat several heat-sink tem-
peratures. Figure 2 presents typical results obtainediur&ig(a) shows the light-current (L-1)
and voltage-current (V-1) characteristics. The threstooident density ) is 860 A/cnf at 10
K, and 910 A/crd at 78 K. A typical laser spectrum is shown in the inset to Figp) 2nd ex-
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tends over a broad range, from 2.25 THz to 2.73 THz, i.e. amiat of 480 GHz. Fig. 2(b) also
shows the laser current threshold density as a function atf siak temperature. An excellent
Tmax Of 165 K is obtained in pulsed mode, which is comparable tdithee achieved in Ref.

[6] when using gold, rather than copper, as the metal for theeguides.
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Fig. 2. (a) Light-current and voltage-current charactimssat different temperatures for
sample L207. The devices were processed as laser ridges, Bmgnand 20Qum wide.
The threshold current density is 910 A/€mt 78K (860 A/cnt at 10 K). The devices were
operated with 300 ns pulses at a 20 kHz repetition rate; tletewas achieved with a
liquid-helium cooled silicon bolometer, and using /1 egaliion optics. The peak output
power of these metal-metal Fabry-Perot THz lasers is tylgicathe sub-mW range. (b)
Laser threshold current density as a function of heat-gnkperature for a typical device.
Tmaxis 165 K. Inset: Typical laser spectrum at T=10 K

3. Photonic crystal design, fabrication and spectral chareterization

While this THz laser exhibits excellent temperature perfance, its far-field emission pattern
(data not shown) - as for any metal-metal THz QC laser - issexétly divergent [9, 14]. Here

we employ the PC technology demonstrated in Ref. [11] to@e this problem. The goal

is to operate the device on a band-edge state of a PC resatatos low group-velocity states

exist and lasing can occur. The optical mode is spatiallpciized over a large area, thus
leading to a reduced angular spread of the output beam [11].

An image of a typical device is shown in Fig. 3(a): the photmtiucture is defined in a tech-
nologically straightforward way by patterning of the toptaikc contact alone. The possibility
of doing this originates from the extremely high optical fisement achieved in metal-metal
waveguides [15]. The PC design is based on a trigonal laftigelemented as a triangular ar-
ray of holes in the top device metallization only (Fig. 3(&e photonic-band structure of the
infinite lattice has been calculated by solving the Helmetjmation in a 3D single-unit cell of
the triangular lattice, with Bloch periodic boundary cdiatis applied at the plane boundaries.
The resulting band-structure (Fig. 3(b)) allows one totitifie correct PC dimensions in order
to overlap spectrally the material gain with the regionsoél group velocity, where candidate
modes for lasing are expected to occur.

We have chosen to operate the devices atl#point band-edge states locatedagh =
0.33 in reduced energy (Fig. 3(b)), wheads the PC period andl is the wavelength. These
band-edge states are located above the light cone, anatawaaission should be obtained.
Figure 4 (central panel) shows a magnified diagram of thegstiotband-structure at thie
point around the region of interestat\ = 0.33. Six different states are present, whose electric
field distributions are shown in panels A-D. Note that baddeestates A and B are doubly
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Fig. 3. (a) Optical microscopy image of a typical device. Rt pattern is written into

the top metallic surface only. No semiconductor etch is ufi@dPhotonic band structure
for TM polarized light in the trigonal structure used for tperiments (see (a)), with an
r/a ratio of 2/9 (0.222). The calculation has been performechied dimensions, using
Bloch-periodic conditions applied at the unit cell bounesr The metal is approximated to
be perfect, and the active region is modeled with a purelyaféective indexng ¢ = 3.6.

degenerate. In the figure the degeneracy is lifted slightiyg to numerical inaccuracies in the
simulations.

We have fabricated a series of devices with PC periadsanging froma = 34 um to
a = 389 um These values were chosen in order to overlap the materialspactrum with
the band-edge states at theoint. Ther /aratio has been fixed at 0.22, wheris the PC hole
radius. The devices comprise ten PC periods from the ceftreeanesa (see Fig. 3(a)). Ab-
sorbing boundary conditions are implemented at the deaoedharies following the procedure
described in Ref. [11], where the crucial role of the bouretais demonstrated. Typical laser
spectra at T=78 K for several devices are shown in Fig. 5(a¢. dmission is collected from
the device surface using an f/2 parabolic mirror. Two mairdeso(marked with dotted gray
lines) are evident, which clearly tune with the PC periodteNthat the spectra are acquired at
the maximum output power, which might explain the preseri@ditional, weaker emission
peaks in some of the spectra. In fact, at lower injectionenis, close toy, the laser emission
is always single mode. The origin of the additional, weakaission peaks is unidentified at
present; they might result from imperfections in the desice

Figure 5(b) shows a typical L-V-I characteristic at liquittagen temperatures (T=78 K) for
a PC device. The peak output power reaches 4 mW (7 mW at 10 K9ryndsed operation,
and the maximum operating temperatupgis typically 136 K. The Thaxfor the PC devices
is 30 K lower than for ridge devices. We do not yet have a défeéxplanation for the reduced
Tmax Of the PC devices compared with ridge lasers fabricated tivittsame epitaxial material;
this might originate from the higher losses of the PC devarefsom the non-uniform current
injection resulting from the top metal geometry.

4. Mode identification based on the spectral characteristie

Figure 5(a) shows that the PC resonator mainly supportsaseiag modes, whose frequencies
tune with the photonic-lattice period. The distance betwine modes is 13% of the central

frequency, which is larger than the typical THz QC laser dendwidth. However, we have

shown in Fig. 2(b) (inset) that the three-well QC structusediin this work gives a larger than

usual bandwidth. This is the reason why three of the fale@®C devices (corresponding to
a= 36.8 umto a = 38.2 um) can lasesimultaneouslyn both resonator modes.
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Fig. 4. Central Panel: Magnified view of the photonic bandatire around th€ point,
with the reduced energy corresponding to the fabricatedcedsvindicated. The electric
field distributions (§) of the band-edge states located at Ehgoint of the photonic band
structure (labeled A, B, C and D) are also shown. The calicuidtas been performed for
an infinite, periodic lattice with £ i.e. the electric field normal to the plane, shown as a
color-scale. The area surrounded by the dotted black lioesgponds to the unit cell used
in the calculation, and the values of the field at the centéh@factive region are shown.
The circles correspond to the holes in the top metallizafidre band-edge A (bipole) and
B (quadrupole) are doubly degenerate. The band-edge Crbleyand D (monopole) are
non-degenerate.

In order to identify which band-edge states A, B, C or D (Figare lasing, it is instructive
to plot the spectra in reduced units, as shown in Fig. 6. Thekbtlashed lines represent the
predicted position of band-edges C and D (in reduced fregyuanits) as a function of the
PC period. The calculation is performed in 3D using a unitwéh Bloch periodic boundary
conditions. The predicted and experimental tuning ratesravery good agreement, thus pro-
viding a first indication that the mode afA = 0.315 is the hexapole mode (band-edge C) and
the mode at/A = 0.360 is the monopole mode (band-edge D). This conclusionbeilton-
firmed in the following sections by careful analysis of eaelide’s far-field emission pattern
and polarization. (Note: the agreement between predictdceaperimental spectral positions
of the modes is only fair, since the experimental splittis@pproximately 35% larger. This
can be explained by the simplifications employed in the nizaksimulations, which were im-
posed by its 3D character. A perfect metal was used, the wgped layer below the metallic
contacts was neglected, and the hole dimensions and shapaswgplified).

The deviation of the band-edge D mode from the ideal behawdgh = constantcan be
explained intuitively. The laser active region thicknesdixed and does not change with the
PC lattice spacing. As a consequence, the linear scalirigalypf photonic crystals - which
yields the 'a/A = constant principle - is not valid in our case, and the effect on all reeds
not identical. The modes whose electric field is mostly lizeal below the metallized regions,
such as the hexapole mode (C-mode), will be almost unatfestace the effective index of
a metal-metal waveguide is largely insensitive to its thiess. On the other hand, the modes
with a large concentration of energy below the non-metadliegions (such as the monopole
mode, see Fig. 4) will be more sensitive because penetratiothe air-cladding does depend
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Fig. 5. (a) Laser spectra at T=78 K for different values of B period,a. In each case,
injection currents were used that gave the highest laspubpbwer. The spectra - which
are offset for clarity - were acquired using an FTIR specttan operating in rapid scan
mode with a resolution of 0.125 cr and a DTGS far-infared detector. The PC principally
supports two modes. (b) L-1 and V-I characteristics at a{sedt temperature of 78 K of
a PC device. The lattice period is 364in, and the Thax was 136 K. Other lasers with
different PC periods all exhibit anfax higher than 127 K, except for the device with period
38.9um, which lased up to 110 K. (c) Temperature dependence ofriies®n frequency
of a PC laser with a period equal to 382 (red curve). A temperature tuning of 8 GHz
was obtained between 10 K and 130 K. At low temperature, thelinear temperature
tuning can be explained using the static variation of theamive index of the GaAs. The
black line represents the numerically calculated emisgmauency using the temperature
dependence of the static refractive index of GaAs.

on the structure thickness. The clear deviation of mode Dign & from thea/A = constant
line therefore corroborates its identification as the mat®mode.

5. Wavelength tuning with operating temperature

Figure 5(c) shows the variation of the laser emission fraqu®f a PC deviceg = 38.2 um)
with heat sink temperature. The non-linear variation of tdrperature tuning rate (mainly
for temperatures below 40 K) has been already observed &trdiider distributed feedback
THz QC lasers [16]. It originates from the temperature depece of the refractive index
of GaAs. Unfortunately, to the best of our knowledge, corgbtiata on the low temperature
index of GaAs at THz frequencies is not available. Howevear,ftequency dependence of the
refractive index should be very low below a material’s Rasten band, allowing the use of the
static index [17] instead of the dynamic one. In Fig. 5(ck biack solid line represents the
lasing frequency calculated with a 3D Bloch-periodic nuicersimulation. The laser active
region was modelled as a bulk GaAs slab, with its static o#ifra index depending on the
heat-sink temperature. The global trend of the experinieata is in good agreement with the

#106640 - $15.00 USD Received 21 Jan 2009; revised 3 Apr 2009; accepted 5 Apr 2009; published 22 May 2009
(C) 2009 OSA 8 June 2009/ Vol. 17, No. 12/ OPTICS EXPRESS 9497



Calculated Calculated
Band-edge C Band-edge D

: A a=38.9um
.' A a=38.2um
: “ a=37.5um|

~ A__ a=36.8um
a=36.1um

il

—

:

. a=35.4um|

%

. a=34.7um|
“ ! N\ : a=34.0um

T I. T T = T T T
030 031 032 033 034 035 036 0.37 0.38
Reduced energy (a/ 1)

Fig. 6. Laser spectra at T=78 K for different values of the R@qul (as in Fig. 5(a)), plotted

in reduced frequency units(A). The dotted lines correspond to the predicted spectral
positions of the band-edge C (hexapole) and the band-edgedbopole) modes. The
spectra are offset for clarity.

simulations. The observed, tiny frequency difference leetwtheory and experimentis possibly
a result of the slight difference between the static and thieeh GaAs refractive index.

6. Mode identification based on the far-field properties: nunerical simulation details

The far-field emission patterns of the devices have been ricatlg simulated using the formal-
ism developed in Refs. [18, 19]. The near-field of the diffélegand-edge modes of the finite-
size PC resonator was obtained using a 2D finite-differeinoe lomain (FDTD) simulation
[20], performed using a freely available software pack&dEEP) [21] (Figs. 7a, 8a, 8e). The
detailed 3D structure was replaced in an effective index@pmation by an index gy =3.6 for
the metalized regions, and by an index #¥2.8 for the holes. These values correspond to the
real part of the effective index obtained by 1D simulatiohthe exact vertical structure. The
value 3.6 corresponds to the index of the fundamental dpticale in a 10gm-thick, metal-
GaAs-metal structure. The value of 2.8 corresponds indtead air-GaAs-metal structure of
the same thickness. The simulated region is typically aregbdur’s absorbing boundary con-
ditions were implemented by surrounding the PC hexagonattsire with a 'layer’ of index
n=3.6 terminated by a perfectly matched layer (PML). Thiscedure guarantees that the en-
ergy emerging from the PC edge will travel without reflectioto the surrounding layer, and
will impinge the PMLs [22].

In order to calculate the far-field emission pattern, we rteedransverse electric and mag-
netic field components in the device near-field. These vauesot provided by a 2D simula-
tion. We therefore employed the following approximationce the top metallization is much
thicker than the metal skin depth at the laser wavelengik,riéasonable to assume that the
energy can flow out from the holes only. We have thereforelsetransverse magnetic field
to zero in the metalized regions, and only the field insidebles is employed to perform the
near-to-far-field transformation using the standard Fetransform approach [18, 19]. The
validity of this procedure has been tested by performingtie8D simulation on a few band
edge modes; the far-field patterns obtained within the 3Da@ggh show no significant differ-
ence from the 2D simulations described above, which havadlantage of requiring a much
lower computational power.

Two kinds of simulations have therefore been used througtinisiwork. The infinite, pe-
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riodic system has been modelled with 3D finite-elements kitimns using Bloch-periodic
boundary conditions (see Fig. 1). However, the finite systéra PC cavity) has been anal-
ysed using 2D FDTD simulations. The two strategies are cemphtary: the objective of the
3D simulations is the determination of the photonic bandcstire, and of the frequencies for
the relevant band-edge states at Erpoint of the photonic dispersion. The 2D simulations
allow the calculation of the far-field emission patternsshbuld be noted that the 3D simu-
lations were simplified in order to reduce the computatiqgumaler required: a perfect metal
approximation was used, and the thin top and bottom coragetr$ neglected. However, the
optical feedback in this kind of PC structures is mainly gil®y the mismatch between the
guided modes existing in the metallised and non-metallisgtns, and not by a variation of
the refractive index. The 3D character of the band-striecsimulations correctly accounts for
this effect. In contrast, the 2D simulations do not provideaacurate prediction of the lasing
frequencies of thénite structure. They rely on an effective index approximatiod do not
capture the true nature of optical feedback. However, tlieyedroduce correctly the symmetry
of the modes, and are therefore ideally suited to simulaeévice far-field emission. The far-
field patterns in fact depend on the geometry and on the symmithe mode over the whole
structure, and not strongly on the lasing frequency.
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Fig. 7. (a) Electric field distribution (Ecomponent) - obtained with a 2D FDTD simulation
- for the band-edge hexapole mode labeled C. The size oftidaion field is 800 x 800
um?, and it encompasses the whole device surface. PML layemared at the boundaries
of the simulation field. (b) Calculated far-field profile fdret hexapole mode represented
in (a). The far-field has been obtained using the transveegmatic near-field in the metal
holes only. The field outside the holes, i.e above the metédce, was assumed to be zero.
(c) Experimental far-field pattern of the modesgh = 0.315. The measurement has been
performed at 78 K by scanning a Golay cell detector at a cahdiatance from the laser.

7. Mode identification through the far-field properties: experimental measurements and
analysis

The far-field patterns were collected by scanning a roonptrature Golay cell detector with
a 2 mm aperture on a 6-cm-radius sphere centered on the déhiee = 0, 6 = 0 angle cor-
responds to the direction orthogonal to the device surfaicpire 7(a) shows the theoretical
near-field for a PC device operating on the hexapole modell&bC in Fig. 4. The Ecom-
ponent of the field is shown. The corresponding calculateéid¢ld, obtained by the procedure
described above, is shown in Fig. 7(b). Figure 7(c) showiperimental far-field pattern of
a PC deviced = 36.1 um). The agreement with theory is good and we assign the emissio
the hexapole mode. The mode symmetry and the angular valeedaectly reproduced, al-
though the experimental far-field exhibits an asymmettierisity. The emission @/A = 0.31
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Fig. 8. (a) Electric field distribution (Ecomponent) - obtained with a 2D FDTD simula-
tion - for the band-edge monopole mode labeled D. The hig@dsictor mode is shown.
(b) Calculated far-field pattern obtained from the neadffgbfile in (a). (c) Experimental
far-field pattern of the mode a&/A = 0.36. (d) Optical microscopy image of the meas-
ured device. The red circles mark the position of the holesked by bonding. (e) £
obtained with a 2D FDTD simulation - for the band-edge monepoode labeled D when
the presence of the bonding wire - as shown in (d) - is takemantount. Unlike (a), the
envelope function now exhibits a nodal line. (f) Calculatadfield pattern obtained from
the near-field in (e). The experimental far-field profile &)n excellent agreement with
theory when the effect of the bonding wires are taken int@aict

is therefore identified.

For the emission a&/A = 0.36, which we have assigned to the monopole mode, the theo-
retical near-field is shown in Fig. 8(a) and the correspogdimculated far-field in Fig. 8(b).
However, the experimental far-field pattern of a PC devicerafing ata/A = 0.36 is quite
different (Fig. 8(c)). To understand this result, it is innfamt to take into account the position
of the wire bonding which covers a few holes in the PC pattasnshown in Fig. 8(d). The
presence of the bond wire can be implemented in the simakby assuming that it fills some
holes with metal: a hole covered by the bond wire simply exfian effective index of 3.6
instead of 2.8. Figure 8(e) shows the electric field norm#héophotonic crystal plane gEfor
the same device as Fig. 8(a), but in the presence of a cemndlity wire. The represented
field corresponds to the mode with the highest Q-factor. Tmeesponding theoretical far-field
emission pattern is shown in Fig. 8(f); it is in excellentegmnent with the experiment, and
confirms that the mode emitting atA = 0.36 originates from band-edge D.

The device electromagnetic near-field is composed of aadlyatapidly oscillating part -
which stems from the symmetry of the band-edge state - andstfvdy varying component
which can be seen as an envelope function. The latter is thpaoent that is affected by
the presence of the bonding. In particular, for the devicerafing on band-edge D, in the
absence of bonding (Fig. 8(a)) the envelope function showaadal points, whilst when a
central bonding is applied, a nodal line appears (Fig. 8(H))s phenomenon explains the
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experimental results for the monopole mode (Fig. 8), butrarkably - it is not relevant for a
device operating on the hexapole mode (Fig. 7).

It should be noted that the possibility of lasing on a monepobde is a peculiarity of this
system, where no holes are etched in the semiconductoriedakert only in the top metalliza-
tion. Optical gain is therefore preserved in the regionsrein® top metallization is present.

8. Polarization measurements

The polarization in the far-field was measured by scanningliaiin-cooled silicon bolometer
on a plane parallel to the sample surface, at a distance o] 2vith a polarizer placed just
before the bolometer input window. For each point, four mearments were acquired: the po-
larization angle of the maximum signal and the correspandatue (imay; and, the polarization
angle of the minimum signal and the corresponding valig)( In Figs. 9(a) and 9(c) (exper-
imental measurements) the directions of the arrows cooreso the electric field directions,
whilst the lengths represent the polarization ratio, aevd:
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Fig. 9. Polarization in the far-field: a comparison betweleeoty and experiment. The
arrows represent the electric field direction. (a) and (opsexperimental data for devices
operating on the hexapole (C) and monopole (D) modes, régplgc One point in two
has been measured, the other points are obtained throwgpatdtion. The directions of
the arrow correspond to the maxima of the electric field pmddions. The length of the
arrows represent the ratio= (Imax— Imin)/(Imax—+ Imin). The greater the length of the
arrow, the closer the polarization is to linear. The dottedd are guides to the eye. (b) and
(d) show simulations of the far-field polarization for thexhpole and monopole modes,
respectively, taking into account the bonding. The lendtthe arrows represents in this
plot the calculated farfield intensity (r values on the rigbdle) normalized to one.
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(Note: one data point in two has been measured for each exésofher data-points are ob-
tained through a linear interpolation). The longest arrowgcate a mostly linear polarization.
Figures 9(b) and (d) show the theoretical polarization eftl1-field, calculated using a similar
procedure. For the hexapole mode (band-edge mode C), aldixsymmetry can be clearly
identified. The radial directions of polarization are highted with red dotted lines and are
present in both the experiment and the numerical simulgtiBar the monopole mode (band-
edge mode D), the comparison is more difficult, but two atibagoints (circled by red dashed
lines) can be clearly identified in both the experimentahdatd the simulations. The quali-
tative agreement between the theory and the experimentaiization measurements further
strengthens the case for identifying lasing as occurrintherhexapole and monopole modes.

9. Conclusions

We have shown that it is possible to engineer the far-fieldsioin pattern of THz PC QC lasers
predictably. A theoretical framework has been developeldgplied to high-performance THz
heterostructure lasers, which have metal-metal waveguedenetries and operate &t 2.7
THz. The PC QC lasers operate up to a temperature of 136 K.&dhwts also show that the
presence of the bonding wires has an important effect onahéield emission and must be
taken into account. However, since the effect of bondingsvis predictable, this can also be
exploited as a tool to engineer the emission pattern.

Future work will focus on the development of PC THz semicartdulasers emitting from
the surface into a single, narrow lobe, and on the reducfitmeanjected power. The combina-
tion of good performance, controllable emission propsrdied relatively simple technological
implementation suggests that this device architecturesedh@n metallic PCs - could prove
invaluable for commercial exploitation.
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