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Abstract: We report the developmendf on-chip optical components designéd improve the out-couplingf
double-metal terahertz (THz) frequency quantum cascade lasers (@Clsjble reshapingf the optical beanis
achieved, independemtf the precise waveguide configuratiolby direct incorporationof cyclic-olefin copolymer
(COC) dielectric optical fibers onto the QCL facet. A major improveniefitirther achievedby incorporating a
micromachined feed-horn waveguide, assembled around the THz QCintagchted with a slit-couplein its first
implementationwe obtain a + 20° beam divergence, offering the potential for-éffitiency radiation coupling from
a metal-metal waveguide into optical fibers.

1. Introduction

Whilst the visible, infrared and microwave rangdsthe electromagnetic spectrum benefit from established signal
routing and processing components, the terahertz (THz) frequearye rstill requires a suitable framewook
equivalent components. The particular length scale that characterizesrafliidtion makesit unclear whether
passive components and circuitnythis range shoulble developed mimicking optiosr electronics. Limitations come
partly from the lackof highly transparent materials, and partly from the difficaifyfocusing and routing radiation
from andto components that are smaller than the wavelergtherms of sources, despite their need for cryogenic
cooling, THz quantum cascade lasers (QCLP]1,are the only high spectral purity [3] solid state sources dhat
provide hundred®f mW levelsof powerin the 2-5 THz band [4, 5]. On&f the key issuegh THz QCL technology
is, however, the divergenaef the outcoming beamsn a standard edge emitting configuration the radiai®n
emitted in a beam with approximatel80° divergence for single-plasmon waveguides [6], wherraglmost
isotropic emission, ricin fringes,is seen for the cas# double-metal [7] waveguides.

This is principally dueto diffraction at the subwavelength-sized laser facet, and interference between emissions
from the two cleaved facets. Low divergence double-metal devices ween realized over the last few years,
principally by exploiting lithographic approaches based engineering third-order distributed feedback gratings
[8], plasmonic collimators [9], circular resonator approaches éotical emission [10], photonic crystals [11] and
quasi-crystals [12].

Although very effective, these approaches opestta fixed frequency, whilst manipulatioof multimode or
broadly tunable single mode sourcés often necessaryto address specific spectroscopar metrological
applications. As alternative broadband solution® improve the beam quality and reduce the impedance
mismatch between the waveguide and free space, hyperhemispherical Isitises [13], three-dimensional {14]
or planar horn antennas [17] and patch antenna arrays [18] haveiopased. The approaches repoitefll4-16]
provide reduced divergencef the output beam through assemblyan external component aligned the laser
facet, while the monolithic solutions [17, 18] provide a more divergent beam but with the advantdge planar
processAs an alternative possibility onean consider high coupling efficiency THz waveguidesmode cleaners.

THz waveguides have already been demonstriiie@d numberof implementations including parallel plate
waveguides [19], thin metallic wires [20] and dielectric optical fib@E].

Recently, hollow core waveguides, with a sequence of different metallidielectric inner coatings, with
transmission losseas low as 1.5 dB/m [2224], have been coupled with linearly and azimuthally polarized THz
QCLs or stitchedon the QCL facet[25]. Alternatively, direct coupling of a single-plasmon THz Q@la polymeric
optical fiber madeof cyclic-olefin copolymer (COC) has been reported [26], enabling nargoef the output beam
shape.

Despite the clear advantagés,all the mentioned approaches the large impedance mismatch betwe®Clth
and the waveguide itself, limits the rangieapplicationsof this combined coupled system, even more when a double
metal QCL waveguidés consideredAn efficient, impedance matched couplinf a THz source withan external
waveguide would open up new possibilities for present THz sgstem

In this work, we address this issuby designing and developing a novel approdshcouple THz radiation
from a double-metal QCL int@an onchip hollow rectangular waveguide feeding a triangular horn, with th
specific aim of optimizing the optical beam divergencBy comparing this approach with a simpler external
waveguide couplingwe show improved out-coupling with respect to a COC fiber- mligouble-metal THz QCL.
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2. Direct coupling of a double-metal THz QCL to a polymeric optical fiber

As a first step, following the same approach of our previcark \26] we glued a sectionf a COC optical fibeto the
facetof a double-metal THz QCL. COC was selected becafists high transparencyn the THz range [27] (with
absorptionof only ~1 cm*at 3 THz and a refractive indexf 1.52) andts low temperature thermoplastic character
that makests processing compatible with THz QCLs. The optical fiber was faledchy hand-drawing from a
crucible of molten COC, obtaining about 1 af fiber with a diameter betwee&00 pm and 500um. A 7 mm long
fiber section, with a 30@m diameter, was then cut with a razor blade and attatchte: laser facet (see schematic
in Fig. 1(a)). The assemblyf the optical fiberon the laser was performday heating the laseto 130°C and then
letting one endf the fiber melt onto the laser facet. The QCL employed h&d am thick active-region, basemh
the three-well design (wafer V569) reportéd [28] and was processed into a 1@én wide double-metal
waveguide. The measured emission spectra showed multi-mode enaisaiocentral frequenayf 3.1 THz.

Fig. 1. (a) Schematic diagram showing a dielectberfiattached to the facet of a double-me&p&lL; the spherical reference
frameof the far-field apparatuis also indicated.
(b,c) Far-field emission patterof a single-plasmon THz QCL without and with a couglbdr, respectively
(d,e) Far-field emission patterof the double-metal THz QCL without and with a coupléitber, respectively. The
color scale represents normalized angular power gensit

Figure 1(a) shows the orientatimf a sample with respedb the spherical reference frame, and a schematic
of a laser coupled with the optical fiber section. Figure 1 showsctiaparison between the far-field patterns
obtained for the single-plasmon THz QCLs (see Figs. 1(b)-1#éc)), a double-metal QCL (see Figs. 1(d)-1(e))
having identical dimensions (106 x 1mm) with and without couplingp the fiber. Intensity measuremeritsthe
far-field were performedby scanning a 3nm diameter pyroelectric detecton a plane paralleto the laser facet, at
about 7 cm distance.

The data were then mapped into spherical coordinates and cortecéedount for the varying distance and
orientationof the detector with respeti the laser facetn the single-plasmon QCive observed a 50% reductiomn
the beam divergence owintp the radiation being coupled into one eofl the fiber, guidedby total internal
reflection and then emitted from the opposite end, without stray radiekiting the fiber. When a double-metal
waveguides employed, the situatiols complicatedby the fact that the QCL hasvery broad far-field emission (see
Fig. 1(d)) andis normally multimode. The critical angle for total internal reflectionthe fiberis 41°, thus not
all the light emitted from the double-metal wavegua be guided through it. This lead® stray emissionst
large angles, with clear interferentethe far-field dueto radiation emitted from the rear facet and the presefnce
multiple optical modes. Despite a clear beam narrowing being visitile the comparison between Figs. 1(d) and



1(e), the beam profile achievad still far from the single-lobe shape seen for single-plas@@is. The direct
coupling technique heris therefore less effective owing to the inherent fundamental limitations pgstbeé double-
metal resonator geometry.

3. Design and fabrication of waveguide couplers

To overcome the limitationef the direct couplingf THz radiation into a fibenve introduced additional waveguide
components that were assembleachip on the top of double-metal THz QCLs, with the double purposke
reducing the facet reflectivity and improving the power extracti@n avarge frequency band.

Our extractoris composedf three parts: a seri@d slits patternedt the endof the laser top contact (slit coupler),
a metallic waveguide section (feeder) assembletbp of the laser itself, andn adiabatic expansionf the feeder,
forming a horn that radiates inan optical fiber or, alternatively, into free space. This external compaoerining
the feeder and horn wibe called a waveguide couplein the following. Although the final goalf this deviceis to
couple radiation into a COC optical fibave here reporbn a waveguide coupler designéa radiate into the free
space, leaving the fiber coupliras a future development. Figure 2(a) shows a scheroétibe device, drawas a
sectionof the assembly along a plane passing through the middree laser ridge. A standard double-metal process
was employed for the fabricatiasf the QCL ridges. The active region (wafer L1023) was basethe three-well
resonant photon design that was successfully exploiteachieve lasingup to 200 K [29], with thelO pum thick
active region processed into 10fh wide laser ridges using wet etching. The devices have one cleave@rdcene
etched facet. The top Cr/Au (10/200 nm) contact was patterned wthardide closest to the etched facet by opening
four rectangular slits.

To design the waveguide couplere employed a commercial software package (COMSOL multiphy$ics)
perform finite element simulationsf the electromagnetic field distributioh.is important that the feeder section has
the correct thicknessp that the surface plasmons the metallic wallof the feeder can couple with the electric field
leaking outof the slit coupler and the laser facet.

The feeder was designed with18 pum height. The slits have a pitaff 42 um and their respective widths,
starting from the slit closedb the etched facetf the QCL are 14/10/12/9um. These apertures, together with the
laser facet itself, are designemlwork asa directional coupler when the QCL waveguiglputin close proximity with
a metallic planen top of the ridge, whichis providedby the feeder [26]. The slit widths were optimized thro@gh
finite elements simulationsf the QCL coupledo the feeder. Figure 2(b) shows the frequency dependsnite
simulated facet reflectivity and coupling coefficients. The forward couploefficientis definedas the fractionof
power coupledn the directionof the horn, while the backward coupling coefficient indicates the fracfigpower
coupledin the opposite directiorit canbe seen that the facet reflectivity lies belewdB in the 2.8-3.25 THz band.

Also, the forward couplings always greater than the backward coupiimghe same band. The power reflection
coefficientof the horn aperture radiating into free sp&c@.25 accordindo our simulations. The waveguide coupler
was micromachined into bulk GaAs/ wet etching usingn HSQw:H202:H,O (3:3:10) solution. Scanning electron
microscope (SEM) images the couplers are shown in Figs. 2(c)-2(e).

Each feeders 200 um wide and20 um deep, ands followed by a staircase that forms the horn, tiatturn leads
to the output aperture. The staircase shape was obtéiddn iterationsof UV optical lithography and etching.
Dependingon the relative orientatiorof the lithographic mask with respett the GaAs crystal, different etching
behaviors were obtained. Figure 2(c) sha@msarray of waveguide couplers oriented along 194 1) direction, while
Fig. 2(d) reproduces orientations along ¢b&1) direction.

In the two cases, the wet etching undercut behaves differently. FoR(E)ga flat-bottom horns obtained for
every etching step and a large lateral undesctdrmed, therefore posing a limitn the maximum achievable depth
of the horn dudgo mechanical instabilityof the photoresisin the undercut region. Conversely, Fig. 2(d), therds
negligible undercut, and the horn demow limitedby the precise positioat which the trench sidewalls meedch
other at the apexof a triangle.We have fabricated couplers exploiting both geometrical configuratianisoth
cases, the horns are produdedlarge arrays (see Fig. 2(c)) with the same piashthe QCL ridges(500um),
metallized withan evaporated Cr/Au 10/206m coating, and then cleaved chips containing two couplersach
(see Fig. 2(d)). Finally, the double horn chépflipped upside down and mounted onto the Q@Lhand. Figure
2(e) shows the final device configuratian, which two laser ridges are inserted into the waveguide sectitire of
couplers.

To combine together the coupler and the QCL we glued them by leakiicgl gghotoresist into one of the two
waveguide couplers (right-side coupler in Fig. 2(e)). This was asthiafter the QCL chip had been indium-soldered
on a copper mount, wire bonded and tested. Capillary forces, operating befophotoresist is baked, center the
waveguide couplers on the laser ridges along the x direction (perpentticilariaser ridge).

Along the y direction (parallel to the laser ridge) the alignment of theeguade adapter and the QCL is manual,
and can result in two different configurations, schematically shiowkigs. 2(f) and 2(g). In the first case (see Fig.
2(f)), the slit-coupler patterned at the edge of the QCL is inserted insidertheftibe waveguide coupler, providing a
lower coupling to the feeder, while in the second geometry (see Fiy.iig located inside the waveguide section,
allowing the feeder to be coupled with the QCL, as designed.
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Fig.2. (a) Device schematics: yellow areas indicate metallmurfaces, gray areas correspoo@aAs.

(b) Simulated reflectivity, forward and backwarmbpling coefficientof the waveguide coupleasa functionof the
frequency.

(c) Scanning electron microscope (SERpageof anarrayof waveguide couplers aligned along {fé1) direction prior
to cleaving.

(d) SEM imageof the cleaved chip containing two waveguide coupiigned along th¢011) direction

(e) SEM imagef the final assembly, taken from the cleaved facet side

(f,g) Schematicef two alternative alignment configuration§the slit-coupler with respetb the feeder and the horn,
respectively.

4, Results

Three different device architectures were developed and testedleSarigpa double metal QCL with patterned slit-
coupler; sample Bs a double metal QCL embedded (with patterned split-coupler) b&lewwaveguide coupler
shown in Fig. 2(c) and assembleidn the configuration schematically sketchiedFig. 2(f). Sample C exploits the
waveguide coupleof Fig. 2(d) and assembly configuratiai Fig. 2(g). All results refeto the photoresist-free
device (the left devicein Fig. 2(e)), as optical absorptionin the waveguide coupler ledo worse overall
performance for the devices filled with photoresist. For each Isamyp measured the light-current-voltage (LIV)
characteristics and far-field patterns. Emission speatr@amples A and C were collectéa rapid-scan mode
employing a Fourier transform infrared spectroscopy systiéms worth mentioning that the assembbf the
waveguide coupleon the QCLis achievedby gluing it with photoresist, meaning thit is a reversible process
which allows oneto disassemble the coupler without damaging the QCL ridge siroplyemoving the photoresist
with acetone. The three samples reported here share the sam@QdlHzevice, sequentially assembled with two
different waveguide coupler§Ve also tested the QCL without the waveguide coupler before and aftesetiof
measurements presented here, findinglifferencein the LIV curves, therefore confirming that the coupler assembly
and disassembly process does not introduce any datoate THz QCL, and preserves its electrical and optical
performance.

4.1 Far-field patterns

The far-field patterrof each sample was measuirdhe same experimental setup describedection2. The detector
distance from the sample was $et4 cm in orderto maximize the experimental angular range. All measurements
were performedn a closed-cycle refrigerator with samples biased with 2®@ulsesat a 50 kHz repetition rate.
Figures 3(a)-3(c) show the measured far-field pattevhsamplesA, B and C, respectively. The color scale
represents normalized angular power density. Figures 3(d)-3(f) #hewsimulated electric field profileof the
coupled waveguide mode that radiates into free spactie caseof sampleA, the electric field profile corresponds
to the fundamental QCL waveguide mode, whitsthe caseof samples B and C the horn modedominating. The
two different mounting configurationsf samples B and C (Figs. 2(f) and 2(g), respectivdly)not affect which
horn modeis excited. Sample A exhibits the typical double metal far-field pattéth,an emission spanning a broad
angular range, especially the vertical directionln this case, the signalt negative angless almost absent because
emission takes place froen etched, rather than a cleaved facet.
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Fig. 3. (ac) Far field emission patternef samples A (a), B (b) and C (c). The anguleference frame and color scale
correspondto thosein Figs. 1(d)-1(f) electric field profilesf the waveguide modes that radiate into free space for
samplesA, B and C respectively. Thgreen borders represent perfect electric condudteesblue lines are the electric
field lines, and the color scale represents the ampliafdie electric field.

Sample B had a waveguide coupler terminating with a @B 25 pm horn (see Fig. 3(e)). Its far field pattern
extends approximatel$0° in the horizontal direction and 6@ the vertical direction, with numerous interference
fringes in the vertical direction. The broad (narrow) angular emissiomespondsto the narrower (broader)
waveguide dimensionsn the caseof sampleC, the far field emissions more symmetric and has a full divergence
at half maximumof about40° without fringesat high angles. This results from the field distributionthe triangular
horn aperture, pictureth Fig. 3(f), which goedo zero at the apexof the triangle dudo the boundary conditions
imposedby the metallic wallson the tangential field components. For completenéstouldbe mentioned that the
modes picturedn Fig. 3(e)-3(f) are not the only ones that damexcited over the frequenayf operationof the
QCL (see section 4.3). However, the polarization of the eledtdid imposedby the intersubband transitioms the
QCL (z direction) excludes excitatioof modes withan electric field polarized along the x direction, and the position
the laser ridgen the centeof the horn favors excitatioaf modes with a maximurat x = 0. Thus, whilewe cannot
exclude the presenad excited higher order modésthe hornwe cansafely conclude that the modes depidtedrigs.
3(e)-3(f) are the dominant ones. Tiésalso confirmedy the fact that the far field patterns are single lobed and with a
maximumat the origin.

4.2 LIVcharacteristics

Figure 4 shows the LIV characteristiasf samplesA, B andC, respectively. The measurement was perforrimec
closed cycle refrigeratoat a temperatur®f 10 K, collecting the light using a pyroelectric deteqt®mm diameter)
at about 5cm distance from the laser facet. The device was drrgmulsed mode with 208s pulsesat a 25 kHz
repetition rate.

In orderto maximize the collection efficiency, the absolute power levels shiowhe plots were obtaineby
integrating the far-field patterns. While this leasa collection efficiencyf almost 100% for samples B ad@j
for sample A this valués lower because the far field extends beyond the collection rahgerr apparatuswWe
believe, though, that the power levelssamples A and B are approximately the same. Sampmle t@e other hand
exhibits a maximum power level th& approximately half thabf sampleB, with a slope efficiencyof about
20mWI/A. All samples operatap to a heat sink temperatucé ~130K. The threshold current measured for samples
A and B are consistent with that observed for cleaved devices, mahainghe presencef the slitson the top
contact does not affect mirror losses significantly when the @@Xeguideis not coupled with the feedef the
waveguide couplerOn the other hand, sample C has different threshold dynamics. Whilst lagioenstartsat
the same current valum samples A andB, the emitted power immediately drops the current increases and
then rises againiVe ascribe this behavido the increased mirror losses within the waveguide coupler bandeidth
to the interactiorof the slit extractor with the feeder, as explained in the next section.
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Fig. 4. Light current voltage (LIV) characteristies samplesA, B andC. The devices havebeen drivenn pulsed mode with
200 ns wide pulsesat 25 kHz repetition rate, and cooled 10K in a closed cycle refrigerator.

4.3 Emission spectra

We measured the emission spectfasamples A and C using a Fourier-transform infrared speetesraquipped
with a silicon bolometer cooledt 4 K. The samples were cooléd 20 K in a liquid helium flow cryostat and
driven in pulsed mode, with 20@s pulsesat a repetition ratef 5 kHz.

Figures 5(a)-5(b) show the normalized specdiasamplesA and C, respectively, measuredt different current
levels. Sample A has a multimode emission from 3.05 #H2.48 THz across the whole bias range. The different
modes, equally spaced, correspdodiongitudinal Fabry-Perot modes associated with the same transveds® m
This wide-ranging emission reflects the broad gain spectiitihe active region. Sampl€, on the other hand,
shows a less rich spectruft threshold, the device emits almost single mode, with wfote power concentrateat
3.34 THz, a mode that absentin the emissionof sample A but whose positiaa consistent with the multiple
spacingof its Fabry-Perot modes. This mode remains dominant acrossahtis¢ bias rangeOn the contrary, the
spectrumof sample Ais more unstable, with optical power redistributing across differmodesas the bias
changes. The radically different beam shapthe two devices (see Figs. 3(a) and 3(c)) resulésdifferent collection
efficiency of eachmodein the FTIR. For the casef sampleC, all modes are equally collectdy the f/1 optics
at the entranceof the spectrometer, while this not the case for sampla, where different modes experience
different collection efficiency. However, this effect alasenot sufficientto explain the major differences the two
setsof spectra. The differends mostlyan effectof the reduced facet reflectivity dte the presencef the waveguide
coupler.As shownin Fig. 2(b),in the caseof sampleC, the reflectivityof the QCL facets indeed reducedtb less
than 0.5in the 2.8-3.25 THz band, compartedthe valueof 0.95 typicalof standard double metal waveguide. This
means that modes this range experience a lower modal gain wueacreased mirror losses. However, since the gain
bandwidthof the active region extends beyond the low-reflectivity bahdur coupler [29], lasing above 3.25 THz
can still occur with the same threshold currerfitsampleA. The modeat 3.34 THz (see Fig. 5(b)s locatedat a
resonant frequencyf the waveguide coupler where the facet reflectivisy maximum, as predicted by the
simulationsin Fig. 2(b). Since the spectral gain shifts with voltage, and botHattet reflectivity and forward
coupling coefficient are not spectrally flat, the modal gain andcoupling efficiency experienceldy the different
Fabry-Perot modes have a complex dependendpe biasasreflectedin the Ll curve of sampleC. We conclude
that our waveguide coupler, besides improving the beam divergégntdee double metal QCL, also changes the
facet reflectivity enoughio induce visible changes in the QCL emission spectrunihedrve.
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Fig. 5. Normalized emission spectaf sample (a) A and (b) C measured with a Fouriersftam infrared spectrometer for
various current levels, indicated the right for each plot.

5 Conclusionsand perspectives

In conclusion, we have developed a waveguide component tkatapable of efficiently shaping the output
beam profile from a double metal THz QCL. Based the threshold behavior and emission spectr@,also
conclude that the waveguide adapigrable to affect the mirror losses significantly ovés designed operation
bandwidth. Further optimizations possible, basedn the flexibility offered by the many geometrical parameters
presentin the desigrof the waveguide out-coupler. Indeed, the possibitityeduce the facet reflectivity andt the
same timeto improve the output beam shape, with external component thatan be assembledon top of an
existing QCL, opens the wato the realizationof more complex systems sues QCL amplifiers and external
cavity tuners. Moreover, this component coble employedto couple radiation efficiently into a COC optical fiber,
opening up the possibility of developing pig-tailed THz QCL technology suitable for multi-spscopy
applications, injection seeding and metrological approachessattresfar-infrared spectral range.
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