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Abstract

Mid-infrared (MIR) sideband generatioon a near infrared (NIR) optical carrieis demonstrated within a
quantum cascade laser (QCBy employingan externally injected NIR beamlg, thatis resonant with the
interband transition®f the quantum wellsn the QCL, the nonlinear susceptibility enhanced, leadintp
both frequency mixing and sideband generation. A GaAs-based MIR @Gd. = 135 meV) withan
aluminum- reinforced waveguide was utilizedoverlap the NIR and MIR modes with the optical nonlinearity
of the active region. The resulting difference sidebangr(E Eoc) shows a resonant behavias a
function of NIR pump wavelength and a maximum second order nonlinear s&nﬂdgptk(z), of ~1 nm/V
was obtained. Further, the sideband intensity showed little dependéhcthevoperating temperatudd the
QCL, allowing sideband generationtierealizedatroom temperature.

1. Introduction

Coherent terahertz-optical sideband generation basedesonant nonlinear effects has been previously
investigated [1] for potential applicatiois frequency modulation (FM) and amplitude modulation (Adfl)an
optical carrier waveat terahertz (THz) ratesas well as for provision of large all-optical wavelength shifts
between telecommunication bands [2]. Sideband generation typically involvearénfrared (gr) excitation
thatis mixed with a THz beam ;) within an optical nonlinear material i.e.skbans= Enir £ NErw, Where n

is aninteger(n = 1, 2, 3 etc.). A strong THz source, howevisr required for the observatiomnd sidebands.
Indeed, sideband generation has been observdd -V based semiconductors using a free electron laser
(FEL) combined with resonant nonlinearities B, with high conversion efficiencies and room temperature
operation [5]aswell asextensiorto high-order harmonic generation [6].

THz quantum cascade lasers (QCLs) [7] are compact and practical semitoondevices basedn
intersubband transitions within quantum wells and over the last ddwade been develope give high
output powers [8] with intra-cavity powers approaching thosal irs FEL-based studiedVe have recently
demonstrated [910] that sideband generation (including high orders) lbarrealized using the combined
resonant interband and intersubband nonlinearities of THz QCLswve\ldo, these investigations have been
performedat low temperatures (~1B) that have been necessaoyachieve the highest intra- cavity powers.
Furthermore, the wavelength shifts realized were small, linfilethe QCL photon energy, which restricts the
applicationof QCLs for wavelength shifting.

In this paperwe demonstrate nonlinear sideband generation using a mid-infrard®) (JICL [11] and a
resonant NIR field. This enables operatatrroom temperaturegas well as providing large wavelength shifts.
MIR QCLs are considerably more powerful than their THz frequermaynterparts [12] and operad¢ higher
temperatures [13]. However, owirtg a much smaller refractive index compatedTHz frequencies, MIR
QCLs have a considerably greater phase-mismatch with the NIRstbaimparablén absolute valueto the
interband losses, with both contributingatoeduction in the sideband efficiency [1#ere we show that, using
resonant nonlinearitiesn a three level systemwe can compensate for this phase-mismatch. Tkis
realized through a new waveguide tlatreinforced with high contrast dielectric layers that ensures that the
interband excitation and the sideband are guided within the activenréegaling to efficient excitatioaf the
resonantecond order nonlinearity, x®.

Previously, MIR optical sideband generation has been demonstra@gcl sby Zervoset al [15]. However,
the observed sideband was extremely weak and only ate#h K with a limited resolution owingo the
geometryof the apparatus that resultéd strong absorptiorof the generated sidebanth our work high
resolution MIR sideband generatios observedup to room temperature through a slightly detuned resonant
interaction allowing a compromise between the enhanced nonlinearitthandcreased optical loss&s be
obtained.We also show that the resonant nonlinear susceptilislipne orderf magnitude larger than thaf
bulk (i.e. non-resonant) GaAs.
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2. Resonant Process and Geometry

A resonant nonlinearity correspond® an enhancementof %@ when one or more incident
electromagnetic fields arat exactly the same energys a material transitionln the caseof difference
frequency generationn a three level system (Fig. 1(a)), two contributions are ilplessa singleor a
double resonance [16]. For the former, only oh¢he excitations, E is resonant with a real transitiokE:; ,:
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wherel';, is the linewidthof the transition. For the latter, all the excitationg,Bg and E are resonant with the
transitions AE;3, AE;; and AE,3, andx(z) is given by:

Xdouble E, — AE,; —ily3 E, —AE,, il 13112

This resultsn a much larger nonlinearity when compated single resonance. A MIR QCL, however, has a
more complex bandstructure than a simple three level system.eFigb) shows the schemataf the
resonant nonlinear process for the generatibnthe difference frequency, similaio that observedin
sideband generation with THz QCLs [10]. One hole state and the phirezpal electronic statem the
active regionof the QCL are shown: the MIR QCL transitiongdg (representedn green), takes place
between the fand E states (representéd green) with the lower state, Hepopulatedby resonant electron-
phonon scatteringo the electron state EE, o = E; — E; ~36 meV). The external NIR excitationyk (blue
arrow) is brought into resonance with interband transitions between the edrlffiole and the lowest lying
electronic states ggand E). This resonance enhances the nonlinear susceptibility, permittirgnlanaar
interaction between the NIR and MIR beams within the QCL cavity and resiftisideband generation
through the difference frequencysidghana= Enir — EqcL (red arrow).
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Fig. 1. (&) Schematic diagrams showing a single and a dogslonant nonlinear process (Bgphematic diagranof a
MIR QCL showing the resonant nonlinear process foetsdd generation (Rr - Eqcl), representedh three quantum
wells for clarity. The QCLis operating at Eqc. (green wavy arrow between upper stateaid lower state £ The
lower state Eis depopulatedby LO-phononsto electron state £A NIR pump (kr, blue arrow)is tunedin resonance
with the interband transitions. This results in theegetionof a lower-energy beanfred arrow)at Enr - EqcL. (C)
Schematicof collinear geometry with the input excitatiartoupled into one faceif the QCL and the sideband exiting
the opposite facet.

Our experimental realizatioaf the sideband generation scheimébasedon a collinear geometry for all
the interacting waves [10] i.én the same plane paralled the surfaceof the QCL (Fig. 1(c)). This typef
guided geometry for both the MIR emission and input interband eraitptovides a relatively long interaction
length (~1é, where ap are the pump losses) companedsurface excitation [15]. The QCL also aetsan
optical filter of the NIR pump wherin resonance with interband transitions, facilitating the observation
the sideband. Experimentally, the NIR puispcoupled into one endf the QCL cavity (the facet) and the
sideband exits the opposite facet (Fig. 1(c)), with the NIR pungorbedif above the effective bandgap
of the material (i.e. the lowest lying electron-hole transitions). Similanythis transmission geometry, the



generated sideband can orblg observedif it lies below the effective band ga&s otherwiseit would be
absorbed. Hence only the lowest energy interband resonancé® eaplored.In this case the full expression
for the resonang* for a three level nonlinear interaction becomes [16, 17]:

X(Z) — & HHEME E,HELH 3)
€o (Esideband — AEyg, — iFHEl)(ENIR — AEyg, — iFHEZ)

where, g is detuned fromAEye, (transition between the hole state ang By Eqc. — Elo ~100 meV
resulting in a reductionin x®. EjgebandiS Close to resonance WithAE.g;, the transition between the hole
state and E ; (E;) are the dipole matrix elements (transitions energies) for thee3 §tdt £ and E) and N,

is the density of states in the valence band.

3. QCL design

GaAs/AlGaAs based QCLs groviny molecular beam epitaxy (MBE) employing a three-well active region
(AR) design [18] were utilized. This design has been previousty s demonstrate high temperature laser
operationat ~9.2 um (voc. = 33 THz, Eyc = 135 meV). TheAR comprises a totabf 45 periods resultingn

an AR thicknessof 2 pm, with each period n-dopedto 1.4 x 10" cm™. In order to achieve resonant
frequency mixingit is importantto consider both the waveguide mod&sthe MIR QCL emission and the
external NIR excitation. Figure 2(a) shows these optical guided mioddéise typical plasmon-enhanced
waveguides useth GaAs-based MIR QCLs [18]. Here both sidefsthe AR are cladby thick low doped
GaAs layers (C2), which are themselves digchighly-doped GaAs (théplasmon’ layers, C1)to reduce the
MIR refractive index and hence confine the MIR mode. The MIR, MR modes and the NIR refractive
index are showiin green, red and blue, respectively. The MIR mizdeell confinedin the AR as expected.
However, the two fundamental NIR modes are confime@ither sideof the AR owing to the larger refractive
index of GaAs compared with thadf the AR. Even though theiis an overlapof the modes, a spatial overlap
between the modes and tW&R is necessaryto obtain frequency mixing. Thids a resultof inversion
symmetry arguments - GaAs does not possess a large secondresaleant nonlinearity unless theasean
asymmetryin the electronic potential, for example when a large electric field is appligdiaotum wells
[19], or in asymmetric coupled quantum wells [28kin the AR. Indeed sideband generation was not detected
with a QCL with this typef waveguide.
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Fig. 2. Intensity profilesof the MIR QCL modeat 9.2 um (green line) and the NIR modas 800 nm (red lines). The
right axes show the NIR refractive indekthe layers (dark blue line).

(a) Conventional plasmon enhanced MIR waveguide GilAs cladding layers (C1 dopat6 x 10*¥cmand C2 doped

at 8 x 10" cm™®) around the AR.

(b) Modified Al-enhanced MIRwaveguide with the additionalo.sGa 7sAs layers (C3) around thAR to confine the

NIR modein the AR.C3is dopedat 1 x 10" cm®. C1is identicalto (a) whilst C2is GaAs dopedt 1 x 10" cm®,

To this end, a new waveguide was designed that has been reinfiyrabeé insertionof Alg,sGay75AS
layers directly around th&R (C3in Fig. 2(b)).As shownon the right axisof Fig. 2(b), the refractive indesf
this layeris lower than thabf the AR which hasan average aluminium-conteonf ~17%. This allows the NIR
modeto be guided within the active region with 200% overlap, andan overlapof 43% with the MIR mode
ensuring that a resonant nonlineaiiyinduced for sideband generation. The MIR QCL mode itsedfightly
improved upon incorporationf the Alg,4Ga 7sAs layers withan AR overlap and lossesf 43% and 1%&m*

comparedto 34% and 15.6cm, respectively, fora conventional waveguideln principal, an increasein
confinement wouldbe obtained by increasing the aluminium content further but 25% was cheasea
compromise between the incredsethe refractive index contrast and the reduction in the electrooility
[21].



The samples were processed, cleaved and mounted continuous flow cryostabn copper mounts,
where the temperature was varied between 210 K and room tempefati220 K the samples demonstrated
a laser threshold current densitf 10 kA/cm?with peak output powersf 95 mW (inset to Fig. 5).

The external NIR excitation was providieg continuous wave tunable Ti:Sapphire (Ti:Sa) ldser 750nm
— 900 nm) with output powersf 10 mW. (These low pumps powers residta small excited population near
the input facet which does not alter the threstwsldutput power®f the QCL). The polarization was chogen
be the sameas for the QCL emission i.e. transverse magnetic (TM) and thus prdtiominately excite
transitions from light hole states [10]. The NIR beam was leduinto and outof the QCL cavity using
high numerical aperture objectives. The transmitted difference frequeasythen detected using a grating
spectrometer coupletb a CCD array. The QCL was operatedpulsed mode with 15@s pulses ancat a
frequencyof 70 kHz, and the Ti:Sa laser was synchronizedhe QCL modulation usingn acousto-optic
modulator.

4. MIR sideband generation

Figure 3 shows the transmitted signal deteciadhe CCD array with the QCL biased above the laser
thresholdat a temperaturef 210 K. The QCL ridge width wad2 pm with a cavity lengthof 1 mm. The
NIR excitation, kg, was 1.61eV, considerably above the lowest electron-hole transition of therral
(the effective bandgap,;,E1.52 eV). (R is visible as a resultof a parasitic parbf the beam that does not
pass through the ridge). The sidebasndlearly observedt Egepans= Enir — EqcL = 1.475€V (Asigeband= 840
nm), i.e. separated from the pumpd&by the QCL photon energy g = 135 meV) ands below E. The inset
shows an amplified viewof the sideband revealing many modes with a 0.2 meV separation (H48 &d
is a replica of the QCL Fabry Perot emission.
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Fig. 3. Sideband spectrum measured with the Qla temperatureof 210K. The NIRexcitation beanis at 1.61
eV, above the effective bandgap, Bnd the generated sidebaadobservedat 1.475 eV, separated from the NIR beam
by exactly the MIR QCL energy (13BeV). The inset showsn expanded vievof the generated sideband. The top axis
of the insets the calculated MIR spectral range¢EEsideban)-

To demonstrate the resonant natwrethe sideband generation, the integrated sideband intensity was
investigatedas a functionof the pump excitation energy (Fig. 4(a) - black squargs)the NIR beamis
increasedin energy above § the sideband intensity slowly increases. A clear maxirsuwbserved for a
pump energy of 1.6&V (Esigenans= 1.475 meV) followeddy sharp dropn intensity. The latters a resultof the
sideband being absorbagits energy startto exceed the effective bandgapthe material for pump energies
greater than 1.6&V owingto an exponential increasi@ the losses. The data greater than 1.6ikefitted with
an exponential fitto illustrate the sharp droip sideband intensity [22]. The lower energy pafrthe curvecan
be fitted by a lorentzian dependence aedton the peak pump energy. This highlights the dependence of the
sideband intensity on the square of the resonant susceptibilitycand ncreases rapidlas a resonances
approachedn the cas®f asingle resonance [16]:

1
(Eip —Eo)* = T?

where E is the energyof the peak intensity (1.618V from the fitof the data) andr is the full-width-athalf
maximum of the nonlinearity (equalo 82 meV from the fitof the data). Althougta lorentzian fit can be
performed, the number of states involved is greater than jssigle resonance.

Figure 4(b) shows the bandstructuwé the QCL transition zone (where the electronic transition takes
place) with both the valence and conduction band profiles. The main stateigldighted: the two lowest hole
statesLH, and LH, and the electron states, B, and E. The laser transitioms E;— E, ~135 meV while E-

Isideband 8 |X(2)|2 X

4

4



E; ~36 meVis equalto the GaAs phonon energys the interband dipole matrix elements [Eq. (3)] are
proportional to the overlap integrals between the hole and electron statg\Pe>| [16], the latter are
comparedo the sideband intensity in Fig. 4(a) (red stdrsthe energy range before the onskabsorptiorof

the sideband, significant overlaps are observed for the transitityts, LH,E, and LH,E; at 1.549 eV, 1.586
eV and 1.60%V respectivelylt appears thatH;E, andLH,E; coincide with the increasia sideband intensity
until absorptionof the sideband sets in, witlittle or no contributionto the sideband from thé&H.E;
excitation. Howeveras the interband excitatioris above the effective gap, a simple two level consideration
is insufficient to describe the system and a three level system nied®e considered instead. Indeed,
using [Eq. (3)] summed over the contributiohboth hole stategy®f is calculated and plotteth Fig. 4(a),
and shows a good correlation with the experimental data until therptibeo point of the generated
sideband.I{ was choserio be 40 meV from the lorentzian fit and \the densityof light hole stateds the

valence band)3 x 10" cm?at 210 K [17]). The nonlinear susceptibility hei® determinedo be y®= 0.8
x 10° pm/V andis comparedo the experimentally determined value below.
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Fig. 4. (a) Integrated sideband intensdg a functionof NIR pump energy (black dots). Thaashed curve corresponds
to a lorentzian fitto the lower energy part (i< 1.61 eV)of the data andan exponential fit for high energies \k

> 1.61 eV). The electron-hole overlaptegralsof the various transitions within the QCL are ploteesked stars. The
right axis (greencurve) shows the calculatdgf? from [Eq. (3)]. (b) QCL band structure, showing theence and
conduction bands and the squaséthe main wavefunctions. The principal states inedhvin the nonlinear interaction are
the electron states;Bnd E and light hole statekH; and LH,. E; (red) is the upper statef the QCL transition andE
(blue) is the lower state from whicklectrons relaxo state E (pink) by aLO phonon transition.

The efficiencyof the sideband generatioczan be evaluatedby measuring the integrated powat the
sideband frequency and compariiigto the transmitted pump power when the pump enégyelow the
bandgap (i.e. RevandPnir) [10]. (This method allows the coupling efficienciesthe pump laseto be taken
into account). A maximum efficiencgf 1 x 10%”*was determinedt 210 K for Eyg = 1.61 eV. This valués
considerably lower than the 0.1% efficiencies obtained with THz @Ollsand can be attributeid a lower
susceptibility and a larger phase mismatch for interactions with sidiation. Although the phase mismafoh
THz QCLs couldbe neglected when comparéalthe optical interband lossésk << ap) asa resultof the large
refractive indexin the THz range [10, 23], this not the casén the MIR where the much lower refractive
index results in a larger phase mismatak =ap). This limits further the interaction length, alad a result
reduces the efficiency. Using the full expression for the nonlineigcieety, », the resonant nonlinear
susceptibilitycanbe determined from [14]:

L L
. 2 2
_ Psigebana _ 871'2PQCLL2 (2)|2 st (Ak 7) +sh (O(p Z) e—ap% (5)
Pyir EoMNIRNQcL Nsideband S A 2igepand (Ak £)2 + (oc é)z
2 P4

where Rigeband (Nsigeband: Puir (Mnir): PocL (Nocl) are the intensities (refractive indexesf) the difference
frequency generated beam, the NIR input pump and the MIR QClectesly. AsigenandiS the generated
wavelength (840 nm), & the interaction area determined from the modal overlapu(8), Ak is the phase
mismatch anda, are the pump losses. Using the GaAs refractive index [2K]js approximately 7000
cm* which is the same ordeof magnitudeas a, ~3000cm™. Taking the maximum efficiencgf 1 x 10°*,

a second-order susceptibilif ¥ ~1 x 10° pm/V is determined. Thiss in reasonable agreement with the
theoretical value above, considering that higher conduction batek sare not taken into account and there
is uncertaintyin the phase mismatctAs with the efficiency, the susceptibilitts smaller thanin the THz
range [10], but cae understoodby the detuningof the MIR interaction from a fully resonant excitation,
where y @ is given by [Eq. (3)]. In the case of sideband generation witifHz QCL [10], a boundto-
continuum design was employed. That design &a%lectronic transition closé the absorption edge and
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can thereforebe approximatedoy a simple three level system with a double resonant excitation with E
~Enir: Enez ~Esideband@Nd Ee2ez= EqcL. However, for the case of the MIR QCL used here, the QCL it
separated from the band-edge by the phonon energy between stated B=(36 meV). This resultén a more
complex system with a detuning from a fully resonant system, resiitiagpwer susceptibilitylt should be
noted thatif a double resonancean be achieved when all the beams aeresonance with real statem)
order of magnitude increase the susceptibility coulbe achieved, which would resulh a much larger
sideband efficiencyln this case the k-space dispersion [19] and the inclusfaime QCL state populations
would need tdetaken into account.

5. Room temperature sidebands

The temperature evolutioof the sideband sign& shownin Fig. 5, for a 1.5mm long QCL with a 7um
ridge together with the light-current (LI) characteristiésthe lasers (inset). The output power was measured
using a calibrated detector. The sideband intemsipjottedasa functionof temperature (black squares), and
comparedto the maximum QCL output power (red squares). (The NIR pangrgy was reduced for each
temperaturdo take into account the reductiam the effective bandgapsthe temperatures increased). Laser
action is observedup to 300 K and sideband generation was obserupdio 295 K. The temperature
dependence appeats be the same for both the sideband intensity and output powepgesting that the
resonant nonlinearity remains identical and that broadesfitige related transitions not critical betwee210
K and 295K. Thisis possibly a resulof the compensationf the broadening wittan increasein the density
of states with temperature [25]. These results are extremely promfsingthe future use of
InGaAs/AllnAs//InP based QCLs that are considerably more powanfdilexhibit higher temperature operation
that their GaAs counterparts [13s the bandgampf InGaAs falls into the telecom range, this could l&ad
efficient sideband generation with MIR QCLs for communications apitsti
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Fig. 5. Integrated spectraf each sidebands a functionof temperaturaip to 295 K (black squares) compared with the
QCL output power (red squares). Inset: Light-currehiaracteristics for different temperatures.

Conclusion

Optical sideband generation has been demonstiatttiR QCLs up to room temperatureBy bringing a
NIR interband excitation into resonance with the electronic states QCL, the nonlinear susceptibility
enhanced, resultingh frequency mixing and the generatiof the difference frequency sideband. This was
achievedby realizing an Al-reinforced MIR QCL wavegwdm /enable a strong overlagf all the interacting

fields with the nonlinear active regloAn efficiencyof 1 x 10  was determined correspondit@a resonant

second order nonlinearigf 1 x 10 pm/V, whichis one orderof magnitude larger than the non-resonant bulk
nonlinearity. Future work will concentraten InP-based QCLs allowing sideband generatitm be
demonstratedin the telecommunications rangas well as increasing the conversion efficiency using a
double resonant geometriyn additionto providing large wavelength shifta the telecom bands between 1.3
pum and 1.55 pum, the ultrafast propertied intersubband transitions [2GJan be usedto for sideband
modulationat high frequencieq> 30 GHz) by direct electrical modulatiomf the QCL. Furthermore this
technique will enable usef mature and high performance NIR techniques (sasHast and sensitive
detectors)to be appliedto the characterizatioof QCL for modelocking [27] or frequency comb generation
[28], as well as providing a simple methodf stabilizing a QCLto an optical comb through MIR up-
conversion [29].
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