
PAPER • OPEN ACCESS

Coupled-cavity AlInAs/InGaAs/InP quantum cascade lasers fabricated
by focused ion beam processing
To cite this article: Kamil Pierciski et al 2019 J. Phys. Photonics 1 015001

 

View the article online for updates and enhancements.

This content was downloaded from IP address 148.81.189.232 on 18/12/2018 at 08:29

https://doi.org/10.1088/2515-7647/aaeca9


J. Phys.: Photonics 1 (2019) 015001 https://doi.org/10.1088/2515-7647/aaeca9

PAPER

Coupled-cavity AlInAs/InGaAs/InP quantum cascade lasers
fabricated by focused ion beam processing

Kamil Pierściński1,Maciej Bugajski1 , TomaszCzyszanowski2 , Andrzej Kolek3,MarekWesołowski4,
Maciej Kuc2, Robert P Sarzała2,MaciejDems2,Mariusz Płuska1, Dorota Pierścińska1 ,
Włodek Strupiński4 andAndrzej Czerwiński1
1 Institute of ElectronTechnology, Al. Lotników 32/46, 02-668Warszawa, Poland
2 LodzUniversity of Technology, Institute of Physics, Photonics Group,Wólczańska 219, 90-924 Łódź, Poland
3 Department of Electronics Fundamentals, RzeszówUniversity of Technology, 35-959 Rzeszów, Poland
4 ENTSA, Al. Szucha 8, 00-582Warszawa, Poland

E-mail: bugajski@ite.waw.pl

Keywords: quantum cascade laser (QCL), coupled-cavity (CC) laser, focused ion beamprocessing

Abstract
Focused ion beamprocessing has been applied to fabricate coupled-cavity AlInAs/InGaAs/InP
quantumcascade lasers. The evolution of themode spectrumof the two coupled Fabry–Perot cavities,
controlled by the driving currents of both sections leading to singlemode operation, has been
observed. Theoretical analysis of the observed behavior, supported by extensive numericalmodeling
is given. The analysis showed that themost efficient singlemode operation takes place in the case of
relatively close current densities in both sections of coupled-cavity quantum cascade lasers, which
assures the overlap of the gain spectra. In such a configuration,fine tuning of the currents allows the
favoring of themode that coincides with gain peaks and suppresses all others.

1. Introduction

Quantumcascade lasers (QCLs) utilise the optical transitions between quantized states of electrons in a
conduction band that allows versatile control of the emissionwavelength by a heterostructure design [1]. The
availableQCL’s emissionwavelength spans a broad infrared range, wheremany gases have their absorption
spectra [2]. QCLs are typically fabricated in Fabry–Perot geometry, which suffers frommulti-longitudinalmode
emission. For chemical sensing, however, there is a need for single-mode sources. Therefore, the concept of
distributed feedback (DFB)was applied to achieve the desired emission characteristic. DFBQCLs proved their
efficiency in thatmatter, allowing a singlemode emissionwith a high sidemode suppression ratio (SMSR) above
50 dB [3] in a broad range of steering currents. The complicated technology, which typically requires amulti-
step growth, is themain disadvantage ofDFBQCLs.

Here we use a coupled-cavity (CC) approach as an alternative toDFBQCLs. CCQCLs can be realized by
cutting a slot across their cavity, dividing the laser into two unequal, electrically separated sections, which can be
driven independently. TwoCCs share the longitudinalmodes favoring only thosewhichmeet the resonance
condition in both cavities, and can be efficiently enhanced by the gain spectrum [4]. It has been demonstrated
that focused ion beam etching (FIB)might be an ideal tool for the post-processing of quantum cascade lasers
aimed at the fabrication of CC stable singlemode lasers [5–9].

In comparison toDFBQCLs, FIB fabrication of CCQCLs is technologically less demanding and can be done
on preselected structures, increasing the fabrication yield of devices with a specificwavelength.We show that a
simple technique of cutting the cavity facilitates the single longitudinalmode operation of a high SMSR.

The paper is organized as follows. In section 2, we describe the single cavityQCL structure and detail its
design. In section 3, the focused ion beammethod is described, which is used to process theQCL lasers intoCC
structures. In section 4we report the emission spectra of a CCQCL. In section 5we describe the numerical
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model used in the analysis of optical spectra.We compare simulationswith experimental results, and
demonstrate the ability of the singlemode operation of the device. Finally, conclusions are brought in section 6.

2. Laser design

The latticematched (∼9 μm)Al0.48In0.52As/In0.53Ga0.47As/ InPQCLs are grown bymetalo-organics vapor
phase epitaxy on n-type InP inAixtronAIX200/4 horizontal reactor. The active region of the lasers is of a 4-well
2-phonon resonance design [10–12]. The layer sequence of one period of the structure, in nanometers, starting
from the injection barrier is: 4.0, 1.9, 0.7, 5.8, 0.9, 5.7, 0.9, 5.0, 2.2, 3.4, 1.4, 3.3, 1.3, 3.2, 1.5, 3.1, 1.9, 3.0, 2.3, 2.9,
2.5, 2.9 nm. TheAlInAs barriers are denoted in bold, the InGaAswells are in normal font. The total thickness of
one period is 62.8 nm. The laser structure consisted of the 30 periods.

The conduction band profile and spectral functions at the energies of the levels involved in light generation
in the injector/active/injector segment of theQCLunder the applied field of 29 kV cm−1 are shown infigure 1.
Calculationswere performedwithin non-equilibriumGreen’s function (NEGF) formalism [13]. Thismethod
enables the easy implementation of open boundaries, position and energy dependent effectivemass and returns
spectral functionwith the (position) shape corresponding to squaredwavefunction for a given eigenenergy.

The structure uses a symmetrical, lightly doped InPwaveguide for transversemode confinement. The details
of the layer structure of the laser are listed in table 1.

The double trench lasers were fabricated using standard processing technology, i.e., wet etching and Si3N4

for electrical insulation. The low resistivity Ti/Pt/Au ohmic contact to epi-side andAuGe/Ni/Au to the
substrate were used. The contacts were RTA alloyed. For current injection, windowswere opened through the
insulatorwith awidth of 10 μmor 15 μm.The lasers were cleaved into bars of 2 mm long and directly Au-Au
bonded epi-side up toAlN submounts and then to coppermounts [11, 12].

Waveguide losses have been calculated using a 2D complexmode solver FIMWAVEPhotonDesign [14]. For
the cavity length L=2 mm, and thewaveguide lossesαW=6.07 cm−1, the total losses includingmirror losses

Figure 1.Conduction band profile and spectral functions at the energies of laser levels calculated for injector/active/injector segment
of the laser under an applied field F=29 kV cm−1 (close to threshold). The E4, E3, E2 and E1 refer to the upper, lower and ground
state doublet of lasing transitions. The lowest energy state in the injector is also shown (light blue).

Table 1. Layer structure of AlInAs/InGaAs/InP laser.

1.0 μm InP n=1e19 cm−3 cladding

1.5 μm InP n=1e17 cm−3 waveguide

1.5 μm InP n=3e16 cm−3

1.88 μm 30 xAlInAs/InGaAs active region

1.5 μm InP n=3e16 cm−3 waveguide

1.5 μm InP n=1e17 cm−3

500 μm InP n=2e18 cm−3 substrate
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and losses in heavily doped contact layerαW+αM+αPW=15.55 cm−1, which forΓAR=0.796 gives the
threshold gain gth=19.54 cm−1.

TheNEGFmethod allows for the examination of electron transport, optical gain, and carrier distributions in
the subbands of the laser [15, 16]. The problem is completely solved in the k-space and nonparabolicity
accounted through energy dependent effectivemass. Scattering self-energies included inNEGF formalism are
for LO-phonon, interface roughness, alloy disorder ionized impurity and energy averaged LA-phonon
scattering. Electron-electron scatteringwas includedwithin theHartree approximation by solving the Poisson
equation (with the boundary conditions that preserve charge neutrality of eachQCLperiod) self-consistently
withNEGF equations. Calculated spectral distribution of the gain is shown infigure 2.

Maximumgain is observed at thewavelengthsλ∼8.6–9.0 μm, being in good agreementwith the lasing
frequency. The dependence of peak gain on current density is shown infigure 3. As can be seen, the threshold
gain should be reached at about 4.65 kA cm−2.

3. Focused ion beamprocessing

To obtainCC-QCL, a slot within themesa of a Fabry–Perot-QCLwasmilledwith the use of an FIB. For this
purpose, a dual-beamHeliosNano Lab 600 system (with both, electron beam and ion beam columns)was used.
Ionmilling processes were performedwith focusedGa+ ion beam at 30 kV accelerating voltage. Various ion
beam currents were used at different stages of etching [17].

To enable FIB processing, QCLsweremounted epi-side up. The SEM images of an exemplary laser after
processing are shown infigure 4. The laser of 2 mm lengthwas cut in 1:3 proportions. Themesawhich forms the
lateral limits of thewaveguide is visible in themiddle of the structures.

Figure 2. Spectral distribution of gain in anAl0.48In0.52As/In0.53Ga0.47As/InP (λ=9 μm) laser at room temperature for different
values of driving the current ranging from3.0 kA cm−2 to 5.5 kA cm−2.

Figure 3.Peak gain as a function of current density calculated for anAl0.48In0.52As/In0.53Ga0.47As/InP (λ=9 μm) laser.
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Lasers with two types ofmetallizationwere used.One type of laser had a thick layer of galvanicmetallization
at the top of whole structure. This thick layer ofmetallization formed a strong obstacle in themanufacturing of
CCQCLswith FIB. The other lasers had contactmetallization only. To form aCCQCL, a rectangular gapwithin
themesawas ionmilled. Additionally,metallization outside themesawas removed to provide electrical
separation of both sections.

Intuitively, it seems that a coarse, rectangular gap is to be etched, and then two opposite edges of the gap,
whichwill act as themirrors, need to be cleaned up. In such an approach, a serious problemoccurs; when one
mirror is cleaned, themilledmaterial of the structure deposits on the other sides of the gap. This contamination
by unwanted deposition should be avoided because itmay degrade the optical performance of newly formed
mirrors at both laser sections (thewalls perpendicular to the optical path).Moreover, it can form short-circuit
across the laser structure. Although trench sides parallel to the optical path do not formmirrors (and therefore
they seemnot to be necessarily cleaned up), the above requirements apply also to these trenchwalls due to
possible short-circuiting.

To decrease the effect of secondary deposition instead of typicalmilling of the final shape of the gapwith each
side etched separately, all four sides of the gap need to be cleaned up during each pass of the ion beam. In this
case, to obtain a clear slot sides with the designed length of this gap, the cleaning of the edges consists of etching
several rectangular frames. Subsequently, at the next stages of the FIBmilling (with a decreased ion beam
current), these frames have been extended in all directions to obtain the desired length andwidth of the gap. The
same procedure applies to cutting themetallizationwhen separating electrically twoQCL sections outside of the
lasermesa region.

We have also used lasers processedwith a special set ofmasks forwhichmetallization consisted of 500 μm
length segments separated by 20 μmgaps. In this case, slots were etched directly in semiconductormaterial,
which greatly simplifies the ionmilling procedure.

The quality ofmirrors obtainedwith FIBwas checked by the comparison of threshold currents froma test
QCL before and after the FIBmilling of one of itsmirrors (i.e. cutting it by severalmicrometers). The threshold
current of thisQCL after the FIBmilling changed by less than 10%, i.e. the FIBmilling didn’t deteriorate the
quality of themirror in comparisonwith themirror quality before the FIB processing. The capability to observe
the FIB processes in situwith the scanning secondary electronmode (using electron column) and scanning ion
beammicroscopemode (obtained by bombardmentwith scanning ion beam and detection of secondary
electrons) gave unique control over the technological processes.

4. Experimental characterization

An experimental characterization included themeasurement of pulsed light-current-voltage (LIV) curves and
spectralmeasurements. LIV characteristics were registered using a high-voltage pulser and a fast, sensitiveMCT
detector for ameasurement of the emitted power. The spectral characteristics were registered bymeans of a
Fourier transform spectrometer (Nicolet 8700) equippedwith an LN2 cooledMCTdetector. Spectral resolution
of the spectrometer is 0.125 cm−1. To achieve optimal collection efficiency, the light emitted by theQCLwas
collimated using a reflective objective.

Figure 4.The SEM images of an exemplary laser after processing. (a)Top view of the laser, (b) side view of the slot beingmagnification
of the region assigned by the red rectangle in (a). (c)Top viewof the slot. Thewidth of the gapwas 8.87 μm.
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Light–current and current-voltage characteristics of the unprocessed Al0.48In0.52As/In0.53Ga0.47As/InP
device are shown infigure 5. The threshold current density at room temperature equals Jth=4.55 kA cm−2,
whereas the emitted optical power exceeds 250 mWper facet. At T=80 °C, the laser still emitted∼100 mWper
facet. The threshold voltage Vth was equal to∼7 V at room temperature.

Figure 6 presents the spectrumof an unprocessedQCL. A typical,multimode emission spectrum is
registered, corresponding to a long Fabry–Perot type resonator.

After the initial characterization, the device was processed by the FIBmilling to obtain CCQCL. In the case
of a two-section device, each sectionwas biasedwith an independent power supply. Current pulses delivered to
each sectionwere synchronized bymeans of an external pulse generator, additionally allowing the changing of
the delay between two synchronized pulses.

The introduction of the gap results in themodification of spectral characteristics. Namely, the coupled
resonator exhibits larger spectral spacing between the longitudinalmodes and the number ofmodes is greatly
reduced. To obtain singlemode operation, it is necessary to tune the device by applying the appropriate current
pulses to the long section (LS) and the short section (SS). Figure 7 presents the spectra of the CCQCLwith both
sections being operated.

Figure 5.Room temperature light–current and current-voltage characteristics of the Al0.48In0.52As/In0.53Ga0.47As/InP (λ=9 μm)
laser driven by 200 ns pulses with a repetition rate of 1 kHz. The laser cavity length equals 2 mmand themesawidth equals 10 μm.

Figure 6.The emission spectra of an unprocessedQCL for different currents above threshold at room temperature.
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The long sectionwas biased above threshold and its current was kept constant at ILS=0.9 A
(Ith(LS)∼0.7 A), whereas the short section current ISS was changed from0 to 1.5 A. The short section acts as a
passive filter. As the ISS current increases, the short section heats up, which results in the appropriate shift of CC
modes. For ISS currents, referring to the transmission resonance CC favours excitation of one dominantmode. A
singlemode operation of aCCQCLwas obtained at∼1125 cm−1 with an SMSRof 43 dB. (see figure 8). The full-
width of halfmaximumof the dominatingmodewas equal to 0.69 cm−1. The laser exhibited output power of
∼25 mWper facet at room temperature.

The short sectionwas operated at ISS=1.43 A, a pulse length 300 ns, long section at ILS=0.9 A and pulse
length 110 ns. Both sections were drivenwith a repetition rate 5 kHz, from separate pulse generators. The delay
between SS and LS pulses was 93 ns, which refers to the intra-pulse time constant for achieving a steady state
temperature by the short section.

Figure 7.Evolution of room temperaturemode spectrumof a CCQCL at LS current fixed above threshold, and the SS current varying
from 0 towell above threshold.

Figure 8. Singlemode spectrumofCCQCL at room temperature exhibiting a side-mode suppression ratio equal to 43 dB.
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The discrete Vernier tuning has been also demonstrated. The laser with a 2 mmcavity length and amesawidth of
15 μm, cut in 1:3 proportions, was operatedwith the shorter section serving as the tuning section, and the longer
section as the lasing section. The tuning sectionwas heated by 1 μs long current pulses at a repetition rate of
5 kHz. The lasing sectionwas driven by ILS=2.5 A, 100 ns pulses with 5 kHz repetition. The experimental data
obtained for the investigated device are shown in figure 9.

The observedmode switching occurs when the effective reflectivity of the gap and the short cavity is aligned
with a longitudinalmode of the active cavity. The tuning rangewas equal to 40 nmwith amode discrimination
of∼30 dB.

Figure 9.Vernier tuning at room temperature, with tuning power applied to the short section SS of the laser. (a) Spectral evolution,
(b) spectralmap of Vernier tuning, (c) tuning range versus short section current ISS. The laser cavity length equals 2 mmand themesa
width equals 15 μm.

7

J. Phys.: Photonics 1 (2019) 015001 KPierściński et al



5.Numericalmodel and simulation results

Tuning of the singlemode operation of CCQCLs should involve the optimization of the longitudinal design to
discriminate the number of longitudinalmodes, and select only one of them. The amount of lateralmodes can
be precisely controlled by the epitaxial design and by the parameters of themesa etching [18], which assure a
lateral fundamentalmode operation. For the clarity of the considerations, the numerical analysis of any higher
order lateralmodes can be omitted. Therefore, a fully three-dimensional opticalmodel can be replacedwith a
quasi three-dimensional effective index approach, which solves theHelmholtz equation separately for each
direction [19]. This is computationally highly efficient and allows the effortless finding of lateral fundamental
modes. The validation of such an approach confirmed acceptable accuracy in comparison to fully vectorial
models in the case of the typical geometry of diode lasers [20]. Particularly, a one-dimensional transfer
admittancemethod [21] is applied to solve theHelmholtz equation in each direction, since it reveals numerical
stability in the analysis of the structures consisting of alternate thick and very thin layers [22].

The heating of the device is an importantmechanism responsible for changing the refractive index of it and
tuning the gain spectrum. The change of the refractive index of the cavitymodifies the optical length and
consequently changes thewavelength of the longitudinalmodes. Since the typical longitudinallymonolithic
cavity of the edge-emitting laser is significantly larger than the emittedwavelength, the spectral distance between
the longitudinalmodes is very small. Such amodal structure does not put any constrains on the gain spectrum,
which typically overlaps over a dozen of longitudinalmodes. The emissionwavelength hence is determined by
the peak of thematerial gain spectrum.

In the case of the CCQCL considered here, the gain spectra of both cavities can be tuned separately by the
injected pulse currents. Singlemode operation can be achieved by overlapping both gain spectra and by fine
overlapping of themost intensemodes related to themode combs of both cavities. Such thermal tuning of the
device requires a very accurate three-dimensional thermal time dependentmodel [23] to take into account the
evolution of the temperature distributionwithin the electrical pulse. The thermal and electricalmodels are
describedwith great detail in [24].

The change of the temperature affects the band structure of the cascades and shifts thematerial gain peak.
Figure 10 shows themodal gain of the longitudinalmodes as the function of thewavelength in the considered
structure, without andwith thematerial gain. In the case of themonolithic cavity, themodal gain of allmodes
from the consideredwavelength range is nearly the same in the slabwithout any gain spectrum. The division of
the slab on two sections introduces the disturbance to the cavity. Themodes that are simultaneously close to the
resonance in both sections are favouredwith respect to themodal gain. Imposition of the spectral gain is an
additional factor favouring themodes. Themodal gain increases in the case of themodeswhichwavelengths
overlap the range of the positivematerial gain. Spectral shape of the gain favours themodewhichwavelength is
the closest to the gain peak.We introduceΔG, which is themodal gain difference between twomodes of the
largestmodal gains.We treatΔG as themeasure of the design ability to singlemode operation.

Figure 11 illustrates thewavelengths of themodes forwhich themodal gain is larger than 0. Suchmodeswill
be called ‘excited’modes. The current I1 of the SS is varied in the range from0 to 4 Awhile the current I2 of the LS

Figure 10.Modal gain (G) of the longitudinalmodes as the function of thewavelength (λ) in the case of transparent active region
(g=0)—red circles; and themodal gain of the samemodes in the case of assumed gain spectrum—blue dots. The black curve
illustrates thematerial gain spectrum (g).ΔG is defined as the difference of themodal gain between themodes of the largestmodal
gain.
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is kept constant at 0.9 A. In the range of currents 0<I1<0.5 A, the short section is biased below threshold and
is absorbing, hence it acts as afilter of themodes of the highermodal gain. For I1 above the∼0.5 A, a larger
number of themodes appears in the laser spectrum, since the SS exceeds the threshold. A further increase of the
current I1 heats the short section and causes the gain shift. The shifting gain spectrum excites themodes of the
longer wavelength. The configuration inwhich one of the sections is below the threshold, or where the gain
spectra do not overlap, can support the singlemode emission by selective absorption of themodes; however,
such amechanism is very inefficient. Themost efficient configuration relates to the overlapping of themodes
corresponding to the peaks of both gain spectra.

The influence of the slot depth on themodal structure of CCQCLhas been studiedwith the use of a fully
vectorial opticalmodel (PlaneWaveAdmittanceMethod [21]). The simulation results are shown infigure 12.
The slot width assumed for calculations was 9 μm.As the bottomof the slot coincides with the largemode
intensity, it can be observed for etching depths of 4.5 and 5.7 μmthat an increasing amount of energy is scattered
towards the substrate, contributing to optical power dissipation. The slot of a significantly low refractive index
introduced to the laser cavity becomes an obstacle for resonating light within the cavity. According to the
Huygens–Fresnel principle, it behaves as a secondary source of electromagnetic wave and creates a new
wavefront enabling propagation of the electromagnetic field in all directions. Hence the resonating light—which
is diffracted at the edge of the slot—becomes redirected in all possible directions. Light diffracted toward
substrate propagates under all possible angles; however light redirected toward the top surface is emitted in a
relatively narrow angle, which is limited by the total internal reflection occurring at the top laser surface. The last
two pictures presentmodes of the lowestmodal loses in the structurewith a 9.0 μmslot depth, which shows
reduced scattering losses with respect to shallower etchings. This example illustrates that a deep etching reaching
below the bottomwaveguide layer reduces scattering and introduces an efficient air-gap between coupled
cavities.

Figure 11.Thewavelengths (λ) of themodes forwhich themodal gain is above zero as the function of the pulse current in the short
section SS (I1). The pulse current of long section LS (I2) is kept constant and equals 0.9 A.

Figure 12.The distribution of CCmodes for selected slot depths: 0, 2.4 μm, 4.5 μm, 5.7 μmand 9.0 μm.
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6. Conclusions

Wehave experimentally demonstrated the singlemode operation of aCCAlInAs/InGaAs/InP quantum
cascade laser. A sidemode suppression ratio on the level of 43 dBwas achieved by tuning the driving level of both
sections of the laser.We have demonstrated a discrete Vernier tuning over the range of 40 nm.Using a three-
dimensional, self-consistentmodel of physical phenomena in an edge emitting laser, we have investigated the
influence of injected currents on themodal characteristics. The analysis confirmed in the experimental results
that themost efficient singlemode operation takes place in the case of relatively close current densities in both
sections of CCQCLs, which assures the overlapping of the gain spectra of both sections. In such a configuration,
thefine tuning of the currents allows one to favour themode that coincides with the gain peaks, and suppress all
others.
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