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Introduction

The strong absorption of hydrocarbons and other pollutants in the window of atmospheric transparency between 3 and 4 µm makes this spectral region very attractive for environmental monitoring [START_REF] Tournié | Mid-infrared optoelectronics: materials, devices, and applications[END_REF]. Sb-based semiconductor light sources allow addressing such gas sensing applications in the mid-infrared (mid-IR). Over the last decade, significant progress has been achieved in mid-IR emitters employing Interband Cascade (IC) structures based on InAs/GaInSb type-II quantum wells, particularly efficient in the 3 -4 µm range [START_REF] Vurgaftman | [END_REF]. The luminescence of the IC active region enables both TE and TM light polarizations and therefore the ability to vertically extract the light from a planar cavity structures such as light emitting diodes (LEDs) [START_REF] Schubert E F, Gessmann | Kirk-Othmer Encyclopedia of Chemical Technology[END_REF], or vertical cavity surface emitting lasers (VCSELs) [START_REF] Coldren | Vertical-cavity Surface-emitting Lasers: Design, Fabrication, Characterization, and Applications[END_REF]. Resonant Cavity Light Emitting Diodes (RCLEDs) are attractive for the development of low-cost systems for gas analysis [START_REF] Böttger | [END_REF] Since their first demonstration in 1992 [6], only a few mid-IR RCLEDs, based on arsenide [7], phosphide [8] and antimonide compounds have been reported [9] [10], with only one IC-RCLED operating at RT [11]. Even if RCLEDs use less distributed Bragg reflectors (DBR) pairs than VCSELs, their electrical resistivity can induce a strong self-heating of the devices [12] and lead to a degradation of the performances. The use of an intracavity electrical contact has been proposed and successfully demonstrated in VCSELs [13][14][15] to circumvent this issue. In addition, in a RCLED, the current is commonly [11] injected through an annular anode contact pad leading to a non-negligible radial 

a)

inhomogeneity. Even though several strategies used for Sb-based VCSELs such as a buried tunnel junction [13], or an underetched tunnel junction [14] 

Experimental details

IC-RCLED design and epitaxy

Structural and optical characterizations

The crystalline quality of the grown structures shows that the satellite peaks for the RCLED are however observed to be larger than those of the conventional IC-LED. This could be attributed to the X-ray scattering within the metamorphic GaAs layer because of the high density of dislocations. arising at the GaSb/GaAs interface.

To confirm this hypothesis, the top GaAs was dry etched using inductively coupled plasma reactive ion etching (ICP-RIE) on a part of the sample.

Four etching steps of 250 nm each were performed and HRXRD was carried out between each step. Furthermore, the effect of these dislocations on the active zone of the device was studied using transmission electron microscopy (TEM). Figure 3 clearly demonstrates that the dislocations do not extend from the GaAs/GaSb interface down to the active region, contrarily to what it was observed in metamorphic GaAs/InP structures [23], and remain confined to the arsenide layers. 

Devices fabrication

The epitaxial wafer was patterned with circular mesas with diameters ranging from 25 µm to 55 µm using standard optical photolithography and a combination of ICP-RIE and wet etching. The mesas were etched down to the InAsSb bottom contact layer. After this step, a thermal selective lateral oxidation process of the Al-rich AlGaAs layer was performed at temperature at conditions similar to those used for AlGaAs/GaAs structures reported in [21] [24]. The progress of the oxidation front was observed during the oxidation process with a real-time in situ monitoring optical system [25]. After oxidation, the aperture diameters spanned from 5 to 35 µm incremented by 2 µm.

This step was followed by surface passivation of the structures using a Si3N4 ICP-PECVD coating and then Ti/Au metallization of the InAsSb layer for the bottom contact. Afterwards, contact pads for top contacts and another Si3N4 passivation layer were deposited.

Finally, a two-pair ZnS/Ge dielectric Bragg mirror was deposited by RF sputtering and patterned by a lift-off process. The reflectivity seen from the cavity is calculated to be around 91%, a value slightly lower than the bottom DBR allowing a better extraction of the light. Figure 5 shows a schematic and a SEM cross section image of the complete RCLED structure at the end of the process flow. The oxide confinement aperture is clearly visible in Figure 5 and is of the same size as the top emission window defined by the contact ring, which ensures an efficient current confinement. In parallel, the IC-LED (without lateral confinement) was processed with mesa diameters of 100 µm and ring contacts width of 20 µm.

Electro-optical characterizations

Electro-optical measurements of the fabricated devices were performed under CW operation using a thermoelectrically-controlled stage. 

  Due to a narrower emission linewidth [Sarcan F, Wang Y, Krauss T F, Erucar T, and Erol A 2020 Optics and Laser Technology 122 105888] such sources can offer better overlap with absorption features of the analyzed specie compared with the conventional LEDs and thus improved sensitivity [Al-Saymari F A, Craig A P, Lu Q, Marshall A R J, Carrington P J, and Krier A 2020 Optics Express 28 23338]. Usually, there is only one DBR in RCLEDS, placed below the active region. A simpler Bragg mirror with a few quarterwavelength dielectric layers deposited on the top of an RCLED structure is however useful to control the device properties. By adjusting its reflectivity the RCLED emission linewidth can be matched with the shape of the desired absorption band making their relative overlap to be little sensitive to measurement conditions and hence no sophisticated control is needed to compensate the eventual change. In the case of a VCSEL, the wavelength of the narrow laser emission line should be precisely fixed inside the absorption band to avoid signal fluctuations or scanned around it, which requires specific electronic circuits resulting in elevated equipment cost. The main motivation of this work was to develop light sources for specific spectroscopic applications which require an emission linewidth intermediate between that of conventional LEDs (few tens nm) and VCSELs (< 1 nm).
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 1 Figure 1. a) Scheme of the IC-RCLED structure with the refractive index profile (black) and the EM intensity distribution (red). b) Energy band diagram of one stage of the active region simulated with Nextnano © , showing the cascade process.
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 1 Figure 1.a) depicts a schematic diagram of the IC-RCLED structure and the intrinsic optical field
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 2 Figure 2. a)- -2 HRXRD scans at the (0 0 4) reflection for the RCLED and reference LED structure. Inset: magnification on the satellite peaks -b) Evolution of the FWHM of the satellite peaks of the RCLED with etched GaAs.

  Figure 2.a shows for the RCLED structure, a
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 3 Figure 3. Transmission electron microscopy crosssection views of the RCLED showing dislocations propagating above the GaSb/GaAs metamorphic interface
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 2 b displays the evolution of the full width half maximum (FWHM) averaged over the 10 satellite peaks closest to the substrate peak. Upon removal of the GaAs layer, the FWHM of the satellite peaks from the IC-RCLED approaches the value of the reference IC-LED.

  the RCLED epitaxial structure are presented in Figure 4. The measurement was performed with a Brucker FTIR spectrometer under quasi-normal incidence. The stop-band is centered at 3.32 μm and the reflectivity dip related to the cavity resonance is at 3.26 μm. This wavelength detuning from 3.3 µm is attributed, based on reflectivity calculation, to a cavity thickness of about 3% smaller than the target value.

Figure 4 .

 4 Figure 4. Experimental and simulated top reflectivity spectrum of the RCLED epitaxial structure without the top dielectric DBR.

Figure

  Figure shows the CW P-I-V characteristics at 20°C for different oxide aperture diameters. The

Figure 5 .

 5 Figure 5. Schematic and Scanning Electron Microscopy (SEM)picture of a cross section of the IC-RCLED after processing
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 6 Figure 6.c), shows the electroluminescence

  Figure shows the P-I-V and the electroluminescence (EL) spectra at different
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 67 Figure 6. (a) CW L -I -V characteristics, and (b) series resistance for RCLEDs as a function of the aperture diameter ranging from 5 µm to 35 µm. (c) Emission spectra of a 35 µm oxide aperture IC-RCLED and 100 µm mesa diameter IC-LED at 20°C in CW and simulated reflectivity of the whole IC-RCLED

3 .

 3 Conclusions summary, we have demonstrated a Mid-IR IC-RCLED combining the benefits of both antimonide and arsenide materials and of their processing technologies. The device emitting near 3.3 µm was grown on a GaSb substrate by MBE and operated in CW regime up to 80°C (setup-limited). An electro-optical lateral confinement was applied within the device structure by wet thermal oxidation of an AlGaAs layer metamorphically grown after the active region. It was demonstrated that this metamorphic layer did not affect the crystal quality of the active region of the device. Thanks to this optimal IC-RCLED configuration combining intracavity electrical injection and lateral confinement, the emission spectral width could be reduced to 20 nm, either a factor of 20 smaller compared to a conventional IC-LED. The narrow emission line and its weak shift with temperature make this device attractive for low-cost systems for gas analysis.
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