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We demonstrated an electrically pumped InP-basedmicrocavity laser operating in continuous-wavemode. The active region is
designed with antimony surfactants to enhance the gain at 2 μm, and a selective electrical isolation scheme is used to secure
continuous-wave operation for the microcavity laser at room temperature. The lasers were fabricated as a notched elliptical
resonator, resulting in a highly unidirectional far-field profile with an in-plane beam divergence of less than 2°. Single-mode
emission was obtained over the entire dynamic range, and the laser frequencies were tuned linearly with the pumping current.
Overall, these directional lasers pave the way for portable and highly integrated on-chip sensing applications.
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1. Introduction

Lasers with mid-infrared semiconductors emitting varying
wavelengths between 1.55 and 3 μm have attracted much atten-
tion in spectroscopy analysis, surveillance of gas traces, lidar,
and diagnosis in medicine[1–3]. This is mainly due to the high
transparency atmospheric window in the range of 2–2.3 μm[4]

and the strong absorption lines of many chemical molecules
in the range of 2–3 μm, including nitrogen oxides and hydrocar-
bons. The term “eye-safe” is used to describe this place of wave-
lengths, wherein laser systems provide an outstanding upper
hand concerning free-zone implementations when compared
with standard systems operating at narrower wavelengths.
Recently developed on-chip sensing by integrating lasers, sens-
ing waveguides, and detectors on a single chip is preferred
for portable sensing applications[5–10]. Microresonator-based
lasers are well suited for high-density optoelectronic integra-
tion because of their small volumes and low thresholds[11,12].
In addition, the high-quality factor and small mode volume
significantly enhance the light–matter interaction, resulting
in low thresholds and precise resonance frequencies[13,14].
For sensing applications, continuous-wave (CW) operation is

required for its short linewidth and prominent stability features.
It is easily achieved in the spectral ranges of telecommunication
and vision, since the density of the laser has a low threshold
power in these ranges[15,16]. Previously, a particular configura-
tion was designed for electrical isolation and combined with
surface passivation to achieve room-temperature CW operation
of mid/long-wave mid-infrared microcavity quantum cascade
lasers[17,18]. However, a microcavity laser capable of operating
in CW mode above room temperature in the 2–3 μm spectral
range has yet to be demonstrated.
Several material platforms have been used for lasers that oper-

ate in ranges between 2 and 3 μm, including structures related
to InP-based and GaSb-based active regions[19,20]. The type-I
quantum well (QW) laser on the GaSb substrate has excellent
performance, and the watt-level output has been obtained
under CW operation at room temperature[20,21]. Moreover, the
lasers with GaSb-based interband cascade using structures of
active regions pertinent to both the type-1 and type-2 reached
CWoperation at room temperature with relatively lower thresh-
old current densities at longer wavelengths[22,23]. Single-mode
emission has also been achieved in a variety of ways[24].
Therefore, lasers with a GaSb base have been utilized in most
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of the implementations. Since electrons overlapped less, func-
tions with hole waves, and spontaneously inefficient radiation
are observed, InP-based long-wavelength lasers generally lag
behind the material platform of a GaSb[25]. In recent years,
advancement has taken place in engineering that designs the
energy band and realizes the growth of crystals deeply, and lasers
with an InP base have begun to evolve swiftly and present unique
advantages. Lasers with high performance emitting longer wave-
lengths, 2.15 μm, by using InP substrates that have higher qual-
ity, lower cost, and larger diameters have been reported[26].
A laser having a 2.37 μm wavelength and 11 mW output power
at 300 K, was presented by using a design of the triangular
InAs QW[27]. Our laboratory has reported a laser with a 2.1 μm
InGaAsSb QW utilizing Sb as a surfactant having a notably
elevated CW output power of up to 330 mW[28]. These results
represent a critical step toward the practical application of long-
wavelength InP-based lasers. Moreover, InP-based lasers favor
concordance with advanced equipment manufacturing opera-
tion platforms, specifically the use of embedded heterostructures
to raise thermal conductivity and greatly enhance the perfor-
mance of equipment. For certain applications that require com-
plex processing techniques, such as a vertically cavitated surface
that emits lasers or silicon-based combined equipment, light
sources of the InP-based long wavelengths are advantageous
because the material platform of the InP is monolithically ami-
cable with several photonic combined circuits. In addition, InP
substrates present raised thermal conductivity and decreased
cost, whichmakes themmore qualified for industrial production
on a large scale. Therefore, we are committed to developing InP
material microcavity lasers due to their inherent advantages.
In this work, a higher performance of the InP-based electrically

pumped microcavity laser with lasing wavelengths over 2 μm is
reported. Benefiting from the InGaAsSb QWs spotted in a typi-
cally decoupled confinement heterostructure, the device achieves
a CW maximum power of over 0.36 mW at 15°C and a highest
CW operating temperature of over 30°C. A stable single-mode
emission is attained covering the complete dynamic extent, and
the frequencies of a laser are linearly adjusted concerning the
pumping current. The device maintains an immensely unidirec-
tional laser emission with a diverging beam angle that is less than
2° in the horizontal plane. These results are critical steps in the
development of mid-infrared on-chip sensing.

2. Design and Fabrication

The InGaAsSb multiple QW structure was grown on an n-InP
substrate, using a system having equipment called LayTec EpiTT
that deposes metal–organic chemical vapor to surveil the in situ
growth temperature of the wafer surface. Trimethylindium, trie-
thylgallium, arsine, and phosphine function as precursors, and
hydrogen is utilized as a carrier gas. 100 bar (1 bar = 105 Pa) is
picked as the pressure of the reactor concerning the growth
process. A buffer layer with a 300 nm n�-InP, a lower cladding
layer with a 1000 nm n-InP, a lower separate confinement layer
with a 100 nm InGaAsP, an active region of QW, an upper

separate confinement layer with a 100 nm InGaAsP, an upper
cladding layer with a 1200 nm p-InP, and a contact layer with
a 200 nm p�-InGaAs constitute the entire structure. A multiple
QW structure composed of three periods is called an active
region. A 5 nm In0.63Ga0.37As0.99Sb0.01 QW with a compressive
strain of 0.7% and an 18.5 nm InGaAs quantum barrier is con-
tained that is lattice-matched to the InP substrate. According to
the model-solid theory, the slight Sb doping leads the band to be
aligned concerning type-1 QWs with an acceptably improved
offset of a valence band. More importantly, during the growth
process, the antimony surfactants will promote the formation
of sharp heterointerfaces, thereby enhancing radiation effective-
ness spontaneously.
In a whispering-gallery mode (WGM) resonator, just a frag-

mented portion of the pump volume along the periphery of the
cavity is involved in producing photons, and the remaining
merely produces heat. Concerning the intensity distribution
of the WGM, a particular electrical isolation configuration is
adopted and is implemented in the area with no contribution
to the gain of the mode of the waveguide to reduce the entire
injection current, thereby reducing the internal temperature in
the active region. In addition, a horizontal dissipation channel to
further reduce the operative temperature available in the active
region could be provided by the design. Considering the lower
threshold power compared with the quantum cascade laser, we
only removed the top contact layer in the electrically isolated
region by using inductively coupled plasma etching with an
etching depth of 300 nm (slightly deeper than the thickness
of the upper contact layer), to simplify the fabrication process
and reduce the cost. The contour of the cavity was also prepared
by dry etching to form steep and smooth sidewalls. Then, a
450 nm thick silicon dioxide layer was grown to passivate surface
defects on the sidewalls of the cavity. A window opening in the
silicon dioxide layer on top of the cavity was performed by wet
etching. Ti/Au and Au/Ge/Ni/Au top and back ohmic contacts
were deposited via electron beam evaporation, respectively. The
devices were cleaved into squares with 500-μm sides and esca-
lated with the epilayer side down on a diamond substrate with
indium solder for efficient heat dissipation.

3. Result and Discussion

The InP-based microcavity laser was mounted on a holder con-
taining a thermoelectric cooler to regulate the heat sink temper-
ature. The emission properties of the device were obtained in
pulsed mode and CW mode, respectively. The output power
was measured by a calibrated pyroelectric power meter after
the beam was collected with a lens. The spectra of the device
are attained by employing a fast-scanned Fourier transform
infrared spectrometer having a 0.125 cm−1 resolution.
Figure 1 depicts an image of a representative scanning

electron microscope utilizing a particular electrical isolation
configuration, where the white line along the boundary of the
cavity was drawn for eye guidance, with a semiminor x axis
assigned to 80 μm, and a semimajor y axis assigned to 96 μm.
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y=x, called the long-over-short aspect proportion, was set to 1.2 to
achieve the best horizontal far-field profile. The location where the
minor axis and the boundary of the ellipse intersect is called the
notch with a 1-μm opening and a 0.6-μm depth. The details of
the notched elliptical resonator are shown in the right inset.
Light disseminating along the resonator’s circumference is dissi-
pated by the notch toward the contrary boundary. Then most
of the dissipated light was collected from the opposite boundary
of the notch to shape up a collimated beam, as shown at the upper
left side of the inset. The selective electrical isolation region with a
72-μm semiminor and an 88-μm semimajor axis, respectively, is
used to reduce the overall current injection of the device, while
a shallow etching depth of 300 nm on the upper InP waveguide
layers ensures the constant refractive index for the waveguide
mode having a factor of high quality.
Figure 2 shows the measured CW power–current-voltage

attributions versus the heat sink temperature of the representa-
tive equipment. Through the optimized active region structure
and efficient thermal dissipation design, the highest CW oper-
ative temperature of the InP-based microcavity laser exceeds
30°C, with a CW output power ranging from 0.36 mW at 15°C
to 0.05 mW at 30°C. The threshold current of the device is about
90mA at 15°C. Figure 3 depicts the spectra of the emitted CW as
a function of the pumping current that was gathered at a fixed
heat sink temperature of 15°C. The stable single-mode operation
is attained in the 110–130 mA range, and the frequencies of the
laser are adjusted linearly based on the pumping current with
a current-tuning coefficient of 12.04 cm−1 A−1, which indicates
that the temperature of the active region is at a normal level with
increasing current. We attribute the stable single-mode lasing
behavior to the strong suppression of the spatial hole burning
through the traveling wave characteristics of the WGM resona-
tors and the dispersion of the microcavity. We noticed that the
laser spectrum did not show a “hopping” mode.
The in-plane far-field profile wasmeasured under pulsed con-

ditions at room temperature. The equipment is placed on a stage
having a motorized rotation with 0.1° resolution, and a detector
40 cm away from a mercury-cadmium-telluride is used, with a
maximum of 180° scan angle. As shown in Fig. 4, the device
maintained a unidirectional far field, with a complete width at

half-maximum beam divergence of less than 2°, which is an
order of magnitude less than that of Fabry-Perot lasers with
5 μm ridge width at a similar wavelength. Combined with the
stable single-mode laser action, we consider the laser mode to
be an even parity mode[29].

4. Conclusion

In this work, we report an InP-based high-performance electri-
cally pumpedmicrocavity laser with a lasing wavelength exceed-
ing 2 μm. A maximum output power of over 0.36 mW is
achieved in CWmode at 15°C, and themaximumCWoperating
temperature exceeds 30°C. Stable single-mode operation is
attained over the complete dynamic interval, and the frequency
of the laser is adjusted linearly with the pumping current. The
device maintains a highly single-directional laser emission, hav-
ing a less than 2° diverging angle in the horizontal plane. Besides

Fig. 1. Scanning electron microscope image of the notched elliptical resona-
tor. The white line is the cavity boundary. The upper left inset shows the sche-
matic illustration of the notched elliptical resonator. The right inset shows the
smooth sidewall of the laser cavity and a detail of the cavity.

Fig. 2. Measured power-current-voltage characteristics for various heat sink
temperatures during CW operation.

Fig. 3. CW spectra for various pumping currents at 15°C. The corresponding
current tuning coefficient was −12.04 cm−1 A−1.
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the optimization of both active regions and high-quality QWs,
these properties are also attributed to the ingenious design of the
device structure. The results were a critical step for portable and
highly integrated sensing applications.
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