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Single-mode quantum-cascade lasers with variable etching depth

of grating slits
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The results of the study of surface-emitting quantumcascade lasers with a ring cavity radius of 284 um were
presented. The use of a grating with a variable etching depth (up to 4.6 um) provided a single-mode lasing at a
wavelength of 7.42 and 7.66 um at a temperature of 85 and 293 K. The maximum side-mode suppression ratio was
23 dB at 293 K. The characteristic temperature To was 166 K.
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1. Introduction

Quantum-cascade lasers (QCL) with distributed feedback
(DFB) are traditionally used for gas analysis [1]. Diode laser
absorption spectroscopy systems based on (Herriott) multi-
pass cells are used to reduce the gas detection threshold
(to 1078 [2,3]). Employment of these spectroscopy systems
is associated with the need to implement low-divergence
QCL [4].

Ring cavity design provides a 20times lower radiation
divergence than that of stripe-geometry QCL [4]. Additional
radiation focusing is possible when abrupt or smooth phase
shift is implemented [5,6] by employing metasurfaces [4]
and diffraction grating with a variable groove etching
depth [7].

This work shows results of formation and study of
quantum-cascade lasers with selective ring cavity where
diffraction grating grooves were etched by the direct ion
lithography method.

2. Experimental samples

A quantum-cascade laser heterostructure was grown
by the molecular-beam epitaxy on a heavily doped
InP substrate with the (100) crystal-lattice orientation.
A 35-period active region configuration described in [§]
was used to increase the laser voltage efficiency. This
configuration with one-phonon depletion of the lower
laser level followed by charge carrier emission through
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a mini-band has demonstrated a record-breaking optical
output power (3.6 W for laser with a contact width of
20um and cavity length of 3mm [8]) among the active
regions including 35 periods in an unstressed heteropair
cascade. Despite the fact that a higher maximum optical
output power (44 W) was previously demonstrated for
lasers based on the active region configuration with
two-phonon lower level depletion [9], the laser wall-plug
efficiency (WPE) is 1.5 times lower (3.8 %) than that of the
configuration discussed in [8] (5.6 % at the current pumping
level of 6 A). Indium phosphide layers were used as the
waveguide plates. The total thickness of the bottom and
top waveguide plates was 3.5um and 4.2 um. Additional
250 nm Ing 53Gag 47As layers limited the active region.

Ring cavity with a mean radius of 284 um and near-
surface width of 19 um was formed by means of wet etching
of a double mesastructure to a depth of ~ 11 um. After
formation of SiO;-based insulation and opening of a window
in the insulation, top contact metallization (Ti/Au) was
sputtered. Bottom metallization was formed after substrate
thinning. Laser was mounted on a copper heatsink.

Diffraction grating profile was formed using the direct
(maskless) ion lithography method. This method may be
used together with using the gray-scale lithography for
formation of a diffraction grating with a variable etching
depth. Diffraction grating formation method was chosen
considering the following factors:

1) advantage of the electron-beam gray-scale lithography
compared with the laser gray-scale lithography is in smooth
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Figure 1. Volt-ampere and watt-ampere curves of selective ring cavity QCL (a). The inset shows a scanning electron microscopy image.
Single-frequency lasing line shift with an increase in the current pumping level (b). Sample temperature is 85 K.

resist exposure variation capability and submicronic resolu-
tion of the formed profile [10];

2) electron-beam gray-scale lithography is used because
special glass is needed, transparency of which depends
on the focused electron beam pumping level (high energy
beam sensitive glass, HEBS);

3) after development of the resist exposed by the gray-
scale lithography method, a 3D profile is formed in
the layers of the resist that serves as a mask. During
»dry“ etching [11-14] in methane-containing and chlorine-
containing plasma, this profile is translated into the top
waveguide plate layers. Thus, the main disadvantage of the
gray-scale lithography method is a small difference between
the minimum and maximum etching depths defined by the
resist thickness (< 1 um);

4) maskless ion lithography has no any fundamental limit
for diffraction grating groove etching depth.

Direct ion lithography method was used to form
753 2-nd order diffraction grating grooves on the ring cavity
circumference. Groove period (A) and groove width were
237 um and 16 um, pulse period-duration ratio was 50 %.
Minimum etching depth of the diffraction grating grooves
was equal to the top metallization thickness (~ 0.6 um).
Maximum etching depth was increased for this waveguide
design up to 4.55um (regardless of the top metallization

thickness) compared with 3.8 um deposited previously [15].
Focused ion-beam etching of grooves was performed by
the operating current of 2.1 nA with ion energy of 20keV.
Groove exposure time was 16s. Full ion dose for various
grooves varied in the range of 5.25-10'7—1.7 - 10" cm—2.
Scanning electron microscopy image of the selective ring
cavity is shown in the inset in Figure 1.

Lasing spectra were recorded by the Bruker Vertex 80v
Fourier spectrometer in the step-scan mode. Spectral
resolution was 0.2cm™!. Pulse duration and repetition rate
were 150ns and 10kHz. Laser properties were measured
at 85K and 293 K with the sample placed in a cryostat with
temperature stabilization.

3. Results and discussion

Dependence of integral radiation intensity on the current
pumping level together with current-voltage curve at 85K
are shown in Figure 1, a. Threshold current (l,) was 0.67 A.
Active region configuration described previously in [8] was
used to reduce the threshold voltage from 13.5V [15]
to 9.2V due to the reduction of the number of periods
in the cascade and change of the bottom level and
injector depletion scheme. Taking into account the number
of periods in the cascade, low defect voltage at lasing
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Figure 2. Single-frequency lasing spectra at various current pumping levels (semilogarithmic scale). Sample temperature is 85 K.
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Figure 3. Volt-ampere and watt-ampere curves of selective ring cavity QCL (a). Side-mode suppression ratio and position of the
single-frequency lasing line from the current pumping level (b). Sample temperature is 293 K.

Semiconductors, 2025, Vol. 59, No. 1



22 A.V. Babichev, N.Yu. Kharin, E.S. Kolodeznyi, D.S. Papylev, G.V. Voznyuk, M.l. Mitrofanowv...

threshold (95meV) was demonstrated, which somehow
exceeds the minimum value (90 meV [16]) for short-injector
configurations. Threshold current density j, for the selected
ring cavity QCL under study was 2.0kA/cm?.  Voltage
corresponding to the cascade period misalignment [17] was
equal to 12.7'V, which corresponded to the defect voltage of
196 meV. Thus, saturation of the watt-ampere characteristic
is observed when the threshold current is exceeded fivefold.

Selective ring cavity lasing spectra measured at 85K
are shown in Figure 2. Mode hop free single-frequency
lasing at 7.42 um is demonstrated. Side-mode suppression
ratio (SMSR) near the lasing threshold was 20 dB. Lasing
threshold exceeded by 16 % provided an increase in SMSR
to 24dB. SMSR at the level of 18—19dB is demonstrated
up to 1.41-ly.  Lasing threshold exceeded by 50 %
leads to switching to a multimode lasing regime. Lasing
spectrum is represented by 8 radial modes. Further increase
of the current pumping level (to 2.43-1y) leads to the
growth of lasing line intensity in the wavelength range of
7.57—7.69um and lasing line intensity suppression near
744 um. Single-frequency lasing line shift was estimated
with the increase in the current pumping density level (see
Figure 1, ) which was —0.1 cm/kA.

Single-frequency generation (at 7.66 um) at room tem-
perature was demonstrated. Dependence of the integral
radiation intensity on the current pumping level together
with current-voltage curve at 293 K are shown in Figure 3, a.
Threshold current and current density corresponding to
92V were 24A and 7kA/cm?, respectively. Estimated
characteristic temperature Tp is 166 K. Lasing spectra
at 293 K are shown in Figure 4. Spectrum near the threshold
is represented by two radial modes with SMSR equal to
14dB. Increase in the current pumping level to 2.64 A
leads to consecutive increase in SMSR to 23 dB. Further
increase in the current pumping level to 3.4 A leads to a
decrease in SMSR to 17 dB. Figure 3,5 shows the lasing
line position from the pumping level. Increase in current
from 26 A to 34A induces a long-wavelength shift of
the lasing line position ~ 0.4cm~!. Current and pumping
current density shift rates of the lasing line position were
—4.5-103cm~!/mA and —0.16cm™!/kA, respectively.
This value exceeds the previously shown value for single-
frequency lasers (—0.1cm/kA [15,18]), which is caused by
the differences in laser configuration. Note that a decrease
in SMSR with the pumping level growth is correlated with
the starting time of the lasing line position shift induced
by laser warming up (see Figure 3,b). Taking into account
the temperature shift of the lasing line position that was
—0.209cm~!/K for the cavity design under study, which
correlates with previous findings [19], laser warming up
was estimated It is shown that an increase in the current
pumping level up to 1.5 threshold values causes a rise of
laser temperature by maximum 2 K.

Radial mode order (m) was estimated to determine the
radiation divergence in the far-field intensity distribution.

At pumping currents up to 1.07 - |y, intermode spac-
ing dv is ~ 1.66cm~!. Consequently, the effective refrac-
tive index Ngy = 1/(27Roydv) = 3.27, where R,y is the
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Figure 4. Single-frequency lasing spectra at various current

pumping levels (semilogarithmic scale).
is 293 K.

Sample temperature

external ring cavity radius [13]. m may be evaluated using
the following expression [13]: m= 2R,y (Nesr/A—1/A),
where 1 is the spectral position of the lasing line. It is shown
that lasing corresponds to the 8th order mode. Taking
into account expression [13]: sin(20) = (n+ mM/2)1/Rout,
angular position of the first and second maxima in the far-
field intensity distribution was estimated to evaluate the far-
field distribution FWHM (~ 2°).

4. Conclusion

The first results of implementing single-frequency quan-
tum-cascade lasers with variable etching depth of diffraction
grating grooves operating at room temperature (293 K)
are shown. Active region configuration with one-phonon
depletion of the bottom laser level followed by charge carrier
emission through a mini-band was used to increase the
laser efficiency. At 85K, low threshold current density
(2kA/cm?) was implemented for a configuration with an
increased (up to 4.6 um) diffraction grating groove etching
depth.  Single-frequency lasing mode at 742um was
demonstrated. Maximum SMSR was 24 dB. Temperature

Semiconductors, 2025, Vol. 59, No. 1



Single-mode quantum-cascade lasers with variable etching depth of grating slits 23

rise to 293 K made it possible to implement single-frequency
lasing at 7.66 um with the maximum SMSR of 23dB.
Threshold current density was 7kA/cm?. Increase in the
threshold value by 43% led to a lasing wavelength shift
corresponding to laser warming up of ~ 2K. Intermode
spacing in lasing spectra was used to estimate radiation
divergence in the far-field intensity distribution that was
equal to ~ 2°.
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