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Abstract—In this work design, fabrication and characterization
of mid-infrared AlInAs/InGaAs/InP QCLs taper quantum cascade
lasers are presented. In order to increase output power while keep-
ing good beam quality, taper design of resonator was used. We have
studied devices emitting at 4.5 pum with different shapes (linear,
concave and convex) and angles of taper waveguide section, to
optimize the output beam parameters, namely M? and brightness.
Experimental results demonstrate that convex geometry taper laser
with 1.7° taper shows the best performance, the highest output
power up to 5 W and the smallest horizontal beam divergence of
5.6° in the fundamental mode. This design is also characterized by
the highest brightness.

Index Terms—Cavity design, tapered laser, quantum cascade
lasers.

1. INTRODUCTION

UANTUM cascade lasers (QCL) have a well-established
Q position as mid-infrared sources with a large number of

applications such as free space communication [1]-[3],
absorption spectroscopy-based molecular sensing [4], breath
analysis for medical diagnostics [5]. In most of the applications,
lasing on the fundamental lateral transverse mode with narrow
beam width and high output power is desirable. Such qualities
are especially required by applications requiring precise colli-
mation for beam delivery over long distances (e.g., free space
optics — FSO systems).

Good quality of QCL beam can be obtained from device with
narrow active region, but in such case, low output power is
obtained. There are several methods to increase the output power
of semiconductor laser. However, the straightforward solution of
increasing the output power by increasing the ridge width results
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in drastic deterioration of beam quality, as the QC laser tends
to operate on very high order transverse mode. On the other
hand, one could use very long [6] (of the order of 1 cm), narrow
cavity to increase power. This however complicates handling
and mounting of the semiconductor chip possibly reducing the
yield.

Several further modifications of QCL waveguide have been
proposed in order to obtain high power mid-infrared sources with
high beam quality. Solutions reported in the literature include
QCLs based on angled cavity [7] or QCLs with taper cavity
design [8]-[11]. Recently, another approach was reported, based
on broad area quantum cascade lasers with high transverse mode
selection: either broad area (BA) quantum cascade lasers with
distributed sidewall loss [12] or BA with trenches generated
by focused ion beam milling in small portions of the device
[13].

In this work, we demonstrate experimental investigation of
optimization of tapered laser cavity designs. Earlier reports
concerning taper geometries, considered linear shape of taper
section. We have designed, fabricated and analyzed devices with
different taper shapes: linear, convex and concave.

Taper designs allow increasing the output power while main-
taining fundamental TEMO0O mode operation and are the trade-
off between beam quality and emitted power. Additionally,
tapered waveguides reduce optical intensity at the output facet,
while keeping self-heating to a minimum for high-performance.
Taper geometry laser consists of two sections: narrow ridge
waveguide section allowing only TEM0O mode to propagate
and tapered section in which the mode is adiabatically expanded,
allowing to reach high optical output power.

II. INVESTIGATED DEVICES

The heterostructure of taper QCL used in this study was
based on 4 quantum wells, double phonon resonance scheme.
The active region contains 50 repetitions of period consisting of
eleven pairs of Ing 36Alg.64As and Ing g7Gag 33As layers, with
opposite strain. The active region was sandwiched between two
Ing.53Gag. 47As: Si 500 nm core layers withn =4 x 10" cm 3.
The low doped, n = 2 x 107 c¢m™3 InP substrate was
used as lower waveguide layer, whereas the upper waveguide
was formed by 2500 nm Ing 50Alg 48As: Si layer doped to
n =1 x 107 cm™3. The structure was capped with 500 nm
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Fig. 1.  Schematic picture and optical microscope image of a taper QCL with
different geometries: linear, concave, convex.

InGaAs: Si, n = 8 x 10'"® cm~ top contact layer. The extensive
description of the laser design can be found in papers [14]-[16].
Devices were designed for emission wavelength in the range of
~4.5 pm and grown by solid source Molecular Beam Epitaxy
(MBE).

It is important to stress, that fabrication process of taper
QCL is not different from standard ridge design by means
of so called dry-etching process and does not require use
of additional equipment (e.g., FIB -Focused Ion Beam) and
time-consuming procedures. This allows high throughput and
higher yield. The fabrication flow started with the definition
of tapered quantum cascade laser geometries by conventional
optical photolithography. Samples were then etched by deep
RIE-ICP (Reactive Ion Etching - Inductively Coupled Plasma)
etching in CH4/H2/Cly/Ar gas mixture to obtain tapered ridge-
type QCL waveguides. Deposition of SizNy main dielectric
thin film was done by PECVD. Next, window was opened in
dielectric by plasma etching. The top Ti/Pt/Au contact layers
were deposited by magnetron sputtering and galvanic thicken-
ing of top gold layer. The processing was finalized after back
contact (AuGe/Ni/Au) magnetron sputtering followed by RTA
(Rapid Thermal Annealing) step. The last step is mounting
of cleaved laser chips to AIN submounts and then to copper
mounts.

Following the results of numerical simulations, tapered quan-
tum cascade lasers were fabricated with three different geome-
tries of waveguide: linear, concave and convex. The scheme of
investigated geometries together with photographs from optical
microscope are shown in Fig. 1.

Each of the shapes of taper were fabricated in variants of four
taper angles varying between 0.4° and 3.6°. After fabrication,
devices were investigated experimentally in terms of output
power and beam quality. Top view of part of processed taper
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Fig.2. Optical microscope image of part of processed taper QCL heterostruc-
ture with linear taper geometries with different taper angles 0.4°, 0.6°, 1.7° and
3.6 0.5 pm straight part and 1.5 pm taper part (ratio 1:3).

QCL wafer with linear taper geometry is shown in Fig. 2.
It shows taper angles and corresponding widths of taper section
at the front facet.

III. NUMERICAL RESULTS

Experimental works were preceded by systematic numerical
simulations of optical mode propagation in different geometrical
variants of the quantum cascade laser cavity. Numerical model
was solved in COMSOL using Beam Propagation Method [17].
In numerical simulations the following parameters were as-
sumed for the geometry of tapered QCLs; straight, narrow ridge
section of 5 pm width and tapered section widths at the output
mirror of 25, 50 and 100 pm, which correspond to taper angles
of 0.6°, 1.7° and 3.6°, respectively.
To check how the section lengths ratio would influence the
beam propagation and mode width at the output facet, for the
case of concave taper, different ratios of section lengths were
also investigated:
a) 500 pum length of narrow ridge section and 1500 psm length
of taper section, denoted as 1:3;

b) 1000 pm length of both narrow ridge section and taper
section, denoted as 1:1;

¢) 1500 pm length of narrow ridge section and 500 pim length
of taper section, denoted as 3:1.

Fig. 3 presents optical mode intensity distribution on the
taper facet of QCL for concave geometries of the QCL cavity.
Fig. 3(a) presents data for 25 pm width front facet with three
ratios of section lengths, Fig. 3(b) for 50 um width concave
geometries also with three ratios of section length. Fig. 3(c)
presents comparison of optical mode intensity distribution on
the front facet (taper section) and rear facet (straight section) for
concave geometry.

Numerical data shows that the ratio of section lengths
(straight/taper) has little influence on optical mode width and
distribution on the laser output facet. However, we clearly see
that application of taper cavity design significantly increases
horizontal mode size at the front facet. At the rear facet (straight
section) the full width at half maximum (FWHM) of mode equals
3.5 pum, whereas at the front facet (taper section) the FWHM
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Fig. 3. Simulated optical mode intensity distribution on the taper facet of the
cavity with different ratios of section lengths for (a) 25 pm width and (b) 50 pm
width concave geometries.

of mode equals 20 pum. These results demonstrate that mode
expansion occurs for all of investigated geometries.

In further numerical analysis and also in fabricated taper
QCLs fixed length ratio 1 to 3 was used because such ratio has
little influence on the mode size but significantly influences the
value of emitted optical power [18].

Comparison of mode size for a fixed length ratio 1 to 3, at
output facet for taper QCL with different geometries is shown
in Fig. 4. The result for convex geometry is shown in Fig. 4(a),
for linear in Fig. 4(b) and for concave in Fig. 4(c).

For all investigated geometries increase of the horizontal
mode size with increase of angle of taper section was observed.
(Fig.5).In case of linear geometry, the highest width of the mode
size on the output facet was observed: mode FWHM increases
from 20 pm to 45 pm for width (angle) increasing from 25 pm
(0.6°) to 100 pm (3.6°). Depending on geometry, 2.3-2.6 times
extension of the mode size was observed.
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Fig. 4. Comparison of mode size at output facet for taper QCL of different
geometries: (a) convex, (b) linear, (c) concave at different width(angle) of taper
section.

Fig. 5 shows comparison of mode size on output facet for all
investigated geometries for two widths of taper section: 25 pm
width - Fig. 5(a) and for 100 pm width - Fig. 5(b). The increase
of mode size on the output facet for linear shape of taper is 1.7
times larger than for convex shape in case of 25 um width and
1.5 times larger in case of 100 yum.

The dependence between mode size and taper section width
for all investigated configuration is summarized in Fig. 5(c). For
all investigated shapes the increase of the mode size on the output
facet in the function of taper section width (angle) is observed.

Numerical simulations show that the linear configuration of
the taper QCL is characterized by the largest width of the mode,
while the two configurations with the non-linear resonator shape
(convex and concave) are characterized by smaller extension of
the mode size.
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Fig. 5. Comparison of mode size on output facet for 25 pm width (a), and
100 pm width (b) taper section. (c) Dependence between mode size and taper
section width for all investigated configuration.

IV. EXPERIMENTAL RESULTS

Based on the results of the numerical calculations, series of
taper QCLs was fabricated.

Comparison of light-current-voltage (LIV) characteristics for
convex, concave and linear designs of investigated QCLs with
taper angle change in the range from 0.4° to 3.6° is shown in the
Fig. 6. For all geometries, QCLs with 0.4° taper angle emitted
the lowest output power and were characterized by the lowest
value of slope efficiency. Also, for this angle we observed the
highest threshold current density. With the increase of taper
angle improvement of the parameters for all geometries was
observed. However, experimental results show that there is an
optimal value of the taper angle.

Fig. 7 presents LIV characteristics of convex-shaped taper
QCLs. The value of Vy, is marked in the graph, being the value of
voltage reached at threshold current for the device with smallest
taper angle. Since the threshold voltage in QCLs is connected
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Fig.6. LIV characteristics for convex (a), concave(b) and linear (c) designs of
taper QCLs, with taper angle: 0.4°, 0.6°, 1.7°, 3.6°, register at room temperature
with pulse width 200 ns and frequency 5 kHz.
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Fig. 7. Comparison of LIV characteristics for convex design of taper QCLs
with taper angles of: 0.4°, 0.6°, 1.7°, 3.6°.

with device design (geometry of the active region, type of the
QW system design or number of stages in the active core),
all geometries of taper are expected to have threshold currents
at the same value of threshold voltage. However, it is clearly
visible, that the threshold current increases with the increase
of the taper angle, rapidly growing for the widest taper angle.
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Fig. 8. Experimental dependence of emitted peak power (a), threshold current
density (b), and WPE (c) extracted from experimental data of devices with
various taper angles (widths) for all investigated taper geometries.

Increased threshold current indicates additional loss mechanism.
In case of the widest devices, the optical mode is not filling
the whole available active medium volume. This fact alone is
responsible for observed decrease of the performance of the large
angle devices of all designs. The excess electrical pumping is
converted to excess heat and thus lowers the performance further.
Measured peak power, slope efficiency, threshold current den-
sity and wall-plug efficiency (WPE) as the functions of the taper
width (angle) are presented in Fig. 8. WPE presented in Fig. 8 (¢)
should be doubled, as they were calculated considering power
exiting from one mirror, since the devices were not HR coated.
In case of narrow devices, the WPEs are lower, due to increased
sidewall-scattering. This effect is mostly pronounced in case of
narrow taper devices, as the relative influence of narrow straight
section — just 5 micrometers wide — is the highest. In case of
wider devices, the area of the taper is much greater, and the
effect of sidewall scattering affects the performance less.
Increase of emitted power and slope efficiency for taper angle
inrange 0.4° —1.7° is clearly visible. For 3.6° some deterioration
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Fig. 9. Far-field profiles for three investigated geometries: linear (a), con-
cave(b) and convex(c) at different taper angles change in the range from
0.4°-3.6°.

of performance of devices is observed. Threshold current density
decreases for taper angles in the range 0.4° — 1.7°. Again, for
3.6°, little or no change of threshold current density is observed.
The best performance was reached for convex design with taper
angle of 1.7° in terms of the highest emitted power (2.5 W) and
the lowest threshold current density (5.55 kA/cm?). From WPE
graph (Fig. 8(c)), it follows that there is an optimal width of
the facet of taper section. For all taper shapes, the best WPE
is found around 1.7°. Above that value we observe a decrease
of WPE. The observed decrease of the performance for the
widest devices stems from the fact of increased waveguide loss,
as well as thermal issues. We have used short pulses and low
duty cycle in the experiments. However, in case of the widest
devices, relatively high current is required to achieve lasing
threshold (large area of the active region). Additionally, devices
are epi-side up mounted, what impairs the dissipation of heat
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further. Both effects combined lead to effect of thermal roll-over,
leading to observed decrease of the device performance.

To confirm and compare the performance of laser cavity
designs of tapered quantum cascade lasers, it is necessary to
measure far field intensity distribution. The measurements were
performed by scanning the lateral field intensity by a detector
placed on the rotation stage, such that the center of revolution is
at the center of the laser output facet. Fig. 9 presents horizontal
far-field profiles registered for different values of taper angle for
three investigated geometries: linear, concave and convex. As
expected, wider taper angle results in narrower horizontal far
field profile for all investigated geometries of taper cavity design.
The FWHM angles of registered optical field intensity profiles
of the widest devices are 6° for linear shape, 5.6° for concave
shape and 5.9° for convex shape. Dependence of FWHM angles
on taper angle for investigated devices is shown in Fig. 10.

The use of taper geometry stabilizes the far field emission
pattern of the device. Fig. 11 presents registered far field profiles
as the function of driving current. One can observe, that far field
profiles do not change their shape once the current is increased.
This characteristic is crucial for optical systems, where beam
stability is required.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

3,24 ™)
e
3,0
28| —@—Concave \
—@— Linear ®
2,6 4| —@— Convex
3 o
S 244
2,24 L
2,04
184 8
\.
1,64
([
1y4 T T T T M T T

LA B R L —
05 10 15 20 25 30 35 40
Taper angle (°)

Fig. 12. Calculated M? parameter for three investigated geometries: linear,
concave, convex at different taper angles change in the range from 0.6°-3.6°.

4,5
—~ —@— Concave
T 407 | 4 —@— Linear
o —@— Convex
'E 3,54
9)
= 304
=3 2.5 [
?
g 2,04 ®
S 15
= /.
0 1,04 Y
0,5_ ./
T T T T T T T
05 10 15 20 25 30 35 40
Taper angle ()
Fig. 13.  Brightness values calculated for investigated geometries: linear, con-

cave and convex for different taper angles in the range from 0.6°-3.6°. Modified,
nonlinear tapers exhibit higher brightness values compared to linear design.

Other important parameters used to describe laser beam
quality and performance of semiconductor lasers are M? and
brightness (B). M? parameter describes distortion of the beam in
respect to the Gaussian beam, B parameter [ 19] describes useful
power per area and solid angle and is given by:

P
T 2M?
where P is the optical power, A is the emission wavelength and
M? is beam quality factor. M? is calculated according to:

B (1

47T0'NFO'FF
A

where o yr 18 the standard deviation of the calculated near field
profiles of the fundamental lateral mode and o pr is the standard
deviation of measured far field profile [20]-[22].

Calculated values of M? and brightness B parameter for
investigated taper geometries: linear, concave and convex are
presented in Fig. 12 (M?) and Fig. 13 (B). M? and B values
were calculated for different taper angles in the range from
0.6°-3.6°. Figures show the most important change resulting
from the use of non-linear resonators of taper QCL. For convex

M? 2
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Fig. 14. Comparison of LIV characteristics for the best uncoated vs HR coated
1.7° taper angle convex QCLs.

TABLE I
COMPARISON OF PARAMETERS OF THE UNCOATED VS. HR COATED
1.7° TAPER ANGLE CONVEX QCLS

UNCOATED HR COATED
Symbol

CONVEX 1.7° CONVEX 1.7°
Power 25W 5SW
Slope 1.1 W/A 2 W/A
Efficiency
WPE 3.1% 59%
M 1.7 1.7
Brightness 4.1 MW/cm?sr 8.7 MW/cm?sr

geometries with 1.7° the smallest value of M? parameters is
obtained, equal to 1.5, and the highest value of brightness factor
of 4.1 MW/cm?sr. For concave geometry with 1.7° M? = 1.7 and
B = 2.6 MW/cm?sr were obtained. It is worth noting that for all
taper angles, both non-linear shapes of the resonator, convex and
concave, are characterized by much better value of M? parameter
and B factor than linear shape. In addition, we observe that the
optimal angle of the taper section of the QCL equals 1.7°, for
larger angle (wider stripes) deterioration of the main parameters
is observed.

Results indicate that modified, nonlinear designs of the taper
section improve the major beam parameters: the brightness and
M? in comparison to linear design, with convex shape of 1.7°
angle being the optimal design in terms of M? and brightness
parameters.

The optimal taper lasers (convex with taper angle 1.7°), were
also fabricated with HR coating on the back facet (facet of narrow
section). Fig. 14 shows comparison of LIV data for uncoated and
HR coated taper QCLs. In case of HR coated device, the output
power is doubled, and the threshold current is lower by 0.5 A.
The slope efficiency for HR coated device reaches 2 W/A and
is nearly doubled as compared to uncoated device.

Table I summarizes the comparison of parameters of the
uncoated vs HR coated 1.7° taper angle convex QCLs. It is
worth to note, that for HR coated device the brightness parameter
equals 8.7 MW/cm?sr.

Fig. 15 presents the comparison of LIV characteristics for
typical ridge waveguide and tapered QC lasers. Both devices
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Fig. 15. Comparison of LIV characteristics for RW QCL 5 pm width
and tapered (convex) QCL, with 3.6° taper angle, fabricated from the same
InAlAs/InGaAs/InP heterostructure.

were fabricated from the same epitaxial wafer. Ridge device
was 5 pm wide and 2 mm long. Taper device was 2 mm long
cavity with 1.5 mm taper section. Taper design allowed to reach
output power higher by a factor of ~4 as compared to straight
ridge waveguide device. Devices show very similar threshold
current density of ~5.5 kA/cm?.

V. CONCLUSION

We have designed, fabricated and characterized mid-infrared
AllnAs/InGaAs/InP QCLs emitting at 4.5 pum with tapered
waveguides. A number of devices were tested with different
geometries of the taper section: linear, convex and concave with
different taper angles. It is demonstrated that, with the proper
choice of device geometry, it is possible to combine low M2
and high power. Experimental results demonstrate increase of
emitted power and slope efficiency for taper angle in range
0.4°—1.7° in case of all taper shapes. The bigger the taper angle,
the higher optical power and slope efficiency. For the largest
investigated taper angle of 3.6°, experimental results show slight
deterioration of the performance: decrease of power and slope
efficiency.

Our research shows that convex design with taper angle of 1.7°
exhibits the highest emitted power (2.5 W) and has the lowest
threshold current density (5.55 kA/cm?).

Nonlinear taper designs show better performance in terms
of M? and B parameters. For convex geometries with 1.7° we
obtained the smallest value of M? parameters equals 1.5 and the
highest value of brightness factors of 4.1 MW/cm?sr, with HR
coatings: 8.7 MW/cm?sr.

Taper device geometry stabilizes also the far-field profile of
emission. The intensity distribution does not change with the
increase of the driving current.
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