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Master-oscillator power-amplifier quantum cascade laser array
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We report on the demonstration of an array of master-oscillator power-amplifier quantum cascade
lasers (QCLs) operating in single-mode at different wavelengths between 9.2 and 9.8 um. In each
device, the output of a distributed feedback QCL is injected into a tapered QCL section which acts
as an amplifier while maintaining a high beam quality due to adiabatic mode spreading. All array
elements feature longitudinal as well as transverse single-mode emission at peak powers between
0.8 and 3.9 W at room temperature. The high output power and excellent beam quality render the
array highly suitable for stand-off spectroscopy applications. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4773377]

Recently, the use of quantum cascade lasers (QCLs,
Refs. 1 and 2) for stand-off detection®* and spectroscopy” in
the mid-infrared has increased the demand for wavelength-
tunable sources of high output power and good beam quality.
Up to now, such systems have employed external cavity
QCLs,® where wavelength selection and continuous tuning
require the rotation and translation of a grating. Arrays of
single-mode QCLs are an alternative approach for a
multi-wavelength QCL source.”® Even though the perform-
ance of distributed feedback (DFB) QCLs is being steadily
improved and continuous wave operation with 2.4 W output
power has recently been demonstrated,” single-mode DFB
QCLs as elements of an array have so far been limited in
their peak output power. An increase of the volume of the
gain medium by increasing the laser ridge width above a cer-
tain value results in higher-order lateral modes which com-
promise beam quality. The integration of a quantum cascade
optical amplifier'® with a DFB QCL has demonstrated the
possibility to combine the excellent beam quality of a DFB
QCL with high power amplification in a monolithically inte-
grated device.!' The monolithically integrated master-
oscillator power-amplifier (MOPA) configuration had been
applied to diode lasers'>'? for considerable time until its
realization based on a QCL.'" Only very recently high-
power, single-mode operation of a QCL MOPA reaching
peak powers of 1.5 W has been reported.'* QCL MOPAs are
two-section devices composed of a low-power single-mode
DFB seed laser and a tapered power amplifier. The output of
the DFB section is coupled into the amplifier, which is cur-
rent driven below its self-lasing threshold. The excellent
beam quality of the DFB laser is preserved throughout the
amplifier due to adiabatic mode expansion: The gradual
increase in the amplifier cross section allows the spreading
of the mode over a larger volume, thus, overcoming the
intrinsic problem of gain saturation and reducing the lateral
beam divergence. In this work, we report on the demonstra-
tion of an array of single-mode high-power MOPA QCLs
operating at different wavelengths between 9.2 and 9.8 um
with room-temperature peak powers of up to 3.9 W and an
overall excellent beam quality.
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The material used for our MOPA array is an InGaAs/
AlInAs broadband bound-to-continuum heterostructure'> grown
on a conducting InP substrate by organometallic vapor-phase
epitaxy (OMVPE). A 3.5 um thick, highly doped InP layer
(n =1 x 10"ecm™3) is followed by a 0.52 um thick InGaAs
layer (n = 3 x 10'%cm™3), and the active region. The latter is
composed of 35 periods of the following layer sequence
(InAlAs barriers bold, InGaAs wells roman, thickness in nm,
underlined layers doped to n = 1.5 x 10"7cm™3): 4.4/1.7/0.9/
5.3/1.1/5.2/1.2/4.7/1.3/4.2/1.5/3.9/1.6/3.4/1.8/3.1/2.1/2.8/2.5/
2.7/3.2/2.7/3.6/2.5. Following the growth of an additional in-
jector sequence and 520 nm of GalnAs (n = 3 x 10'%cm™3),
the structure is completed by the upper waveguide cladding
formed by 3.5 um of InP (n = 1 x 10""cm~3) and the top con-
tact layer composed of 0.5 um of InP (n =5 x 108 cm™3)
and 20 nm of InGaAs (n = 1.8 x 10"cm ).

The sixteen MOPA QCL devices of the array comprise
a DFB section sufficiently narrow for transverse single-mode
operation, and a tapered amplifier section. In order to allow
the fabrication of DFB gratings, the top InP cladding layer
was removed by wet etching in a HCI : H,O (1:1) solution.
A first-order Bragg grating, including a central quarter-
wave-shifted (QWS) region, was defined for the individual
DFB lasers by electron-beam lithography and subsequent
ion-etching into the now exposed 500 nm thick InGaAs layer
with an etch-depth of 250 nm. To allow a different emission
wavelength for each array element, the grating period was
increased from device to device between 1.44 um (device 1)
and 1.55 um (device 16).

The choice of a QWS DFB grating for the MOPA seed
sections is based on the following consideration. As com-
monly known, the precise selection of a single mode in DFB
lasers is difficult due to the influence of the reflectivity of the
end facets (see, e.g., Ref. 8). Both modes at the edge of the
photonic bandgap can experience comparable losses depend-
ing on the position of the end facets relative to the grating.
The relative phase of the two modes with respect to the fac-
ets can lead to a variability and uncertainty in which mode
can lase. In case of a multi-wavelength array of DFB devi-
ces, this is of particular concern as all of the ridge facets are

© 2012 American Institute of Physics
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defined by a single cleave along a crystal plane. Due to the
difference in the grating period from device to device, the
facet reflection influences each device differently. According
to Ref. 8, an anti-reflection (AR) coating on both facets of a
QCL can eliminate this uncertainty in the selection of the
lasing wavelength. In addition to AR coatings, the introduc-
tion of a QWS into the DFB grating has been employed for
diode lasers.'® The QWS pins the lasing wavelength to the
spectral position of the low-threshold defect state generated
in the center of the photonic bandgap and thus ensures reli-
able lasing at the design wavelength, where an AR coating
on both facets is required in order to guarantee single-mode
operation.'®

Following the etching of the DFB grating, the InP clad-
ding and top-contact layer were regrown using OMVPE. The
MOPA ridges were defined by reactive ion-etching of double
trenches. Careful design of the ridge geometry was crucial to
ensure single-mode operation. The MOPA concept is based
on seeding a spectrally clean single TM(y mode by driving a
low-power DFB section. To suppress lasing on higher order
lateral modes in the latter, sufficiently narrow DFB ridges of
13 yum width were implemented. A small tapering angle of
1.3° was chosen, which according to finite-difference time-
domain calculations ensures adiabatic spreading of the
seeded DFB mode in the amplifier. Following the deposition
of 450 nm thick SiN, a Ti/Au metallization was applied as a
ridge top contact. For proper amplifier operation, the tapered
section has to be driven below the self-lasing threshold. The
simultaneous driving of the DFB section close to peak power
(rollover) is made possible by electrically separating both
sections by a 100 um wide gap in the gold metallization. The
lengths of the individual DFB and power-amplifier sections
(2mm each) were defined by two cleaving steps, resulting in
a 110 um wide output facet of the MOPA devices. As dis-
cussed above, it is essential for reliable single-mode opera-
tion of the DFB sections to suppress the influence of the
back facet mirror on the mode selection.® This is achieved
by leaving 360 um of the 2 mm long seed section unpumped
(absorber segment in Fig. 1). Figure 1 shows a top view pho-
tograph of three array elements before packaging.

In order to increase the self-lasing threshold of the am-
plifier section, an AR coating was applied to the front facet
of the array elements, allowing for strong optical amplifica-
tion in single-pass travelling-wave configuration at high am-
plifier currents while conserving the beam and spectral
quality of the seed mode. The AR coating is composed of a
842nm thick layer of ZnS (refractive index of 2.2), and
1280nm of YF; (refractive index 1.415), where adhesion
between the layers is provided by 30 nm of Y,0Os.

360 um  1.64 mm 2 mm anti-reflection
absorber master-oscillator power-amplifier coating/

] o .
! | Ee—

I éuarter wave shift ! -

FIG. 1. Top view of three elements of the MOPA array.
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Each device of the MOPA array has been thoroughly
characterized under pulsed operation (10 kHz repetition rate,
25ns MO pulse length, 100ns PA pulse length) at a heat
sink temperature of 18 °C. The difference in the current pulse
lengths between the DFB section and the amplifier is due to
limitations of the two employed pulse generators. However,
the length of the output radiation bursts is determined by the
MO pulse length, as the amplifier is driven below self-lasing
threshold, giving a duty cycle of 0.025%. Out of the 16 fabri-
cated array elements, one was not lasing due to an electrical
defect (device 14). While measuring the output spectra of
the individual devices using a Fourier transform infrared
spectrometer, both the current through the DFB and the am-
plifier section were optimized in order to achieve maximum
output power, while maintaining spectral single-mode opera-
tion of the MOPA with a targeted side-mode suppression ra-
tio (SMRS) of at least 20 dB. Figure 2 shows these spectra at
maximum single-mode power for all of the devices along
with the respective peak power measured using a calibrated
bolometer. The plotted spectra in Fig. 2 show that each array
element operates at a different wavelength between 9.15 um
(device 1) and 9.77 um (device 16), demonstrating the real-
ization of a multi-wavelength MOPA array based on varying
the DFB gratings of the individual seed sections. All of the
devices are capable of single-mode operation at peak powers
in excess of 0.8 W, with eleven MOPAs featuring single-
mode peak powers at or above 1.5 W, which has been the
highest value for single-mode operation of a QCL MOPA up
to now.'* Eight array elements feature single-mode peak
powers of at least 2W, with one device reaching 3.9 W.
These high peak output powers are reached while showing a
good SMSR as seen from a logarithmic plot of a selection of
the spectra in Fig. 3. The corresponding values for the
SMSR are listed on the right of the respective spectra in Fig.
2. Note that for two devices a SMSR of 20 dB could not be
reached due to lasing at multiple modes even at low driving
currents (devices 7 and 10 with 15 and 18 dB, respectively).
However, 13 out of 15 array elements exhibit a SMSR of at
least 20 dB for the peak power values given in Fig. 2.

20 . . .
2.3 \W Peak Power | 20 dB|
1.9W ] 23dB

> |08W | 23 dB
‘% 15(0.8 W | 20 dBj
S 39W 1 22dB
= 2W 1 25dB
= 2W ] 15 dB
B 10E21 W | 20 dB]
N 1.5W ] 22 dB
© 29W I 18 dB
S 1.7 W J 20dB
S 5R23W | 22 dB|
Z 0.9 W J 24 dB
14W | Side Mode 25 dB

2.6 W | Suppression 22 dB

0 1020 1040 1060 1080 1100

Wavenumber [cm'1]

FIG. 2. Emission spectrum of MOPA array. For each device of the array, the
spectrum at maximum single-mode peak power is shown together with the
respective power values (on the left) and side-mode suppression ratio (val-
ues on the right). The spectra have been normalized to their maximum and
offset vertically for clarity. The top and bottom curves represent device 1
and device 16, respectively, excluding the defective device 14. All measure-
ments were performed at room temperature and a duty cycle of 0.025%.
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FIG. 3. Side-mode suppression and far-field. The logarithmic plots of a
selection of the spectra in Fig. 2 demonstrate the good side-mode suppres-
sion ratio of the MOPA devices. The inset shows the excellent angular in-
plane distribution of the far-field intensity for a selection of representative
devices measured under conditions for maximum single-mode power. Nine
devices show diffraction-limited TMy-operation like device 5 (red curve).
Five devices exhibit minor contributions of higher order lateral modes, while
still maintaining an excellent far-field quality, as represented by the blue
curve showing data on device 1.

The reason for the differing maximum single-mode
peak-power values of the array elements can be attributed to
a persistent influence of the device facets on the operation of
the DFB seed sections. The inset of Fig. 4 shows the individ-
ual DFB and amplifier currents, at which the spectra for
maximum single-mode power presented in Fig. 2 were
obtained. The array elements can be divided into two groups:
The devices which exhibit single-mode operation for DFB
currents close to rollover (devices 1, 5, 6, 7, 8, 10, and 16),
and those which show multi-mode behavior at high currents
close to rollover and have to be driven at lower currents for
single-mode operation (devices 2, 3, 4, 9, 11, 12, 13, and

A
[6)]

DFB current

WDFB current [A]

4 [/Amplifier current [A] 21A 1
6 WPeak power [W]

3.5 . 2.0A 1
z 3 ) 1.7 A1
6 2 5 -
2 % 5 10 15 15A
o 2 Device Number ]
®
$15 14A

1 12A1
0.5 1
1.0A
00 2 4

Amplifier Current [A]

FIG. 4. Light/amplifier-current characteristics. The curves show the peak
output power of device 5 as a function of the amplifier current for a series of
DFB currents. Note the exponential growth of the peak power with amplifier
current for a DFB current of 1.4 A, which is characteristic for amplifier oper-
ation in contrast to the linear increase expected for self-lasing. The pink, dot-
ted line represents an exponential fit, allowing the extraction of the modal
gain coefficient of the amplifier. For higher DFB currents, gain saturation
sets in, leading to a deviation from the exponential behavior. The inset
presents the values for DFB (blue bars) and amplifier current (green bars)
for maximum single-mode power (red bars) for each array element. The
spectra corresponding to these values are shown in Fig. 2.
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15). As evident from light/DFB-current characteristics at
fixed amplifier current (not shown), all of the array elements
except device 3 exhibit a DFB rollover around 2 A, which is
marked by the red horizontal line in the inset of Fig. 4. The
DFB section of device 3 suffers from current leakage and
reaches its rollover at 3 A. All of the devices capable of
single-mode operation close to rollover feature single-mode
peak powers of at least 2 W (also marked by the red horizon-
tal line in Fig. 4). Device 5 reaches the highest value of
3.9W as it can be driven simultaneously at the highest DFB
current and amplifier current among these devices. The DFB
sections of these seven devices thus can be driven under opti-
mal conditions, allowing to seed a single mode at the maxi-
mum power possible, before the output intensity drops due
to a misalignment of the electronic levels in the active
region.

On the other hand, even though devices 2, 3, 4, 9, 11,
12, 13, and 15 feature good single-mode operation at peak
output powers of at least 0.8 W, their full seeding potential
cannot be exploited due to multi-mode operation at higher
DFB currents. As indicated by light/DFB-current characteris-
tics (not shown), only about half of the maximum seeding
power deliverable by the DFB sections of these devices is
available for single-mode operation. An increase in the DFB
current beyond the values presented in the inset of Fig. 4,
which are far below rollover, leads to the appearance of addi-
tional modes. This is a strong indication for a residual influ-
ence of the back facet mirror on the lasing mode of the DFB
section. As a consequence, the maximum single-mode output
power of these devices lies below 2 W (red horizontal line in
Fig. 4), with device 12 being the only exception. Device 12
reaches peak powers of 2.3 W at an exceptionally high am-
plifier current of 6.5 A in comparison to the other array ele-
ments, and at a very low DFB current of 1.3 A. Therefore,
the high-power operation of device 12 at these extreme pa-
rameters is most likely based on self-lasing of the amplifier
section, where the DFB section acts as a distributed Bragg
reflector and selects the single mode of operation.

To summarize, seven of the fifteen array elements could
be driven under ideal pumping conditions which utilize the
maximum output power of the DFB section for single-mode
operation. While the remaining eight devices still show
single-mode operation at competitive output powers of at
least 0.8 W, their DFB sections do not live up to their full
seeding capability. By improving the reliability of the array’s
DFB sections with respect to single-mode operation, all of
the MOPA devices can be pushed to excellent power per-
formance in future arrays.

In addition to high peak power values and spectral pu-
rity, the MOPA array elements feature excellent far-field
properties at driving conditions for maximum single-mode
power. The inset of Fig. 3 shows the lateral far-field intensity
distribution for three representative devices as measured by a
Mercury Cadmium Telluride detector at a distance of 9cm
from the output facet. Nine devices (2, 3, 4, 5,7, 10, 11, 13,
15) show pure TMy, operation with full width at half-
maximum (FWHM) angles between 5.6° and 7° (represented
by the red curve in Fig. 3). One device (6, green curve in the
inset of Fig. 3) features a broader angular intensity distribu-
tion with a FWHM angle of 9.4°, which is attributed to a
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fabrication-induced asymmetry in the waveguide or a facet
defect. Five devices (1, 8, 9, 12, 16) exhibit minor contribu-
tions of higher order lateral modes, while still maintaining
an excellent far-field quality with FWHM values between
5.6° and 7.2°, represented by device 1 in Fig. 3 (blue curve).
The array elements’ FWHM values for the angular intensity
distribution compare well to the theoretical estimate for
the diffraction limited in-plane divergence angle, which
was obtained by approximating the in-plane intensity distri-
bution of the ridge mode (squared sinusoid) by a Gaussian
distribution with equivalent standard deviation. For a facet
width of w= 110 um (Gaussian spot size w§ = 39.6 um), an
average FWHM of © =52° is estimated from
©® = 180°/n-/2In2 - 2/(m - wi),"” where / is the average
array wavelength.

In Fig. 4, light/amplifier-current characteristics are
shown for a series of DFB currents. The curves show data
for device 5 which are representative of all devices except
device 3, which shows a higher rollover current than the
other array elements. The curves presented in Fig. 4 exhibit
typical MOPA characteristics:'* For low DFB currents, the
output power P, increases exponentially with the amplifier
current density j above the transparency current density j,qus,
as given by P, = P, - et T Uma))d = p, . o8Tid,
where P;, is the input power from the DFB section, «,, are
the waveguide losses, d is the amplifier length, and g - T is
the modal gain coefficient."* An exponential fit of the char-
acteristics for a DFB current of 1.4 A, which does not show
any signs of gain saturation, allows the extraction of the
modal gain coefficient (pink dotted line in Fig. 4). A value of
g-I'=4.7 cm/kA was obtained. For DFB currents above
1.4 A, the characteristics in Fig. 4 start deviating from the ex-
ponential behavior and for a DFB current of 2.1 A show a
linear dependence on amplifier currents above 4.5 A. This is
an unambiguous sign of gain saturation in the amplifier and
indicates that the output power can be further increased by
increasing the tapering angle of the amplifier section in
future devices. MOPA arrays are promising systems for
studying gain saturation,'® since they enable the separate
tuning of the DFB input power and the amplifier pump cur-
rent, thus, making it possible to distinguish between satura-
tion due to high optical pumping and saturation due to band
misalignments. Furthermore, a MOPA array allows satura-
tion studies to be carried out at different points in the gain
spectrum.

In conclusion, we have reported the design, fabrication,
and thorough characterization of a QCL MOPA array. Each
array element covers a different wavelength between 9.2 and
9.8 um at single-mode operation, with peak powers between
0.8 and 3.9W in pulsed operation at room temperature. In
addition to the high output power, excellent far-field proper-

Appl. Phys. Lett. 101, 261117 (2012)

ties with in-plane divergence angles around 6° render the
QCL MOPA array highly suitable for stand-off detection and
spectroscopy applications.
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