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Abstract. The modal characteristics of nonresonant five-element phase-locked arrays of 4.7-um emitting quan-
tum cascade lasers (QCLs) have been studied using spectrally resolved near- and far-field measurements and
correlated with results of device simulation. Devices are fabricated by a two-step metal-organic chemical vapor
deposition process and operate predominantly in an in-phase array mode near threshold, although become
multimode at higher drive levels. The wide spectral bandwidth of the QCL’s core region is found to be a factor
in promoting multispatial-mode operation at high drive levels above threshold. An optimized resonant-array
design is identified to allow sole in-phase array-mode operation to high drive levels above threshold, and indi-
cates that for phase-locked laser arrays full spatial coherence to high output powers does not require full tem-
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1 Introduction

Scaling the single-spatial-mode, output power of quantum
cascade lasers (QCLs) remains an important challenge.
Many applications, such as remote sensing of pollutants
and explosives, require multiwatt output powers in the mid-
infrared spectral region with high beam quality. Coherently
combining multiple lasers monolithically in a phase-locked
array configuration is an attractive approach to scale the out-
put power, provided high beam quality can be adequately
maintained. It has been theoretically shown' that array-
element phase locking that ensures strong overall interele-
ment coupling occurs only when each element equally cou-
ples to all others (so-called “parallel” or “global” coupling).
Global coupling provides intermodal-discrimination maxi-
mization and uniform near-field intensity profiles, thus lead-
ing to immunity to the onset of high-order mode oscillation
at high drive levels above threshold. Furthermore, global
coupling leads to arrays that are fundamentally stable against
coupling-induced instabilities,” in sharp contrast to nearest-
neighbor or “series” coupling,' which is prone to self-pulsat-
ing behavior and readily causes multimode operation as the
drive current increases above threshold.

A variety of techniques have been used to produce mono-
lithic phase-locked QCL arrays that have either global
coupling or series coupling. Y-branch coupled-ridge wave-
guides, which is one way to achieve global coupling, oper-
ating at 4 = 10.8 yum have demonstrated pulsed in-phase
mode operation from six elements, but with no increase
in brightness due to modal competition.® By employing

*Address all correspondence to: Luke J. Mawst, E-mail: limawst@wisc.edu
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resonant leaky-wave coupling for phase-locking arrays of
antiguides,* global coupling has led to 5.5 W near-diffrac-
tion-limited (DL) power from five-element arrays operating
at A = 8.4 um. As described below, resonant leaky-wave cou-
pling has also been employed for obtaining global coupling
in THz phase-locked QCL arrays.>® Global coupling has also
been achieved using antenna mutual coupling for phase
locking two-dimensional (2-D) surface-emitting arrays of
THz DFB QCLs, up to 6.5 mW peak power at 10 K.
Integrated Talbot cavities have been used at the back end of
phase-locked three-element® and six-element’ ridge-guide
laser arrays for intermodal discrimination. For the three-
element array,® up to 375 mW were obtained in an in-phase,
near-DL beam pattern, but at a serious penalty in efficiency
(e.g., halving of the slope efficiency) most likely due to
strong edge diffraction losses in the Talbot cavity of such
low-element-number arrays. For the six-element array,” 4 W
near-DL. peak power was obtained in both the in-phase
and out-of-phase array modes, as expected from theory'®
when the Talbot-cavity length is equal to one-half of the
Talbot distance Z,. However, the Talbot-cavity method
does not in general employ global coupling for phase-
locking, but rather a type of the nearest-neighbor coupling
(diffraction coupling), thus multimode performance is
expected for large-element-number arrays.'' Shallow-etched
evanescent-wave-coupled ridges with interelement gain and
a small positive-index step (An = 0.005), operating at
A=4.6 ym, produced a relatively wide in-phase-like
beam pattern: 4.2 X DL right at threshold, that further wid-
ened with increased drive, from a 700-ym wide array com-
posed of 100 elements.'” Such behavior is typical of
evanescent-coupled arrays which, by definition, employ
nearest-neighbor coupling.
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In contrast to phase-locked laser arrays employing evan-
escently coupled elements, arrays of resonant leaky-wave-
coupled antiguided lasers have allowed for watt-range
peak pulsed and CW near-DL, in-phase-beam powers in
the near-infrared.'*>~'® Resonant leaky-wave coupling occurs
when the interelement regions’ width is equal to an integer
multiple of half the projected wavelength 4; in the lateral
direction of the leaked radiation from each element (e.g.,
ml,/2)."> To achieve in-phase-mode resonance for linear
arrays, m must be an odd integer. Such resonantly coupled
devices are in fact high-index-contrast (An = 0.08 to 0.10)
photonic crystal (PC) structures in which gain is preferen-
tially placed in the low-index sites of the crystal,!” and sup-
port modes that exhibit global coupling between the array
elements. 2-D phase-locked arrays of surface-emitting
DFB THz QCLs operating in an in-phase mode have
achieved resonant leaky-wave coupling via sections at the
longitudinal ends of the elements, emitting in a near-DL
beam 4 mW at 20 K from a four-element array,’ or ~1 mW
at 10 K from a six-element array.® Since a 180-deg rotation
corresponds to a z phaseshift, 2 must be an even integer to
achieve resonance for an in-phase mode in this case.

QCLs exhibit a maximum operating-current density
(Jmax)» Which is dependent on the injector doping level,
but is typically in the range of 4 to 5x the threshold-current
density, Jy,. Thus, for a given slope efficiency, the maximum
output power, under pulsed (nonheating) operation, can be
scaled only by increasing the device emitting area. Longer
cavity length can be used to scale the device area; although,
internal losses will generally limit the practical cavity lengths
which can be used without incurring a significant reduction
in slope efficiency. An increase in the device-emitting width
poses problems like multispatial-mode operation as well as
ineffective heat removal in CW operation. The antiguided-
array device concept offers a path to increase the device
emitting area, while providing strong selectivity for lasing
in a single spatial mode.'® In addition, heat-spreader layers
in the array can effectively thermally decouple the array ele-
ments and thus minimize thermal cross talk.*'® Antiguided
arrays of QCLs emitting at both 8.36* and 4.7 um' have
been recently reported to operate with high beam quality
to multiwatt output powers under pulsed current conditions.
Resonant leaky-wave coupling of QCL phase-locked arrays
was reported at A = 8.36 yum, which resulted in in-
phase-mode operation up to 5.5 W peak-pulsed power in
a near-DL beam pattern.* Achieving resonant coupling at
4.7 ym presents further fabrication challenges because of
the requirement for smaller interelement widths. Near-reso-
nant leaky-wave-coupled QCLs emitting near 4.7 ym were
recently reported,'” which operated with up to 3.6 W peak-
pulsed power with a narrow beamwidth (<1.7 X DL). Those
nonoptimized devices exhibit lasing predominantly in the in-
phase array mode, although, lasing in a mixture of array
modes is evident at high drive currents. Here, we further ana-
lyze the modal behavior of two such devices employing
spectrally resolved near- and far-field measurements and
their correlation to simulation. These studies help elucidate
the role of the QCL spectral width on array-mode properties.
A key finding is that the inherently large spectral bandwidth
of this QCL’s active region can promote multispatial mode
operation for array designs not optimized for achieving a
large intermodal-discrimination process window around
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the resonance condition. New, optimized resonant-array
designs are presented that exhibit enhanced intermodal dis-
crimination for achieving sole in-phase array-mode opera-
tion and thus hold potential for maintaining a DL beam
pattern to high drive levels above threshold.

QCLs have been shown to exhibit very broad spectral
bandwidths that widen with increasing output power.?’
The large spectral width of QCLs results from the instabil-
ities arising from electron-light dynamics. Prior simulations
of antiguided phase-locked arrays of QCLs performed in
Ref. 19 considered only a single laser wavelength value
located at the center of the core region’s gain spectrum, while
the geometrical array parameters were varied. Thus, the
impact of the inherently wide spectral bandwidth of QCLs on
the array-beam properties has not been previously studied.
Furthermore, while spectrally resolved far-fields of a sin-
gle-element THz QCL device have been measured,” there
are no prior reports regarding the spectrally resolved near-
and far-field measurements for phase-locked QCL arrays.
We show that nonresonant devices can be significantly
impacted by this large spectral bandwidth, leading to multi-
mode operation with increasing drive current. Further opti-
mized, resonantly coupled designs can be used to minimize
the impact of the large spectral emission bandwidth and allow
for single lateral array-mode operation to high drive levels.

2 Phase-Locked HC-PC QCL Array Structure

Two elements of the fabricated high-index-contrast, photonic
crystal (HC-PC) structure are schematically shown in Fig. 1.
These arrays are fabricated using a two-step metal-organic
chemical vapor deposition (MOCVD) process, as described
in Ref. 19. Within fabrication constraints, the interelement-
region width can be adjusted to target the resonant-coupling
condition. We define the interelement width as the width of
the trench at the top of the upper-core region, which we call
S,, as shown in Fig. 1. The value of S, will depend on both
the trench etching to form the interelement regions as well as
the thickness of the regrown layers. In the center of the core
region an InP-spacer layer is placed, which acts both as a
lateral heat remover'® as well as the base layer for the
regrowth of the interelement regions. The structure design opti-
mization approach for achieving single lateral-mode opera-
tion has been addressed previously;>* although, that previous
analysis assumed single-wavelength emission. The regrown
interelement regions have In, s3Gag 47As layers and lowered
Ti/Pt/Au regions that create a higher effective refractive
index than in the element regions, as well as strong interele-
ment losses due to plasmon coupling to the metal (as sche-
matically shown in Fig. 1). As a result, an array of antiguides
of large index step (An > 0.05) is formed, which can be
designed to strongly favor in-phase array-mode operation.
In the context of the effective-index approximation, resonant
leaky-wave coupling occurs when the interelement regions’
width is equal to an integer multiple of half the laterally pro-
jected wavelength, 1, = 1//n} — nZ;, in the lateral direc-
tion,'*??* where n, is the transverse effective index in
the interelement region, and n.g is the array-mode effective
index. For actual 2-D waveguide structures, the resonance
point is shifted due to significantly low overlap between
the fields of the fundamental transverse modes in the element
and interelement regions.'>? Thus, full-wave modeling,
such as using COMSOL Multiphysics, is necessary to
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Fig. 1 Schematic representation of the cross-sectional view of HC-PC QCL structure under study.

analyze the array structure to find the actual resonance con-
dition where the photonic bandgap is zero.!”! For a given
emission wavelength, resonance is generally achieved by
varying the array-interelement width on the photomask
and fixing the regrown-layer thicknesses to target the desired
lateral index step, as was done in this work where we present
results from two arrays of different interelement width.
Achieving the resonance condition leads to parallel/global
coupling among all array elements and nearly uniform
near-field intensity profiles for the array resonant modes.”***
Here, the desired resonant mode is composed of fundamental
element modes coupled in-phase and with an interelement
spacing S, ~1,/2."> As discussed below, for the devices
described here, the resonance condition was not met as a
result of too large an interelement spacing. Generally, an iter-
ative fabrication process is used to experimentally achieve
resonant devices.

A 35-stage core region with a 0.5-um thick InP spacer
layer was grown by MOCVD using a core-region structure
similar to that of state of the art 4.6 to 4.7 ym emitting
QCLs.* The fabrication process follows that of Ref. 19.

(b)

Optical mode

! ]

(DR ! !

Index I
=

Fig. 2 SEM images of the fabricated five-element array: (a) interele-
ment region, (b) complete five-element device with a schematic of the
effective-index structure and in-phase mode profile.
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Three millimeters long, high-reflectivity-coated chips were
tested under pulsed operation in the epi-side up configura-
tion. The devices were not tested in CW or quasi-CW oper-
ation, which would require epi-side down mounting and
electroplating thick gold onto the epi-side to improve the
devices’ thermal conductance and planarity (to reduce
voids at the bond-line above the interelements). Cross-sec-
tional scanning electron microscope images at the emitting
facet of one of the fabricated devices are shown in Fig. 2.

3 Experimental Results

Figure 3 shows the light-current (L-I) curves of two five-
element arrays with interelement widths of 5.3 and 6.0 ym,
in pulsed operation (200 ns-wide pulses, 20 kHz repetition
rate). The element widths are nominally the same for the two
devices, resulting in slightly different total widths for the
arrays: ~80 and ~83 ym at the top of the upper core. The
threshold currents are ~4.7 A which corresponds to a thresh-
old current density, Jy,, value of ~1.7 kA/ cm? in the lower
core when considering current spreading under the interele-
ment regions and 5 ym into each of the two lower corners
of the core at the array edges. The peak powers of
the devices reached are 4.5 and 5.8 W for the narrow and
wide interelement devices, respectively. Higher output
power is observed from the device with wider interelement

—Narrow interelement, St ~5.3 um
5| Wide interelement, S[ ~6.0 um

Peak output power (W)
w

0 2 4 6 8 10 12
Current (A)

Fig. 3 Measured L-I characteristics under pulsed operation for two
arrays of different interelement spacings.
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Fig. 4 Measured spectrum under different drive currents for the array
with wide interelement spacing (S; ~ 6.0 um).

width, since modal losses are reduced for designs that are
further from the resonance condition. '

The measured spectra for one device (S, ~ 6.0 ym) are
shown in Fig. 4 under different drive currents. The spectral
characteristics were measured using a HORIBA 1250-mm
long spectrometer and a liquid nitrogen-cooled InSb detec-
tor, with a ~3-nm spectral resolution. The beam was focused
on the entrance slit of the spectrometer using a spherical lens
to collect light within a divergence half-angle of ~16 deg.

3.1 Near-Field Measurements
3.1.1 Setup

Initially the full spectral band near-field is directly imaged.
The output facet of the QCL is imaged using a 0.85 numeri-
cal aperture GeSbSe antireflective-coated infrared asphere
(effective focal length = 1.87 mm, working distance =
0.72 mm) directly onto an InSb 640 X 512 pixel focal
plane array (FPA) cooled to 76 K with a pixel pitch of
15 um. The optical system results in a magnification of
~85 and a spatial sampling of just under 180 nm. Images
are collected using a 0.96 us exposure time triggered by
the pulsed repetition frequency (PRF, 1kHz to prevent detec-
tor saturation) of the pulsed current source and are averaged
over 2500 frames, and corrected to remove the background.
This approach typically results in near-field images utilizing
10 bits of the 14-bit sampling.

To spectrally resolve the near-field, we use a similar setup
as for the full-spectrum above, but instead of imaging onto an
FPA, we image the near-field onto 100-um wide entrance
slits of a 300-mm long spectrometer with a 300 line/mm
grating. To attain reasonable near-field resolution, we adjust
the setup to attain a magnification of =210. The exit slits
of the spectrometer are set equal to the entrance slits and
an amplified single-channel PbSe detector and lock-in

Optical Engineering

011013-4

amplifier, with a time constant of 300 ms, are used to mea-
sure the spectrally resolved signal. The spectral resolution is
estimated to be <5.2 nm. To build up a transverse near-field
profile, the imaging lens is translated horizontally, thus trans-
lating the near-field image across the entrance slits. The im-
aging lens translation step size is chosen to correspond to a
1-um spatial sampling on the QCL facet (object space). The
devices are operated with a pulse width of 200 ns, at a sub-
mount temperature of 20°C, and a PRF of 10 to 20 kHz,
depending on the device and detector saturation. We did
ensure that there is no significant performance difference
between 1 and 20 kHz, such that the duty cycle was appre-
ciably small and there was little pulse-to-pulse thermal
“memory.”

3.1.2 Analysis

Line scans of full spectral band near-field images are from
the center height of the image and the average of three detec-
tor rows. There is a slight asymmetry in the near-field, which
is likely due to fabrication nonuniformity. Figure 5 shows the
near-field images for operation near threshold, showing good
agreement between the near-field summed over all spectral
bands and the near-field profile directly imaged with the
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Fig. 5 Comparison of near-field profiles directly imaged and summed
from the spectrally resolved imaging for the (a) narrow interelement
device and (b) wide interelement device.
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Fig. 6 Measured full spectrum near-field profile of the wide interele-
ment device as a function of current (bottom); simulated in-phase
mode near-field intensity profile for this device geometry (top).

InSb FPA. The narrow interelement device [Fig. 5(a)] con-
tains strongly peaked central lobes relative to the outer two
lobes. The two measurements in Fig. 5(a) are taken at
slightly different current drives, with the directly imaged
measurement at 0.1 A higher drive, resulting in some differ-
ence between the directly imaged near-field and a summation
of the spectrally resolved near-field. In addition, low signal
data points in the outer lobes are in the noise floor for certain
wavelengths, thus they do not contribute to the spectral sum.
In contrast, Fig. 5(b) shows the wide interelement device
where there is a little more power in the outer two lobes rel-
ative to the inside three lobes, and the two curves agree well
with each other as the measurements were taken at the same
current.

Figure 6 shows the full spectral band near-field profile as
a function of current for the wide interelement device, as well
as the simulated in-phase mode profile for this device.
Simulations show the in-phase mode of these devices was
highly nonuniform and peaked in the center element of the
array. This suggests that the in-phase mode lases first near
threshold for this device, and as the drive current increases
other modes with more intensity in the outer elements begin
to lase and fill in the near-field to give a nearly uniform inten-
sity profile.

3.2 Far-Field Measurements
3.2.1 Setup

To measure the far-field beam patterns of the devices includ-
ing the full spectral band, the device is placed on a rotational
stage centered at the output facet, 40 cm away from a liquid
nitrogen-cooled InSb detector with a 25-um wide vertical slit
placed in front of it, giving each individual measurement an
angular resolution of 0.007 deg. Two hundred nanoseconds
long current pulses with a repetition rate of 20 kHz are used
and a boxcar integrator converts the power pulse into a single
data point. The rotational mount is rotated and a data point is
taken approximately every 0.25 deg.
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In contrast with Ref. 21, where a microbolometer FPA
was used in conjunction with an FTIR spectrometer to cap-
ture the spectrally resolved far-field in parallel, we measure
the spectrally resolved far-field with a single pixel detector,
which in general should increase the measurement time and
improve the signal-to-noise ratio of the measurement. The
device is placed 18 cm away from the 1-mm wide entrance
slit of a HORIBA 1250-mm long spectrometer with a
300 line/mm grating. A cylindrical lens is used to focus the
vertical axis of the beam onto the entrance slit of the spec-
trometer. A liquid nitrogen-cooled InSb detector is used with
a lock-in amplifier with 300 ms time constant to record the
spectrum of the device for a given angle. The device is
rotated to obtain different slices of the far-field passing
through the entrance slit to build the full spectrally resolved
beam pattern. The estimated angular and spectral resolutions
of this system are 0.32 deg and 3 nm, respectively.

3.2.2 Analysis

Full spectrum far-fields as a function of current are shown for
the two devices in Fig. 7, along with the simulated in-phase

10 . . . . .
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Fig. 7 Measured (upper) and simulated (lowest) lateral far-field pat-
terns for HC-PC device with an interelement width of (a) 5.3 ym and
(b) 6.0 um.
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mode, which is the ideal DL beam pattern. These indicate
operation near threshold primarily in the in-phase array mode,
with central lobe full-widths at half-maximum (FWHM) of
1.1 xDL. and 1.3 x DL, for the narrow and wide inter-
element devices, respectively. The sidelobe intensities near
threshold are in agreement with the simulation to within

the noise of the measurement for the narrow interelement
device, and up to 6% lower intensity than the simulation
for the wide interelement device. The beams broaden at
higher drive currents due to the onset of adjacent modes
reaching threshold.'*?” For the device of smaller interele-
ment width (S, ~5.3 ym) with an ~80-um wide aperture,
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Fig. 8 Contour plots of the spectrally resolved (a) near-field and (b) far-field profiles for the narrow inter-
element device at a current drive near rollover (9.2 A).
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Fig. 9 Contour plots of the spectrally resolved (a) near-field and (b) far-field profiles for the wide interele-
ment device at a current drive near threshold (5.3 A).
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Fig. 10 Contour plots of the spectrally resolved (a) near-field and (b) far-field profiles for the wide interele-
ment device at a current drive near rollover (9.0 A).
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the central lobe FWHM is 1.7 x DL at 10.0 A and 4.3 W with increasing current [Fig. 7(b)], with a lobewidth ~2.6 X

output power. That is, it has near-DL operation to a drive DL at 9.0 A and a peak power of 5.1 W, indicating that above
level of 2.1x threshold [Fig. 7(a)]. For the device of larger threshold lasing occurs in a much larger mixture of addi-
interelement width (S, ~ 6.0 ym), the beam broadens more tional array modes. In the direction perpendicular to the
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Fig. 11 Line scans at selected wavelengths of the measured spectrally resolved (a) near-field and (b) far-
field profiles (solid lines) for the narrow interelement device at a current drive near rollover (9.2 A). The
dotted lines in (b) are FFTs of the measured near-field profile.
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Fig. 12 Line scans at selected wavelengths of the measured spectrally resolved (a) near-field and (b) far-
field profiles (solid lines) for the wide interelement device at a current drive near threshold (5.3 A). The
dotted lines in (b) are FFTs of the measured near-field profile.
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Fig. 13 Line scans at selected wavelengths of the measured spectrally resolved (a) near-field and (b) far-
field profiles (solid lines) for the wide interelement device at a current drive near rollover (9.0 A). The
dotted lines in (b) are FFTs of the measured near-field profile.
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array, the measured far-field has an FWHM of 45 deg, com-
pared to a calculated FWHM of 43 deg for the fundamental
transverse element mode, suggesting they are DL in that
direction.

In these leaky-wave-coupled arrays, the near- and far-
field distributions are found to be wavelength dependent.
Figures 810 show contour plots of the measured spectrally
resolved near and far-fields for the narrow interelement
device near rollover, wide interelement device near thresh-
old, and wide interelement device near rollover, respectively.
Figures 11-13 show selected line scans of the spectrally
resolved near and far-fields of the devices in the same order.
Spectrally resolved far-fields of the narrow interelement
device were measured near threshold, at 5.9 A, and showed
little deviation from the expected in-phase mode far-field at
all measured wavelengths. Due to the near-field and far-field
measurements being taken with different systems and varia-
tions in the measured spectra for a given device over time,
the near-field and far-field measurements at a specific wave-
length are not necessarily comparable. Thus, we measure the
spectrum for a given device and drive level between the two
systems and find an offset between corresponding peaks in
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Fig. 16 Simulated threshold currents for selected modes supported
by the optimized HC-PC design as a function of wavelength, at an S;
value of: (a) 5.7 um and (b) 5.0 um, the resonance condition. The dot-
ted black lines represent the approximate wavelength bounds within
which the fabricated devices lased.

January 2018 « Vol. 57(1)



Sigler et al.: Spectrally resolved modal characteristics of leaky-wave-coupled quantum cascade phase-locked. ..

the spectra, which ranged up to 6 nm. We then compare the
near and far-fields at two wavelengths separated by that off-
set. Both the near- and far-field measurements are back-
ground- and detectivity-corrected.

Fourier transforms of the near-field imaging from image
space (emission plane) to angular space are used to compare
the near-field imaging to the far-field imaging. The square
root of near-field intensity is zero-padded such that the
“padded” data are four times larger than the original data.
This results in an angular resolution of 0.73 deg for the trans-
forms of the spectrally resolved near-field profile. In all
cases, the angular resolution is comparable to the experimental
resolution. The square of the Fourier transform is normalized
to the maximum value for comparison with the far-field im-
aging intensity. In this approach, we assume a uniform planar
phasefront at the output facet, essentially true for a device
operating in the ideal in-phase mode. The dotted lines in
Figs. 11-13 show these Fourier-transformed near-fields and
allow a comparison with the measured spectrally resolved
far-fields. We can see in the spectrally resolved near-field
images that at shorter wavelengths (e.g., 4.65 um), more
energy is found in the outer elements, and the far-field beam
pattern is significantly different from that expected for a flat

phase front, indicating operation in nonresonant modes.
At longer wavelengths (x4.75 ym), the mode is primarily
confined in the central lobes and the far-field is in-phase-
like for the narrow interelement device, indicating operation
primarily in the in-phase mode. Figures 12(b) and 13(b)
show the wide interelement device is operating with a nearly
flat phase front near threshold at most wavelengths, and a
more complex profile at high power. At some wavelengths,
we see significantly asymmetric near-field profiles, and the
corresponding far-field profiles have poor beam quality. We
attribute the asymmetry to fabrication nonuniformities.

4 Modeling and Discussion

To understand the modal characteristics of these devices,
simulations of these five-element array structures were per-
formed using COMSOL Multiphysics to find the expected
threshold currents and electric field profiles for the modes
supported by the structures. The models’ geometries were
created based on SEM images of the cross-section at the
emitting facet of the devices, such as those shown in Fig. 2.
Expected threshold currents are calculated based on the
modal loss and field profile calculated by COMSOL, as dis-
cussed in Ref. 19. The models are set up such that each
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Fig. 17 Modal decomposition of the measured full spectral-band near and far-field patterns for the nar-
row interelement device near rollover (9.2 A): (a) comparison of the measured near-field profile to a simu-
lated mixture of modes; (b) comparison of the measured far-field beam pattern to a simulated mixture of
modes; (c) near- and far-field profiles of the modes contributing to the mixture in (a) and (b), and their
relative contributions to the mixture in the top-right corner of the far-field plots.

Optical Engineering

011013-9

January 2018 « Vol. 57(1)



Sigler et al.: Spectrally resolved modal characteristics of leaky-wave-coupled quantum cascade phase-locked. ..

interelement is identical and symmetric. Thus, the model
produces only symmetric and antisymmetric mode profiles,
and so the asymmetric near-field profiles seen in the mea-
surements are not found.

When the interelement width, S,, of an array approaches
the width required to produce resonance, the nonresonant-
array modes experience enhanced field overlap with the
lossy Ti metal in the interelement regions.'**” Thus, they
are strongly suppressed in structures with high interelement
loss.?*?*?7%8 The metal-related interelement loss can be
introduced with little effect on the resonant in-phase mode,
due to its having little intensity in the interelement regions.?’
This creates large intermodal discrimination around reso-
nance. As the interelement width needed to achieve reso-
nance is proportional to the wavelength,'? the resonance
point shifts across the spectrum of the QCLs. Simulations
suggest the resonance point at the design wavelength of
4.7 ym was approximately S; ~4.6 ym. Since both these
devices had interelement widths larger than that at resonance,
at longer wavelengths the resonance point shifts closer to
their interelement widths, thus improving intermodal dis-
crimination at longer wavelengths. Figure 14 shows an
example of this for the narrow interelement device

(S; ~ 5.3 um). This figure plots the simulated threshold cur-
rents for selected competing array modes as a function of the
emitting wavelength (high threshold modes have been
removed for clarity). The mode numbers correspond to the
number of field-intensity minima across the array for a given
mode, which can change on either side of resonance for a
given mode. For example, the in-phase mode is referred to
as mode 8 because it has minima at either side of the four
interelement regions.'® Since the device is significantly far
from resonance, this change in intermodal discrimination
across wavelength is not large enough to bring the array
into resonance within the core-region’s spectral band.
However, as seen in Fig. 11, the far-field beam profile is
improved at longer wavelengths, in agreement with there
being enhanced intermodal discrimination at these wave-
lengths. As the wavelength increases, absorption losses for
the materials increase and the modes are less confined to the
core, resulting in the increasing threshold with wavelength
for all modes. This simulation assumes a constant differential
gain coefficient regardless of wavelength.

The fabricated devices have suboptimal structures, lead-
ing to a narrow window for single-lateral-mode operation. A
more optimized design, primarily consisting of removing the
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mixture of modes; (b) comparison of the measured far-field beam pattern to a simulated mixture of
modes; (c) near- and far-field profiles of the modes contributing to the mixture in (a) and (b), and
their relative contributions to the mixture in the top-right corner of the far-field plots.
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Pt layer from the frontside metallization, narrowing the ele-
ments (10 ym instead of 12-ym wide), and widening the
regrown InGaAs layer by growing thinner InP:Fe, can
broaden the window for large intermodal discrimination.
Figure 15(a) shows an example of simulated threshold cur-
rents versus interelement width for geometries based on that
of the fabricated devices as well as for an optimized design.
This simulation shows that the intermodal discrimination is
larger for the narrow interelement device than for the wide
interelement device, leading to the broader beam pattern for
the wide interelement device. The window for single-lateral-
mode operation for the optimized design is large: there is a
~0.85-um wide region in S, variation in which the competing
modes have a threshold over 40% higher than the in-phase
mode, though the in-phase mode does have a higher thresh-
old compared to the simulation based on the fabricated
devices.

Figure 15(b) shows, for the same two structures, the simu-
lated in-phase mode uniformity, which we define as the ratio
of the integral of the electric field intensity in the central
element to that in an element at an edge of the array, as a
function of interelement width. The insets show the lateral
in-phase mode intensity profile at an interelement width
0.7 ym above resonance for both structures, which is the
width obtained for the narrow interelement device. The more
uniform profile of the optimized design will help reduce gain

spatial hole burning at the array level, regardless of the
obtained interelement width. Thus, the in-phase mode can
more efficiently utilize gain, reducing the gain available to
other modes to achieve lasing. A uniform near-field profile
also reduces the beam width of the central lobe of the far-
field, though it does increase the intensity of the side lobes.

Because of the lower doping of the InP substrate
(~2 %107 cm™3) compared to the highly doped contact
layer on the frontside (~2 x 10'® cm™3), the backside contact
requires annealing to improve the resistance of this contact.
This can allow Au to diffuse into the device on the frontside
if a blocking metal layer, such as Pt, is not used. Thus, this
design requires that the backside contact be annealed before
the metal on the frontside has been deposited to avoid Au
diffusion.

Figure 16 shows the simulated threshold current as a
function of wavelength for this optimized design, (a) near
resonance with S, =5.7 yum and (b) at resonance, for
A=4.7 ym, with §, =5.0 yum. Figure 16(a) is at the
same interelement width offset from resonance as the fabri-
cated narrow interelement device, showing that this far from
resonance there is significantly larger intermodal discrimina-
tion in comparison to the fabricated device’s case shown in
Fig. 14, and there is significant wavelength dependence
within the device’s spectral band. Figure 16(b) shows that
an optimized device operating at resonance at its design

1.2
[ — Measured at ____Measured at = A
. A=4.750 um 4L A=4750 um R
j . 3 ______ Simulated
$ 0.8f..... ?ir:t:lra;ed < mixture of modes
.é‘ of modes E 0871
5 =
c [72]
0.6 c
% L 06F
£ £
ke]
3 L k)
2 04 2 04r
& &
L 02 L oot
0 e e 1 by 0 — L 1 1 L Neaciis
-50 -25 0 25 50 -30 -20 -10 0 10 20 30
Lateral position (xzm) 0 (deg)
(a) (b)
S o1 06 04 0.15 0.15
3 44.5% 18.4% 18.1% 6.6% 5.9%
> 03
) 0.4 0.1 0.1
j=
$05 0.2
= 0.2 0.05 0.05
3 0.1
5 o 0 0 0 0
20 0 20 20 0 20 -20 0 20 -20 0 20 -20 ] 20
—_ 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)
o}
5(;0 s Adjacent Mode 9 06| In-Phase Mode 8 03 Mode 10 i Mode 11 0.08 |Out-of-Phase Mode 12
>0 . .
g 06 04 . 0.06
=04 0.05 0.04
o2 02 o1 0.02
g o 0 0 0 0
Z 50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 ] 50

Lateral position (1m) Lateral position (um)

Lateral position (1m)

(©

Lateral position (1m) Lateral position (m)
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wavelength should exhibit single in-phase mode operation
across its full spectral band. That is, as expected, achieving
full spatial coherence from a phase-locked laser array does
not require full temporal coherence (i.e., single-frequency
operation).

The simulated near- and far-field profiles were numeri-
cally fit to the measured near- and far-field profiles to deter-
mine the modal composition of the emitted beam. This was
accomplished by finding the combination of contributions
from modes solved by COMSOL which minimizes the total
error between the simulated and measured profiles. Figures 17
and 18 show the result of this fitting for the overall far-field
beam patterns of the narrow and wide interelement devices,
respectively, near rollover. For the narrow interelement
device the measurements were made at 9.2 A, and for the
wide interelement device the measurements were made at
9.0 A. This fitting assumes that the mode profiles are calcu-
lated at a wavelength of 4.7 ym, ignoring the variation across
the spectrum. This fitting shows our best estimate of the rel-
ative contribution of the in-phase mode to the overall beam
patterns for the two devices, with the narrow interelement
device having greater contribution from this mode, as
would be expected since it is closer to resonance. For both
devices, the calculated relative contributions of the in-phase
mode are larger at lower current drives: 65.5% at 5.5 A for
the wide interelement device, and 87.6% at 5.0 A for the nar-
row interelement device. Only the competing array modes
composed of coupled fundamental element modes are nec-
essary to fit these measurements. That is, this indicates that
no array modes composed of coupled first-order element
modes are lasing in these devices.

Figure 19 shows fitting of near- and far-field patterns for
the wide interelement device at high drive current, specifi-
cally at a wavelength of 4.75 um, showing predominantly
adjacent mode 9 lasing at this wavelength, which is the pri-
mary reason for the broadening of this overall beam.

5 Conclusions

Spectrally resolved near- and far-field measurements were
taken of five-element HC-PC QCL devices. Near threshold
the devices operate predominantly in an in-phase mode, and
with increasing drive above threshold significantly more
power originates from lasing of competing array modes. The
near- and far-field beam patterns vary across the spectra of
the devices. Analysis indicates the in-phase mode is favored
to lase for these devices, with little intermodal discrimina-
tion, as they are nonresonant. The simulated competing
array modes composed of coupled fundamental modes can
be used to fit the measured near- and far-field beam patterns,
indicating that no array modes composed of higher order
element modes are lasing. An optimized design is shown
to provide large intermodal discrimination for sole in-
phase mode operation across the full spectrum of the QCL
core-region material, supporting the fact that a phase-locked
laser array can operate with full spatial coherence in the
absence of full temporal coherence.
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