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A multimode interference (MMI) structure is designed to simplify the fabrication of quantum cascade laser (QCL)
phase-locked arrays. The MMI geometry is optimized with a sufficient output channel distance to accommodate conven-
tional photolithography and wet etching process by which power amplifier array is fabricated without using the complicated
two-step etching-regrowth or dry etching technique. The far-field pattern with periodically modulated peaks reveals that the
beams from the arrays are phase-locked. Furthermore, the frequency tuning performance of the MMI-based phase-locked
arrays is studied using the Littrow-configuration external cavity structure. A wavelength tuning range of more than 60 cm−1

is demonstrated, which will eventually realize the high power, frequency tunable, large-scale phase-locked arrays, and their
application in spectroscopy.
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1. Introduction
As the leading laser source emitting in a range between

3 µm–12 µm, quantum cascade lasers (QCLs)[1] have made
great progress since it was first reported in 1994. Continuous-
wave (CW) output power of 5.1 W has been achieved from
a single facet of a QCL emitting in the MWIR band.[2] And
CW output power from a single facet in the LWIR has also
been reached about 3 W.[3] But the demand for power goes
beyond the current achievements, especially in the field of in-
frared optoelectronic countermeasures. Limited by the com-
plexity and difficulty of energy band engineering of active re-
gion design, post-process production becomes a supplemen-
tary method for high-power realization. Recently outstand-
ing achievements in on-chip cavity structure design mainly
include high-power phase-coherent arrays using multi-mode
interference (MMI) regions.[4,5] Compared with other phase-
locking array designs,[6–8] the MMI laser array is easy to fab-
ricate and efficient in thermal conduction since the array pitch
can be almost arbitrarily increased to reduce the thermal load.
There are currently two main methods of processing of MMI
laser array, one of which is the dry etching technique.[5] Al-
though this method is superior in obtaining accurate waveg-
uide geometry, the growth of semi-insulating InP cladding in

the subsequent process is usually problematical due to the poor
interface state after dry etching. The other method is wet etch-
ing close to the active layers.[9] Two-step etching-regrowth
technique has been used in device fabrication, which compli-
cates the device process. In addition, all of the arrays from
the previous researches have very limited wavelength tuning
ranges (< 3 cm−1).[5] In fact, a much wider tuning range is
usually needed for more application scenarios, such as macro-
molecular gas detection.

In this paper, we carry out a series of experiments to ad-
dress the above two key issues. An MMI design with a suf-
ficient output channel distance is designed and used to sim-
plify the fabrication process. Conventional photolithography
and wet etching process, instead of the complicated two-step
etching-regrowth technique or dry etching, are used in the ar-
ray fabrication. The far-field pattern exhibits a modulated in-
tensity distribution corresponding to the array ideal emitting
pattern. This indicates that the modes in the arrays are phased
locked. A Littrow external cavity structure is then used to tune
the emitting wavelength of the QCL phase-locked arrays. A
frequency tuning range of 61.2 cm−1 is achieved for the QCL
coherent array.
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2. MMI QCL arrays design for 8 µµµm
A suitable design of the MMI section is the key to the

successful fabrication of the phased arrays. Based on the
self-imaging theory of MMI,[10] the length of the multimode
waveguide is determined by the position where the single
mode is self-imaged at the two output channels. The optimal
MMI length can be expressed as[4,11]

L =
neW 2

e

2λ
L =

neW 2
e

2λ
. (1)

Here, ne is the effective refractive index, which is about 3.2 at
λ = 8 µm; We is the effective width of the MMI zone and is
obtained from

We =W +
λn2

clad
πn2
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/
√

n2
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π
/
√

n2
core −n2

clad,

with W being the geometric width of MMI, ncore being the re-
fractive index of the core and equaling 3.3, and nclad being the
refractive index of cladding material in the lateral direction.
In the case of buried ridge waveguides, nclad is the refractive
index of semi-insulating InP and equals 3.08. In our case of
double ridge waveguides as demonstrated here, nclad is the re-
fractive index of SiO2 and equals 0.51.

Clearly, the width of the multimode waveguide plays an

important role in finalizing the length of MMI. Only an appro-

priate width is suitable for a simple wet etching process. The

sufficient etching depth will result in a relatively large amount

of side etching, which sets the lower boundary of the width

of MMI. A larger MMI width is ineffective in achieving phase

matching between transverse modes, and also leads to a higher

heat load. A schematic of multi-mode interference is shown in

Fig. 1(a). The multimode waveguide ridge width is 36 µm af-

ter taking into account the edge undercut during wet etching.

The ridge widths of all other sections are all 8 µm. Substitut-

ing the value into the above formula, the initial value of the

simulated MMI length can be determined. The MMI transmit-

tance at two-aperture facet under different lengths is calculated

using the finite difference time domain method, and the result

is shown in Fig. 1(c). The highest transmittance is obtained to

be close to 99% for the MMI length of 248 µm, following the

design rule described in Ref. [12]. The optimal taper angle θ

of 55◦ is also obtained by the same method, and the result is

shown in Fig. 1(d).
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Fig. 1. (a) Designed MMI size (blue area), and side undercut of 4 µm (gray area) considered. (b) Modal field distribution within MMI section. Simulated
transmission characteristics of MMI for fundament mode versus MMI length (c) and taper angle (d). (e) Optical microscope image of the phase-locked
quantum cascade laser (QCL) arrays based on 1×2 MMI splitter.

A QCL structure based on single-phonon continuum de-
population is used in this study. The active structure is de-
signed to be robust against layer-thickness fluctuation with
high performance.[13] The lower and upper InP cladding layer
thickness are both 3.5 µm and was Si-doping concentration is
5× 1016 cm−3. GaInAs waveguide layer is 2× 1016 cm−3 in
Si-doping concentration and 0.3 µm in thickness. The heav-

ily Si-doped (5× 1018 cm−3) InP plasma-confinement layer
is 0.85-µm thick. The QCL structures are fabricated as ar-
rays and Fabry–Perot (FP) ridge lasers by using conventional
photolithography and wet etching process. After the comple-
tion of material growth, the wafer is etched by wet chemical
etching to a depth of 7 µm, well beyond the active region to
achieve good optical confinement. At this etching depth, the
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width of the ridge top of the input and output waveguide of
the laser arrays are both about 6.5 µm, the same as that of the
ridge top of the FP laser. Then a 450-nm-thick SiO2 acting as
insulating layer is deposited with plasma-enhanced chemical
vapor deposition (PECVD). Electrical contact is provided by
a Ti/Au layer. To improve the heat dissipation, a 5-µm-thick
gold layer is electroplated on the Ti/Au layer. After thinning
the substrate down to 120 µm, a Ge/Au/Ni/Au metal contact
layer is deposited on the backside of the sample. The cavity
of the QCL array and FP ridge laser is cleaved to be 4 mm in
length and both facets are uncoated. These laser is bonded epi-
side down on copper heat sink. For this experiment, the length
of the array section is 2.5 mm and the straight cavity section
is 1.5 mm. Based on the beam propagation simulation results,
the bending radius of the curved waveguide is 1000 µm. A
200-µm pitch spacing is selected for a better thermal dissipa-
tion as shown in Fig. 1(e).
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Fig. 2. P–I–V curves of 1×2 MMI laser arrays and FP, with inset showing
spectrum of the 1×2 MMI laser array near threshold.

Figure 2 shows the P–I–V characteristics of the FP laser
with 1 × 2 MMI laser array. All lasers, each with a pulse
width of 2 µs and a repeat frequency of 5 kHz, are tested at
room temperature. The output power values at both facets
are directly measured by a calibrated thermopile detector (Co-
herent, EPM1000), whose collecting aperture is large enough
for the array facet. The threshold current (current density) is
0.7 A (1.50 kA/cm2) for the FP and 1.52 A (1.86 kA/cm2)
for the array. The increase in the threshold current density
is attributed to the splitting loss of the MMI structure and the
curved waveguide loss. The slope efficiency (maximum output
power) is 0.65 W/A (0.98 W) for the FP laser, and is 0.48 W/A
(1.45 W) for two-element laser array . The power scaling ratio
(the area ratio) of two-element array to FP laser is 1.49 (1.75).

The single-aperture output power is higher than the two-
aperture power, which is not explicitly mentioned in the
Refs. [4,5]. Comparing with the previous results, this is mainly
due to the different gain lengths and different losses at both

sides of the MMI. The ratio of the length between the single-
aperture side and the two-aperture side of the MMI is higher,
which is consistent with the approach to increasing the length
of the multi-aperture side to achieve greater power amplifi-
cation in Refs. [4,5]. In addition, the two-aperture side of
the MMI has a curved waveguide structure compared with the
single-aperture side, which brings additional bending waveg-
uide loss and coupling loss between the bent waveguide and
the straight waveguide. The combined effect of these factors
has brought in the uneven power distribution between the two
sides. Based on this phenomenon, the catastrophic optical mir-
ror damage of the single facet can be avoided by designing an
appropriate structure on both sides of the MMI.

The far-field distribution pattern is an important reference
for characterizing the output phase coherence. The laser array
is mounted in the center of the rotation stage placed 60 cm
away from the detector (a liquid nitrogen refrigerated mer-
cury cadmium telluride detector, Judson J15D12 Series). The
distribution of the array is relatively stable with the change
of injection current. Figure 3 shows the far-field distribu-
tion measured at I = 2 A with a pulse width of 2 µs and a
repeat frequency of 20 kHz. Clearly, the far-field distribu-
tion has a Gaussian-shaped envelope with modulated peaks,
which indicates that the modes from the two array branches are
phase-locked. The N-aperture phase-locking distribution can
be explained by the N-slit Fraunhofer diffraction theory. As
shown in Fig. 3, an excellent match is achieved between the
measurement result and simulation in which the microscope
measurd ridge width of 10 µm and ridge spacing of 195 µm
are used. Specifically, the maxima of side lobes occur when
sin(θm−θc) =mλ/d, m= 0, ±1, ±2, . . . , where d is the pitch
size, θm and θc are the angle of the maximum of side lobe and
the center peak, respectively. The measured interference peak
interval is 2.35◦, which is close to the theoretical prediction of
2.36◦ by using sin−1 (λ/d). This result shows that the beam
emitted from the two-aperture facet has high-quality phase co-
herence. Besides, the beam intensity of central lobe with a full
width of 2.35◦ is ∼ 7.33% of the entire beam intensity.
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Fraunhofer interference pattern (dashed line), with black solid curve and red
solid curve showing far-field distribution of single-aperture facet and far-
field distribution of two-aperture facet.
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3. Frequency tunable phase-locked array based
on external cavity
To achieve tunable single mode emission from the phase-

locked laser array, an external cavity setup based on Lit-
trow configuration is used as presented in Fig. 4(a). The
phased laser array is collimated on the single-aperture facet
side with an anti-reflectivity (AR) coated high-aperture col-
limation lens (CL) (LightPath 390037IR1, NA = 0.86, f =

1.87 mm). The collimated beam is diffracted on the grating

with a grating angle of 41.6◦ and ablaze wavelength of 7.6 µm
(165 grooves/mm, diffraction efficiency ∼ 80%). In order to
obtain the maximum grating diffraction efficiency, the grat-
ing grooves are oriented perpendicular to the laser polarization
plane. The first-order diffracted beam is fed back to the side-
element side of the laser array for mode selection. The wave-
length tuning is achieved by changing the placement angle of
the grating. The two-aperture array side is used for character-
izing the spectrum and power of the coherent arrays.

diffraction
grating

first order diffracted beam single aperture facet

FTIR or power meter

two aperture facet

laser array
~410 mm

f
(feedback)

CL

(a)
(b)

Fig. 4. (a) Schematic diagram of Littrow-configuration, where phased laser array is collimated on single-aperture facet side with collimation lens (CL),
collimated light is diffracted on grating, first-order diffracted light is fed back to laser array to form an external cavity system. The two-aperture facet
side is used to measure spectrum and power. (b) Two-aperture-side two-dimensional (2D) far-field pattern of MMI laser array with external cavity.
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Fig. 5. (a) Tuning spectra of external cavity phased QCL array based on 1× 2 MMI, where blue stars represent peak optical power after feedback
corresponding to the spectral position. (b) Spectra of FP external cavity at boundaries. (c) Simulated transmission characteristics of MMI for fundament
mode as a function of wavelength. (d) Spontaneous emission spectrum.

The spectral measurement is carried out by a Fourier-
transform infrared (FTIR) spectrometer with a resolution of
0.25 cm−1 (Thermo Fisher Scientific, Nicolet 8700). Fig-
ure 5(a) shows the external cavity QCL array working at 2 A
with a pulse width of 2 µs and a repeat frequency of 20 kHz.
A relatively pure spectral line is observed in the entire tuning
range. The wavelength tuning range is about 61.2 cm−1 (from
1196.9 cm−1 to 1258.1 cm−1). The peak optical power af-
ter feedback is recorded as also shown in Fig. 5(a). The ratio
of the highest power (at 1210.6 cm−1) and the lowest power
(at 1196.1 cm−1), after the external feedback, to the total out-
put power of the original array at 2 A are 83.8% and 65.6%,

respectively. The difference in power ratio is due to the dispar-
ity in the combined effect of the external cavity configuration,
the transmittance of MMI, and the intrinsic gain properties of
the active structure. In addition, the QC lasers are expected to
display an intrinsically very narrow linewidth as they lack the
linewidth-enhancement factor common to conventional semi-
conductor lasers. Many measurements have indicated a fre-
quency stability of below 1 MHz.[17] When the semiconduc-
tor cavity is extended by a passive free-space external cavity,
the linewidth will be further reduced.[15] But this phenomenon
cannot be directly measured by our FTIR spectrometer limited
by the resolution (0.25 cm−1). Furthermore, based on the good
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intrinsic phase-locked character of MMI laser array, a clear in-
terference pattern is always observed as shown in Fig. 4(b).
This two-dimensional (2D) far-field distribution pattern of the
two-aperture side is measured by an infrared-sensitive camera
(Pyrocam IV, Spirion) behind a lens.

On the other hand, a frequency tuning range of 70 cm−1

is observed for the FP laser based on the same setup, as shown
in Fig. 5(b), which is 1.14 times that for the MMI array. We
believe that the slightly narrower tuning range of the MMI
laser arrays is mainly determined by the filtering characteris-
tics of the multimode interference effect. Different wavelength
experiences different transmission in MMI according to for-
mula (1). Under the combined effect of the coupling efficiency
of different wavelengths (see Fig. 5(c)) and gain characteristic
of lasers (see Fig. 5(d)), a relatively narrow frequency filtering
effect is observed for the array. Nevertheless, the tuning range
is usually sufficient for macromolecular gas sensing. Further
suppressing the inherent longitudinal modes inside the laser
cavity by depositing an anti-reflected (AR) coating on the sin-
gle aperture facet to increase external feedback can then in-
crease the frequency tuning range.[14–16]

4. Conclusions and perspectives
In this work, a QCL phase-locked array with MMI struc-

ture is designed and fabricated using traditional lithography
and wet process through optimized MMI design. This fabrica-
tion method can also be applied to the preparation of laser ar-
rays that can work with CW by regrowing semi-insulating InP
blocking layer. The far-field characteristics are consistent with
the calculations from the double-slit Fraunhofer diffraction
theory, indicating that the modal phase of the arrays is locked.
Littrow configuration of an external cavity structure is then
used to realize the wavelength-tunable coherent arrays. The
tuning range is greater than 60 cm−1. This work provides an
approach to the realization of high power, wavelength-tunable
QCL coherent arrays based on MMI structure. The tunability

of this kind of array provides an insight into the filtering ef-
fect of the multimode interference structure in the active laser
structure, which is also of guiding significance in the future
design and fabrication of MMI laser arrays.
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