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We demonstrate a broad gain, continuous-wave (CW) operation InP-based quantum cascade laser (QCL) emitting
at 11.8 µm with a modified dual-upper-state (DAU) and diagonal transition active region design. A 3 mm cavity length,
16.5 µm average ridge wide QCL with high-reflection (HR) coatings demonstrates a maximum peak power of 1.07 W at
283 K and CW output power of 60 mW at 293 K. The device also shows a broad and dual-frequency lasing spectrum in
pulsed mode and a maximum average power of 258.6 mW at 283 K. Moreover, the full width at half maximum (FWHM)
of the electroluminescent spectrum measured at subthreshold current is 2.37 µm, which indicates a broad gain spectrum of
the materials. The tuning range of 1.38 µm is obtained by a grating-coupled external cavity (EC) Littrow configuration,
which is beneficial for gas detection.

Keywords: dual-upper-state (DAU), quantum cascade lasers, external cavity, gas detection

PACS: 42.55.Px, 42.60.Lh, 42.60.Pk DOI: 10.1088/1674-1056/abf91a

1. Introduction

Gas detection technology is widely used in environmen-
tal monitoring, medical diagnosis, drug detection, atmospheric
science research and other fields.[1] A good light source for
gas detection usually needs to meet the following conditions:
Firstly, high output power for higher signal to noise ratio
(SNR) and response rate of gas detection system; secondly,
continuum-wave (CW) operation at room temperature (RT)
for narrow laser linewidth, which can improve the stability
and accuracy of the system; thirdly, broad tuning range to in-
crease the variety of gas detections; fourthly, simple construc-
tion and portable size for gas sensing in complex monitoring
environments.[2] Grating-coupled external-cavity (EC) QCL
meets the above requirements and is an ideal light source for
gas detection. The tuning range of EC–QCL mainly depends
on the gain spectrum width of the active region, the reflectivity
of anti-reflection (AR) coatings, grating diffraction efficiency,
and so on. By the way, QCLs with broad-gain spectrum are
not only suitable for gas detection, but also can be used for
ultra-precision metrology and spectroscopy.[3]

Most trace gases of importance have characteristic ab-
sorption features between 3 µm and 17 µm wavelength.[4]

QCLs in the wavelength range of 3.8–10.7 µm have achieved
watt-level CW output power at RT and are widely used in gas
detection.[5,6] The wavelength range of 11–17 µm also cov-
ers the strong absorption peaks of NH3, C2H2, C2H4, benzene
series pollutants, and even uranium hexafluoride.[2,7] How-
ever, the performance of devices in this spectrum area is much
worse than that of 3.8–10.7 µm devices due to the decrease of
the internal quantum efficiency ηi and gain of core layers, the
weakening of optical limit and the increasing free carriers ab-
sorption loss caused by the increased wavelength.[7–9] Beside,
owing to the relatively higher electron effective mass m∗e (the
gain is proportional to (m∗e)–3/2),[10] it is more difficult for
InP-based InGaAs/InAlAs QCLs with wavelength large than
11 µm to realize CW operation at RT when compared with
InAs-based InAs/AlSb QCLs.[11,12] For these reasons, there
were few studies on InP-based RT–CW–QCLs lasing above
11 µm in the past few years.[5,13] The longest wavelength
(λ ∼ 11.5 µm) CW InP-based QCL with deep reservoir and
double phonon resonance active design operating at RT was
reported in 2008, showing a CW output power of 115 mW at
298 K, which is the highest CW output power of InP-based
QCL reported at λ > 11 µm so far.[14] However, the tuning
performance of the device was not shown in Ref. [12] and the

∗Project supported by the National Basic Research Program of China (Grant No. 2018YFA0209103), the National Natural Science Foundation of China (Grant
Nos. 61991430, 61774146, 61790583, 61734006, 61835011, 61674144, 61774150, and 61805168), Beijing Municipal Science & Technology Commission,
China (Grant No. Z201100004020006), and the Key Projects of the Chinese Academy of Sciences (Grant Nos. 2018147, YJKYYQ20190002, QYZDJ-SSW-
JSC027, XDB43000000, and ZDKYYQ20200006).

†Corresponding author. E-mail: zhangjinchuan@semi.ac.cn
‡Corresponding author. E-mail: fqliu@semi.ac.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

124202-1

http://dx.doi.org/10.1088/1674-1056/abf91a
mailto:zhangjinchuan@semi.ac.cn
mailto:fqliu@semi.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 30, No. 12 (2021) 124202

double phonon resonance design had little advantages in the
broad gain of devices. In general, CW operation and broad
gain are often incompatible, especially in the long wave re-
gion. While the Ref. [15] reported a InP-based QCL with dual-
upper-state (DAU) active design, and the tunable wavelength
of the laser ranged from 9.5 µm to 11.4 µm in CW operation
at RT, which provides a new method to fabricate broad gain
RT–CW–QCLs at λ > 11 µm.[15]

Here, we reported CW operation of InP-based QCLs
at 11.8 µm. In order to further expand the wavelength
and achieve high performance, the modified dual-upper-state
(DAU) active design was applied in devices for higher inter-
nal quantum efficiency and broad gain. Besides, optimized
waveguide structure and buried heterogeneous(BH) process
were also introduced for lower optical loss and better heat dis-
sipation. Through the above methods, we finally fabricated
broad gain RT–CW–QCLs at λ ∼ 11.8 µm.

2. Active region design and waveguide struc-
tures
Active region layers of the devices reported here are con-

sisted of lattice-matched In0.53Ga0.47As/In0.52Al0.48As quan-
tum well barrier pairs, because the leakage current is no
longer the main factor affecting the device performance when
the wavelength is greater than 10 µm and ∆EC ∼ 520 meV
of the lattice-matched In0.53Ga0.47As/In0.52Al0.48As active re-
gion structure is considered to be enough to ensure confine-
ment of carriers.[8] Besides, lattice-matched core layers can
also reduce interface roughness induced scattering when com-
pared with strain-balanced core layers, contributing to the bet-
ter QCL performance.[16] The injectors are doped to n(Si) =
1.4×1017 cm−3 for wider dynamic range of the injection cur-
rent. In order to achieve RT CW QCLs of λ above 11 µm, it
is necessary to improve the upper level lifetime, increase the
extraction efficiency and suppress the carrier thermal backfill-
ing. More importantly, a broad gain spectrum should also be
designed to ensure the tuning performance of the device.

According to the above requirements, the QCLs presented
here are based on a modified DAU active region design sim-
ilar to that in an earlier paper,[17] where dual-upper states in-
crease the combination of transitions between the upper and
lower states and thus have a wide gain. Besides, lasers with
DAU active region can be regarded as semi-indirect-pump
(semi-IDP) lasers and the electron population in the injector
is less than that of the conventional direct pump design, which
improves the efficiency of population inversion process and
reduces thermal backfilling carriers, resulting in the higher
characteristics temperature.[18] In order to further expand the
wavelength and achieve high performance, encouraging by the
advantages of DAU active region design mentioned above, we

try to modify the active region structure, and hope that devices
can operate in CW mode and maintain a relative wide gain.

The schematic conduction band diagram and the relevant
wave functions of the active region surrounded by two injec-
tor regions is shown in Fig. 1. By adjusting the thickness of
the injected barrier layer close to the active region, the cou-
pling strength between the higher upper state 5 and the ground
state i′ is improved. Strongly coupled 5 and i′ improve car-
riers’ injection efficiency, the maximum injection current and
the peak of gain.[16] Besides, the wave functions overlap be-
tween the state 5 and parasitic 6-level wave functions is re-
duced, which reduces the leakage of carriers to the continuum.
The energy diffidence between the two upper levels is small
(E54 ∼ 18 meV), and carriers are easily scattered to the lower
upper state 4 in various ways after tunneling from the ground
state level i′ to the higher upper level 5. Obviously, there are
more electrons distributed in the lower upper state 4 in quan-
tum wells where transitions occur. As a result, the transition
processes associated with state 4 have larger transition matrix
elements and the peak of optical gain near the emitting wave-
length corresponding to state 4 is improved, making it easier
for QCLs to operate in CW mode.

In addition, transitions (5–3, 5–2, 4–3, 4–2, 4–1) from
the two upper levels to the quasi-continuous lower levels con-
tribute to the broad gain. Transitions of the 5 to 3 and 4 to 3
are diagonal, which effectively increase the carrier lifetime of
the two upper levels. The main transition (5–3, 4–3, 5–2, 4–
2) matrix elements Z53, Z52, Z43, and Z42 and the upper laser
levels lifetime τ5 and τ4 are calculated to be Z53 = 1.5 nm,
Z52 = 1.1 nm, Z43 = 1.91 nm, Z42 = 1.9 nm, τ5 = 2.0 ps,
and τ4 = 1.2 ps. All of the above designs contribute to the
broad gain and CW operation of InP-based QCLs lasing above
11 µm.
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Fig. 1. Conduction band diagram and moduli squared of the rele-
vant wave functions in the designed active region of the 11.8 µm QCL
under an applied electric field of 35 kV/cm. The layer sequence of
one active cell, given in nanometers and starting from the injector bar-
rier, was 3.9/3.9/2.4/8.8/1.0/7.1/1.1/5.8/1.2/5.0/1.3/4.6/1.4/4.3/1.7/4.2/1.9/
4.1/2.4/4.1/2.7/4.1, where In0.52Al0.48As barriers are in bold font,
In0.53Ga0.47As wells are shown in normal font, and the underlined layers
are doped (Si, n = 1.4×1017 cm−3).
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n+ graded doped InP 0.85 mm
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Fig. 2. Detailed layer structures from the InP substrate up.

Detailed layer structures from the InP substrate up is
shown in Fig. 2. InP buffer layers consisted of 2 µm InP(Si,
4×1016 cm−3) and 3 µm InP(Si, 2×1016 cm−3) layers, which
will reduce the series resistance between the substrate and the
lower waveguide caused by the large doping concentration dif-
ference. A 3.9 µm 50-stage laser core (Si, 1.4×1017 cm−3), a
300 nm InGaAs layer (Si, 3×1016 cm−3), a 3 µm InP cladding
layer (Si,∼ 3×1016 cm−3), a 0.85 µm graded doped InP layer
(Si, ∼ 1.5× 1018 cm−3) and 0.15 µm highly doped InP cap
layer (Si, ∼ 5× 1018 cm3) are followed. Highly doped cap
layer can reduce surface plasmon-induced losses.[19] The full
structure of the device is shown in Fig. 2. The metal organic
chemical vapor deposition (MOCVD) is used for all layers’
growth except for the active region and InGaAs layer, which
are grown by molecular beam epitaxy (MBE).

3. Fabrication and characterization of the de-
vices
A ridge-type BH structure was employed in this device

for better heat dissipation, and semi-insulated InP: Fe with
high thermal conductivity was grown on both sides of the
ridge through selective epitaxy by MOCVD. The double chan-
nel ridge structure with an average ridge width of 16.5 µm
was perpendicular to the direction of the crystal and fabri-
cated by photolithography and wet chemical etching. Due
to the anisotropy of two-dimensional materials, the device
with the above ridge structure had higher transverse resistiv-
ity and less leakage and was beneficial to reduce the electri-
cal loss. To further improve the heat dissipation and achieve

higher output power, the device was mounted epi-side down
on the diamond heat sink with indium and cleaved into chips
of 3 mm, and the back facet was high-reflectance (HR) coated
with ZrO2/Ti/Au/Ti/Al2O3.

The typical pulsed power–current–voltage (P–I–V ) char-
acteristics of heat-sink temperature are shown in Fig. 3(a). The
device is fixed on the water cooling platform with thermo-
electric cooler (TEC) for heat-sink temperature control. The
output power is directly measured by the pyroelectric power
meter without lens collimation. The maximum peak output
power in pulsed mode is up to 1.07 W under the duty cycle
of 2% (10 kHz, 2 µs) and current of 2.4 A at 283 K. Based
on the measured P–I–V data under different temperatures, the
threshold current density and slope efficiency of the device as
functions of temperature are shown in Fig. 3(b), the character-
istic temperature T is given to 255 K. Besides, the slope effi-
ciency changes slowly as the temperature increases is similar
to the Ref. [18], which is mainly caused by the resultant effect
of both carriers’ distribution in the injector and high injection
efficiency.[18]

Figure 4(a) shows P–I–V curves under different duty cy-
cle in 293 K, and the average power reaches 258.6 mW with
a duty cycle of 50%. The device operated in CW is under the
water and TEC cooling for temperature control, and CW P–
I–V characteristics are shown in Fig. 4(d). A maximum CW
optical output power of 60 mW is measured at 293 K. Besides,
we demonstrate the distinct dual-wavelength emitting (λ1 ∼
11.8 µm, λ2 ∼ 11 µm) when current up to 1.9 A as shown
in Fig. 4(c). The λ2 is generated by the transition of 5 to 2
and 4 to 1. In addition, we also measured electro-luminescent
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(EL) spectrum of the device under the subthreshold current
and obtained a broad full width at half-maximum (FWHM)
of 26.8 meV (2.37 µm), which is attributed to the transitions
from the two upper states to the three quasi-continuous lower
levels.
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Fig. 3. (a) Pulsed current–output power–voltage characteristics of a 3.0 mm
long, 16.5 µm wide BH QCL under different heat-sink temperature. (b)
Threshold current density and slope efficiency at threshold as functions of
heat-sink temperature in pulsed operation. The inset in (b) shows the charac-
teristic temperatures fitting curve of the device.

Similar to Ref. [20], the device with cavity length of
3 mm was fabricated to emitting on both facets with only the
front facet AR (Al2O3/Ge) coated for higher external cavity
feedback.[20] The EC–QCL system was chosen to be in Lit-
trow configuration, which was consisted of two collimating
lens, the QCL mentioned above and a blazed grating. Two
lens were fixed on the front and back facets for beam collimat-
ing by ultraviolet curing adhesive, and the blazed grating was
mounted on a rotation table controlled by a harmonic reducer
motor to improve the grating rotation resolution. Based on the
EC–QCL system of Littrow, we obtained the spectra and peak
output power under different blazed grating angles as shown in
Fig. 6. A wide RT tuning range of 1.38 µm (10.78–12.16 µm)
is measured under the duty cycle of 8% (40 kHz, 2 µs) and
current of 1.6 A, which covers the strong molecular absorp-
tion lines of NH3 and C2H2. And the maximum peak output
power collected from the back facet (collimated through lens)
of the EC–QCL is 71 mW corresponding to an emitting wave-
length of 11.2 µm under the same conditions. The AR coatings

(Al2O3/Ge) we have mastered generate additional optical ab-
sorption in the above tuning range, so the tuning range will be
further improved after improving the quality of AR films and
changing the types of coatings, such as YbF3 and ZnS.[21]
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Fig. 4. (a) Pulsed current–output power–voltage characteristics of a 3.0 mm
long, 16.5 µm wide BH QCL at different duty cycle. (b) The maximum av-
erage power at different duty cycles. (c) Pulsed RT spectra of the QCL at
different current. (d) CW current–output power–voltage characteristics of
the device under water and TEC cooling at 293 K.
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Fig. 5. RT EL spectrum of the QCL mentioned above under the subthreshold
current of 1.6 A with a duty cycle of 20%.
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Fig. 6. Tuning behavior and peak output power of the EC–QCL. Measure-
ments were taken at RT with a duty cycle of 8% (40 kHz, 2 µs) at 1.6 A.

4. Conclusion
A broad gain, CW operation QCL lasing at 11.8 µm has

been demonstrated based on the modified diagonal transition
and dual-upper-state active region design. The peak power
1.07 W and 60 mW CW output power was obtained from
a double channel buried ridge waveguide, 3 mm× 16.5 µm
(cavitylength× ridgewidth), HR-coated, 50 period QCL at
283 K and 293 K, respectively. The maximum average power
was achieved up to 258.6 mW with a duty cycle of 50% and
the characteristic temperature T0 was 255 K. Besides, a broad
EL spectrum under the subthreshold current, the distinct dual-
wavelength emitting of the device in pulsed mode and a broad

EC–QCL tuning range of 1.38 µm were demonstrated. In a
word, the modified DAU-design devices appeared to be quite
suitable for broadband tuning applications at long wave re-
gion.
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