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Quantum-cascade lasers based on an active region with low sensitivity to
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The results of the study of ridge quantum-cascade lasers of the 8µm spectral range based on the design of

the active region with escape from the lower laser level through scattering by a longitudinal optical phonon and

subsequent extraction of charge carriers into the injector layers through the miniband are presented. The use of

an active region based on 35 periods forming a cascade and the use of InP waveguide claddings with a thickness

of > 3.5 µm, along with the use of additional confining InGaAs layers, made it possible to realize effective heat

removal from the active region and a high optical confinement factor (∼ 68%). Increasing the injector doping level

made it possible to realize a peak output optical power of the order of ∼ 3.6W with a total wall-plug efficiency of

about ∼ 6%.
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Metalorganic vapor phase epitaxy (MOVPE) allows for

large-scale growth (in bulk) of a wide class of heterostruc-

tures for optoelectronics. At the same time, an effect

associated with temporal instability of precursor fluxes is ob-

served in epitaxy of multi-period (approximately 400−900

layers in the active region) heterostructures of quantum-

cascade lasers (QCLs) [1]. The use of ultrasonic systems for

monitoring the precursor concentration in real time [1] and
QCL active regions with low sensitivity to fluctuations of the

layer thickness in different periods of the cascade [2] makes

it possible to compensate for this effect. The effects of phase

separation [3], surface roughness, and InAlAs composition

variations [4–6]) are observed during MOVPE growth of

QCLs with an active region based on mechanically stressed

heteropairs. In certain cases, the output parameters of the

resulting QCLs turn out to be way below the characteristics

of their counterparts grown by molecular beam epitaxy

(MBE) [4]. Moreover, the maximum value of mechanical

stress of active region layers achieved in MPE is significantly

higher than the one corresponding to MOVPE.

In long-wavelength QCLs, the effect of over-barrier

emission of carriers from the upper laser level into a

continuous spectrum is less pronounced than in short-

wavelength QCLs. Therefore, active region designs with

heteropairs matched in lattice constant are traditionally used

in industrial MOVPE production of QCLs operating in the

8µm spectral range.

In the present study, we report the results of exami-

nation of QCLs of the 8 µm spectral range based on an

In0.53Ga0.47As/Al0.48In0.52As heteropair produced by MBE.

The active region design with low sensitivity to fluctuations

of layer thickness in different periods of the cascade was

used [2,4,7] with the aim of its subsequent application in

MOVPE.

The heterostructure was grown on an indium phos-

phide (InP) substrate with a crystallographic orientation

of (001) ± 0.5◦ and a doping level of (1−3) · 1018 cm−3.

The lower waveguide cladding was formed from an InP

layer 3.5 µm in thickness with silicon impurity concentration

n = 3.0 · 1016 cm−3. In0.53Ga0.47As layers with a thickness

of 250 nm (n = 4.0 · 1016 cm−3) were used to provide

additional confinement of the active region with the purpose

of increasing further the optical confinement factor, which

reached 68% for this waveguide type. The active region

included 35 periods in a cascade and was formed on the

basis of a heteropair of In0.53Ga0.47As/Al0.48In0.52As solid

solutions. The upper waveguide cladding included InP

layers with a thickness of 3500, 500, and 200 nm and a dop-

ing level of n = 3.0 · 1016, 7.0 · 1018, and 1.0 · 1019 cm−3,

respectively. A 200-nm-thick In0.53Ga0.47As layer with a

doping level of 2.5 · 1019 cm−3 was used as the contact

layer. The entire QCL heterostructure (InP-based waveguide

cladding included) described above was grown by MBE.

The schematic diagram of an active region with escape

from the lower laser level through scattering off a lon-

gitudinal optical phonon and subsequent rapid extraction

of charge carriers into the injector layers through the

miniband (1) formed by the lower states of the active region

layers [4,6,7] is presented in Fig. 1. The calculated quantum
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Figure 1. Band diagram of two periods of the active region of

the QCL heterostructure (corresponds to an electric field strength

of 51 kV/cm). The boundaries of active and injector layers are

marked with vertical dotted lines. The boundaries of the miniband

are indicated by a dotted rectangle.

energy was 156.3meV. The significant energy distance (ap-
proximately 172meV) between the lower laser level (2) and
the ground injector level (g) is indicative of minimization

of the parasitic effect of reverse thermal transfer of carriers

to lower laser level 2 [7]. The energy distance between the

upper laser level (3) and the overlying
”
parasitic“ level (4)

was also increased (to 51meV), and the spatial overlap of

these levels was reduced (to 2.1 nm) in comparison with

the design discussed in [6]. The calculated differential gain

is slightly higher (∼ 6%) than the value characterizing the

design from [6]. In the course of the experiment, we raised

additionally the doping level of injector layers (surface
concentration ns = 2.2 · 1011 cm−2) compared to the results

presented earlier (ns = (1.1−1.5) · 1011 cm−2) in [6,8] in

order to increase the output optical power of the laser and

expand its dynamic range, which is linearly proportional to

ns [9,10].
The QCL crystal was formed in accordance with a

procedure similar to the one detailed in [8]. The design

used was a deep mesa with a double trench. The depth of

etching of the mesa structure was 7.5µm. The width of the

Fabry−Pérot cavity measured near the surface was 20µm.

Lasers with a length of 3mm were studied. QCL crystals

were secured with their epitaxial surface onto a copper heat

sink using indium solder.

Pulsed current pumping was used to study them at a

temperature of 294K. The pump pulse duration was fixed at

75 ns with a repetition rate of 48 kHz. Lasing spectra were

measured with a Bruker Vertex 80v Fourier spectrometer. A

Thorlabs PM100/S401C power meter was used to measure

the absolute output optical power.

The studied QCLs demonstrated multimode lasing within

a wide spectral range (7.8−8.2 µm; see the inset in Fig. 2).

Threshold current I th was 2.7A (this corresponds to thresh-

old current density j th ∼ 4.5 kA/cm2). Threshold voltage

Uth determined from the current–voltage curve (Fig. 2)
did not exceed 7.6V. The maximum peak facet output

power (P per f acet) corresponded to a pump current of 2.6I th

and was as high as 1.8W (P total = 2P per f acet = 3.6 W).
The slope of the watt–ampere characteristic corresponding

to the facet output power (SEper f acet) was 0.67W/A.

The maximum wall plug efficiency (WPE) of the laser

(normalized, as in [6], to the doubled facet output power)
exceeded 5.9%. These data were compared with the results

for MOVPE-grown QCLs of the 8 µm spectral range with

an active region based on a similar number of periods

in a cascade. Record-high output characteristics of QCLs

with an active region with escape from the lower laser

level through scattering off a longitudinal optical phonon

and subsequent rapid extraction of charge carriers into the

injector region through the miniband formed by the lower

states of the active region layers were reported in [8]. The

peak output optical power of ridge QCLs with a stripe

contact width of 20µm and a cavity length of 3mm, which

were fabricated based on a heterostructure with 35 periods

in a cascade with injector doping level ns = 1.1 · 1011 cm−2,

was two times lower (P per f acet = 0.9W [8]). Notably, these
lasers had a steep watt–ampere characteristic (0.8W/A)
and a high maximum WPE (∼ 9.4%) [8]. It has already

been demonstrated in [11] that the maximum WPE of a

laser increases with a suppression of internal losses in the

waveguide, which are directly proportional to the injector

doping level. This is consistent with the fact that the

experimentally observed efficiency was lower than in [8].
The reduction of internal losses in the waveguide of the

studied laser (in comparison with the results presented

earlier [8]) from 20 to 11 cm−1 was verified by analyzing

the slope of the watt–ampere characteristic.

It was demonstrated in [12] that an ns increase from

1.0 · 1011 to 2.1 · 1011 cm−2 translates into a twofold in-

crease in the output optical power (from 0.46 to 0.93W) for
a laser with a stripe contact width of 24µm and a length

of 3mm. A similar rise of the injector doping level in the

studied design (relative to the one discussed earlier in [8])
did also result in a twofold increase in the output optical

power.

A comparison was made with the record-high output

characteristics of MOVPE-grown QCLs with an active

region based on a mechanically stressed heteropair with

35 periods in a cascade. The design of an active region

with step quantum wells and barriers was used in [10]; the
cascade included 35 periods with the injector layers doped

to ns = 1.65 · 1011 cm−2. Lasers with a stripe contact width

of 21µm and a length of 3mm had similar output optical

power levels (P total = 3.3W) [10]. The steepness of their

watt–ampere characteristic (1.15W/A) is attributable to the

use of a highly reflective coating on the rear facet [10]. In

their subsequent studies, the authors of [10] have increased

the number of periods in the cascade to 45 and implemented

an injector doping level ns = 1.0 · 1011 cm−2. This increase
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Figure 2. Current–voltage curve (1), dependence of the overall laser efficiency on current (2), and watt–ampere characteristic (3) of the

QCL with a Fabry−Pérot cavity. The stripe contact width is 20 µm, and the cavity length is 3mm. The multimode lasing spectrum at a

pump current of 2.9 A is shown in the inset.

in the number of periods made it possible to obtain an

even steeper watt–ampere characteristic (2W/A) due to a

reduction in ns , which affected peak output optical power

P total : it did not grow with an increase in the number of

cascades, dropping instead to 3.0W [13]. These results

correspond to a laser with a stripe contact width of 25µm,

a length of 3mm, and a highly reflective coating on the rear

facet.

Thus, the results of examination of ridge lasers with an

active region with escape from the lower laser level through

scattering off a longitudinal optical phonon and subsequent

extraction of charge carriers into the injector layers through

the miniband formed by the lower states of the active region

layers were presented. An output optical power of about

3.6W was achieved through the use of this 35-period active

region design paired with an efficient waveguide. A twofold

increase in output power (compared to the data from [8]) at

the cost of a slight reduction in efficiency and steepness of

the watt–ampere characteristic of the laser indicates that the

discussed QCL design holds much promise for lasers with

distributed feedback, including QCLs with a selective ring

cavity. These lasers will be the subject of future research.
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