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Abstract—The method of molecular-beam epitaxy was used to fabricate an elastically balanced heterostruc-
ture of a quantum-cascade laser for the spectral range of 4.6 μm based on a heteropair of solid alloys,
In0.67Ga0.33As/In0.36Al0.64As, and indium phosphide layers serving as waveguide cladding layers. An X-ray
diffraction analysis demonstrated the high uniformity of the composition and thickness of layers in cascades
of the heterostructure over the substrate area. Lasers with four cleaved facets show lasing at room temperature
at a wavelength close to 4.6 μm with a comparatively low threshold current density of 1.1 kA/cm2.
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The emission wavelength of quantum-cascade
lasers (QCLs) for the spectral range of 3.5–4.8 μm
falls within the first atmospheric transparency win-
dow, for which reason they are important in a number
of applications, such as spectroscopy, gas analysis,
medical diagnostics, and surgery. Because of the exis-
tence of an absorption band of CO2 at wavelengths in
the range 4.2–4.4 μm, the atmospheric transparency
window is subdivided into two spectral subranges:
3.5–4.2 and 4.4–4.8 μm. The systems created on the
basis of QCLs for the spectral range of 4.4–4.8 μm
exhibit a higher reliability, compact size, and lower
cost [1] than do systems based on gas-phase and solid-
state lasers.

One reason why the efficiency of QCLs for the
spectral range of 4.4–4.8 μm is limited is the thermal
excitation of carriers from the upper quantum-con-
finement level into the continuous spectrum (“con-
tinuum”), resulting from the insufficient band offset at
the In0.53Ga0.47As/In0.52Al0.48As heterointerface [1].
This problem can be solved by using mechanically
strained heteropairs [2, 3], active region designs with
additional AlAs layers [4], and layers with various
heights of potential barriers [5]. When the method of
molecular-beam epitaxy is used, the latter two
approaches require that additional metal sources
should be used during the epitaxial process.

This Letter presents the results obtained with elas-
tically balanced QCL heterostructures for the spectral
range of 4.6 μm that were grown by the method of
molecular-beam epitaxy and have an active region
based on the In0.67Ga0.33As/In0.36Al0.64As heteropair,
as well as with QCLs on their basis.

The QCL heterostructure was grown by Connector
Optics LLC on a Riber 49 industrial molecular-beam
epitaxy system equipped with a solid-state arsenic
source, phosphorus source of the cracker type, and
ABI 1000 sources for creating f lows of gallium and
indium [6–8]. InP (001) wafers doped with sulfur to a
level n = 3 × 1017 cm–3 served as a substrate. The
3-μm-thick indium phosphide layer doped with sili-
con to n = 1 × 1017 cm–3 served as the lower cladding
layer of the waveguide. The active region included
30 cascades based on the solid alloy heteropair
In0.67Ga0.33As/In0.36Al0.64As. According to theoretical
estimates, using a mechanically strained
In0.67Ga0.33As/In0.36Al0.64As heteropair makes it possi-
ble to raise the conduction band offset at the heteroin-
terface by 310–330 meV (to 800–820 meV) as com-
pared with the mechanically unstrained
In0.53Ga0.47As/In0.52Al0.48As heteropair, which dimin-
ishes the “overbarrier” escape of carriers [6]. The
thickness of In0.67Ga0.33As/In0.36Al0.64As layers was
chosen with consideration for the compensation of the
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Fig. 1. Results of a numerical calculation of the conduc-
tion band profile and squared wave functions in the cas-
cade layers of the active region at an electric field strength
of 80 kV/cm.
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Fig. 2. XRD curve of the QCL heterostructure (lower
curve) and the result of a numerical calculation (upper
curve).
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mechanical stress of layers in the cascade to form an
elastically balanced heterostructure. The design of an
active-region cascade is shown in Fig. 1. Together with
the conduction band profile, the figure presents the
squared wave functions in the layers of the cascade of
calculated design, with two-phonon resonant scatter-
ing of carriers [9]. The arrow in Fig. 1 shows the radi-
ative transition with photon energy of 271 meV, which
corresponds to the wavelength of 4.57 μm. The total
thickness of layers in a cascade was 50.4 nm.
The upper cladding layer of the waveguide was formed
on the basis of indium phosphide layers with thick-
nesses of 2 and 1 μm and doping levels of 1 × 1017 and
2 × 1019 cm–3, respectively. The contact layer was
a 200-nm-thick In0.53Ga0.47As layer doped to 2.5 ×
1019 cm–3.

The structural perfection of the heterostructure
was evaluated and the layer thicknesses in the cascades
estimated by X-ray diffraction (XRD) analysis. XRD
spectra were measured near the symmetric (004)
reflection of InP with a PANalytical X’Pert Pro dif-
fractometer in the parallel X-ray beam configuration
[3, 10]. Figure 2 shows an experimental rocking curve
measured at the center of the wafer (lower curve),
together with the results of a numerical simulation.
The XRD curve shows that the zero peak of the satel-
lite structure completely coincides with the peak from
the InP substrate. This fact indicates that the chemical
composition of the epitaxial layers precisely corre-
sponds to the prescribed values presented in the
growth specification. The rocking curve shows 49 sat-
ellite peaks characteristic of the periodic structure of
the cascades. Analysis of the curve gives a rather small
full width at half-maximum (FWHM) of the satellite
peaks (16″ ± 2″), compared with the previously
TECHNICAL PHYSICS LETTERS  Vol. 46  No. 5  202
reported results (29″–40″) [11–13], which is indicative
of a high uniformity of the composition and thick-
nesses of various cascades in the heterostructure
obtained. The positions of 24 satellite peaks were used
to estimate the average cascade thickness to be 50.4 ±
0.6 nm. The XRD curves were also measured at dis-
tance of 14 mm from the substrate center. According to
the simulation results, the deviation of the average
thickness of the cascades does not exceed 0.4% from
that at a substrate center, which is indicative of a high
uniformity of the layers over the heterostructure sur-
face. Thus, the XRD data indicate that the hetero-
structure has a high structural perfection and the
thicknesses and compositions of the layers in the cas-
cades fully correspond to those in the growth specifi-
cation.

To examine the electroluminescent properties, we
formed QCLs with four cleaved facets and a (390 ×
500) ± 18-μm metallic contact [3]. The samples were
mounted with the epitaxial surface down on a copper
heatsink. The spectral characteristics of the QCLs
were examined under pumping with current pulses
with a width of ~75 ns and repetition rate of 48 kHz on
an MDR-23 monochromator with a 150-mm–1 dif-
fraction grating. The heatsink temperature was stabi-
lized at 15°C. The emission was recorded with a Vigo
PVI-4TE-10.6 cooled photodetector with lock-in
detection [14]. The spectral measurements demon-
strated the existence of lasing near 4.6 μm (Fig. 3).
Two optical modes are present in the lasing spectrum.
The intermode spacing was 11.4 nm. The dependence
of the integral emission intensity under pumping with
current pulses with width of ~75 ns and repetition rate
of 48 Hz is shown in Fig. 3. The threshold current was
2.2 A, which corresponds to a low threshold current
0
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Fig. 3. (a) Dependence of the integral emission intensity on the drive current and (b) lasing spectrum of a QCL with four cleaved
faces.
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density (1.1 kA/cm2). The threshold voltage of the
lasers was 6 V.

As shown previously, the high modal gain (at the
level of 3 cm/kA [15]) enables lasing in a QCL with
four cleaved facets at room temperature [16] and a
high output optical power in ridge-geometry lasers at
the level of 1 W from a facet [17].

The lasing of a QCL with four cleaved facets at
room temperature with low threshold current density
is indicative, in comparison with the data of [16], of a
high modal gain of the active region of the hetero-
structure and of the prospects for use of this class of
heterostructures based on a mechanically strained
In0.67Ga0.33As/In0.36Al0.64As heteropair for continu-

ous-wave lasing of QCLs for the 4.6-μm spectral
range.
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