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The authors report the growth of a II-VI ZnxCd1−xSe /Znx�Cdy�Mg1−x�−y�Se asymmetric coupled
quantum well �asymmetric-CQW� structure that was used to investigate the active region of an
intersubband electroluminescence structure designed for emission at �=4.5 �m. Such a structure
could comprise the active region of a quantum cascade laser. The results of photoluminescence and
Fourier transform infrared spectroscopy analysis show good agreement with the expected transition
energies predicted by simulation results for the asymmetric-CQW structure. High resolution x-ray
diffraction analysis indicates high structural quality of the sample and good control of the growth.
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I. INTRODUCTION

Quantum cascade lasers �QCLs� that operate in the mid-
infrared region are of great interest to the research commu-
nity because of their potential application in areas such as
infrared �IR� imaging and free space telecommunications.
With this technology, it is possible to produce very narrow
linewidth IR sources that are tunable. As a result, QCLs are
ideal for chemical spectroscopy and hence could find appli-
cations in areas such as atmospheric pollution monitoring,
medicine, and the military.

Since the first demonstration of the QCL in 1994,1 there
has been very significant progress in their design and fabri-
cation. It is now possible to produce InGaAs / InAlAs lasers
that operate at room temperature and deliver power in excess
500 mW and 1 W in continuous wave and pulse mode, re-
spectively, within the 5–13 �m band.2–4 However, efforts to
produce high performance QCLs in the 3–4 �m region with
this material have not seen similar success. This is mainly
due to fact that InGaAs / InAlAs lattice matched to InP has a
conduction band offset �CBO� of 0.52 eV, which limits the
emission wavelength to �4.3 �m �or 3.8 �m when strain
compensation is used�.5,6 Therefore, in order to cover the
3–5 �m atmospheric window, a material system with a
larger CBO must be found.

Two of the leading alternative material candidates to date
are the InAs /AlSb lattice matched to InAs substrates and
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InGaAs /AlAsSb on InP substrates with CBOs of 2.1 and
1.6 eV, respectively.5,6 These materials are very promising
because they posses a CBO that should permit emission in
the entire mid-IR band. With these materials, QCLs with
emission in the vicinity of 3 �m have been reported by sev-
eral authors.5–7 While it is possible to adequately cover the
3–5 �m range of the mid-IR band with these materials, their
performance is still not comparable to their InGaAs / InAlAs
counterparts in the 5–13 �m range. In the case of
InGaAs /AlAsSb, the lower performance may be due to the
limitation of the effective CBO to 0.5 eV due to �-X inter-
valley electron leakage.8 Assuming that the photon energy of
an efficient QCL is limited to ��Ec /2, a high performance
QCL with emission wavelengths in the 3–5 �m range can-
not be achieved.5 With the InAs /AlSb material system on the
other hand, the �-L intervalley scattering limits the effective
CBO to 0.8 eV. Although, in this case, the CBO is large
enough to produce QCLs in the 3–5 �m range, the laser
performance still leaves much to be desired. The shortcom-
ings of this material system may, in part, be due to the low
thermal conductance of the InAs substrate and the relatively
low confinement factor of the available laser waveguide.7,9,10

Given these shortcoming of the antimonides, the II-VI mate-
rial system ZnxCdySe /Znx�Cdy�Mg�1−x�−y��Se / InP, with an
effective CBO of 1.12 eV and the absence of �-X intervalley
electron scattering, could be a viable alternative for produc-
ing high performance QCLs within the 3–5 �m atmospheric

window.
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II. EXPERIMENT

In order to investigate the suitability of this material sys-
tem for QCL fabrication, an electroluminescence �EL� struc-
ture was designed for emission at 4.5 �m. In this design, the
active region is composed of asymmetric coupled quantum
wells �asymmetric CQWs� separated by digitally graded su-
perlattice injector regions. The central region of the injector
is doped to increase electrical conductivity and reduce the
incidence of space charge buildup. Figure 1 is a schematic
diagram of the EL structure. One period of the designed
structure starting from the injection barrier is made up of the
following layers in angstroms: 30 /34 /10 /28 /20 /24 /10 /
22 /12 /20 /16 /20 /18 /18 /18 /18 /20 /16 /20 /16 /20 /14 /22 /14/
24/12/26/12 with the Znx�Cdy�Mg�1−x�−y��Se barrier indicated
in boldface and the Cl-doped layers underlined. The
asymmetric-CQW region is shown in italics. This layer se-
quence could be repeated 30 times to make up the EL struc-
ture. As can be seen, the growth of the EL structure is a very
time consuming and complex process. In order to understand
its properties, the material quality and energy level distribu-
tion within the active region must be assessed and well es-
tablished. To do this, a structure made up of asymmetric
CQWs equivalent to the active region of the EL structure, but
separated by simple quaternary barrier layers rather than in-
jector regions was grown and investigated.

The asymmetric-CQW structure was grown by molecular
beam epitaxy on �001� semi-insulating InP in a dual chamber
Riber 2300P system. After deoxidation of the InP substrate in
the III–V chamber, a 0.25 �m thick InGaAs buffer was
grown at 400 °C. The sample was then transferred via
vacuum modules to the II-VI chamber where it was heated to
200 °C. At this temperature, the InGaAs surface was ex-
posed to a Zn flux for 40 s then a 10 nm ZnCdSe buffer layer
was grown. At the end of this low temperature growth, the
substrate temperature was raised to 300 °C to complete the
growth of the II-VI structure.11

One period of the asymmetric-CQW structure starting
from the spacer layer is made up of the following layers in
angstroms: 190 /34 /10 /28. The barrier and spacer layers are
shown in boldface while the Cl-doped well layers are under-
lined. The asymmetric CQWs were repeated 25 times and the
wells were doped with chlorine �n�4�1017 cm−3�. Doping
is needed in order to observe intersubband absorption during
Fourier transform IR �FTIR� spectroscopy. The multiple

FIG. 1. Diagram of the conduction band edge of a structure illustrating the
quantum cascade phenomenon as electrons traverse the active and injector
region of an electroluminescence structure or a quantum cascade laser.
asymmetric-CQW structure was terminated with the growth
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of a 190 Å ZnCdSe cap layer. In order to ascertain the
growth conditions that would provide the desired doping lev-
els and composition of the well and barrier layers, several
calibration samples were grown. The carrier concentration of
the doped thick-layer calibration samples was assessed using
Hall effect measurements. The compositions of the well and
barrier �or spacer� were determined by photoluminescence
�PL� and x-ray diffraction to be Zn0.43Cd0.57Se and
Zn0.20Cd0.19Mg0.61Se, respectively. This produced barrier and
well band gaps of 3.03 and 2.08 eV, respectively, at 300 °C.
The effective CBO is estimated to be 0.76 eV �Ref. 12�
which is comparable to the effective CBO of InAs /AlSb
when �-L electron scattering is taken into account.

III. RESULTS AND DISCUSSION

In order to determine the material quality of the
asymmetric-CQW structure, the sample was analyzed using
PL and high resolution x-ray diffraction �HR-XRD�. The
large number of satellite peaks in the HR-XRD curve, shown
in Fig. 2, indicates that the structural quality of the material
is excellent. By using the satellite peaks separation ���, the
thickness of one period of the structure was calculated to be
270 Å which is in good agreement with the nominal value of
262 Å. This further indicates that there is good control of the
well/barrier thickness. The absence of defect-related deep
levels and the narrow linewidths of the PL spectra �67 meV
at 300 K and 29 meV at 77 K� shown in Fig. 3 are indicative
of good QW material quality and of QW thickness and com-
position uniformity. To determine the energy level distribu-
tion within the asymmetric-CQW structure the sample was
polished into a multiple-pass waveguide geometry with 45°
facets and analyzed using FTIR spectroscopy. During the
FTIR measurements, the IR light from the Nexus 670 light
source, was focused onto the sample using a ZnSe lens. The
transmitted light for the waveguide was then focused onto an
external mercury cadmium telluride detector. The results dis-
played in Fig. 4 suggest that the e1−e3 and e2−e3 absorption
peaks occur at �=4.13 �m and �=5.18 �m corresponding

FIG. 2. High resolution x-ray diffraction curve for a
Zn0.43Cd0.57Se /Zn0.20Cd0.19Mg0.61Se multiple asymmetric coupled quantum
well structure consisting of 25 repeats.
to transitions energies 0.301 and 0.240 eV, respectively.
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These data indicate that the emission wavelength �e2−e3� of
an EL structure grown with these asymmetric CQWs as ac-
tive regions would be at about 5 �m.

A simulation based on the envelope function approxima-
tion was performed to determine the room temperature en-
ergy level distribution within the asymmetric-CQW struc-
ture. The calculated e1, e2, and e3 energy levels are 0.124,
0.171, and 0.437, respectively. By using this information, a
comparison was made between the predicted and the mea-
sured transitions, and they are shown in Table I. A reasonable
agreement between the predicted values and the measured
values can be seen. From the FTIR results, the separation
between e1 and e2 was calculated to be 0.061 eV. This value
is somewhat larger than the design value of 0.047 eV, sug-
gesting that our layers are slightly different in thickness than
the design structure, and indicating that an adjustment of the
growth parameters should be made prior to growth of the EL
device structure. It is expected that during device operation,

FIG. 3. Photoluminescence spectrum for the asymmetric coupled quantum
well structure of Fig. 2. The FWHM at 300 and 77 K indicates that the
material quality is very good. The emission energy is in very close agree-
ment with that predicted by simulations.

FIG. 4. FTIR spectrum for the asymmetric coupled quantum well structure
of Fig. 2. The inset in the figure shows the electron transitions that result in
the two peaks. The FTIR results suggest that: �1� e1-e3=0.301 eV or �

=4.13 �m, �2� e2–e3=0.240 eV or �=5.18 �m.
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the separation between e1 and e2 will be reduced to the de-
sired separation of �30 meV �approximately one LO pho-
non� when the complex injection barriers of the EL structure
are used and a bias voltage is applied. A separation between
e1 and e2 of approximately one LO phonon will ensure that
population inversion between levels 2 and 3 will be achieved
in a QCL structure.

IV. CONCLUSION

In conclusion, the FTIR results shown in Table I together
with the PL and HR-XRD analysis confirm that high quality
asymmetric CQWs can be grown and used as test samples to
analyze the design and optical characteristics of proposed
QCL structures before the complex and time consuming de-
vice growth is undertaken. We have also shown that using
the design parameters of the asymmetric-CQW structure
grown here, we should expect to fabricate an EL structure
that emits at �5 �m. To achieve shorter wavelengths, an
optimized design of the active region will be needed.
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