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(57) ABSTRACT 

A quantum cascade laser structure in accordance With the 
invention comprises a number of cascades (100), each of 
Which comprises a number of alternately arranged quantum 
Wells (110a to 110j) and barrier layers (105 to 105j). The 
material of at least one quantum Well (110a to 110j) as Well 
as the material of at least one barrier layer (105 to 105j) is 
under mechanical strain, With the respective strain being 
either a tensile strain or a compression strain. The quantum 
Wells (110a to 110j) and barrier layers (105 to 105j) are 
engineered in the quantum cascade laser structure in accor 
dance With the invention so that existing strains are largely 
compensated Within a cascade (100). In the quantum cascade 
laser structure in accordance With the invention, each mate 
rial of the quantum Wells (110a to 110j) has only one 
constituent material and the material of at least one barrier 
layer (105d, 1056, 105]‘) has at least tWo constituent mate 
rials (111a, 111b, 112a, 112b, 113a, 113b). 
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QUANTUM CASCADE LASER STRUCTURE 

[0001] The present invention relates to a quantum cascade 
laser structure, especially a quantum cascade laser structure 
that enables the production of quantum cascade lasers on the 
basis of intersubband transitions Which can emit laser radia 
tion With a Wavelength of about 4 pm at room temperature 
(approx. 300 The invention furthermore relates to a 
quantum cascade laser (QCL). 

[0002] The presence and the concentration of a number of 
molecules, such as CO2, can be detected by measuring the 
absorption of infrared radiation With Wavelength of approx. 
4 pm. Furthermore, the atmosphere is permeable for radia 
tion in a Wave length spectrum of 2.9 pm to 5.3 pm. In 
particular it is possible to detect and de?ne the concentration 
of a number of air-polluting gases, industrial chemicals, and 
biological emission relevant for medical diagnoses in this 
Way. HoWever, measuring the absorption spectra requires 
intensive sources of radiation, such as a laser emitting in the 
suitable Wave length spectrum, as Well as suitable detectors. 

[0003] There are several classes of lasers that are capable 
of emitting radiation in the appropriate Wavelength spec 
trum. A ?rst class of lasers is the so-called lead-salt lasers, 
Which, hoWever, require cooling to a loW temperature in 
their operation. A second class is the so-called antimonide 
diode laser, Which also require cooling to a loW temperature, 
and for Which it has not been proven to date that they can 
emit radiation in the Wave length spectrum around approXi 
mately 4 pm. A third class of lasers is the so-called “Class-B 
lasers” such as OPOs (Optic Parametric Oscillator) and DFG 
laser (Difference Frequency Generation Laser), Which are 
both based on a frequency conversion of laser radiation 
emitted in the near infrared range by means of non-linear 
generation of difference energies. HoWever, the optical 
components required in Class B lasers require a much higher 
effort and are more expensive than the optical components 
of lasers that emit the laser radiation directly in the suitable 
Wave length spectrum. 

[0004] An attractive alternative to the aforementioned 
lasers is the quantum cascade laser. Aquantum cascade laser 
(QCL) comprises as a core component a number of so-called 
cascades, each of Which has a number of quantum Wells and 
a number of barrier layers, Which are arranged alternately 
and are comprised of semiconductor materials. Typically, a 
quantum cascade laser comprises approximately 20 to 100 
of these cascades. The principle structure of a quantum 
cascade laser is described, for eXample, in the article by J. 
Faist et al., Science, Vol. 264, 22 April 1994. An overvieW 
of various approaches for quantum cascade lasers is found in 
J. Faist et al., IEEE Journal of Quantum Electronics, Vol. 38, 
No. 6, July 2002. 

[0005] For a better comprehension of the structure and the 
mode of operation of quantum cascade lasers, some of the 
properties of semiconductor materials are described brie?y 
in the folloWing. 

[0006] The electrical behavior of a semiconductor mate 
rial can be described With the so-called band model, Which 
states that various energy ranges, the so-called energy bands, 
are available to the electrons of the semiconductor material, 
and that the electrons of the semiconductor material can 
essentially take on any energy value Within said energy 
bands. Various bands may be separated from one another by 
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a band gap, i.e., an energy band With energy values the 
electrons cannot possess. If an electron changes from a 
higher energy band to an energy band in a loWer energy 
range, energy corresponding to the difference of the energy 
values of the electron before and after the change, Which is 
also called “transition”, is released. The energy difference 
can be released in form of photons. The band With the 
highest energy level, Which is fully ?lled With electrons at a 
temperature of 0 Kelvin, i.e., the so-called valence band, and 
the conduction band that is energetically above the valence 
band, Which is un?lled at 0 Kelvin, as Well as the band gap 
betWeen them are of special signi?cance for a semiconduc 
tor material. 

[0007] In the cascades of quantum cascade lasers, the 
semiconductor materials for the barrier layers and the quan 
tum Wells are selected such that the loWer conduction band 
edge of the barrier material lies higher in energy than the 
loWer conduction band edge of the quantum Well material. 
The loWer conduction band edge represents the loWest 
energy value that an electron can assume Within the con 

duction band. The energy difference betWeen the energy of 
the loWer conduction band edge of the barrier material and 
the loWer conduction band edge of the quantum Well mate 
rial is also called the conduction band discontinuity. As a 
result of this selection, the electrons of the quantum Wells 
cannot readily penetrate the barrier layers and are therefore 
enclosed in the quantum Wells. The can only “tunnel” 
through a barrier layer into an adjacent quantum Well in a 
quantum-mechanical process, With the probability of the 
occurrence of a tunneling process depending on the height of 
the conduction band discontinuity and the thickness of the 
barrier layer betWeen the tWo quantum Wells. 

[0008] In the quantum Well, the behavior of the electrons 
enclosed in said Well are determined by quantum mechanics 
effects due to the small thickness of the layer (only a feW 
nanometers). An essential effect is that the electrons in an 
energy band of the quantum Well can no longer assume any 
energy value Within the energy range of the band, but rather 
are con?ned to the energy values of speci?c energy levels, 
i.e., so-called sub-bands. The energetic differences betWeen 
the individual sub-bands are particularly high if the quantum 
Well is very thin and the conduction band discontinuity is 
high. The electron energy does not change continuously, but 
rather jumps from one sub-band to the neXt. The electron can 
change from one energy level to the other energy level only 
if the energy increase or the energy decrease suffered by an 
electron corresponds precisely to the difference of the energy 
values of tWo sub-bands. Transitions from one energy level 
to another energy level Within one and the same band are 
called intersubband transitions. In the cascades of the quan 
tum cascade laser, the emission of laser radiation occurs at 
these intersubband transitions. 

[0009] J. Faist et al., IEEE Journal of Quantum Electron 
ics, Vol. 38, No. 6, July 2002, describes a quantum cascade 
laser that can emit laser radiation With a Wave length of 5.3 
pm at room temperature. The cascades of the quantum 
cascade laser described in the aforementioned article are 
applied to an InP (indium phosphide) substrate. Its quantum 
Wells are comprised of InO_6GaO_4As (indium-gallium-ars 
enide With 60% indium and 40% gallium) and its barrier 
layers are comprised of In0>44AlO56As (indium-aluminum 
arsenide With 44% indium and 56% gallium). Because of the 
ratio betWeen the indium and gallium composition in the 
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quantum Wells and/or the ratios between the indium and 
aluminum composition in the barrier layers, the materials of 
said layers, all of Which have a crystalline structure, have 
other lattice constants than the InP substrate (the lattice 
constant can be considered as a measure of hoW far the 

atoms in a crystalline material, Where atoms are essentially 
arranged at the junctions of an intended lattice, are distanced 
from one another). When preparing a layer structure for the 
cascades of the quantum cascade laser, the layers Will adapt 
to InP substrate, taking on its planar constant in the plane 
parallel to the surface, Which leads to strain due to the 
different lattice constants. Thus, the adaptation can be main 
tained only up to a speci?c critical thickness of the layer 
structure if the strain is not compensated. To compensate for 
the strain created in the layers Within one cascade, the parts 
of the constituents in the InQGGaOAAs quantum Wells are 
selected so that compression strain is created in said layers, 
Whereas the parts of the constituents in the In0)44AlO)56As 
barrier layers are selected so that tensile strain is created in 
said layers. Furthermore, the thicknesses of the individual 
layers are coordinated With respect to one another so that the 
compression- and the tensile strains are largely compensated 
Within a cascade (so-called strain compensation). 

[0010] Although it Was possible to emit laser radiation in 
a Wave length spectrum of 3.5 to 100 pm With intersubband 
transitions in quantum cascade lasers, it Was not possible to 
date to achieve an emission of radiation in the Wave length 
spectrum beloW 4.6 pm at room temperature. 

[0011] The problem to be solved by the present invention 
is to provide a quantum cascade laser structure With inter 
subband transitions that alloW the production of quantum 
cascade lasers Which can emit radiation in the Wave length 
spectrum of 2.9-5.3 pm, especially in a spectrum of 3.1 to 
4.6 pm, at room temperature, i.e., at approximately 300 K. 

[0012] Another object to be attained by the invention is to 
provide an improved quantum cascade laser. 

[0013] The ?rst object of the invention is attained With a 
quantum cascade laser structure in accordance With claim 1 
and the second object is attained With a quantum cascade 
laser in accordance With claim 15. The dependent claims 
include advantageous modi?cations of the invention. 

[0014] The quantum cascade laser structure in accordance 
With the invention comprises a number of cascades, i.e., at 
least tWo cascades and preferably 20 to 50 cascades, each of 
Which comprise a number of alternately arranged quantum 
Wells and barrier layers. The material of at least one quantum 
Well as Well as the material of at least one barrier layer are 
under mechanical strain, With the respective strains in par 
ticular may being tensile strains or compression strains. The 
quantum Wells and barrier layers are coordinated such in the 
quantum cascade laser structure in accordance With the 
invention that any strain is largely compensated Within one 
cascade. Largely compensated should be understood to 
mean that the compensation does not necessarily need to be 
complete, but only to such an extent that there is no strain 
that Would make pseudo-morphological groWth impossible. 
One skilled in the art understands pseudo-morphological 
groWth to be a groWth Where an adsorbed crystalline layer 
having a different crystalline structure and/or a different 
lattice constant than the substrate accepts the crystalline 
structure and the lattice constant of the substrate. In the 
quantum cascade laser structure in accordance With the 
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invention, the material of the quantum Wells has only one 
respective constituent material and the material of at least 
one of the barrier layers has at least tWo constituents 
materials, With the tWo constituent materials may having 
different constituents or the same constituents in various 
quantity ratios. The constituent materials of a layer may 
comprise, for example, the elements Al (aluminum), Ga 
(gallium), As (Arsenic) or In (Indium) as constituents. In the 
folloWing, the term constituent material is used for materials 
having only one constituent material synonymously for the 
material of the respective layers. 

[0015] Compared to the quantum cascade laser structures 
With strain compensation, as described in the state of the art, 
the quantum cascade laser structure in accordance With the 
invention is more ?exible in the adjustment of the band 
structure, the so-called “band structure engineering.” Impor 
tant parameters in the engineering of the band structure are 
the siZe of the conduction band discontinuity, the thickness 
of the quantum Wells and the probability of an electron 
penetrating the barrier layer, i.e., the so-called tunnel prob 
ability. In the strain-compensated quantum cascade laser 
structures in accordance With the state of the art, the siZe of 
the conduction band discontinuity depends on the relative 
ratios of the constituents in the constituent materials used in 
the barrier layers and quantum Wells. The tunnel probability, 
hoWever, depends on the siZe of the conduction band dis 
continuity, i.e., the relative compositions of the constituents, 
as Well as on the thickness of the barriers. Thus, for the band 
structure engineering, there are only tWo largely indepen 
dently variable parameters available in the strain-compen 
sated quantum cascade laser structures in accordance With 
the state of the art for engineering the barrier thickness, the 
conduction band discontinuity and the tunnel probability. If, 
for example, the relative ratios of the constituents in the 
constituent materials are used to engineer the conduction 
band discontinuity, and the thickness of the layers is then 
adapted for strain compensation, this also already deter 
mines the tunnel probability. In particular, it is not possible 
to simultaneously maximiZe the conduction band disconti 
nuity and realiZe a good strain compensation because the 
tunnel probability is an important parameter for the laser 
process, i.e., for the emission of the laser radiation. 

[0016] Furthermore, the quantum cascade laser structure 
in accordance With the invention also offers the composition 
of at least one barrier layer With tWo constituent materials as 
a variable parameter. For example, it is possible to select one 
of the constituent materials of said barrier layer such that the 
siZe of the conduction band discontinuity is engineered to a 
desired value—for example maximiZed—Whereas the bar 
rier thickness is selected such that the tunnel probability 
reaches the desired value for the engineered value of the 
conduction band discontinuity. The relative ratios of the 
constituents in the second constituent material of the barrier 
layer can then be selected so that the strain is compensated 
by the already determined barrier thickness. 

[0017] To realiZe strain compensation, it is in particular 
possible to select the relative ratio betWeen the constituents 
of the constituent material and/or the thickness of at least 
one of the quantum Wells such that the strain in at least one 
of the barrier layers is compensated by a strain in the 
essentially same amount as the strain of at least one barrier 
layer, but With an inverted sign. 
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[0018] In the quantum cascade laser structure in accor 
dance With the invention, the cascade may comprise an 
injection Zone, a extraction Zone and an active Zone arranged 
in-betWeen said Zones, Where the actual emission of the laser 
radiation occurs, With each Zone comprising at least one 
barrier layer and at least one of the barrier layers in the active 
Zone and/or the injection Zone comprising at least tWo 
constituent materials. If said barrier layer is the barrier layer 
of the active Zone adjacent to the injection Zone, i.e., the 
so-called injection barrier, quantum cascade lasers can be 
realiZed by appropriately engineering the thickness of the 
injection barrier and thus also the tunnel probability through 
the injection barrier, and said quantum cascade lasers can be 
operated optionally so as to emit laser radiation With mul 
tiple Wave lengths (multiple Wave length emission) or laser 
radiation With only one Wave length (single Wave length 

emission). 
[0019] In the quantum cascade laser structure in accor 
dance With the invention, not all barrier layers must com 
prise at least tWo constituent materials to achieve the afore 
mentioned advantages. In one realiZation, the material of at 
least one of the barrier layers therefore has only one con 
stituent material. In a modi?cation of said realiZation, the 
constituent material of the barrier layers comprising only 
one constituent material is selected such that the conduction 
band discontinuity is maximiZed in the cascade. A large 
conduction band discontinuity is in particular advantageous 
if the laser is intended for use at room temperature. 

[0020] The thicknesses and the constituents of the con 
stituent materials of the quantum Wells and the barrier layers 
as Well as the composition of the material of at least one 
barrier layer having at least tWo constituent materials may be 
selected such in the quantum cascade laser structure in 
accordance With the invention that the laser Wave length 
spectrum is 2.9 to 5.3 pm, preferably 3.5 to 4.5 pm, and in 
particular 3.7 to 4.2 pm. In addition to the detection of 
molecules, said Wave length spectrum is also of signi?cance 
for the transmission of communication, for collision moni 
toring radar systems, for automated steering systems, for 
medical diagnosis, for the target acquisition in the military 
as Well as in the civilian area, and for the daZZling of infrared 
detectors and infrared cameras. With the proper selection of 
the temperature at Which it is operated and/or the strength of 
the current ?oWing through the laser, the quantum cascade 
laser in accordance With the invention in particular facili 
tates the variation of the emission Wave length Within the 
stated range. A so-called external cavity or a different tuning 
strategy can also be used to engineer the Wave length. 

[0021] The folloWing constituent materials, Which include 
Al, As, Ga and In as constituents, are especially suitable for 
use in the quantum cascade laser structure in accordance 
With the invention: 

[0022] InXGa1_XAs (indium-gallium-arsenide) With 
0.62x21, especially InO_73GaO)27As as constituent 
material of quantum Wells 

[0023] InyAl1_yAs (indium-aluminum-arsenide) With 
0.42y20.6 and InZAl1_ZAs with 022204, espe 
cially In0_55AlO_45As and AlAs (aluminum arsenide) 
as constituent materials of at least one barrier layer 
With at least tWo constituent materials, and 

[0024] InSAl1_SAs With 02s2 0.4, especially AlAs, as 
constituent material of the remaining barrier layers. 
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[0025] The constituent materials need not necessarily be 
present in pure form. Rather, they may also contain small 
amounts of other materials such as Sb (antimony) or P 
(phosphorus) in parts by molar composition of not more than 
approximately 5%. Even if InXGa1_XAs, InO>73Ga0>27As, 
InyAl1_yAs, InOJSAIOASAs, InZAl1_ZAs, AlAs or other con 
stituent materials or materials are mentioned in the scope of 
this description, this is also alWays intended to comprise the 
case that said constituent materials and/or materials include 
small amounts of other constituents. 

[0026] With the aforementioned constituent materials, it is 
in particular possible to obtain a very large conduction band 
discontinuity betWeen the AlAs of the barriers and the 
InGaAs in the quantum Wells, With a possible emission of 
laser radiation With a Wave length betWeen 2.9 and 5.3 pm, 
in particular betWeen 3.5 and 4.5 pm and especially in a 
Wave length betWeen 3.8 and 4.2 pm, at room temperatures. 

[0027] The thicknesses of the quantum Wells and/or the 
thicknesses of the barrier layers and/or the composition of at 
least one barrier layer having tWo constituent materials may 
be selected such in the quantum cascade laser structure in 
accordance With the invention, in particular in the active 
Zone of the structure, that the laser-active transition from a 
number of energetically closely adjacent higher conditions 
to energetically loWer condition or into a number of ener 
getically loWer conditions and energetically closely adjacent 
conditions occurs so that multiple Wave length emission 
occurs. In particular by varying the ratio of the InyAl1_yAs 
constituent material relative to the InZAl1_ZAs-consitutent 
material in the injection barrier, the subband structure in the 
adjacent quantum Well of the active Zone, Where the emis 
sion process occurs, can be engineered so that multiple 
Wavelength emission as Well as single Wave length emission 
is possible. 

[0028] Multiple Wavelength emission can be obtained in 
particular if the injection barrier is less than approx. 4 to 5 
nm thick, in particular less than 4.5 nm thick and especially 
less than 4 nm thick. 

[0029] In the quantum cascade laser structure, a cascade 
may in particular have the folloWing layers With the stated 
constituent materials and layer thicknesses in the stated 
order: 

[0030] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs layer With a thickness of 0.6 to 0.8 
nm, in particular 0.75 nm; 

[0031] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an In0)73GaO)27As layer With a thickness of 3.2 
to 3.6 nm, in particular 3.4 nm; 

[0032] an InZAl1_ZAs layer With 02x2 0.4, in par 
ticular an AlAs layer With a thickness of 1.2 to 1.4 
nm, in particular 1.3 nm; 

[0033] an InXGa1_XAs-layer Wit 0.62x2 1, in particu 
lar an InO_73Ga0_27As-layer With a thickness of 2.8 to 
3.2 nm, in particular 3.0 nm, and an n-doping; 

[0034] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer With a thickness of 0.8 to 1.0 
nm, in particular 0.9 nm; 

[0035] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73Ga0_27As-layer With a thickness of 
2.4 to 2.8 nm, in particular 2.6 nm, and an n-doping; 
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[0036] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer With a thickness of 0.8 to 1.0 
nm, in particular 0.9 nm; 

[0037] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
2.1 to 2.3 nm, in particular 2.2 nm, and an n-doping; 

[0038] an InyAl1_yAs-layer With 0.42y20.6, in par 
ticular an InO_55AlO_45As-layer, With a thickness of 
1.3 to 1.5 nm, in particular 1.4 nm, and an n-doping; 

[0039] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 0.8 to 1.0 
nm, in particular 0.9 nm; 

[0040] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
1.9 to 2.1 nm, in particular 2.0 nm; 

[0041] an InyAl1_yAs-layer With 0.42y20.6, in par 
ticular an InO_55Al0_457As-layer, With a thickness of 
1.3 to 1.5 nm, in particular 1.4 nm; 

[0042] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 0.8 to 1.0 
nm, in particular 0.9 nm; 

[0043] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
1.7 to 1.9 nm, in particular 1.8 nm; 

[0044] an InyAl1_yAs-layer With 0.42y20.6, in par 
ticular an InO_55AlO_45As-layer, With a thickness of 
2.8 to 3.2 nm, in particular 3.0 nm; 

[0045] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 0.8 to 1.0 
nm, in particular 0.9 nm; 

[0046] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
1.7 to 1.9 nm, in particular 1.8 nm; 

[0047] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 0.8 to 1.0 
nm, in particular 0.9 nm; 

[0048] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
4.7 to 5.3 nm, in particular 5.0 nm; 

[0049] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 1.6 to 1.8 
nm, in particular 1.7 nm; 

[0050] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
4.0 to 4.4 nm, in particular 4.2 nm; 

[0051] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 2.0 to 2.2 
nm, in particular 2.1 nm; 

[0052] an InXGa1_XAs-layer With 0.62x21, in par 
ticular an InO_73GaO_27As-layer, With a thickness of 
3.6 to 4.0 nm, in particular 3.8 nm; 

[0053] an InZAl1_ZAs-layer with 022204, in par 
ticular an AlAs-layer, With a thickness of 0.6 to 0.8 
nm, in particular 0.75 nm. 
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[0054] For the n-doping, Si may be introduced into the 
respective layers, for example. 

[0055] Instead of InAlAs and/or AlAs, the quantum cas 
cade laser structure in accordance With the invention may 
comprise InAlAsSb (indium-aluminum-arsenic-antimony) 
or AlAsSb (aluminum-arsenic antimonide) as constituent 
material of at least one barrier layer With at least tWo 
constituent materials and/or as constituent material of the 
remaining barrier layers. 

[0056] A quantum cascade laser in accordance With the 
invention comprises a loWer Waveguide layer, an upper 
Waveguide layer and a quantum cascade laser structure in 
accordance With the invention arranged betWeen said tWo 
Waveguide layers. In particular, a quantum cascade laser in 
accordance With the invention may have a quantum cascade 
laser structure that can emit the laser radiation in several 
Wave lengths and it may be equipped With a means to select 
the Wave length of the emitted laser light. Apotential means 
for selecting the Wave length, for example, may be a 
so-called external cavity or a grating. A combination of 
external cavity and grating is also possible. 

[0057] To dissipate the heat created in the operation of the 
quantum cascade laser, a quantum cascade laser in accor 
dance With the invention may be connected to a heat sink, 
Which may be realiZed, for example, as a so-called buried 
hetero structure or as a so-called epilayer-doWn mounting. 
By dissipating excess heat into the heat sink, the perfor 
mance of the quantum cascade laser can be improved in 
particular in the operation at temperatures in the 300 K 
range. 

[0058] Other characteristics, properties and advantages of 
the present invention are shoWn in the folloWing in the 
description of an realiZation With reference to enclosed 
?gures. 

[0059] FIG. 1 shoWs an example of a quantum cascade 
laser in accordance With the invention in a schematic sec 
tional vieW. 

[0060] FIG. 2 shoWs a cascade of the quantum cascade 
laser structure of the laser in FIG. 1. 

[0061] FIG. 3 shoWs the conduction band diagram of the 
cascade from FIG. 2. 

[0062] FIG. 4 shoWs a ?rst emission spectrum of a quan 
tum cascade laser With a quantum cascade laser structure as 
shoWn in FIG. 2 and 3, at room temperature and at 8 K. 

[0063] FIG. 5 shoWs a second emission spectrum of a 
quantum cascade laser With a quantum cascade laser struc 
ture as shoWn in FIG. 2 and 3, at room temperature and at 
8 K. 

[0064] FIG. 6 shoWs the poWer output of a quantum 
cascade laser With a quantum cascade laser structure as 
shoWn in FIG. 2 and 3 as a function of the pulsed current 
strength of the current flowing through the laser as Well as 
the current density depending on the bias of the laser. 

[0065] FIG. 7 shoWs the maximum peak performance of 
a quantum cascade laser With a quantum cascade laser 
structure as shoWn in FIG. 2 and 3, as a function of the 
temperature at Which the laser is operated. 
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[0066] FIG. 8 shows the threshold current density Jth of a 
quantum cascade lasers With a quantum cascade laser struc 
ture as shoWn in FIG. 2 and 3, as a function of the 
temperature. 

[0067] Aquantum cascade laser 10 in accordance With the 
invention is shoWn schematically in FIG. 1 in a sectional 
vieW. The dimensions of the individual layers in FIG. 1 are 
not represented according to scale because the differences in 
the thicknesses of the individual layers are very large and 
therefore cannot be represented according to scale. The 
lateral dimensions of prototypes of the quantum cascade 
laser 10 produced so far are 1.5 mm><34 pm and/or 2.0 
mm><28 pm and 2.0 mm><39 pm. HoWever, the quantum 
cascade laser 10 can also be produced With other dimen 
sions. 

[0068] The quantum cascade laser described in the real 
iZation can be operated in particular such that it emits in a 
pulsed operating modus at 20° C. laser radiation in the Wave 
length spectrum of approx. 3.8 to approx. 4.2 pm With a 
poWer output of over 240 mW per facet, i.e., in tWo different 
and in particular opposite radiation directions of the laser. If 
the quantum cascade laser is operated at loW temperatures (8 
K), a peak poWer output of up to 8 Watts per facet can be 
obtained in the pulsed operating mode. 

[0069] The quantum cascade laser 10 is produced in form 
of a vertical layer stack 11 from semiconductor materials 
and comprises a substrate 20, Which simultaneously repre 
sents the loWer cladding layer of the quantum cascade laser 
10. In the present realiZation, the substrate 20 is comprised 
of InP (indium phosphide) and is doped With Sn (tin) in a 
concentration of 2><1017 (doping means that atoms of 
another material, so-called foreign atoms or doping materi 
als, are introduced into a semiconductor material in order to 
supply free electrons) and also functions as the loWer 
electric contact of the laser. 

[0070] The substrate 20 is topped by a loWer Waveguide 
layer 30 of In_0_52GaO_48As, Which is doped With Si (silicon) 
in a concentration of 5><1016 cm_3. The loWer Waveguide 
layer 30 has a higher indeX of refraction than the substrate 
20 and a thickness of 220 nm. Together With a second, upper 
Waveguide layer 40, Which is also made of InO_52GaO_48As 
and has a silicon doping in a concentration of 5><1016 cm'3 
and a thickness of 220 nm, said Waveguide layer 30 con?nes 
the photons generated in the quantum cascade laser structure 
100. The quantum cascade laser structure 100 has 30 cas 
cades and a thickness of 1400 nm and is arranged betWeen 
the tWo Waveguide layers 30, 40. It Will be described in 
detail later With reference to FIG. 2. 

[0071] Aso-called four-period graded superlattice 50, i.e., 
a layer Where a lattice structure is superimposed on another 
lattice structure in a graded manner,caps the second 
Waveguide layer. The superlattice 50 is produced of Si 
doped InO_52GaO_48As and Si-doped InO_52AlO_48As and has a 
thickness of 18 nm. Because of the different lattice constants 

of InO_52GaO_48As and InO_52Al0_48As, the four-period super 
lattice 50 is formed in that the lattice positions of the tWo 
lattices render all four lattice periods congruent. 

[0072] The superlattice 50 is folloWed by tWo top cladding 
layers 60, 70 With a total thickness of 3,300 nm, each of 
Which is produced of InP and Si-doped, but With different Si 
concentrations. While the ?rst top cladding layer 60 that 
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directly folloWs the superlattice 50 has a thickness of 2,500 
nm and a Si-concentration of 1x10”, the thickness of the 
second top cladding layer 70 is 800 nm and its Si concen 
tration is 4><1018. Instead of InP, the top cladding layers 60, 
70 may also be produced of other suitable materials, such as 
InAlAs or InGaAlAs (indium-gallium-aluminum-arsenide), 
for eXample. 

[0073] The top layer of the quantum cascade laser 10 
forms a contact layer 80 that is 130 nm thick and Si-doped 
With a concentration of 1><1019 cm'3 and forms the top 
electrical contact of the laser. 

[0074] FIG. 2 shoWs a cascade of the quantum cascade 
laser structure 100 of FIG. 1 in detail. It comprises eleven 
barrier layers 105 to 105j as Well as ten quantum Wells 100a 
to 110j, each arranged betWeen tWo barrier layers. 

[0075] Each of the quantum Wells 110a to 110j is produced 
of InO_73GaO_27As as the only constituent material, With the 
quantum Wells 110b, 1106 and 110d also being n-doped With 
a Si concentration of 5x10”. The thicknesses of the quan 
tum Wells 110a to 110j are in a range of 1.8 to 5.0 nm and 
can be found in the table beloW. HoWever, the quantum Wells 
110a to 110j may not fall beloW a speci?c minimum thick 
ness so that the energy levels of the sub bands are not pushed 
out of the quantum Well. 

[0076] Each of the barrier layers 105a to 105C and 15g 
[TrNote: sic; 105g?] to 105j are produced of AlAs. Their 
thicknesses vary betWeen 0.9 and 2.1 nm and are also listed 
in the table beloW. Unlike the barrier layers 105a to 105C and 
15g to 105j, the barrier layers 105d, 1056 and 105f are each 
comprised of tWo constituent materials, i.e., of AlAs as ?rst 
constituent material 111a, 112a, 113a and InO_55AlO_45As as 
second constituent material 111b, 112b, 113b. The constitu 
ent material 111b of the barrier layer 105d is also doped With 
Si in a concentration of 5x10”. 

Doping 
substance 

Reference Doping concentration Thickness 
Symbol Material substance [cm’3] [nm] 

105 AlAs 0.75 
110a In0_73Ga0_27As 3.4 
105a AlAs 1.3 
11011 InD_73Ga0_27As Si 5 X 1017 3.0 
105h AlAs 0.9 
110c In0_73Ga0_27As Si 5 x 1017 2.6 
1050 AlAs 0.9 
110d InD_73Ga0_27As Si 5 X 1017 2.2 
105d 111b InD_55AlU_45As Si 5 x 10“L7 2.3 1.4 

111a AlAs 0.9 

110e InD_73GaD_27As 2.0 
105e 112b InD_55AlU_45As 2.3 1.4 

112a AlAs 0.9 

110f InU_73GaU_27As 1.8 
105f 113b InD_55AlU_45As 3.9 3.0 

113a AlAs 0.9 

110g In0_73Ga0_27As 1.8 
105g AlAs 0.9 
110h In0_73Ga0_27As 5.0 
105h AlAs 1.7 
110i InU_73GaU_27As 4.2 
105i AlAs 2.1 

110j InU_73GaU_27As 3.8 
105j AlAs 0.75 
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[0077] The barrier layers 105a to 105c, 105i, 105j and 
quantum Wells 110a to 110c, 110i, 110j form the so-called 
extraction Zone, the barrier layers 105f to 105k and quantum 
Wells 110g and 110k the so-called active Zone and the barrier 
layers 105a' and 1056 and quantum Wells 110d to 110f the 
so-called injection Zone of the quantum cascade laser struc 
ture (see FIG. 3). 

[0078] FIG. 3 shoWs the conduction band diagram of the 
cascade shoWn in FIG. 2 With an applied electric ?eld of the 
?eld strength 7.6 V/pm. The conduction band diagram 
represents the energetic course of the conduction band edge 
K. The barrier layer 105j represents the border betWeen tWo 
cascades, one of Which is shoWn in FIG. 2. The segment of 
the conduction band diagram extending from the barrier 
layer 105j toWard the left in FIG. 3 therefore belongs to a 
different cascade than the segment extending to the right in 
a representation as in FIG. 2. One half of the barrier layer 
105j (thickness 1.5 nm) then belongs to the one cascade and 
the other half to the other cascade. In FIG. 2, the layer 105 
corresponds to the one half and the layer 105j corresponds 
to the other half of the barrier layer 105j from FIG. 3. 

[0079] In the quantum Wells 110a to 110j, the conduction 
band edge K is energetically loWer, Whereas it is energeti 
cally higher in the barrier layers 105a to 105j. The use of 
AlAs in all barrier layers and InGaAs quantum Wells maxi 
miZes the conduction band discontinuity, Which re?ects the 
energetic difference betWeen conduction band edge K in the 
barrier layers 105a to 105j and the quantum Wells 110a to 
110j, in the entire cascade. When the quantum cascade laser 
structure is operated at room temperature, the large conduc 
tion band discontinuity in particular prevents electrons from 
overcoming the barrier layers 105a to 105j by having 
enough thermal energy to move unrestricted into the con 
duction band of the barrier material. Such transitions can 
lead to a so-called thermal depopulation of the energy level 
of a quantum Well and as a result, the corresponding 
electrons are lost for the laser process. This thermal depopu 
lation Would inhibit a use of the laser at room temperature. 
Therefore, the large conduction band discontinuity of the 
quantum cascade laser structure in accordance With the 
invention makes it possible to emit laser radiation in a 
spectrum betWeen 2.9 and 5.3 pm, especially in a spectrum 
of 3.5 and 4.5 pm and furthermore in particular in a spectrum 
of 3.7 to 4.2 pm at higher temperatures than Would be 
possible With quantum cascade laser structures in accor 
dance With the state of the art. In particular, the quantum 
cascade laser structure in accordance With the invention also 
alloWs an emission at room temperature. 

[0080] FIG. 3 also shoWs the occupation probabilities of 
electrons in various energy levels, i.e., in an upper laser level 
2, a loWer laser level 1 as Well as in additional energy levels 
that are grouped so closely together that each group can be 
considered an energy band, i.e., a so-called mini-band. The 
mini-bands are labeled I, II and III in FIG. 3. Electrons can 
be at one of the energy levels. They Will be located mainly 
in the quantum Wells 110a to 110j, but they can also tunnel 
through a barrier layer 105 to 105j from one quantum Well 
110a to 110j to the text. The probability of tunneling through 
a barrier layer 105a to 105j depends on the height as Well as 
on the Width of the layer. 

[0081] Furthermore, the electrons can also transition from 
a higher energy level to a loWer energy level. In doing so, 
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they emit energy, for example in the form of photons, With 
the emitted energy corresponding to the energy difference 
betWeen the tWo energy levels. In a transition of this type, 
i.e., in the transitioning from laser level 2 to laser level 1, the 
laser radiation is emitted. The Wavelength of the emitted 
laser radiation is determined by the energy difference 
betWeen the tWo laser levels 1, 2. Because said energy 
difference can be adjusted in particular by the Width of the 
quantum Wells 110g and 110k, the Wavelength of the emitted 
laser radiation can be engineered in the production of the 
quantum cascade laser With the appropriate selection of said 
Width. HoWever, it is also possible to adjust the Wave length 
of the emitted laser radiation in an already existing structure. 
The Wavelength at Which the emission of the laser radiation 
occurs can be varied, for example, With the appropriate 
adjustment of the temperature and/or the current strength of 
the current that ?oWs through the quantum cascade laser 
and/or the electrical ?eld. 

[0082] Aprototype of the described quantum cascade laser 
structure With lateral dimensions of 1.5 nm><34 pm emitted 
laser radiation With a Wave length of approx. 4.005 pm (see 
FIG. 4) at a temperature 8 K and a current density of 0.59 
A, Whereas said prototype emitted laser radiation With a 
Wave length of 4.06 pm at a temperature of 296 K and a 
current density of 2.58 A. To record the spectra, the quantum 
cascade laser structure Was operated With current pulses in 
a length of 100 ns and a repetition frequency of 5 KHZ for 
the current pulses. 

[0083] Also important for the emission of laser radiation is 
the degree of overlapping betWeen the various energy levels 
of the mini-bands I and II and the laser levels 1 and/or 2 in 
the quantum Wells 110g and 110k, Which is linked closely to 
the tunnel probability. A high degree of overlapping means 
that a speci?c part of the laser radiation is not resulting from 
a transition from laser level to into laser level 1 but from a 
transition from one energy level of the mini-band II to the 
laser level 1 or in energy levels of the mini-band I. LikeWise, 
in a large overlap, transitions from laser level 2 into an 
energy level of the mini-band I may occur. Because the 
energy levels of a mini-band differ slightly, the Wave length 
of the laser radiation emitted at the corresponding transitions 
also differ slightly so that instead of radiation of a single 
Wavelength, radiation in a Wavelength spectrum is emitted. 
HoWever, if the degree of overlapping betWeen the various 
energy levels of the mini-bands I and II and the laser levels 
1 and 2 in the quantum Wells 110g and 110k is loW, the 
transitions from one energy level of the mini-band II or into 
an energy level of the mini-band I are hardly signi?cant in 
the emitting of the laser radiation and thus only laser 
radiation With a single Wave length, Which is determined by 
the energy difference betWeen the laser level 2 and the laser 
level 1, is emitted. 

[0084] In the quantum cascade laser structure in accor 
dance With the invention, it is in particular possible to adjust 
the degree of overlapping betWeen the various energy levels 
of the mini-bands I and II and the laser levels 1 and/or 2 in 
the quantum Wells 110g and 110k by appropriately adjusting 
in particular the thickness of the barrier layer 105f, Which 
forms the injection barrier of the quantum cascade laser 
structure, i.e., the barrier through Which the electrons are 
“injected” into the active Zone of the cascade, as Well as the 
relative parts of the constituent materials 113a and 113b in 
the barrier layer 105f. Quantum cascade laser structures can 
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be generated, Which can be operated in multiple Wave length 
emission modes as Well as in single Wave length emission 
mode. In particular thin barrier layers 105f as in the present 
realiZation are suitable for the production of quantum cas 
cade lasers that can be operated in the multiple Wave length 
emission modus. 

[0085] FIG. 5 shoWs the emission spectrum of a quantum 
cascade laser as described in the realiZation at multiple Wave 
length emission. The laser has a length of 2.0 mm. If it is 
operated With a pulse frequency of 5 kHZ and pulse duration 
of 100 ns at a temperature of 8 K, the emission of the laser 
radiation at various current strengths of the current ?oWing 
through the laser covers a Wave length spectrum of 3.9 to 4.1 
pm. The emission spectrum is shoWn at a current strength of 
0.8 A, Which shoWs an emission in a spectrum of 4.0 to 4.1 
pm (continuous line). At a temperature of 296 K and a 
current strength of 3.6 A(dotted line), the emission spectrum 
reaches from approx. 4.0 to approx. 4.2 pm. If the quantum 
cascade laser structure in accordance With the invention is 
operated in multiple Wave length emission modus, it can be 
operated in particular With a means for selecting the Wave 
length of the emitted laser light, such as a grating or an 
extreme cavity, to enable the selection of a Wave length from 
the emitted spectrum. 

[0086] Some other experimentally determined perfor 
mance data of the laser in accordance With the invention are 
described in the folloWing With the FIGS. 6 to 8. 

[0087] The experimentally determined poWer output 
determined With a quantum cascade laser as described in the 
realiZation is shoWn in FIG. 6. The laser used in the 
experiment has lateral dimensions of 2.0 mm><28 pm. It Was 
operated in pulsed mode, With the pulse frequency being 5 
kHZ and the pulse duration being 100 ns. In FIG. 6, the 
poWer values for 296 K are multiplied by a factor 5 and the 
poWer values at 328 K are multiplied by a factor 100 for 
better representation. The experimentally determined maxi 
mum poWer output line of the laser at 296 K (room tem 
perature) occurs at a current strength of approx. 4.4 A and is 
240 mW. The poWer output reached at room temperature is 
sufficient to detect and determine the concentration of gases, 
for example. In the quantum cascade laser structure in 
accordance With the invention, the measured poWer output 
of 240 mW per facet is already achieved Without a highly 
developed heat sink. With the use of a heat sink, the poWer 
output of the laser at room temperature can therefore be 
increased even further. The high poWer output of the quan 
tum cascade laser structure in accordance With the invention 
at room temperature is therefore based on the use of AlAs in 
the barrier layers 105-105j and the related large conduction 
band discontinuity, Which prevents the thermal depopula 
tion. 

[0088] FIG. 6 shoWs that the maximum poWer output 
alWays occurs at a current density of 100 to 130 MA/m2 
(Which corresponds to a total current of approx. 4 to 5 A) and 
increases as the temperature of the laser decreases. The 
dependency betWeen the maximum poWer output and the 
temperature at Which the laser is operated is shoWn by the 
logarithm in FIG. 7. 

[0089] Also shoWn in FIG. 6 is the current-voltage curve 
(I-V curve) determined experimentally With the same laser, 
Which shoWs the current density of the current ?oWing 
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through the laser in dependence on the applied voltage. FIG. 
6 shoWs the current-voltage curve at an operating tempera 
ture of the laser of 8 K. 

[0090] FIG. 8 shoWs the threshold current density jth as a 
function of the temperature for a quantum cascade laser in 
accordance With the invention With the quantum cascade 
laser structure described in the realiZation With lateral 
dimensions of 2.0 mm><28 pm, which Was operated in the 
pulsed manner described above. The dashed line shoWs a 
curve adapted to the experimental data in a temperature 
range of 120 K to 328 K, Which Was used to determine the 
so-called characteristic temperature T0 of the quantum cas 
cade laser. 117 K Was determined as the characteristic 
temperature TO. The determined threshold current densities 
are loWer than With the quantum cascade lasers in accor 
dance With the state of the art, Which emit in a spectrum 
betWeen 3.0 and 5.0 pm, and are comparable to the best 
results of quantum cascade lasers With emission Wave 
lengths that are slightly higher than 5.0 pm. 

[0091] In the realiZation for the quantum cascade laser 
structure in accordance With the invention, the barrier layers 
are constructed With tWo constituent materials in such a 
manner that each of the constituent materials forms an 
independent partial layer. HoWever, the tWo constituent 
materials can also be combined in other Ways, for example 
to form a so-called superlattice pseudo alloy. Furthermore, 
the quantum cascade laser in accordance With the invention 
is not limited to the quantum cascade laser design described 
in the present realiZation. Rather, the quantum cascade laser 
structure in accordance With the invention can also be used 
in other quantum cascade laser designs. An overvieW of the 
various quantum cascade laser designs is shoWn in J. Faist 
et al., IEEE Journal of Quantum Electronics, Vol. 38, No. 6, 
July 2002. 

1. Quantum cascade laser structure having a number of 
cascades (100) each of Which comprises a number of alter 
nately arranged quantum Wells (110a to 110j) and barrier 
layers (105 to 105j), Where 

the material of at least one quantum Well (110a to 100j) 
is under mechanical strain, 

the material of at least one barrier layer (105 to 105j) is 
under mechanical strain: 

the quantum Wells (110a to 100j) and the barrier layers 
(105 to 105j) are coordinated such that the existing 
mechanical strains are largely compensated Within one 
cascade (100), 

the material of the quantum Wells (110a to 110j) has only 
one constituent material each, and 

the material of at least one of the barrier layers (105d, 
1056, 105]‘) comprises at least tWo constituent materials 
(111a, 111b, 112a, 112b, 113a, 113b). 

2. Quantum cascade laser structure in accordance With 
claim 1, Where each of the constituent materials comprise a 
number of constituents and the composition of the constitu 
ent materials of the quantum Wells (110a to 110j) and the 
barrier layers (105 to 105j) from the constituents and/or the 
thicknesses of the quantum Wells (110a to 110j) and the 
barrier layers (105 to 105j) are coordinated such that exist 
ing mechanical strain is largely compensated Within one 
cascade (100). 
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3. Quantum cascade laser structure in accordance With 
claim 2, Where the relative ratio of the constituents of the 
constituent materials and/or the thickness of at least one of 
the quantum Wells (110a to 110j) is selected such and/or is 
such that the existing strain in at least one of the barrier 
layers (105 to 105j) is compensated by a mechanical strain 
in essentially the same quantity as the mechanical strain of 
at least one barrier layer (105 to 105j), but With the opposite 
sign. 

4. Quantum cascade laser structure in accordance With 
claim 1, Where the cascade (100) comprises an injection 
Zone, a extraction Zone and an active Zone arranged betWeen 
the injection Zone and the extraction Zone, With each Zone 
comprising at least one barrier layer (105 to 105j) and at 
least one of the barrier layers (105d to 105k) in the active 
Zone and/or in the injection Zone having at least tWo con 
stituent materials (111a, 111b, 112a, 112b, 113a, 113b). 

5. Quantum cascade laser structure in accordance With 
claim 4, Where the barrier layer (105)‘) of the active Zone 
Which borders the injection Zone has at least tWo constituent 
materials (113a, 113b). 

6. Quantum cascade laser structure in accordance With 
claim 1, Where the material of at least one of the barrier 
layers (105 to 105j) has only one constituent material. 

7. Quantum cascade laser structure in accordance With 
claim 6, With the constituent material of the at least one 
barrier layer having only one constituent material (105a to 
105C and 105g to 105j) is selected so as to maximize the 
conduction band discontinuity in the cascade (100). 

8. Quantum cascade laser structure in accordance With 
claim 6, Where the thicknesses and the constituents of the 
constituent materials of the quantum Wells (110a to 100j) 
and the barrier layers (105a to 105j) as Well as the compo 
sition of the material of at least one barrier layer (105d, 
1056, 105]‘) With at least tWo constituent materials (111a, 
111b, 112a, 112b, 113a, 113b) are selected so that the Wave 
length spectrum of the emitted laser radiation is 2.9 to 5.3 
pm. 

9. Quantum cascade laser structure in accordance With 
claim 6, With 

InXGA1_XAs With 0.6 éxé 1 as constituent material of the 
quantum Wells (110a to 110j); 

InyAl1_yAs With 0.4§y§0.6 and InZAl1_ZAs With 
0§Z§ 0.4 as constituent materials of at least one barrier 

layer (105d, 1056, 105]‘) With at least tWo constituent 
materials (111a, 111b, 112a, 112b, 113a, 113b), and 

InSAl1_SAs With 0§s§04 as constituent material of the 
remaining barrier layers (105a to 105C and 105g to 
105j). 

10. Quantum cascade laser structure in accordance With 
claim 9, With 

In0_73GaO_27As as constituent material of the quantum 
Wells (110a to 110j), 

InO_55AlO_45As and AlAs as constituent materials of at 
least one barrier layer (105d, 1056, 105]‘) With at least 
tWo constituent materials (111a, 111b, 112a, 112b, 
113a, 113b) and 

AlAs as constituent material of the remaining barrier 
layers (105a to 105C and 105g to 105j). 

11. Quantum cascade laser structure in accordance With 
claim 1, characteriZed in that the thicknesses of the quantum 

Sep. 29, 2005 

Wells (110a to 110j) and/or the thicknesses of the barrier 
layers (105 to 105j) and/or the composition of at least one 
barrier layer With at least tWo constituent materials is 
selected and/or is such in particular in the active Zone that 
the laser-active transition occurs from a number of energeti 
cally closely adjacent higher conditions (II) to an energeti 
cally loWer condition (1) or a number of energetically loWer 
and energetically closely adjacent conditions (I) 

12. Quantum cascade laser structure in accordance With 
claim 11, Where the barrier layer (105)‘) of the active Zone 
Which borders on the injection Zone has a thickness of 5 nm 
or less. 

13. Quantum cascade laser structure in accordance With 
claim 1, Where a cascade comprises the folloWing layers 
With the stated constituent materials and layer thicknesses in 
the stated order: 

an InZAl1_ZAs-layer With 0§Z§0.4, in particular an AlAs 
layer With a thickness of 0.6 to 0.8 nm, in particular 
0.75 nm; 

an InXGa1_XAs-layer With 0.6éxé 1, in particular an 
In0)73GaO)27As layer With a thickness of 3.2 to 3.6 nm, 
in particular 3.4 nm; 

an InZAl1_ZAs layer With 0§x§0.4, in particular an AlAs 
layer With a thickness of 1.2 to 1.4 nm, in particular 1.3 
nm; 

an InXGa1_XAs-layer Wit 0.6éxé 1, in particular an 
InO_73Ga0_27As-layer With a thickness of 2.8 to 3.2 nm, 
in particular 3.0 nm, and an n-doping; 

an InZAl1_ZAs-layer With 0 i Z i 0.4, in particular an AlAs 
layer With a thickness of 0.8 to 1.0 nm, in particular 0.9 
nm; 

an InXGa1_XAs-layer With 0.6éxé 1, in particular an 
InO_73Ga0_27As-layer With a thickness of 2.4 to 2.8 nm, 
in particular 2.6 nm, and an n-doping; 

an InZAl1_ZAs-layer With 0 i Z i 0.4, in particular an AlAs 
layer With a thickness of 0.8 to 1.0 nm, in particular 0.9 
nm; 

an InXGa1_XAs-layer With 0.6éxé 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 2.1 to 2.3 nm, 
in particular 2.2 nm, and an n-doping; 

an InyAl1_yAs-layer With 0.4§y§0.6, in particular an 
InO_55AlO_45As-layer, With a thickness of 1.3 to 1.5 nm, 
in particular 1.4 nm, and an n-doping; 

an InZAl1_ZAs-layer With 0 i Z i 0.4, in particular an AlAs 
layer, With a thickness of 0.8 to 1.0 nm, in particular 0.9 
nm; 

an InXGa1_XAs-layer With 0.6éxé 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 1.9 to 2.1 nm, 
in particular 2.0 nm; 

an InyAl1_yAs-layer With 0.4§y§0.6, in particular an 
InO_55Al0_457As-layer, With a thickness of 1.3 to 1.5 nm, 
in particular 1.4 nm; 

an InZAl1_ZAs-layer With 0 i Z i 0.4, in particular an AlAs 
layer, With a thickness of 0.8 to 1.0 nm, in particular 0.9 
nm; 

an InXGa1_XAs-layer With 0.6éxé 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 1.7 to 1.9 nm, 
in particular 1.8 nm; 
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an InyAl1_yAs-layer With 0.4§y§0.6, in particular an 
InO_55AlO_45As-layer, With a thickness of 2.8 to 3.2 nrn, 
in particular 3.0 nrn; 

an InZAl1_ZAs-layer With 0; Z i 0.4, in particular an AlAs 
layer, With a thickness of 0.8 to 1.0 nrn, in particular 0.9 

nrn; 

an InXGa1_XAs-layer With 0.6§X§ 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 1.7 to 1.9 nrn, 
in particular 1.8 nrn; 

an InZAl1_ZAs-layer With 0; Z i 0.4, in particular an AlAs 
layer, With a thickness of 0.8 to 1.0 nrn, in particular 0.9 

nrn; 

an InXGa1_XAs-layer With 0.6§X§ 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 4.7 to 5.3 nrn, 
in particular 5.0 nrn; 

an InZAl1_ZAs-layer With 0; Z i 0.4, in particular an AlAs 
layer, With a thickness of 1.6 to 1.8 nrn, in particular 1.7 
nrn; 

an InXGa1_XAs-layer With 0.6§X§ 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 4.0 to 4.4 nrn, 
in particular 4.2 nrn; 

an InZAl1_ZAs-layer With 0; Z i 0.4, in particular an AlAs 
layer, With a thickness of 2.0 to 2.2 nrn, in particular 2.1 
nrn; 
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an InXGa1_XAs-layer With 0.6§X§ 1, in particular an 
InO_73GaO_27As-layer, With a thickness of 3.6 to 4.0 nrn, 
in particular 3.8 nrn; 

an InZAl1_ZAs-layer With 0 i Z i 0.4, in particular an AlAs 
layer, With a thickness of 0.6 to 0.8 nrn, in particular 
0.75 nrn. 

14. Quantum cascade laser structure in accordance with 
claim 6, With InAlAsSb or AlAsSb as a ?rst constituent 
rnaterial (111a, 112a, 113a) of at least one barrier layer 
(105d, 1056, 105]‘) having at least tWo constituent materials 
and/or With InAlAsSb in another cornposition than in the 
?rst constituent material as a second constituent rnaterial 

(111b, 112b, 113b) of at least one barrier layer (105d, 1056, 
105]‘) With at least tWo constituent materials and/or With 
InAlAsSb or AlAsSb as constituent material of the remain 
ing barrier layers (105a to 105C and 105g to 105j). 

15. Quantum cascade laser With a loWer Waveguide layer 
(30), an upper Waveguide layer (40) and a quantum cascade 
laser structure (100) according to one of the preceding 
claims arranged betWeen said tWo Waveguide layers (30, 
40). 

16. Quantum cascade laser in accordance with claim 15 
having means for selecting the Wave length of the emitted 
laser light. 

17. Quantum cascade laser in accordance with claim 15, 
Which is connected to a heat sink to dissipate heat generated 
in the operation of the laser. 

* * * * * 


