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Abstract.  This paper analyses the development of active-region 
designs in quantum cascade lasers. Active-region designs have been 
demonstrated to date that employ various radiative transitions (ver-
tical, diagonal, interminiband and interband). The lower laser level 
is depopulated through nonradiative transitions, such as one- or 
two-phonon (and even three-phonon) relaxation or bound state ® 
continuum transitions. Advances in active-region designs and 
energy diagram optimisation in the past few years have led to sig-
nificant improvements in important characteristics of quantum cas-
cade lasers, such as their output power, emission bandwidth, char-
acteristic temperature and efficiency.
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1. Introduction

The  idea  that  electromagnetic  waves  can  be  amplified  in  a 
semiconductor with  a  superlattice  (SL) was  put  forward  in 
1971 [1], and the first unipolar quantum cascade laser (QCL) 
was  demonstrated  in  1994  [2].  An  essential  point  was  that 
scattering  with  the  participation  of  a  longitudinal  optical 
(LO) phonon was added to the QCL scheme. As a result, a 
four-level laser system was obtained. A typical QCL includes 
a periodic arrangement of active regions (~30) and adjacent 
injectors. Each  active  region of  a QCL  is  a  heterostructure 
consisting,  as  a  rule,  of  three  tunnelling-coupled  quantum 
wells of depth U0 = DЕс = 0.3 – 2 eV and width 1 – 6 nm, where 
DЕс  is  the  conduction  band  offset.  The  upper  laser  level  is 
pumped through tunnelling injection in an electric field, and 
the lower laser level is depopulated through resonant LO pho-
non – electron scattering. To date, active-region designs have 
been  proposed  with  various  radiative  transitions,  namely, 
vertical  transitions within  a  quantum well,  diagonal  transi-
tions between quantum wells, interminiband transitions in the 
SL and diagonal interband transitions between quantum wells 
in  the  conduction  band  and  valence  band.  The  lower  laser 
level is depopulated through nonradiative transitions, such as 
one- or  two-phonon  (and  even  three-phonon)  relaxation or 
bound state ® continuum transitions and their combinations. 
Owing to recent advances in the technology of QCLs, devices 

are now available for the spectral range 4 – 12 mm that operate 
in  continuous mode  at  room  temperature  and  offer  output 
powers above 0.1 W. Advanced design strategies have enabled 
QCLs with record-high performance to be created.

This  paper  addresses  the  development  of  active-region 
designs  in  QCLs  based  on  epitaxial  nanoheterostructures. 
‘Active  region’  is  here  taken  to mean  several  (three  to  six) 
tunnelling-coupled  quantum  wells  under  bias.  Each  active 
region has an  injector.  It  is  shown how advances  in active-
region designs and energy diagram optimisation  in  the past 
few years have led to significant improvements in important 
characteristics of QCLs, such as their output power, emission 
bandwidth, characteristic temperature and efficiency.

2. Schemes of transitions in QCLs

Let us recall briefly the operating principle of a QCL under 
bias [3]. Figure 1 shows a typical diagram of a radiative and a 
nonradiative transition in a QCL containing three quantum 
wells in its active region. Here, E3 and E2 are the upper and 
lower laser level energies, the difference between which deter-
mines  the emitted photon energy (hn = Е3 – Е2). The active-
region  design  ensures  that Е2  – Е1 ³ hnLO. As  a  result  of 
tunnelling injection through the first barrier, an electron from 
the injector reaches the level in the first well and then level 3 
in the second well. Next, it undergoes a transition to level 2 in 
the  same well,  emitting  a  photon,  and  then  a  transition  to 
level 1 in the third well, emitting a longitudinal optical (LO) 
phonon. From this well, it tunnels into the injector of the next 
stage, where the process is repeated.
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Figure 1. Typical band diagram of an active region with resonant one-
phonon depopulation of the lower laser level [4]. Fn is the Fermi level.
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In the case of intersubband transitions, Auger recombina-
tion  is  suppressed  to  within  the  subband  nonparabolicity. 
Since  an  epitaxial  heterostructure  is  a  combination of  pure 
materials,  the  dominant mechanism  of  carrier  scattering  in 
the  active  region  is  interaction  with  a  longitudinal  optical 
(LO) phonon. Scattering from level 3 requires ‘exchanging’ a 
large wave vector, whereas the transition from level 2 to level 
1 has a resonance character, i.e. is more efficient. As a result, 
the lifetime at level 3 (t32 ~ 2 – 5 ps) is an order of magnitude 
longer  than  that  at  level  2  (t21 ~  0.2 – 0.4  ps).  The  ratio  of 
these  lifetimes  is determined by  the  specifics of a particular 
design scheme. Thus, in the case of two specially engineered, 
tunnelling-coupled  quantum wells  a  certain  applied  electric 
field  leads  to  population  inversion.  Pumping  to  the  upper 
laser level 3 and depopulation of level 1 are ensured by tunnel-
ling  injection  over  a  time  ttun ~  0.2  ps. Another  important 
parameter of QCLs is the carrier lifetime for radiative recom-
bination. It is relatively long (~1 ns), so the internal quantum 
yield  of  emission  for  the  optical  transition  under  consider-
ation is low (~10–3). To increase it, cascade designs are used. 
A  typical  number  of  stages  is  30 – 40,  but  there  are  designs 
with both one stage and a larger number of stages (about 100). 
Note that, under certain conditions, cascading enables a dif-
ferential quantum yield hdif > 1 to be reached.

The main task  in producing a population  inversion – to 
ensure  the  highest  possible  upper  level  pumping  efficiency 
and rapid lower level depopulation – is accomplished in QCLs 
as  follows: The  first narrow quantum well,  containing only 
one level, serves to further localise the electron wave function 
and reduce the probability of nonradiative transitions to level 2. 
This ensures efficient injection. To reduce the leakage current, 
the active region should be engineered so that the other high-
energy levels in the second and third wells lie far enough from 
the upper laser level. Moreover, electrons should be incapable 
of directly tunnelling from the upper level to the injector (over 
a time tesc ~ 15 ps), which is ensured by the injector minigap. 
The injector is a slightly chirped, partially doped SL. It serves 
the following functions: (1) it acts as an electron reservoir and 
contributes to electron cooling,  (2)  it precludes domain for-
mation in an electric field, and (3) it forms a minigap which 
blocks  parasitic  transitions  from  the  upper  laser  level.  The 
energy difference between the lower laser level and the ground 
level of the injector is a measure of backfilling. This difference 
determines the voltage defect, Vdef, which reflects the differ-
ence between the voltage drop across each stage, Vstage, and 
the  emitted  photon  energy  divided  by  the  electron  charge: 
Vdef = Vstage – hn/e. To raise the operating temperature of a 
QCL, one should increase the voltage defect, but this will be 
accompanied by a drop in laser efficiency.

The optical transitions between the upper and lower laser 
levels in real space can be vertical (within a particular quan-
tum well) and diagonal  (Fig. 2a). This means  that diagonal 
transitions occur between different – usually neighbouring – 
quantum wells. Their advantage is that they have a large tran-
sition dipole moment: up to 2 nm for vertical transitions and 
up to 4 nm for diagonal transitions. However, because of the 
interface  scattering,  the  electroluminescence  (EL)  linewidth 
for diagonal transitions is also markedly larger. At low tem-
peratures, the smallest linewidth was about 10 and 20 meV for 
vertical and diagonal transitions, respectively. At 300 K, the 
linewidth is larger by about a factor of 2 and of course depends 
on  the  scheme  of  transitions.  In  special  cases,  it  can  reach 
much higher values. Figure 2b shows three diagrams of opti-

cal transitions: from a discrete state to a continuum and from 
a doublet (~10-meV splitting) to a discrete state or continuum. 
It is in the last case that a large EL linewidth was observed: at 
least 60 meV (500 cm–1) [5].

Also shown in Fig. 2a are nonradiative transitions involv-
ing  an  LO  phonon  that  depopulate  the  lower  laser  level. 
Nonradiative  transitions  may  involve  one  [2, 3],  two  [6]  or 
even three [7] LO phonons. Because designs with a large num-
ber of resonant phonon transitions are difficult to tune, use 
is often made of  transitions  from a  lower  laser  level  to  a 
continuum  [6].  Sometimes,  a  combination  of  transitions  is 
employed: e.g. a one-phonon transition plus a bound state ® 
continuum transition. These design complexities are intended 
to reduce (by a factor of 2 or more) the lower laser level life-
time. Note that the phonon bottleneck problem can be solved 
in a similar way in the case of the radiative transitions shown 
in Fig. 2b.

In what follows, before analysing recent advances in QCLs, 
we briefly discuss two active-region designs of special interest: 
SL-based and interband QCLs.

2.1. SL-based active region

In Fig. 2b, one can see a tendency towards broadening (par-
ticipation  of  a  few  quantum  states)  of  both  the  upper  and 
lower laser levels. In some limit, this leads to the formation of 
minibands of allowed  states,  typical of SLs. Such  intermin-
iband transitions were demonstrated as early as at the begin-
ning of QCL development [8]. An interminiband QCL is also 
a unipolar device and takes advantage of optical transitions 
between SL minibands.

A superlattice is a periodic structure made up of alternat-
ing  nanometre-thick  layers  of  two  semiconductor materials 
differing in bandgap, one of which plays the role of a quantum 
well and the other acts as a barrier. The period (d ~ 5 nm) of 
such a man-made crystal  is typically greater than the lattice 
parameters (a ~ 0.5 nm) of the constituent materials. An applied 
potential splits its conduction and valence bands into narrow 
minibands and minigaps along the normal to the layers.

In the strong tunnelling coupling regime, where the barrier 
width is 1 – 2 nm, the minibands and minigaps range in width 
from tens to hundreds of millielectronvolts. If an SL is undoped 
or  slightly doped  (to at  least 1017  cm–3),  the Fermi  level  (at 
least 10 meV) is situated at the bottom of the first miniband, 
i.e.,  the  upper  part  of  the  miniband, ~100  meV  in  width, 
remains empty. Electrons are injected near the bottom of the 
second miniband  and  can  then  pass  to  the  top  of  the  first 
miniband, emitting a photon (Fig. 3). An important point is 
that  their  lifetime  is  determined  by  scattering  from  high-

a b

Figure 2. Diagrams of transitions in QCLs. The wavy arrows represent 
radiative transitions.
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momentum optical phonons and  is ~10 ps. Within a mini-
band, relaxation occurs with a low momentum, so the relax-
ation time is just tenths of a picosecond. This large ratio of the 
interminiband  and  intraminiband  relaxation  times  ensures 
population  inversion  in  wide  ranges  of  quantum-well  and 
barrier widths, which  allows  large  optical  transition matrix 
elements  to  be  reached  through  optimisation.  Eventually, 
interminiband QCLs offer a higher current carrying capabil-
ity and, hence, higher output power. Another advantage of 
QCLs is the ease of achieving population inversion – due to 
the large ratio of the interminiband and intraminiband relax-
ation times – and a high oscillator strength of the laser tran-
sition on the boundary of the Brillouin zone of the SL. The 
oscillator strength increases with decreasing barrier thickness.

To minimise the external-field penetration into the SL and 
suppress the space charge effect on the injection process, dop-
ing of the SL is used. Doping maintains a flat band profile in 
the SL and allows one to avoid breakdown of the minibands 
under external bias. At the same time, doped-SL QCLs have 
relatively low performance because electrons are scattered by 
the dopant and photons are absorbed by free carriers, which 
is particularly essential for long-wavelength lasers. In connec-
tion with this, a QCL was proposed with special doping in the 
injector region. This approach enabled a decrease in thresh-
old current and an increase in 300-K output power.

A record-high performance of QCLs was achieved when a 
purpose-designed, undoped SL was used in the active region. 
In such an SL, an external field is compensated by an internal 
quasi-electric  field  resulting  from a gradual variation  in  the 
period and average elemental composition of the SL. Figure 3 
schematically  shows  such  an  SL,  an  injector  and  inter-
miniband optical transitions. The thicknesses of the layers in 
the heterostructure are as follows (from right to left in Fig. 3): 
3.5/5.1/1.1/4.8/1.1/4.4/1.1/4.1/1.2/3.8/1.3/3.5/2.5/2.3/2.5/2.3/2.5/
2.2/2.6/2.0/2.6/1.9/2.7/1.9/2.9/1.8  nm.  The  thicknesses  of  the 
Al0.48In0.52As barriers, starting from the injection barrier, are 
indicated  in bold  type,  the  thicknesses of  the Ga0.47In0.53As 
quantum wells are set in roman type, and those of the layers 
in  the SL active region are  in  italics. The thicknesses of  the 
injector  layers  doped  to  2 ́  1017  cm–3  are  underlined.  Like 
the injector, the SL in this QCL is a smooth chirped structure. 
In both the active region and injector, the SL period varies so 
as to obtain a horizontal arrangement of the minibands at an 
applied electric field (E = 45 kV cm–1). The best results were 

obtained  [9, 10]  for  flat-miniband  QCLs,  i.e.  SL  QCLs  in 
which the applied field is compensated by the internal field. 
Such QCLs offer a high current carrying capability and oscil-
lator strength, which eventually has resulted  in high optical 
powers (~ 1 W) and high operating temperatures (300 K or 
above) of  long-wavelength (7 – 17 mm) lasers. Note however 
that the growth of such heterostructures, where many of the 
layers are only a few monolayers thick, poses serious techno-
logical problems.

2.2. Interband QCL

Above we considered an active region created  in one of  the 
bands, namely, in the conduction band. Since the energy spec-
trum is quantised as well  in  the valence band,  the spectrum 
here is discrete and is determined by the hole effective mass. 
Consider now a  system of  two coupled quantum wells  that 
form a type II heterojunction, where the valence band top in 
the  second well  is  located higher  than  the  conduction band 
bottom in the first well. A classic example is the InAs/GaSb 
system,  which  possesses  semimetallic  properties  because  of 
such band overlap. In the case of size quantisation, however, 
the valence band top in GaSb and the conduction band bottom 
in  InAs are  farther apart  (the degeneracy  is  lifted),  and  the 
InAs/GaSb system is an insulator. Since the wave functions 
of an electron  in InAs and a hole  in GaSb overlap,  there  is 
an appreciable probability of  their radiative recombination. 
Such an interfacial radiative transition between discrete levels 
of a type II heterojunction is used in interband QCLs [11, 12]. 
Figure 4 shows a simplified band diagram of the active region 
in an interband QCL.

It is worth noting that the structure utilises a third mate-
rial: AlSb. The InAs/AlSb system is of interest in that it has a 
very large conduction band offset (DEс » 2 eV) and electrons 
in InAs have a low effective mass, which leads to strong quan-
tisation.  It  is  seen  in  Fig.  4  that  electrons  tunnel  from  the 
injector  through  a  thin AlSb  barrier  to  the  lower  quantum 
level in InAs (energy Ee). Next, the electrons recombine radia-
tively with holes at the level of energy Eh in the valence band 
of GaSb (GaInSb solid solutions are also often used). After 
that,  an  electron  is  captured  at  another  hole  level  in GaSb 
through a tunnelling process, with emission of a longitudinal 
optical phonon. The electron  then reaches  the  injector, and 
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the process is repeated in the next stage. One distinction from 
the intraband QCL design is that the electron was twice in the 
valence band, even though eventually it was located again in 
conduction band of the injector. For this reason, the interband 
QCL is also a unipolar device.

The interband QCL has the following advantages. Since 
the  relaxation  of  nonequilibrium  electrons  is  an  interband 
process  (transition  between  levels  at Ee  and Eh),  its  rate  is 
slower than that of the intraband phonon-assisted relaxation 
between quantum  levels. This makes  it  easier  to pump the 
system and produce an inverse population. Moreover, using 
bandgap  engineering,  one  can  considerably  suppress Auger 
recombination.

Even though the interband QCL was proposed long ago 
[11, 12] and has been the subject of intense attention, mainly 
from a group at the U.S. Naval Research Laboratory (Washing-
ton, DC)  [13 – 15],  the  laser  performance  achieved  is  lower 
than that predicted theoretically and is significantly  inferior 
to  that  of  intraband  QCLs.  This  is  primarily  because  the 
InAs/AlSb,  InAs/GaSb  and GaSb/AlSb  systems  are  poorly 
lattice-matched, and the epitaxial growth of such heterostruc-
tures has not yet been sufficiently developed. It is also worth 
noting that these materials contain high defect densities and 
have active surface recombination. Moreover, the interband 
QCL design requires further optimisation. Consider key achieve-
ments in the field of interband QCLs.

In  pulsed  mode,  interband  QCLs  have  demonstrated  a 
high optical power  (over 4 W per  facet) and relatively high 
operating temperature (up to 217 K) [16]. Their threshold cur-
rent  density  is,  however,  much  higher  than  that  predicted 
theoretically.  In  continuous mode,  an  optical  power  above 
1 W at T = 78 K has been obtained [13]. Currently, interband 
QCLs  offer  more  than  10 mW  of  cw  output  power  above 
room temperature [14, 15]. In contrast to classic QCLs, which 
operate  at wavelengths  longer  than  4 mm,  interband QCLs 
emit in the spectral range 3 – 4.2 mm. Note that, even though 
interband QCLs have a markedly lower output power, they have 
a lower threshold current, which increases their reliability.

Consider now design  schemes  that have  enabled  signifi-
cant improvements in the performance of typical QCLs.

3. Temperature dependence of the threshold 
current density

It is known that the temperature dependence of the threshold 
current density  for  semiconductor  lasers can be represented 
by the empirical formula

Jth(T ) = J0 exp(T/T0),  (1)

where T0  is  a  characteristic  temperature  dependent  on  the 
type  of  laser.  The  characteristic  temperatures  of  the  best 
homojunction  laser,  heterostructure  laser  and QCL  are  50, 
100 and 200 K, respectively. At the same time, recent work 
has shown that the T0 of QCLs can be considerably higher, 
up to 500 K, which corresponds to a very weak temperature 
dependence of the threshold current. This can be accounted 
for  by  the  fact  that  Auger  recombination  in  QCLs  is  sup-
pressed because these are unipolar devices with intersubband 
transitions. For this reason, they offer higher T0 than do con-
ventional mid-IR interband lasers. The characteristic tem pera-
ture T0 reflects the temperature effect on the carrier distribu-

tion, carrier scattering time and optical gain mechanism. In 
contrast to conventional diode lasers, QCLs open up the pos-
sibility of tuning these characteristics through bandgap engi-
neering of the energy spectrum and carrier distribution prob-
ability. There is often a complex relationship between different 
components of a heterostructure, which  leads  to a compro-
mise solution. Consider some reports that address this issue.

Huang et al. [17] employed a diagonal optical transition to 
reduce the overlap between the upper and lower laser  levels 
and  increase  the electron  lifetime at  the upper  laser  level U 
(Fig.  5). Moreover,  in  their  approach  the  upper  laser  level 
‘penetrates’  deep  into  the  injector  region,  enabling  efficient 
electron injection through both resonant tunnelling from the 
injector  ground  level  and  phonon-assisted  scattering  from 
higher injector levels. The lower laser level (I) is depopulated 
according to a ‘two-phonon-continuum’ scheme. In this scheme, 
an electron at the lower laser level (I) is scattered, with emis-
sion of an LO phonon, to another, lower energy level (II) and 
then is scattered, emitting an LO phonon, to one of the levels 
of  a  lower  energy  continuum.  This  scheme  combines  the 
advantages  of  the  two-phonon  resonance  design  [18]  and 
bound-to-continuum design (fast electron extraction from the 
active region to the injector through a miniband [19]) and is 
similar but not  identical  to  the existing single-phonon reso-
nance – continuum  depopulation  scheme  [20],  in  which  the 
exit barrier should be designed carefully to suppress the exten-
sion  of  wave  functions  from  the  injector  miniband  to  the 
active region and obtain a bound-to-bound optical transition. 
In the ‘two-phonon-continuum’ scheme under consideration, 
the entire injector miniband ‘penetrates’ deep into the active 
region  and  below  level  II  to  form  a  wide  (~70 meV)  con-
tinuum, which  results  in  efficient  electron  extraction  to  the 
injector and fast electron transport to the upper laser level in 
the next active region (stage). At the same time, the bound-to-
bound lasing transition is retained because the continuum is 
well below the lower laser level and level II. To prevent ther-
mal backfilling of electrons to the lower laser level, the sepa-
ration between the lower laser level and injector ground level 
is made as large as ~150 eV. To suppress electron leakage, the 
next upper level in the active region (UU) is ~63 meV above 
the upper laser level (I).
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Figure 5. Band diagram of a QCL with a diagonal optical transition and 
‘two-phonon-continuum’ depletion of the lower laser level; l ~ 14 mm, 
T = 300 K, E = 35 kV cm–1 [17].
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As  shown  above,  design  optimisation  is  intended  to 
achieve efficient electron injection and extraction and reduce 
the leakage current and thermal backfilling of charge carriers. 
Owing to design optimisation, a high characteristic tempera-
ture T0 was obtained. Using (1), we obtain T0 = 189 K in the 
temperature  range 80 – 240 K and T0 = 306 K  in  the  range 
240 – 390  K.  The  increase  in  T0  with  temperature  can  be 
explained by the temperature variation of the energy differ-
ence between the lower laser level and the level just below it. 
The energy separation increases with temperature and exceeds 
the LO phonon energy at T > 240 K. This leads to a higher 
depletion rate of the lower laser level by one-phonon scattering. 
As a result, the one-phonon-assisted scattering time decreases 
from ~0.4 s below 240 K to 0.2 ps or less above 240 K. The 
higher depopulation rate of the lower laser level leads to par-
tial compensation of thermal backfilling and a slower increase 
in threshold current with temperature for T > 240 K.

Fujita et al. [5] proposed a broad-gain QCL design, which 
they  referred  to  as  ‘the  dual-upper-state  to multiple-lower-
state  (DAU/MS)  transition design’.  It  includes  (Fig.  6)  two 
coupled split upper laser states of the same type, in which the 
wave function shape and energy separations can be well opti-
mised to give desired electron populations and nearly equal 
strengths of the transitions from the two upper levels. In addi-
tion,  they  are  energetically  separated  from  higher  parasitic 
states to ensure selective injection into the two upper states. 
Optical  transitions  occur  from  the  dual  upper  state  to  the 
lower  state  (continuum). This  carefully  designed  configura-
tion of the DAU/MS laser led to the development of devices 
with  peculiar  characteristics:  a  broad,  symmetric  EL  band, 
weak voltage dependence of  the EL linewidth, very high T0 
and  superlinear  light – current  behaviour.  Fujita  et  al.  [5] 
demonstrated  a  broad-gain  QCL  with  an  extremely  weak 
temperature dependence of the threshold current (T0 ~ 510 K).

Figure  6  shows  the  conduction-band  diagram  for  three 
regions: injector, active region and injector. The two coupled 
upper states are labelled 4 and 3. When a voltage is applied, 
electrons are injected into the upper state 4 via resonant tun-
nelling from the ground level 1'. According to Fujita et al. [5], 
it is the proximity in energy of level 1' to level 4 (not to level 3) 
that is responsible for the broad gain band. In this situation, 
electrons are rapidly distributed between the two upper laser 
states  via  longitudinal  optical  phonon  assisted  scattering 

and/or electron – electron scattering. Such fast relaxation pro-
cesses  are  very  important  for  eliminating  dynamic  spectral 
hole burning above lasing threshold. The two upper laser levels 
have essentially identical electron populations because of the 
small energy separation between them (E43 ~ 20 meV). On the 
other hand, the lower laser states form a miniband (labelled 
2mb),  in  which  the  wave  functions  extend  over  the  entire 
active  region  and  injector.  Thus,  in  this  design  transitions 
occur from states 4 and 3 to the 2mb miniband, and the large 
number  of  channels  for  transitions  leads  to  a  broad  gain 
band. The energy  separation between  the upper  laser  states 
and parasitic state 5 is made as large as possible (E54 ~ 60 meV) 
to ensure high T0 and superlinear light – current behaviour.

Estimates  by  Botez  et  al.  [21]  suggest  that,  to  raise  the 
characteristic temperature T0, one should reduce the leakage 
current  to  higher  energy  states,  which  can  be  achieved  by 
increasing  the  quantum-well  depth  and  barrier  height.  Bai 
et  al.  [22]  demonstrated  another  approach, with  the  use  of 
shallow, asymmetric quantum wells. They introduced several 
design elements which reduced the temperature sensitivity of 
the QCL without preventing it from having high efficiency at 
room temperature.

Figure 7 illustrates the shallow-well QCL design proposed 
in that study. This structure incorporates five different mate-
rials. The AlAs inserts in the injector region are intended to 
minimise  carrier  leakage  into  the  continuum,  i.e.  the  active 
region wave functions in this structure are more confined, and 
their coupling to the continuum states is reduced. In contrast 
to the deep-well design, where the active region is composed 
of deep wells and high barriers, this design has a shallow well 
and low barrier in the active region. The structure was simu-
lated near  the rollover voltage  in  its voltage – current curve, 
where  the upper  laser  level  (level 3) aligns with  the  injector 
ground level (level g) of the previous stage. The voltage defect 
at the corresponding field strength, given by the energy differ-
ence between the lower laser level and injector ground level, 
is 180 meV, which is slightly higher than that in typical QCL 
designs (~160 meV) at a similar wavelength.
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Figure 6. Conduction-band diagram and modulus-squared wave func-
tions for an injector – active region – injector structure at an applied elec-
tric field E = 41 kV cm–1 [5].
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Figure 7. Conduction-band diagram and modulus-squared wave func-
tions for the shallow-well design (Ga0.47In0.53As /Al0.48In0.52As system) 
at E = 105 kV cm–1. The heterostructure is formed by Ga0.31In0.69As /
Al0.64In0.36As, with AlAs  inserts  in  the  injector barriers  for reducing 
carrier leakage into the continuum [22].
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As pointed out by Hofstetter et al. [18], the main contribu-
tion to carrier leakage, which leads to low characteristic tem-
peratures,  is  through LO-phonon  scattering  from  level  3  to 
level  4.  The  close-to-lattice-matched materials  in  the  active 
region  serve  to minimise carrier  leakage  to  levels above  the 
upper laser level, which is achieved by considerably increasing 
the  energy  separation  between  levels  3  and  4.  Compared 
to  the  conventional  design  without  such  materials, DЕ43  is 
increased from 80 to 100 meV. Note that 80 meV corresponds 
to a conventional design with a three-well active region,  i.e. 
with  a  single-phonon  resonance.  In  the  case  of  a  four-well 
design,  i.e.  two-phonon resonance,  this energy separation  is 
even smaller (~46 meV).

In  addition,  the  shallow-well  design  reduces  interface 
roughness  scattering, which  is  known  to markedly  increase 
the luminescence linewidth of QCLs. Since the first well and 
barrier in the active region considerably overlap with the upper 
laser  level  in  the case of a diagonal design,  the use of small 
band offset materials ensures a decrease  in  interface  rough-
ness scattering.

In conclusion, Table 1 lists the characteristic temperatures 
T0 reached to date for various QCL designs, along with their 
emission wavelengths, threshold current densities and optical 
pulse powers at T = 300 K. The characteristic temperature of 
the QCLs operating in the spectral range 5 – 15 mm has been 
considerably raised (T0 = 300 – 500 K), primarily by reducing 
the leakage current to higher energy parasitic states and also 
by using two- and three-step backfilling,  incorporating high 
AlAs barriers into the injector and reducing interface rough-
ness scattering.

4. Extension of the spectral range and continuous 
frequency tuning of QCLs

The emission wavelength of QCLs is in principle easy to tune 
by varying their design parameters (band offset, i.e. the quan-
tum well depth and width and effective mass), and this advan-
tage of QCLs was highlighted in many reports, with particu-
lar  emphasis  on  the quantum well width.  In practice,  how-
ever, only a small number of technologically viable material 
systems are capable of simultaneously meeting requirements 
such  as  a  good  lattice  match,  large  band  offset  and  small 

effective mass. Basically, key achievements have been made in 
two material  systems: GaInAs /AlInAs  and GaAs /AlGaAs. 
This  has  made  it  possible  to  cover  spectral  regions  in  the 
mid-IR  (3.3 – 24  mm)  and  far-IR  (67 – 250  mm).  The  use  of 
the less technologically attractive system InAs/AlSb enabled 
extension to shorter wavelengths, down to 2.6 mm [24]. The 
antimony-containing solid solutions are expected to cover the 
range  2.6 – 4 mm. At  the  same  time,  the  1.5-mm and  visible 
ranges, which are of great practical importance, remain to be 
covered. A search is already under way for other material sys-
tems, primarily with large band offsets, e.g. nitrides. Without 
dwelling on  this point,  it  is worth  indicating  the difficulties 
one has to face on the way to shorter wavelengths: (1) Carrier 
leakage  to higher  energy  states and,  eventually,  to  the  con-
tinuum  increases  because  of  the  thermal  activation.  (2)  In 
III – V  semiconductors,  there  is  intervalley  scattering  to  the 
X  and  L  side  valleys,  which  increases  with  photon  energy. 
(3) There is resonance reabsorption in the carrier extraction 
region.  (4)  Quantum  well  narrowing  toughens  the  require-
ments for interface quality and stress control during growth. 
(5) The operating voltage  increases with photon energy,  i.e. 
heat removal from QCLs becomes a more serious problem at 
a relatively low efficiency.

The  main  problems  in  the  case  of  the  long-wavelength 
QCLs  differ  from  those  with  the  short-wavelength  lasers: 
(1)  Considerable  population  inversion  is  more  difficult  to 
achieve because the upper  laser  level  lifetime decreases with 
decreasing  optical-transition  energy  by  virtue  of  the  higher 
LO-phonon-assisted  scattering  rate.  (2)  Leakage  from  the 
injector directly to the lower laser level is higher. (3) The lower 
photon energy leads to a lower voltage efficiency (the ratio of 
the photon energy to the total energy per stage). (4) The wave-
guide  loss  is  higher  because  absorption  by  free  carriers  is 
roughly  proportional  to  the  square  of  the  emission  wave-
length. For a given quantum-well material,  the  longitudinal 
optical phonon energy determines the long-wavelength limit of 
QCL operation. For the Ga0.53In0.47As solid solution (hnLO = 
35 meV), the longest lasing wavelength is 24 mm [25].

An  important  issue  is  the  ability  to  extend  the  spectral 
range of QCL operation. For practical applications (especially 
for  high-resolution molecular  spectroscopy,  high-sensitivity 
spectral gas analysis, and optical heterodyning), continuous, 
i.e. single-mode, laser wavelength tuning in as wide a spectral 
range as possible is needed. There are several ways of achiev-
ing single-mode operation. One standard approach for semi-
conductor lasers is the use of distributed feedback. Like in the 
case of other types of diode lasers, distributed-feedback QCLs 
were  demonstrated  and  single-mode  frequency  tuning 
through  temperature  variations  was  achieved  in  the  range 
10 – 20 cm–1, with a side mode suppression ratio of 30 dB [26]. 
This approach is traditional and gives a relatively narrow tun-
ing range. The unique feature of QCLs is that their gain band-
width can be significantly increased and that, using an external 
dispersion cavity, one can tune the single-mode frequency in a 
wide range [27]. Given below are several examples.

The idea of creating a QCL with several active subregions, 
each tuned to its own emission wavelength, and, eventually, 
the idea of creating an ultrabroadband laser were realised by 
Gmachl et al. [28, 29]. As shown later [30], a grating-coupled 
external cavity laser is capable of single-mode operation with 
a mode-hop-free tuning range of width Dk = 155 cm–1. The 
tuning  range was  increased  to  432  cm–1  by  using  an  active 
region incorporating five subregions [31], in which bound-to-

Table 1. Emission  wavelength,  threshold  current  density  and  optical 
pulse power at T = 300 K and characteristic temperature T0 for various 
QCL designs.

  l/  Jth /   P /  T0 /
  Tempe-

Design  mm  kА cm–2  W  K  rature
          range/K

Shallow well and AlAs 
layers in the injector  5  1.43  –  383  298 – 373 
to minimise leakage [22]

Dual upper laser  
level ® continuum   8.7  2.6  ~1  510  300 – 400
[5]

Diagonal transition 
+ 2 LO phonons   14  2.0  0.336  306  240 – 390 
® continuum [17] 

Diagonal transition 
with an intermediate  15  3.5  –  450  320 – 380 
state + 1 phonon [23]
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continuum transitions occurred and which were each  tuned 
to a particular optical-transition energy. The five subregions 
form  a  broad EL band. The EL  line  is  asymmetric  and  its 
width decreases with  increasing applied voltage. The single-
mode range of the QCL was 7.6 – 11.4 mm.

Of special note is that the EL bandwidth in QCLs can be 
increased not only by producing heterogeneous active regions 
but also by using transitions that broaden the EL line. Yao 
et  al.  [32]  used  continuum-to-continuum optical  transitions 
due to strong coupling between the active region and adjacent 
injectors  and  obtained  a  broad  EL  band  (Dk ~  430  cm–1, 
l ~ 4.8 mm, D l/l ~ 0.2). Fujita et al. [5] employed DAU/MS 
transitions,  i.e.  dual-state  to  continuum  transitions.  They 
obtained a very broad (Dk ~ 500 cm–1, l ~ 8.7 mm, D l/l ~ 0.4), 
asymmetric  EL  line with  a weak  voltage  dependence  of  its 
width. Later, the EL linewidth was increased to 600 cm–1 [33].

Thus, there are great possibilities for creating widely tun-
able single-mode QCLs.

5. Record-high output powers

As mentioned above, currently a typical 300-K output power of 
mid-IR QCLs in the spectral range 4 – 12 mm is up to 0.1 W in 
continuous mode and several watts in pulsed mode. At the same 
time, an order of magnitude higher power levels have recently 
been reached by optimising the QCL design and improving post-
growth  processing  (cavity  length,  high-reflection-coated  back 
facet, antireflection-coated front facet,  improved heat removal 
conditions).  Such  QCLs  have  been  demonstrated  mainly  by 
researchers  at  Northwestern  University  (Illinois,  USA)  and 
Pranalytica, Inc. (California, USA).

At  Northwestern,  laser  heterostructures  are  commonly 
grown  by  gas-source  molecular  beam  epitaxy.  The  latest 
advances  in  QCLs  are  related  to  the  shallow-well  design 
[22,  34],  more  strictly,  to  the  three  asymmetric  well  design 
considered  above.  Recall  that,  in  this  design,  the  injector 
region contains AlAs inserts. This design allows one not only 
to obtain high T0 but also to reduce the leakage current and 
raise  the  output  power. Moreover,  the  shallow-well  design 
experiences  reduced  interface  roughness  scattering  for  the 
lasing transition, which is known to make a major contribu-
tion to the EL line broadening in QCLs. Bai et al. [34] obtained 
a single-facet cw output power of 5.1 W at a wavelength of 
4.9 mm and T = 300 K (buried-ridge device, 40 stages, cavity 
length of 5 mm, ridge width of 8 mm, high-reflection and anti-
reflection coated facets, diamond submount). The wall plug 

efficiency was 21 % and 27 % in continuous and pulsed modes, 
respectively.

Currently,  the  single-mode output power of distributed-
feedback  lasers  reaches  ~0.1  W.  Using  a  strain-balanced 
Ga0.331In0.669 As / Al0.638In0.362As structure, Lu et al.  [35] pro-
duced  a  distributed-feedback  QCL  which  utilised  vertical 
radiative transitions and two-phonon resonant depopulation 
(four-well active region) [18]. Efficient coupling was ensured 
by the  interaction with a surface plasmon. They obtained a 
single-facet, single-mode cw output power of 2.4 W at a wave-
length of 4.8 mm and T = 298 K (buried active region, 40 stages, 
cavity  length of 5 mm, ridge width of 8 mm, high-reflection 
and antireflection coated facets, diamond submount). The side 
mode suppression ratio was 30 dB, and the continuous tuning 
range was 2084 – 2088 cm–1 at currents from 1 to 1.7 A. The 
far-field intensity distribution had one lobe.

Bai  et  al.  [36]  demonstrated  a  QCL with  a  record-high 
output power in pulsed mode. The laser design was the same 
as above, but the width of the active region was varied from 
50 to 400 mm. In such a case, as a rule, several lasing channels 
develop (filamentation) because of optical inhomogeneity. In 
the case of QCLs, the filamentation problem is less significant 
because they have a near-zero linewidth enhancement factor. 
A multimode output power of 120 W was obtained from one 
laser facet in pulsed mode at an emission wavelength of 4.45 mm 
and T = 298 K (30 stages, cavity length of 3 mm, ridge width 
of 400 mm, epilayer-up on copper heatsink configuration).

Based  on  a  strain-balanced  Ga0.27In0.73As/Al0.71In0.29As 
structure, researchers at Pranalytica developed QCLs for three 
wavelengths  (3.5,  4.0  and  4.6 mm).  They  employed  a more 
flexible  electron  extraction  principle,  which  they  named  ‘a 
nonresonant extraction design approach’ [37]. In this approach, 
a radiative transition occurs between two levels, and the lower 
laser level is depopulated sequentially: first through resonant 
interaction with an LO phonon and then through bound to 
quasi-continuum scattering (Fig. 2a). A record-high cw out-
put power at T = 293 K was achieved at an emission wave-
length of 4.6 mm: the single-ended optical power of the laser 
(buried  active  region,  cavity  length  of  5  mm,  ridge  width 
of 11.6 mm, high-reflection-coated back facet, antireflection-
coated front facet, diamond submount) was 3 W (Fig. 8). The 
threshold current density was 0.86 A cm–2 and the wall plug 
efficiency was 12.7 %. When the temperature was lowered to 
80  K,  7.3 W  of  output  power  was  obtained,  which  corre-
sponded  to  an  about  30 %  efficiency  [38].  At  an  emission 
wavelength of  4 mm,  the output power was however  lower: 

Table 2. Role of intervalley scattering in short-wavelength QCLs based on strained GaInAs /AlInAs heterostructures [37 – 40].

  Pulsed mode 
Continuous mode

 

l/mm  (t = 500 ns)   
Notes

  Р/W  Efficiency  Р/W  Efficiency 
    (%)    (%)

3.6  0.3  –  0.05  –  The L and X valleys lie below the upper laser level;  
  (7 mm ́  8 mm)    (6 mm ́  6 mm)    T = 266 K; 35 stages; t = 300 ns

4.0  2.18  10.5  0.75  5
  The L and X valleys are identical in energy and lie 45 meV above 

          the upper laser level; T = 293 K; 40 stages; 3.65 mm ́  8.7 mm
4.6  2 (AlN)   15.4  1.2 (AlN)  13  The L valley is 30 meV above the X valley and both lie above the upper laser 
  4.5 (diamond)    3 (diamond)    level; T = 293 K; 30 stages; 3 mm ́  9.5 mm (AlN); 5 mm ́  15 mm (diamond)

Notes:   The buried active region heterostructures were grown by molecular beam epitaxy. The table indicates the cavity length (mm) and ridge 
width (mm). The back facet was high-reflection-coated and the front facet was antireflection-coated. The laser chip was mounted episide down on 
an AlN or diamond submount.
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0.75  and  2.18 W  at T  =  293  K  in  continuous  and  pulsed 
modes, respectively (Table 2).

When the heterostructure was designed to lase at 3.5 mm, 
the laser did not operate at room temperature even in pulsed 
mode. The average optical power in pulsed mode (duty cycle 
of 30 %) at temperatures above 266 K was as low as 0.3 W. 
This result was explained [39, 40] by the fact that, with increas-
ing emitted photon energy, intervalley scattering to the X and 
L side minima of the conduction band became more signifi-
cant. At hn = 0.27 eV ( l = 4.6 mm), the lowermost side mini-
mum, X, is still 45 meV above the upper laser level. At hn = 
0.31 eV ( l = 4 mm), the two side minima and upper laser level 
differ little in energy. Finally, at hn = 0.354 eV ( l = 3.5 mm) the 
side minima lie well below the upper laser level. This increases 
intervalley scattering and degrades the laser performance.

Thus, the short-wavelength limit of lasing in the GaInAs /
AlInAs system lies near 4 mm even when the layers are strained. 
To shift the limit to shorter wavelengths, one should add anti-
mony [24, 41 – 43], use high AlAs barriers [44] or change the 
material system.

A detailed  study  of  the  effect  of  layer  composition  and 
strain  on  the  energy  spectrum  of  heterostructures  [37 – 40] 
made  it possible  to optimise  the QCL design and achieve a 
record-high optical power. The latest Pranalytica’s project is 
a QCL with a highly strained (~1 %) active region and a tapered 
waveguide for beam outcoupling [45]. The laser operated in 
continuous mode at room temperature with an optical power 
above 4.5 W at a wavelength of 4.7 mm. Consider this encour-
aging result in greater detail.

Figure 9 shows the active region band diagram for a QCL 
based  on  a  strained  Ga0.28In0.72As / In0.22Al0.78As  structure. 
The QCL design with vertical optical transitions employs the 
nonresonant extraction design approach, which builds on the 
following  principle  [37]:  In  the  case  of  completely  resonant 
two-phonon depopulation of  the  lower  laser  level,  the  layer 
thicknesses  in  the active region are essentially  fixed and are 
determined by resonance conditions and the 4 ® 3 laser tran-
sition energy. In particular, the energy separation E54 is dif-
ficult  to  increase  for  parasitic  current  suppression  because 
level  5  is  located mostly  in  the  same  quantum wells  as  the 
lower energy levels 1 and 2. One way of imparting flexibility 
to the two-phonon design is by removing the resonance con-
ditions  for  the  energy  spacings Е32  and Е21,  e.g.  by  slightly 
increasing the spacings relative to the phonon energy and cre-
ating a series of finite states (Fig. 2a). Even though the elec-
tron lifetime increases monotonically with increasing energy 
separation, the presence of several finite states allows the total 
lifetime to remain short.

The efficiency of injection to the upper laser level is usually 
thought to play a key role in determining the performance of 
short-wavelength  QCLs.  Thermal  carrier  leakage  from  the 
upper laser level 4 to the continuum states above the barriers 
reduces the population inversion in the laser at a given pump 
current  density  and,  hence,  increases  the  threshold  current 
density. Another carrier leakage path is carrier excitation to 
level 5 followed by scattering to states other than level 4. The 
carrier  leakage  to  the  continuum  states  C  and  level  5  can 
be suppressed by increasing the energy spacings ЕС4 and Е54 
(Fig. 9). A straightforward way to increase EC4 is to increase 
the barrier height by using more highly strained Ga1 – x Inx As / 
Iny Al1 – y As  structures.  The  use  of  higher  barriers  increases 
not only EC4 but also E54, without changing the laser transi-
tion energy. Eventually, EC4 and E54 were increased from 230 
and 63 meV in the old design to 420 and 72 meV, respectively, 
in the new design, as a result of the larger band offset at the 
higher strain. Therefore, the use of the compositions in ques-
tion is attractive for suppressing the carrier leakage from the 
upper laser level.

Another  advantage  of  the  approach  under  consider-
ation is that the energy of the X and L indirect valleys relative 
to the minimum of  the G direct valley  increases with strain. 
The carrier leakage from the upper laser level to the indirect 
valleys  increases as  the  laser wavelength decreases  to below 
5 mm. Therefore,  the performance of  highly  strained  short-
wavelength QCLs will be  improved by  suppressing  the  car-
rier leakage to the indirect valleys. At the same time, increas-
ing  the  barrier  height  increases  the  laser  transition  line- 
width.
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The full width at high maximum of the EL line was just 
22  meV  (vertical  transitions),  attesting  to  excellent  epitaxy 
quality in the highly strained structures. Typical thicknesses 
of  the  first and second barriers  in  the active  region were as 
small as two to five monolayers (0.6 to 1.5 nm).

Note that, to achieve a high cw output power, a number of 
high-technology  approaches  were  used  in  the  laser  design. 
The laser heterostructure was epitaxially buried, with a buried 
tapered waveguide for reducing the optical power density on 
the output facet. The cavity was 10 mm in length, with a ridge 
width of 7.5 mm in the central part and an output facet width 
of 20 mm. To improve heat removal conditions, the laser chip 
was mounted epi-down on an AlN/SiC composite submount 
using hard solder. The number of stages was increased to 40. 
The maximum wall plug efficiency of the laser was 16.3 % at 
an optical power of 4 W. Reliability over 2000 h was demon-
strated for an air-cooled system at a collimated beam power 
of 3 W and overall efficiency above 10 %.

6. Laser efficiency

We consider here the wall plug efficiency, which is of greater 
practical interest. In the optimal case, the efficiency of QCLs 
usually reaches tens of percent at T = 300 K. The efficiency of 
the  QCL  designs  under  discussion,  containing  longitudinal 
optical phonon-assisted nonradiative transitions, cannot exceed 
80 % [46]. In view of this, two research groups [47, 48] aimed 
at  reaching an efficiency of at  least 50 %. This would mean 
that most of the pump energy in their lasers was converted to 
radiation, and the rest, to heat.

Liu et al. [47] planned to reach high efficiency using effi-
cient electron  tunnelling  injection  into  the active region. As 
shown in a previous theoretical study by Khurgin et al. [49], 
the injection process is limited by violations of the resonance 
tunnelling  conditions  because  of  the  interface  roughness 
induced detuning. To overcome this limitation, Liu et al. [47] 
realised a scheme with ultrastrong coupling between the injector 
ground level and upper laser level. In this scheme, the thick-
ness of the injection barrier decreases from a typical 3 – 4 nm 
to 1 nm, increasing the splitting of the injector ground level 
and upper  laser  level  from 2 – 4  to ~10 meV. The  resulting 
strong  coupling  between  the  levels  reduces  the  role  of  the 
interface and the Stark shift and improves the tuning of the 
levels  in  response  to  changes  in  bias. Moreover,  the  strong 
coupling between the injector and active region increases the 
‘penetration’ of the upper laser level wave functions into the 
injector  region,  so  that  the  radiative  transitions  become 
diagonal  transitions  and,  as  a  result,  the  electron  lifetime 
increases. Use was made  of  a  three-well  design. A  strained 
Ga0.34In0.66As /Al0.69In0.31As structure was grown by metalor-
ganic vapour phase epitaxy (MOVPE). The active region was 
composed  of  43  stages.  The  QCL  operated  at  an  emission 
wavelength of ~4.6 mm up to 300 K. The wall plug efficiency 
in pulsed mode at 160 K and lower temperatures was 40 % – 50 %.

Another approach was adopted by Bai et al.  [48]. Their 
design  scheme was  intended  for  low  temperatures,  and  the 
injector was reduced to one doped quantum well. This allowed 
the voltage defect to be minimised because the energy separa-
tion between the level of the collector (merely the injector of 
the next stage) and the upper laser level was small but finite 
in order to prevent thermal backfilling of electrons. The laser 
design included three quantum wells, and the optical transi-
tion  was  almost  vertical  in  order  to  maximise  the  internal 

quantum  yield  of  emission.  One  obvious  drawback  to  this 
design  is  that  it  is unsuitable  for operation at elevated tem-
peratures. Moreover, because of the small doped region, the 
applied electric  field  is very high  (up to 1.5 ́  105 V cm–1). A 
strained  Ga0.34In0.66As /Al0.64In0.36As  structure  was  grown 
by molecular beam epitaxy. The active region was composed 
of 70 stages. The QCL operated at an emission wavelength of 
~5 mm up to 373 K. The wall plug efficiency in pulsed mode 
at 160 K and lower temperatures was 53 %.

Thus, the above results [47, 48] demonstrate that the wall 
plug efficiency of QCLs can reach 50 %, but this requires low 
operating temperatures and a large number of stages.

7. Operating life of QCLs

Advances in QCL development have been so great that such 
lasers are now being commercialised. In addition to university 
laboratories, about 20 companies focus on the growth of laser 
heterostructures,  fabrication  of  QCLs  and  development  of 
various QCL-based optical systems. Special mention should 
be given to Alpes Lasers, Pranalytica, Hamamatsu Photonics, 
Cascade Technologies, AdTech Optics Inc. and others. In this 
context, an important issue is the operating life of such lasers. 
To  date,  only  strain-balanced  AlInAs /GaInAs  lasers  ( l  = 
4.6 – 4.8 mm) have been life-tested. This system contains much 
indium, which prevents dislocation generation and propaga-
tion – processes that underlie the predominant semiconductor 
degradation mechanism. Researchers at Northwestern studied 
the  voltage – current  and power – current  behaviour  of  a  cw 
QCL  ( l  =  4.8  mm)  at  298  K  and  a  current  slightly  above 
threshold. The output power of the laser was 0.2 – 0.3 W. No 
significant changes in its performance parameters were detected 
over a period of 21 000 h (~2.4 years) [50]. Lyakh et al. [38] 
monitored  the  performance  of  a  cw  laser  with  an  output 
power of 2.1 W ( l = 4.6 mm) at T = 298 K for 3560 h and 
detected no degradation. At T = 80 K, the laser operated for 
hundreds of hours, delivering a record-high optical power of 
7.3 W.

Thus, even though the epilayers in the heterostructures of 
QCLs  are  strained  (and  their  thickness  is  smaller  than  the 
critical thickness for misfit dislocation generation), the oper-
ating life of such lasers approaches 104 h or more, suggesting 
that large-scale QCL production is commercially viable.

8. Conclusions

The potentialities of modern QCL design development have 
not yet been exhausted, and the following trends can be out-
lined. To reduce the temperature dependence of the threshold 
current, one increases the energy separation between the upper 
laser level and the nearest higher energy states, up to the con-
tinuum, uses AlAs as a barrier material and increases the volt-
age defect, taking into account the scattering into the side val-
leys. Sb-containing solid solutions are used to produce barri-
ers  in  short-wavelength  QCLs.  In  AlInAs /GaInAs  QCLs, 
lasing has been demonstrated  in  the  range 3.3 – 24 mm. The 
short-wavelength limit of lasing in the InAs/AlSb system has 
been shifted to 2.6 mm. In the range l ~ 4.5 – 4.7 mm, record-
high optical powers have been obtained: up to 5 – 7 W in con-
tinuous mode and up  to 120 W  in pulsed mode. Wall plug 
efficiencies above 50 % have been demonstrated at low tem-
peratures. The unique  feature  of QCLs  is  the  possibility  to 
obtain a broad EL line (up to 600 cm–1), which enables con-
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tinuous frequency tuning of an individual mode in a range as 
broad as 400 cm–1 using an external dispersion cavity.

The  QCL  production  process  can  be  divided  into  four 
important steps: active region design simulation, laser hetero-
structure  growth,  postgrowth  processing  and  characterisa-
tion. Special mention should be given to the epitaxial growth 
of multilayer nanoheterostructures  (up  to 1000  layers) with 
atomic layer accuracy. Molecular beam epitaxy has been and 
continues to be a basic method for the growth of such struc-
tures. As shown ten years after the advent of QCLs [51 – 53], 
high-quality  laser  heterostructures  can  also  be  grown  by 
MOVPE, which opens up the possibility of commercial-scale 
production  of  such  structures. The  first QCLs  produced  in 
Russia lase at ~5 [54] and ~8 mm [4]. The former QCL was 
grown by molecular beam epitaxy, and the latter, by MOVPE.

Terahertz QCLs are beyond the framework of this paper. 
They are also unipolar devices but have their own distinctive 
features  and  require  separate  analysis.  Note  only  the  key 
advances  made  to  date  in  the  field  of  terahertz  QCLs. 
Terahertz QCLs have been demonstrated with emission wave-
lengths in the range 67 – 250 mm (1.2 – 4.5 THz). Their operat-
ing temperature exceeds  liquid-nitrogen temperature: 225 K 
in  pulsed  mode  and  under  117  K  in  continuous  mode  (at 
~3 THz). The optical power obtained at an operating tem-
perature  of  5  K  and  a  wavelength  of ~70  mm  is  0.25  W 
in pulsed mode and 0.14 W in continuous mode. Nonlinear 
optical methods developed for mid-IR QCLs are being adapted 
to the terahertz range.
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