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Control of electron–optical-phonon scattering rates in quantum box cascade lasers
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Electron scattering with longitudinal-optical phonons is the main energy relaxation process between two-
dimensional states in semiconductor heterostructures. This effect can be modified when the electron dispersion
is broken into series of discrete states, similar to the energy spectrum of quantum boxes. This has been verified
by applying a magnetic field parallel to the current of a quantum cascade laser. Light intensity as a function of
the magnetic field shows pronounced oscillations, in excellent agreement with our calculations of the electron-
phonon scattering rates between Landau levels.
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When an intense magnetic field is applied perpendicula
to the degreesof freedom of a two-dimensional~2D! elec-
tronic system, typically a quantum well heterostructure,
energy spectrum changes completely. The continuum
states in the plane is broken by the magnetic confinem
into a series of discrete levels~Landau quantization!.1,2 The
energy spectrum in this case becomes very similar to tha
quantum boxes, but with highly degenerate states. This e
quantization has major consequences not only for car
transport in the direction parallel to the plane of the quant
well,3 but also for the tunneling transport~perpendicular
direction!.4,5 The first case concerns the very active resea
field of the fractional quantum Hall effect6 and strongly cor-
related fermions;7 the second has been extensively studied
the late 1980s in double barrier resonant tunneling dio
and has given important information on the mechanisms c
trolling the perpendicular transport in semiconduc
heterostructures.8,9

In this Rapid Communication we shall show that t
breaking of a 2D system into ladders of 0D states subs
tially modifies the lifetime of the excited energy levels.
particular, we discuss the effect of an intense magnetic fi
on the electron scattering rates in a quantum cascade la10

In this device, electrons are injected by tunneling into a tw
dimensional excited state, whose lifetime is mainly co
trolled by the electron–longitudinal-optical~LO! phonon
interaction.11,12The energy of the optical phonons\vLO in a
crystal is practically constant,13 and therefore, in a system
made of discrete energy states, phonon emission is e
inhibited or resonantly enhanced by the presence of leve
an energy\vLO below the excited state.14,15 Experimentally,
we have observed that, for fields higher than 8 T, when
energy separation between the Landau levels exceeds
broadening of the subbands, the light intensity from the
laser does show very pronounced oscillations as a functio
the magnetic field. These oscillations are the signature
changes in the excited state lifetime, which depend on
hanced or quenched phonon emission. In the latter c
these measurements give a spectacular proof of the ‘‘opt
phonon bottleneck’’16–19 in a semiconductor laser where th
optical transitions occur between discrete energy states.20–22

A reduction of a factor of 2 in the threshold current betwe
0 and 32 T is the ultimate consequence of this bottlenec
0163-1829/2002/66~12!/121305~4!/$20.00 66 1213
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The device used in this study is a QC laser based o
GaAs/Al0.33Ga0.67As heterostructure,23 similar to the one de-
scribed in Ref. 24. The active region, shown in the inset
Fig. 1, consists of three coupled quantum wells. Three s
bands (n51, 2, and 3! are delocalized across this region a
form the physical system that we investigated. The laser tr
sition occurs between then53 and n52 states and the
lower level (n51) helps a fast depopulation of then52
state by resonant optical-phonon emission. Several iden
active zones are connected in series by quasiminibands
act as electron injector on one side and extractor on the o
In absence of magnetic field, the calculated lifetime of t
upper laser leveln53 is t35(t31

211t32
21)2150.9 ps (t32

52 ps), wheret31 andt32 are the scattering time of the 3-
and 3-2 intersubband transition, respectively. Under an ex
nal electric field of F544 kV/cm—corresponding to the
threshold voltage—we calculate a transition energyE32
5111 meV (l511.2mm). The energy difference of the tw
statesn51 andn52 is kept close to the LO phonon energ
~36 meV in our material system!. Figure 1 shows the spon

FIG. 1. Electroluminescence spectrum of the laser measured
K for an injected current below threshold. The arrow at 111 m
and the arrow at 148 meV mark the position of the two pea
corresponding to the 3-2 and 3-1 transitions, respectively. In
Conduction-band diagram representing a portion of one period
the active region under an applied electric field of 44 kV/cm. In
cated are also the statesn53, n52, and n51. The broad gray
arrows symbolize the flow of electrons that are resonantly injec
into the staten53 and extracted from then51 andn52 states.
©2002 The American Physical Society05-1
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taneous emission spectrum of the structure measured in
pulsed mode using a Fourier transform infrared spectrome
At 4 K, the laser transition 3-2 peaks at 111 meVl
511.2mm). The side peak, arising from the 3-1 transitio
is blueshifted by 37 meV, in good agreement with the des
of the active region. The peak corresponding to the 3-1 tr
sition is much weaker than the 3-2 due to the specific des
that concentrates most of the oscillator strength in the la
transition. The spectrum allows us to characterize the fun
mental transition energies involved in the system and v
dates our band-structure calculations.

Forty periods of alternating active regions and inject
were grown by molecular-beam epitaxy on ann1 GaAs sub-
strate. The active region is sandwiched between 3.8-mm-
thick low doped GaAs layers, which form the inner optic
waveguide structure. Mode confinement is achieved by
highly Si doped (431018 cm23) plasmon layers.25 The
change of the refractive index, necessary for mode confi
ment, is achieved by a controlled variation of the dopi
profile of the binary GaAs claddings only.

Devices are processed into ridge lasers of 1 mm len
with facets left uncoated, mounted in the center of a c
where the magnetic field is generated by a huge pulse
current coming from the discharge of an ensemble
condensers.26 The highest magnetic field reached isB
562 T, and typical experiments are performed up to;40 T.
The current pulse peaks about 20 ms after the beginnin
the discharge; at this point the magnetic field reaches
maximum value and decays with a time constant of 100
imposed by the impedance of the circuits. Light is detec
with a boron doped siliconblocked-impurity-banddetector
with wavelength cutoff at 33mm, mounted next to the lase
facet.27 Both devices are kept in liquid helium at 4 K and n
collection optics is used. In this experimental configurat
the detector is sensitive only to the emitted light when
laser is above threshold(I th51.7 A). The current is injected
into the device using squared pulses, a few microseco
long and with low repetition rate, in order to avoid heati
effects.

The experiment consists in monitoring the emitted lig
and the voltage across the device, kept under constant
current injection, while the magnetic field is sweeping do
from its maximum value. Typical results are illustrated
Fig. 2 for two different currents. In Fig. 2~a!, the laser is
driven below threshold atB50 T, the light signal as a func
tion of the magnetic field shows pronounced peaks wh
rise orders of magnitude above the level of noise of the
tector. On the same graph, we also give an electrical cha
terization of the structure, with the variations of the volta
across the device as a function of the magnetic field. In
cordance with the light peaks, the voltage has evident
tures indicating a local increase of the magnetoresista
These are observable on top of a rising component of
voltage, which we attribute to the magnetoresistance of
miniband in the injector.28 Figure 2~b! shows again the ligh
and voltage versus magnetic field, but this time the devic
above the threshold, as can be seen from the signal at
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fields. In this case the laser light is modulated above a
below the value atB50 T and for certain fields the lase
switches off.

This effect can be understood on the basis of the follo
ing physical arguments. AtB50 T, the electronic states
arising from a one-dimensional confinement, have pla
wave-like energy dispersion, in the direction parallel to t
layers. The corresponding energy subbands are nearly p
lel because of the small nonparabolicities.29 In this case,
optical-phonon emission~and/or absorption at higher tem
peratures! due to electrons scattering from the subbandn
53 towards then52 andn51 is always allowed, becaus
of the nearly flat dispersion of optical phonons.13 When an
intense magnetic field is applied, the situation changes d
tically: the subbands break into ladders of individual stat
Neglecting the contribution due to the spin,30 the energy of
the electronic states evolves fromEn,ki

5En1\2ki
2/2m* (E)

at B50, to En,l5En1( l 1 1
2 )\vc at BÞ0, where l is an

integer, index of the Landau levels. In these equations,ki is
the in-plane wave vector,vc5eB/m* (E) is the cyclotron
frequency,e is the electronic charge.m* (E) is the energy-
dependent effective mass, imposed by the nonparabolici31

Depending on the value of the magnetic field, the configu
tion of the Landau levels strongly influences the emission
optical phonon fromu3,0&, whereun,l & designates the Landa

FIG. 2. Light intensity~logarithmic scale, solid lines! and volt-
age across the device~dashed lines! as a function of the magnetic
field measured for two different currents~1.6 and 1.9 A! and at a
temperature of 4 K.~a! The value of the current injected is slightl
below the threshold current at zero magnetic field, 1.75 A. T
background signal is fixed by the detector noise.~b! The current is
higher than the threshold atB50. In both cases the light intensity i
strongly modulated by the magnetic field, due to quenching or re
nant enhancement of the LO-phonon emission from theu3, 0& state.
Note that in accordance with the light maxima the voltage a
increases, due to an enhancement of the lifetime.
5-2
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level with the quantum numbersn and l. At B526 T, for
example, two Landau levels~u1,3& andu2,2&! are separated by
one LO phonon energy from the excited state of the la
transitionu3,0&. In this case, phonons can be resonantly em
ted with a consequent reduction of the lifetime. This
creases the threshold current and is experimentally obse
in Fig. 2~b!, where the laser switches off for a range of ma
netic field centered at 26 T. The more common case wh
only one Landau level is situated 36 meV belowu3, 0& is
obtained, for example, atB552 T for the stateu2, 1&. The
situation changes completely atB532 T: electrons injected
into stateu3, 0& cannot lose their energy by emission of o
optical phonon, since no Landau levels are present a
meV to preserve the energy in this process. The quenchin
this scattering mechanism leads to an increase of the life
and thus of the electronic population onu3, 0& ~for constant
injection current!. This is a clear evidence of the so-calle
‘‘phonon bottleneck’’ in a system made of highly degener
states. The effect is mirrored in the data of Fig. 2 where
laser intensity strongly increases around 32 T and for all
other values ofB corresponding to the same configuration

We can summarize the values of the magnetic field,Bn,l ,
which give rise to resonant optical-phonon emission, as
solutions of the following equations:E3,02En,l(Bn,l)
5\vLO with n51,2. With very good approximation this ca
be written as

DE32n2\vLO5
l\eBn,l

m* ~En,l !
~n51,2! ~1!

whereDE32n is the energy separation between the subba
at B50 T. Graphic solutions of these equations are repor
in the fan chart of Fig. 3~a! up to 60 T. It must be noted tha
two important features have been introduced in our theo
ical model for a quantitative description of this effect. Fir
the Landau levels are broadened by disorder and their w
increases with the square root of the magnetic field;32 more-
over, the curves in the fan chart are not straight lines, ow
to the energy dependence of the effective mass,m* (E), due
to the nonparabolicity.31 The light gray bands in the figur
are the regions of magnetic field where the broadened L
dau levels satisfy the resonant phonon-emission condit
and correspond to the series of minima of the optical pow
shown in the central panel of Fig. 3. The agreement with
experiment is remarkable over the whole range of magn
field. In the last panel of Fig. 3, we report the calculat
lifetime of the u3, 0& level as a function of the magnetic fiel
as imposed by electron-phonon scattering. Due to the bro
ening and the relatively small separation of the Landau l
els, the lifetime is almost constant up to 8 T. Above th
value the oscillations become more pronounced and at 3
the lifetime is approximately four times longer than at ze
magnetic field. However, only a factor of 2 is measured
the current threshold which reduces to 0.9 A at 32 T. Th
are two main effects that can explain the smaller decreas
the laser threshold. First, electron-phonon interaction may
in competition with other scattering mechanisms that int
12130
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vene when the electron-phonon scattering is quenched;
ond, the tunneling time out of theu2, 0& and u1, 0& levels into
the injector can increase with the magnetic field, thus red
ing population inversion. The absolute minimum of the lif
time occurs at 26 T, in correspondence with the spe
double resonant condition, which has been described be

In our calculations of the lifetime, we start by using th
Fermi golden rule to derive scattering rates of an elect
initially in state u3, 0&, which relaxes into lower Landau lev
els un,l& (n51,2), situated one LO-phonon energy belo
This configuration corresponds to a magnetic fieldBn,l ,
given by Eq.~1!. At this magnetic field, the scattering rate
read

t3,0
21~n,l !5

2p

\ E dEE d3q

~2p!3 u^3,0uHe2ph~q!un,l &u2

3d~E2\vLO! f 3,0;n,l~E,Bn,l !, ~2!

where, q is the phonon wave vector andHe2ph(q is the
electron-phonon Hamiltonian in the bulk phonon approxim
tion. The Dirac function expresses the energy conserva
and f 3,0;n,l(E,Bn,l) is the joint density of states betweenu3,
0& andun,l &, which are considered as broadened states wi
Gaussian-like energy distribution. As it has been alrea
mentioned, the width of the Gaussian depends onB as

FIG. 3. ~a! Calculated resonance positions as a function of
magnetic field. The dark gray areas represent the broadening o
Landau levels and are centred atDE3-22\vLO575 meV and
DE3-12\vLO5111 meV. The broadening of an individual Landa
level increases with the magnetic field ass (meV)5s0AB(T) with
s051 meV/T1/2. The black lines depict the equationsE5 l\vC for
l 51 – 10, taking into account the nonparabolicity. The overlap
gions, indicated by light gray bands, correspond to the range
magnetic field where resonant LO-phonon emission occurs.~b!
Measured light intensity as a function of the magnetic field~up to
60 T! with an injected current of 2.5 A~above threshold!. ~c! Cal-
culated lifetime of the staten53 as a function of the magnetic field
5-3
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s(B)5s0AB, with s051 meV/T1/2. The value ofs0 has
been adjusted so as to reproduce the main features obse
experimentally and is in exact agreement with what has b
already reported in the litterature.33

To obtain the total value of the scattering rates at all m
netic fields, we sum the contributions arising from Land
levels with differentn and l, weighted by the normalized
factor P3,0;n,l5 f 3,0;n,l(\vLO ,B)/ f 3,0;n,l(\vLO ,Bn,l),

t3,0
21~B!5(

n,l
t3,0

21~n,l !P3,0;n,l~B!. ~3!

Our calculations are in very good agreement with the
periments using GaAs bulklike phonons. This is expec
considering that the high gap material in the heterostruc
is an alloy of AlGaAs with 33% Al content and therefore th
variation of the dielectric constant between the two mater
is weak and not sufficient to produce confined phonon str
tures. The situation can be completely different in the hete
structure made of AlAs/GaAs, where these measurem
can give important information on the energies of the diff
ent phonon modes and their respective weight on the sca
1

l

-

s
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ing rates with the electrons. More generally, we believe t
this technique can be used for phonon spectroscopy in c
pound semiconductor heterostructures. Our calculations
gest that, using a simplified QC active region made o
single quantum well, distinct modulations of the intersu
band light emission can be detected in the 5–15 T ran
These magnetic fields are attainable in continuous wave
standard superconductor coils, which make the experim
much simpler.

In conclusion, we have shown that the electron-opti
phonon interaction, the dominant energy relaxation proc
for 2D energy levels, can be strongly modified by reduc
the dimensionality of the system. This has been dem
strated by applying an intense magnetic field on a quan
cascade laser, which changes its continuum energy spec
into a series of discrete states, as in quantum boxes.
intensity of the light and the threshold of the device depe
on the field and are in excellent agreement with the pho
resonances~antiresonances! predicted by the theory. This ex
periment opens more avenues for the research on qua
cascade lasers based on low~1D, 0D!-dimensional structures
and suggests a method for the spectroscopy of~confined-!
phonon modes.
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