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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 perpendicularly The device used in this study is a QC laser based on a
to the degreesof freedom of a two-dimensiondPD) elec-  GaAs/Ab 38Ga sAs heterostructuré’ similar to the one de-
tronic system, typically a quantum well heterostructure, itsscribed in Ref. 24. The active region, shown in the inset of
energy spectrum changes completely. The continuum ofig. 1, consists of three coupled quantum wells. Three sub-
states in the plane is broken by the magnetic confinemeriands (=1, 2, and 3 are delocalized across this region and
into a series of discrete levefsandau quantization? The ~ form the physical system that we investigated. The laser tran-
energy spectrum in this case becomes very similar to that dition occurs between the=3 andn=2 states and the
quantum boxes, but with highly degenerate states. This extt@wer level (1=1) helps a fast depopulation of the=2
quantization has major consequences not only for carriegtate by resonant optical-phonon emission. Several identical
transport in the direction parallel to the plane of the quantun@ctive zones are connected in series by quasiminibands that
well.® but also for the tunneling transpofperpendicular ~ act as electron injector on one side and extractor on the other.
direction.*° The first case concerns the very active researchn absence of magnetic field, the calculated lifetime of the
field of the fractional quantum Hall effécand strongly cor-  upper laser leveh=3 is 3= 75"+ 75,") 1=0.9ps (s,
related fermiong;the second has been extensively studied in=2 ps), wherer;; and 73, are the scattering time of the 3-1
the late 1980s in double barrier resonant tunneling diodeand 3-2 intersubband transition, respectively. Under an exter-
and has given important information on the mechanisms comal electric field of F=44 kV/cm—corresponding to the
trolling the perpendicular transport in semiconductorthreshold voltage—we calculate a transition eneigy
heterostructure®® =111 meV (=11.2um). The energy difference of the two

In this Rapid Communication we shall show that thestatesn=1 andn=2 is kept close to the LO phonon energy
breaking of a 2D system into ladders of OD states substan36 meV in our material systemFigure 1 shows the spon-
tially modifies the lifetime of the excited energy levels. In
particular, we discuss the effect of an intense magnetic field
on the electron scattering rates in a quantum cascade'faser.
In this device, electrons are injected by tunneling into a two- 1.0 -
dimensional excited state, whose lifetime is mainly con-

trolled by the electron—longitudinal-opticdLO) phonon % - .
interaction'**?>The energy of the optical phonofiss g in a s L
crystal is practically constant,and therefore, in a system N o5} -
made of discrete energy states, phonon emission is either g

inhibited or resonantly enhanced by the presence of levels at 3 L .
an energyiw o below the excited staté:'® Experimentally,

we have observed that, for fields higher than 8 T, when the 0L I —

energy separation between the Landau levels exceeds the 75 100 125 150 1is

broadening of the subbands, the light intensity from the QC Photon energy (meV)

laser does show very pronounced oscillations as a function of FIG. 1. Electroluminescence spectrum of the laser measured at 4

the magnetic field. These oscillations are the signature of for an injected current below threshold. The arrow at 111 meV
changes in the excited state lifetime, which depend on enzng the arrow at 148 meV mark the position of the two peaks
hanced or quenched phonon emission. In the latter casggrresponding to the 3-2 and 3-1 transitions, respectively. Inset:

these measuremer“]i%s_%iye a spectacular proof of the “opticatonduction-band diagram representing a portion of one period of
phonon bottleneck in a semiconductor laser where the the active region under an applied electric field of 44 kv/cm. Indi-

optical transitions occur between discrete energy stAté8. cated are also the states— 3, n=2, andn=1. The broad gray
A reduction of a factor of 2 in the threshold current betweenarrows symbolize the flow of electrons that are resonantly injected
0 and 32 T is the ultimate consequence of this bottleneck. into the staten=3 and extracted from the=1 andn=2 states.
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taneous emission spectrum of the structure measured in the JASI6] o o i s B I i ISR
pulsed mode using a Fourier transform infrared spectrometer. Current=1.6 A S a7
At 4 K, the laser transition 3-2 peaks at 111 meX ( Below threshold / Joo
=11.2um). The side peak, arising from the 3-1 transition, 10g e ]
is blueshifted by 37 meV, in good agreement with the design 2 e ]
. . ; - P 8.5

of the active region. The peak corresponding to the 3-1 tran- . - .
sition is much weaker than the 3-2 due to the specific design 2 e 1
that concentrates most of the oscillator strength in the laser 5 802
transition. The spectrum allows us to characterize the funda- g 01 _ {Lﬂj\ ] §>
mental transition energies involved in the system and vali- 3 E————t———ott+H §
dates our band-structure calculations. ‘@ E Current=19A B

Forty periods of alternating active regions and injectors 2 [ Avovethreshod o f Josa
were grown by molecular-beam epitaxy onrah GaAs sub- = 1 <
strate. The active region is sandwiched between (3r8- g .
thick low doped GaAs layers, which form the inner optical 490
waveguide structure. Mode confinement is achieved by two E ]
highly Si doped (410 cm™3) plasmon layeré® The dss
change of the refractive index, necessary for mode confine- C ]
ment, is achieved by a controlled variation of the doping E o iy — ] :8'0
profile of the binary GaAs claddings only. 0 10 20 30 40

Devices are processed into ridge lasers of 1 mm length, Magnetic field (T)
with facets left uncoated, mounted in the center of a coil
where the magnetic field is generated by a huge pulse of

current corglng from the dISCharge ,Of an ensemble o ield measured for two different current$.6 and 1.9 A and at a
condenseré’ The hlghe§t magnetic field reached B temperature of 4 K(a) The value of the current injected is slightly
=62 T, and typical experiments are performed up#0 T.  pelow the threshold current at zero magnetic field, 1.75 A. The
The current pulse peaks about 20 ms after the beginning afackground signal is fixed by the detector noig®.The current is
the discharge; at this point the magnetic field reaches itgigher than the threshold Bt=0. In both cases the light intensity is
maximum value and decays with a time constant of 100 mstrongly modulated by the magnetic field, due to quenching or reso-
imposed by the impedance of the circuits. Light is detectediant enhancement of the LO-phonon emission from(3hé) state.
with a boron doped silicomlocked-impurity-bandetector Note that in accordance with the light mgxir_na the voltage also
with wavelength cutoff at 33um, mounted next to the laser increases, due to an enhancement of the lifetime.

27 . e .
::ao(fleet c':tic?r?tgp('?ii\smifsugsj klenptﬂ']ri]sl'g)ljg;Eﬂgﬂa?tcénﬁi;:&?gnﬂelds. In this case the laser light is mpdu_lated above and
. o . . below the value aB=0T and for certain fields the laser
the detector is sensitive only to the emitted light when theswitches off.
laser is above threshold =1.7 A). The current s injected ;g effect can be understood on the basis of the follow-
into the device using squared pulses, a few microseconqgy physical arguments. AB=0T, the electronic states,
long and with low repetition rate, in order to avoid heating arising from a one-dimensional confinement, have plane-
effects. . o o . ~ wave-like energy dispersion, in the direction parallel to the
The experiment consists in monitoring the emitted lightjayers. The corresponding energy subbands are nearly paral-
and the voltage across the device, kept under constant pe@d because of the small nonparabolicitfésin this case,
current injection, while the magnetic field is sweeping dOWnopticaI-phonon emissiofand/or absorption at higher tem-
from its maximum value. Typical results are illustrated in peraturep due to electrons scattering from the subband
Fig. 2 for two different currents. In Fig.(a), the laser is =3 towards then=2 andn=1 is always allowed, because
driven below threshold @ =0 T, the light signal as a func- of the nearly flat dispersion of optical phondrisiVhen an
tion of the magnetic field shows pronounced peaks whichntense magnetic field is applied, the situation changes dras-
rise orders of magnitude above the level of noise of the detically: the subbands break into ladders of individual states.
tector. On the same graph, we also give an electrical charadleglecting the contribution due to the spfhthe energy of
terization of the structure, with the variations of the voltagethe electronic states evolves fra y =E,+ fi2k?2m* (E)
across the device as a function of the magnetic field. In acat B=0, to E, =E,+ (I +3)%w. at B#0, wherel is an
cordance with the light peaks, the voltage has evident feainteger, index of the Landau levels. In these equati@nss
tures indicating a local increase of the magnetoresistance¢he in-plane wave vectok.=eB/m* (E) is the cyclotron
These are observable on top of a rising component of thérequency,e is the electronic chargen* (E) is the energy-
voltage, which we attribute to the magnetoresistance of thelependent effective mass, imposed by the nonparaboafcity.
miniband in the injectof® Figure 2b) shows again the light Depending on the value of the magnetic field, the configura-
and voltage versus magnetic field, but this time the device ision of the Landau levels strongly influences the emission of
above the threshold, as can be seen from the signal at lowptical phonon from3,0), where|n,l) designates the Landau

FIG. 2. Light intensity(logarithmic scale, solid lingsand volt-
ge across the deviddashed linesas a function of the magnetic
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level with the quantum numbers and|. At B=26T, for
example, two Landau levelfl,3) and|2,2)) are separated by
one LO phonon energy from the excited state of the laser
transition|3,0). In this case, phonons can be resonantly emit-
ted with a consequent reduction of the lifetime. This in-
creases the threshold current and is experimentally observed
in Fig. 2(b), where the laser switches off for a range of mag- ;
netic field centered at 26 T. The more common case where b
only one Landau level is situated 36 meV beld8y 0) is
obtained, for example, @=52 T for the statd2, 1). The
situation changes completely Bt=32 T: electrons injected
into state|3, 0y cannot lose their energy by emission of one
optical phonon, since no Landau levels are present at 36 0
meV to preserve the energy in this process. The quenching of
this scattering mechanism leads to an increase of the lifetime
and thus of the electronic population 8y 0) (for constant
injection current This is a clear evidence of the so-called
“phonon bottleneck” in a system made of highly degenerate vop i
states. The effect is mirrored in the data of Fig. 2 where the % 19
laser intensity strongly increases around 32 T and for all the Applied magnetic field (T)
other values oB corresponding to the same configuration.

We can summarize the values of the magnetic fiB|g,, FIG. 3. (a) Calculated resonance positions as a function of the
which give rise to resonant optical-phonon emission,v as th@&agnetic field. The dark gray areas represent the broadening of the
solutions of the following equationsEsq—En,(Bn,) Landau levels and are centred AE; ,—fiw o=75meV and

— hiw o With n=1,2. With very good approximation this can AEs_l.—ﬁwLo: 11.1 meV. The broqdening of an individual Lgndau
be written as level increases with the magnetic fieldagmeV)= oyB(T) with

0o=1 meV/T2, The black lines depict the equatioBis= 1% wc for
I=1-10, taking into account the nonparabolicity. The overlap re-
gions, indicated by light gray bands, correspond to the ranges of
17eBy, (n=1,2) (1) magnetic field where resonant LO-phonon emission occiis.
m*(EnJ) ’ Measured light intensity as a function of the magnetic figid to

60 T) with an injected current of 2.5 fabove threshold (c) Cal-

culated lifetime of the state= 3 as a function of the magnetic field.
whereAE3_,, is the energy separation between the subbands
atB=0T. Graphic solutions of these equations are reporte§ene when the electron-phonon scattering is quenched:; sec-
in the fan chart of Fig. @) up to 60 T. It must be noted that ond, the tunneling time out of tH&, 0) and|1, 0) levels into
two important features have been introduced in our theoretthe injector can increase with the magnetic field, thus reduc-
ical model for a quantitative description of this effect. First, |ng popu|ati0n inversion. The absolute minimum of the life-
the Landau levels are broadened by disorder and their widtime occurs at 26 T, in correspondence with the special
increases with the square root of the magnetic filiore-  double resonant condition, which has been described before.
over, the curves in the fan chart are not Straight lines, OWing In our calculations of the |ifetime, we start by using the
to the energy dependence of the effective masYE), due  Fermi golden rule to derive scattering rates of an electron
to the nonparabolicity The light gray bands in the figure initially in state|3, 0, which relaxes into lower Landau lev-
are the regions of magnetic field where the broadened Larg|s |n Iy (n=1,2), situated one LO-phonon energy below.
dau levels satisfy the resonant phonon-emission conditionghis configuration corresponds to a magnetic field, ,

and correspond to the series of minima of the optical powergiven by Eq.(1). At this magnetic field, the scattering rates
shown in the central panel of Fig. 3. The agreement with thgeggd

experiment is remarkable over the whole range of magnetic
field. In the last panel of Fig. 3, we report the calculated 2 d3q
lifetime of the|3, 0) level as a function of the magnetic field r§é(n,l)= TJ dEJ ﬁ|<3,qu,ph(q)|n,|>|2

. . ’ (27)
as imposed by electron-phonon scattering. Due to the broad-
ening and the relatively small separation of the Landau lev- X S(E—hw o)f30n1(E,Bny), 2)
els, the lifetime is almost constant up to 8 T. Above this
value the oscillations become more pronounced and at 32 Where, q is the phonon wave vector and. ,(q is the
the lifetime is approximately four times longer than at zeroelectron-phonon Hamiltonian in the bulk phonon approxima-
magnetic field. However, only a factor of 2 is measured ortion. The Dirac function expresses the energy conservation
the current threshold which reduces to 0.9 A at 32 T. Therand f5 o, |(E,B,,,) is the joint density of states betweé)
are two main effects that can explain the smaller decrease @) and|n,l), which are considered as broadened states with a
the laser threshold. First, electron-phonon interaction may b&aussian-like energy distribution. As it has been already
in competition with other scattering mechanisms that intermentioned, the width of the Gaussian depends Boras
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(B)=0y\B, with =1 meV/T*2 The value ofc, has Ing rates with the electrons. More generally, we believe that

been adjusted so as to reproduce the main features observ&if technique can be used for phonon spectroscopy in com-
experimentally and is in exact agreement with what has beeﬂound semiconductor heterostructures. Our calculations sug-
already reported in the litteratuid gest that, using a simplified QC active region made of a

' . smgle quantum well, distinct modulations of the intersub-

To obtain the total value of the scattering rates at all magy -4 light emission can be detected in the 5-15 T range.
netic f|el_ds, We sum the contrlb_utlons arising from I‘f?md"’luThese magnetic fields are attainable in continuous wave by
levels with differentn and |, weighted by the normalized

standard superconductor coils, which make the experiment
factor P3 o, 1= f30n1(hw0,B)/ f30n(fiwo,Bn)), much simpler.

In conclusion, we have shown that the electron-optical
T«;é(B)=E Ts_,é(”J)Ps,o;nJ(B)- 3) phonon interaction, the dominant energy r_e]axation process
m for 2D energy levels, can be strongly modified by reducing
the dimensionality of the system. This has been demon-
Our calculations are in very good agreement with the exstrated by applying an intense magnetic field on a quantum
periments using GaAs bulklike phonons. This is expectedascade laser, which changes its continuum energy spectrum
considering that the high gap material in the heterostructureto a series of discrete states, as in quantum boxes. The
is an alloy of AlGaAs with 33% Al content and therefore the intensity of the light and the threshold of the device depend
variation of the dielectric constant between the two material®n the field and are in excellent agreement with the phonon
is weak and not sufficient to produce confined phonon strucresonancegantiresonancespredicted by the theory. This ex-
tures. The situation can be completely different in the heteroperiment opens more avenues for the research on quantum
structure made of AlAs/GaAs, where these measurementsascade lasers based on I, 0D)-dimensional structures
can give important information on the energies of the differ-and suggests a method for the spectroscopyconfined)
ent phonon modes and their respective weight on the scattephonon modes.
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