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Electronic distribution in superlattice quantum cascade lasers
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The electron population in the excited miniband of quantum cascade structures with intrinsic
superlattice active regions is extracted from the fine structure analysis of spontaneous interminiband
electroluminescence spectra. At current densities typical of laser thresholds, the electrons injected
into the excited miniband of a~GaInAs!6 nm/~AlInAs!1.8 nm superlattice are described by a
nonequilibrium thermal distribution characterized by temperaturesTe.200 K, much higher than the
lattice temperatureTL515 K. © 2000 American Institute of Physics.@S0003-6951~00!04534-4#
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The quantum cascade laser~QCL! is a new midinfrared
semiconductor source based on electronic transitions
tween energy levels created in the conduction band by qu
tum confinement.1 Emission of radiation is obtained by tun
nel injection of electrons into high energy excited subba
or minibands.2–5 In QCLs with periodic superlattice~SL!
active regions, a model assuming that injected electrons f
a thermalized distribution at the bottom of the seco
miniband3,4 gives estimates of laser threshold currents
agreement with the experimental values and is being s
cessfully used for the rapid development of these devic
However, for a complete description of population inversi
and optical gain, the actual electron energy distribution
needed. Below laser threshold, excited electrons relax t
excess energy via electron–optical phonon and electr
electron scattering processes. At large injected curre
when the power given to the excited electron system exce
the energy relaxation rate, a nonequilibrium~hot! electron
ensemble with average energy higher than the thermal re
voir can be created.6

In this letter, we show that the energy distribution
electrons in quantum cascade structures with periodic su
lattice active regions can be directly determined from
analysis of interminiband electroluminescence. We co
pared the two significant regimes of low and high pow
corresponding to low current densities (J,100 A/cm2) and
current densities close to typical QCL thresholdsJ
.1 kA/cm2). In the latter case, we found that a hot carr
distribution is sustained in the excited miniband, and that
distribution can be described by a temperatureTe .

Figure 1 shows the energy dispersion of
(GaInAs)Lw

/~AlInAs!Lb
infinite SL with Lw56.0 nm and

Lb51.8 nm, calculated in the framework of a Kronig
Penney model. The energy levels of a nine periods SL,
culated from the numerical solution of the Schro¨dinger equa-
tion, sample the infinite SL dispersion. These levels

a!Electronic mail: scamarcio@fisica.uniba.it
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labeled with the indicesi, j 51 – 9 in Fig. 1 starting from
states at the minigap. Selection rules calculated assuming
bands~zero electric field! show that only vertical intermini-
band transitions withi 5 j are allowed. In this case, there is
clear correspondence between emitted photon energies
interminiband transition. This fact can be exploited to una
biguously extract the individual subband populations in
second miniband from the interminiband luminescence sp
trum at energies higher than the minigap. In contrast, ex
sive electric field penetration in the SL gives non-negligib
oscillator strength to diagonal (iÞ j ) transitions and makes
uncertain the assignments of spectral features. The ana
of the high energy portion of the interminiband luminescen
spectrum relies on the oppositekz dispersion in the first two
minibands of a periodic SL. Similarly, the electronic tem
perature is readily extracted from the high energy tail
interband~conduction-to-valence! luminescence.7

FIG. 1. Calculated energy dispersion as a function of wave vector along
growth axis (kz) and in-plane wavevector (ki) for a GaInAs/AlInAs super-
lattice with Lw56.0 nm, Lb51.8 nm. Bold line: infinite superlattice. Thin
lines: finite superlattice with nine periods. In the latter case, energy le
are labeled with indexesi, j 51 – 9 starting from states at the minigap.
8 © 2000 American Institute of Physics
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In order to compare different injected currents while p
serving flat-bands in the SL we designed tw
Ga12xInxAs/Al12yInyAs8 quantum cascade structures wi
different injectors and identical SL active regions. The u
doped SL is composed of nine periods withLw56.0 nm and
Lb51.8 nm. The layer sequences in the injectors are
signed to keep flat bands in the SL either with standard t
nel injection close to the bottom of the second miniba
@sample D2552, see Fig. 2~a!# or with injection into high
energy states close to the top of the second miniband@sample
D2551, see Fig. 2~b!#. Each sample consists of five SLs in
terleaved with six injectors and was grown on sem
insulating InP substrate by molecular beam epitaxy. T
band structures of Fig. 2 were calculated by iteratively so
ing Poisson and Schroedinger equations until s
consistence between electron potential and charge dist
tion is achieved. In both cases great care has been take
appropriately choose selective doping of the injectors~see
caption of Fig. 2! to completely screen the electric field
the SL and avoid miniband breaking due to fie
penetration,9 following the guidelines of Refs. 4 and 10.

The current–voltage characteristics of Fig. 3,11 show
that the turn-on voltage is 1.23 V for both structures. T
corresponding applied voltage per period is very close to
expected value (Ei 512EF,n)/q, whereEi 51 is the energy of
the lowest excited subband,EF,n is the quasi-Fermi level and
q is the electron charge. As a result of the increased injec

FIG. 2. Band structure of one period~injector and SL regions! of samples
D2552~a! and D2551~b! calculated at heat sink temperatureT515 K with
total applied voltagesU51.38 and 1.88 V, respectively. The active region
a nine period GaInAs/AlInAs undoped superlattice withLw56.0 nm and
Lb51.8 nm. The layer sequence in the injectors is~dimensions in nm!
1.5/4.3/1.6/3.3/2.1/2.4/2.4/2/2.6/1.8/2.8/1.6/6.8 for D2552 and
1.8/3.6/2/3.4/3/2.4/3.8/1.6/3.9/1.5/4.2/1.2/4.3/1.1/6.8 for D2551. Bold: In-
GaAs wells. Underlined:n doping with@Si#5531017 cm23. Shadowed ar-
eas represent the first miniband in the injector and SL regions, while
wave functions square moduli of the excited SL miniband are traced.~c! and
~d!: electronic energy distributions in the excited miniband, determined fr
the analysis of the electroluminescence spectra of Fig. 4. Dots: rela
subband occupation. Continuous line: interpolation by a Boltzmann di
bution with Te535 K ~c! andTe5204 K ~d!.
-

-

e-
-

d

-
e
-
f-
u-
to

e
e

n

rate, sample D2551 exhibits a much sharper turn-on an
differential resistance value of 1.9V, a factor of two smaller
than D2552~3.6V!. From the L–I curves of Fig. 3~b!, show-
ing the measured midinfrared optical power as a function
the current, we measure a slope efficiency of 15 nW/mA
sample D2551, larger than the corresponding value
D2552 ~9 nW/mA!.

Figure 4~a! shows the electroluminescence spectrum
sample D2552, collected at a heat sink temperatureT
515 K, at an applied voltage of 1.38 V(J573 A/cm2), cor-
responding to the band diagram of Fig. 2~a!. The emission
spectrum is characterized, as expected,12 by a single peak at
179 meV with a FWHM of 24 meV, associated with inte
miniband transitions at the minigap (i 5 j 51). The elec-
troluminescence spectrum of sample D2551 in Fig. 4~b! is

e

ve
i-

FIG. 3. Measured current–voltage~a! and optical power as a function o
drive current~b! characteristics of sample D2551~solid line! and D2552
~dashed line! at T515 K.

FIG. 4. Electroluminescence spectra of samples D2552~a! and D2551~b!
collected at 1.38 V, 13 mA~a! and 1.88 V, 0.3 A~b!. The heat sink tem-
perature isT515 K. Dots: experimental data; solid line: calculated spect
Calculated oscillator strengths fori – j transitions for sample D2552~c! and
D2551 ~d!.
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recorded at 1.88 V, corresponding to a flat-band condition
the SL, as shown in Fig. 2~b!. The resultant current densit
J51.7 kA/cm2 is comparable with typical QCL thresholds.4,5

The main peak at 183 meV is the convolution of transitio
1–1 and 2–2, with energies 178 and 186 meV, closest to
minigap. Additional peaks at 200, 220, and 240 meV ar
from interminiband transitions withi 5 j 53, 4, and 5, re-
spectively, and reveal substantial population of high ene
levels of the second miniband under steady state injectio

Based on the calculated quasi-Fermi level, 4 meV ab
the SL ground state, one can assume negligible populatio
first miniband levels withj ,8. Accordingly, the lumines-
cence lineshape can be written as

PL~\v!5hCNP(
i 51

9

(
j 51

9

ni

\v i j

t i j
SP L~\v!, ~1!

where ni are the subband populations in the second m
band,hC is the collection efficiency (;231023), NP is the
number of periods of the cascade structure, andL~\v! is the
Lorentzian lineshape with a phenomenological broaden
G/2512 meV, as measured in sample D2552. The sponta
ous lifetimest i j

SP are related with the oscillator strengthsf i j

by the expression:

~t i j
SP!215

e2v i j
3 n

p\«0c3 u^c i uzuc j&u25
e2v i j

2 n

2pm0«0c3 f i j , ~2!

wheren is the effective refractive index,\v i j is the transi-
tion energy,m0 is the free electron mass, andC i j are the
electron wave functions. The calculatedf i j are shown in
Figs. 4~c! and 4~d!. Owing to the flat band condition assoc
ated with the appropriate injector design, the oscilla
strengths of vertical transitions (i 5 j ) are dominant.

Fitting the luminescence lineshape~1! to the experimen-
tal spectra yields the relative excited subband populati
ni /n1 shown in Figs. 2~c! and 2~d!. Under high current in-
jection @sample D2551, Fig. 4~b!# the subband population
can be interpolated by a Maxwell–Boltzmann distributi
ni /n1;exp(2Ei /kTe) with a single electronic temperatur
Te5204 K. At larger current densities of 5.3 and 7
kA/cm2, close to reported thresholds in QCLs with period
SLs,3,10 the applied voltages~2.75 and 3.3 V! cause a partia
field penetration in the active region. The analysis of
high-energy structure of the electroluminescence spe
gives electronic temperaturesTe5260 and 350 K, respec
tively. At low injected currents in D2552, we estimate
electronic temperatureTe,35 K @Fig. 2~c!# since we observe
luminescence only from the lowest excited subband. At
same current density of Fig. 4~b! ~1.7 kA/cm2! sample
D2552 shows a broad luminescence spectrum extendin
to 360 meV with a structure associated with vertical a
diagonal interminiband transitions, due to strong field p
etration. The main spectral features can be reproduced
Te.200 K. It is important to stress that negligibly small la
tice heating occurs in our samples at the injected power
els of Figs. 2 and 4~,0.3 W!. In fact, we measured a lattic
temperature increaseDTL,15 K by microprobe photolumi-
n
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nescence spectroscopy in QCL devices at operating pow
of 1 W.13

The above results suggest that in our structures, at h
injected current levels, electron–electron scattering p
cesses are fast enough to establish a Maxwell–Boltzm
distribution in the excited miniband. In fact, at electron de
sities;101021011cm22, electron–electron scattering rates14

comparable or higher than the electron–optical phonon o
are expected. At 1.7 kA/cm2, the energy loss rate per electro
due to longitudinal optical phonon emission at the measu
electronic temperatureTe5204 K, estimated as:̂dE/dt&
5\vLO /tLO exp(2\vLO /kTe)'5 nW, is equal to the in-
jected power per electron obtained sharing the electr
power among the SL electrons only, and using nSL

51011cm22 given by our self-consistent calculation. Th
agreement can be explained considering that the elect
gain and relax their excess energy mainly in the SL reg
and suggests a local variation of the electronic temperat
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analysis, A. Valentini and G. Casamassima for conta
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