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Influence of disorder and a parallel magnetic field on a quantum
cascade laser
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The luminescence spectra of a quantum cascade(l@&) in a strong magnetic field is influenced
significantly by the presence of disordeharged or neutrain the system. An externally applied
magnetic field parallel to the electron plane causes a redshift of the luminescence peak in the
absence of any disorder potential. Our results indicate that the disorder potential tends to cancel that
redshift and causes a rapid decrease of the luminescence peak. A similar behavior was observed in
a recent experiment on a QCL in a parallel magnetic field by S. Blaser, L. Diehl, M. Beck, and J.
Faist[Physica E7, 33(2000]. © 2001 American Institute of Physic$DOI: 10.1063/1.1343495

Since the invention of the unipolar semiconductor quan+tential due to conduction-band discontinuity and bias electric
tum cascade las€QQCL) in 199412 there has been a series field (Fig. 1), and Vg(x,y) is the disorder potential. The
of innovations and improvements of performances in thiseffective mass of the particle depends on the energy due to
field of intersubband light sourcésThe QCL has already the band nonparabolicity. We consider the same disorder po-
established its potential as a tunable, high-power, and cohetential for both quantum wells in the active regidfig. 1),
ent source in the mid-IR spectral range and, therefore, amé-e., electrons feel the same potential before and after emis-
nable to a host of very useful applicatiohi the quest for  sion.
further improvements of the QCL device, magnetic-field = We have studied the single-particle energy spectra and
studies have recently been perfornfgdowever, no experi- emission lines for two types of disorder potentials: for disor-
mental or theoretical studies are available yet on the role ofler due to the surface roughness in quantum wells and for
disorder in the optical properties of the QCL. Although thedisorder due to the doped charged impurities. The disorder
techniques of crystal growth have improved significantly inpotential in the first case is described by the potential
recent decades, interface roughness in QCL structures cannds «(X,y), which has zero average and Gaussian correla-
be entirely eliminated. In a narrow quantum well, electronstions
are closer to the interface and are influenced by the irregu-
larities or by the charged impurities confined at the interface.  (Vais(F1)Vaisi(r2))= Ve (25
In this |etter, we report on our findings that the effect Ofwherer is the two-dimensional vector.
disorder is particularly significant on the luminescence spec-
tra in the presence of a magnetic field. The QCL structure we

. . . . —/ 24

have studied here is sketched in Fig®> Where the param- ~ 2.5
eters are taken from the QCL structure reported in Ref. 4. ™ 25

The main results of the experimental work on the optical ™
spectra of a QCL in a strong parallel magnetic flelkre a
small blueshift of the emission peak, decrease of the emis- //:\_,_\_
sion intensity, and broadening of the peak in a strong mag-
netic field. It was also found that the single-particle theoret-
ical model cannot explain these observatidrighis model Y
predicts a redshift of the peak that cannot be canceled by the ~
many-body correctionsIn order to explain the experimen- 46 -
tally observed tiny blueshift of the emission line, we con- 42
sider the single-particle Hamiltonian 74 } ¥

Z .
2
pZ 1 P, + e FIG. 1. Energy-band diagraschematig of the active region of a quantum
2m( E) 2m( E) X cascade laser structure under an average applied electric field of 55 kv/cm.
Only one period of the device is shown here. The relevant wave functions
p§ (moduli squareglas well as the transition corresponding to the laser action
+ +Veond 2) + Vi X,Y), (D) are also shown schematically. The numbdis nm) are the well
m(E) (Gay44AngsAs) and barrier (Ad4dngsAs) widths. Material parameters

considered in this work are: electron effective mass (Ga 44ngsAS)
where the magnetic fielB is applied in they direction, the  =0.043mg, m* (AlggnesAs)=0.078my; the conduction-band disconti-
vector potential isA=(Bz,0,0), Vconl(2) is confinement po-  nuity, Up=520meV, the nonparabolicity coefficient,,=1.3<10"**m
for the well andy,=0.39x 10 ®m? for the barrier; and the sheet carrier
density induced by dopingis=2.3x 10'*cm™2. The energy difference be-
3E|ectronic mail: tapash@mpipks-dresden.mpg.de tween the two levels where the optical transition takes place is 132 meV.
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In the case of a charged impurity we assume that all
impurities are in the same two-dimensional plane with posi-
tion z,,,. The potential has the form

e? eflrfRinsc

[ ? \/(I’— Ri)2+(z_zimp)2'

Viis A1) =—

whereR; is the two-dimensional vector describing the posi-
tion of ith impurity, dg. is the phenomenological constant
which describes the screening of the impurity potential by
electrons. In our present calculations we uskg=10nm.
The two-dimensional density of impurities is equalrg,,
=2.3x10"cm 2. The positions of impurities are uncorre-
lated.

To find the emission spectra of the system with the dis-
order potentiaV ys(X,y) we calculate from Hamiltoniafi),
but without the disorder potential, the dispersion of the elec-
tron on the first and on the second subbd#Rd. 1) for a 0 13 1e0 190
given magnetic field. Without any disorder the states are Energy (meV)

characterized by the two-dimensional ~momentum . _
FIG. 2. Luminescence spectra of a quantum cascade structure in the pres-

(nky,fik,). Taking these states as a basis we diagonalize the ; g .
Y7 . . . . L. ence of an externally applied parallel magnetic field, but in the absence of

total Hamiltonian with the given disorder potential in a any impurity.

square geometry of sizk with periodic boundary condi-

tions. The emission spectra are then found from

The wave vectokg is equal to

2
e

kB:%B((Z%—(ZN),

|<w>=<; S(w—E+Ey) férz(z)gl(z)dz

X

2 where(z), is the average position of electrons in subband

>' @ For the system parameters considered H&ig. 1), ({z);

—(z),) is about 5 nm an#g~0.1nmatB=10T.

whereE; , E¢ are electron energies before and after emission;  The position of the maximum of the emission line is
£1(2), &,(2) are wave functions of the electron on the first determined mainly by the transitions from the ground state of
and second subbands; apg(k, ,ky), #:(ky,ky) are the ini-  the single-particle system. Without any disorder, the single-
tial and final wave functions for a given disorder potential.particle wave functions are plane wavesg(Ky  ky) = 5Ky
The summation in Eq(2) is over all final states and over —k,;)8(k,—ky;), with the ground state d=0. Clearly,
occupied initial states. The number of occupied initial states
is determined byN;=L2?/n,, whereng,=2.3x10"cm 2 is
the electron density. The angular brackets correspond to av-
eraging over the disorder potential.

To understand the properties of the emission line of our
system with disorder, we consider the first terms of a pertur-
bation theory in a magnetic fiefdin this case, Hamiltonian
(1) for subbandx can be rewritten as

Ui (o k) (ki k) ok

2+ pi
2m(E)

¢ 2m(E)

e
px+ EB<Z>01 +VdiS(X,y),

where (z) ,= [£,(2)z¢,(z)dz and we disregard the small
diamagnetic term. In this case, the energy spectra in the non-
zero magnetic field is the same as for the zero magnetic field
and the wave functions differ only by a phase factor, which
corresponds to a translation ik space of the vector
(eBlfc(z),,0). The main effect is on the emission spectra
because the intensity of the optical transition from the initial . . ) .
statei to the final statef is proportional to the overlap be- 100 130 160 190
tween ¢;(ky ,ky) and ¢;(k,—kg,ky), wherey; and ¢ are Energy (meV)

the wave functions of the initial and final system, respec- _ _

tively, in the absence of a magnetic field FIG. 3. Lummesce_nce sp_ectra ofa quantum_ cascg_de _structure in the case of
(a) charge-neutral impurities an@) charged impurities in the presence of

2 an externally applied parallel magnetic field. The solid and dashed curves

_ * are explained in the text. The experimental results of Ref. 4 are shown as an

Iif_ ¢i (kXiky)(ﬂf(kx_kB I(y)dkxdky : (3) inset. P P
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the allowed transitions are then only from the ground stateshows a rapid decrease in the presence of disorder and high
(ky=0) of the upper subband to the excited stat&g ( fields because of the small overlap in E§).
=kg) of the lower subband, resulting in a redshift of the The small blueshift in Fig. ®) is due to the band non-
emission line in a magnetic field. A strong enough disordeiparabolicity. At zero magnetic field the nonparabolicity of
will localize the lowest states. If the localization length is the band structure allows the transitions from the ground
smaller than Mg, then the overlap between the initial state to the exited states. The magnetic field redistributes the
ground state to the final ground state is large and the transtransitions and increases the intensity of the transition into
tion from a ground state to a ground stdtiéfferent sub- the ground state, which results in the small blueshift in Fig.
bands of the system is strong in a magnetic field and the3(b). From our results it is clear that in a QCL device,
redshift of the emission line is suppressed. magnetic-field-induced luminescence speciran only be

In Fig. 2, the emission spectra are shown for the systenobserved in the absence of strong disorder, i.e., devices with
without disorder for two values of the magnetic fields. Thehigh electron mobility or for wider quantum wells.
large redshift, as expected, is clearly seen in Fig. 2. In Fig. 3, i .
the emission spectra are shown for the system with disorder. | € authors thank P. Fulde for his support and kind hos-
In Fig. 3@), where the disorder is charge neutral, the soligPit@lity in Dresden and Spihane Blaser for valuable discus-
curves correspond t¥,=30meV andl,=5nm, and the SIONS On his experimental results.
dashed curves correspond\g=20 meV andl ;=5 nm. In
Fig. 3(b), the disorder is due to the charged impurity and the
solid and dashed lines correspond to the separation between. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
the impurity plane and the 4.2 nm quantum wélig. 1) at 3 Cho, Science264, 553 (1994.

) 2 . T ) )
and 4 nm, respectlvely. In both cases we see a Iarge suppresg' Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson, and A. Y.

. . . . .. . Cho, Appl. Phys. Lett66, 538(1995.

sion Qf the redSh_'ft F’bserved _'n F'g' 2. The emission line for 3Proceedings of the Fifth International Conference on Intersubband Tran-
the high-magnetic-field case is almost at the same energy asitions in Quantum Wells, edited by M. Helm and K. Unterrainer, Physica
for the zero-field case, and in Fig(8 there is a small blue-  E (Amsterdam, Vol. 7, Nos 1-2(2000. _

shift of the peak. These results are qualitatively in agreementsz'O%'ase" L. Diehl, M. Beck, and J. Faist, Physica/gnsterdam 7, 33
with the experimental data of Ref. 4 shown as an inset in Fig.sy. apaikov and T. Chakrabortyunpublishei

3. Further, in Fig. 3 the intensity of the luminescence peak®w. Beinvogl, A. Kamgar, and J. F. Koch, Phys. Rev1g 4274(1976.
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