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ABSTRACT

We report on our study of the effects of external magnetic field on the intersubband optical transitions in
quantum cascade systems. We address the properties of two types of cascade structures: terahertz quantum
cascade lasers and quantum dot infrared photodetectors. In both cases we study the optical properties of active
regions of the systems: optical emission in the case of quantum cascade lasers and optical absorption in the case
of photodetectors. The new features and new peaks in the optical spectra appear in the tilted magnetic field for
quantum cascade lasers and in the parallel magnetic field for quantum dot photodetectors. In the relation to the
possible spintronic application of cascade structures we study interplay of spin-orbit and magnetic field effects in
cascade systems. If spin-orbit coupling is strong enough then at finite parallel magnetic field the optical emission
spectra of quantum cascade lasers have two-peak structure.
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1. INTRODUCTION

Quantum cascade structures (QCS) consist of specially designed superlattices of quantum wells, quantum dots,
or their combinations. Optical transitions between the subband levels of dimensional quantization in the growth
direction of the QCS occur within the active region. In these subbands, motion of electrons in the growth
direction is frozen and electron motion is, to a good approximation, two-dimensional in the quantum wells and
zero dimensional in the quantum dots. The examples of quantum cascade structures are quantum cascade lasers’
and quantum well? or quantum dot® infrared photodetectors.

In the case of quantum cascade lasers (QCL) the active region consists of few specially designed quantum
wells. In the initial state the electrons are in the excited subbands and the optical transitions resulting in
photon emission occur between the excited and the ground subbands of active region. In the photodetectors the
electrons initially are in the ground state of the active region. The optical transitions with absorption of photons
are between the ground and excited states of active region.

The optical transitions in quantum cascade systems occur between the discrete subbands or discrete levels
of dimensional quantization, resulting in emission or absorption of light at discrete frequencies. In this relation
it becomes very important to tune the optical frequency for a given configuration of cascade system. One of
the ways to tune the optical properties of QCS is to apply an electric field, i.e. bias voltage, along the growth
direction of QCS. In this approach the bias voltage will not only shift the relative positions of energy levels in
active region of QCS and correspondingly the response frequency, but also modify the current through the system.
Here we consider another approach to the problem of tuning of optical properties of QCS. This approach is based
on application of magnetic field to quantum cascade structures. The effect of magnetic field on the optical and
transport properties of quantum well structures has been studied extensively for different systems.®® The main
effect of parallel magnetic field is the momentum shift of the electron dispersion. This fact can strongly influence
the processes, such as tunneling and optical transitions, where conservation of two-dimensional momentum is
involved. In optics this results, for example, in the shift of quantum cascade laser lines and its broadening,®
although the disorder can suppress the effect of magnetic field.”

In the present paper we study the effects of magnetic field on the optical transitions for specially designed
systems of quantum wells and quantum dots, which are the building blocks of quantum cascade lasers and
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quantum dot infrared photodetectors. We restrict the systems only by their active region and do not address the
question of how magnetic field affects the rates of escape of electrons from active region and trapping of electrons
into the active region. In the case of photodetectors the escape process usually has the tunneling nature, i.e.
under applied bias voltage the electron tunnels through the potential barrier into the continuous states and
contribute to the photocurrent. The parallel magnetic field introduces additional potential barrier, which should
suppress the tunneling and correspondingly the escape rate.® For some parameters of photodetectors the main
channel of escape tunneling is the phonon assisted tunneling. In this case the emission of the phonons suppresses
the potential barrier due to magnetic field. Then the tunneling rate can have weak dependence on magnetic
field .®

We analyze the optical properties of QCS in magnetic field for a few typical geometries of active region. The
Hamiltonian of the system is written in the effective mass approximation and then the wavefunctions and energy
spectra are found numerically for a finite size system. With the known wavefunctions and energy spectra the
optical spectra can be easily found. The magnetic field, B, introduces an additional length scale - magnetic
length, lp = (hc/eB)%. Here e is the absolute value of electric charge. We should expect the new magnetic
field related effects when the characteristic size of the system, i.e. the width of the wavefunctions or the spatial
separation between different wavefunctions, becomes of the order of magnetic length. In this case we should
expect the modification of optical spectra of quantum cascade structures.

The paper is organized as follows. In Sect. 2 we discuss the effects of magnetic field on the optical transitions
in terahertz quantum cascade lasers. The specific feature of terahertz cascade lasers is that their active regions
have large spatial size. Therefore the energy and optical spectra of active regions become very sensitive to external
magnetic field. In Sect. 3 we study the properties of quantum cascade lasers with strong spin-orbit interaction.
We show that even with spin-orbit coupling the optical spectra are not modified at zero magnetic field. At
finite parallel magnetic field the optical spectra have two-peak structure, which is completely due to spin-orbit
interaction. In Sect. 4 we present the analysis of optical spectra of quantum dot infrared photodetectors in
parallel magnetic field. The presence of quantum dot in the active region make the system more sensitive to the
parallel magnetic field. Concluding remarks are presented in Sect. 5.

2. QUANTUM CASCADE LASERS: TILTED MAGNETIC FIELD

Here we consider the active region of quantum cascade laser (QCL) and study the optical properties in the regime
of terahertz (1-10 THz) radiation.?~'? This regime is very important for development of THz sources with high
radiation intensity. The typical energy scale of the energy spectra of the active region of terahertz QCL is about
10-20 meV. Such energy scale can be achieved only in the systems with large size of active region, which is about
50 nm. Due to large size of active region and correspondingly large width of the wavefunctions the observable
effects of magnetic field should be expected at small magnetic fields around 1-3 T. This is opposite to the case of
high frequency QCL where the characteristic magnetic field” of the quantum cascade structure is around 10 T.

Analyzing the behavior of electron in magnetic field we can conclude that there are two major effects related
to application of magnetic field to the system of quantum wells. The first one is due to parallel magnetic field. If
the field is weak enough than it can be considered as a perturbation and results in the shift of 2D dispersion law
in the momentum space. The shift is different in the different subbands of active region. Finally, in the optical
spectra this results in the blue shift and broadening of the emission line.” This picture is valid until the magnetic
length is much larger than the typical width of the structure. Another effect is related to perpendicular magnetic
field. The application of perpendicular magnetic field results in Landau quantization of electron motion in 2D
plane. During the optical transitions there is conservation of Landau level index. Without taking into account
the other non-optical transitions between subbands, i.e. due to optical and acoustic phonons, we can say that
perpendicular magnetic field will not modify the emission spectra.

It was shown that application of tilted magnetic field results in new interesting effects.’®> An externally
applied magnetic field that is tilted from the direction perpendicular to the electron plane provides two magnetic
field components: The parallel component of the field causes a shift in the energy dispersion as described above.
The perpendicular component, on the other hand, causes quantization of the subbands. Because of the shifts of
the center of the Landau orbit in the momentum space, combined intersubband-cyclotron transitions, in addition
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Figure 1. The conduction band of active region of quantum cascade laser is shown schematically for GaAs/Alo.15Gap.s5 As
structure. The numbers show the width of corresponding regions in A.

to the usual intersubband transitions, are allowed.'415 The detailed calculations” indicate that as the subbands
quantize into discrete Landau levels, new luminescence peaks in QCL appear that correspond to those new
transitions. The peaks exhibit a prominent red shift but can be made as sharp and large as the zero-field case
by tuning the applied magnetic field.

The situation in terahertz QCL is more complicated, since the system becomes more sensitive to the external
magnetic field. This is due to a larger size of the active region or a smaller energy scale within the active region
of QCL. Below we present our analysis of the optical spectra of terahertz QCL.

The typical active region of terahertz QCL!? is shown schematically in Fig. 1. Due to quantization of electron
motion in z-direction there are 5 subbands within active region of QCL. The optical transitions occur between
the 5th and 4th subbands, i.e. initially electrons occupy the 5th subband. We describe the system within an
effective mass approximation. With the tilted magnetic field the Hamiltonian corresponding to the active region
of QCL has the following form

-

., €= 1 - £
H=(5+ EA) T (5+ CA) +V(2), (1)
where V(z) is the potential describing the conduction band profile, shown in Fig. 1; m” is an electron effective
mass, which depends on the material, and A = (2B),zB 1,0) is a vector potential. Here the magnetic field

has only y and z components, B = (0, By, B1). We also characterize magnetic field by the magnetude, B, and
tilt angle, §: By = Bsin(8), B, = Bcos(8). In y direction the system is translational invariant and the states
are characterized by y component of the electron momentum. The electron dynamics in z and z directions are
coupled. We find the corresponding energy spectra and wavefunctions numerically for a finite-size system. Then
the emission spectra is found from the expression

' 2
W) =1 fik, Y t f dpdzvyy (5, 2)205k, (5, 2)| O (Eik, — Efk,) (2)

iky f

where j = (z,y) is the 2D vector, and the sum over the initial states, i, goes over all occupied states. In Eq. (2)
we assumed that electrons in the inital state, i.e. before optical transitions, are in the quasiequalibrium, which is
characterized by chemical potential, u, and the Fermi distribution function f;k,. To find the initially occupied
states and correspondingly the distribution function fix, in the magnetic field we calculate the projection, p;,
of each state i on the 5th subband of active region. where the states of the 5th subband are calculated at zero
perpendicular component of magnetic field. Then we assume that in the initial state of the electron system the
possible occupied levels are those with p; > 0.5. Based on this criterion we calculate the chemical potential.
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Figure 2. The electron probability density, [x(2))?, is shown for the first 5 subbands of active region of QCL illustrated
in Fig. 1 and for different values of parallel magnetic field: (a) By = 0 T; (b) By = 1.5 T; (c) By = 3 T. The perpendicular
component of magnetic field is zero. The dashed lines show the positions of quantum wells (see Fig. 1).

4, corresponding to electron 2D density N. In the calculations below we assume that N, = 10'® cm~? and
temperature is 50 K.

The subband wavefunctions of active region of terahertz QCL is very sensitive to the value of parallel magnetic
field. At zero perpendicular magnetic field the wavefunctions can be classified by 2D momentum in the (z,y)
plane and can be written as x;(z) exp(iEﬁ'}, where x;(z) is the ith subband wavefunction, which has strong
dependence on parallel magnetic field. This dependence is shown in Fig. 2. We can see that the envelope
functions for the first and second subband remain almost the same up to magnetic field 3 T. Only at 3 T
(Fig. 2c) we have the mixture between the first and second subbands. At the same time the subbands with the
higher energy have very strong dependence on the parallel magnetic field. The mixture between these subbands
is strong already at 1.5 T (Fig. 2b). As we mentioned before the origin of such strong dependence is the large
size of active region of QCL and correspondingly the large width of subband wavefunctions.

In Fig. 3 we present the results of calculation of optical emission spectra. The most pronounced magnetic
field effects are at field 3 T. At lower magnetic fields we can see the small structure due to Landau quantization
of 2D motion induced by perpendicular component of magnetic field. In Fig. 3a the results are shown for
B = 2 T and different tilt angle. With increasing tilt angle we can see the formation of the second peak in the
emission spectra, corresponding to optical transitions between different Landau levels of different subbands. The
separation between the peaks is small due to small values of magnetic field and finally the second peak disappers
at large tilt angle. At higher magnetic field, B = 3 T (Fig. 3b), the tendency remains the same but the peaks
become more pronounced. At intermediate tilt angle the peaks can be resolved and clear two-peak structure can
be observed. At larger tilt angle there is a single strong peak and many small peaks in emission spectra. Finally,
at 8 = 90°, i.e. at parallel magnetic field, we should expect a single peak.

In Fig. 3¢ we present the different way to apply the tilted magnetic field. In this case we fix the parallel
component of magnetic field equal to By = 3 T and change the perpendicular component of magnetic field.
Therefore, with increasing B, we increase both the tilt angle and the magnitude of magnetic field. Similar to
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Figure 3. Emission spectra of active region of QCL is shown at tilted magnetic field. (a) the magnetude of magnetic field
is B = 2 T, the numbers by the lines are tilt angles; (b) the magnetude of magnetic field is B = 3 T, the numbers by the
lines are tilt angles; (c) the parallel magnetic field is By = 3 T, the numbers by the lines are the values of perpendicular
magnetic field, B..

Fig. 3b the two-peak structure is clearly seen.

Summarizing the above analysis we can conclude that application of tilted magnetic field to the terahertz QCL
results in formation of many peak structure. Usually only two peaks can be resolved with the typical separation
between the peaks around 5 meV. Due to large size of the active region of terahertz QCL the magnetic field at
which new peaks can be observed is rather small and around 3 T.

3. QUANTUM CASCADE LASERS: SPIN-ORBIT INTERACTION

As it was mentioned above, application of parallel magnetic field to QCL results only in the shift and some
broadening of emission line. No additional structure in the emission line should emerge. Here we show that this
statement is not exactly true. Additional peak in emission line can be observed in QCL system if there is a
strong spin-orbit (SO) interaction in the active region of QCL. In this case the two-peak structure exists in the
parallel magnetic field, while at zero magnetic field there is still a single peak. Therefore, the two-peak structure
in the emission line can be observed if the parallel magnetic field is applied to the quantum cascade system with
strong SO coupling.'® Below we assume that SO coupling in the active region of QCL is due to asymmeiry of
confinement potential.!” Many novel effects that are entirely due to the SO interaction have been proposed and
some are observed experimentally.'®>!

The physical origin of SO-induced two-peak structure in the emission spectra is the following. The electron
states within each subband of active region of QCL are characterized by a two-dimensional momentum, hik.
The optical transitions between subbands are allowed only between the states with the same momentum k and
the same spin projection. Since the SO interaction couples the orbital motion and spin, one would expect
that the SO coupling should produce two types of optical lines, corresponding to transitions between the same
spin orientation of the two subbands and between the different spin orientations. However, for a weak enough
disorder only one type of transition is allowed. This is because, for the SO interaction a(k x &), where a is the
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Figure 4. Emission spectra for different values of the parallel magnetic field and for a, = —a; = 45 meV-nm (left panel)
and the corresponding energy spectra of upper and lower subbands as a function of k. for k, = 0 (right panel). States
with a positive value of y projection of spin are shown by solid lines, and with a negative value are shown by dotted lines.
The arrows illustrate two types of transitions which results in two-peak structure of emission spectra. The letters “u”
and “I” next to the lines stand for upper and lower subbands, respectively.

SO coupling constant, & is the spin operator, and 7i is the unit vector normal to the two-dimensional plane,'”
the spin direction is correlated with the direction of momentum, and the spin states will be characterized by
definite values of the chirality, i.e. the spin projection on the direction perpendicular to k. For a weak disorder
the optical transitions are allowed only between the states with the same k. Then the requirement of spin
conservation during optical transitions allows only transitions between the states with the same chirality, i.e.
only a single optical line should be observed. To observe the two optical lines we need to modify the energy
spectra of electrons in different subbands. One way of doing this is by applying a parallel magnetic field. To
understand the basic factors which determine the shape of emission line we consider below only two subbands
in the active region of the QCL and disregard the effect of parallel magnetic field on the electron dynamics in z
direction. Electrons in these subbands will have different positions in the growth direction of the QCL. In other
words we assume that z, = (z) (the average value of z for the upper subband) is different from z; = (z) (that of
the lower subband). The values of z, and z; depends on the structure of the QCL and on the applied voltage. We
will consider these quantities as parameters. The wavefunctions of electrons in the upper and lower subbands
will then have the form U,(z,y,2) = Yu(z,¥)xu(z) and Ui(z,y,z) = ¥i(z,y)x1(z). The emission spectra of
the QCL is determined by the optical transitions between the upper and lower subbands. The intensity I of
these transitions is proportional to | {xu|z |x1) (¢¥u|¥1) |?. Since the SO coupling should manifest itself in the
(z, y)-planar dynamics we shall study below only the (z,y) part of this expression. To get a large SO coupling
the quantum wells in the active region of QCL should be asymmetric. For such a structure the observed values
of the SO coupling constant lie in the range of 5 - 45 meV-nm.?%-2!

In the Hamiltonian (1) we keep only the terms which characterize the dynamics of electrons in z — y plane.
Then with SO coupling and parallel magnetic field the electron dynamics in the sth subband is described by the
following Hamiltonian

o g (7 £0) "+ 5 (] <) 5+ Jomn, 0

where the index s = u,[ stands for upper and lower subbands respectively, & = (0z,0y,0:) is the vector of
Pauli spin matrices, a, is the SO coupling constant for an electron in the s-th subband, m* is the electron
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effective mass, which we assume is the same in both subbands, and the magnetic field is applied in § direction.
In Eq. (3) we have made an important assumption that the SO coupling is different in different subbands. Only
in this case we could get the well-resolved two-peak structure of the optical spectra. Different values of « in
different subbands correspond to diagonal transitions in active region of QCL, i.e. the electrons in upper and
lower subbands are localized in different quantum wells. As a next step we introduce the gauge A = (Bz,0,0)
and replace z by its average value z, for the s-th subband. Then the eigenfunctions of the Hamiltonian [Eq. (3)]
are classified according to the chirality, x = %1, and form two branches of the spectrum

E {E)-»i K2+ (ko + 2 ’ + Ka k+-+lg“BB + k2 (4)
BENET DmE O 12 . % 2 a v
The corresponding eigenfunctions are
b (E) - i k etk=z+ikyy (5)
9,5 V2 \ —ikexp (iés,’:) )

where the angle ¢,k is related to k as

k!n'
ks +25/l} + 39uBB/as’

tan @ LES

(6)

Taking into account the spin conservation during the optical transitions we can write the emission spectra as

&) = & [ 5o 2 Zf[ B (O] [ Rt F)] 8 (B (F) — B () — 1)

= I (2 }2 Z f[ um(k)] |1 + Kkge(Pui=d ;]| 5( oy (K) = Eiq (K) — ) (7)

where f(e) = 1/[exp(e — ur)/kpT + 1] is the Fermi distribution function for electrons in the upper subband with
the chemical potential ur, which corresponds to electron density N, and temperature T'.

It is easy to see that at both zero and large magnetic fields the optical transitions are allowed only for x; = o,
Le. between the states with the same chirality x. Transitions between different spin branches are allowed only at
intermediate values of magnetic field. The existance of different types of optical transitions results in two peak
structure of emission line. Below we show that the maximum separation between the peaks will occur when the
SO coupling constants a, have different signs in the upper and lower subbands.

To analyze the possibility to observe SO-induced two-peak structure of the emission spectra of a QCL we
have calculated the optical spectra from Eq. (7) for the density of electrons on the upper subband N, = 100
cm™-. To have the largest SO coupling constant, a ~ 45 meV-nm, we assume that the QCL is based on the
narrow gap semiconductor,? i.e. InAs (m*/m = 0.042 and g = —14). We have also fixed the difference |z, — z|
at 3 nm and study the optical spectra as a function of the magnetic field. For illustration purpose we introduce
the finite energy difference between the energy levels (upper and lower subbands) of the size quantization in the
z direction to be 20 meV. This means that without the SO coupling and without a parallel magnetic field the
emission spectra consists of a single line centered at 20 meV.

In Fig. 4 the emission spectra are shown for a, = —a; = 45 meV-nm and for different values of the parallel
magnetic field. In the right panel the energy spectra of the upper and lower subbands are shown as a function of
k. for ky = 0. For ky = 0 the electron subbands can be classified by the definite value of y-projection of the spin,
oy. The solid lines correspond to the positive value of spin, while the dotted lines correspond to the negative
values. Transitions resulting in the two-peak emission spectra are shown by arrows in Fig. 4. At small values
of the magnetic field these peaks almost coincide and emission spectra has a single peak with a small shoulder.
Eventually, with increasing B two peaks can be resolved and at B =~ 2.2T they have the same intensity. At a
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Figure 5. Emission spectra for different structure of active region of QCL, which result in different values of SO coupling
in upper and lower subbands: (a) &y = —a, = 45 meV-nm, (b) a,, = 0 and a; = 45 meV-nm, (¢) &1 = ay = 45 meV-nm.
The schematic illustration of corresponding active regions are shown as an inset.

larger B the intensity of one of the peak will be suppressed and the optical spectrum again acquires a single-peak
structure.

The condition a, = —ay results in the largest difference between a, and o, i.e. a, — o = 2a,, and the
strongest. separation between two peaks in the optical spectra. For smaller difference between a, and a; the
two-peak structure becomes less pronounced and finally it will disappear at a, = «;. The evolution of the
two-peak emission spectra with decreasing difference between a, and q is shown in Fig. 5. For a,, = 0 and
a; = 45 meV-nm the strongest effect that we can get at some value of the magnetic field is the shoulder in the
emission spectra [Fig. 5(b)]. For a,, = ay, and for all values of the magnetic field there is only a single peak
[Fig. 5(c)]. While in this case there are also two types of transitions, the width of the corresponding peaks are
larger then the separation between them. The inset in Fig. 5 illustrates schematically the structure of two wells
which gives the corresponding relation between the SO coupling, where the upper and lower states are localized
in different wells.

To summarize, we have shown that in order to observe the two-peak structure, the quantum wells constituting
the active region of a QCL should be asymmetric and optical transitions should be diagonal. The next important
condition is that the SO couplings in different quantum wells should be different. In this case a two-peak emission
line can develop within a certain interval of the parallel magnetic field. This interval is determined by interplay
of Zeeman and SO terms in Hamiltonian 3, where Zeeman term is always suppresses two-peak structure.

4. QUANTUM DOT PHOTODETECTORS: PARALLEL MAGNETIC FIELD

In the infrared photodetectors the main optical process is the light absorption, so in the initial state the electron
system is in the ground state of the active region. There are different types of infrared photodetectors: quantum
well infrared photodetectors,? quantum dot photodetectors,® and dot-in-a well photodetectors.?>23 The differ-
ence between them is in the structure of active region. To cover different types of optical transitions in infrared
photodetectors we will study the dot-in-a well photodetectors.?? In this type of photodetectors the active region
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Figure 6. Infrared photodetector with dot-in-well geometry is shown schematically. The structure is shown along the
growth direction. The numbers 1", 2", and ngit gand for GaAs, In;Gay—rAs (quantum well), and InAs (quantum
dot), respectively. For concreteness we choose z = 0.15.

consists of usually a single quantum well. Within this quantum well 2D array of quantum dots is grown. The
structure is shown schematically in Fig. 6. In the ground state without any external illumination each quantum
dot is occupied by 1 or 2 electrons. Under an illumination the electrons are excited into higher energy states.
The photodetector shows the response to three different wavelength corresponding to three different types of
optical transitions. All transitions occur from the ground state of the dot. The different optical transitions are:
(i) bound to bound transitions from the ground state into the excited state of the same dot; (ii) transitions from
the ground state of the dot to continuous states of quantum well; (iii) and the transitions from the ground state
of the dot to the 3D continuous states of the system. Below we study the effect of magnetic field only on the
first two types of optical transitions.

To calculate the photoabsorption rate we assume that electric field, i.e. the bias voltage, is zero. Then we
find numerically the energy spectra and corresponding wavefunctions of a single active region of photodetector in
parallel magnetic and calculate the optical absorption from the ground state of active region. The Hamiltonian
of the electron in active region of photodetector, shown in Fig. 6, has the form similar to Eq. (1)

H=(5+eA) gl,; (5+ed) +V(z,y.2), (8)
where A = (Bz,0,0) and magnetic field is applied in the 7 direction. The potential V(z,y, z) in Eq. (8) depends
now on all the coordinates, z,y, and z, and describes the quantum dot and quantum well structure (see Fig. 6).
We assume below that quantum dots have pyramidal shape with the sides of the base parallel to z and y axis.
The size of the dot is characterized by the size of the base D and the height of the dot h. Below we take h equals
to half of the size of the base D, h = D/2. In growth (z) direction the system is characterized by parameters
21, 22 — 21 (region of QD), and z3 — 22, see Fig. 6. The size zp — 21 is equal to the sum of the height of the dot
and the width of wetting layer, 1.24 ML. Below we take the typical values for these parameters: z; = 2 nm and
23 — 29 = 6 nm. The width of GaAs layers introduce the finite size of the system. For both layers we take 10
nm. The size of the system in (z,y) plane was D+ 30nm in both z and y directions. We used periodic boundary
conditions in (z,y) plane. As a next step we find numerically wavefunctions, ¥;(), and energy spectrum, E;,
corresponding to Hamiltonian (8) for a finite size system replacing the derivatives by finite differences. The
corresponding Hamiltonian matrix is sparse. To diagonalize the matrix we used Arnoldi-Lanczos algorithm.

With the known wavefunctions we find the optical absorption spectra from the following expression

2
§(Ey — Ei — hw), 9

L) = Y| [ i@
I
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Figure 7. Absorption spectra corresponding to optical transitions from quantum dot to quantum well states are shown
for different sizes of quantum dot and different values of parallel magnetic field: (a) D = 12 nm; (b) D = 20 nm. Numbers
by the lines are the magnetudes of magnetic field.

where ¥; and E; are the wavefunction and the energy of the initial state, which is the ground state of the system.
In Eq. (9) the light is polarized in z direction. This is the one of the main advantage of quantum dot infrared
photodetector over the quantum well one. Namely, the quantum well photodetectors can absorb, similar to QCL,
only z-polarized light, while the quantum dot photodetectors can absorb both z- and z-polarized photons. Below
we assume that the light is z-polarized.

The results of calculations are shown in Figs. 7 and 8. In Fig. 7 we analyze the optical transitions from the
bound state of the dot to the continuous states of quantum well. Both for small quantum dots, D = 12 nm,
and for large quantum dots, D = 20 nm, the tendency is the same. At zero magnetic field there is mainly a
single peak in the absorption spectra. Application of parallel magnetic field introduces new transitions at low
frequency at intermediate magnetic field, B ~ 5 T. This results in the two-peak or many-peak structure in the
absorption spectra. Finally, at large magnetic field the absorption spectra again have a single peak structure.
The peak is red shifted from the zero magnetic field one. The shift is about 10 — 15 meV. The optical spectra
depend on the properties of initial and final states. As we have seen for quantum well structure (see Fig. 2) the
ground state has weak dependence on the parallel magnetic field. The reason for weak dependence is the small
size of the ground state. In the case of quantum dot-in-a-well detector the ground state has even smaller size
because it is localized in the quantum dot. Therefore, for quantum dot photodetectors the ground state can be
considered as independent on magnetic field. In this case the transformation of absorption spectra in magnetic
field is due to dependence of the final states of the system on the magnetic field.

In Fig. 8 we present the optical transitions within quantum dot states, i.e. transitions from the ground state
of quantum dot into excited states of the same dot. For small quantum dots there is only one excited state in
the dot. We have found that in this case the effect of magnetic field on optical absorption is very small. For
large quantum dots there are many states in the dot. The main transition is to the first excited state. At zero
magnetic field transitions to higher excited states are usually strongly suppressed due to optical selection rules
and due to different symmetries of excited states of the dot. Application of parallel magnetic field results in the
mixture of states with different in-plane symmetry, which increases the intensity of transitions to the excited
states of the dot. This behavior is illustrated in Fig. 8(a) for D = 20 nm and in-plane polarization of external
light. At zero magnetic field there is small peak at =~ 280 meV. With increasing magnetic field strength we can
see the increase of the transition probabilities to other excited states. The positions of these peaks have weak
magnetic field dependence, but the heights of the peaks increase with increasing magnetic field.

The properties of the main peak at ~ 99 meV, which is much stronger than all high frequency peaks, is shown
in Fig. 8(b). We can see that the shape of the peak does not depend on the magnetic field. The only effect of
magnetic field is very small (~ 1 meV) red shift of the peak at high magnetic field.
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Figure 8. Absorption spectra corresponding to optical transitions within a single quantum dot are shown for different
values of magnetic field and in different frequency regions. (a) high-frequency transitions; (b) low frequency peak,
corresponding to the main optical transition in the active region of photodetector. Numbers by the lines are the values
of magnetic field. The size of quantum dot is D = 20 nm.

5. CONCLUSION

Tuning of optical properties of quantum cascade systems can be realized by applying magnetic field to the
system. The most interesting effects should be expected in the parallel or in the tilted magnetic fields. In the
case of quantum well cascade structures, i.e. the active region consists of specially designed set of quantum
wells, the combined intersubband-cyclotron transitions can be seen in the optical spectra in the tilted magnetic
field. Such transitions result in the multi-peak structure of emission and absorption optical lines of quantum
cascade systems. By changing the tilt angle one can change the positions of peaks and their relative strength.
In the parallel magnetic field there is only one peak in the optical spectra, which is broadened and shifted
compared to zero field peak. The optical line is red shifted in the case of emission and blue shifted in the case of
absorption. The absence of multi-peak structure in the parallel magnetic field is due to translational symmetry
of the quantum well cascade system in z —y plane. If within the active region of cascade structure there is strong
spin-orbit coupling then even the parallel magnetic field produces two peaks in the optical spectra. This picture
describes both the quantum cascade lasers and quantum well infrared photodetectors.

If the system does not have 2D translational symmetry, which is the case of quantum dot infrared photode-
tector, then the effect of magnetic field on the optical spectra becomes more complicated. Even for parallel
magnetic field the absorption line has new features. For the optical transitions within the same quantum dot the
optical spectra has multi-peak structure. Each peak corresponds to optical transitions to different bound states
of quantum dot. The parallel magnetic field increases the intensity of high frequency transitions but has very
weak effect on the relative positions of absorption peaks. For the transitions between bound state of the dot and
continuous states of the active region of infrared photodetector the parallel magnetic field shifts the absorption
line into low frequency and introduces new absorption peaks in the optical spectrum.

The observable effects of magnetic field on the optical spectra of quantum cascade systems should be expected
when the characteristic spatial parameters of active region of the cascade structure becomes of the order of
magnetic length.
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