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Band structure analysis holds significant importance for understanding the optoelectronic characteristics of semicon-
ductor structures and exploring their potential applications in practice. For quantum well structures, the energy of carriers
in the well splits into discrete energy levels due to the confinement of barriers in the growth direction. However, the discrete
energy levels obtained at a fixed wave vector cannot accurately reflect the actual energy band structure. In this work, the
band structure of the type-II quantum wells is reanalyzed. When the wave vectors of the entire Brillouin region (corre-
sponding to the growth direction) are taken into account, the quantized energy levels of the carriers in the well are replaced
by subbands with certain energy distributions. This new understanding of the energy bands of low-dimensional structures
not only helps us to have a deeper cognition of the structure, but also may overturn many viewpoints in traditional band
theories and serve as supplementary to the band theory of low-dimensional systems.
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1. Introduction

The band theory is one of the important theories
in the semiconductor physics and device field,!! and the
band structure analyzing of the semiconductor holds sig-
nificant importance for further understanding the optoelec-
tronic characteristics and exploring its potential applications
in optoelectronics.[>**#*! Tn turn, it is also possible to ma-
nipulate the band structure to achieve the desired properties

671 strain!®-101 and

through doping,’ composition change,!
quantum confinement,!'"'? for special application require-
ments. Among the above methods, quantum confinement can
only be achieved in low-dimensional systems, and various
devices with adjusted wavelengths and high conversion effi-
ciency have been developed with band engineering.!!3-16! Un-
fortunately, the confinement behavior of carriers is harmful to
develop high-performance optoelectronic devices based on in-
terband transitions in classical theory, which believes that the
photo-generated carriers in the low-dimensional materials can-
not escape from the potential well to form the photocurrent
due to the quantized energy levels.!!”! Fortunately, in recent
years, we have experimentally observed great carrier extrac-
tion efficiencies (more than 90%) in InGaN multi-quantum
wells (MQWs),18-201 [nGaAs MQWs, 21221 and other low-
dimensional materials systems[?>*?* in PIN structures. The
relevant experimental data and simulation results indicate that
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the carriers in the well are not confined, but escape from the
well.[?5] Furthermore, most of the escaped carriers do not
originate from the thermal excitation®®! or tunneling.*’! It
is evident that the quantized energy levels of MQWs struc-
ture analyzed from the traditional band theory cannot explain
this unconfined behavior, and thus the energy band of two-
dimensional QWs urgently needs a reanalysis.

Generally, there are three different types of MQWSs struc-
tures depending on the band alignment differences at inter-
faces between the barriers and wells. In the type-II band align-
ment, electrons and holes are confined in different layers. >
In this work, we have reanalyzed the band structure of the
type-II MQWs.
classical band theory at a fixed wave vector, the reanalyzed

Unlike discrete energy levels given in the

energy band structure in this paper consists of subbands with
certain energy distributions when the wave vectors of the en-
tire Brillouin region (corresponding to the growth direction)
are taken into account. As a new understanding of the en-
ergy band structure, it may overturn our previous recognition
of quantum properties and serve as supplementary to the band
theory of low-dimensional systems.

2. Results and discussion

The MQWs structure is a multilayer structure formed by
alternating two nanofilms with different components. For the
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type-II MQWs structure, both the conduction-band edge and
the valence-band edge of one material are lower than the cor-
responding band edges of the other material, resulting in elec-
trons being confined to one material and holes being confined
to the other, as shown in Fig. 1(a). Figure 1(a) is a schematic
diagram of the energy bands of the type-II MQWs structure in
real space. The discontinuity in the conduction-band edges of
materials A and B confines electrons to material B, whereas
the discontinuity in their valence-band edges confines holes
to material A. According to the traditional band theory, the
energy in the MQWs is split into discrete energy levels due
to the quantum confinement effect. The red and green lines
represent the quantized energy levels of electrons and holes,
respectively, where the hole energy levels consist of light hole
energy (light green line) and heavy hole energy (dark green
line) due to the interaction of valence bands. It should be em-
phasized that during the process of obtaining the quantized en-
ergy levels based on the classical band theory in Fig. 1(a), a
fixed k vector with extreme energy is selected as a representa-
tive to display the quantum behavior for simplification, while
the other part in the dispersion is ignored. Although this sim-
plified approach has been widely accepted and has confirmed
its practicality in certain scenarios, the quantized energy lev-
els obtained at a fixed wave vector cannot accurately reflect
the actual energy band structure. The neglected parts should
be reconsidered to have a more comprehensive representation
of the band structure in type-II MQWs structure.

The energy dispersions of the materials A and B are given
in Fig 1(b). Based on the phase equilibrium conditions, it is
the chemical potential that determines the alignment of energy

(291 As we can

dispersions for an equilibrium heterojunction.
see, both the electron energy and the hole energy dispersions
of material A are lower than those of the adjoining material
B, which is consistent with the definition of type-II MQWs
structure. The difference in the electron dispersions or hole
dispersions at the same k vector in Fig. 1(b) is called band
offset,?8! which plays a crucial role in confining the motion
of electrons or holes in the well, leading to the quantum be-
havior in Fig. 1(a). Considering all the band offsets at all k
vectors, the real energy of carriers within the entire Brillouin
zone should be the combination of the bulk energy dispersion
and the additional quantized energy levels at all k vectors.

Distinct from the superlattice structure with strong cou-
pling, the coupling between the wells can be ignored in the
MQWs structure due to the thicker barrier layer. *°! Therefore,
the analysis of the energy bands in the MQWs structure can
usually be simplified into the analysis of a single QW struc-
ture. For the type-II MQWs structure in Fig. 1(a), the energy
E. along the growth direction (z direction) in the well consists
of two parts as analyzed above:

E,=EY +E, (1)

where E;’ represents the energy resulting from the interaction
of crystal cells in the bulk material, and E is quantum energy
level caused by quantum confinement.

(b1 Dispersions of bulk material
(a) _
Conduction band ~ Band
c offset Egl
B
Electron 3
Holes mg ) E
Band 82
B I EgZ offset
Valence band
r k
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Fig. 1. (a) The quantized energy levels in real space caused by the quan-
tum confinement in type-II MQWs structure. (b) The schematic diagram
of the energy dispersions of materials A and B in (a) in k-space.

The energy E;’ is only related to the material itself, and
can be calculated using the classical band theory with many
methods, including the tight binding approximation method
(TBA), the orthogonal plane-wave method (OPW), the k- p
method, and the pseudopotential method.?!! The details of
the calculation process are not shown here. As for the quan-
tized energy E? at all k vectors, the issue can be simplified to
solve a one-dimensional potential well with finite depth. The
Schrodinger equation for stationary states on the position basis

in the well is given as!*?!

n d?
o 42 VEs (k) (2) + Vi) (2) WEs(r,) (2)
(k)

= B (k) Vs (k) (2).

0, <3,
V(k ) (Z) = I a (2)
Vik), 52 |z = 3

where mz‘ is the effective mass of the carrier, z is the posi-

k.
tion in the)well, k, is the wave vector along the z direction,
VEs (k) (z) is the wave function of the particle corresponding
to the quantization energy Ezs(kz>, Vik,) (2) is the well poten-
tial, and / is the period thickness of the quantum well, which
is equal to the sum of the well thickness a and barrier thickness
b.

It should be noted that the effective mass mZ‘k”) and the

well-potential V() are both related to k;. The m?kz) can be
obtained by taking two derivatives of the energy E? (k.) with
respect to k. as[®3
e [EeE H<S
O Q26 [ > 3
( a: ) c=E gzhkz3

where EE‘W is the bulk energy dispersion of the well, and E?_b
is the bulk energy dispersion of the barrier.
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The well potential V, ) is determined by the band offset
obtained from the difference of energy dispersions (as shown

in Fig. 1(b)) according to the electron affinity rule: 3433

Vik) = B2 ) — B2 1) @)

Therefore, the corresponding quantized energy levels E} at
different k vectors can be obtained by solving the above
Schrodinger equation (2), which usually consists of writing
the general forms of the wave functions inside and outside the
well and then matching the values and slopes at the boundary
to solve for the unknown constants.

To illustrate the proper band structure of type-II MQWs
structure in a more intuitive way, a schematic diagram of the
real energy dispersion of the structure is provided in Fig. 2(a),
where the superposition process of the bulk energy dispersion
and the quantized energy levels at all k, vectors is clearly
shown. In Fig. 2(a), the green line represents the energy dis-
persion of the bulk material along the z-direction (E;’), where
the lowest energy is at I" point. While the red line signifies the
split energy levels at different vectors due to quantum confine-
ment, for example, the ground state EY,. The total energy at
k. will be the sum of the energy at k; in the green line (from
the bulk material) and the energy at k, in the red line (from
the confinement), corresponding to the energy of the red point
on the blue line (E,(k;)). Obviously, this is consistent with
quantization energy levels at a fixed k, vector obtained from
the classical band theory. However, when all k, vectors in the
Brillouin zone are taken into account, the real energy of carri-
ers (E;) in the QW structure (blue line in Fig. 2(a)) exhibits
a certain range of energy in the whole Brilluin zone. To fur-
ther analyze the energy band of the type-II MQWs structure,
the energy dispersion E; in Fig. 2(a) is transformed into real
space, as depicted in Fig. 2(b). Taking electrons in material
B as an example, the red lines in the well in Fig. 2(b) are the
quantized energy levels of electrons caused by the quantum
confinement at I" point. The energy dispersion E in Fig. 2(a)
becomes a band with a certain energy distribution in the real
space, as shown by the blue shaded area in Fig. 2(b), with the
red line located exactly at the bottom.

(a) : (b)
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B e
5 | B
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Fig. 2. (a) The schematic diagram of energy dispersion Ey consists of
the energy dispersion (E?) of the bulk material and quantization energy
E? at all k; vectors. (b) The energy band structure in the real space for
electrons in the type-II MQWs structure from the energy dispersion E..

Moreover, if the other quantized energy levels are consid-
ered within the whole Brillouin zone, for example, the E?, (Ir)
and E, (I'), their dispersions will be distinguished due to the
difference in the quantized energy levels, as shown in Fig. 3(a).
The three blue curves with colors of light blue, medium blue,
and deep blue represent the dispersions of the ground state
(E), the first state (E;1), and the second state (E;>), respec-
tively. Their energies at I" point, E,o(I"), E;; (I'), and E(I"),
agree well with the quantized energy levels given in the classi-
cal band theory. When these dispersions are transformed into
real space in the same way as described in Fig. 2, the energy
structure of the electrons in type-Il MQWs becomes three sub-
bands (the shaded regions of light blue, medium blue, and deep
blue) arise on the quantized energy levels (bottom red lines), as
exhibited in Fig. 3(b). As for the band structure of holes in the
well of material A, the analysis process is similar. Each quan-
tization energy level of holes is replaced by a band (yellow
shaded area) with an energy distribution when all vectors are
considered. In addition, the energy bands of holes in material
B and electrons in material A without quantum confinement
are also displayed in Fig. 3(b) with green and purple shaded
areas. It can be concluded that the energies of carriers inside
and outside the well both exhibit band-like characteristics with
energy distributions when looking through the entire Brillouin

zone.
(a)
S
2 E.(I)
>
& E.(I)
=} @ ==~
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Fig. 3. (a) The schematic diagram of energy dispersions for electrons
in the type-IIl MQWs structure. (b) The energy band structure along the
growth direction in the real space for carriers in the type-IIl MQWs struc-
ture from several energy dispersions.

The band structure is the fundamental to studying the
properties of low-dimensional materials, and has been suc-
cessfully used to explain many physical phenomena and help
lay the foundation for the designing of micro-/nano-devices.
The changes in energy band structure will inevitably lead to
a series of chain reactions, including the change of the den-
sity of states, the overlap of electron-hole wave function,
etc. It is necessary to rebuild the new band theory for the
low-dimensional semiconductors to re-understand the physi-
cal phenomena and to re-explain the experimental results.

3. Conclusion

In conclusion, a reanalysis of the energy band structure
of type-II MQWSs has been carried out based on the original
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composition of the structure. Unlike the discrete energy lev-
els at a fixed k vector given from the traditional band theory,
the energy band structure along the growth direction of car-
riers in the well exhibits the characteristic of bands with cer-
tain energy distribution when all the wave vectors in the entire
Brillouin zone are considered. Such a supplementary under-
standing of the energy band in the two-dimensional quantum
well is more comprehensive, which may overturn many view-
points in traditional band theories and lead to some changes in
many parameters, including the density of states, the overlap
integration of electron—hole wave function, etc.
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