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Abstract
In this paper, we theoretically investigate intersubband absorption in La-doped BaSnO3/
BaO perovskite-oxide double and triple symmetrical quantum wells. The goal is to assess 
the emerging possibilities offered by perovskite heterostructures for realization of oxide-
based quantum well optoelectronic devices. Properties such as small electron effective 
mass, very high room-temperature mobility of BaSnO3, large conduction band offset 
between the two materials, are all promising for technological applications. Some of the 
possible applications include active n-channel materials in p-n junctions, field-effect tran-
sistors, ferroelectric field-effect transistors, sensitive UV photoconductors, and electron 
transport layers in perovskite solar cells. We are interested in tuning of the absorption spec-
tra via quantum well width modulation, changing of doping density and variation of exter-
nal electric field along the growth direction which is important for application in electro-
optical light modulators. The electronic structure is calculated self-consistently by solving 
the Schrödinger–Poisson system of equations where the exchange correlation effects are 
also taken into the account.

Keywords  Optical devices · Barium stannate · Optical absorption · Intersubband 
transitions

1  Introduction

Novel and promising perovskite stannate BaSnO3 (BSO) material system with La3+-doping 
(BLSO) has received considerable attention in recent years due to its high room-tempera-
ture electron mobility and electrical conductivity, high optical transparency, and excellent 
thermal/chemical stability (Kang et al. 2022). BLSO single crystals are reported to have 
mobilities as high as 320cm2∕Vs at room temperature at a mobile electron concentration of 
n = 8 ∗ 10

19cm−3 which belongs to the degenerate regime ( n ≳ 10
19cm−3 ). For this degen-

erate regime BLSO single crystals have a higher mobility compared to all mainstream 
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semiconductors (Si, GaAs, GaN) (Kim et al. 2012a; Jacoboni et al. 1977; Chin et al. 1994). 
However because of dislocations the electron mobility for BLSO films on SrTiO3 is smaller 
compared to BLSO single crystals and GaN. Control of the donor-doping determines the 
application of the material as either transparent semiconductor or transparent conductor. 
Demonstrations of Ba1–xLaxSnO3 transparent electronic devices include active n-channel 
materials in the p-n junctions (Lee et al. 2017) and the field-effect transistors (FETs) (Park 
et al. 2014), sensitive UV photoconductors (Lee et al. 2021), and electron transport layers 
in perovskite solar cells (Shin et al. 2017). Excellent structural match of BLSO to ferro-
electric and antiferroelectric oxides with the perovskite structure, e.g., Pb(Zr, Ti)O3 could 
enable BLSO to serve as a high mobility channel for ferroelectric field-effect transistors 
(Miller and McWhorter 1992; Ma and Han 2002) and yield a subthreshold slope beating 
the 60 mV/decade Boltzmann limit of conventional field-effect transistors by fabricating 
negative capacitance field-effect transistors (NCFETs) (Khan et al. 2014; Paik et al. 2017).

Recent studies performed on BaO/BaSnO3 quantum wells (QWs) demonstrate the 
advantages of perovskite-oxide (PO) based QWs over traditional semiconductor QWs in 
terms of strong optical nonlinearities (Li et al. 2021; Failed 2021). Techniques for epitaxial 
growth of perovskite oxides on Si have lately been developed (McKee et al. 1998, 2001; 
Kumah et  al. 2020; Demkov and Posadas 2014), so it has become possible to integrate 
perovskite-oxide based QWs with Si.

A very large conduction band offset (∼ 1.74 eV) (Li et al. 2021) enables greater control 
of the QW properties and allows barium stannate QWs to be used across a broad spectral 
range, including exploitation of a giant nonlinear optical susceptibility over THz to near-
visible light. In order to optimize the performance of quantum devices based on intersub-
band transitions and adjust the spectral range in which they operate rigorous modeling of 
their electronic structure is needed.

In this work we analyze double QW (DQW) and triple QW (TQW) in which the well 
and barrier layers consist of BSO and BaO materials respectively. Both the DQW and the 
TQW are surrounded by thick BaO barrier layers. The electronic structure of these QWs is 
calculated by self-consistently solving the Schrödinger–Poisson system of equations where 
the exchange correlation effects are also included through the modification of the total 
effective potential. We then evaluate the fractional absorption and investigate the tuning 
of absorption spectra with the thickness of the QW layers and the intensity of the external 
electric field applied along the growth direction of the heterostructure.

2 � Theoretical model

For describing these heterostructures we have used effective mass theory since the Lut-
tinger criterion (Luttinger and Kohn 1955) is met. We start from the 1D effective mass 
Schrödinger equation:

where m∗(z) is the effective mass along the growth direction, and �i(z) is the (envelope) 
wave function. The effective mass changes along the length of the heterostructure for dif-
ferent materials. Due to the large band gap of barium stannate non parabolicity effects 
would be negligible and are not taken into account. The total effective potential energy:

(1)−
ℏ2

2

d

dz

1

m∗(z)

d𝜓i(z)

dz
+ Ueff (z)𝜓i(z) = Ei𝜓i(z)
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consists of Uc(z) , which is the conduction band offset between BSO and BaO (∼1.74 eV), 
the added electrostatic potential �(z) due to the La-doping, found by solving the Poisson 
equation, the exchange correlation potential energy Uxc(z) and Fe is the externally applied 
electric field along the growth direction z.

For the electrostatic potential �(z) the Poisson equation reads:

where Nd(z) is the La-doping density. The assumption has been made as in Li et al. (2021) 
that the ions of the dopants are evenly distributed across the entire heterostructure. In our 
simulations we use average doping densities of Nd = 1 ∗ 10

19cm−3 and Nd = 5 ∗ 10
18cm−3 

for the DQW and TQW respectively (Kim et al. 2012b).
Electron density n(z) is given by:

where Ns,i is the surface carrier density, i.e. number of electrons per unit cross-section area 
in the i-th state, which can be expressed as:

Here EF is the Fermi energy, and mti is the transversal mass which can be found as an inte-
gral over the length of the heterostructure:

The local exchange correlation potential energy Uxc(z) can be expressed as (Ando 
et al. 2003):

where �∗(z) is the dielectric constant, and rs∗ is the average distance between carriers scaled 
by the effective Bohr radius a∗

B
=

4𝜋𝜀∗(z)ℏ2

m∗(z)e2
:

The total effective potential energy is dependent on the envelope functions (2) , so 
the corresponding coupled Schrödinger–Poisson (SP) system of equations is solved self-
consistently (Failed 2022a).

The energies and wave functions of the bound states found from SP solver are further 
used to calculate the linear optical absorption A(ℏ𝜔) for the intersubband transitions.

The perturbation Hamiltonian for the interaction of the electrons in the heterostruc-
ture with electromagnetic radiation is taken as:
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where �⃗A is the magnetic vector potential and �⃗�p is the momentum operator. This perturba-
tion Hamiltonian and its matrix elements are used in Fermi’s golden rule for calculating 
the transition probability per unit time for an electron from state i with energy Ei to state f  
with energy Ef :

Due to the confinement of electrons in the QWs along the direction of growth the 
allowed energies of the electrons belong to subbands. The total probability for transitions 
between two subband indexed i and j per volume (V) is then obtained via summation over 
the relevant wave vector components:

The total absorption coefficient of light passing through a structure can be calculated 
from 𝛼if =

Wif ℏ𝜔

VI
 , which in combination with (11) and some further transformations leads to 

the total fractional absorption for intersubband transmission from state i to state f :

where nr is the refractive index, dif  is the dipole matrix element dif = ∫ Lz
0
�∗
i
z�f dz , and Lz 

is the total length of the structure. The Lorentzian L(ℏ𝜔) is expressed as: 

L(ℏ𝜔) =
1

2𝜋
Γif∕

[
(
Ef (0) − Ei(0) − ℏ𝜔

)2
+
(

Γif

2

)2
]

 with its width Γif  estimated to be 10% of 

the energy difference between the final and initial states.

3 � Results and discussion

In this section we present the results of our numerical simulations. Since the largest absorp-
tion is achieved in symmetric structures, in this paper, we limit our considerations to sym-
metric QW profiles only. The temperature is taken to be300K , while the used values for the 
relative dielectric constants are 22.51 (https://​mater​ialsp​roject.​org/​mater​ials/​mp-​3163) for 
BaSnO3 and 34 for BaO (https://​www.​ucl.​ac.​uk/​~ucapa​hh/​resea​rch/​cryst​al/​bao.​htm). The 
effective electron mass for BaSnO3 is taken to be 0.17m0 as in Li et al. (2021), and 0.31m0 
for BaO (Medvedeva 2022). The conduction band offset of these two materials 1.74eV as 
in Li et al. (2021).

We vary the layer’s thickness in the multiples of the lattice parameter (unit cell) of BSO 
which is 0.41nm . Figure 1. shows the results of the SP solver, namely the total effective 
potential energy Ueff (z) and wave functions squared for the symmetric DQW with well 
thickness ( cw ) of 5 unit cells and barrier thickness of 1 unit cell.

The total effective potential energy is denoted by the blue line, while the conduction 
band offset without bending is denoted by the red dash-dotted line. There are four energy 
subbands (dashed lines) and the corresponding squared wave functions are shown in Fig. 1. 
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The Fermi level is above the second subband and is also shown in Fig. 1. with the bright 
blue horizontal line.

Figure 2a illustrates the absorption spectra for three values of cw : 4 unit cells (blue spec-
trum, full line), 5 unit cells (red spectrum, dashed line), and 6 unit cells (orange spectrum, 
dash-dotted line). The QWs are separated by a 1 unit cell thick barrier layer in all cases. 
There are three absorption peaks in the figure, the dominant one is A12 (transition between 

Fig. 1   Conduction-band diagram for a symmetric DQW with the total effective potential energy Ueff (z) and 
the squared wave functions for four energy subbands

Fig. 2   Absorption spectra for symmetric DQW, a with three absorption transitions: A12 , A23 , A14 , and b just 
the dominant absorption transition A12 , for well thickness ( cw ) being 4, 5 and 6 unit-cells (1.64, 2.05 and 
2.46 nm), while the barrier thickness is 1-unit cell (0.41 nm)
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the first and the second subband), and the smaller two are A23 (transition between the sec-
ond and the third subband) and A14 (transition between the first and the fourth subband). 
From Fig. 2a we can see that the increase in the QW width results in the decrease of energy 
at which all three absorption transitions occur. The intensity of the A12 transition decreases 
while the intensity of the other two transitions increases with the increase of the width of 
the well layers.

Figure 3 illustrates the two dominant absorption transitions A12 and A23 for two differ-
ent TQWs. For the first TQW all 3 well layers are 4 unit cells thick (blue spectra, full line), 
for the second TQW both the left and the right well layer widths are 5 unit cells, while the 
middle well layer is 4 unit cells thick (red spectra, dash-dotted line). The well layers are 
separated by two 1 unit cell thick barriers in both cases. From Fig. 3 we see the resulting 
shift in energies at which absorption transitions A12 and A23 occur, with the increase in 
the width of the first and third well layer. The intensity of both the dominant transitions 
decreases with the increase of the width of the first and third well layer.

The inset of Fig. 3 shows the total effective potential energy Ueff (z) and wave functions 
squared for the first TQW. The Fermi level is just above the second subband and is denoted 
by the bright blue horizontal line.

Control of the absorption spectrum by changing the intensity of the external electric 
field along the growth direction is very important for practical use, such as for electro-opti-
cal light modulators. The external electric field changes the total effective potential energy 
and bends the conduction band diagram. This affects the energies of the subbands and their 

Fig. 3   Absorption spectra for two symmetric TQW, with the dominant A12 and A23 transitions shown. Both 
the first and third well layer are four unit cells thick (1.64 nm) for the first TQW, and five unit cells thick 
(2.05 nm) for the second TQW, while the second well layer is four-unit cell thick (1.64 nm) in both cases. 
The inset shows the total effective potential energy Ueff (z) and wave functions squared that correspond to 
the first of these two TQWs
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wave functions, which in turn changes the dipole matrix elements and the electron surface 
densities and so alters the absorption spectrum. In order to exploit such devices effectively 
the energy difference between the bound states needs to change as much as possible with 
the change of the external electric field, so that such devices can operate at lower voltages.

Figure 4 shows the results of the SP solver, namely the total effective potential energy 
Ueff (z) and square of wave functions for the symmetric DQW with well thickness ( cw ) of 5 
unit cells and barrier thickness of 1 unit cell.

The total effective potential energy is denoted by the blue line, while the conduction 
band offset without bending is denoted by the red dash-dotted line. There are three energy 
subbands (dashed lines) and the corresponding wave functions which are shown in Fig. 4. 
The Fermi level is above the second subband and is also shown in Fig. 4 with the bright 
blue horizontal line.

In the case of symmetric structures, like those that are considered in this work, we know 
from perturbation theory that the bound state energy of the ground state decreases with the 
increase of the external electrical field. The other bound state energies change much more 
slowly, and with the increase of the external electric field, they first experience a slight 
increase and then a decrease for stronger fields. This leads to changes in the energy of the 
intersubband transitions. The energies for the 1 → n transitions become larger, while the 
matrix element for the dominant transition 1 → 2 becomes smaller due to a smaller overlap 
between the wave functions of the first and second bound state, which in turn reduces the 
intensity of the absorption A12.

Fig. 4   Conduction-band diagram shows the total effective potential energy Ueff (z) and the squared wave 
functions for four energy subbands for a symmetric DQW with both well layers being 5 unit cells thick 
(2.05nm) and barrier thickness of 1 unit cell (0.41nm) where the external electric field along the growth 
direction is 6 ∗ 10

7V∕m
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The effect of an external electric field on absorption in DQW with well layers five-unit-
cells thick, and the barrier layer one-unit thick can be seen in Fig. 5.

The energy of the absorption transition A12 increases, while its intensity decreases with 
the electric field applied in the QWs’ growth direction, which is expected from the theo-
retical consideration stated above.

Finally, we changed the average doping densities of the DQW (the well layers were 
five-unit-cell thick, and the barrier layer one-unit cell thick) to see the effect that would 
have on the absorption spectrum, which can be seen in Fig. 6. The doping densities are 
Nd = 1 ∗ 10

19cm−3 , Nd = 3 ∗ 10
19cm−3 and Nd = 5 ∗ 10

19cm−3 . In all cases the dopants 
are assumed to be evenly distributed across the entire heterostructure. There are three 
absorption peaks in the figure, A12 , A23 and A14.

For higher doping densities the Fermi level EF shifts to higher energies which changes 
the electron surface densities of the bound energy states. This leads to a large change in the 
absorption spectrum, where A23 and A14 transitions become larger, and the transition A23 
becomes the dominant one.

4 � Summary

In this work we have focused on the intersubband absorption calculation in QWs realized in 
n-doped BSO, a promising transparent conductive oxide with superior electron conductivity 
and wide optical band gap, in order to determine its potential for realization of devices based 

Fig. 5   Absorption spectrum for DQW (the well layers were five-unit-cell thick, and the barrier layer one-
unit cell thick), where only the peak A12 is shown (the Fermi level is just above the second subband) for 
different values of external electric field
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on intersubband transitions. Our initial study presented here suggests that high level of manip-
ulation with absorption spectra is possible by changing layer thickness, doping density and the 
tuning of the external electrical field.
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