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ABSTRACT
Heterostructures with atomically thin double quantum wells based on CdTe/ZnTe are investigated by optical spectroscopy (photolumines-
cence and reflectivity methods) as a function of temperature and density of excitation. Heavy and light exciton luminescence lines are observed
with comparable intensities and different temperature behaviors (they cross each other at about 65○ K). All these features agree with a com-
plete calculation that takes into account both a very small chemical band offset for such monolayer CdTe inclusions in the ZnTe matrix
(namely, 2%), and, consequently, the importance of Coulombic interaction in these double quantum wells.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0012146., s

INTRODUCTION

Semiconductor compounds A2B6, in particular CdTe and
ZnTe, are often used for basic research as a model object. Unfortu-
nately, the range of their device applications is not very wide because
of rapid degradation. At the same time, they have a high structural
quality and exhibit unique optical properties. It would be desirable
to find opportunities for their wider practical use.

One of the reasons that limit the practical use of these com-
pounds and related heterostructures is the noticeable mismatch of
their crystal lattices. As a result, mechanical stresses arise on the
interfaces, which ultimately lead to the degradation of the structure.
Heterostructures with ultrathin quantum wells, in which two lattices
“adapt” to each other, are free from this drawback.1 However, due to
mismatch of the lattices, the value of the band offset is known quite
approximately. Hence, the scatter of published data on the offset
in the valence band in CdTe/ZnTe heterostructures reaches ±10%
of the total band offset.2,3 The situation with structures contain-
ing ultrathin, monoatomic layers is even more uncertain. For such
structures, the very concept of band offset becomes vague.4,5

The band offset consists of the chemical band offset, which is
determined by the chemical composition of the interface, and the
deformation band offset, which is associated with the elastic energy
at the interface between the materials in contact. In accordance
with the “common anion/cation” rule, the offset in the valence band
should be small for structures with a common anion. Deformation
can further reduce this band offset and even lead to the forma-
tion of a type-II structure.6 In this case, the main contribution for
quantization of the hole energy is its Coulomb interaction with the
electron.

Detailed experimental study of the photoluminescence (PL)
spectra of CdTe/ZnTe structures with atomically thin quantum wells
is carried out in this work. In contrast to previous studies (see,
for example, Refs. 7 and 8) dealing with such atomic thin CdTe
insertions into ZnTe, two peaks are observed here in the photo-
luminescence spectra, clearly attributed to heavy excitons mainly
localized in CdTe layers and light ones mainly located in ZnTe. As
a result, it was possible to clarify the values of the band offset in the
valence band for such structures and to determine some parameters
of excitons.
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EXPERIMENT

The studied samples were grown by molecular beam epitaxy
on (001) GaAs substrates. They consist of an about 1 μ thick ZnTe
epitaxial layer in which two Cd atom monolayers are inserted. The
distance between the CdTe layers is five monolayers of ZnTe, i.e.,
about 1.5 nm. To ensure high quality of the monolayers of CdTe and
accurate thickness of the ZnTe spacer, this part of the structure was
grown by the mode of atomic layer epitaxy.9

The two monoatomic CdTe layers form two tunnel bound
delta-shaped quantum wells for photoexcited carriers in the ZnTe
matrix. The reflection and photoluminescence (PL) spectra were
registered at temperatures from 5 K to 100 K and at different inten-
sities of optical excitation from 1 W/cm2 to 80 W/cm2. The PL
spectra were excited by lasers with a wavelength of 473 nm for above-
barrier excitation and with a wavelength of 532 nm for below-barrier
excitation.

Figure 1 shows the reflection and PL spectra obtained at a tem-
perature of 5 K. The features in the reflection and PL spectra coin-
cide, which indicates that PL peaks at an energy of 2.28 eV are associ-
ated with the intrinsic states of the structure. It is in good agreement
with the single peak reported in Ref. 8 at the same energy for a sim-
ilar sample (two monolayers of CdTe into ZnTe) but without the
splitting clearly present here.

A sharp feature in the reflection at 2.37 eV is related to the exci-
ton transition in ZnTe layers. At first glance, the lines at 2.28 eV
would be expected to correspond to the symmetric state. The asym-
metric state of the exciton in these wells should be at energies above
the barriers. We attribute a PL peak at 2.31 eV to the exited state
of the exciton. At weak optical excitation, a broad band associ-
ated with donor–acceptor recombination is observed at an energy
of 2.25 eV.

FIG. 1. Photoluminescence spectrum (short-dashed line) at the optical excitation
with an intensity of 50 W/cm2 and the reflection spectrum (solid line) at a tem-
perature of 5 K. Exciton resonances in the barriers are indicated as (ZnTe). The
photoluminescence lines (QWs) are associated with an exciton in a double quan-
tum well. The photoluminescence broad band (DAP) refers to donor–acceptor
recombination.

Figure 1

The doublet of the emission lines observed at energy of 2.28 eV
has a linewidth of about 6 meV at a temperature of 5 K. Under the
above-barrier excitation of extremely low density (∼1 W/cm2), the
integral intensity of the short-wave component of this doublet is
about two times larger than the long-wave component [Fig. 2(a)].
With an increase in the intensity of optical excitation, the PL sig-
nal is redistributed from the short-wave line to the long-wave one.
At a pump intensity of 60 W/cm2, the long-wave component is two
times larger than the short-wave component. At weak below-barrier
excitation (∼20 W/cm2), the intensity of the long-wave component
of the doublet is 20% lower than the intensity of the short-wave

FIG. 2. (a) Normalized photoluminescence spectra at above the barrier optical
excitation (442 nm) with intensities of 80 W/cm2 (solid line), 50 W/cm2 (dashed-
dotted line), and 1 W/cm2 (short-dashed line) and (b) normalized photolumi-
nescence spectra at below-barrier optical excitation (535 nm) with intensities of
60 W/cm2 (solid line), 20 W/cm2 (dashed-dotted line), and 1 W/cm2 (short dashed
line).
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FIG. 3. Temperature dependence of photoluminescence spectra: (a) a set of
the spectra taken at various temperatures, with an optical excitation intensity of
∼60 W/cm2, and (b) temperature dependence of the energy positions of the
exciton lines in the double quantum well.

one [Fig. 2(b)]. Under strong below-barrier excitation (∼80 W/cm2),
the intensities of the doublet components equalize. In both cases,
as the pumping increased, the PL maximum shifts toward the long-
wavelength side. This behavior seems to be unusual since normally,
the intensity redistributes in favor of the short-wave components
with an increase in pumping due to the saturation of localized states.

Figure 2

An unusual behavior of the PL spectra was observed with
temperature variation. With increasing temperature, the spectrum
as a whole, as expected, shifts toward the long-wavelength side.
However, the short-wave component of the doublet shifts faster
than the long-wave one. As a result, the temperature depen-
dences of line positions cross at a temperature of 60 K–65 K.

A nonmonotonic behavior of the intensities [Fig. 3(a)] and spectral
positions [Fig. 3(b)] of the lines was observed in the intermediate
region.

The total intensity of these lines decreases with increasing tem-
perature, with their intensity redistributing from the short-wave
component of the doublet to the long-wave one. As for the line
widths, they change only slightly. The temperature dependences of
the energy positions of the short-wave and long-wave components
coincide with the temperature dependences of the band gap ener-
gies of ZnTe and CdTe, respectively. The temperature dependences
of ZnTe and CdTe bandgaps are very similar. Nevertheless, one
can distinguish them using the data of Refs. 10 and 11. Thus, these
two components have to be connected with different layers of the
structure and have a different nature.

Figure 3

The simple estimates of the energy splitting between these
two lines show that this doublet cannot be symmetric and anti-
symmetric states of the exciton in the double quantum well as the
energy distance between the lines is too small. We suggest that the
short-wave component is associated with a light hole exciton tran-
sition, whereas the long-wave component is associated with a heavy
hole exciton one. The splitting of light and heavy exciton transitions
in our structure can occur not only due to quantization but also due
to mechanical stresses. Moreover, in CdTe/ZnTe structures, the light
exciton is often displaced from the CdTe layers to the ZnTe layers.6

This fact explains the different temperature dependences of light and
heavy exciton transition energies.

To verify this, the PL spectra obtained from the edge along the
structure plane were analyzed. The selection rules in quantum wells
are such12 that the optical transitions involving a heavy exciton are
polarized in the plane of the well whereas the transitions involving a
light exciton have both polarization components. However, it turned

FIG. 4. Photoluminescence spectra normalized to the maximum at above-barrier
excitation (442 nm) at 60 W/cm2, in linearly polarized light perpendicular to the
layers (Ep) and parallel to the layers (El ).
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out that the waveguide effect is so strong in our structure that the PL
signal with polarization along the CdTe layer was an order of mag-
nitude greater than the perpendicular polarization. Nevertheless, the
spectrum normalized to the maximum shows that the intensities of
the doublet lines are equal in the polarization perpendicular to the
well plane (Fig. 4). This partially confirms our interpretation of the
short-wave line as a line of a heavy exciton and the long-wave one as
a line of a light exciton.

Figure 4

However, these qualitative considerations do not elucidate the
question concerning the exact light and heavy hole exciton line
energy positions and their intensities. The problem is that the Bloch
functions of the light and heavy hole states are such that the prob-
ability of transition from the light hole sub-band to the conduction
band should be three times less than the probability of transition
from the heavy hole sub-band for the light propagating perpendic-
ular to the quantum well plane. As for our spectra, the intensities of
these lines are approximately the same.

THEORY

Let us estimate the position of the light and heavy exciton levels
in our structure. The lattice constants in ZnTe and CdTe materials
differ by ∼7.8%. As a result, in addition to the potential associated
with the so-called “chemical” band offset, the potential associated
with mechanical stresses affects the carriers. The magnitude of the
chemical band offset is known only approximately. This is especially
true for ultrathin quantum wells, where the applicability of effective
mass approximation is doubtful.3

Strictly speaking, it should not work well, but if the procedure
is completed self-consistently, the result may be correct. The magni-
tude of the chemical band offset Δ is equal to the difference in the
bandgaps of ZnTe and CdTe: Δ = EZnTe

g − ECdTe
g = 0.78 eV. This

value is divided between the conduction band (Δc) and the valence
band (Δv), Δ = Δc + Δv. There have been many discussions and spe-
cial measurements regarding Δc and Δv values,13–15 but the question
still remains open. All existing measurements were carried out on
fairly thick quantum wells. In this work, we, like other authors,16,17

will assume that Δc ≫ Δv and will consider Δc and Δv proportions
according to our experimental data. Since the buffer layer and bar-
rier ZnTe layers are thick, we can assume that these layers are totally
relaxed and not stressed, whereas all mechanical stresses are located
in the wells.

The deformation band offset can be calculated by18,19

δEc = 2ac(S11 + 2S12)σ,
δEhh = 2av(S11 + 2S12)σ + b(S11 − S12)σ,
δElh = 2av(S11 + 2S12)σ − b(S11 − S12)σ.

(1)

Here δEc is the deformation band offset in the conduction band,
δEhh is the deformation offset in the heavy hole valence sub-band,
δElh is the deformation offset of the light hole valence sub-band, ac
and av are the hydrostatic deformation potentials in the conduction
and valence bands, respectively, b is the shear deformation poten-
tial, Sij × 10−11 m2/N are the elastic constants, σ = ε

(S11+S12) is the

mechanical tension perpendicular to the plane, and ε = aLj −aLi
aLi

is the
deformation perpendicular to the quantum well plane. For deforma-
tion potentials, the relations a = ac − av and ac/av = −2 are valid20,21

(Table I).
Using formula (1), we obtain the strain induced offset in

the conduction band and valence bands, which are presented in
Table II

Consequently, the energy of a light hole in ZnTe layers is lower
than its energy in CdTe layers, and as a result, the heavy exci-
ton is related to CdTe layers and the light one is related to ZnTe
layers.

In order to obtain the quantitative relations for the line intensi-
ties and their positions in the spectrum, we perform a full calculation
of the exciton states in our structure. Since the sum of the chemical
and the deformation band offset in the valence band in our struc-
ture is small, the Coulomb interaction with the electron becomes the
main contributor to the potential energy of holes.22,24

We assume that the electron and the hole move in δ-shaped
potential wells [V(ze) for the electron and V0(zh) for the hole],
which are formed as a result of the offset between CdTe and ZnTe
bands mentioned above and are coupled due to the electron–hole
Coulomb interaction. The Schrödinger equation for the exciton has
the following form:

[− h̵2

2me

∂2

∂z2
e

+ V(ze) −
h̵2

2mh

∂2

∂z2
h

+ V0(zh)

− h̵2

2μ
(1
ρ
∂

∂ρ
ρ
∂

∂ρ
+

1
ρ2

∂2

∂ϕ2 ) −
e2

ε0

√
ρ2 + ∣ze − zh∣2

⎤⎥⎥⎥⎥⎥⎦
Ψ(re, rh)

= (E − h̵2Q2
�

2M
)Ψ(re, rh). (2)

Here, ϕ = arctg( xe−xhye−yh ), ρ =
√
∣xe − xh∣2 + ∣ye − yh∣2, and V(ze)

= −γ[δ(ze − R
2 ) + δ(ze + R

2 )] for electrons, V0(zh) = −η[δ(zh − R
2 )

+δ(zh + R
2 )] for holes, γ and η are strength of the δ- shaped potential

(at the first order, they are equal to the product of the band offset and
the lattice constant), R is the distance between two quantum wells,
Q� is the exciton wave vector in the plane of the structure, and E is
the exciton total energy.

TABLE I. Deformation potentials and elastic constants in CdTe.

S11 S12 S44 a (eV) b (eV) σ

3.581 −1.394 5.5 −3.85 −1.20 0.0358

TABLE II. Deformational band offset for the CdTe/ZnTe heterostructure.

δEc (meV) δEhh (meV) δElh (meV)

−150 −20 +165

AIP Advances 10, 085224 (2020); doi: 10.1063/5.0012146 10, 085224-4

© Author(s) 2020

 25 August 2023 08:08:48

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

We assume that the electronic subsystem is “fast,” i.e., h̵2 l2
me

≫ e2

ε0 ãB
(the electron kinetic energy in the well is greater than the

potential energy of its interaction with a hole in the exciton), 1/l is
the effective width of V(ze), and ãB is the Bohr radius of the exciton
in the plane of the quantum well (we will consider it as a variational
parameter). Then, one can first solve the equation for the electron
motion in the z direction and then solve the equation for the hole
motion in the averaged field created by the electron. In this case, we
can write the exciton wavefunction as Ψ(re, rh) = f (ρ, ϕ)φe(ze)φh(zh).
Here, f (ρ) is the wavefunction of the internal motion of the 2D exci-
ton, φe(ze) is the wavefunction of an electron in the z direction, and
φh(zh) is the wavefunction of an electron in the z direction.

The equation for electron motion in the z direction is as follows:

[− h̵2

2me

∂2

∂z2
e

+ V(ze) − Ee]φe(ze) = 0. (3)

The solution of this equation in our potential for the symmetric state
looks as follows:

φe(ze) = A[e−d∣ze+
R
2 ∣ + e−d∣ze−

R
2 ∣], (4)

where A is the normalized constant and 1/d is the size of the electron
wave function in the z direction.

The energy of the electron ground state in the double δ-shaped
well can be written as

Ee = −
h̵2

2me
d2

+, d+ =
m
h̵2 γ(1 + e−d+R). (5)

The antisymmetric state, with d− = mγ(1 − e−d+R)/h̵2, is unbound.
At the second step, it is necessary to solve the equation for the

2D exciton and consider the equation for the hole motion in the
average potential created by the electron. The equation for a 2D
exciton is

[− h̵
2

2μ
(1
ρ
∂

∂ρ
ρ
∂

∂ρ
+

1
ρ2

∂2

∂ϕ2 ) −
e2

ε0ρ
− Eexc

2D]fn(ρ,ϕ) = 0. (6)

The solution for the ground state is

f1(ρ,ϕ) =
√

2
π

1
ãB

e−
ρ
ãB . (7)

Here ãB = aB/2 is the 2D exciton Bohr radius, and aB is the Bohr
radius of the 3D exciton, given by

aB =
ε0h̵2

μe2 =
¿
ÁÁÀ h̵2

2μEexc
3D

. (8)

2D exciton Rydberg energy is

Eexc
2D = −

μe4

2h̵2ε2
0

1
(n − 1/2)2 . (9)

The effective potential acting on the hole has the following form:

Veff (zh) = V0(zh) −
e2

ε0

2
π
de

ã2
B

∞

∫
−∞

dze∣φc(ze)∣2

×
∞

∫
0

ρdρe−2ρ/ãB
⎡⎢⎢⎢⎢⎢⎣
−1
ρ

+
1√

(ρ2 + (ze − zh)2)

⎤⎥⎥⎥⎥⎥⎦
. (10)

TABLE III. Effective masses in CdTe and ZnTe. The 3D exciton Bohr radius in CdTe
is aB = 61.9 A.20 ,a

me mhh mlh

CdTe 0.094 0.72 0.13
ZnTe 0.12 0.83 0.15

aThe masses were taken from the Luttinger parameters.

FIG. 5. Calculation of the effective potential for the hole motion Veff (zh) created by
an electron in a double δ-shaped quantum well and the wave functions of holes
φh(zh) (scheme): (a) effective potentials Veff (zh) for the heavy hole Vhh(z) (solid
line) and the light hole V lh(z) (short dashed line). The energy levels of the heavy
hole Ehh (short-dashed line) and the light hole Elh (dashed-dotted line) in the effec-
tive field of the electron and (b) the wave functions of the electron (solid line) φe(ze)
of the heavy hole (dashed-dotted line) φhh(zh) and the light hole (dashed line)
φlh(zh).
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We used ãB as variational parameter to minimize the total exciton
energy. At the last step, we find the energy levels and wave functions
of the heavy and light holes for this potential. The parameters used
in our calculation are shown in Table III.

The energy levels and wave functions of the heavy and light
excitons were calculated numerically by solving the Schrödinger
equation for the exciton (2) using the finite elements method. The
result of the calculation is shown in Fig. 5.

The magnitude of the band offset in the conduction band
is quite large (not less than 600 meV). As a result, the size
of the electron wave function along the z direction in the δ-
shaped potential is insensitive to the exact value of the strength
γ of this potential. We took the strength of the potential as γ
= 3.9 (eV A). Knowing the potential strength, we can find the
“size” of the wave function along the z direction (1/d+) in the
double quantum well. For an electron, it is de+ = 0.07 (A−1).
This is enough to calculate the Coulomb potential acting on the
hole (10). By minimizing the heavy and light exciton energies,
we found the exciton Bohr radius ãB and the difference between
heavy and light hole energies. To find the value of η and, conse-
quently, one of the valence band discontinuities, we fit the experi-
mental and calculated differences between heavy and light exciton
energies.

Figure 5

The calculation showed that the energy position of the light
exciton level is practically independent of the bandgap and is “tied”
to the valence band of ZnTe. At the same time, the energy position
of the heavy exciton level linearly depends on the band offset and is
“tied” to the CdTe band. It is this fact that explains the different tem-
perature dependences of the position of the heavy and light exciton
levels (Fig. 3).

We achieved the best agreement between the calculated and
experimentally measured energies of light and heavy excitons by
varying the magnitude of the valence band offset.

As a result, the value of the total band offset in the valence
band was found. Knowing the magnitude of the total and deforma-
tion band offsets, we can determine the chemical band offset in the
valence band in a CdTe/ZnTe system, the strength of the potential,
and the size of the wave function. The chemical band offsets in the
valence band turned out to be ∼10 meV, which is equal to 2% of the
total chemical band offset.

DISCUSSION

In our structures, the potential for electrons is narrow and deep.
However, despite the fact that the electron quantization energy in
this potential is several hundred meV, due to the small mass of
the electron, the penetration of its wave function into the barri-
ers is spread over 1/d ≈ 20 A. This value is of the same order as
the distance between the CdTe quantum wells, that is, the wells
are coupled to each other by the common electron wave function
and should be considered as a whole. The lowest energy state (sym-
metric state) is even with respect to the reflection in a plane pass-
ing through the middle between the wells. The upper energy state
(anti-symmetric) should be odd, but in our case, it is lying above
the barriers.

The strength of the heavy hole potential is about 10 times less
than the strength of the electron potential, and therefore, the quanti-
zation energy should be even less. However, the effective mass of the
heavy hole perpendicular to the quantum well plane is 8 times larger
than the mass of the electron. As a result, the penetration depth of
the heavy hole wave function into the barriers is only 3 times larger
the electron penetration, that is, 1/d ≈ 70 A.

For the light hole, a type II structure is predicted due to
mechanical stresses. The light hole is forced into ZnTe layers lim-
ited by δ-shaped CdTe barriers with a height of about 150 meV.
However, due to the small thickness of these barriers, the tunnel-
ing probability of light holes is large, and it can be considered almost
free in the ZnTe matrix.

Thus, the main factor determining the energy levels and wave
functions of the holes in our structure is their Coulomb interaction
with the electrons. In this case, the energy and wave functions of
an electron are mainly determined by its quantization in a δ-shaped
double well since the quantization energy of the electron is many
times greater than its Coulomb energy.

As known from Luttinger Hamiltonian, a heavy hole has a small
mass in the plane of the quantum well and vice versa—a light hole
has a large mass in the plane of the well. As a result, the Bohr radius
of the light exciton in the two-dimensional approximation ãB is ∼1.7
times smaller than the Bohr radius of the heavy exciton. Therefore,
the binding energy of a light exciton in the 2D approximation is 1.7
times larger than the binding energy of a heavy exciton.

The oscillator strength of the 2D exciton12,23 is inversely pro-
portional to the square of its Bohr radius and proportional to the
square of the overlap integral of the electron and hole wave func-
tions. It turned out that the overlap integral along the z axis for
the electron and the light hole is approximately equal to the over-
lap integral for the electron and the heavy hole. The large value of
the light hole overlap integral is due to the fact that its energy in the
δ-shaped barriers is higher than its energy in the gap between them.
It seems to be ≪absorbed≫ into the area between the barriers due
to the repulsive nature of the barrier potential.

The heavy hole, on the contrary, is ≪pushed≫ out from the
Coulomb field of the electron by an attractive barrier potential since
its energy in the δ-shaped barriers is lower than the energy between
them (Fig. 5). As a result, despite the fact that the interband matrix
element of the dipole moment of the optical transition for the heavy
hole is 3 times larger than that for the light hole, due to the larger
overlap of wave functions, the oscillator strength of the light exciton
turned out to be comparable with the oscillator strength of the heavy
exciton, in accordance with our experiment.

An above-barrier excitation, in contrast to the below-barrier
one, leads to the charge of residual impurity centers in ZnTe layers.
The electric field of charged impurities can change the potential for
holes in the valence band. This, in turn, can lead to a modification in
hole and electron overlaps and, as a result, to a redistribution of the
intensity of light and heavy exciton lines.

The different temperature dependences of the light and heavy
exciton energy are explained by the fact that the light hole is “dis-
placed” into ZnTe layers and thin CdTe barriers have almost no
effect on its energy while the heavy hole is localized due to CdTe
layers and its energy is entirely related to the CdTe band.

From the calculation of the wave functions, it was found that
the oscillator strength of the light exciton transition is equal to that
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of the heavy exciton one, with an accuracy of 15%. The binding
energy of a light exciton turned out to be even slightly larger than
the binding energy of a heavy exciton.

CONCLUSION

In this work, we studied the reflection and PL spectra of
CdTe/ZnTe structures with double δ-like quantum wells. The heavy
and light excitons lines are identified. These lines have different tem-
perature dependences, clearly indicating that the heavy exciton is
mainly located in the CdTe layers and the light one is in the ZnTe
layers.

The intensities of the heavy and light exciton transitions turned
out to be approximately the same, which is a fingerprint that the
wave function overlap of the light hole and the electron is noticeably
larger than the one between the heavy hole and the electron. The
calculation of energy levels and wave functions of heavy and light
excitons confirms our interpretation of the lines. Based on the results
of fitting the calculation to the experiment, the chemical band offset
for monolayer CdTe inclusions in the ZnTe matrix turned out to be
2% of the total chemical band offset.
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