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Abstract
Insightful knowledge on quantum nanostructured materials is paramount to engineer and exploit their vast gamut of
applications. Here, a formalism based on the single-band effective mass equation was developed to determine the
light absorption of colloidal quantum dots (CQDs) embedded in a wider bandgap semiconductor host, employing
only three parameters (dots/host potential barrier, effective mass, and QD size). It was ascertained how to tune such
parameters to design the energy level structure and consequent optical response. Our findings show that the CQD
size has the biggest effect on the number and energy of the confined levels, while the potential barrier causes a linear
shift of their values. While smaller QDs allow wider energetic separation between levels (as desired for most quantum-
based technologies), the larger dots with higher number of levels are those that exhibit the strongest absorption.
Nevertheless, it was unprecedently shown that such quantum-enabled absorption coefficients can reach the levels
(104–105 cm−1) of bulk semiconductors.

Introduction
The notable set of properties conferred to quantum dots

(QDs) due to their nanoscale size has brought significant
attention to their research and application1–4. They have
been used effectively and flexibly in many different tech-
nologies, from device-oriented cases, such as infrared
LEDs3,5–7, photovoltaics8–12, and luminescent down-
shifting13,14, to applications in the biomedical and pharma-
ceutical industries, such as DNA hybridization and visuali-
zation of tissue and cellular structures in real time15, and
even to quantum computing16. This interest is brought forth
by the exceptional optoelectronic properties of such semi-
conductor nanoparticles, mainly resulting from their easily-
tunable narrow-band absorption and/or emission4,5,8,15.
These properties can also be entwined with other well-
established technologies, as light-trapping in solar cells17–20,
to go beyond their conventional (classical) limits21. None-
theless, insightful fundamental studies are necessary to

better understand the QDs response when integrated in
different media, and allow researchers to fully utilize the vast
gamut of quantum-enabled properties provided.
In this study, we developed a one-electron single-band

effective mass formalism to evaluate the confined energy
levels and resulting optical absorption of nanostructured
semiconductors, i.e., host materials impregnated with QD
arrays (Fig. 1)22. A spherical shape was considered for the
dots, first because it has the highest symmetry and, sec-
ond, it is the shape of colloidal QDs (CQDs) that have
seen a surge in R&D interest3,4,8,9,12. Furthermore, to
provide explicit calculations of the key parameters, a well-
defined case was chosen by considering the QDs@host
materials to be PbS@Perovskite, as this combination has
been recently shown to form high-quality nanostructured
semiconductors due to the spontaneous epitaxial-
alignment established between the PbS CQDs and the
Perovskite semiconductor2,6,11,23.
Here, the authors first study the behavior of the main

parameters of the QDs (potential barrier between host and
QDs, QDs radius, and effective mass) and their importance
on the final optoelectronic properties. Extensive sweeps
were subsequently performed to assess the inter-parameter
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influence on the ground-state energy level. Last, two QD
radii (1.6 and 2.5 nm) were selected as examples due to their
interest for realizing the intermediate-band solar cell (IBSC)
concept24–26, and the energy levels and wavefunctions were
determined to calculate the absorption coefficient for the
nanostructured materials.
Our findings reveal that the QD radius has the single

most important effect on the number and value of the
energy levels, while the potential barrier is mostly
responsible for shifting these values. It was also deter-
mined that the absorption coefficient depends on the
separation between the levels, so that bigger QDs tend to
have higher absorption peaks. Moreover, the QDs with 1.6
and 2.5 nm radius were shown to have only 1 and 3
allowed transitions, respectively, when confined in a
1.90 eV potential barrier. This result is highly desirable for
applications that require as few energy levels as possible,
such as IBSCs, where many unwanted transitions can lead
to significant performance (voltage) losses for the devices.

Results
We now discuss the results obtained from the devel-

oped single-band effective mass equation (SBEQ)
formalism. To obtain a quantitative analysis we chose as
variables for the problem a PbS (EG= 0.40 eV)27,28 QD
in a Perovskite host (average refractive index, n, of 2.5)29

with EG of either 2.30 or 1.55 eV30,31. While the latter
bandgap (1.55 eV) corresponds to that of state-of-the-
art Perovskite solar cells, the former is the ideal for the
intermediate-band solar cell (IBSC). The theoretical
optimum IBSC absorber is a 2.30 eV bandgap host
embedded with lower-bandgap QDs having a single level
(the ground-state, E0), within the dots/host potential
barrier (V0), placed at −0.90 eV from the minimum of
the host CB24. Another determinant factor in this choice
of semiconductors was the aforementioned excellent

interfacial properties between these dots-in-host mate-
rials due to a high-quality lattice matching2,6,32. For this
PbS CQDs-in-Perovskite study case the effective mass
(m*) and potential barrier become respectively estab-
lished as 0.08me (PbS’s effective mass33–35) and 1.90/
1.15 eV (since V0= EG-Perovskite− EG-PbS). Unless
otherwise stated these are the values used to determine
the calculated properties, which are summarized in
Table 1.

Designing the energy levels diagram
We start by analyzing the SBEQ solutions and how

they are impacted by the key factors involved. A unique
effective mass was used for both materials to guarantee
that the SBEQ remains Hermitian22. This is a reason-
able simplification since the QD’s radius effect on the
energy levels far outweighs that of the effective mass, as
evidenced in the plots of Fig. 2. For example, from
Fig. 2b one can see that, for V0 of 1.90 and 1.15 eV,
changing m* from 0.05me to 0.30me has a ~17% impact
on the ground state. Moreover, in the spherical well
problem, the host’s effective mass does not create any
new levels and thus its impact on the absorption pro-
files would not be significant36.
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Fig. 1 3D sketch and energy level diagram of nanostructured (dots-in-host) semiconductor. a Representation of an array of colloidal QDs, with
radius a and effective mass m*, embedded in a host material (e.g., PbS QDs in a Perovskite host, as analyzed in this work). b Energy band diagram for
the system in (a), where CB and VB represent, respectively, the conduction and valence band of the host, and V0 is the potential barrier given by the
difference between the bandgaps of the host (EG-Host) and QD (EG-QD) materials. On the top right corner, we show the coordinate system used, in
which the zero energy is set at the CB minimum

Table 1 Summary of the main properties of the PbS CQDs
and Perovskite host, namely the effective mass, m*,
bandgap, EG, potential barrier, V0, and refractive index,
n, used for the simulations

m* (me) EG (eV) n V0 (eV)

PbS 0.08 0.4 – 1.9/1.15

Perovskite – 2.3/1.55 2.5

V0 was determined from the PbS’s and Perovskite’s bandgap (V0= EG-Perovskite –
EG-PbS)
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Figure 2a shows the first four energy levels (E0-3) in the
QD, together with an horizontal line marking the ideal
position (−0.90 eV25) of the confined levels forming the
intermediate mini-band in the IBSC concept24. The
intersection between this line and the E0 and E1 curves
occurs for the radii of 1.6 and 2.5 nm, respectively, which
will be used later for the calculation of the absorption
coefficient. The 2.5 nm radius is also used as an example
for the normalized probability density shown for the first
4 levels in Fig. 2d. The most notable aspects are (1) the
delocalization of the electron’s wavefunctions in the QD,
and (2) the effect of the centrifugal potential, that pushes
the electron away from the QD center. These effects are
common results from an analysis of the Schrödinger
equation in a spherical system36–38, thus underlining the
validity of the results.

As referred above, the QD radius has a strong impact on
the energy levels. Figure 2a shows the steep exponential
influence of the radius on the levels, most notably for
smaller radii where even a marginal change in this value can
severely affect the final energy level distribution. Moreover,
the radius has a similar impact on all energy levels, in
contrast with the effective mass, where the lower levels are
less impacted by changing m*. Regarding the potential
barrier (Fig. 2c), its variation causes a linear shifting of the
levels, regardless of the other specific parameters. This is
further emphasized in Fig. 2a, b, that show the results for
two values of the potential barrier (V0= 1.15 or 1.90 eV),
demonstrating that the levels are simply shifted up/down by
the same energy difference of the V0 values considered. This
result is understandable, as the potential barrier defines the
lower energy limit for the confined levels.
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Fig. 2 QD size impact on the first 4 energy levels (labeled from E0 to E3), the results were obtained withm* of 0.08me. a QD size influence on
the energy levels for potential barrier of 1.15 and 1.90 eV, dashed and continuous lines, respectively. The horizontal gray line indicates the ideal
bandgap for an intermediate-band solar cell and the circles refer to the QD sizes used for the following studies. b QD effective mass influence on the
energy levels for potential barrier of 1.15 and 1.90 eV, dashed and continuous lines, respectively. The horizontal gray lines represent the energy levels
for −1.15 and −1.90 eV. c Effect of the potential barrier between the host and QD material on the energy levels. d Representation of the normalized
wavefunctions for the first four energy levels of a 2.5 nm QD with 0.08me effective mass and 1.90 eV potential barrier, where the m value of the
spherical harmonics was taken to be 0
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The QD shape is another important factor that impacts
the energy levels of the system. However, from group
theory considerations39 the shape most notably impacts
the degeneracy of the energy levels, so that in lower
symmetry shapes the degenerate energy levels break apart
into several distinct levels22,26. Thus, a highly symmetric
system is beneficial in situations where it is necessary to
minimize the number of levels inside the QD.
After assessing how the basic parameters can influence

the QDs energy levels it is crucial to understand how they
influence each other. Hence, extensive sweeps were per-
formed to determine the inter-parameter relations for the
ground-state level (E0) of the system (Fig. 3). These pro-
files can be seen as a super set of those shown in Fig. 2 for
E0, thus complementing and providing a broader analysis
of the parameter dependencies. In order to always guar-
antee the existence of at least one energy level, the
minimum radius considered was 1.4 nm (value deter-
mined from the equation �hπ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8m1V0

p
, that can be

deduced from Equation S4 of Supplementary Material),
while the fixed parameter in Fig. 3d was kept at 3.5 nm.

Figure 3a, b shows the relations between the effective
mass and radius for the two potential barrier values (1.90
and 1.15 eV). These profiles clearly demonstrate the
contrasting impact of the QD radius and effective mass on
E0. This is mostly noticeable for smaller values of both
QD radius and effective mass, where E0 has a steeper
change when the QD radius is varied when compared
with the effective mass. Moreover, for bigger QDs the
impact of the effective mass on E0 also decreases. This
constrained influence of the effective mass on the energy
levels can be seen by taking the example of 3.5 nm radius,
where the effective mass is shown to already have a
diminished impact on E0, and is evident in Figure 3d that
has mostly a horizontal (V0) dependence on E0. It can also
be seen, when both Fig. 3a, b are combined, that for radii
above 5 nm, E0 becomes close to the limit imposed by the
potential barrier and is thence mostly unaffected by any
change in either of the three parameters. This is further
emphasized in Fig. 3c, where for radii above 5 nm E0
barely changes with the radius and its value is always close
to its counterpart in V0.
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These results underline that, for practical implementa-
tions, it is paramount to guarantee a monodispersion of
the QD sizes, specially for smaller QDs, if a uniform set of
properties is required.

Quantum-enabled light absorption
The absorption spectra are now determined with the

method described in the Methods Section 2, using the
values in Table 1. The results are shown in Fig. 4 for 2 QD
radii and 2 potential barriers: 1.6 nm/1.90 eV (Fig. 4a),
2.5 nm/1.90 eV (Fig. 4b, d), and 2.5 nm/1.15 eV (Fig. 4c).
The absorption for the 1.6 nm/1.15 eV QD was not pos-
sible to calculate as there was only a single energy level
present within the barrier, while at least two states are
needed to allow a photon-induced electronic transition.
For comparison of the results, in Supplementary Material
Section S4 we provide additional absorption profiles for
the QD radii (2.5 and 3.9 nm) that also result in an energy
level at −0.9 eV but for a potential barrier of 1.15 eV, and
with a higher effective mass of 0.17me (as the literature
reports for this value fluctuate between 0.08me and
0.17me)

33–35,40.

In any dots-in-host material (see Fig. 1), the higher the
volumetric density of QDs in the array the higher the
absorption enabled by their confined states. This is
accounted for in Eq. (6) with the proportionality term
corresponding to the QD density in the host matrix, ρqd.
To allow the applicability of the results of Fig. 4 to any
particular QD density, it is preferable to present the
absorption coefficient per density (α/ρqd [cm

−1 nm3]) as it
can be multiplied afterward with the ρqd values to deter-
mine the specific absorption coefficient (α [cm−1]). For
instance, CQDs can be densely packed in dots-in-host
films with volumetric densities up to 1019–1020 dots/
cm3 24,41. As such, taking the peak absorption coefficient
densities attained in Fig. 4, it is possible to achieve
absorption coefficients of 104–105 cm−1 for the transi-
tions, closely following recent experimental results of
intra-CQD transitions by Ramiro et al. measured with
QD densities of ~1019 cm−3 41. Remarkably, these are
values comparable to the bulk absorption coefficients of
macroscopic semiconductors, which is a clear demon-
stration of the potentialities of quantum-structured
materials for any optoelectronic application.
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Another important aspect in practical applications is the
QD size dispersion, which affects the absorption peaks,
such that larger dispersions lead to wider and smaller
peaks. In our model, this effect can be accounted for by
varying the width of the gaussian (σ) used to approximate
the delta function in Eq. (6). In the present study the
authors used a value of σ= 0.025 eV—similar to other
previous works22,26—however, Fig. 4a compares the cal-
culation of the absorption coefficient of a 1.6 nm radius
QD for gaussian widths of 0.025 and 0.05 eV (representing
a broader QD size dispersion). As expected from an
experimental standpoint, the wider size dispersion not
only leads to a broader peak, but also to a reduction in the
absorption coefficient maximum.
The most notable and expected contrast for the 1.6 and

2.5 nm radii is the number of energy levels, as the larger
the QD the higher the number of levels. In a more
practical context of quantum-based technologies, a higher
number of levels can lead to different unwanted effects,
such as higher number of allowed transitions. For
instance, in IBSCs, thermal and tunnel-assisted carrier
escape from the intermediate band (QD) to the conduc-
tion band (host) have been shown42–44, which entail non-
radiative recombination that effectively hampers the
achievement of photovoltage preservation (i.e., maximum
Voc chiefly limited by the wider host bandgap and not by
the presence of the intermediate band), thus limiting the
efficiency of the cells. In this respect, spherical QDs, as
considered in this work, are advantageous—being the
highest symmetry geometry it will have the highest degree
of degeneracy, and thence a lower number of levels. For
instance, a 2.65 nm cubical QD—size with the same
volume as a 1.6 nm radius spherical QD—will have 7 non-
degenerate energy levels in contrast with the 2 levels of
the spherical QD. Furthermore, other works have also
shown that 8.5 nm square QDs (equivalent in volume to a
3.3 nm spherical QD) have >15 energy levels, effectively
doubling the energy levels from the 2.65 nm case21.
In Eq. (6), the angular components are responsible for

defining the allowed transitions (see Supplementary
Material Section S1). As shown in the inset schematics of
Fig. 4, not all transitions between levels are allowed, which
reduces the number of possibly unwanted transitions.
These transition rules can be established by developing
the matrix elements, Φj

� ��ϵðλÞ � r Φij i�� ��2, that also include
polarization dependency. Here, the model benefits from
using spherical coordinates by expanding ϵ λð Þ � r in terms
of spherical harmonics (Equation S8 of Supplementary
Material) to ultimately separate Eq. (6) into three different
equations (Equation S9 of Supplementary Material) that
depend on three different polarizations, z, left circularly
polarized (LCP) and right circularly polarized (RCP).
Thence, it is possible to separately determine the
absorption for specific polarizations. Note that the

z polarization represents an electric field changing in the
light-propagation direction while both the left and right
polarizations simply represent a combination of the x and
y-polarizations that would normally appear in a cartesian
problem. For this case, each polarization term is thus
responsible for defining a set of rules that establish the
allowed transitions that can be summarized as Δl ¼
± 1;mf �mi ¼ ± 137,45. Therefore, when a transition
between 2 levels occurs, the initial and final m values can
also impact the transition. However, this is a degenerate
level conscious rule, i.e., it only affects the transitions
between degenerate levels, and does not really impact the
number of transitions. As such, to simplify the problem,
these transitions between degenerate states were con-
sidered to be equally likely, and thus the overall transi-
tions probability was taken as the average of all these
transitions22. Nevertheless, since different polarizations
also contribute with different angular matrix elements,
and consequently different absorption coefficient peaks,
the authors also provide the results for the z and LCP
polarizations (the RCP results are equal to the LCP’s). It
should nevertheless be emphasized that these absorption
coefficient peaks correspond to transitions between dif-
ferent degenerate states of 2 energy levels. Figure 4 clearly
shows that the QDs have higher absorption for the z
polarization, simply because the matrix elements, as
determined in Supplementary Material Section S3, are
higher for the z component than for the LCP and RCP.
The equations describing the angular and radial inte-

grals, necessary to calculate the absorption profile, are
provided in Supplementary Material Section S1 (Equa-
tions S7,S9,S10), and the calculated values for the case
studied in this article are provided in Supplementary
Material Sections S2 and S3 (Tables S1,S2,S3).
Last, the bigger QDs show higher intensity absorption

peaks. The matrix elements from Eq. (6) are what ulti-
mately defines such intensity. However, in contrast to the
aforementioned z vs. left polarization disparity, here it is
the radial integral the main responsible for such differ-
ence. From Supplementary Material Equation S7 this
element is directly proportional to the overlap between
the radial components of the wavefunction between the
initial and final states. Therefore, generally the bigger the
separation between 2 energy levels, the smaller the over-
lap between these 2 radial components. Figure 2d shows
well this effect between the 1st and 3rd wavefunctions, as
can further confirmed by a simple analysis of the spherical
Bessel functions used to calculate the wavefunctions. In
Fig. 4, the energy levels that are more separated result in
smaller absorption peaks. Interestingly, this trend is also
followed by the results of Ramiro et al.41, that show a
reduction in absorption peak intensity as the peak center
moves to higher energies and higher absorption coeffi-
cients for bigger QDs.
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It should also be noted that there is a significant differ-
ence between the crystal structure symmetry and QD shape
symmetry. For the former, the influence is mostly noticed in
the symmetry of the wavefunctions39,46, i.e., the symmetry
properties of the structure are reflected on the symmetry
properties of the wavefunctions. This can be relevant for
inter-band transitions22, where different symmetries from
different bands can influence the transition probabilities,
but not so significantly for the intra-band transitions which
are the focus of this work. For the QD shape symmetry, the
effect occurs mainly on the energy level degeneracy, as
previously discussed, consequently its effect is most relevant
on the number of allowed transitions.

Methods
This work used the single-band effective mass equation

(SBEQ, Eq. (1)) as a basis to study of the QDs proper-
ties22,47. In this approach, the full wavefunction as
obtained from the time-independent Schrödinger equa-
tion (TISE), is shown to be approximately expressed as the
product of a periodic function (representing the Block
component) and an envolvent function, Φ(r), that fulfills
Eq. (1) (detailed derivation provided in ref. 47). This
envelope function can thence be used to determine the
QD properties. Such method was chosen due to the
insightful simplicity provided by this approach, contrast-
ing with other more fundamental, however, also more
abstract/complex formalisms26,48.

��h2

2m�
ν

∇2Φ rð Þ þ Eν;0 þ U
� �

Φ rð Þ ¼ EΦ rð Þ ð1Þ

In Eq. (1), ħ is the reduced Plank’s constant, mv is the
effective mass, (Eν,0+U) represents the potential barrier of
the system, where Eν,0 is the local component and U the
periodic component, E represents the allowed energy levels.
Subsequently, due to the strong interest in colloidal

QDs (CQDs), a spherical potential was taken—used to
represent Eν,0+U in Eq. (1)—as defined in Eq. (2), where
V0 is the potential difference between the conduction
band energies of the QD and host materials, as shown in
Fig. 1, and a is the QD radius.

V rð Þ ¼ �V0 ; r � a

0 ; r > a

�
ð2Þ

The problem is thus reduced to a standard differential
equation problem (the finite-spherical well) that has been
widely studied36–38,47, and whose solution is detailed in
Supplementary Material Section S1. Ultimately, the
eigenvalue equation (Eq. (3) for l ≠ 0 and Equation S4 of
Supplementary Material for l= 0) is reached by matching
the logarithmic derivatives of the wavefunction inside and
outside the QD. Equation (3) can then be solved

numerically to obtain the set of energy levels of the
embedded QD.

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m� E þ V0ð Þ

m�E

r jl�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� EþV0ð Þ

2

q
a

� 	

jl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� EþV0ð Þ

2

q
a

� 	 � i
h 1ð Þ
l�1 i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�2m�E
p

2

q
a

� 	

h 1ð Þ
l i

ffiffiffiffiffiffiffiffiffiffiffi
�2m�E

2

q
a


 � ¼ 0

ð3Þ

Where, jn is the spherical Bessel function, hn is the first
order spherical Hankel function, E is the energy of a
particular level and m* is the electron effective mass in the
QD material. Here, we considered the effective mass to be
spatially invariant to maintain the effective-mass equation
Hermitian22,47. The normalized wavefunctions (Eq. (4))
can thence be determined by coupling the wavefunction
normalization and continuity conditions (derivation
shown in Supplementary Material Section S1).

Φ r; θ;ϕð Þ ¼
Anjn kinrð ÞYm

l θ;ϕð Þ ; r � a

Bnh
1ð Þ
n ikoutrð ÞYm

l θ;ϕð Þ ; r <a

(

A2
l ¼

h 1ð Þ
l koutað Þj j2

a h 1ð Þ
l koutað Þj jþb ll kinað Þj j2 ;B

2
l ¼ jl kinað Þj j2

a h 1ð Þ
l koutað Þj jþb ll kinað Þj j2

ð4Þ
Where the abbreviations ikout ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2m�E=�h2

q
, kin ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m� E þ V0ð Þ=�h2
q

, a ¼ R a
0j
2
l kinrð Þr2dr, b ¼R1

a h 1ð Þ2
l koutrð Þr2dr, and Ym

l θ;ϕð Þ are the spherical
harmonics.

The optical absorption properties of the QDs can be
determined by utilizing Fermi’s Golden Rule (Eq. (5))
using the dipole approximation, to calculate the transition
rate, Γi→j, between an initial, Φi, and final state, Φj

22,37,47.

Γi!j ¼ πq2ω
ϵrϵ0V

hΦjjϵ λð Þ � rjΦii
�� ��2δ Ej � Ek � �hω

� � ð5Þ

Where, ω is the angular velocity of the absorbed/emitted
photon, q is the electron charge, V is the crystal volume, ε0
is the vacuum permittivity, εr is the medium’s dielectric
constant, ε(λ) is the polarization vector, and Ej and Ei are
the energies of the final and initial state, respectively. This
transition rate is then used to determine the absorption
coefficient, α of the QD as follows (Eq. (6)).

αi!f ¼ 2πq2E
nrefchϵ0

hΦjjϵ λð Þ � rjΦii
�� ��2ρqdδ Ef � Ei � �hω

� �
fi 1� ff
� �

ð6Þ
Where nref is the refractive index of the host material, E is
the energy of the absorbed photon, c is the light velocity in
vacuum, ρqd is the QDs volumetric density in the array,
and fi and ff are the Fermi factors for the initial and final
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state, respectively. These later values represent the
occupancy of a particular state, so a Fermi factor of 1
for the final state represents a null absorption coefficient
regarding that particular transition, as that state is fully
occupied. For simplicity of the analysis, here the initial
state is taken to be fully occupied and the final state is
fully empty (fi and ff equal to 1 and 0, respectively). We
also note that the matrix element for the transition
Φjjϵ λð Þ � rjΦi
� �

has to be considered carefully, as it will be
separated into three different components (z polarization,
left circular polarization, LCP, and right circular polariza-
tion, RCP) from the angular integration (a detailed
development, and the final expression used for this
calculation is shown in Supplementary Material S1). Last,
Dirac’s Delta function (δ) is a sharply defined peak at
energy Ef–Ei, however, small variations of the parameters
can lead to a broadening of this peak, and thus this
function can be approximated by a Gaussian profile. In
this work, the peak broadening was maintained at
0.025 eV, similar to other previous works22.

Conclusions
The formalism developed in this study benefits from its

inherent simplicity, flexibility, and results accuracy, in
contrast with other significantly more complex methods,
making it thus an ideal choice for designing quantum-
structured semiconductors.
Several properties of spherical QDs and their impact on

the energy levels were investigated, namely the radius,
effective mass, and potential barrier. It was ascertained
that the size has the most relevant impact on the number
and value of the confined levels. The potential barrier was
determined as the main factor for determining the mag-
nitude of the energy levels as it defines the limit value that
these can have. Last, the effective mass mainly affects the
higher energy levels.
The light interaction properties of the dots-in-host

systems were then studied by calculating the absorption
coefficient per density (α/ρqd) for QD radii and potential
barriers of interest, where it was determined that the
bigger sizes had more allowed transitions and higher
absorption. This latter effect was associated with a smaller
separation between the energy levels that provide better
coupling between both states, and thus increases the
absorption coefficient. Last, it was determined that QD
densities (~1019 cm−3) attainable by CQDs can result in
absorption coefficients comparable to those of standard
photovoltaic materials, thus revealing the remarkable
potentialities for future technologies based on quantum-
structured semiconductors.
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