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Published online: 09 January 2019 . Nanostructured semiconductors have the unique shape/size-dependent band gap tunability, which

. has various applications. The quantum confinement effect allows controlling the spatial distribution

of the charge carriers in the core-shell quantum dots (QDs). Upon increasing shell thickness (e.g., from
0.25-3.25nm) of core-shell QDs, the radial distribution function (RDF) of hole shifts towards the shell
suggesting the confinement region switched from Type-I to Type-Il excitons. As a result, there is a jump
in the transition energy towards the higher side (blue shift). However, an intermediate state appeared
as pseudo Type Il excitons, in which holes are co-localized in the shell as well core whereas electrons are
confined in core only, resulting in a dual absorption band (excitation energy), carried out by the analysis
of the overlap percentage using the Hartree-Fock method. The findings are a close approximation to the
experimental evidences. Thus, the understanding of the motion of e-h in core-shell QDs is essential for
photovoltaic, LEDs, etc.

Quantum dots primarily exhibits the confinement effect that leads to the spatial enclosure of the electronic charge
carriers within the nanocrystals (NCs)!. The effect is present when the dimensions of the semiconductor are
roughly below the Bohr’s exciton radius of that specific enclosure. This quantizes the conduction band (CB)

- and the valence band (VB) energy levels, nearly continuous for bulk semiconductors. The spacing between the

. valence band and conduction band can be varied by changing the size or shape of the nanocrystals which gives

© more monochromatic emission and near unity quantum yield by increasing shell thickness. At strong confine-
ment regime (size below the Bohr’s exciton radius) allows for controlling the spatial distribution of carrier wave
functions across various domains of a hetero-nanostructure QDs which shows size-dependent absorption and
photoluminescence (PL) spectra®®. Within a study carried out, the calculated exciton’s binding energy approx-
imates to the reported Bohr’s exciton radius of CdS single crystal (2.5 nm)* at the shell thickness of 2.4 nm, as
obtained in our model.

The spatial separation of the electron and hole wave functions within such semiconductor heterostructure®®
results in a prolonged charge transfer (CT) states which favours desirable characteristics for applications, such
as light emitters, lasers, photo-catalysts and photovoltaic devices’'2. The charge separation state can be achieved
either by direct excitation of the CT state or by photoexcitation of an exciton followed by hole transfer through the
core-shell boundary. Investigating the formation and relaxation of the CT state provides information about the
excitation and de-excitation processes'. Recently, the hetero-structuring idea has been implemented by various
groups for actuating NCs capability of emitting multi-colour light because of radiative recombination of excitons
confined into core/shell domains. These are DiB’s (Dot in bulk) semiconductors, which is due to the large size of
the shell as compared to the core exhibits dual emission. The primary reason for dual colour emission is believed
to be the size of the shell, the less non-radiative transfer of the shell’s hole towards the core, enhancing the prob-
ability of radiative recombination of the shell’s exciton into dual emission'. Also, the geometric separation of
excitons in the nanostructures results in inhibited relaxation processes (exciton cooling and multi-exciton recom-
bination), which gives dual-emission'®.

Materials which has small lattice mismatch, the strain-induced localization of carriers are less efficient, as the
energy levels in the CB and VB shifts insignificantly'®. This is the case with CdSe/CdS NCs, which are structures
having specific properties such as mono-dispersity, narrow emission bandwidth, and high quantum yield'”%. In
shape altered QDs (nano-rods), it has been reported that the smaller CB and VB offset of CdSe favour localization
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of both electron and hole inside the core (Type-I) exciton. However, as the core size decreases, the kinetic energy
of electron permits to penetrate CB offset barrier, confining over shell (Type-II) exciton'*!°-21. This effect is pre-
dominant on the graded interface which has a step-like confinement potential at the interface. However, this
separation between electron and hole is usually restricted to small-sized core quantum mechanical systems and
is limited to Coulomb interaction'**. A previous study on the differential localization of the electron and hole
in the core-shell QDs is limited in the insights of the overlap integral of charge carriers for the determination of
the different types of excitons and its effects on the size of the QDs. For a better understanding of the dual excita-
tions, bulk shell structures are also needed to be studied, as it follows the same trend as predicted by our proposed
model on the limitations of the dual excitations for the shell sizes?. In another report* pseudopotential method is
used to study the effect of the environment on the energy values of the electron. The environment induces excess
charge carrier to imitate dielectric effect, which has been simplified by using Gauss’s law on the Hamiltonian
equation to extract eigenvalues accordingly.

Controlling the spatial distribution of the charge carrier in nanorods (NRs) by altering the environment and
applying an electric field, keeping the dielectric of the rod unaltered is also reported®. Low insulating strengths of
the environment results in increased e-h interactions thereby increasing binding energy along with the transition
probability of Type-I NRs. For the Type-II NRs, the spatial distribution of the electron completely shifts towards
shell, hence transitions from pseudo-Type-II to Type-II exciton.

A novel method has been devised®® to compare tuning of the localization of the carrier by reduction using
different photochemical hole quenchers (ethanol vs. borohydrides) of ZnO QDs. This facilitates the accumulation
of electron in the conduction band at a rate faster than the Auger recombination without the change in charge
carrier at equilibrium. By photochemical reduction using hole quenchers, it induces delayed response of the e-h
recombination thereby increasing the quantum yield efficiency and the absorptivity of the QDs. A similar study?’
has been carried out for further investigation to differentiate the regimes of electronic doping, which produces
excess charge carriers and the electrostatic redox effect with equilibrium excess charge carriers. Reduced QDs
produced delocalized electrons, and these electrons are produced primarily due to thermal excitations as the
Fermi level is very close to the conduction band. The other regime has a Fermi level above CB, which results in a
significant change of the charge carriers.

Despite previous works'>? on the switch of the localization of the electron and hole in core-shell CdSe/CdS
structure, these studies have ignored the explanation of the mechanism in the intermediate of e-h pair transition
from Type-I exciton to Type-II exciton, specifically pseudo Type-II exciton.

Here, we have modelled 1-D core-shell (CdSe/CdS) quantum dots of radius 2-5nm, with Hartree-Fock mean
field approximation theorem solved using FDM (Finite Difference Method). The shortcoming of the Hartree-Fock
Effective Mass Approximation (EMA) model in the Poisson equation was taken care of by calculating the specific
e-h coulomb interactions without averaging it out across the domain. The mean field approximation method is
limited to small QD systems. Therefore we adopted a method for calculation of Coulomb interactions known as
Exact Field Approximation (EFA), which is not exploited sofar?*?%. Further, the calculation of the excitation
energy by the analysis of the PDF (Probability Density Function) of the electron and hole is used to discriminate
the localization of the charge carriers in the core-shell domain for the size dependence variation. We studied the
Schrodinger equation for the exciton, which is bounded by an electron and a hole and examined the effect of the
shell thickness variation on the radial distribution functions (RDF) of both within the strong confinement regime
in which the perturbation is calculated as the e-h Coulomb interactions. Our study focuses on the coverage of e-h
couple from core to shell CdSe/CdS NCs that produces transitions from a Type-I to a quasi-Type-II regime and
continues into the onset of the Type-II regime depending on the increase in the size of QDs.

The Model and Theory

The core material, taken as CdSe with the radius R;, which is passivated with a CdS shell of radius R,, has a

broader band gap than CdSe. The shell thickness is T, = R, — R,. The conduction and valence band profile of

this structure is shown in the Fig. 1. The EMA (effective mass approximation) calculations (Supporting informa-

tion (SI) of Method and Calculations) and BenDaniel-Duke boundary conditions were applied to solve the partial

differential equations, we have assumed a 1-D spherical DLQD (Dual-layer quantum dots) heterostructure.
Schrodinger equation of an exciton is given as follows*:

2 2 2
Il Ly Tyl Ly - )+ R )
2 \m 2 ") K, — 1)
= €nlmwnelxmc(re’ rh) (1)

Here, the first and second terms are the carrier charge kinetic energies of the electron and hole, respectively. The
subsequent term is the attractive Coulombic interaction energy between the electron and hole, h is the reduced
Planck constant, m(r) and mj;(r) are the position dependent electron and hole effective masses, respectively. The
effective masses of the electron and hole of the CdSe and CdS have calculated the density of state effective mass
(see SI of Table S1). e is the unit coulomb charge,  is the dielectric charge of the medium, and V,(r,) and V,,(r;,)
are the confinement potentials of the electron and hole, respectively (SI of Table S1). The v, (r,, r,) are the
excitonic wave functions and the €, are the exciton energies. The exact solution of this PDE (partial differential
equation) require huge computing resources, as the number of interacting matrix elements is approximately in
the order of 10°2 x 10°2 This requires large storage setup, faster processing for large matrix calculation and diag-
onalization assuming terabytes of data flow. Therefore, some approximations have to be made®. In the said struc-
ture, the electron moves in a mean potential induced by the hole and similarly, the hole moves in a mean potential
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Figure 1. Band structure of core-shell CdSe/CdS QDs with the dual absorption (excitation) mechanism. The
vertical solid line shows transitions between the core HOMO to LUMO and the dotted line between shell
HOMO to core LUMO. The CB denotes the conduction band and VB denotes the valence band. Inset: PDF of
electron (red) and hole (purple) are added for comparison w.r.t band structure. Demarcation dotted line in grey
to point the core’s centre.

induced by the electron®?. In HF (Hartree-Fock) calculations, the carriers Schrodinger equations can be simplified
as®;

2
L% - .0+ VR = &R,
2 |\ mi(r) ¢ 2)
hz
_7%[%’:(0]% T %t Vh(r)]ﬂh(r) 9 3)

In these equations, g, and g, are the charges, and R.(r) and R;,(r) represents the radial wavefunctions of the elec-
tron and hole, respectively. .(¢y) is the Coulombic potential generated by the electron (hole). The two PDEs are
used to solve the radial part; the angular part has been omitted as we constrain ourselves to the PDFs of the e-h
pair (exciton). As evident from the Schrodinger equations, we ignored XC (Exchange-Correlations) effects as they
hardly contribute to the electronic energies (see SI of methods and calculations).

The confinement potential for the electron between R, and R, (eq. 5) is calculated by the difference of the
electron affinity of the core and the shell. Similarly, for the hole (eq. 6), it is calculated by reducing confinement
potential of electrons with the difference of band gap between core and shell*>. Beyond R,, the QD is assumed to
be in an infinite potential wall, this amounts to a node for the electron and hole wavefunctions at the periphery of
the spherical QD. The confinement potential profile of QDs is represented as:

0, r <R,
Vor=1Vew Ry <r <R,
00, r>R, (4)
Ve = Xcase ~ Xcas (5)
Vi = Epg(cas) = Evg(cise) — Ve (6)

Here, we have assumed the interface between core and shell to be step-like or non-alloyed. Therefore, the confine-
ment potential is assumed constant for the core and shell domains. The surface edge effects and mismatch effects
were ignored due to small lattice mismatch (See SI of methods and calculations).

For the interface between the domains, the BenDaniel-Duke boundary conditions*** is applied as:

|Re‘h(r)’ |r:R1 = |Re,h(r)|r:R2 (7)

SCIENTIFICREPORTS| (2079) 9:2 | DOI:10.1038/s41598-018-37676-3 3



www.nature.com/scientificreports/

1 dR,,(r)
m:,%c@lsa dr

1 dRe,h(r)
m:’ECdS) dr

r=R;

r=R, (8)

Equation (7) represents the continuity of the RDF across the interface in the zeroth order differential. The
BenDaniel-Duke boundary conditions cause the continuity of the probability current densities at the interface
(eq. 8). Here, the effective mass of the charge carriers at core and shell (See SI of Table S1) are different across the
interface®, therefore, the boundary conditions compensates the effective mass mismatch at the interface unlike
in the case of classical boundary equations which is introduced for the continuity of the radial wavefunctions of
the first order differential.

The electrostatic potentials induced by the electron and hole can be solved by the Poisson equations, as given

below:
— —
VEn Ve, =4, ©)
— —
V/i(r) Vd’h = _thh (10)

here, p,(r) and p,(r) are the linear carrier charge densities, and «(r) is the position dependent bulk dielectric
constant of the core and shell of the QD. Equations 9 and 10 models the electronic potential images which arise
due to surface polarization at the core-shell boundaries. The charge carriers (e-h) linear densities are as follows™:

1 n,l 2
= —¢g|R™
Q, 47Tq‘ e (1’)| (11)

1 n,l 2
oy = —4IRy" (1)
b= g df ) (12)
Here, n represents the principal quantum number and / is the azimuthal quantum number. Since we are con-
cerned with the modelling of s-s transitions for the excitations, therefore we have assumed n=I and /=0 for both
the electron as well as a hole.

Results and Discussion

The radial distribution functions (RDF) calculated using the Hartree-Fock mean field approximation method
represents the spatial distribution of the charge carriers in QDs in steady-state. Figure 2(a—c) shows the behav-
iour of the distribution of the electron and the hole RDF of CdSe/CdS QD with the increase of the shell thickness
from 0.25-3.25 nm with a fixed core radius of 1.75 nm. The electron’s spatial distribution is delocalized across the
whole domain due to small effective mass which amounts to high kinetic energy, further facilitated by low band
offset of the conduction band (V,=0.32eV), making delocalization of the electron into the shell easier. The peak
of the curve becomes sharp and increases within the QDs as the shell thickness increases to 1.2 nm (Fig. 2(a)). The
sharpness of the electron’s RDF is independent of the spatial distribution of the hole since hole and electron are
co-localized in the same core region (Type-I exciton) till 1.2 nm. The localization of the electron in QDs is gov-
erned by the shell size, which acts as a confinement potential of the electron inhibiting the electron’s tunnelling
probability from the core towards the shell (Fig. 2a). Beyond 1.2 nm shell thickness, electron’s energy decreases, as
the full-width half-maximum (FWHM) of the electron RDF is reduced (Fig. 2(d)), demonstrated the hole (+ve)
and electron (—ve) energy curves as a function of QD radius, overlapped into the same region to compare the
separation of (e-h) energy. Here, the distribution of hole plays an important role. It is shifting towards the shell
from the core; this exerts a Coulumbic force on the electron to attract it towards the shell. Also, there is repulsion
between the core localized excitons and the shell localized excitons, as the hole are virtually electronically decou-
pled from each other and separated by an energy gap below a quasi-continuum of shell’s energy levels>*” and
dynamic coulomb blockade process is responsible for the hindering the relaxation of shell localized holes to the
core states for sharp confinement potentials'®. As a result, the electron’s spatial distribution is broadened, which
causes a reduction in the sharpness of the peak of the spatial distribution of the electron, and the similar trend is
followed till 1.8 nm shell thickness.

Upon further increasing shell thickness (above 1.8 nm), the sharpness of the RDF regains because the hole
RDF has completely shifted from the core towards shell. Therefore, the Coulomb interaction between the electron
and the hole is static due to confinement of hole in shell completely. Due to this, there is a negligible Coulombic
effect on the electron, hence it follows general localization of the electron in the entire domain.

Figure 2(b) shows the hole’s probability density function, which is shifting from core to the shell, causing the
overlap probability (exciton) to shift towards the shell w.r.t shell coverage. Hole’s energy monotonically increases
with the increase in shell passivation. Since the hole is confined towards the shell making the radial distribution
function more sharper thereby enhance the energy of the hole. In the intermediate state, the hole RDF is localized
in the core as well as in shell after the shift due to high effective mass amounting to lower kinetic energy, this inter-
mediate region is known as the pseudo-Type-II exciton. This is facilitated further by low valence band confine-
ment potential (V, =0.43 eV), which makes the hole easier to penetrate towards shell. This shift is instrumental
to the reasons for various effects including the excitation’s energy variation and specifically in understanding the
transition from Type-I to Type-II excitons.
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Figure 2. The probability density function of the electron (a) and hole (b) consists of multiple curves, each
RDF curve is plotted as a function of the QDs radius starting from 2 to 5 nm for a single exciton. The inset of
(b) shows the magnified curves for the probability density function of the hole in the smaller dot. (¢) Graphic
representation of the electron and hole RDFs of 1.75 nm CdSe core along with a shell thickness of 0.25 (i)
1.25 (ii) 2.25 (iii) and 3.25nm (iv). The electron’s radial wavefunctions are localized over the core domain
consistently and the hole’s shift towards the shell. (d) Energies of the electron and the hole with varying shell

thickness.
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Figure 3. The probability distribution of single exciton (electron-hole) as a function of shell thickness
upto 3.25nm (5.0nm QD radius) with respect to the percentage area covered by both the core and the shell
excitons of the QDs. The number in parenthesis is the shell thickness and overlap percentage.

Relative overlap percentage is a unique way to know the radial density distribution of the exciton over the
core-shell to establish the confinement region for excitation energies calculations. The core exciton is decreasing
as the thickness of the shell is increased (Fig. 3), since our concern is with the boundary limit 70.7% of core-shell
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Figure 4. The excitation energies of the excitons with varying shell thickness. The blue vertical dotted lines are
representing the dual absorption region.

exciton concentration in core-shell QDs to discriminate the different exciton types. Below 0.88 nm shell thick-
ness, the concentration of the core excitons w.r.t. the total concentration of the excitons is above 70.7% (Type-I
exciton). This suggests a shift in the overlap probability of the excitons that can be engineered by applying external
electric fields®.

There are data points between shell thicknesses 1.04 to 1.36 nm (Fig. 3) for which the overlap percentage
of the core-shell below 70.7%, which may exhibit dual absorption, two transition energies for each shell thick-
ness suggesting dual absorption from the pseudo-type-II exciton. After this intermediate regime (shell thickness:
1.04-1.36 nm), the confinement region of exciton shifts towards the shell, known as Type-II exciton (Fig. 3). The
Type-II exciton produces an absorption which corresponds to the energy difference between core conduction
band and the shell valence band (shell to core transitions, Fig. 1).

In the calculation of the excitation energy for dual absorption (See SI of methods and calculations), we took
both the bulk bandgaps of the core CdSe and the difference between the conduction band of core and the valence
band of the shell (pseudo-Type-II exciton). Similar effects were observed experimentally for the QDs as reported
in the literature'>**°. The excitation energy is decreasing with increasing shell width up to 0.72nm, the decrease
is about 3meV, as shown in Fig. 4. This arises due to the increase in the width of the shell (CdS), also the excitation
energy is inversely related to the square of the confinement region’s dimension, which agrees to the confinement
effect. For 1.04-1.36 nm shell thickness, the curve shows dual excitations with a substantial difference in excita-
tion energy. The overlap percentage of the core or the shell confined exciton w.r.t. each other is below 70.7% in
this region. Above 1.67 nm shell thickness, the rate of increase of excitation energy is stagnant after a jump in
the excitation energy, due to switching into Type-II exciton having electron delocalized in the core and the hole
completely localized in the shell (Fig. 2c). There is no significant increase in the transition energy change w.r.t.
shell thickness as the e-h pairs are fully confined. The dual emission exhibited by ultra-thick CdSe/CdS core-shell
QDs can also be related to this model for further investigations. This effect is primarily due to the thick shell QDs
and the nature of the interface between the core and the shell; the step-like confinement potential is more bound
to show this effect than the smooth confinement potential'.

The binding energy of excitons was estimated and are shown in Fig. 5. It has been observed that the values are
positive for each shell thicknesses suggesting attractive interactions between the hole and electron. Variation of
these interactions are the physical reasons for variation of the binding energy with the shell thickness. The rise in
binding energy can be understood predominantly by the increase in the electron and hole probability densities.
Therefore, the interactions between them increase. Above 1.36 nm shell thickness, the hole’s probability density
starts to shift towards the shell from core, since the electron remains confined in the core, therefore, with the
increase in probability density of both, the hole-electron separation is accelerated due to the shifting of hole and
after the full confinement of the hole, the hole shifts along with the shell thickness increase, which further takes
the hole away from the core or here, the core confined electrons. This causes the reduction of the electron and
hole Coulombic interaction showing a steep increase in the binding energy*® (positive slope) till 1.67 nm. After
1.67 nm shell thickness, the separation between them does not increase at a fast rate signifying that the slope of
the binding energy becomes less sharp as the shell thickness increases.

The absorption intensity was determined theoretically in terms of the oscillator strength. Figure 6(a,b) gives
the normalized oscillator strength of QDs for different shell thickness in the gas phase for both the (a) Type-I (eh|)
confinement and (b) Type-1I (e|h) confinement. The oscillator strength for second excitation peaks was also esti-
mated for the transitions from 2 S(h) of VB to 1S(e) of CB. The electrons excited from the second sub-band of the
valence band (HOMO-1) to the conduction band of the LUMO (Fig. 1). The second excitation state has relatively
less oscillator strength due to the negative curve of the hole radial wave function for the second sub-band level of
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Figure 5. The binding energy of exciton as a function of shell (CdS) thickness.
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Figure 6. The oscillator strength of Type I (a) and Type II (b) excitons as a function of the shell thickness in the
gas phase.
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Figure 8. An estimated natural lifetime of excitons (Type I and II) as a function of shell thickness.

the valence band having a single node. The overlap integral of the second excitation is lower than the first excita-
tion peak due to destructive interference (SI of Fig. S1). Thus, the oscillator strength follows the same trend!".
Further, the simulated relative oscillator strength was compared'>*! with the normalized experimental absorption
spectrum obtained for CdSe/CdS QDs prepared using chemical route at high temperature. The core size of syn-
thesized QDs was typically 1.75+ 0.25 nm and the shell thickness was 0.25 £ 0.25 nm, which produces the first
absorption (excitation) peak at 547 nm'? and 590 nm’! and the corresponding simulated value was obtained at
542 nm. The second excitation peak was observed experimentally at 438 nm and theoretically at 481 nm. The dif-
ference in the excitation energy might be due to the non-uniformity (shape) of the core-shell structure prepared
experimentally, 1-D modelling and also due to the different environments, i.e., the liquid phase for the experi-
mental and gas phase for theoretical.

According to our model, the shell thickness for the particular excitation energy matches with 0.25nm, which
is well within the allowed error estimation of about 0.2/0.15eV'>*!. The multiple peak fit is employed to simulate
Gaussian curves to represent the calculated excitation peaks and superposed on the actual absorption curve along
with the summated Gaussian curve for the first and second excitation bands (Fig. 7). It is important to mention
that the modelled QDs follow the similar trend, i.e., the excitation energies decrease with increasing the shell
thickness up to 3-4 monolayers® (e.g., 1 ML =0.25nm).

Figure 8 shows the variation of radiative (natural) lifetime time as a function of shell thickness estimated using
the equation provided in supplemental information (Methods and Calculations). As the shell thickness increases
from 0.2-1.4nm, the lifetime decreases and become nearly constant afterwards with slight increase. This trend
is quite convincing as per the reported!?*! experimental values. There are evidences*>*? for this trend at very low
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temperatures, e.g., at about 1.5 K which arises due to negligible non-radiative rates. The inorganic shell passiva-
tion leads to decrease in lifetime**, as the overlap integral between electron and hole increases overall?, since
there is increase in electron’s RDF in the core region and the increase in the spread of the hole’s RDF in the region
of the Type-I QDs. Beyond Type-I QD structure, the increase in shell thickness, there is a decline in the overlap
integral of the e-h pair which constitutes for the increase in the radiative lifetime**. Many reports*"*>** have con-
firmed that the shell passivation increases the quantum yield of the QDs, which is related to the decrease of the
radiative lifetime, as the non-radiative rates becomes less**. This is due to, the Auger decay mitigation, as the shell
blocks electrons transfer into the dot*. Typically, for 0.25 nm shell thickness, the calculated lifetime is 1.35ns,
whereas the radiative lifetime of the experimentally prepared QDs is 0.39 ns*'/2.18 ns'% The difference of the
lifetimes is compensated primarily due to the 1-D description used in our modelling, ignoring of non-radiative
recombinations, the synthesized QDs may not be perfectly spherical, may contain defect states and the environ-
ment (dielectric) effects. Thus, the radiative and non-radiative transitions are quite relevant parameters for the
device applications, e.g., solar cells, LEDs, photo-detectors, etc.

Conclusions

Theoretical modelling was employed to obtain the spatial distribution of charge carriers in the core-shell QDs.
A charge carries separation between the core confined, and shell confined excitons were obtained above the four
monolayers (with a fixed core size QDs). However, beyond six monolayers, the binding and excitation energies are
not size-sensitive. In addition to the type-I and type-II excitons, pseudo-type-II excitons (as illustrated in Fig. 9)
were obtained within specific shell thickness. The pseudo-type-II excitons lead to the dual absorption bands,
which may also give dual emission in the step-like confinement potential'®. Though the mechanism suggested
is debatable and requires much attention on this front for further explanation. We would like that this study will
contribute a lot to understanding the basis of electronic and optical properties of the excitons in multi-layered
heterostructure QDs and will provide information for material fabrication.
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