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ABSTRACT KEYWORDS
Quantum confined structure-based solar cell is promising two folds ~ Density functional theory;
increment of the maximum theoretical photovoltaic conversion effi- lead chalcogenides;

multiple exciton generation;

. - o - .
ciency i.e, > 60% in comparison with that of the bulk analogs e.g., quantum confined structure

silicon-based and dye sensitized solar cell (ca. 32% of maximum the-
oretical efficiency). The key to the significant increment is the ability
of the fluorophore to exhibit multiple exciton generation upon
absorption photon with sufficient energy. Small size of lead chalco-
genides (PbS, PbSe, PbTe) crystals have been reported and proven
experimentally could exhibit this unique property. We have investi-
gated few clusters of narrow bandgap lead chalcogenides nanocrys-
tals i.e.,, (PbS)n, (PbSe)n and (PbTe)n; which n=4 - 80. The cluster
models were optimized using quantum chemical calculations to the
lowest energy geometry at B3LYP/lanl2dz level of theory. The pre-
dicted realistic (PbS)go, (PbSe)so, and (PbTe);, clusters with the size,
and bandgap of 4.58nm (2.00eV), 4.03nm (1.51eV), and 4.84nm
(1.55eV) are smaller than that of their exciton Bohr radius i.e., 5.01,
13.1, and 24.8nm respectively. Therefore, the occurrence of multi
exciton generation in the clusters is hypothesized upon absorption
of photon with Eppoton = 2E.

1. Introduction

Lead chalcogenides (PbS, PbSe, and PbTe) are narrow bandgap semiconducting materi-
als (i.e., 0.37, 0.26, and 0.29 eV respectively) which exhibited interesting properties i.e.,
high dielectric constant, low resistivity, and large carrier mobility [1]. They have been
used intensively for the applications of energy storage [2,3], optoelectronic [4], sensor
[5,6] and, photocatalyst [7]. Reduction of size of a semiconducting material (below its
exciton Bohr radius) would alter the stated bulk-properties above, and therefore would
offer new possibilities of applications. The large exciton Bohr radius of the lead chalco-
genides i.e., PbS (5.01nm), PbSe (13.1nm), and PbTe (24.8nm) [8] would offer vast
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Figure 1. Number of papers published from 2002 to 2018; generated from ISI Web of Science using
keywords ‘lead chalcogenide’ and ‘solar cell’.

morphologies of quantum confined materials e.g., quantum dots, nanorods, nanospikes,
nanobelts, nanoneedles, nanosheets, nanoflowers etc. The quantum confined lead chal-
cogenides have been studied extensively in the perspective of their unique properties
(i.e., chemical, structural and, electronic) in comparison with that of their bulk counter-
part. A specific property of the quantum confined lead chalcogenides which have
intrigued researchers in photovoltaic field (Figure 1) - multiple exciton generation
(MEG) [9,10]; which would increase the maximum theoretical efficiency of quantum
dots solar cell exceeding 60% [11].

The drastic increment of the theoretical efficiency of a quantum confined structure-
based solar cell is rooted from peculiar band structure of the quantum confined (QC)
fluorophore; which differs from the bulk fluorophore. Expansion of energy levels in a QC
fluorophore i.e., the highest occupied molecular orbitals (HOMO), the lowest unoccupied
molecular orbitals (LUMO), and the bandgap; has been reported [12-16]. The MEG is a
process which yielded more than one exciton upon absorption of single photon
(Figure 2a) [17,18]. Upon illumination of photon with energy greater than the bandgap of
the QC fluorophore, a ground state electron would absorb the energy, and consequently
excited to a higher energy level (e.g., from HOMO -0 to LUMO +1). The excited state
electron would undergo a relaxation from LUMO +1 to LUMO +0 which would release
the excess of absorbed energy in a form of photon with energy equal or greater than the
bandgap. A neighboring electron would absorb the emitted photon, and excited (e.g., from
HOMO -0 to LUMO +0); which cumulatively two excited state electron-hole pairs
(exciton) are produced upon absorption of single photon. The bulk fluorophore however
exhibits continuous energy band structure (Figure 2b). An excited state electron that
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Figure 2. (a) The MEG in QCS fluorophore upon absorption of photon with Epporon > Eg which
involves (i) excitation of a ground state electron, (ii) relaxation to the lowest unoccupied energy level
with subsequent photon emission, and (iii) absorption of the photon by neighboring electron, and
subsequent second electron excitation. (b) Dissipation of excess energy of an excited state electron
during relaxation to the lowest conduction band in bulk fluorophore.

undergoes a relaxation mechanism would only emit heat; which later will be dissipated to
the surroundings [19] and would not contribute to excitation of neighboring electron.

A correlation between quantum efficiency (QE) and energy of absorbed photon in
lead chalcogenides has been established. The correlation has revealed critical require-
ments for the MEG to occur in QC lead chalcogenides i.e., threshold value of QE ca.
300%, and E,poron = 2E4 [12,20]. A specific chemical structure of the QC lead chalcoge-
nides that would exhibit MEG however has not been revealed to date.

Quantum chemical calculations under the framework of density functional theory
(DFT) have received intense focus owing to its ability to calculate the ground state,
excited state, and emitting state properties of materials accurately [21]. We have suc-
cessfully established and validated few QC’s in our previous works in quantum dots
solar cell (QDSC) which have contributed to the revelation of six detrimental effects
during device fabrications [22]. Similar approach is aimed in this work which would
yield some insightful findings.

2. Methodology

The ground state geometry models of the lead chalcogenides were built based on their
well-established bulk crystallographic profiles. The models later undergo series of calcu-
lations to optimize their internal coordinates (i.e., bond lengths, bond angles, and dihe-
dral angles) to the lowest energy structure; which the interactions (potential and kinetic
energy) between electron, proton, and neutron, and correlation-exchange energy
between two neighboring electrons in same orbital are taken into considerations [23].
Models that meet convergence requirements for minimum energy structure then vali-
dated as realistic upon convergence in harmonic frequency calculations - exhibit only
positive vibrational modes [24]. All theoretical calculations were made using Becke’s
three parameter hybrid method with Lee, Yang and Parr (B3LYP) correlation functional
[12,25,26], and lanl2dz basis set; which provides accurate description of binding energy,
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Figure 3. Predictions of (a) cluster size, and (b) energy bandgap of (PbS)n, (PbSe)n and (PbTe)n. The
straight lines are fitted data.

surface states, trap states and surface stabilization [27]. The excited state properties of
the clusters i.e., the HOMO, LUMO, and bandgap were determined using time-depend-
ent density functional theory (TD-DFT) calculations upon validation of realis-
tic clusters.

3. Results and discussions
3.1. Determination and validation of (PbX)n realistic clusters

Luque et. al (2007) have investigated the correlation between the QE, MEG and
bandgap of PbS, PbSe, and PbTe using a mid-infrared probe. An observation of high
QE ca. 300% indicated that occurrence of MEG (ca. Three excitons per absorbed pho-
ton) which only could be demonstrated in PbS, PbSe, and PbTe with specific bandgap
viz., 0.8, 0.91, dan 0.91 eV; with corresponding size viz., 5.5, 3.9, and 5.5 nm respectively.
The specified sizes therefore were used as main reference in our work - modeling
realistic clusters of PbS, PbSe, and PbTe which would demonstrate the MEG. Several
cluster models of (PbX)n (with X=S, Se, and Te, and n=4-80) were built based on
well-established crystallographic profiles of bulk lead chalcogenides [28-31].

The models were validated as realistic cluster using procedure mentioned in previous
section. The size (diameter) of the realistic clusters was calculated based on their vol-
ume using polarizable continuum model (PCM). Figure 3a shows that the diameter
increases with increment of number of atoms arranged in each cluster model.

The (PbS)n, (PbSe)n, and (PbTe)n clusters with specific number of atoms which
would exhibit the targeted size have been predicted using the following equations:

Clustersize(n)of PbS = (24.87921)x — 46.79226 (1)
Clustersize(n)of PbSe = (24.18952)x — 47.51679 (2)
Clustersize(n)of PbTe = (23.2213)x — 46.56047 (3)

The targeted size of PbS (5.5nm), PbSe (3.9nm), and PbTe (5.5nm) was substituted
in Equation 1-3, therefore concluded cluster size (n) of 90, 47, and 80 for PbS, PbSe,
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Figure 4. (From left) Optimized structures of (PbS)g, (PbSe)so, and (PbTe),, validated as realis-
tic clusters.

Table 1. The calculated E4 of the realistic clusters.

Cluster E, (Equation 4-6) E, (TD-DFT)
(PbS)go 143eV 2.00eV
(PbSe)so 1.39eV 1.51eV
(PbTe);4 1.42eV 1.55eV

and PbTe respectively. However, upon fulfillment of strict requirement of convergence,
we have successfully validated realistic clusters with # that are in good agreement with
that of the predicted clusters i.e., (PbS)gg, (PbSe)so, and (PbTe),4 (Figure 4). These three
clusters exhibited size of 4.58, 4.03, and 4.84 nm respectively which supports the find-
ings by Luque et al. (2007).

3.2. The MEG occurrence in the realistic clusters

The excited state properties of the realistic (PbS)go, (PbSe)so, and (PbTe),, clusters were
calculated using TD-DFT. Their bandgaps (Table 1) are in good agreement with that of
the prediction made based on Figure 3b using the following equations:

Egpps = (—0.02372)x + 3.32573 (4)
Egpyse = (—0.01127)x + 1.95093 (5)
Egppre = (—0.01033)x + 2.18142 (6)

The excited state energy levels of the realistic clusters were analyzed based on min-
imum requirement of MEG in lead chalcogenides viz., Eyporon = 2E,. An electron excita-
tion upon absorption of photon with such energy would happen from the ground state
(with negative energy level) to the excited state with negative energy level - known as
bonding energy level. The highly energized electron would undergo a relaxation to the
lowest excited state energy level. Subsequently, a photon would be emitted, and later
absorbed by a neighboring electron that lead to formation of second exciton (MEG is
favored). The electron transitions from the ground state to the excited state, and MEG
occurrence in the realistic clusters are summarized in Table 2. The MEG is likely to
occur in the predicted realistic clusters of (PbS)go, (PbSe)sy, and (PbTe),4, along with
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Table 2. Electron transitions from the ground (GS) to the excited (ES) states in the realistic clusters;
which would favor MEG occurrence (MEG) upon absorption of Ephoton = 2Eg.

Size (n) Property (PbS)n (PbSe)n (PbTe)n

4 GS HOMO-0 (-7.17 eV) HOMO-0 (-7.17eV) HOMO-0 (-5.93eV)
ES LUMO + 12 (+2.26eV) LUMO + 12 (+1.86eV) LUMO + 12 (+1.16eV)
MEG Unlikely Unlikely Unlikely

6 GS HOMO-0 (-5.86eV) HOMO-0 (-5.90eV) HOMO-0 (-5.78¢€V)
ES LUMO + 17 (+0.41eV) LUMO + 17 (+0.76 eV) LUMO + 18 (+0.13eV)
MEG Unlikely Unlikely Unlikely

9 GS HOMO-0 (-6.83 eV) NON-REALISTIC HOMO-0 (-5.70eV)
ES LUMO + 17 (4-0.41eV) LUMO + 22 (+0.02eV)
MEG Unlikely Unlikely

12 GS HOMO-0 (-7.02eV) HOMO-0 (-6.00eV) HOMO-0 (-5.80eV)
ES LUMO + 36 (+1.67eV) LUMO + 32 (+1.00eV) LUMO + 25 (-0.79eV)
MEG Unlikely Unlikely Likely

16 GS HOMO-0 (-6.94 eV) HOMO-0 (-5.87 eV) HOMO-0 (-5.80eV)
ES LUMO + 48 (+1.67eV) LUMO + 30 (-0.62 V) LUMO + 17 (-0.19eV)
MEG Unlikely Likely Likely

30 GS HOMO-0 (-6.78 eV) HOMO-0 (-4.06 eV) NON-REALISTIC
ES LUMO + 73 (+0.77 eV) LUMO + 52 (-0.30eV)
MEG Unlikely Likely

32 GS NON-REALISTIC HOMO-0 (-5.72eV) NON-REALISTIC
ES LUMO + 71 (-0.05eV)
MEG Likely

40 GS HOMO-0 (-6.67 eV) NON-REALISTIC NON-REALISTIC
ES LUMO + 67 (-2.63 eV)
MEG Likely

44 GS NON-REALISTIC NON-REALISTIC HOMO-0 (-5.62eV)
ES LUMO + 89 (-0.96 eV)
MEG Likely

50 GS NON-REALISTIC HOMO-0 (-5.54eV) HOMO-0 (-4.02eV)
ES LUMO + 82 (-0.62eV) LUMO + 90 (-5.54eV)
MEG Likely Likely

74 GS HOMO-0 (-6.54 eV) HOMO-0 (-5.56eV) HOMO-0 (-5.62eV)
ES LUMO + 65 (-3.08eV) LUMO + 58 (-2.77 V) LUMO + 87 (-2.52eV)
MEG Likely Likely Likely

80 GS HOMO-0 (-6.70eV) NON-REALISTIC NON-REALISTIC
ES LUMO + 89 (-0.10eV)
MEG Likely

few other clusters viz., (PbS);4, (PbS)4, (PbSe),4, (PbSe)s,, (PbSe)sq, (PbSe);s, (PbTe)s,
(PbTe) 44, (PbTe);¢, and (PbTe);,.

However, an electron transition from the ground state (with negative energy level) to
the excited state with positive energy level - known as anti-bonding energy level; would
contribute insignificantly to the MEG mechanism. The absorbed photon with Epos0, =
2E, is sufficient to liberate the electron from the unoccupied molecular orbitals; there-
fore, the highly energized electron would not undergo the relaxation to the lowest
excited state energy level. The MEG is unlikely to occur in few realistic clusters viz.,
(PbS)30, (PbS)16, (PbS)12, (PbS)e, (PbS)s, (PbS)s, (PbSe);s, (PbSe)s, (PbSe)s, (PbTe)o,
(PbTe)s, and (PbTe),.

3.3. The trend of MEG occurrence in (PbS)g, (PbSe)so, and (PbTe),,

The absorption spectra of the (PbS)g, (PbSe)sq and (PbTe),, clusters were calculated
using TD-DFT; and subsequently the E, of the clusters was determined using Tauc’s
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Figure 5. (Left) The Tauc's Plot of (from top to bottom) (PbS)go, (PbSe)so, and (PbTe),,. (Right) extinc-
tion coefficient of the clusters (from top to bottom) respectively.

plot (Figure 5). The E, of 2.05, 1.89 and 1.45eV respectively were shown, which in
acceptable agreement with the E, determined in Table 1. The wavelength which corres-
pond to photon with energy of 2E, (threshold energy to initiate MEG) was calculated
using the formula:

)ngg = ]’lC/zEg (7)
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where the speed of light, ¢ is 3.00 x 10° m/s and the Planck’s constant, h is
4.14 x 10 PeV.s; yielded the /z, requirement for (PbS)g, (PbSe)so and (PbTe),4 viz.,
ca. 434, 447, and 437 nm respectively. The strength of photon absorption by the clusters
was analyzed based on the extinction coefficient-wavelength graphs (Figure 5); which
showed that the determined wavelengths are in the active-absorption range (positive
value of extinction coefficient). However, a constant decrement of extinction coefficient
with increment of molecular weight is observed i.e., 387.83 (PbS), 166.88 (PbSe), and
6.78 M~ (PbTe). The lower the extinction coefficient at specific wavelength, the weaker
the clusters would absorb the photon correspond to the wavelength. Therefore, con-
cludes that the possibility of occurrence of MEG in the clusters would be decreased fol-
lowing the trend viz., (PbS)gy > (PbSe)so > (PbTe),,.

4, Conclusions

In conclusion, realistic clusters of (PbS)g, (PbSe)so, and (PbTe),, with bandgap of 2.00,
1.51, and 1.55eV respectively have been established using series of quantum chemical
calculations. The ground, and excited state properties of the clusters were studied; which
clearly showed that the MEG could happen upon absorption of photon with E,jer0n =
2E, ie., in the region of violet and blue light. The photon absorption properties of
the clusters were examined, showed that the blue and violet light are in the active-
absorption range of the clusters. However, the extinction coefficient at the specific
wavelength degraded with the trend of (PbS)gy > (PbSe)so > (PbTe),4; which denote
decreasing possibility of occurrence of the MEG.
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