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ABSTRACT: Charged excited states can accumulate on the surface of colloidal
quantum dots (QDs), affecting their optoelectronic properties. In experimental
samples, QDs often have non-stoichiometric structures, giving rise to cation-rich
and anion-rich nanostructures. We explore the effect of charge on the ground- and
excited-state properties of CdSe non-stoichiometric QDs (NS-QDs) of ~1.5 nm in
size using density functional theory calculations. We compare two cases: (i) NS-
QDs with a charge introduced by direct hole or electron injection and (ii) neutral |
NS-QDs with one removed surface ligand (with a dangling bond). Our cd..Se._Cl
calculations reveal that a neutral dangling bond has an effect on the electronic e : y
structure similar to that of the electron injection for the Cd-rich NS-QDs or hole S
injection for the Se-rich NS-QDs. In Cd-rich structures, either the injection of an

electron or the removal of a passivating ligand results in the surface-localized half-filled trap state inside the energy gap. For Se-rich
structures, either the injection of a hole or the removal of a ligand introduces surface-localized unoccupied trap states inside the
energy gap. As a result, the charge localization formed by these two approaches leads to an appearance of low-energy electronic
transitions strongly red-shifted from the main excitonic band of NS-QDs. These transitions related to a negative charge or a dangling
bond exhibit weak optical activity in Cd-rich NS-QDs. Transitions related to a positive charge or a dangling bond are optically
forbidden in Se-rich NS-QDs. In contrast, electron injection in Se-rich NS-QDs strongly increases the optical activity of the lowest-
red-shifted charge-originated states.

_Mid-gap tat—s
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1. INTRODUCTION occur both in spectroscopic studies of QDs and during the
operation of QD-based electrically driven devices.”"**

While the effect of stoichiometry and related surface ligands
on optical properties of NS-QDs has been extensively studied
both experimentally'*~"” and computationally,”*~* the role of
an excessive charge is much less investigated in NS-QDs.
Several calculations based on density functional theory (DFT)
have been recently reported studying the effect of various
ligands and solvents on the reduction of surface metal in
negatively charged cadmium chalcogenide NS-QDs.”>*’
However, these calculations do not include the character-
ization of the electronically excited states. Joined experimental
and computational investigations of the optical response of
positively charged non-stochiometric CdSe nanostructures
have been reported for small clusters of 6—8 atoms in size
generated by a pulsed laser vaporization source and detected
with time-of-flight mass spectrometry.”® Quenching of the

Highly reproducible solution-based synthesis, long-term photo-
stability, and easily tunable photophysical properties’ make
colloidal II-VI semiconductor quantum dots (QDs) promis-
ing for various applications ranging from photocatalysis” and
chemical sensing”” to bioimaging’ and quantum computing.”’
At an atomistic scale, QDs have an inner core with a crystal
structure of the bulk semiconductor, while their surface is
covered by a layer of organic ligands or another semi-
conducting material.® Typically, surface ligands suppress the
trap states and improve optical functionality of QDs.”'’ In
addition, surface ligands control the crystal structure of the
QDs'' and their stoichiometry.'”'® In particular, anionic
ligands have been found to stabilize non-stoichiometric
compositions of QDs (NS-QDs) where the cation/anion
ratio deviates from unity.'*"* It was shown that CdSe(S) NS-
QDs with the cation/anion ratio above unity (Cd-rich) are
more optically active compared to those with that below unity

(Se- or S-rich).'*'” Overall, NS-QDs have exhibited improved Received: June 7, 2023 Wiz
properties critical for photocatalytic'® and optoelectronic'”*’ Revised:  December 10, 2023 |l
applications compared to their stoichiometric counterparts. Accepted:  December 11, 2023 .
However, the photophysical properties and photoexcited Published: December 26, 2023 @
dynamics of NS-QDs are sensitive to charges typically o
accumulating at the QD surface. Charged states commonly
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Table 1. Structures of Modeled Cd-rich and Se-Rich NS-QDs Optimized in an Acetone Solvent”

Neutral fully Dangling Bond | Dangling Bond Injected Injected
passivated DB, DBs Electron Hole
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“The notations Cd-0 and Se-0 correspond to fully passivated neutral Cd,sSe;,Cl,, and Cd;;Se,sH,,, respectively. The surface atom from which a
ligand is removed to create a dangling bond is marked by a circle, with red circles representing the sites with the longest Cd—Cl (a solid circle) and
Se—H (a dashed circle) bonds (DB, ) and blue circles showing the shortest Cd—Cl (a solid circle) and Se—H (a dashed circle) bonds (DBg). Cd-1
and Se-1 represent neutral structures with dangling bonds DB, and Cd-2 and Se-2 represent neutral structures with dangling bonds DBg for Cd-
rich and Se-rich NS-QDs, respectively. Cd-0 and Se-0(" are structures derived from Cd-0 and Se-0, respectively, with —1 charge (injected
electron), and Cd-0*) and Se-0(") are the respective structures with +1 charge (injected hole).

emission upon irradiation was detected for CdSe NS-QDs of
0.7—2 nm in size and assigned to the photoinduced charging of
the NS-QDs surface ligands.29 However, the mechanisms of
such photoinduced charging and the role of perfect vs
imperfect ligand passivation in this process are still unclear.

A strong quantum confinement resulting from a smaller size
of a QD than its exciton Bohr radii leads to relatively strong
electron—hole interactions, which increases excitonic effects
upon photoexcitation.’”*" It was shown that excitons in QDs
may form three-body bound states—charged excitons or
trions—when paired with an additional electron (X~) or a hole
(X*).>>7*" The presence of trions as the charged optical
excitons in QDs has attracted growing interest in their
potential applications for quantum information science, single
photon emitters, optoelectronic devices, and quantum
information technology.(”35 In bulk semiconductors, an electric
charge can be deliberately introduced by a substitution of a few
atoms in the crystal lattice with impurity atoms, resulting in p-
or n-doping.”’ However, this approach is more challenging for
colloidal QDs.*® On the other hand, a charge may appear
naturally in the NS-QDs due to a loss or addition of one or a
few ligands at the surface, forming dangling bonds.>”*’
However, it is not entirely apparent how the electronic
structure and optical properties are affected by the dangling
bonds and whether these changes in the ligand shell
correspond to those observed for a direct electron or hole
injection into the NS-QDs in photoelectrochemical experi-
ments.””

In this computational study, we compare NS-QDs with a
charge introduced via electron or hole injection and neutral
NS-QDs with a dangling bond formed by the removal of a
ligand and investigate how their ground- and excited-state
properties change due to the presence of a charge or a dangling
bond. Our calculations reveal that the charge-neutral system
with a dangling bond has photophysical behavior similar to
that of a related charged system. We consider two models of
CdSe NS-QDs of about 1.5 nm in diameter: Cd-rich QDs with
chloride ions used as passivating ligands to balance the excess
of cations (CdyeSe;;Cly,) and Se-rich QDs with protons
attached to selenium sites at the surface to balance excess of
anions (Cd,,;Se,gH,,). The fully passivated neutral

Cd,sSe,Cl,, and Cd;;Se,gH,, are used as reference models
and labeled as Cd-0 and Se-0, respectively, as illustrated in
Table 1. These NS-QD models have similar structures as those
computationally studied in refs 24,39. An analogous model
with a larger size CdgsSessClyg has also been investigated in refs
26,27.

It is important to note that while organic ligands are
commonly used for surface passivation of QDs, chloride
passivation (X-type ligands) of CdSe QDs have been proven as
an alternative for reducing surface defects, controlling surface
trapping, and enhancing photocurrent and photocatalytic
activity. "> Thus, our Cl-passivated Cd-rich structures
provide a model case of real NS-QD samples used in
experiments.a'8 Synthesis, structure characterization, and
optical properties of Se-rich NS-QDs of size from 0.7 to 2
nm with selenophenol passivating ligands have been previously
reported,”” which we consider as analogues for our H-
passivated Se-rich models. For computational efficiency, we
further replace the phenyl substituents with H, as it is
commonly done in molecular modeling.*”*!

1.1. Models of NS-QDs with a Charge Introduced via
a Dangling Bond or an Electron/Hole Injection. We
introduce a dangling bond at the surface of the NS-QD Cd-0
(Se-0) by removing Cl (H) capping ligands contributing either
to the longest (and weakest) Cd—Cl (Se—H) bond, DB, or to
the shortest (and strongest) Cd—Cl (Se—H) bond, DB,, as
shown in Table 1. We use notations Cd-1 and Se-1 for
structures with DB and Cd-2 and Se-2 for structures with DBg
for Cd-rich and Se-rich NS-QDs, respectively. It is reasonable
to assume that an ion (either C1~ or H") can leave the surface,
resulting in the unbalanced charge of the NS-QD, with +1
charge on Cd-rich structures Cd-1") and Cd-2™ or —1 charge
on Se-rich structures Se-1¢”) and Se-2(7). However, such
charged structures are not likely to survive in a solution for a
long time without being neutralized by the same ion or by
another charge exchange with the environment (e.g, via
molecular oxygen or surface electrochemical reactions),”
stabilizing the incompletely passivated NS-QDs."** Alter-
natively, charging of NS-QDs could force X-type (donor-type)
ligands off the surface to retain charge neutrality while resulting
in an imperfect surface passivation.”® As such, we mainly focus
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on neutral structures with DB, (Cd-1 or Se-1) and DBg (Cd-2
or Se-2) dangling bonds. The notations Cd-0") and Se-0()
represent fully passivated structures of Cd-0 and Se-0,
respectively, charged negatively via an electron injection, and
Cd-0™ and Se-0™) are their counterparts positively charged
via the hole injection into Cd-0 and Se-0, respectively (Table
1). Scheme 1 illustrates the considered cases obtained from
neutral Cd-0 and Se-0 via either charge injection or ligand
removal.

Scheme 1. Schematics of Modeled Structures with a Charge
and Dangling Bonds from Original Cd-rich NS-QD,
Cd,sSe,,Cl,, (Cd-0); Se-Rich Analogues Can be Obtained
by Switching Places of Cd and Se Symbols and Replacing Cl
with H

(Cd-1, long DB)
Cd,sSe;,Cl,, (€d-0) ol Cd,gSe;;Clyy (Cd-2. short DB)
e/ \e
Cd-00  cd-0¢)

2. RESULTS AND DISCUSSION

2.1. Ground-State Electronic Structure: Charge-
Related Midgap States. An extra charge introduced via
the direct electron/hole injection creates an odd number of
electrons in the system, resulting in a doublet spin multiplicity
of the ground state. Similarly, the removal of one chlorine or
hydrogen (both having an odd number of electrons) also leads
to a doublet spin multiplicity of the ground state for the NS-
QDs with a dangling bond while retaining charge neutrality.
The optimized geometries of all constructed NS-QD models
calculated in vacuum and acetone at the spin-unrestricted DFT
level are represented in Figure S1 in the Supporting
Information (SI). The computational methodology details
are provided in the Section 4. To understand the difference in
the electronic structure introduced by the electron/hole
injection and dangling bonds, Figures 1 and 2 show the
spin-polarized projected density of states (PDOS) and frontier
orbitals (insets) calculated for considered cases of Cd-rich and
Se-rich NS-QDs, respectively.

For Cd-rich NS-QDs, the electronic structure of cd-o®)
resulting from electron injection (Figure 1b) looks qualitatively
similar to that of neutral Cd-1 featuring dangling bonds
(Figure 1a). The dangling bond site, the location of the Cd—Cl
bond removal, does not change this trend, as evident in Figure
S2, where the PDOS of Cd-1 and Cd-2 are compared. The
electronic structures of Cd-0) and Cd-1 (Cd-2) show a
midgap state (HOMO) occupied with a single spin-up electron
localized on a few surface cadmium sites with a relatively small
contribution from the neighboring seleniums (insets of Figure
1a,1b). This result correlates with the spectroelectrochemical
signatures of Cd-localized trap states within the band gap
experimentally detected in CdTe NS-QDs with the surface
treated by different metal chloride salts.”> The similarity in the
electronic orbitals between the NS-QDs with a dangling bond
and an injected electron can be explained by the following
factors. Upon electron injection into Cd-0, the electron
occupies the LUMO of the neutral NS-QD, which is mainly
distributed over the cadmium sites (Figure S2a). However,
occupation of this orbital by an added electron leads to the
stabilization of the former and shifting its energy inside the
band gap, thereby forming new HOMO of Cd-0~ and leading
to a strong localization of the electron density around a few
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Figure 1. Spin-polarized projected density of states (PDOS) and
ground-state frontier molecular orbitals for Cd-rich NS-QDs with a
dangling bond and an injected electron/hole calculated in acetone.
(a) Cd-1 structure with DB dangling bond (Cl ligand is removed
from the longest Cd—Cl bond); (b) Cd-0) structure with an
injected electron; and (c) Cd-0*) structure with an injected hole. The
up and down arrows denote the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
respectively, with their images shown in insets.

surface cadmiums, as illustrated in the inset of Figure 1b. For
comparison, the PDOS and frontier orbitals of the neutral Cd-
0 structure are shown in Figures S2b and S3b.

The highly Cd-localized character of HOMO associated
with a negative charge is also supported by the idea that a
charge density of an added electron is expected to be located
around the most positively charged sites on the QD surface.
Therefore, the HOMO of Cd-0”) (inset of Figure 1b) is
mainly localized on a few surface cadmiums with the lowest
partial positive charges. Likewise, in neutral Cd-1 (inset of
Figure 1a) and Cd-2 (inset of Figure S2c), the presence of
dangling bonds results in the electronic density of HOMO
distributed around the cadmium with lost chlorine to make it
less electropositive. This trend (i.e., gaining less positive charge
on the surface cadmiums contributing to the dangling bonds
compared to those of the fully passivated Cd-0 structure) is
evident from the analysis of natural bond orbitals (NBO)
presented in Table S1. This behavior is accommodated by
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Figure 2. Spin-polarized projected density of states (PDOS) and
ground-state frontier orbitals for Se-rich NS-QDs with injected
electron/hole and dangling bonds calculated in acetone. (a) Se-2
structure with DBg dangling bond (H ligand is removed from the
shortest Se—H bound); (b) Se-0 structure with injected hole, and
(c) Se-0) structure with injected electron. The up and down arrows
denote the HOMO and LUMO, respectively, with their images shown
in insets.

reducing the distance between cadmium sites on which the
electron density is localized compared to those of the Cd-0
structure. While less pronounced in larger systems, this trend
agrees with reported surface reconstruction in the CdggSessClyg
model with imperfect surface passivation resulting in Cd—Cd
dimers, which manifest themselves as charge traps within the
band gap.”’

As can be seen in Figure 1a,b, for both Cd-1 and Cd-O(_),
the LUMO is distinct in energy from the rest of the conduction
band, while its charge density (insets of Figure 1a,b) is highly
delocalized over the entire system similarly to those of the fully
passivated Cd-0 structure shown in insets of Figure S2a and
S3b. This trend is independent of the location of the dangling
bond showing comparable behavior of LUMO for both Cd-1
and Cd-2 structures (Figure S2a—c). Similar electron
delocalization at the edge of the conduction band has been
observed in larger models of fully passivated CdgsSessClyg,
where the electron injection into the system occurs upon
addition of a potassium atom on the surface.”**” Overall, we
conclude that losing a ligand from the surface of a Cd-rich N§S-

QD results in the electron doping of the system, similar to the
direct electron injection.

In contrast, the positive charge contributed from hole
injection in cd-o® (Figure 1c) is different in its impact on the
electronic structure compared to the systems with dangling
bonds, Cd-1 (Figure 1a) and Cd-2 (Figure S2c). The structure
Cd-0®) features an unoccupied midgap state (LUMO)
localized over a few closely located selenium sites, while the
HOMO is noticeably delocalized over the entire system, with
its energy being at the edge of the valence band (inset of
Figure 1d). The nature of Se-localized LUMO of Cd-0™) is
caused by hole injection from Cd-0 leading to the vacant
HOMO of Cd-0, which is originated mainly from seleniums
(inset of Figure S2a) while destabilizing its energy and shifting
it inside the energy gap resulting in the partially unoccupied
midgap state. It is important to note that the introduced
positive charge in cd-o™ gives rise to a drastically different
effect on the electronic structure when compared not only to
the neutral Cd-1 and Cd-2 with dangling bonds but also to the
positively charged Cd-1*) and Cd-2) with one lost CI~
anion, as shown in Figure S2d—f. The positively charged
structures with one lost surface ion, Cd-1*) and Cd-2®*), do
not possess Cd-localized midgap hole trap states, like neutral
Cd-1 (Figure Sla) and Cd-2 (Figure S2d), or Se-localized
midgap electron trap states like cd-o™ (Figure 1c). Instead,
loss of CI” surface ion results in shallow hole trap states
localized on a few Se sites (Figure S2ef) similar to those
observed in the stochiometric Cd;;Se;; with imperfect surface
passivation by L-type pyridine, amine, or phosphine oxide
ligands.*”

Figure 2 compares the spin-polarized PDOS of the charged
Se-rich NS-QDs. In this case, the ground-state electronic
structure of Se-0*) with an injected hole (Figure 2b) is quite
similar to those of neutral structure Se-2 with a dangling bond
generated via loss of hydrogen from the surface (Figure 2a).
The location of the Se—H bond removal does not affect this
trend, as evidenced from a comparison of the PDOS of Se-2
and Se-1 structures in Figure S4b,c. For all of these cases, the
unoccupied midgap state (LUMO) is strongly localized on
surface selenium (insets of Figures 2ab and S4c). The Se-
localized nature of the LUMO of Se-0*) originates from a hole
injection to the HOMO of the neutral Se-0 system, which is
localized around a few electron-rich selenium sites at the
surface (Figures S4a and SSb). Similarly, for neutral Se-2 and
Se-1, a dangling bond originated from a loss of hydrogen
coordinated to selenium creates a surface defect localizing the
LUMO around this selenium (insets of Figures 2b and S4c).

Comparing the charge on the selenium contributing to the
dangling bond in Se-1 and Se-2 to those of the neutral but fully
passivated Se-0 system, we observe that losing hydrogen makes
this Se less negative, Table S1. The trend in reducing the
absolute value of the negative charge on selenium with
removed hydrogen supports similarities in the electronic
structure between the cases of an injected hole in Se-0)
and dangling bonds in neutral Se-1 and Se-2. It is worth noting
that the charge localization, calculated based on the natural
orbital analysis, is consistent with spin density plots presented
in Table S2 in the SL

For the Se-0(”) structure, an electron is expected to be
added to the LUMO of the neutral Se-0 system associated with
an electron-deficient cadmium (Figure 4Sa), stabilizing its
energy and shifting new HOMO of Se-0) inside the energy
gap, Figure 2c. Since Se-rich structures have cadmiums at the
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core rather than at the surface, the HOMO of Se-07) is
distributed mainly over cadmium sites in the inner part of the
NS-QD with some contributions from surface seleniums
(insets of Figure 2c). Thus, electron injection in Se-0(~)
leads to the delocalized nature of the HOMO with significant
contributions from core cadmiums. The LUMO of Se-0( also
has a highly delocalized nature with significant contributions
from core cadmiums (insets of Figure 2c).

The discussed trends in the electronic structure for both Cd-
rich and Se-rich NS-QDs with injected electron/hole and
dangling bonds are qualitatively consistent in polar media and
a vacuum, as shown in Figures S3 and SS. Noteworthy, the
delocalized nature of HOMO and LUMO due to electron
injection in Se-0") (Figure 2c) is very different compared to
that in Cd-O(_), where the LUMO exhibits delocalized
character, but the HOMO is localized on a few surface
cadmiums (Fiﬁure la). The electronic structure of negatively
charged Se-0 7 is also different from those of negatively
charged Se-1) and Se-2(7), where a surface proton has been
removed, Figure S4d—f. Negatively charged Se-10) and Se-
209 structures with imperfect surface passivation just have
more Se-localized hole trap states at the edge of the valence
band, while their conduction bands remain unchanged (Figure
S4ef), compared to the neutral fully passivated Se-0 (Figure
S4a).

Overall, imperfectly passivated Cd-rich and Se-rich NS-QDs
with a charge introduced by losing one of the surface ligands in
their ionic form demonstrate shallow hole trap states near the
edge of the valence band, which are comparable to those of the
neutral stochiometric QDs with a removed L-type pyridine,
amine, or phosphine oxide ligand.*” In contrast, dangling
bonds in the neutral NS-QDs result in effects on the electronic
structure comparable to those of the charged fully passivated
NS-QDs: half-filled midgap states appear with a strong
localization on a few surface cadmiums in Cd-0‘~) and Cd-1
(Cd-2) or with a strong localization on a few surface seleniums
in Se-0®) and Se-1 (Se-2). Because of this similarity, we refer
to these systems as “charged” structures, where a charge is
introduced either directly via electron or hole injection (Cd-
0~ and Se-0") or via the generation of neutral dangling
bonds (Cd-1/Cd-2 and Se-1/Se-2), respectively.

2.2. Excited-State Calculations: Charge-Related Opti-
cal Transitions. Figure 3 shows the absorption spectra of
considered NS-QDs calculated in acetone using the TDDFT
method. For comparison, absorption spectra for these systems
computed in vacuum are shown in Figure S6, demonstrating
trends similar to those in the polar media. For Cd-rich
structures, a localized charge introduced either directly via
electron or hole injection (Cd-0") and Cd-0™*)) or via the
generation of dangling bonds in neutral systems (Cd-1 and
Cd-2) results in optically weak (Cd-1, Cd-2, and Cd-O(_)) or
completely optically forbidden (cd-0™) lowest-energy tran-
sitions at the range of 0.7—1.3 eV. These transitions are
significantly red-shifted with respect to the first absorption
peak of the neutral, fully capped Cd-0 structure, Figure 3a. In
the spectroelectrochemical measurements, a similar red-shifted
optically weak absorption feature has been detected under the
applied negative voltage for CdTe NS-QDs with chloride
capping, which is attributed either to a Stark shift or a trion
shift.” In Cd-0, the first absorption peak appears around 2.9
eV, manifesting the highly intensive lowest excitonic state
(magenta line in Figure 3a). Similar absorption bands at this
energy range are also well pronounced in all Cd-rich systems
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Figure 3. Absorption spectra of NS-QDs in question calculated in
acetone. (a) Cd- and (b) Se-rich structures. The vertical lines with
circles represent the lowest optical transitions for each considered
structure. The height of the vertical line corresponds to the oscillator
strength of each transition. When semicircles are shown, the
corresponding electronic transition is optically inactive.

with the introduced charge (Figure 3a). This highly intensive
“bright” peak can be assigned to a neutral exciton, which
qualitatively agrees with experimental data.”

For neutral Cd-1 and Cd-2 structures and charged cd-o®
dot, the red-shifted optically weak states appearing around
0.7—1.3 eV are induced by the localized charge density on the
half-filled frontier orbital (related to —1 charge) in the
presence of the lowest bright exciton (~2.9 eV). We rationalize
weak optical intensities of the calculated lowest-energy optical
transitions related to the negative charge by the highly
localized nature of their hole density distribution, as evidenced
from natural transition orbitals (NTOs), compared to the
delocalized NTOs of neutral excitons in the fully capped Cd-0
system, Table 2. The localized nature of the hole contributing
to the lowest optical transition of these red-shifted states in
charged Cd-rich systems is consistent with their ground-state
HOMO localized on surface cadmiums (Figure 1a,b). Similar
trends in NTO distributions are found for all Cd-rich
structures calculated in a vacuum, Table S3. These charge-
related states can be compared to the negative trion X~ states,
which are identified as red-shifted states with weak optical
activity observed during the electron injection in CdSe/CdS
core/shell QDs.>**® A noticeable optical intensity of red-
shifted X~ trions have also been detected in charged CdSe/
ZnS and CdTe/CdSe core/shell QDs.*°

Notably, the lowest-energy transition in Cd-0" structure is
optically forbidden (green line in Figure 3a) due to the highly
surface-localized nature of both the electron and the hole
contributing to this state, Table 2. These results agree with
both experimental and calculated absorption spectra of small
positively charged Cd,Se; clusters demonstrating the appear-
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Table 2. Natural Transition Orbitals (NTOs) Depicting the Electron—Hole Pairs with Different Spin Components
Contributing to the First Optical Transition of Absorption Spectra for Cd-Rich NS-QDs with a Charge Introduced by Electron
Injection (Cd-O(_)), Hole Injection (Cd-0(+)), and Dangling Bonds (Cd-1 and Cd-2) and Compared to Those of the Neutral

Fully Passivated Cd-0 Structure”

Cd-rich Hole

Electron

Cd-00

1.076 eV
(0.04)

Cd-0™

1.000 eV
(0.00)

Cd-1

1.169 eV
(0.04)

Cd-2

0.786 eV
(0.09)

Cd-0

2.880 eV
(0.27)

“All data were calculated in an acetone environment. The transition energies are shown in eV, and the oscillator strength values are presented in

parentheses.

ance of red-shifted optically inactive transitions.”® These
charge-related optical transitions can be compared to the
positive trion X' state induced by a coupling between +1
charge and the lowest bright exciton. An optically “dark”
character of the calculated transitions associated with a positive
charge of Cd-rich structures is consistent with respective
experimental observations for positively charged CdSe/CdS
core/shell QDs: structures with injected holes show the X'
trion state with diminishing emission intensity (the dark state),
while structures with injected electrons demonstrate the X~
trion state with intermediate photoluminescence strength.*”
We note that while in the core/shell QDs, the CdS shell
isolates stoichiometric CdSe core from the surface effects, an
imperfect interface can give rise to the Cd-rich stoichiometry
similar to our Cd-rich NS-QD models, justifying the
comparison between the calculated and experimental data.
For Se-rich NS-QDs, the first absorption peak of the neutral
fully passivated Se-0 system appears around 2.7 eV, a
contribution from the lowest optically weak transition,
followed by an optically intensive peak at ~3.2 eV (magenta
line in Figure 3b). The energy of the first optically active band
agrees well with the experimental absorption band at ~3.4 eV
reported for Se-rich NS-QDs having ~20 cadmiums in the
core, while broad, red-shifted emission at low temperatures and
significantly reduced emission at room temperature with long
decay times resemble the characteristics of the deep trapped
emission, which arises from forbidden transitions of surface
states.'”*” We believe that the weak optical intensity of the
lowest-energy state is introduced by the charge-transfer
character of the lowest exciton originating from the core-
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localized electron and surface-localized hole, which is
consistent with previously reported work.”

The Se-rich positively charged Se-0*) and neutral Se-1 and
Se-2 with dangling bonds exhibit red-shifted optically inactive
states appearing at about 0.8—1.0 eV, Figure 3b. These states
are associated with a strongly localized positive charge in the
presence of the lowest-energy optically weak exciton, which
can be compared to the positive trion X" states detected in
electrochemically positively charged CdSe QDs.”' Because of
the highly localized character of the electron—hole pair—with
both an electron and a hole located on the surface selenium
atoms—this charge-related state is optically inactive for Se-1,
Se-2, and Se-0™) structures, Table 3.

The localized character of the lowest exciton is consistent
with both HOMO and LUMO localized on surface seleniums
for these structures (Figure 2a,b) and has a similar trend in
vacuum (Table S4). In experiments, a drastic decrease of the
emission intensity after illumination (photodarkening) of the
Se-rich NS-QDs has been observed.”” Irreversible photo-
darkening is associated with photochemical cleavage of the
Se—ligand bonds, while partially reversible photodarkening is
explained by temporary charging of the NS-QDs with an
electron trapped on the ligand shell.”” This observation is in
agreement with our computational results. In addition, transit
absorption of Se-rich NS-QDs has revealed the fraction of a
surface charge understood in terms of the density of unligated
surface seleniums involved in a rapid nonradiative Auger
relaxation of the X' trion states upon photoexcitation,
explaining quenched emission in Se-rich NS-QDs.'” These
experimental results qualitatively agree with our calculations,
supporting our main conclusion that a dangling bond in Se-
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Table 3. NTOs Depicting the Electron—Hole Pair with Different Spin Components Contributing to the First Optical
Transition of Absorption Spectra for Se-rich NS-QDs with a Charge Introduced by Electron Injection (Se-3), Hole Injection
(Se-0%), and Dangling Bonds (Se-1 and Se-2) and compared to Those of the Neutral Fully Passivated Se-0 Structure”

Hole

Electron

Se-rich

Alpha Beta

Alpha Beta

Se-00)

0.797 eV
(0.25)

Se-0™

0.502 eV
(0.00)

Se-1

0.968 eV
(0.00)

Se-2

0.341eV
(0.00)

Se-0

2.685 eV
(0.01)

“All data were calculated in an acetone environment. The transition energies are shown in eV, and the oscillator strength values are presented in

parentheses.

rich QDs has similar photophysical effects as an injected hole
leading to red-shifted optically inactive states.

Thus, a positive charge introduced to Se-rich NS-QDs either
via direct hole injection (Se-0™)) or neutral dangling bonds
(Se-1 and Se-2) results in the strongly red-shifted optically
dark hole-related states (Figure 3b). In contrast, extra electron
presence in Se-0(") leads to the optically active charge-related
state red-shifted to ~0.8 eV (black line in Figure 3b). This
optical activity of the negative charge-associated state can be
rationalized by the significantly delocalized character of the
related electron—hole pair, with a predominant contribution
from core cadmiums, Table 3. In accordance with our results, it
was experimentally detected that negatively charged CdSe/
ZnSe QDs show emitting X~ trion state at low temperatures.””
In this core/shell structure, the interface can resemble the Se-
rich non-stoichometric surface, similar to our Se-rich NS-QD
models. The difference in the optical activity of the negative
charge-related state between Cd-0) and Se-0”) cases also
agrees well with the experimentally observed emission
enhancement of NS-QDs with Se-rich surfaces when
electron-donor tertiary phosphine ligands are added, while
these ligands have a minor effect on emission of Cd-rich
structures.”

Strongly red-shifted optical transitions associated with a
charge introduced either via direct electron/hole injection or
via a dangling bond in the neutral Cd-rich and Se-rich
structures differ from the lowest-energy transitions of Cd-1%/
Ccd-2® and Se-l(_)/Se-Z(_) with one lost surface ion. For
these charged systems with imperfect surface passivation,
optically inactive transitions contributed from shallow trap

152

states are insignificantly red-shifted with respect to the
optically active first absorption band (Figure S7), showing
similar absorption features as neutral stoichiometric CdSe QDs
with removed L-type ligands.*’

While the calculated optical features related to the charge/
dangling bond in NS-QDs show qualitative agreement with the
optical response of trion states detected in experi-
ments,'>*** 752 our TDDFT calculations do not include
higher-order correlations such as 3-body interactions to
accurately define the trion state, where a charge is coupled
to an exciton. As such, our calculations can be viewed as an
approximation to a more accurate time-dependent density-
matrix functional theory suggested in refs 54,55 for the
treatment of trion states. This approximation seems to be
appropriate for studying the qualitative behavior of X* and X~
trion states. We also would like to note that recent
spectroelectrochemistry experiments””>” probing the trion
state of charged CdSe QDs have shown that the additional
electron in the conduction band accelerates the hot electron
cooling by enhanced electron—electron scattering followed by
charge redistribution and polaron formation on a picosecond
time scale. After that, trions undergo decay through the Auger
process within 300—500 ps, exemplifying the manifestation of
a phonon bottleneck effect.”” While our calculations do not
represent a photodynamic process, the reorganization of NS-
QDs geometries in the presence of a charge qualitatively
represents charge—phonon interactions. More accurate simu-
lations of these processes have been recently performed by our
group for neutral Cd-0 and Se-0 models capped by different
halide and alkali metal ligands and revealed that the size of the
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surface ligands directly affects the lattice vibrations and
electron—phonon couplings. This leads to significant variations
in nonradiative rates of phonon-mediated relaxation of
electrons ranging from 10s to 100s ps.”” Analogous simulations
for charged Cd-rich and Se-rich structures will be the focus of
our future investigations to confirm the effect of the charge on
the electron cooling dynamics.

3. CONCLUSIONS

In this work, we computationally explore several different ways
of introducing a surface-localized charge into the Cd-rich and
Se-rich NS-QDs and reveal how these different mechanisms
influence the ground- and excited-state properties of these
systems. Our calculations demonstrate that imperfectly
passivated Cd-rich and Se-rich NS-QDs, when charged by
removing one of the surface ligands in their ionic form, exhibit
relatively similar electronic structures. These structures feature
shallow hole trap states near the edge of the valence band,
which are comparable to those of the neutral stoichiometric
QDs with a removed L-type pyridine, amine, or phosphine
oxide ligand.47 In contrast, the formation of a neutral dangling
bond via the removal of a chlorine ligand from the surface of
the Cd-rich NS-QD is similar to negatively charging the fully
passivated system. Thus, neutral Cd-rich structures with
dangling bonds (Cd-1 and Cd-2) have similar changes in
their electronic structure as those in the Cd-0(") structure
formed by direct electron injection. All of these structures
exhibit half-filled trap states within the energy gap, which are
strongly localized on a few surface cadmiums. In the case of Se-
rich NS-QDs, a neutral dangling bond resulting from the loss
of surface hydrogen is analogous to the positive charging of a
fully passivated system. Thus, both cationic Se-0*) and neutral
Se-1/Se-2 structures feature midgap electron trap states
strongly localized on a few surface seleniums.

The charge localization on the surface sites of NS-QDs,
through either a charge injection or a neutral dangling bond,
results in strongly red-shifted optical transitions. These lowest-
energy transitions can be compared to the coupled state
between an optical exciton and a charge, a trion. The optical
transitions related to a negative charge (or a neutral dangling
bond) hold weak optical activity in Cd-rich NS-QDs, while
transitions related to a positive charge (or a neutral dangling
bond) in Se-rich NS-QDs have an optically dark character. The
reduced optical intensity of the states associated with a positive
charge/dangling bond in Se-rich structures is rationalized by a
stronger spatial localization of the electron—hole pair on
surface seleniums, compared to a more delocalized character of
an electron contributing to the states related to a negative
charge/dangling bond in Cd-rich systems. The positive charge-
related state in Cd-rich NS-QDs with an injected hole is also
completely optically inactive due to the highly surface-localized
nature of both the electron and the hole contributing to this
state. In contrast to Cd-rich NS-QDs, electron injection in a
Se-rich QD creates an optically active charge-related state with
a highly delocalized nature of its electron—hole pair over the
core cadmiums. Thus, our calculations predict that the lowest
optically weak or inactive states in Se-rich NS-QDs can be
“brightened” by introducing a negative charge to the system,
creating an optically active trion X~ state that is red-shifted
with respect to the main excitonic band. Overall, our results
provide valuable insights into the mechanisms of controlling
the optical activities of the lowest-energy states in QDs
through their stoichiometry, surface ligands, and charges.
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4. COMPUTATIONAL METHODS

Calculations are performed at the level of the DFT, as implemented in
the Gaussian-16 software package.’® The ground-state geometries and
the electronic structure of the NS-QD structures are optimized using
hybrid density functional B3LYP®” and a mixed basis set of
LANL2DZ*® for Cd and Se atoms and 6-31-G**° for H and Cl
atoms. For all calculations with an odd total number of electrons,
spin-unrestricted calculations were carried out. This allows the spin-
up (@) and spin-down (f3) orbitals to relax independently from each
other, resulting in two distinct densities of states that are shown above
(a) and below (f) the x-axis in Figures 1 and 2, showing the
projected DOS of considered structures.

The excited-state calculations are carried out with the linear
response time-dependent DFT (TDDFT) methodology using the
same density functional model and basis set as those for the ground-
state calculations. The TDDFT calculations yield the transition
density matrix, from which the energy and the oscillator strength of
each electronic transition are obtained, as implemented in the
Gaussian-16 software package. To simulate the absorption spectra, the
150 lowest singlet transitions are calculated to reach the 4.5 eV
spectral range. These transitions are broadened by a Gaussian
function with a line width of 0.1 eV to represent thermal line-
broadening at ambient conditions.

The nature of excited states is characterized by natural transition
orbitals (NTOs)® representing the spatial distribution of the
electron—hole pair contributing to each optical transition. NTOs
for the lowest-energy transitions have been visualized using the
isosurface value of 0.02, which is a typical threshold value for the
isodensity surfaces to clearly represent the spatial distribution of
electron and hole density in molecules and nanostructures. The 3-D
graphical images of NTOs are plotted using VMD-1.9.3 software.®
Both ground-state and excited-state calculations for all NS-QD
structures are performed in vacuum and acetone; for the solvent
effects, the conductor-like polarizable continuum model (CPCM)** is
used. Overall, the applied computational methodology has been
thoroughly tested and used for a wide variety of previously modeled
stoichiometric*”**°® and non-stoichiometric QDs.****

We note that quantitative calculations of trion states, where the
charge is coupled to a neutral exciton, require explicit inclusion of
three-body interactions, which are not present in the TDDFT. A more
accurate approach based on time-dependent density-matrix functional
theory (TD-DMFT) for calculating trions in nanostructures has been
utilized in refs 54—62. Our approach can be considered as an
approximation to this method, where the trion state is considered in
the noninteracting basis of an electron (a hole) and an exciton.
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