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ABSTRACT: The efficiency of nanocrystal (NC)-based devices
is often limited by the presence of surface states that lead to ’\7
localized energy levels in the bandgap. Yet, a complete D
understanding of the nature of these traps remains challenging. W

Although theoretical modeling has greatly improved our e vetal cotion reduction
comprehension of the NC surface, several experimental studies

suggest the existence of metal-based traps that have not yet been

Charg,
found with theoretical methods. Since there are indications that M
these metal-based traps form in the presence of excess electrons,  W"gr°5y* ™, Trap
the present work uses density functional theory (DFT) X=SSeT™

calculations to study the effects of charging II-VI semiconductor
NCs with either full or imperfect surface passivation. It is found
that charge injection can lead to trap-formation via two pathways: metal atom ejection from perfectly passivated NCs or metal—
metal dimer-formation in imperfectly passivated NCs. Fully passivated CdTe NCs are observed to be stable up to a charge of
two electrons. Further reduction leads to charge localization on a surface Cd atom and the formation of in-gap states. The
effects of suboptimal passivation are probed by charging NCs where an X-type ligand is removed from the (100) plane. In this
case, injection of even one electron leads to Cd-dimerization and trap-formation. Addition of an L-type amine ligand prevents
this dimer-formation and is suggested to also prevent trapping of photoexcited electrons in charge neutral NCs. The results
presented in this work are generalized to NCs of different sizes and other II—VI semiconductors. This has clear implications for
n-doping II-VI semiconductor NCs without introducing surface traps due to metal ion reduction. The possible effect of these
metal ion localized traps on the photoluminescence efficiency of neutral NCs is also discussed.

— Cd » Te Cl K Metal dimer-formation

B INTRODUCTION In its simplest form, a trap can be described as a stable
nonbonding orbital of an undercoordinated (and hence often
surface-located) atom. This orbital usually lies deep in the
bandgap, where it can act as an electron or hole trap. Surface
atoms can however be fully coordinated due to the interaction
with surface ligands, forming bonding and antibonding orbital

Due to their size-dependent properties and solution process-
ability, colloidal semiconductor nanocrystals (NCs) have
proven to be very interesting for application in a wide range
of optoelectronic devices,'* including solar cells,”* light-

emitting diodes,”” and lasers."" ™ However, the efficiency of energy levels, which lie within respectively the valence band
these devices is often hampered by localized electronic states (VB) and the conduction band (CB)."*** We recently used
within the bandgap, which can trap the generated charge density functional theory (DFT) calculations to show that
carriers.””™"* Much work has been dedicated to passivating mostly 2-fold undercoordinated chalcogenide atoms are
these trap states by, for example, the epitaxial growth of an responsible for trap-formation in II-VI semiconductor
inorganic shell around the NC core,'® the addition of various NCs.”® These 2-coordinated chalcogenide sites feature one
ligands,"’~'? and the electrochemical filling of in-gap nonbonding p-orbital, which remains deep in the bandgap as a
states.”’ "> Nevertheless, due to the complexity of the NC trap state. In contrast, the spherical symmetry of the s-orbital
surface and the plethora of possible interactions between the

ligands and the various binding sites on the NC, a complete Received: April 9, 2019

understanding of the microscopic nature of these trap states Revised: ~ May 25, 2019

19,23,24

remains challenging. Published: May 29, 2019
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Figure 1. Effect of charging fully passivated CdTe NCs on their structure and DOS. (A) Structure of the NCs when 0, 1, 2, 3, and 4 electrons are
injected, respectively. The total system is kept neutral by the addition of a potassium cation for each added electron. (B) DOS for each of the NCs,
where every line corresponds to an MO. The length of a colored line segment indicates the contribution of the corresponding atom or element to
that MO. MOs below the dotted line are occupied, whereas the ones above are unoccupied. If the total number of electrons is even (i.e., for (n) = 0,
2, 4), every MO is occupied by two electrons with opposing spin. If the total number of electrons is odd ({n) = 1, 3), the unrestricted calculation
leads to a splitting of the spin-up and spin-down orbitals, which are plotted separately on the left- and right-hand side of the graph. As a result, each
MO is only occupied by a single electron. (C) Contour plots of the HOMO level of each of the NCs, using a contour plot value of 0.02 ¢/bohr”.

of the metal ensures it is always split in states that lie outside
the bandgap, regardless of coordination number.”” In line with
this description, we have recently shown that a very wide range
of electron accepting Z-type ligands, which coordinate to the
surface anions, can be used to increase the photoluminescence
quantum yield (PL QY) of II-VI and III-V NCs."”
Contrary to these computational and experimental results,
several experimental studies suggest that, besides the 2-
coordinated chalcogenides, some traps may also be localized
on the metal atoms. For instance, amine ligands have been
found to increase the PL QY of NCs.'”?°™*® Since these
electron donating ligands cannot passivate the undercoordi-
nated chalcogenides,” amines have been suggested to
passivate excess cadmium ions.””** In addition, spectroelec-
trochemical studies of CdSe core-only and core/shell-particles
have shown the existence of in-gap states near the CB that act
as hole traps upon raising of the Fermi level. These traps were
ascribed to undercoordinated surface Cd and could be
passivated by growth of a ZnS shell.”” Metal-based traps may
be more complex and of a more dynamic nature than their
chalcogenide counterparts® and perhaps only form in the
presence of excess electrons (vide infra), which can be injected

. . . 130-32 . 122
into the NCs via chemical,’*™** electrochemical’***** or
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photochemical’** doping but are also created upon photo-
excitation of the NCs.

It is often tacitly assumed that charging NCs only leads to
the filling or emptying of traps or band edge states, without
affecting the structure of the NC. Yet, it is well-known that
there are limits to charging of bulk semiconductor materials
due to electrochemical degradation or photodecomposi-
tion,*”’ ™’ meaning that metal (chalcogenide) atoms can be
reduced (oxidized) at certain electrochemical potentials. These
effects will be strongly modified in NCs due to the high
surface-to-volume ratio and the presence of stabilizing ligands.
Yet it is to be expected that, even with full NC passivation,
charging will eventually lead to degradation and consequent
trap-formation; this process will likely be enhanced for
imperfectly passivated NCs.

To study the effect of excess electrons on the NC surface,
this work will focus on charge unbalanced NCs. To make a
clear distinction between charge-balanced and charge unbal-
anced NCs, the number of excess electrons in this work is
determined using the model of Voznyy et al,, which has as its
basic underlying assumption that each entire NC is charge
neutral: "

DOI: 10.1021/acs.chemmater.9b01395
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(n) = XN xq

Here, (n) is the number of excess electrons, N; the number of
chemical species of type i, and g; the oxidation state of species
i. In this work it is assumed that the oxidation states of the
constituents of the NCs are M*" (M = Cd, Zn), X>~ (X =, Se,
Te), K" and CI™. If {(n) = 0, the NC is charge-balanced. If {n) >
0, electrons are injected in the CB, while holes occupy the VB
when (n) < 0. Previous theoretical works have shown that
making PbS NCs charge unbalanced can lead to traps localized
on (partially) reduced surface Pb*"** or on Pb—Pb dimers,****
which are different from the 2-fold undercoordinated
chalcogenides found for charge-balanced NCs.

Although these previous studies show that disrupting the
charge balance of NCs in different ways can lead to different
surface states, no theoretical study has given a structured
overview of what happens to the NC when it becomes
increasingly charged. Yet, investigating the traps that form
upon electron charging can be relevant for various fields of
research that involve the redox chemistry of NCs. First of all, a
better comprehension of the stability of charged NCs can open
up new pathways to prevent trap-formation, which will be
essential for the controllable doping of NCs that is required for
NC-based optoelectronic devices.””* Defects in charged NCs
are also relevant for NC-based catalysis, where reduction of
surface Cd** to Cd° has been found to create catalytically
active metal sites.””*® Understanding the surface of charged
NCs may lead to the design of better NC-catalysts. Lastly, this
work may help to explain the photoinstability and lower-than-
unity PL QY of charge-balanced NCs. If injection of electrons
can lead to trap-formation (as will be shown in this work), it is
conceivable that a photoexcited electron in the CB could also
lead to the formation of new surface states. Such a mechanism
would lower the PL QY of uncharged NCs, without the need
of (electro)chemical charge injection or doping.

The aim of the current work is to provide an atomistic
picture of what happens to the NC surface upon negative
charging ({n) > 0) and to show that, depending on the NC
passivation, injection of electrons can lead to the formation of
new surface states within the bandgap. DFT calculations are
used to charge both fully passivated CdTe NCs and NCs with
missing ligands. In the former case, the complete passivation
prevents the occurrence of surface reorganization. Instead, it
probes the maximum stability of the NCs. It is shown that, for
small, perfectly passivated NCs, charging with more than two
electrons will cause the (partial) reduction of surface Cd** to
Cd’, leading to localized in-gap states that can act as hole-traps.
However, if the NC is not perfectly passivated, charging with
only one electron already leads to surface reconstruction in the
form of Cd—Cd dimers, which manifest themselves as traps
within the bandgap that are half-filled and hence can trap both
electrons and holes. While both these results can be
generalized to other Cd-chalcogenide materials, the increased
electrochemical stability of zinc causes fully passivated Zn-
chalcogenide to be significantly more stable upon electron
injection. Upon ligand removal, Zn—Zn dimer-formation also
leads to trap states in Zn-chalcogenide NCs. Lastly, it is shown
that addition of L-type ligands can stabilize the surface and
prevent dimerization, which may explain the positive effect of
amines on the PL QY of charge-balanced NCs.

B RESULTS AND DISCUSSION

Model System. Following the example of Houtepen et
al,” a zincblende CdgTessCl,s NC of ca. 1.9 nm in diameter
(see Figure 1A-i) was used as the model system for the
calculations presented here. As also often found experimen-
tally,*”° the NC is cation-rich with a Cd/Te ratio of 1.24.
Chloride anions were added to preserve charge balance, since
they are electronically similar to the experimentally frequently
employed oleate ligands*® but are computationally less
demanding.>"** Figure 1B shows the electronic structure of
these model NCs, computed at the DFT level (see Methods
for further technical details). For these systems, the so-called
PBE exchange-correlation function was employed, which
provides reliable geometrical structures and the composition
of the molecular orbitals (MOs) [i.e., the density of states
(DOS)]. On the other hand, the bandgap tends to be
underestimated.”® For the purpose of this work, one should
keep in mind that the absolute energy of the calculated MOs
may differ significantly from experimentally found values.
Although energy levels can therefore not be directly related to,
for example, electrochemical potentials, trends between
different systems can still easily be observed. Also, for charged
NCs, the energetic position of the trap state in the bandgap
versus the CB and VB can only be qualitatively reproduced.

Charging of Perfectly Passivated NCs. Perfectly
passivated CdTe NCs were charged with up to four extra
electrons, as shown in Figure 1. For this, neutral potassium
atoms were added to the NC structure. Subsequent geometry
optimization resulted in an overall charge neutral system,
where one electron per potassium atom is donated to the NC.
This gives an effectively negative NC, compensated by positive
potassium ions. Since different counterions can be used to
compensate for the negatively charged NCs,™* it was verified
that the same results are obtained for other cations, as shown
for Li* and Cs" in Figure S1. Throughout this work, the
number of excess electrons in a NC is denoted by (n), as
defined in the introduction.

Figure 1A shows that charging the NCs with up to two
electrons results in no major structural changes. As indicated
by the DOS in Figure 1B, the electrons are simply injected into
the CB edge and no states are formed in the bandgap. Note
that for (n) = 1, the odd total number of electrons in the
system necessitates the use of an unrestricted DFT calculation,
so that each MO holds only one electron (either spin-up or
spin-down). This approach breaks the spatial symmetry
between alpha and beta electrons, providing two distinct
densities of states, a difference that is more pronounced near
the band edge region. Apart from this, the unrestricted
calculation for odd numbers of electrons does not lead to
significantly different results compared to the restricted
calculation for an even number of electrons. In Figure 1B
and in all of the ensuing figures with an odd total number of
electrons, the MOs belonging to the alpha electrons are
displayed on the left half of the graph, while the beta electrons
are plotted on the right half. For (n) = 2, the total number of
electrons is even, so that no unrestricted calculation is required
and each MO holds two electrons. Plotting the HOMO level
for (n) = 1 and (n) = 2, as done in Figure 1C-ii and 1C-iii,
respectively, shows that the electrons are delocalized over the
NC. However, when three electrons are added to the NC, a
Cd° is ejected from the (111) plane (designated by Cd, in
Figure 1), which leads to the formation of multiple in-gap
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Figure 2. Effect of charging different MgX;sCls (M = Cd, Zn; X = S, Se, Te) zincblende NCs on their structure and DOS. (A) Structure and (B)
DOS of the NCs when charged with four electrons. The total system is kept neutral by the addition of a potassium cation for each added electron.
The structure and DOS of the uncharged NCs are given in Figure S4.

states (see Figure 1B-iv). Two electrons are injected into two
closely spaced MOs around —3.7 eV. The black line segment
in Figure 1B-iv indicates that these levels are mainly localized
on the ejected Cd;. The third electron occupies the HOMO
localized on a Cd from another (111) plane (Cd, in Figure 1),
as can be clearly seen in the contour plot of Figure 1C-iv. The
MO localized on Cd, is full and can hence act as a hole trap,
while the MO on Cd, is half-filled and can trap both electrons
and holes. If four electrons are added to the NC (Figure 1-v),
Cd, will also be expelled from its facet (as Cd°), resulting in
two filled in-gap states that are highly localized on the two
ejected Cd” atoms.

These results can be interpreted as the gradual reduction of
surface Cd** and illustrate the instability of the fully chloride-
passivated CdTe surface against negative charging. It shows
that a limited number of electrons can be injected into the CB
of the NCs without significant structural changes. However, if
too many electrons are injected, localization of the excess
charge on certain Cd*" sites can lead to their reduction to Cd".
It should be noted that not all of the excess charge is localized
on the Cd** sites and that the Cd is therefore not completely
reduced to Cd® but to a small noninteger oxidation state.
However, for simplicity, the oxidation states of Cd will be
limited to integers in this discussion. Since the CB consists of
antibonding Cd Ss orbitals,” charge localization will probably
weaken the Cd—Te bonds of the Cd° sites, thus leading to
expulsion of the Cd° from the lattice. This is in agreement with
previous theoretical studies, which have shown that addition of
ligands can lead to the ejection of Cd atoms from certain
facets.” ™’

It may be possible that the weakening of the Cd—Te bonds
can cause Cd° to entirely leave the NC. With the removal of
the Cd® atoms, the in-gap states would also be removed (see
Figure S2), suggesting that the traps presented in this section
are only transient. We performed molecular dynamics
simulations that show that the Cd® atoms are highly mobile.
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However, experimentally there are various factors that
influence the stability of the Cd’ like the presence of L-type
ligands on the surface and solvent effects, that are not
considered in the current work and make it difficult to predict
theoretically if the Cd® remains bound to the surface.
Spectroelectrochemical experiments show an induced sub-
bandgap absorbance at negative potentials, which is attributed
to the formation of metallic Cd’, and which disappears again at
more positive potentials.”” This chemical reversibility suggests
that the Cd° remains on the NC surface, where it can be
oxidized back upon application of more anodic potentials. In
addition, stable surface Cd’ is su§gested to play an important
role in NC-based catalysis.””"® On the basis of these
experimental results, we conjecture that at least part of the
Cd° remains on the NC surface.

The reduction of Cd** has already been suggested in various
previous experimental works on NCs that were chemi-
cally,*>***° photochemically,’® or electrochemically*"*>**
n-doped. The results presented in this section are in line with
these experimental observations and provide the first atomistic
picture of the surface during increasing reduction of the NC.

The results presented in this section can be generalized to
charging with a different counterion (see Figure S1) and to
certain larger NC sizes (see Figure S3). Interestingly, upon
charging Cd;s,Te,35Cly, NCs with up to four electrons, no in-
gap states are formed, whereas charging of Cd,,sTe,,,Clss NCs
does lead to expulsion of Cd° and trap-formation (see Figure
S$3). This suggests that the stability of the NCs also depends on
the local coordination of the surface atoms. Only if suitable
surface sites are present, does it become energetically favorable
to expel one or multiple atoms from the lattice.

Lastly, the findings presented in this section can also be
generalized to other II—VI NCs. Figure 2 shows the structures
and DOS of six different Mg XsCl,s (M = Cd, Zn; X = S, Se,
Te) zincblende semiconductor NCs after injection of four
electrons (see Figure S4 for the structures and trap-free DOS
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Figure 3. Cd—Cd dimerization upon charging of imperfectly passivated NCs. (A) Structure of the NCs when (i) a chloride (indicated in dark
green) is moved from a (100) to an adjacent (111) facet ({n) = 0); (ii) the NC is charged simultaneously with moving the chloride ({n) = 1); (iii)
a chloride is removed from the (100) facet (from the position indicated with the black circle) while an electron is injected, which is isoelectric with
removing a CI° ligand ({n) = 1); and (iv) when the same chloride is removed and two electrons are injected ((n)y = 2). Note that the R in (1),
indicates that a CI° has been removed from the NC. For (1) = 1 and (n)y = 2 a potassium cation has been added to keep the total system charge
neutral. (B) The DOS for each of the NCs. (C) Simplified MO diagram, which shows that a Cd—Cd dimer is only formed when an extra electron is
available to occupy the bonding MO, which in turn forms a trap state in the bandgap. The distance between Cd, and Cd, has been given for each of
the structures to show the significant reduction in bond length upon dimerization (the Cd;—Cd, distance for the fully passivated NC in Figure 1-i is

3.95 A).

of the uncharged NCs). It shows that the stability of a NC is
highly dependent on the nature of the metal cation. While
injection of four electrons leads to expulsion of surface Cd° in
the CdX NCs, the electrons in the ZnX NCs remain
completely delocalized in the CB. This is in line with the
thermodynamic reduction potentials of the bulk materials,
which show that the Zn-chalcogenides are generally more
stable against reduction than the Cd-based compounds.’
Although these potentials are based on aqueous media and
neglect the details of the surface and surface passivation, they
give an indication on why the injected charges are less prone to
localize on Zn sites.

We note that contrary to the observation presented here that
ZnX NCs are more stable than CdX, char§e injection into CdX
NCs has been shown to be reversible,””** while reports on
charging ZnX NCs are scarce. We conjecture that this may be
due to the energetic position of the CB edge of the materials.
Since the CB of ZnX lies higher than that of Ccdx, >t
electrons injected into the CB of the Zn-based compounds
have a higher electrochemical potential than electrons in the
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Cd-based materials. While the ZnX material would remain
stable according to our calculations, the high energy of CB
electrons could more easily lead to side-reactions with ligands,
solvent, or impurities, which could consume the electrons.
Lastly, as will be shown in the ensuing section, ligand
passivation has a large influence on the stability of the NC and
may also explain some of the differences found between
charging Cd- and Zn-based NCs.

Charging of Imperfectly Passivated NCs. So far,
perfectly passivated NCs have been considered. However,
NCs often have some form of surface imperfections, like
incomplete ligand passivation. Surface states resulting from
such imperfections do not necessarily act as traps themselves
(vide infra), but they can provide a pathway to the formation
of trap states. Any ligand on the surface will stabilize the ions it
is coordinated to and will hence make it harder for them to be
reduced. Inversely, removing such ligands will lead to more
facile reduction of the same ions.

To investigate the effects of imperfect passivation, Figure 3
shows the results of charging a NC when a chloride ligand has

DOI: 10.1021/acs.chemmater.9b01395
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either been removed from a (100) surface or moved to another
facet. If a chloride is moved from a (100) to the neighboring
(111) facet, as shown in Figure 3A, it can no longer stabilize
Cd, and Cd,. As a result, the structure will adapt a new
geometry to minimize its energy. In Figure 3A-i, it can be seen
that Cd; moves deeper into the NC, so that its distance from
Cd, is increased to 4.98 A (as compared to a distance of 3.95 A
for the perfectly passivated NC in Figure 1-i). Still, the
bandgap remains clean (see Figure 3B-i). If, simultaneously
with the displacement of this CI~, the NC is charged with one
electron (Figure 3-ii), Cd; and Cd, form a dimer that gives an
energy state within the bandgap. We confirmed with molecular
dynamics simulations that this dimer is stable (i.e., it is not
removed by surface reconstruction). The same dimer-
formation is observed when a chloride is removed as CI~
and an electron is injected into the NC (which is isoelectric
with removing a chlorine, CI°), as shown in Figure 3-iii.
Further charging of this NC (Figure 3-iv) reduces the Cd,—
Cd, distance to 2.75 A (as compared to a Cd;—Cd, distance of
2.97 A for the NC in Figure 3-iii).

These results can be explained by considering the Ss orbitals
of the Cd*" ions, which could in theory overlap to form a Cd—
Cd sigma-bond. However, this surface configuration is
prevented by two factors. First of all, the stabilizing influence
of the X-type ligands prevents the Cd** sites from moving
closer to each other. Additionally, the Ss orbitals of Cd** are
empty. As a result, even if the Cd?** ions would be able to
approach each other close enough to form a bond, there would
be no electrons to populate the bonding MO. Thus, there
would be no energetic gain by bond formation. If a chloride is
moved from the (100) plane to the adjacent (111) facet
(Figure 3-i), there is room for the Cd** ions to move toward
each other. Yet, no extra electrons are present to occupy the
bonding MO and no dimer is therefore formed. Only if the NC
is charged (Figure 3-ii) can the extra electron occupy the
bonding orbital and thus lead to dimerization. This bonding
MO is then pushed out of the CB into the bandgap, where it
forms a half-filled trap state, meaning that it can trap both
holes and electrons. The same reasoning applies to the NC
where a chlorine (CI°) ligand has been removed (see Figure 3-
iii). Charging this NC further (Figure 3-iv) will lead to the
injection of a second electron in the bonding orbital, thus
shortening the Cd—Cd bond, as shown in Figure 3C. Since the
in-gap state is now completely filled, it can only lead to hole-
trapping.

These results show that the passivation of the NC surface
plays an important role in the stability of the NC in the
presence of extra electrons. If the NC is perfectly passivated (as
discussed in the previous section) the NC is initially stable
upon reduction, with electrons occupying the CB. However,
since ligands like acetates®” and Z-type complexes™* have been
found to be mobile on the NC surface, there is a possibility of
charging NCs with a suboptimal distribution of ligands on the
surface. If a ligand diffuses from the (100) surface to another
facet, injection of one electron (Figure 3-ii) can lead to the
formation of a trap. Moreover, charging of NCs could force X-
type ligands off the surface to retain charge neutrality”® and
thus enable the formation of Cd—Cd dimers.

The results presented in this section can be generalized to
larger NCs (see Figure SS) and other II—VI materials (see
Figure S6). Figure SS shows that the removal of chloride from
certain sites on the (100) facet actually does not lead to dimer-
formation. It is conjectured that dimerization on those specific
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sites may induce too high a strain on the surrounding structure
to be energetically favorable.** Figure S6 shows that, contrary
to the stable charging of fully passivated NCs, all singly
charged Cd- and Zn-chalcogenide NCs form trap states when a
chloride ligand is missing from the (100) facet, again
emphasizing the importance of surface passivation for the
NC stability.

Although various studies have shown that L-type amine
ligands can increase the PL QY of NCs,'*?°7%* this cannot be
properly explained by the hypothesis that only under-
coordinated chalcogenides can lead to trap states, as
passivating those traps requires electron accepting Z-type
ligands instead of electron donating L-type ligands.”® The
atomistic picture of dimer-formation given in this section,
however, may help to understand a possible mechanism of L-
type passivation. Figure 4 shows that, if a CI° atom is replaced

Energy (eV)
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Figure 4. Influence of methylamine on the formation of Cd—Cd
dimers. (A) Structure of the NC when a CI° is replaced by a
methylamine ligand (this is isoelectric to removing a chloride and
injecting one extra electron into the NC). (B) Contour plot of the
HOMO level of the NC, using a contour plot value of 0.02 ¢/bohr?,
indicating that the electron is delocalized over the NC. (C) DOS of
the NC, showing a clean bandgap and one electron in the CB.

by an L-type methylamine ligand, Cd—Cd dimerization is
prevented, even though the NC is effectively negatively
charged ({n) = 1). Instead, the extra electron remains
delocalized in the CB (see Figure 4C), indicating that amines
can stabilize NCs against surface reduction of metal ions.

An interesting open question is whether the formation of
traps on reduced surface metal ions is only relevant for charged
NCs, or whether it also plays a role in neutral, photoexcited
NCs and may explain a suboptimal PL QY in absence of
stabilizing amine ligands. Here, we conjecture that if the time
scale of dimer-formation is similar to the radiative lifetime of
the photoexcited electron—hole pair, the electron could be
trapped in the bonding MO of the Cd—Cd dimer before it
recombines with the hole. If the time scale of dimer-formation
is slow compared to the radiative lifetime, the event can still
happen once in a while, and as long as the dimer exists (ie.,
before recombining with a hole) it will act as a trap state, thus
decreasing the PL of the NC. If an amine is now present to
block the Cd-dimerization, as shown in Figure 4A, the
photoexcited electron can no longer be trapped in the dimer
and the PL QY remains unaffected. Although more research is
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required to test this hypothesis, such a mechanism may
eventually heép to understand not only the PL-increasing effect
of amines'”**~*" but also perhaps processes like blinking and
delayed photoluminescence.”

B CONCLUSIONS

In conclusion, DFT calculations have been used to study the
effects of charging fully and imperfectly passivated CdTe NCs
on their electronic structure. It is shown that charge injection
can lead to trap-formation via two pathways: metal atom
ejection from perfectly passivated NCs or metal—metal dimer-
formation in imperfectly passivated NCs. The small, fully
passivated model NCs used here were found to be stable up to
a charge of two electrons. Further charge injection led to
charge localization and consequent reduction of Cd** ions.
The resulting Cd° atoms were ejected from the lattice and
acted as localized in-gap states. The effects of surface
passivation were probed by charging NCs with missing or
displaced ligands. It was found that, if NCs miss an X-type
ligand from a (100) facet, injection of one electron can already
lead to Cd-dimerization and trap-formation. Addition of L-type
ligands can prevent dimer-formation and is suggested to also
prevent trapping of photoexcited electrons in charge neutral
NCs, which emphasizes the importance of surface passivation
for the stability of NCs. The results presented in this work can
be generalized to NCs of different sizes and other Cd- and Zn-
based zincblende chalcogenide NCs. They show that excess
charges can lead to the formation of new surface defects and
can therefore help to gain a better understanding of trap-
formation during (electro)chemical doping or illumination of
NCs.

B METHODS

All calculations have been carried out at the DFT level with a PBE
exchange-correlation function®® and double-{ basis set, as used in the
CP2K quantum chemistry software package.64 Relativistic effects have
been taken into account by means of effective core-potentials. All
structures have been optimized to the lowest energy in the gas phase
at 0 K. Unrestricted calculations were used for all systems with an odd
total number of electrons. Further details are given in the main text.
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