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m in stabilizing tin–lead (Sn–Pb)
alloyed perovskite quantum dots†

Junke Jiang, ‡ab Feng Liu, ‡c Qing Shen *d and Shuxia Tao *ab

Narrow-bandgap CsSnxPb1�xI3 perovskite quantum dots (QDs) show great promise for optoelectronic

applications owing to their reduced use of toxic Pb, improved phase stability, and tunable band gaps in

the visible and near-infrared range. The use of small ions has been proven beneficial in enhancing the

stability and photoluminescence quantum yield (PLQY) of perovskite QDs. The introduction of sodium

(Na) has succeeded in boosting the PLQY of CsSn0.6Pb0.4I3 QDs. Unfortunately, the initial PLQY of the

Na-doped QDs undergoes a fast degradation after one-day storage in solution, hindering their practical

applications. Using density functional theory (DFT) calculations and ab initio molecular dynamics (AIMD)

simulations, we study the effect of Na ions on the strength of surface bonds, defect formation energies,

and the interactions between surface ligands and perovskite QDs. Our results suggest that Na ions

enhance the covalent bonding of surface tin–iodine bonds and form strong ionic bonding with the

neighboring iodine anions, thus suppressing the formation of I and Sn vacancies. Furthermore, Na ions

also enhance the binding strength of the surface ligands with the perovskite QD surface. However,

according to our AIMD simulations, the enhanced surface ligand binding is only effective on a selected

surface configuration. While the position of Na ions remains intact on a CsI-terminated surface, they

diffuse vigorously on an MI2-terminated surface. As a result, the positive effect of Na vanishes with time,

explaining the relatively short lifetime of the experimentally obtained high PLQYs. Our results indicate

that engineering the surface termination of the QDs could be the next step in maintaining the favorable

effect of Na doping for a high and stable PLQY of Sn–Pb QDs.
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1. Introduction

Semiconductors with near-infrared absorption and emission
have attracted tremendous attention for broad applications,
including biological labeling, optical communication, and
photovoltaics.1–3 Metal-halide perovskites, a new class of opto-
electronic materials, are developing rapidly because of their
excellent photophysical properties and great success in photo-
voltaics.4–10 Among various types of AMX3 perovskites (A ¼ Cs+,
CH3NH3

+, and CH3(NH2)2
+; M ¼ Pb2+, Sn2+, Cu2+, Ge2+, and

Mn2+; X ¼ Cl�, Br�, and I�), ASnI3 perovskites have attracted
specic attention owing to their narrower optical band gaps
(1.2–1.4 eV), allowing a strong response in the near-infrared
spectral region.11–13 The alloying of Sn with Pb at the M-site
leads to the formation of an unusual band gap, which is lower
than that of pure-Sn and -Pb perovskites, making the mixed Sn/
Pb perovskites more attractive for application in high-efficiency
tandem solar cells.5,14–18 Additionally, mixing Sn and Pb is
benecial for stabilizing the fragile Sn-perovskite cubic phase
and inhibiting the oxidation of Sn2+ to Sn4+.14,19–23 As a result,
the alloyed Sn–Pb perovskite solar cells have already shown
enhanced phase stability and improved power conversion effi-
ciency, making them attractive for various optoelectronic
applications.24–27
J. Mater. Chem. A, 2021, 9, 12087–12098 | 12087
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Reducing the crystallite size to the nanometer scale, for
example, the quantum dot (QD) dimensions, further improves
their phase stability because of the large contribution of surface
energy and the protection by organic passivation ligands.28–35

Moreover, owing to the increased exciton binding energy
resulting from quantum connement, excitons dominate
against free carriers in these nano-sized semiconductor crystals,
leading to enhanced radiative recombination and thus a high
theoretical PLQY.36 The synthesis of pure Sn or Sn–Pb alloyed
perovskite QDs with reasonable luminescence efficiency is
challenging. Even a slight incorporation of Sn in a Pb host
would cause dramatic degradation of their radiative recombi-
nation, which usually leads to extremely low PLQYs of 0.3–
3%.37,38 The charge traps and recombination centers present in
these Sn-contained QDs are believed to be the reasons for
luminescence inefficiency.39,40 It is generally accepted that the
Sn vacancy defects are held accountable because of their low
formation energy.41 However, previous computational studies
suggested that Sn vacancies do not introduce deep-level traps
inside the band gap. Hence, they are unlikely to produce such
devastating consequences.32,42,43 Another possible contribution
to trap states in Sn–Pb alloyed QDs may come from surface
halide vacancies, which will create under-coordinated metal
ions. This resembles those cases in previous Pb-based perov-
skites where surface halide vacancies have been identied as
the major defects negatively impacting their electronic proper-
ties.44–50 However, from the viewpoint of the electronic struc-
ture, this is not the primary reason as deep-level states are
present only in Cl-based perovskites, while in Br- and I-
perovskites, the deciency in surface halogen atoms will intro-
duce only shallow defect levels.44,51

Recent studies suggest that the formation of Sn vacancies
and the oxidation of Sn2+ to Sn4+ are responsible for the overall
degradation in Sn-containing perovskites.52,53 Namely, the
spontaneous oxidation starting from the bond breaking of Sn–I,
and the under-coordinated Sn2+ can easily be oxidized to Sn4+.
This accelerates the formation of Sn vacancies and nally
converts the perovskite to the non-perovskite phase.20,40,54,55 This
indicates that the optimization of these defect-intolerant
nanocrystals would require a signicant suppression of the Sn
vacancy formation and the oxidation of Sn2+ to Sn4+. A high
PLQY of CsSnI3 QDs, 59%, was achieved by using the kinetically
controlled ion-exchange method by Yang et al.56 They rst
synthesized the highly stable CsPbBr3 QDs and then by intro-
ducing the SnI2 precursor obtained the CsSnI3 QDs with fewer
defects and good structural stability. This demonstrates again
the importance of defect suppression in Sn-containing perov-
skite QDs. Meanwhile, tailoring the QD synthesis route (with an
ion-exchange reaction),56,57 co-doping,58,59 and inducing
different ligands60–62 have been investigated to improve the
stability of perovskite QDs and increase the PLQY. For Sn-
containing QDs, the stronger interaction between ligands and
the surface has been proven to show a stabilization effect.63–66

Overall, the prerequisite for retrieving the near-infrared emis-
sion of these Sn-containing QDs is to enhance the bonding
strength between the Sn2+ and I� ions and the passivation effect
of surface ligands.
12088 | J. Mater. Chem. A, 2021, 9, 12087–12098
Doping of semiconductors has been proven to be a powerful
tool to alter the structural and optoelectronic properties of both
traditional semiconductors and perovskite nanocrystals.67–74

Encouragingly, the lanthanide series (e.g. Yb3+ and Ce3+) were
successfully doped into lattices of wide band-gap perovskite QDs,
which demonstrated enhanced optical and electronic properties,
leading to remarkably high PLQYs above 100%.75–78 However,
such an effect seems to be less effective in low band-gap perov-
skite QDs. For instance, mixing Br in CsPbCl3 QDs caused a rapid
drop in the PLQY.76 Very recently, we found that ultra-low Na
doping effectively improves the optoelectronic properties of Sn–
Pb alloyed QDs, boosting the PLQY from �0.3% to 28%.79 The X-
ray photoelectron spectroscopy (XPS) analyses suggest that the
Na dopant potentially enhances the chemical bonding of Sn2+

and I� with surrounding ions and thus suppresses the formation
of trapping states. However, the PLQY of the Na-doped QDs
undergoes a fast degradation from �28% to 4% within 24 hours
at room temperature. The atomistic origin of the improved
luminescence efficiency of the Na doped Sn–Pb alloyed QDs and
its subsequent degradation mechanisms remain unclear.

In this work, combining DFT calculations and AIMD simula-
tions, we study the effect of Na ions on the strength of surface
bonds, defect formation energies, and the interactions between
surface ligands and perovskite QDs. We nd that the Na dopant
preferentially occupies the surface interstitial site, leading to the
strengthened ionic bonding of Na with the surrounding I� ions
and enhanced covalent bonding of Sn2+ with I� ions in [SnI6]

4�

octahedra. Both consequences suggest that the incorporation of
Na effectively suppresses the formation of I and Sn vacancies.
Furthermore, the binding energy of ligands with perovskites
increases upon Na doping, resulting in a stronger passivation
effect of the ligands and thus stabilizing the Sn–Pb perovskite
QDs. The high mobility of the exotic Na dopant on an MI2-
terminated surface is observed from AIMD simulations, indi-
cating that Na ions could not stabilize themselves in one out of
the two surface terminations, causing the rapid decrease of PLQY.
2. Methods
2.1. Density functional theory calculation

Structural optimizations of all structures were performed using
DFT implemented in the Vienna ab initio simulation package
(VASP).80 The Perdew–Burke–Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA) was used.81 The
outermost s, p, and d (for Pb and Sn) electrons were treated as
valence electrons, whose interactions with the remaining ions
were modeled using pseudopotentials generated within the
projector-augmented wave (PAW) method.82,83 During the
structural optimization, all ions were allowed to relax. An energy
cutoff of 500 eV and a k-point scheme of 6 � 6 � 1 were used to
achieve energy and force convergence of 0.01 meV and 20 meV
Å�1, respectively.
2.2. Ab initio molecular dynamics simulation

Ab initiomolecular dynamics (AIMD) simulations were executed
by using a canonical ensemble (NVT) with a Nosé–Hoover
This journal is © The Royal Society of Chemistry 2021
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thermostat at 300 K,84,85 as implemented in the VASP code. The
PAW method was employed to describe the core-valence inter-
action, and the PBE exchange–correlation functional was used.
A kinetic cutoff energy of 400 eV was used for the plane wave
expansion. The energy and force convergence parameters were
set at 0.01 meV and 20 meV Å�1, respectively. A single k-point
sampled at the G only was used to speed up the computations.
The total simulation time of each calculation is 6 ps with a time
step of 2 fs.

2.3. Chemical bonding analysis

An in-depth analysis of the chemical bonding was carried out to
understand the chemical bonding of Na-doped perovskites. Of
main interest was the bond between the Sn cation and the I
anion. The strength of the chemical bonding was investigated
by analyzing both the covalent and ionic bonding. The covalent
contribution can be analyzed using the bond order, which
correlates with the electron density value at the bond-critical
point (saddle-points of electron density along the bond
paths). The larger the bond order value, the stronger the cova-
lent bond. The ionic contribution of a bond can be character-
ized by the net atomic charge, which quanties the charge
transfer between atoms. The positive net atomic charge of an
atom indicates loss of electrons, and the negative one indicates
gain of electrons. The bond order and net atomic charge
calculations were carried out using DDEC6 charge partitioning
implemented in the Chargemol code.86–89

2.4. Structural models

The incorporation of Na+ at different locations on the surface
and the bulk of QDs was investigated by using CsSn0.6Pb0.4I3
surface models with the top and bottom surfaces being the [1
0 0] facets terminated by the CsI and MI2 (M ¼ Sn or Pb) layer,
Fig. 1 DFT optimized structures of the Na-doped CsSn0.6Pb0.4I3
perovskite. In all structures, one Na ion (the yellow sphere) substitutes
one Cs cation. (a–c) Side views and (d–f) top views of Na in the bulk, at
the MI2-terminated surface, and at the CsI-terminated surface (M: Pb
or Sn). The (a) structure gives the highest energy. Using this as
a reference, (b) has an energy of �0.22 eV, and (c) has an energy of
�0.26 eV. The yellow, purple, grey, and blue spheres denote the Na+,
I�, Pb2+, and Sn2+ ions, respectively.

This journal is © The Royal Society of Chemistry 2021
respectively (Fig. 1). The surfaces were modeled using slab
models consisting of (2 � 2) cells in the x and y direction and 5
repeating units (20 Cs atoms, 12 Sn atoms, 8 Pb atoms, and 60 I
atoms) with a vacuum of 15 Å in the z-direction. The dipole
correction along the z-direction is considered. It should be
noted that when using a quantum dot model,90–92 a global view
of the morphology of the perovskite QD surfaces and their
interaction with ligands can be obtained. The surface struc-
tures, especially the surface bonds, show slightly different
length and strength due to the quantum connement effect.93,94

However, such QD models are computationally expensive
because of the need to simulate a large number of atoms.
Therefore, slab models are oen used as an alternative, as they
are proven to be effective in correctly capturing the qualitative
trends in such connement effects.95,96 The usage of slab
models to investigate the properties of perovskite QDs has also
led to many successes in previous studies.63,66,97,98

To understand the surface ligand effect on the QDs, the slab
model used above was passivated using oleylammonium
(C18H35NH3

+: OLA) or oleate (C18H34O2
�: OA) on CsI or MI2

termination, respectively. To validate our ligand slab model, we
also calculated the ligand density and compared it with exper-
imental data (Table S1†).99 For DFT and AIMD simulations,
atoms that were away from the ligand side (three repeating MI6
octahedral layers) were xed to mimic the bulk nature. The rest
of the atoms, including the OLA and OA on top of the surface,
were optimized. More computational details (e.g., vacancy
formation energy, ligand binding energy, the charge displace-
ment curve, and the diffusion coefficient) can be found in the
ESI.† All structural models were visualized by using VESTA.100
2.5. Experiments

We synthesized the undoped and Na-doped CsSn0.6Pb0.4I3
colloidal QDs and performed X-ray photoelectron spectroscopy
(XPS) characterization to analyze the surface environment of
QDs. The experimental details can be found in the ESI.†
3. Results and discussion
3.1. Enhancing the surface Sn–I bonding strength

We rst determine the possible atomistic locations of Na+ in the
QDs. Fig. 1 depicts the three possible locations of Na in the QDs,
where Na+ is found to be more stable on surfaces than in the
bulk by 0.2 to 0.3 eV. On both CsI- and MI2-terminated surfaces,
Na+ preferentially occupies the interstitial site, rather than an A
site. This is not unexpected considering the large difference in
ionic radii of Na+ and Cs+ as well as the small size of Na+. In fact,
previous studies also indicated that Na+ prefers to occupy an
interstitial site in hybrid Pb perovskites.101,102

Further zooming into the surface modication by Na, we
found evident changes in the surface atomic structure as well as
charge redistribution at the surface layers of the CsSn0.6Pb0.4I3
perovskite. We found that the incorporation of Na does not
affect the surface Pb–I bond strength because the bond order
remains constant at 0.55. As the Sn2+ plays a more important
role than Pb2+ in the stability of the QDs (see the Introduction
J. Mater. Chem. A, 2021, 9, 12087–12098 | 12089
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Fig. 2 Atomistic view of the CsI-terminated surfaces of the CsSn0.6Pb0.4I3 perovskite: (a) the clean (pure CsI) and (b) Na-doped (Na-CsI). The
atom numbers are from the visualized model by using VESTA. The structure details with atomic coordinates can be found in the ESI.† (c) Average
net atomic charges of the surface I� and Sn2+ ions with and without incorporation of Na. (d) Comparison of the average bond order of surface
Sn–I bonds with and without incorporation of Na. Electron localization function of the surface I� and Sn2+ ions (e) without and (f) with the
incorporation of Na. The arrows and dots indicate the magnitude of the electron delocalization around the Sn2+ and I�. (g) Formation energies of
the Sn and I vacancies (on the top layer) in the pristine and Na-doped CsSn0.6Pb0.4I3 perovskites.
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section), we thus focus our study on the changes of the bonding
state of the surface Sn2+ ions (Fig. 2a and b). We observe that the
Sn–I bonds at the surface layer with Na are on average shorter
than those without Na (one is shorter by 0.07 Å and the other
slightly longer by 0.01 Å). Further chemical bonding analysis
reveals an overall stronger covalent bonding between the Sn and
the surface I atoms upon the incorporation of the Na dopant
(Fig. 2c, S1 and Table S2†). For example, we see that the bond
order of the Sn-11/I-52 bond has been increased from 0.60 to
0.66. Such an enhancement is also reected in the electron
localization function (Fig. 2e and f), where the electron cloud
around the Sn2+ ion and I� ion is more delocalized, which is
a sign of a stronger covalent bonding in the Na-doped perov-
skite than that in the pristine one. The strengthened chemical
bonding between the surface I and the Sn may originate from
the newly formed strong Na–I ionic bonding on the subsurface
layer, which induces a noticeable decrease in the covalent
bonding between the subsurface I� and the central Sn2+ ions (as
evidenced by the decreased bond order in pairs such as Sn-11/I-
50 and Sn-11/I-54). Overall, the introduction of Na+ induces
charge redistribution, which is favorable for the formation of
stronger covalent bonding of the surface Sn–I bonds.
12090 | J. Mater. Chem. A, 2021, 9, 12087–12098
We now analyze the impact of the incorporation of Na on the
ionic bonding of the surrounding I� and Sn2+. Overall, the ionic
charge of I� ions adjacent to the Na dopant increased, while
that of the Sn2+ ions remained almost unchanged (see Fig. 2d).
The ionic charge of I-51 increased from�0.53 to�0.55, and that
of I-50 increased from �0.53 to �0.56. Consequently, a stronger
chemical bonding of I� with Na+ than that with Cs+ will be
formed. The I� with more atomic charges will form an
enhanced ionic bonding with the neighboring Sn cations,
which is expected to inhibit the formation of Sn4+. We also
observe similar trends for the MI2-terminated surface, and the
details can be found in Fig. S2 and Table S3.†

To investigate the effect of the chemical bonding change on
the behavior of defects, we then calculated the formation
energies of I and Sn vacancies. We found that in the presence of
Na, formation energies of those nearby I vacancies increased
signicantly: by 0.48 eV on the CsI-terminated surface (Fig. 2g)
and by 0.89 eV on the MI2-terminated surface. This increased
vacancy formation energy of the subsurface I� ions can be
attributed to their stronger interaction with the Na dopant, as
evidenced by both increased ionic and covalent interactions
(the increased ionic charge on I� ions and the larger bond order
This journal is © The Royal Society of Chemistry 2021
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of Na–I than that of Cs–I, shown in Fig. S1 and Table S2†). Such
enhanced bonding with neighboring atoms helps to suppress
the diffusion of these anions.102 For those I� ions sitting at the
top layer of the CsI-terminated surface, we also found a high
vacancy formation energy of 0.31 eV. This observation is also
consistent with our earlier conclusion that the surface I� ions
form a stronger covalent bonding with the subsurface Sn2+ ions
upon incorporation of the Na dopant. Previews studies showed
that iodine vacancies do not create deleterious deep-level trap
states within the band gap.44,103 However, we consider that the
suppression of I vacancies can be important for these Sn-
containing perovskites. This is because I vacancies would
exacerbate the problem of Sn4+ by exposing more uncoordi-
nated Sn atoms, which are more susceptible to oxidation. As for
Sn vacancies, we found that their formation energies are also
moderately increased on both CsI- and MI2-terminated surfaces
by 0.11 eV and 0.44 eV, respectively, indicating that Na doping is
also effective in suppressing the formation of these surface Sn
vacancies. The increased formation energy of the Sn vacancies
is a result of their enhanced chemical bonding with
surrounding I� ions, as discussed above.

To summarize, we have shown that the Na dopant enhances
the chemical stability of Sn2+ and suppresses the formation of I
and Sn vacancies. Both effects potentially inhibit the oxidation
of Sn2+ to Sn4+ and the subsequent degradation of the perov-
skite compound, and therefore improve the optoelectronic
properties of these Sn-containing perovskites.
3.2. Enhancing the ligand passivation effect

The surface ligand binding strength is another crucial factor
contributing to the overall stability of perovskite QDs. The
perovskite compounds will be signicantly affected by the
ligands due to the highly ionic and environmentally sensitive
characteristics. We therefore speculate that the stability of the
Sn–Pb alloyed perovskite QDs is related to the strength of
chemical bonding between ligands and the surface. To examine
this, we calculated the ligand binding energy (Eb) to evaluate the
bond strength of ligands and the CsSn0.6Pb0.4I3 QD surface,
including the CsI- and MI2-termination. The schemes of these
two terminations are shown in Fig. 3a. The ligand type infor-
mation is experimentally affirmed in our previous work,79 and
Fig. 3 (a) Idealized models of the surface termination of the as-synthe
anionic organic ligands at the outermost layer. (b) The considered catio

This journal is © The Royal Society of Chemistry 2021
therefore, we built the CsSn0.6Pb0.4I3 surface models that are
capped with positively charged OLA and negatively charged OA,
as shown in Fig. 3b. The ligand density of our model is 1.24
ligands per nm2, which is close to the experimental results of
Rossini et al. obtained by using solid-state NMR spectroscopy.99

It is necessary to further explore the surface termination of
CsSn0.6Pb0.4I3 QDs owing to the different surface elemental
compositions. Thus, we checked the surface composition by
using XPS, as shown in Table S4.† The surface I/Cs chemical
stoichiometric ratio is 2.65, which is smaller than the ratio in
the chemical formula, I/Cs ¼ 3. This implies that the CsSn0.6-
Pb0.4I3 surface is mixed with both terminated surfaces but there
are more CsI-terminations than MI2-terminations. Thus, the
two major terminations are both considered thereaer to study
the surface ligand binding.

To investigate the effect of Na on the ligand binding
strength, the Eb values were calculated for different binding
modes of CsSn0.6Pb0.4I3 surfaces and ligands without and with
Na incorporation, which are schematically illustrated in Fig. 4.
The ligands are assumed to attach or substitute the exposed Cs,
Pb, Sn, or I surface atoms. For the CsI-terminated surface, four
surface ligand congurations were considered: OLA attaches to
I and OA attaches to Cs; OLA substitutes Cs; OA substitutes I;
OLA substitutes I and OA substitutes Cs, shown in Fig. 4a and
b from le to right. For the MI2-terminated surface, four
congurations were constructed too, that is, OLA attaches to the
A cation and OA attaches to Pb; OLA attaches to the A cation and
OA attaches to Sn; OLA and OA both attach to the A cation; OA
substitutes I, shown in Fig. 4c and d from le to right.

The calculated Eb values are all more negative aer Na
doping, regardless of the surface termination and the ligand
interaction mode (see Fig. 5). For the CsI-terminated surface,
the OLA attached to I and OA attached to Cs congurations
show the smallest binding strength, while the OLA substituting
Cs and OA substituting I show the largest value (see Fig. 5a).
This suggests that the ligands prefer to substitute the surface
ions rather than (OA substituting I and OLA substituting Cs)
being physisorbed on the surface and interacting with the ions
with opposite charge. For the MI2-terminated surface, the
interaction mode of OLA attached to the A cation and OA
attached to Pb congurations shows the smallest binding
sized CsSn0.6Pb0.4Br3 QDs. Both surfaces are capped by cationic and
nic OLA and the anionic OA ligands in this study.
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Fig. 4 Schematic illustration of CsSn0.6Pb0.4I3 QDs with a CsI-terminated surface (a) without and (b) with Na incorporation; MI2-terminated
surface (c) without and (d) with Na incorporation. The four different passivated configurations for the CsI-terminated surface are named OA-
Cs_OLA-I, OLA*, OA*, and OA*_OLA* from left to right. Similarly, the four configurations for the MI2-terminated surface are OA-Pb_OLA-I, OA-
Sn_OLA-I, OLA-Cs_OA-A, and OA* from left to right. The * indicates the substitution of surface ions.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
10

:5
6:

57
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
strength, while the OLA attached to the A cation and OA
attached to Sn conguration shows the largest value (see
Fig. 5b). Overall, our results show that the binding strength
between the surface and ligands is highly sensitive to the local
atomic structure of the QDs. The incorporation of Na enhances
the binding strength of the ligands with the perovskite surface,
regardless of surface congurations. To investigate the
12092 | J. Mater. Chem. A, 2021, 9, 12087–12098
genericity of alkali doping, we also studied the possible doping
sites and binding energies of all other alkaline cations (see
Table S5 and Fig. S6†), and the results show that only Na+ has
such a positive effect. These results further elucidate the unique
role of Na+ in enhancing the stability of the CsSn0.6Pb0.4I3 QDs.
We attribute the positive effect of Na+ to the ionic size. The Na+

has an apropos ionic size that could occupy the surface
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Binding energies of all ligand configurations of (a) CsI- and (b) MI2-termination, respectively. The blue bar and yellow bar denote the
original surface and the Na-incorporated surface, respectively.
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interstitial site and cause the stronger interaction with neigh-
boring ions, enhancing the ligand binding strength.

To shed light on the enhanced ligand binding strength, we
selected the conguration with the largest binding strength in
each termination to analyze the charge transfer between the
ligand and perovskite. We dene Dravg as the plane-averaged
charge density difference and DQ as the charge displacement
curve along the z-direction (see the ESI† for details). The
results of charge transfer at two different terminations are
displayed in Fig. 6. We found that the charge variations mainly
occur at the interface region between the surface and ligands
Fig. 6 Plane-averaged charge density difference Dr of the ligand–perov
with doping. Charge displacement DQ of the ligand–perovskite interface
The orange (+) and blue (�) spheres represent the depletion and accumul
electron transfer. The inserted structure diagram shows the Na-doped C

This journal is © The Royal Society of Chemistry 2021
in both slab models. For the CsI-terminated surface shown in
Fig. 6a, electrons are transferred from the ligand side to the
perovskite layer in both undoped and Na-doped systems. The
calculated DQ presented in Fig. 6c conrms this charge
transfer behavior by the presence of a signicant positive peak
at the perovskite side but negative peaks at the side of the
ligand. Moreover, an enhanced positive peak at the perovskite
side and the reduced negative peaks at the ligand side are
observed aer Na doping. This means that a stronger charge
transfer occurs at the surface aer incorporating the Na, which
indicates a stronger interaction between the ligand and
skite interfaces on (a) CsI- and (b) MI2-terminated surfaces without and
on (c) CsI- and (d) MI2-terminated surfaces without and with doping.

ation of charges, respectively. The arrows represent the direction of the
sI- and MI2-terminated surfaces.
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perovskite. For the MI2-terminated interface, a similar pattern
is observed, where electrons are depleted near the ligands and
accumulated at the exposed perovskite surface (see Fig. 6b).
The calculated DQ also suggests the electron transfer from the
ligands to the perovskite. The reduced negative peak at the
interface and enhanced positive peak in the perovskite side
aer the Na incorporation in Fig. 6d indicate stronger inter-
action between the ligand and perovskite. Our analysis
conrms that incorporating Na at the surfaces of perovskites
strengthens the interaction of the ligand and perovskite by
charge transfer from one to the other side.
3.3. Interface dynamics on different terminations

The surface ligand binding is considered to be closely related to
the thermal effect.104 We thus also investigate the dynamics of
the ligands on perovskite QD surfaces and the role of Na by
using ab initiomolecular dynamics (AIMD) simulations at room
temperature, 300 K. The congurations with the largest binding
strength in each termination are used as the starting point for
the MD simulations. The temperature evolution during simu-
lation time (see Fig. S3†) and the log (MSD) versus log (time)
(see Fig. S4†) indicating the diffusivities of the systems reached
equilibrium.
Fig. 7 Mean-square displacement (MSD) of ligands and surface ion mov
doping. Diffusion coefficients of different ions on (c) CsI- and (d) MI2-te

12094 | J. Mater. Chem. A, 2021, 9, 12087–12098
Fig. 7a and b show themean square displacement (MSD) of all
the diffusive ions in undoped and Na-doped systems. Aer
incorporating the Na, the MSD for the CsI-terminated surface is
reduced, while it is slightly increased for the MI2-terminated
surface. This difference suggests that the incorporation of Na
ions has a different effect on the two terminations. Therefore, we
zoom into the dynamics of specic ions. By tracking the dynamic
positions of the tail-end N atom in OLA (NOLA), the O atom in OA
(OOA) and Na, we obtain the diffusion coefficients of these ions
(Fig. 7c and d). On the CsI-terminated surface, the NOLA and OOA

have an overall lower diffusion coefficient with Na than without
Na during the simulation and as well as at the end of 6 ps AIMD
simulation (3.47� 10�5 cm2 s�1 vs. 5.13� 10�5 cm2 s�1 for NOLA

and 4.23 � 10�5 cm2 s�1 vs. 1.12 � 10�4 cm2 s�1 for OOA), see
Fig. 7c. In contrast, at the MI2-terminated surface, the NOLA and
OOA have an overall higher diffusion coefficient during the AIMD
simulation aer Na incorporation (Fig. 7d) as well as at the end of
6 ps AIMD simulation (1.22 � 10�4 cm2 s�1 vs. 9.38 � 10�5 cm2

s�1 for NOLA and 8.35 � 10�5 cm2 s�1 vs. 6.64 � 10�5 cm2 s�1 for
OOA). It is worth noting that a large contrast is found in the
diffusion coefficients of Na: the diffusion coefficient on the CsI-
terminated surface is much smaller than that on the MI2-termi-
nated surface during AIMD simulation. The same is true for the
ement in (a) CsI- and (b) MI2-terminated surfaces without and with Na
rminated surfaces without and with Na doping.

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Snapshots of the interfaces after 6000 fs AIMD simulation of (a) CsI- and (b) MI2-terminated surfaces without and with Na doping.
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nal diffusion coefficient aer 6 ps, which is two magnitudes
smaller (3.34 � 10�6 cm2 s�1 vs. 1.48 � 10�4 cm2 s�1).

Fig. 8 illustrates the snapshots of the four models in the
AIMD simulations. For the undoped models in Fig. 8a and b,
the ligand and CsI-terminated perovskite closely interacted,
while the ligand in the MI2 terminated perovskite pulls the ions
away from the surface, indicating the degradation of the
perovskite. Aer doping Na on the surface of the perovskite, the
CsI-termination maintains a stable binding interaction with
ligands, while the degradation in the MI2-termination is not
mitigated as the Sn and adjacent I ions are pulled up by the OA,
leading to the formation of Sn vacancies.

Furthermore, we found that Na is less mobile in the CsI-
terminated model than in the MI2-terminated model. This is
evidenced by the time-dependent location distribution density
analysis, which shows that Na+ is almost stationary on the CsI-
terminated surface but diffuses violently on the MI2-terminated
surface (see Fig. S5†). The different diffusive behavior of Na+ on
different terminations can be explained by the comparison of
the net atomic charges of Na+ and adjacent I ions in the two
terminations (see Fig. S6†). We found that the Na+ and adjacent
I ions contain a larger amount of net charges, indicating the
formation of a stronger ionic bond between Na and I ions in CsI-
termination than in MI2-termination, which manifests the
much smaller Na+ mobility at CsI-termination.
4. Conclusions

To understand the role of Na ions in CsSn0.6Pb0.4I3 perovskite
QDs with enhanced photoluminescence and their subsequent
photoluminescence degradation, we investigated the strength
of surface bonds, defect formation energies, and the interaction
of surface ligands and perovskite surfaces using rst-principles
DFT and MD calculations. Our results indicate that the Na
doping has the following effects: rst, Na ions prefer to locate at
the surface and occupy the interstitial sites. This enhances
covalent bonding of the surface Sn–I bonds and ionic bonding
of Na+ with the neighboring Sn cations, and therefore improves
This journal is © The Royal Society of Chemistry 2021
the chemical stability of Sn2+ and suppresses the formation of I
and Sn vacancies. Second, Na ions strengthen the ligand–QD
surface binding and the two together passivate the surface
dangling bonds of the QDs. Finally, AIMD simulations show
that Na ions on the CsI-terminated surface tend to suppress the
diffusion of surface ligands but do the opposite on the MI2-
terminated surface. The latter leads to the detachment of
ligands and the perovskite surface layer, therefore causing the
fast degradation of the MI2-terminated surface. The above
results indicate that the combination of the Na doping and CsI-
termination of the QDs may result in the best improvement in
maintaining a long lifetime of high photoluminescence effi-
ciency. Therefore, we foresee that the surface termination
engineering could offer a breakthrough in improving the effi-
ciency and the lifetime of perovskite QDs for near-infrared
applications. Moreover, in addition to the detrimental effect
of Sn oxidation, the origin of the relatively low PLQY in infrared
emitting CsSn0.6Pb0.4I3 QDs could also be attributed to the
constituents assembled imperfectly during the reaction
process, which induced the structural defects that are chal-
lenging to eradicate only by adjusting the synthetic factors (e.g.
reaction temperature and duration, and stoichiometry of reac-
tants). We anticipate that tailoring the synthesis route, such as
co-doping, or introducing different ligands may improve the
stability of the Sn–Pb alloyed perovskite QDs further, meriting
further experimental and theoretical studies.
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