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ABSTRACT: Colloidal quantum dots exhibit various defects and
deviations from ideal structures due to kinetic processes, although their
band gap frequently remains open and clean. In this Letter, we
computationally investigate intrinsic defects in a real-size PbS quantum
dot passivated with realistic Cl-ligands. We show that the colloidal
intrinsic defects are ionic in nature. Unlike previous computational
results, we find that even nonideal, atomically nonstoichiometric
quantum dots have a clean band gap without in-gap-states provided that
quantum dots satisfy electronic stoichiometry.

Colloidal semiconductor quantum dots (QDs) have
attracted significant interest due to the easy tunability of

their energy levels1 and their potential application in low-cost
solution-processed devices such as solar cells,2,3 printable field
effect transistors,4,5 photodetectors, and light-emitting di-
odes.6−8 The high performance of these QD-based devices
relies sensitively on the absence of electronic trap-states within
the band gap. However, the wet chemistry synthesis is not
considered to be a high precision and highly controlled
technique like the molecular beam epitaxy. Combining this fact
with the large surface-to-volume ratios, one expects many
intrinsic structural defects in the colloidal QDs, especially near
the surface. It is of paramount importance to study the defect
physical chemistry of QDs, and to see how the defects affect the
electronic and optical properties of QDs, and how the situation
is different from bulk semiconductors. As a matter of fact,
despite the high likelihood of atomic defects, the electronic trap
states for such systems, although sometimes experimentally
observed,5,9−13 are nevertheless not so abundant. Even in cases
where in-gap states (IGSs) were experimentally observed, a
recent study from our group14 found that such IGSs were
probably caused by external impurities, not by the intrinsic
ones. Much of the success of QDs in many applications is
partially owed to this tolerance of intrinsic defects. Here by
intrinsic defect, we mean the removal of atoms and passivating
ligands from ideally stoichiometric QD. QD atomic stoichiom-
etry has been previously defined as Δ = −NPb(QD) + NS(QD) + f
NLIG, where NPb(QD), NS(QD), NLIG are the number of lead
atoms, sulfur atoms, and ligands, f is the ligand weight factor
describing the overall stoichiometry contribution of a single
ligand; off-stoichiometry corresponds to Δ ≠ 0.18 It has been
argued that there is a self-healing process for QDs that drives
intrinsic defects or external dopants to the QD surface.15

Nevertheless, it is doubtful that such self-healing mechanism

can remove all the structural defects. Here we show that for
IV−VI QDs, even if intrinsic defectsoff stoichiometrydo
exist, they do not produce any deep electronic IGS. This
finding provides new mechanism to understand the relative lack
of IGS in QDs, and demonstrates the electronic tolerance of
QDs to the structural defects.
There have been several recent theoretical studies on the

impact of defects and stoichiometric imbalance16−18 on
electronic structure, as well as the effect of ligand removal.19,20

Many previous theoretical studies have concluded that
stoichiometric QDs are free from IGSs;16−19 however, even a
single deficiency of cation, anion, or ligand species will create
highly localized IGSs;16,18 if the imbalance becomes larger,
these IGSs fill the band gap16−20 and QDs become
metallic.16−20 These theoretical studies, combined with the
likelihood of forming atomic defects might imply a large
number of IGSs. Experimentally, electron microscopy images
show numerous surface defects.21 Although when IGSs are
observed, their electronic levels have specific energy, and the
whole band gap is never filled with IGSs.12−14 This causes a
contradiction and a puzzle between theory and experiment.
However, in previous calculations, when one atom is removed,
it is not the ion but the neutral atom that is removed. As we will
show later, in a wet chemistry environment, it is often the ionic
species, not the neutral atoms, that should be removed from a
IV−VI QD. In the case of PbS, if one Pb atom is removed, it is
most likely removed as Pb2+, and, as a result, the nanocrystal
will be bound with the counteranions in the solution.
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Another problem that often hampers theoretical investiga-
tions of QD defects is the lack of a realistic atomic model of a
passivated surface. As we showed in our recent work21 on PbS
QD, it is now possible to construct a detailed real ligand
passivation model with ideal passivation without any IGS. In
the present study, to simplify the situation, we will use a
relatively simple, but still realistic model consisting of PbS
quantum dots passivated by Cl atoms3,22 and systematically
introduce intrinsic structural defects (mostly vacancies). Our
calculations show that (1) ionic defects, which are also charged
defects, are energetically more preferable than the neutral
defects; (2) interior ionic defects (especially the S defects) are
driven off from the interior to the surface; and (3) ionic Pb and
ligand defects do not introduce IGSs, while ionic S surface
defects introduce very shallow states (∼80 meV) near the
conduction band minimum (CBM). All these indicate that
either the intrinsic defects (with their proper charge state) do
not induce deep electronic IGS states, or the ones that
introduce IGS (S interior vacancy) will likely be removed and
become shallow states. These results can explain why the Pb
chalcogenide colloidal QDs have good electronic and optical
properties despite the fact that it is almost impossible for the
real QD to not have structural defects (especially at the
surface).
For calculations, we used density functional theory (DFT)

with a plane wave basis set as implemented in VASP
computational code.23−26 The computations employ the
generalized gradient approximation (GGA) with Perdew and
Wang (PW91)27,28 exchange-correlation functional. The
projected augmented wave (PAW) method of Blöchl26,29 was
used for the pseudopotential treatment. We used a kinetic
energy cutoff of 300 eV. Ligands and the outmost atomic layer
of QD are relaxed, while internal atoms are kept fixed. For
defect calculations, all atoms in the first coordination sphere of
a defect are also relaxed. Since QD is an isolated particle, only
the gamma point was used to sample the Brillouin zone. The
supercell contains a vacuum region of more than 8 Å to remove
spurious interactions.
We begin our study with an ideally passivated PbS quantum

dot (PbS-QD). This is aided by our previous theory and
experimental study, and the new understanding of PbS-QD
passivation with oleic acids and other ligands.21 It was found
both experimentally and theoretically that (1) the typical shape

of synthesized 4 nm PbS-QD is a truncated octahedron
terminated by {100} and {111} planes;21,30 (2) the Wulff ratio
(h111/h100) of the truncated octahedron is ∼0.85; (3) the Pb:S
ion ratio is ∼1.3:1; (4) the {111} facet can be passivated with
oleate and hydroxide anions, the {100} facet does not require
passivation, and the ligand-surface binding energy is very small;
(5) the excess of Pb cations (relative to S anions) to oleate
anions ratio is ∼1:1; (6) edges and corners of the QD can also
be passivated with small molecules; and (7) other small anions
(like -Cl) can also be used as passivating agents. In order to
simplify our calculations, we chose a relatively simple Cl-anion
surface passivation that has been experimentally synthesized.3,22

Rutherford backscattering spectroscopy (RBS) revealed that
the Cl-ions and the excess Pb ions ratio is ∼2.07:1 for 4 nm
QD.22 This is consistent with our theoretical understanding and
the model of the PbS-QD structure. Since the formal charges of
Pb and Cl are +2 and −1, respectively, one each excess Pb
requires two Cl ions to passivate it. Taking into account that
RBS uncertainty can exceed 2% and weakly-bound ligands on
nonpolar {100} facets21 can be easily washed away during the
purification process, we can approximate that there are no Cl-
surfactant species on nonpolar {100} facets. Based on this
understanding, we have constructed a Cl-passivated PbS-QD
model of 4 nm diameter. The system has a chemical formula
Pb586S459Cl254, a Wulff ratio of 0.87, a Pb:S ratio of 1.28:1 and a
Cl:Pbexcess ratio of 2.00:1 (Figure 1A).
We then optimized the geometry of the ligand layer (−Cl)

and the outmost atomic layer of the idealized PbS-QD (Figure
1A). The calculated band gap of the optimized PbS-QD is 0.94
eV. This band gap is smaller than the experimentally-observed
band gap of ∼1.1 eV for 4 nm PbS-QDs22 due to the well-
known DFT underestimation of a semiconductor band gap.31

The structure of the calculated DOS (Figure 1B) is very similar
to that measured experimentally.12,32 The valence band mainly
consist of S(3p) orbitals with a smaller contribution from
Pb(6s) and Cl(3p) orbitals, while the conduction band is
predominantly of Pb(6p)-character. The valence band max-
imum (VBM) and CBM states are located in the interior of the
QD (Figure 1C). Both states have only a small contribution
from self-passivated {100} facets, while there is no contribution
from the {111} facets. In terms of QD−QD coupling for charge
transport from one QD to another, the unpassivated {100}
facet will be much easier to be connected either by some other

Figure 1. (a) Optimized structure of Cl-passivated PbS-QD with 4 nm size and Wulff ratio of 0.87. (b) Partial density of states (DOS) for the
constructed nanocrystal with 0.94 eV band gap, where the colors are consistent with that of the atoms in panel a. (c) Charge density distributions of
the valence band maximum (1Sh) and conduction band minimum (1Se).
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linker molecules or in direct contact. This is in contrast with the
well-passivated {111} facets where the surfaces are separated by
the ligand molecules. Hence, cubic superlattices of assembled
QDs ({100}−{100} interaction) should have better charge
transport characteristics than hexagonal superlattices ({111}−
{111} interaction).
Having solved the structure of the ideally Cl-passivated

colloidal PbS-QD, we can investigate various intrinsic defects in
the nanocrystal by removing atoms to form vacancies. The first
question is in a real synthetic chemical environment,33,34 will
vacancies be neutral or charged defects? First, the neutral defect
formation energies for Pb, S, and Cl vacancies are calculated
and shown in Table S1. They all have large formation energies
of about 2 eV. We next calculated the formation energies of the
ionic vacancies (i.e., Pb2+, S2−, Cl1−) that are all smaller than 1
eV (Tables S2−S4). The energies are calculated by assuming an
overall chemical environment of the organic solvents during
QD synthesis. However, the exact values have to be taken with
caution due to the neglect of some terms, especially the entropy
contributions. Nevertheless, from these calculations, the trend
is clear: the ionic defects have much lower formation energies
than their neutral defect counterparts.
Next, we considered various ionic vacancies. To simplify

electronic structure calculations, unlike the defect formation
energy calculations, we have not used any counterions for the
charged QD with defects. Pb2+ vacancies are created by
removing only a single Pb-ion from {100} and {111} facets and
edges, corners, and from the QD interior. The structure of the
defective QD is first optimized, and then its electronic structure
is calculated. Surprisingly, none of the Pb2+-vacancy defects
create any trap-state within the band gap (Figure 2A). We next
considered Cl1− defects by removing ions from QD corner,
{100} and {111} edges, middle, and randomly chosen cites on
{111} facets. We relaxed the structures and calculated the
density of states (Figure 2B). Again, none of Cl-ion defects
produce IGSs. This also means the surface of PbS-QD does not
require perfect passivation. This is a major difference from that
of highly covalently bonded surfaces (e.g., IV−IV, III−V
semiconductors) where any imperfection of the surface
passivation or reconstructions will introduce dangling bond
states in the band gap.
The situation of S2− defects is different. Since {111}-facets do

not contain surface S-ions, we removed S2− only from the
{100} facets and from the QD interior (third layer and QD
center). In all three cases, an extra empty IGS is formed in
addition to the original CBM state (Figure 2C). While the state
energy is deep for the interior S2− defects, for the surface S2−

defects the energy is almost the same as that of the original
CBM state (only 80 meV lower). Thus, in terms of the band
gap, there is not much change due to the surface S2− defect
whose state merges with the conduction band (Figure 2C).
Figure 3 shows the CBM of the ideal QD as well as the S2−

defect-induced states of the defective QDs. We can see that
wave functions of these defect states occupy a large portion of
the QD volume. We have also investigated S2− vacancy in bulk
PbS, and a similar defect state is found. As discussed above, the
calculated absolute formation energies for these defect states
(Table S4) might be inaccurate due to the difficulty in
calculating the solvent energies, but the difference in formation
energies among the three defect locations (Table S4) are not
affected by this uncertainty (they have the same solvent
energy). As we can see, there is a major energy drive of ∼0.90
eV to move the defect from QD center toward the {100}

surface. To further investigate whether this energy drive can
indeed move the S2− defect, we have calculated the vacancy
diffusion barrier using a nudged elastic band (NEB) method for
a bulk S2− vacancy. We found that the barrier height is about
1.14 eV. On the other hand, since there is about 0.90 eV energy
drop from the center vacancy to the edge vacancy (with 4 hop
steps), there is a 0.225 eV energy drop for each hop. In the
harmonic approximation, this energy drop lowers the barrier
height to ΔE = 1.03 eV (see Supporting Information (SI)).
Using the Eyring equation, we can estimate the rate constant r
= (kT/h)(qTS/qGS) exp(−(ΔE/kT)). The partition function
ratio qTS/qGS is estimated to be 14.7 × 10−3 (see SI), and hence,

Figure 2. Density of states for colloidal intrinsic ionic defects in a 4 nm
Cl-passivated PbS-QD for (a) Pb2+ vacancy defects, (b) Cl1− vacancy
defects, (c) S2− vacancy defects, (d) charge-balanced Pb2+Cl1−2 and
Pb2+S2− vacancy defects, (e) adsorption of PbCl2, PbS and (PbS)2
complexes representing adatoms and islands. Notation: V - vacancy
defects; add - adsorption defects; {100} - on {100} facet; {111} - on
{111} facet; edg - on an edge; mid - in a facet’s middle; rand - random;
cent - in QD center; corn - in QD corner; n-lay - nth layer under facet.
Only S-ion vacancies produce IGS in the upper half of the band gap
(near CBM).
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at the experimental synthesis temperature of 135 °C we can
estimate the hopping time of the S2− vacancy toward the QD
surface as τ ≈ 40 s. Thus, the S2− vacancy should be mobile and
can move fairly quickly from the QD interior to the surface, and
become a surface vacancy. This self-healing process can thus
change a deep IGS state into a shallow IGS state, reducing QD
deterioration effects significantly. It is interesting to note that
the calculated Pb2+ vacancy diffusion barrier (1.86 eV) is much
higher, and, as a result, this vacancy is essentially immobile.
Nevertheless, the Pb2+ vacancy, regardless of its position in the
QD, will not induce any IGSs.
Since S2− surface vacancies create IGS and have the smallest

formation energies (Table S4), the S2− surface vacancies can be
potential surface trap states that quench photoluminescence.
Obviously, a larger QDs will have larger probability of forming
one such state per QD. This seems to agree with the
observation of Semonin et al.35 that smaller PbS and PbSe
QDs have better quantum yields compared to larger ones,
despite the fact they have larger surface/volume ratio. This also
agrees with the experimental observation by Sun et al.36 that a
surface treatment by trioctylphosphine (TOP) can significantly
improve the electrogenerated chemiluminescence (ECL). This
is because the TOP can bind with S to form a surface TOPS,
which stabilizes the surface S, and hence reduces the likelihood
of surface S vacancies.
Besides single atomic/ionic defects, we have also investigated

vacancy defects of stoichiometric atom pairs resulting in neutral
QDs. We first remove an atom pair of PbCl2 from different
locations at the surface. Once again, no IGS is found (Figure
2D). Surface PbS defects do not induce any IGS (Figure 2D)
either, while interior PbS defects produce an IGS (Figure S2),
similar to the S2− defects. Another similarity is the fact that the
interior PbS defect has much larger formation energy (by 0.63
eV) than the surface PbS defect, which drives it to the surface.

Finally, opposite to the vacancies, it is interesting to study the
adsorption of small molecular species on the QD surface,
because atomic resolution transmission electron microscopy
(TEM) images show that surface islands or additional single
precursors often exist on the QD surface.21 We have considered
defects formed due to the adsorption of Pb-precursor (PbCl2),
one PbS pair, and two PbS pairs ((PbS)2 island) on a {100}-
facet. They all have negative absorption energies, indicating that
their absorption is favorable. However, the calculated band gap
remains clean for all of the adsorption defects (Figure 2E). This
means that there is no need to have an ideal geometry at the
surface in order to have a clean band gap without IGS. Our
finding that no IGS are formed from ionic surface vacancies is
in line with our previous finding for ionic nonpolar oxides
surfaces.37 There we found that if the edge of the bulk
conduction band consists mostly of transition metal d-states,
while the edge of the bulk valence band consists mostly of O-2p
states, then a nonpolar surface will not have IGS after atomic
relaxation. For PbS, the bulk conduction band edge arises
mostly from Pb states, while the bulk valence band edge arises
mostly from S states. In such an ionic material, the properly
charged ionic defects tend not to introduce IGS. Removal of
Pb2+, S2− and charged ligands (Cl1−) can be viewed as a way to
maintain the overall electronic stoichiometry. Our new insight
is that there is no IGS if QD preserves electronic stoichiometry
of ions (i.e., the number of net charge in a QD should
correspond to the ionic counting: QQD = QPb NPb(QD) + QS
NS(QD) + QLIG NLIG, where Q and N are the charge and number
of Pb-cations, S-anions, and charged ligands, respectively, the
total charge QQD can be nonzero, and in reality the QD can be
further compensated by a counter charged ion from the solvent.
This requirement is more general and inclusive, with QQD = 0
as a subclass, e.g., Voznyy et al.16 and Kim et al.18 found no IGS
if the QD preserves atomic stoichiometry (Δ = 0). Our
requirement reflects the ionic nature of the QD and explains
the good electronic properties of QD despite many structural
defects. Nevertheless, it is possible to create n-type and p-type
doping by introducing external defects using, for example,
thermal vapor deposition of elemental Pb0 and S0 adatoms,38

respectively: gas phase atoms cannot change to the ionic charge
state. Pb0 doping introduces two degenerate singly occupied
states 0.36 eV below CBM. S0 doping introduces three shallow
partially occupied states within 0.1 eV above the VBM (Figure
S1). These IGS have Fermi energy pinned at those IGSs, which
will make the QD heavily doped, which lies in line with recent
experiments;13,38 thus, their effects will be significant.
Tang et al.3 found that the QD surface can be passivated

much better using halides than the large organic ligands, as
halide passivation reduces the IGSs. While our calculations
indicate that a single charged ionic defect will not introduce
IGSs, if there are many such defects aggregated together, it is
still likely they can introduce IGSs. This is because such defects
are charged, and it is difficult to have electrostatic
compensation from the environment for large aggregations of
such defects. Thus, although perfect passivation might not be
necessary, good passivation like the one provided by halides will
still be necessary. Also note that if the neutral defects are
formed, instead of the ionic defects, Pb, Cl and S vacancies will
have IGSs as shown in Figure S2. These IGSs are also close to
the band edge with the Fermi energy pinned at those IGSs,
making QD heavily doped. Single defects that introduce IGSs
in the band gap are summarized in Figure 4 to guide the
interpretation of experimental measurements.

Figure 3. Charge density distributions for CBM of an ideal QD (a),
and IGS of a QD with ionic S2− vacancies in the {100} facet (b), in the
third layer under {100} (c), and in the QD-center (d). Isosurface
values are 1.5%. Defect states are significantly delocalized within the
QD.
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In summary, we have used ab initio calculations to investigate
various colloidal intrinsic vacancy defects and imperfect surface
passivations of PbS QDs with the goal of explaining why
experimentally there could be so few IGSs in structurally-
imperfect QDs, in contrast to previous theoretical works.16−20

The recent development and understanding of the PbS QD
surface passivation allows us to start the investigation of a QD
with realistic surface passivation. We emphasize that the
vacancies in colloidal solution come from removal of ion
species, instead of neutral atoms (due to the large differences in
formation energy). We discovered that among all the intrinsic
defects studied, only S2− vacancies at the interior of the QD
introduce deep IGS, while surface S2− vacancies introduce very
shallow IGS. Moreover, the S2− vacancies at the interior have a
higher formation energy compared to their surface counter-
parts. With a low diffusion barrier, we find that interior S2−

vacancies can diffuse to the surface within tens of seconds.
Thus, overall, we should not see IGS created by intrinsic defects
in PbS QDs. We also note that, experimentally, an IGS near the
VBM has been observed in many QD films.5−12 However,
another study from our group, using both experimental and
theoretical means, indicates that such IGS are induced by
external molecules, not by intrinsic defects.14 QDs prefer to
maintain electronic stoichiometry, and the lack of IGSs induced
by intrinsic defects or imperfection of passivation are the
reasons why the general electronic quality of such colloidal
QDs is good, regardless of the various possible nonideal atomic
configurations.
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