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C
olloidal quantum dot (CQD) opto-
electronic devices have been the
focus of significant research in recent

years. CQDs are solution-processed semi-
conductor nanocrystals compatible with
economical roll-to-roll processing meth-
ods.1,2 Additionally, their band gap is readily
tuned through control over nanoparticle
diameter, a feature that can be exploited
in both light-emitting and light-absorbing
applications.3�7 CQD photovoltaic devices
have advanced rapidly in performance:
since the first demonstration of CQD solar
cells in 2005,8 the power conversion effi-
ciency (PCE) has reached over 7% (certified)
in these devices.9,10

In addition to the core CQD material
chosen (e.g., PbS, CdSe, HgTe, etc.), recent
reports point increasingly to the crucial
importance of controlled incorporation
of additional atoms and molecules to en-
hance the properties of CQD films. Ligand
choice has long been known, as expected,

to influence electronic transport through
the CQD solid,11�13 both for reasons of
passivation and inter-nanoparticle spacing.
For instance, mobilities well over 1 cm2/Vs
have been demonstrated in nanocrystal
films.14�17 Additionally, the doping of quan-
tum dots has attracted significant inter-
est recently for development of novel de-
vices such as those leveraging inherently
matched quantum junctions and improved
potential gradient profiles favoring charge
extraction.18�21 These new devices have
been enabled by an enhanced understand-
ing of how overall stoichiometry in the
quantumdot solid, taking into account both
ligand and nanocrystal material, determines
the net doping and electronic properties of
the final film.22,23

Inorganic strategies based on a complete
semiconductor shell surrounding the nano-
particle core have long been pursued.24�26

Growth of an appropriate shell material
has been used to improve luminescence
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ABSTRACT Colloidal quantum dot (CQD) solids are attractive

materials for photovoltaic devices due to their low-cost solution-

phase processing, high absorption cross sections, and their band gap

tunability via the quantum size effect. Recent advances in CQD solar

cell performance have relied on new surface passivation strategies.

Specifically, cadmium cation passivation of surface chalcogen sites in

PbS CQDs has been shown to contribute to lowered trap state densities

and improved photovoltaic performance. Here we deploy a general-

ized solution-phase passivation strategy as a means to improving CQD surface management. We connect the effects of the choice of metal cation on

solution-phase surface passivation, film-phase trap density of states, minority carrier mobility, and photovoltaic power conversion efficiency. We show that

trap passivation and midgap density of states determine photovoltaic device performance and are strongly influenced by the choice of metal cation.

Supported by density functional theory simulations, we propose a model for the role of cations, a picture wherein metals offering the shallowest electron

affinities and the greatest adaptability in surface bonding configurations eliminate both deep and shallow traps effectively even in submonolayer amounts.

This work illustrates the importance of materials choice in designing a flexible passivation strategy for optimum CQD device performance.

KEYWORDS: colloidal quantum dots . photovoltaics . surface passivation . binding energy . DFT . PbS nanocrystals
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properties27 and suppress blinking and Auger recom-
bination.28�30 Unfortunately, when the goal is excel-
lent passivation combined with superior charge trans-
port, the strategy of employing a thick shell achieves
the first but militates against the second priority.
It was recently found that a full shell is not, in fact,

necessary to achieve beneficial influence on quantum
dot passivation. Early hints of this possibility came
in the form of pioneering solution-phase ligand ex-
changes involving halide adjustment31,32 as well as
investigations of stoichiometry adjustment33,34 due to
the enhanced surface availability and flexibility af-
forded by solution-phase approaches.
The relevance of inorganic halide passivation to

devices and performance came when all-inorganic
colloidal quantum dot solids, and solar cells based
thereon, were reported in 2011.35 The joint role of
organic bidentate linkers in forming densely packed
films, and both cationic and halide inorganic pas-
sivants, in achieving lowered trap state densities and
improved transport, was proposed, confirmed, and
exploited in 2012.9

Metal cations on the surface have been shown to
have an effect on net nanocrystal surface charge and
photoluminescence efficiency.36 Mechanistically, the
role of a submonolayer of inorganics at the surface has
been explained via its capacity to prevent, or re-form,
deep electronic trap states.37 Interestingly, initial ex-
periment9 and theory37 both indicate a role for both
the halide, and also for the metal cation, in passivation
and thus performance.
In the present work, we sought to build a more

thorough understanding of the role of metal cations
introduced to the surface of colloidal quantum dots
and investigate their impacts on the performance of
photovoltaic devices. The work includes a suite of
experimental studies in which we vary the identity of
the cation and investigate its impact on electronic
materials parameters, such as mobility and trap state
density, and ultimately on device performance. We
finish with a density functional theory (DFT)-based
exploration of reasons why the identity of the cation
has such a large impact on trap state passivation and
consequent device performance.

RESULTS AND DISCUSSION

We focused on inorganic passivation implemented
in the solution phase prior to film formation. We took
this approach since this process architecture had led to
the highest solar cell efficiencies reported to date
based on CQDs. Carrying out the treatments in the
solution phase offers a high degree of accessibility to
the surface by prospective inorganic passivants, max-
imizing the opportunity to remedy surface trap states.
The approach is depicted in Figure 1. The first por-

tion of the synthesis is standard:38 a solution of PbO,
oleic acid, and octadecene (ODE) is heated to 130 �C

(Figure 1a-i). Rapid injection of bis(trimethylsilyl)sulfide
(TMS) in ODE into the flask causes nucleation of PbS
quantumdots cappedwith oleate ligands (Figure 1a-ii).
The solution is then allowed to cool while the CQDs
grow to the desired size (Figure 1a-iii).
Next is implemented themetal halide treatment that

is the subject of this study. During the growth phase, a
small volume of a metal chloride (MClx) dissolved in
oleylamine is rapidly introduced. It has beenproposed9

that chloride ions are able to passivate sites that
organic ligands are unable to reach in light of steric
hindrance or unfavorable surface topology, thereby
reducing surface-associated electronic trap states. This
results in CQDs which are capped with both chloride
and oleate ligands and which retain colloidal stability.
Metal cations have been reported to incorporate by

binding to exposed sulfur atoms on the CQD surface
in submonolayer amounts (1�20% relative to Pb).9,35

The high Pb/S ratio in the as-synthesized CQDs sug-
gests that the surfaces are, by and large, predominantly
cation-rich. Thus, the new metal cation is likely replac-
ing the original surface Pb by adsorbing to the sur-
face during growth in lattice sites typically occupied
by Pb.39

We investigated whether the process might in fact
have resulted in a core�shell structure. As seen in TEM
(Figure 1b), there is no apparent shell growth on a
quantum dot passivated with CdCl2 as previously
demonstrated, even as the concentration of metal
chloride is increased.9 We observed no blue shift in
the absorption spectrum following addition of the
cation precursor (Figure 1c). XPS confirms the incor-
poration of cations in amounts corresponding to less
than 20%of surface Pb sites. There is similarly no signif-
icant change in nanocrystal size due to the metal chlo-
ride addition, suggestive of self-terminating adsorp-
tion to a modest number of relevant surface sites.

Development of the Passivation Strategy. We now de-
scribe the development of themetal halide passivation
strategy using the prototypical cadmium-based meth-
od as an example. In particular, we were interested in
learning how the true extent of surface passivation,
measured through both luminescence and device
performance, was influenced by the incorporation of
halide atoms and metal cations. In the suite of treat-
ments explored, we systematically adjusted the con-
centration of the halide salt in the precursor solution
up to the solubility limit (0.86 M) while keeping the
volume ratio of the added precursor constant.

The passivation extent in the solution phase was
monitored using photoluminescence quantum effi-
ciency (PLQE) measurements. PLQE measured in the
solution phase serves as a proxy for the extent of
passivation since, in the colloid, the quantum dots
are kept well-separated; in contrast, in the film phase,
the PLQE is very strongly affected by transport.40 As
seen in Figure 2a, a low concentration of CdCl2
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precursor results in a PLQE of approximately 20%. At
cation precursor concentrations of 0.3 M or above, the
PLQE is increased to above 30%, indicating a significant
enhancement in surface passivation. The PLQE ap-
proximately saturates at these precursor concentra-
tions, indicating that in this treatment protocol there is
no further benefit from a surface passivation perspec-
tive in introducing greater amounts of metal halide
precursor. We hypothesize that this is due to a satura-
tion of the surface binding sites available to chlorine
anions as the ions are not able to efficiently lead to
the removal of bound oleate ligands.32 Some oleate
ligands are likely replaced by chloride ions due to an
equilibrium process as the ligands bind and unbind.
We note that the specifics of the concentration and
surface coverage at which this point of diminishing
returns is reached are very likely tied to the details
of the strategy, in which a finite quantity of surface
sites are accessible to balance passivation and col-
loidal stability.

We carried out a series of electronic, materials, and
photovoltaic device studies using films processed from
the same suite of solution-treated samples described
above. We used these devices to monitor several film-
phase performance metrics as a function of metal

halide precursor concentration, including the limiting
(minority) carrier mobility, midgap density of states,
and photovoltaic power conversion efficiency. All mea-
surements were performed on photovoltaic devices
utilizing the depleted heterojunction architecture.41

Briefly, CQDs were spin-cast onto a TiO2 electrode on
fluoride-doped tin oxide (FTO)-coated glass. The film
was treated using a solution of mercaptopropionic
acid (MPA) in methanol to exchange any remaining
oleate and densify the film,9 followed by methanol
washing. Subsequent CQD layers were cast and ligand-
exchanged in a layer-by-layer process until the desired
film thickness was achieved. Molybdenum oxide, gold,
and silver were deposited on top of the film to contact
the device.

With the goal of measuring the photocarrier mobil-
ity, we obtained photocurrent transients41 for devices
made from several batches of CQDs employing differ-
ent metal halide passivation. A 640 nm pulsed diode
laser with an illumination density set to approximately
1 sun in intensity (100 mW/cm2) was used to excite
photocarriers in the device. Effective transit times (the
time for current to decay to 1/e of the peak value) were
obtained as a function of net bias. With knowledge of
film thickness, we used transit time versus average field

Figure 1. Metal halide passivation of CQDs in solution. (a) CQD synthesis procedure including the metal halide passivation
process. (i) Solution of PbO, oleic acid (OA), andODE is heated to 130 �C. Themagnification box depicts lead oleate in solution.
(ii) Bis(trimethylsilyl)sulfide (TMS) in ODE is added, causing nucleation of PbS quantum dots capped with oleic acid ligands.
Themagnification box shows a schematic of a CQDwith surface Pb atoms cappedwithOA. (iii) As the solution cools, 1.0mL of
a solution of MClx (where M is a metal cation) in oleylamine is added quickly, typically once the CQD solution reaches a
temperature of 80 �C. This results in a partial exchange of oleate for chloride ligands and the incorporation of M cations into
thequantumdot surface as seen in themagnificationbox. (b) TEM images of oleic acid only (left) andmetal halide (specifically,
0.3Mcadmiumchloride) passivated (right) PbSCQDs showing the same size nanocrystals. The right image shows no evidence
of shell formation on the quantum dots. (c) Absorption data of solutions of metal halide passivated and oleic acid only PbS
CQDs showing the lack of a spectral shift in peak position.
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to extract the limiting carrier mobility for films based
on different solution-phase precursor concentrations.

The mobility, calculated using photocurrent transi-
ent measurements and plotted in Figure 2b, shows
an upward trend relative to increased CdCl2 precur-
sor concentration. This suggests an improvement of
transport within the CQD film. Notably, the power
conversion efficiency saturates at CdCl2 concentra-
tions above 0.3 M in spite of the increased mobility
as shown in Figure 2c. This suggests that the mobility
must exceed∼1� 10�3 cm2/Vs in order for maximum
device performance to be obtained, but once this
mobility threshold is cleared, another performance-
determining mechanism then begins to dominate.

With this in mind, we also characterized the midgap
density of states (DOS) in devices fabricated with CQDs
utilizingvariousCdCl2precursor concentrations (Figure2d).
The DOS was obtained using the photovoltage transient
method.9,42�44 An 830 nm diode laser provides a con-
stant light bias, and a pulsed 640 nm diode laser mod-
ulates the open circuit voltage (VOC). By measuring the
change in VOC and the total generated charge for each
perturbation across a wide range of light bias intensities,
we are able to extract the DOS as a function of energetic
depth within the band gap of the quantum dot solid.

The results show that the DOS for devices using
CQDswith 0.3Mor higher CdCl2 precursor concentration

are all very similar, while lower concentrations clearly
show greater DOS deep within the gap. This correlates
well with the current density versus voltage curves
shown in Figure 2e and the PCE saturation behavior
seen in Figure 2c. We conclude that further progress in
deep trap passivation is the performance-limiting me-
chanism once the mobility exceeds the 1 � 10�3 cm2/
Vs threshold.

Variation of Film Properties with Cation Passivation Type.
Focusing on a single metal chloride, and varying its
concentration, we were able to establish the impor-
tance of the passivation of deep traps in CQD solids.We
sought then to explore how the identity of the metal
cation influences passivation and performance.

We screened a wide range of cations with an eye
toward maximizing photovoltaic device performance.
All of our studies used chlorine as the anionic passivant
for consistency and to exclude the effects of varying
the anion type on photovoltaic device metrics. We
followed the general synthesis optimization procedure
described for cadmium above for each of the different
metal cations tested. Each cation passivation type was
tested with various synthesis conditions. Each of the
characterization metrics described in Figure 3 was
correlated with device performance for the specific
batch, and therefore, some PCE values are different for
the same cation in each panel.

Figure 2. (a) PLQE vs CdCl2 precursor concentration showing some saturation with increasing concentration. (b) Mobility vs
precursor concentration. (c) PCE vs precursor concentration shows saturationwith concentration, indicating that trap density
(as quantified by PLQE and photovoltage transient measurements) plays a more determinative role in device performance
than carrier mobility. (d) Density of states for different precursor concentrations determined by photovoltage transient
measurements, showing saturationwith increasing concentration. (e) Current density�voltage curves for devicesmadeusing
CQDs with different precursor concentrations of CdCl2.
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Figure 3 shows the correlation of device performance
with solution-phase photoluminescence quantum yield,
film mobility and film density of states for the different
cation passivation types. As seen in Figure 3a, the device
power conversion efficiency is correlated with solution-
phase photoluminescence quantum yield, suggestive that
thebenefitsofpassivationduringsolution-phase treatment
are at least partially transferred to the final films following
the solid-state ligandexchange. Points for slightly different
CQD batches utilizing the same metal cation passivant
show variation in both PLQE and PCE, and the correlation
of PCE with PLQE remains consistent across cation types
and is well-correlated for a given cation species, as well,
indicating the strong predictive value of this metric.

In contrast, the mobility of charge carriers in films,
asmeasured using the photocurrent transientmethod,

shows a saturation of power conversion efficiency with
increasingmobility for the different cation types, as can
be seen in Figure 3b. Cation type has a relatively strong
effect on mobility which does not necessarily correlate
with photovoltaic device performance. Cation type
also has a strong effect on themidgap density of states
measured through the photovoltage transient meth-
od: in Figure 3c, we plot power conversion efficiency
as a function of the open circuit voltage at which a
5 � 1016 cm�3/eV threshold has been reached.

From these studies, it is clear that the midgap den-
sity of states is the strong determinant of device perfor-
mance, and that mobility must simply satisfy a similar
threshold to that reported in the CdCl2 study above.

In general, most metal chloride passivation variants
produced an increase in device performance com-
pared to CQDs that utilized a solid-state ligand ex-
change only. The identity of the cation was an impor-
tant factor, with certain cations;notably Cd, Ca, and
Zn;leading to the best device performance. We next
sought to understand the origin of this variance to
determine the mechanistic source of the improved
passivation and performance.

We performed X-ray photoelectron spectroscopy
(XPS) measurements to quantify both the amount of
chlorine and amount of metal cation incorporated into
our quantum dots in the film phase. The variation of
power conversion efficiency with anion incorporation
extent (measured relative to the amount of lead) for
the different processes is presented in Figure 4a.
Although the amount of chlorine varied over a rela-
tively large range, the power conversion efficiency
saturated with increased chlorine film incorporation.
Clearly, some chlorine incorporation is beneficial for
device performance, but it does not fully account for
the observed variation in efficiency as a function of
cation type. The amount of cation incorporation also
varies over a wide range for different metal types but
displayed no predictive effect on device performance.

This observation suggests that the cation type plays
an important role in surface passivation, and that even
a relatively low concentration of the most desired
cations can have a significant beneficial impact. We
sought to investigate the role of cation type in surface
passivation, for which we turned to DFT simulations.

Using DFT, we calculated the electron affinity of
each type of cation that we had tested experimentally.
Shallower cation electron affinity is expected to shift
the undercoordinated cation dangling bonds deeper
into the conduction band, providing better passiva-
tion. Simulations of cations adsorbed on the CQD sur-
face were performed, but because of interaction with
PbS orbitals, each cation's contribution was observed
to spread to a wide range of energies and could not
provide a single numerical value to be used as ametric.

We therefore calculated the electron affinities of the
corresponding metal chlorides, which we chose to

Figure 3. (a) Correlation of PLQE (determined by passivation
extent) with device performance. Different batches of CQDs
employing the same metal cation passivant under different
synthesis conditions show a positive correlation of device
performance with PL quantum yield. (b) Mobility for different
cation processes determined by photocurrent transient mea-
surements. PCE shows saturation behavior with increasing
mobility. (c) Midgap density of states for different cation
processes determined by photovoltage transient measure-
ments (inset) and correlation of PCEwith DOS threshold edge.
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mimic the likely binding configurations of the cat-
ions on the CQD surface. The results of the calculations
are plotted in Figure 4b. The experimental power
conversion efficiency shows a weak correlation with
chloride electron affinity. This correlation ismaintained
even when XPS shows minimal incorporation of the
cation itself on the CQD surfaces.

We carried out molecular dynamics simulations on
quantum dots with cations bound in several different
starting geometries to help explicate this trend further.
In particular, we looked at the effect of coordination on
the electron wave functions and density of states. The
results of calculations for surface cadmium atoms are
shown in Figure 4c, and the corresponding results for
lead are shown in Figure 4d. Due to the lower ionicity
of Cd and the more covalent nature of Cd�S bonds,
tetrahedral coordination is preferred over the rocksalt
structure. Cadmium is stable on the surface for bind-
ing geometries involving 4, 3 (Figure 4c, left), and
even 2 neighbors, adopting sp3, sp2, and sp orbital
hybridizations, respectively. Conversely, the rocksalt
structure of PbS requires Pb to have a total of six
bonds to be fully coordinated (Figure 4d, left).

Therefore, neither Cd-3 (three-fold coordinated) nor
Cd-4 (four-fold coordinated) contributes significantly
to the conduction band edge, as can be seen in the
density of states plotted in Figure 4c, right, while
undercoordinated Pb-4 and Pb-3 contribute significant
amplitude to the conduction band edge, and this
contribution is in the form of increased surface-like states.

The contribution of certain metal cations to the
conduction band edge explains the moderate depen-
dence of device performance on the metal chloride
electron affinity. Surface metal chlorides with shallow
electron affinities, such as Cd and Ca, contribute states
that fall deep within the conduction band (Figure 4c,
middle), whereas surface metal chlorides with deep
electron affinities such as Pb and Sn can contrib-
ute states that fall much closer to the conduction
band edge. These states associated with underco-
ordinated atoms display a partial surface-like character
(Figure 4d,middle). Such surface contributions shift the
band edge energy, shrinking the band gap. On a CQD
film scale, quantum dots with strong surface contribu-
tions are responsible for Urbach tails,33,45 also contri-
buting to broadening of the first absorption peak in

Figure 4. (a) PCE vs chlorine concentration (percentage relative to lead amount) as measured by X-ray photoelectron
spectroscopy showing saturation after a certain point. (b) PCE vs the electron affinity of the metal chloride molecule
calculated via density functional theory. There is a weak correlation of PCEwith chloride electron affinity. The dotted lines are
guides to illustrate the trend. (c) Left to right: binding configuration of Cd on the surface of a PbS CQDwith 4 neighbors (top)
and 3 neighbors (bottom); the surface of a CQD with Cd incorporated showing that neither Cd-3 nor Cd-4 contributes to
conduction band-edge-associated surface states (red); electron density map showing the core-like nature of the conduction
band edge states; a density of states plot showing that Cd-associated states are well within the conduction band. (d) Left to
right: binding configuration of Pb on the surface of a PbS CQDwith 4 neighbors (top) and 3 neighbors (bottom) havingmore
dangling bonds than Cd; the surface of a CQD showing the significant contribution of Pb-3 to the conduction band-edge-
associated surface states; electron density map showing the partial surface-like nature of the conduction band edge states; a
density of states plot showing the contribution of Pb-associated states to the conduction band edge.
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solution. If surrounded by well-passivated dots, a dot
with undercoordinated surface atoms would act like a
shallow trap and inhibit transport.

We propose the following term to describe this
behavior: bond adaptability. Cd can adapt to pas-
sivate a wide variety of surface geometries. It can do
so without creating partially filled dangling bonds. Cd
therefore outperforms Ca, which in spite of having a
shallower electron affinity is in fact more ionic, thus
requiring six-fold coordination and still contributes to
the band edge when it has only three neighbors.

This picture may explain superior photolumines-
cence quantum yield in solution, where Cd can find
and then occupy sites most in need of passivation. Its
role is likely of considerably greater importance during
the formation of CQD films. Thewidely employed solid-
state ligand exchange is a disruptive process, involving
as it does protic attack on the oleate bound to the
nanoparticle surface, followed by replacement with
the more strongly bound bidentate linker. One can
readily envision that some sites of oleate removal
could remain unpassivated in the sudden (completed

in a matter of a few seconds) MPA treatment, or, worse
still, that Pb-oleate could be removed, leaving unpas-
sivated a previously Pb-terminated chalcogen site. An
abundance of adaptable Cd in the film may aid in
repairing those sites, facets, and geometries most
urgently in need of repassivation.

CONCLUSIONS

In summary, this work proposes that bond adapt-
ability can be an important feature of prospective
nanoparticle surface passivants. In PbS CQD films, the
incorporation of metal cations that can adapt to pas-
sivate a variety of surface geometries correlates with
superior photovoltaic device performance. These find-
ings illustrate the importance of a multipronged ma-
terials approach toward increasing the efficiency of
CQD-based optoelectronic devices. Future strategies
for increasing CQD photovoltaic device efficiency should
concentrate on further reducing the density of midgap
recombination centers through consideration of nanocrys-
tal geometry, faceting, andmultiplebindingmotifs inorder
to ensure complete surface passivation.

METHODS

Device Fabrication. Devices were fabricated on commercially
available FTO-coated glass substrates (TEC15, Hartford Glass).
To form the n-type electrode, a ZnO nanoparticle solution
(NanoShield ZN-2000 diluted to 20% concentration in deion-
ized water) was spin-cast onto the substrates (2500 rpm for
20 s). The substrates were heated to 150 �C for 30min. Following
this, the substrates were immersed in a 120 mM TiCl4 solution
and held in an oven at 70 �C for 30 min. Finally, the substrates
were dried and annealed on a hot plate at 520 �C for an
additional 30 min.

CQD film formation was carried out under atmospheric
conditions. To form the CQD film, a 50 mg/mL solution of
CQDs in octane was passed through a 0.2 μm filter onto the
electrodes and spun at 2500 rpm for 10 s. A 1% v/v solution of
3-mercaptopropionic acid (MPA) in methanol was then used to
exchange the oleate ligands. The MPA solution was allowed to
sit on the CQD film for 3 s to allow exchange before spinning at
2500 rpm for 5 s. Two rinses with methanol followed to ensure
removal of unbound organics. The above process was repeated
in a layer-by-layer fashion until the desired thickness was
reached (typically 10 layers or ∼300 nm). The top electrodes
were deposited using an Angstrom Engineering Åmod deposi-
tion system integrated in an Innovative Technology glovebox.
These contacts consisted of 7.5 nm of thermally evaporated
molybdenum oxide, 50 nm electron-beam-deposited gold, and
120 nm of thermally deposited silver.

Photoluminescence Quantum Efficiency Measurements. PLQE was
measured by mounting a small amount of CQD solution in a
fiber-coupled integrating sphere. A 640 nm diode laser was
used to excite the sample, and the photoluminescence and
laser signals were collected using near-infrared and visible
wavelength range spectrometers, respectively. The PLQE was
calculated by taking the integrated difference between the
directly excited and indirectly excited photoluminescence
photon signals divided by the integrated difference between
the direct pump and indirect pump laser photon signals.

AM1.5 Characterization. The device area was properly defined
by aperturing46 to be 0.049 cm2. Using a xenon lamp and filters
(Sciencetech), the solar spectrum at AM1.5 conditions was
simulated to within class A specifications. The source intensity

was measured using a Melles-Griot broad-band power meter
and confirmed using a calibrated reference solar cell (Newport).
Current�voltage data were collected using a Keithley 2400
source meter with an estimated accuracy of (7%.

Colloidal Quantum Dot Synthesis. The PbS nanocrystals were
synthesized following a previously published process38 with or
without the addition of a metal chloride precursor solution
added during the final cooling stage of synthesis as described
in the text. For each metal cation, a concentration range of
approximately 0.01 to 1.0 M (or the solubility limit) was ex-
plored. The injection of the metal chloride solution typically
occurred when the solution reached 80 �C, though it was found
that a broad range of temperatures (∼50 to 100 �C) could be
used. Acetone was used to isolate the cooled PbS nanocrystals
followed by centrifugation. The CQDs were dispersed in to-
luene, precipitated by acetone and methanol in a 1:1 volume
ratio mixture, and then washed two or three times with meth-
anol. The final redispersion was done in octane at a concentra-
tion of 50 mg/mL.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectros-
copy (XPS, PHI-5500) was used to determine the concentration
incorporation of the metal cations and halide anions in the final
films in amounts relative to lead. A monochromated Al KR
radiation source (1486.7 eV) was used to excite photoelectrons
under ultrahigh vacuum (109 Torr).

Density Functional Theory Calculations. Simulations were per-
formed using the SIESTA software47 based on pseudopotentials
and numerical atomic orbitals as a basis (double-ζ plus polar-
ization quality). The generalized gradient approximation with
PBE96 exchange-correlation was used throughout. Scalar-
relativistic Troullier�Martins pseudopotentials with nonlinear
core corrections were used. Charge density was represented on
a grid with 250 Ry cutoff and the GridCellSampling option to
effectively double the cutoff for better convergence of forces on
atoms. Geometry optimizations were performed until the forces
on the atoms converged to below 40 meV/Å. Simulations were
performed on a spherical Pb-rich 2.4 nm CQD (∼360 atoms in
the core) exposing the (100), (110), and (111) facets passivated
by Cl as a representative ligand.37 The electronic imbalance
arising from the off-stoichiometry of the dot22 was compen-
sated by the adsorption of ligands to achieve an undoped CQD.
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The use of Cl instead of thiols or carboxylate also allowed for
molecular dynamics simulations with a larger time step.
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