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ABSTRACT: Colloidal CdS quantum dots (QDs) were synthesized with tunable
surface composition. Surface stoichiometry was controlled by applying reactive
secondary phosphine sulfide precursors in a layer-by-layer approach. The surface
composition was observed to greatly affect photoluminescence properties. Band
edge emission was quenched in sulfur terminated CdS QDs and fully recovered
when QDs were cadmium terminated. Calculations suggest that electronic states
inside the band gap arising from surface sulfur atoms could trap charges, thus
inhibiting radiative recombination and facilitating nonradiative relaxation.
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Colloidal semiconductor nanocrystals (or quantum dots, QDs)
have attracted attention for several decades due to their size
dependent optical properties based on quantum confinement in
all three dimensions,1 and can be potentially applied to improve
technology in several fields (biological imaging or labeling,2

solar cells,3 and light-emitting diodes4). Within numerous
combinations of compound semiconductors, CdSe and CdS
QDs have been widely investigated due to their facile synthesis
and optical activity in the visible range of the electromagnetic
spectrum. Synthesis of high quality QDs is a key factor for
fundamental studies of physical properties and for developing
emerging applications of QDs. However, a deep fundamental
understanding of the CdSe or CdS QD synthesis method is still
open to question.
Conventional colloidal II−VI (and IV−VI) QD synthesis

methods based on tertiary phosphine chalcogenides and metal
salts can produce very high quality QDs5 but also suffer from
well-known irreproducibilities or inconsistencies. For example,
it is hard to achieve batch-to-batch a consistent fluorescence
efficiency or an exact size (for a given growth time), and the
synthetic conversion yield can be very low (<2%).6 These
inconsistencies may arise from the fact that traditional QD
syntheses are based on tertiary phosphine chalcogenide
molecular precursors, which at temperatures under 200 °C
were found to be largely unreactive and thus not responsible for
QD formation.7 Rather, secondary phosphines, which are often
impurities in commercial tertiary phosphines, were shown to be
the more reactive species (with metal salts) driving QD
formation. For example, adding secondary phosphines to highly
purified tertiary phosphine selenides (trioctylphosphine
selenide, TOP-Se) accelerates the rate of QD formation and
leads to a quantitative increase of conversion yields for PbSe.8

In fact, chemical synthetic yields of CdSe and PbSe QDs

approached 100% when pure secondary phosphine selenide
precursors were used.7

Sulfur, lying above selenium in the periodic table, is expected
to exhibit similar chemical reactivity for the formation of QDs.
Thus, secondary phosphine sulfides (such as diphenylphos-
phine sulfide, DPP-S) are also expected to display very high
reactivity with metal carboxylates in QD syntheses. Indeed,
using NMR spectroscopy, we have verified the complete
consumption of DPP-S in the presence of stoichiometric
amounts of Cd-oleate (Supporting Information Figure S1).
Here, we report the synthesis of CdS QDs using DPP-S and
Cd-stearate in tetradecane. By taking advantage of the highly
reactive DPP-S precursor, high-quality CdS QDs were
synthesized with controllable size (2.8−5.2 nm in diameter),
a narrow size distribution (±11%), and under a relatively low
nucleation temperature (160 °C), which is significantly lower
than most conventional CdS QD syntheses. Importantly, the
complete conversion of S in DPP-S to CdS allowed for
unprecedented control over the CdS QD surface composition
using a SILAR (successive ionic layer adsorption and reaction)9

type process. CdS QD surface composition could be tuned
from essentially all Cd to all S termination, as confirmed by X-
ray photoelectron spectroscopy (XPS). The chemical compo-
sition of the surface was observed to have a dramatic effect on
the band edge photoluminescence (PL) of the QDs.
Terminating the CdS QD core with sulfur completely
quenched PL emission, while capping with cadmium restored
the full magnitude of the PL intensity. Additionally, it was
found that the PL intensity scaled directly with the relative
percentage of Cd or S atoms on the surface. Future use of
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highly reactive QD chemical precursors coupled with an
understanding of chemical reaction mechanism should allow for
the design of novel QDs with controllable optical properties.
Results and Discussion. Synthesis of cadmium sulfide

QDs was based on previously reported hot injection synthesis
methods10 and carried out using DPP-S and Cd stearate in
tetradecane under a positive pressure of nitrogen at 160 °C.
The nucleation temperature was lower than typical CdS QD
syntheses (typical syntheses operate at >200 °C) due to the
high reactivity of the DPP-S precursor. To make larger QDs
with controllable surface composition, first a CdS QD core was
synthesized approximately 2.8 nm in diameter. Next, SILAR
was applied to grow the CdS QD core larger. Specifically, DPP-
S in tetradecane was injected into the QD solution, and the
rapid and complete consumption of the DPP-S resulted in a S-
rich shell nominally one monolayer thick on the QD surface.
Subsequently, Cd-stearate was then injected, forming a
monolayer Cd-rich shell. This process was repeated several
times to grow the CdS QD to a desired size.
Figure 1 illustrates the absorption and fluorescence proper-

ties of a series of CdS QDs with increasing size (and varied
surface composition) as subsequent monolayers of cadmium
and sulfur are added to the QD. The gradual red shift of the
first exciton absorption peak from 381 nm in Figure 1a to 447
nm in Figure 1e indicates the size of QDs continually increased
after repeated monolayer addition. Thus, after each SILAR
injection procedure, we conclude that the added precursor
reacted with the surface of the CdS QD core. Due to the high
reactivity of secondary phosphine selenides,7 we assume that all
injected Cd or S reacted to completion with the QD surface, as
from NMR data, it is clear that all DPP-S was consumed after
addition of Cd-oleate (Supporting Information Figure 1). As
the QDs grew larger, the full width at half-maximum (FWHM)
of the first excitonic absorption feature decreased slightly
(275−250 meV), while the FWHM of the PL spectrum
remained relatively constant at ∼170 meV, indicating good
control over the QD size as additional monolayers are added.
The PL intensity of the CdS QDs exhibited significant

changes as subsequent layers of Cd or S were added to the QD
surface. Band edge PL emission was surprisingly and
completely quenched when CdS QDs were capped primarily
with DPP-S (Figure 1b). Even more surprising was that the
band-edge PL intensity and spectrum completely recovered
upon terminating the QD with primarily Cd-stearate (Figure
1c). Also noteworthy was that capping the as-produced cores
with Cd diminished the contribution from surface trap emission
(Supporting Information Figure S2); surface trap emission is
commonly observed in small CdS QDs due to their higher
surface-to-volume ratio.11−13 In addition, the whole process
could be repeated, as quenched and recovered PL was observed
in CdS QD emission spectra as alternative S and Cd terminated
surfaces were added (Figure 1d and e, respectively).
The surface composition of CdS QDs was determined by X-

ray photoelectron spectroscopy (Figure 2).14,15 XPS is a well-
known and reliable technique used to distinguish surface from
subsurface atoms in solid state materials.16 In this case, XPS can
provide an accurate determination of the elemental composi-
tion of CdS QDs due to the distinct core electron binding
energies of cadmium and sulfur: cadmium 3d 5/2 and 3/2
electrons have their binding energies at 405 and 412 eV,
respectively, while the binding energies for sulfur 2p 3/2 and 1/
2 electrons are 162 and 163 eV.17 For CdS QDs, the ratio of
the number of atoms of Cd to S can be determined from the

integrated Cd and S signals, which are themselves corrected by
an appropriate atomic sensitivity factor (S) provided in the
instrument.15,17,18 It has been previously shown that surface
atoms have binding energies slightly blue-shifted from bulk
values.14 Thus, the ratio of the number of surface to inner
atoms of cadmium (and likewise sulfur) can be determined
from the XPS Cd (or S) data by taking a ratio of the integrated
XPS peaks for the surface and core atoms, respectively.15

Three CdS QD samples were prepared for XPS analysis: (1)
small CdS QD cores, denoted CdS-A, (2) S-terminated CdS
(CdS/S) denoted as CdS-B corresponding to a single DPP-S
addition to CdS-A, and (3) Cd-terminated CdS (CdS/S/Cd)
denoted as CdS-C corresponding to a single Cd-sterate
addition to CdS-B. To determine the relative percent of Cd

Figure 1. Absorption (black line) and PL spectra (red line) of (a) as-
prepared CdS QDs, (b) QDs from (a) after addition of one monolayer
of DPP-S, (c) QDs from (b) after addition of one monolayer of Cd
stearate, (d and e) absorption and PL spectra after an additional
monolayer of S (d) or Cd (e) was added. The small sharp peak around
680 nm in (a) is due to an overtone of the excitation wavelength. The
narrow peak close to the absorption peak is band edge photo-
luminescence, while the broad band around 550 nm is due to surface
state emission and is common for CdS QDs of this size.11−13
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to S on the surface, first the overall numbers of Cd and S atoms
in the QD were determined by using the integrated XPS data
for each atom and assuming a spherical QD with a radius
determined from the wavelength of the first absorption peak19

(see the Supporting Information for details). Next, the relative
fraction of surface-to-inner atoms of Cd or S was determined
from the ratio of the integrated areas for the surface or core
atom curve fits to the raw XPS data. Finally, by combining the
total number of atoms (of either Cd or S) with the percent of
surface atoms, the relative percentage of Cd or S on the surface
can be determined. The fitting peaks for the S signals in each
sample shown in Figure 2 include surface S (or inner) atoms
from two S 2p signals (1/2 and 3/2). Details of S signal fitting

and the calculation of the surface atom chemical composition
and associated fitting parameters for each sample are provided
in the Supporting Information. Note also that a third fitting
peak was added to model the Cd signals in CdS-C (marked
with an asterisk) and attributed to oxidized Cd on the surface
which is shifted 2.8 eV from the inner Cd signal and 1.5 eV
from the surface Cd signal.20

The calculated percentages of Cd and S atoms on the QD
surface for each sample are presented in Table 1. The ratio of

the number of surface-to-inner atoms for Cd in CdS-A was
calculated to be 0.45, while for S this value was 0.50. After
accounting for the relative numbers of Cd and S atoms in the
interior of the QD, we found the surface composition to be
almost half Cd and half S for the CdS-A sample. Note that very
small QDs, such as the CdS-A sample, have a nonstoichiometric
ratio of Cd to S atoms in the core (CdS-A was Cd-rich), which
must be accounted for in the analysis of the chemical nature of
the surface atoms. For the CdS-B sample, the number of
surface-to-inner atoms for Cd was 0.08, while for S this value
was 0.84. As expected, this sample with the additional
monolayer of S added had an extremely S-rich surface,
consisting of 13% Cd and 87% S. Finally, the CdS-C sample,
which had an additional monolayer of Cd added, had essentially
a Cd terminated surface, calculated at 91% Cd and 9% S
(surface-to-inner ratio of Cd and S as 0.94 and 0.12,
respectively).
Supporting the idea that the relative amount of surface Cd or

S determined the PL intensity, we performed measurements of
the PL intensity with the surface composition varying between
all Cd and all S. Not surprisingly, we found the CdS QD band
edge PL intensity varied directly with the amount of added
DPP-S precursor (to a QD with a Cd terminated surface).
When the amount of surface S was increased through successive
injections of DPP-S, the PL intensity decreased proportional to
the surface coverage of DPP-S (see Figure S5 in the Supporting
Information). Addition of Cd precursor caused the PL intensity
to recover. However, the PL intensity reached its maximum
when the Cd coverage was calculated to be only about 20%,
which we attribute to oxidation of the QD surface due to the
numerous precursor injections (through a rubber septum).
Note that full recovery of PL intensity was consistently
observed when a full amount of Cd precursor for one
monolayer of Cd was added at once, minimizing the chance
for additional oxygen to enter the reaction vessel.
The quenching of PL intensity for CdS QDs with an S-

terminated surface could potentially be attributed to several
factors. For example, capping semiconductor QDs with thiols
(such as through a ligand exchange with phosphine or acidic

Figure 2. XPS elemental analysis on three CdS QDs: (top row) CdS-
A, (middle row) CdS-B, and (bottom row) CdS-C. The left column
corresponds to XPS counts from Cd 3d electrons, and the right
column is XPS data from S 2p electrons. Black lines represent raw XPS
data, blue lines are Gaussian curve fits at energies corresponding to
core atoms, and green lines are Gaussian curve fits centered at energies
corresponding to electrons from atoms on the surface. S signals
included contributions from S 2p 1/2 and 3/2 electrons. Detailed
fitting of the S 2p 1/2 and 3/2 peaks is shown in the Supporting
Information (Figure S3). The asterisks in (c) indicate oxidized Cd
peaks which blue-shifted from inner and surface Cd signals both in Cd
3d 3/2 and 3d 5/2.20

Table 1. List of XPS Composition Analysis of Three CdS QD
Batches: CdS-A (As-Prepared CdS), CdS-B (S-Terminated
CdS), and CdS-C (Cd-Terminated CdS)a

surface %

D
(nm)

Cd/S
ratio

Cd/S
corrected

Cds/Cdi
ratio

Ss/Si
ratio Cd S

CdS-A 2.84 1.42 1.36 0.45 0.50 56 44
CdS-B 3.96 0.94 0.92 0.08 0.84 13 87
CdS-C 4.26 2.44 2.38 0.94 0.12 91 9
aDiameters of QDs were calculated from first extinction peak in
absorption spectra from each sample individually; overall Cd-to-S
ratios were obtained from XPS.
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aliphatic ligands) is known to quench PL through a process
attributed to the introduction of hole traps.21−23 We thus
hypothesized that the termination of the CdS QDs with a sulfur
shell would likewise introduce surface trap states that provide
for effective nonradiative recombination pathways.
To test this hypothesis, calculations of the density of Cd and

S energy states were performed on representative CdS QDs
with either a stoichiometric surface or QDs that were
terminated with predominantly Cd or S (Figure 3). The ideal
Cd33S33 cluster was initially constructed using density func-
tional theory (DFT, details in the Experimental Section)
possessing a wurtzite lattice with bulk Cd−S bond lengths and
then relaxed to its lowest energy configuration. Once the ideal
QD was fully relaxed, we replaced one, three, or five Cd (S)
atoms with S (Cd) atoms to simulate a S(Cd)-rich QD. These

modified structures were then each relaxed to their lowest
energy state.
When larger Cd atoms were used to replace smaller S atoms,

the size of the QD slightly increased, and the energy gap
narrowed, due to both decreased quantum confinement and
appearance of defect states near the edges of the valence and
conduction bands. However, a well-defined energy gap
remained, with no evidence of midgap surface trap states. On
the other hand, with an increasingly S-rich surface, numerous
midgap surface states began to appear in the densities of
electronic states (DOS). Such midgap states provide efficient
nonradiative recombination pathways for electrons or holes, as
evidenced by the time-domain ab initio simulations.24,25 Thus,
we conclude that, for S-rich QDs, efficient nonradiative
recombination mediated by the midgap surface states quenches

Figure 3. (top panel) Densities of Cd (blue) and S (red) states and geometry for a stoichiometric CdS QD. Panels a−c and d−f show the densities
of states for increasingly S- and Cd-rich systems, respectively. In the S-rich systems, a series of midgap states emerges and completely fills the band
gap. The zero of energy is set equal to the energy of the highest occupied orbital.

Nano Letters Letter

dx.doi.org/10.1021/nl3012962 | Nano Lett. 2012, 12, 4465−44714468



fluorescence, in agreement with the experimental data (Figure
1b,d).
The origin of the midgap states in the sulfur-rich QDs

becomes apparent from the analysis of the bonding patterns in
the nonstoichiometric clusters, Figure 3. Sulfur atoms tend to
form few covalent S−S bonds, creating noticeable flaws (i.e.,
dangling bonds) in the geometry of the QD surface. On the
other hand, Cd atoms are capable of producing continuous
structures even in highly nonstoichiometric clusters due to the
metallic nature of Cd−Cd bonding. Changing the surface
composition introduces stoichiometric defects that promote
self-healing26 through structural reorganization. Gap states are
determined by the electronic properties of the cluster in the
region of nonstoichiometric makeup, and the energetics of the
gap states depend on the elemental composition of the surface.
With such a dramatic change in the band structure for both

the Cd- and S-rich systems, it is somewhat surprising that the
absorption spectra remain relatively unchanged as Cd or S
monolayers are added, Figure 1. This observation can be
rationalized by an analysis of the localization of the states near
the band gap. The data shown in Figure S6 (see the Supporting
Information) indicates that midgap surface states have highly
localized electron densities, while the states of the valence and
conduction bands are delocalized over the whole QD. The
localized nature of the midgap states is important for two
reasons. First, it limits the overlap of the wave functions of free
charge carriers in the valence and conduction bands with the
wave functions of the charges trapped in the surface states. As a
result, gap states exhibit low optical activity and are not seen in
the absorption spectra of larger QDs. Second, the localized
nature of the surface states supports the hypothesis that trapped
surface charges can pull subsequent electron/hole pairs apart,
causing a reduction in radiative decay.27

To verify that the midgap states created in the S- and Cd-rich
systems were in fact optically inactive, time-dependent (TD)
DFT calculations were performed with the PBE exchange and
correlation functionals and the LANL2dz basis set in the
Gaussian 0928 code. The calculated absorption spectra can be
seen in Figure 4. Note that the red-shift of the TDDFT spectra
relative to the experimental data (refer to Figure 1) is a known
drawback of pure DFT functionals, such as PBE, while hybrid
functionals showing better agreement with experiment are

computationally more expensive. Nonetheless, the trend in
absorption with QD stoichiometry is very clear. As expected,
midgap states (i.e., absorption features at ∼900 and 1200 nm)
have an absorbance almost an order of magnitude less than the
main band-edge absorption peak. Note that in order to keep
the computation times reasonable the calculated absorption
spectrum corresponds to QDs a factor of 2 to 4 smaller in
diameter than the measured QDs. Since the surface-to-volume
ratio decreases rapidly with increasing QD diameter, the
overlap, and therefore the optical coupling between surface and
core states, drops proportionally as well. Thus, the ratio of the
intensities of the midgap states and the main QD core excitonic
peaks shown in Figure 4 will rapidly decrease in larger QDs, in
agreement with the experimental data, Figure 1.
While trapping of holes at sulfur surface atoms may

significantly reduce or quench PL intensity, other explanations
were also considered. For example, charge transfer of electrons
or holes to the surface ligands could considerably inhibit
radiative recombination. Interfacial charge separation and
transfer between QDs and adsorbates has been reported in
several cases: methyl viologen (MV2+)29 and TiO2

30 were
found to be electron quenchers, a Ru−polypyridine complex31
acted as a hole quencher, and rhodamine B (RhB)32 can
quench electrons or holes.
In addition to the unexpected photophysics in the CdS QDs,

we noticed a surprisingly strong effect of the solvent on the
resulting CdS QDs synthesized using secondary phosphine
precursors (Figure 5). In particular, the physical properties of
CdS QDs were compared when synthesized in saturated and
unsaturated solvents, tetradecane and 1-octadecene (ODE),

Figure 4. Calculated absorption spectra of stoichiometric (Cd33S33,
bold purple line), Cd-rich (Cd34S32, blue dashed line), and S-rich
(Cd32S34, thin red line) CdS QDs.

Figure 5. (a) Absorption and emission spectra of CdS QDs
synthesized in saturated (tetradecane) and unsaturated (1-octadecene)
solvent. TEM images of the resulting CdS QD product resulting from
synthesis in saturated (b) and unsaturated (c) solvent.
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respectively. As seen in Figure 5a, the absorption spectrum for
QDs synthesized in ODE seems to display poorly resolved
excitonic states, indicating a broader size distribution, although
the line width of the PL spectra is similar for the two cases.
However, for the ODE solvent, TEM microscopy confirmed
nanoparticles with highly irregular sizes and shapes, including
high-aspect-ratio rod-like particles (Figure 5c). By contrast,
TEM images for QDs synthesized in tetradecane show QDs
that are almost spherical and uniform in size. We are unsure as
to the origin of the long tail in the absorption spectrum of the
QDs synthesized in tetradecane, as from TEM, the QDs appear
fairly uniform in size and shape. We propose that the long tail is
due to absorption from weakly active surface states, which also
exhibit weak PL as seen in Figure 5a.
We propose that the stark difference in the nanoparticle

product for tetradecane versus ODE synthesis is due to the
presence of the olefin on ODE. During the QD synthesis
reaction, we postulate that it is possible for the secondary
phosphine to add across the double bond in ODE. For
example, hydrophosphination of diphenylphosphine was
reported for alkene33 and alkyne34 reactants with transition
metal catalysts that lead to the formation of tertiary phosphines.
Formation of tertiary phosphine sulfides is expected to
considerably slow reaction rates.7 The dynamic mixtures of
secondary and tertiary phosphines would effectively lead to a
constantly changing reaction rate for the formation of QDs, and
thus, nonspherical shapes can be expected.35 By contrast, use of
the noncoordinating solvent tetradecane provides no oppor-
tunity for the secondary phosphine to react with the solvent.
Further, we changed the ligand of the cadmium salt precursor
to stearic acid from oleic acid to be consistent with a purely
saturated solvent. Thus, well-controlled QD size and shape are
expected in this case.
Conclusions. In summary, we report the synthesis of CdS

QDs using secondary phosphine sulfide (DPP-S) and Cd-
stearate in tetradecane. CdS QDs synthesized via DPP-S and
Cd-stearate were produced with diameters ranging from 2.5 to
5.5 nm with the important quality that their surface
composition can be precisely controlled. We found that surface
composition of CdS QDs had a significant effect on the
photoluminescence of QDs. Band-edge PL was completely
quenched in DPP-S terminated CdS QDs but completely
recovered in Cd-stearate terminated QDs. Calculations on Cd-
and S-rich QDs suggest that localized surface states mediate fast
nonradiative recombination and thus are responsible for the PL
quenching behavior. More generally, synthesis of semi-
conductor QDs with the highly reactive secondary phosphines
provides an opportunity to control optical properties of QDs by
precisely manipulating the desired surface composition of the
nanoparticles during their formation.
Experimental Section. Chemicals. Cadmium oxide (CdO,

Aldrich, 99.99%), sulfur powder, diphenylphosphine (DPP),
stearic acid (SA), acetonitrile, toluene, and tetradecane were
purchased and used without any further purification.
DPP-S Synthesis. DPP-Se synthesis procedures in our

previous report were followed and revised to make DPP-S.7

20 mmol of S (0.6414 g) and 20 mmol of DPP (3.48 mL) were
well mixed in 25 mL of toluene under an inert gas for 20 min,
leading to a transparent colorless solution. The solvent was
removed, and a white wax-like raw product was obtained.
Needle-like DPP-S crystals were recrystallized with acetonitrile
and toluene in a refrigerator. DPP-S crystals were dried and
stored in a glovebox with an inert atmosphere. DPP-S (0.6

mmol, 0.13 g) was dissolved in 6 mL of tetradecane to make a
0.1 M DPP-S solution.

Cd-Stearate Synthesis. CdO (1.25 mmol, 0.16 g) was mixed
and heated with stearic acid (10 mmol, 2.845 g) in 9 mL of
tetradecane at 160 °C for l h until the solution color changed
from brick-red to colorless. The temperature was raised to 240
°C for a few minutes to make 0.1 M Cd-stearate solution. Cd-
stearate is a solid at room temperature, so heat must be applied
prior to use. Cd-sterate was stored in the glovebox.

CdS Synthesis. The synthesis procedure was adapted from a
previously reported hot injection method.5 QD synthesis was
performed on a Schlenk line under an inert gas. 2.6 mL of
tetradecane, 0.895 g of stearic acid, and 600 μL of 0.1 M Cd-
stearate were loaded into a sealed flask. Freeze−pump−thaw
cycles were performed to remove oxygen, and then, inert gas
was added and the flask was heated to 160 °C. 400 μL of 0.1 M
DPP-S solution was rapidly injected at 160 °C, immediately
yielding QDs which were allowed to grow for 20 min.

SILAR on CdS Core. Precursor amounts for each additional
layer were calculated based on size and surface area of the
quantum dot.9,19 As-prepared CdS QDs were kept in a sealed
flask under inert gas, and then, the calculated amount of DPP-S
dissolved in tetradecane for one monolayer was injected at 160
°C and reacted for 10 min to produce S-terminated CdS (CdS/
S). In the same flask and at the same temperature, Cd-stearate
was injected to form Cd-terminated CdS (CdS/S/Cd) after 40
min of growth. Fractions of CdS QDs in each stage of
continuous SILAR were withdrawn and precipitated out by
centrifuging in excess acetonitrile to remove organic ligands and
unreactive species for further charaterizations.

Optical Characterization. Absorption spectra were taken on
a Perkin-Elmer Lambda 950 UV/vis/NIR spectrophotometer,
and PL measurements were taken on an Acton fluorometer
system. Samples were dissolved in toluene and placed in a 1 cm
square cuvette. Optical densities of fluorescence samples were
controlled to be 0.1.

X-ray Photoelectron Spectroscopy Spectra and Analysis.
XPS data were taken with Al Kα as the source of incident X-
rays. Samples were washed with acetonitrile to remove all
ligands, precursors, and solvent for several times and then
redissolved into toluene. Thick CdS QD films were drop cast
on an Au film for XPS measurements. Raw XPS data showed
the overall relative number of Cd to S atoms and the atomic
sensitivity factor, S, was self-corrected in the default of
instrument software, Casa. XPS data were then individually
fitted with Gaussian functions to determine the relative signals
from the surface and inner atoms. Fitting parameters and details
of calculation are shown in the Supporting Information.

Calculation Details. The geometry optimization was
performed using plane-wave density functional theory (DFT)
as implemented in the VASP code.36 The Perdew−Burke−
Ernzerhof (PBE) functional37 was used in order to describe the
electron exchange and correlation interactions. All valence-shell
electrons were treated explicitly, while the core electrons were
modeled with the projector-augmented-wave pseudopotentials.
The simulation was carried out in a cubic cell periodically
replicated in three dimensions, as stipulated by the plane-wave
basis. To prevent spurious interactions between periodic images
of the QD, the cell was constructed to have at least 8 Å of
vacuum between the QD replicas.
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