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Diversity of Sub-Bandgap States in Lead-Sulfide Nanocrystals: 
Real-Space Spectroscopy and Mapping at the Atomic-Scale  

Christian F. Gervasi,a Dmitry A. Kislitsyn,a Thomas L. Allen,b Jason D. Hackley,a, ‡ Ryuichiro 
Maruyama,a, § and George V. Nazina 

Colloidal semiconductor nanocrystals have emerged as a promising class of technological materials with optoelectronic 

properties controllable through quantum-confinement effects.  Despite recent successes in this field, an important factor 

that remains difficult to control is the impact of the nanocrystal surface structure on the photophysics and electron 

transport in nanocrystal-based materials.  In particular, the presence of surface defects and irregularities can result in the 

formation of localized sub-bandgap states that can dramatically affect the dynamics of charge carriers and electronic 

excitations. Here we use Scanning Tunneling Spectroscopy (STS) to investigate, in real space, sub-bandgap states in 

individual ligand-free PbS nanocrystals. In the majority of studied PbS nanocrystals, spatial mapping of electronic density 

of states with STS shows atomic-scale variations attributable to the presence of surface reconstructions. STS spectra show 

that the presence of surface reconstructions results in formation of surface-bound sub-bandgap electronic states. The 

nature of the surface reconstruction varies depending on the surface stoichiometry, with lead-rich surfaces producing 

unoccupied sub-bandgap states, and sulfur-rich areas producing occupied sub-bandgap states. Highly off-stoichiometric 

areas produce both occupied and unoccupied states showing dramatically reduced bandgaps. Different reconstruction 

patterns associated with specific crystallographic directions are also found for different nanocrystals. This study provides 

insight into the mechanisms of sub-bandgap state formation that, in a modified form, are likely to be applicable to ligand-

passivated nanocrystal surfaces, where steric hindrance between ligands can result in under-coordination of surface 

atoms. 

1 Introduction 

Tunable thin-film structures formed from lead-chalcogenide 

(PbX, where X=S, Se or Te) nanocrystals (NCs) are a promising 

class of semiconducting materials with a combination of 

unique functionalities that makes them highly attractive for a 

new generation of optoelectronic applications.1-4  Some of 

these functionalities are made possible by the ultra-small size 

of NCs, with such examples as greatly increased efficiencies for 

exciton-multiplication,5-10 and enhanced extraction of 

unrelaxed hot charge-carriers.11 Another important 

functionality of NCs is the tunability of their properties via 

synthetic means, which allows one to systematically control 

the electronic bandgap by tuning the NC size. Additional 

means of control, to improve the injection and extraction of 

charge carriers in PbX NC thin films, have been implemented 

through post-synthesis techniques12 involving ligand 

exchange.13-15 Thus processed PbSe NC thin films show 

significantly reduced inter-particle spacings and dramatically 

increased conductivities.16-18 Less commonly, thermal 

annealing of the NC films is used,15, 16, 19, 20 which can result in 

extensive rearrangements of ligand shells as well as (at higher 

temperatures) sintering21 and even fusion22, 23 of NCs. These 

processing steps, necessary for achieving optimal charge 

transport properties in NC films, simultaneously present 

significant challenges because they tend to radically alter the 

surface chemistry of NCs, with the potential to create surface 

imperfections that can result in the appearance of sub-

bandgap trap states, which, in turn, have a strong impact on 

charge-carrier dynamics, recombination, and extraction from 

NC films.24-26  

Indeed, recent breakthroughs in increasing the efficiency of 

PbX NC-based photovoltaic devices were made possible, to a 

great extent, by developments in surface passivation 

techniques that enabled a significant reduction in the density 

of surface trap states,27, 28 with some of the reported 

efficiencies exceeding ~8%.29, 30 Some of the promising 

approaches have employed passivation with 3-

mercaptopropionic acid,31 atomic passivation with halogen 
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ions and SCN-,25, 32 and inorganic ligands,33 metal halide and 

chalcogenide salts,18, 34  amorphous alumina,18 and  

alkylselenide ligands.35 Conceptually, complete elimination of 

trap states requires consideration of the “passivating effect” of 

individual surface ligands, and careful balancing of the number 

of ligands with the NC core stoichiometry, a difficult task in 

practice. In particular, theoretical calculations show that in the 

limiting case of ligand-free stoichiometric NCs, midgap states 

do not exist,36, 37  but in non-stoichiometric Pb-rich (Pb-poor) 

NCs sub-bandgap states are found near the conduction 

(valence) bands.36, 38 A similar picture holds for ligand-

passivated NCs: attachment of ligands effectively changes NC 

stoichiometry, such that an appropriate number of ligands can 

effectively compensate for the non-stoichiometry of the NC 

core, and eliminate the sub-bandgap states.38 The importance 

of NC stoichiometry in defining the NC electronic structure is 

corroborated by recent experimental studies where the trap 

state densities were found to be sensitive to controlled 

variations in NC stoichiometry achieved either through post-

synthesis ligand exchange,35 direct thermal deposition,39 

solution-based colloidal atomic layer deposition,40 and 

successive ionic layer adsorption and reaction (SILAR).41 

Optimization of the “effective” NC stoichiometry is 

complicated by the varied chemistry of facets associated with 

different crystallographic directions (typically {111}, {100} and, 

to a lesser extent, {110}42).35 A stark manifestation of this 

variability is the fact that unlike stable {110} and {100} 

surfaces,43, 44 (unpassivated) polar {111} surfaces are unstable 

and are predicted to undergo reconstruction resulting in 

formation of an ordered sub-monolayer of Pb atoms.45 

Evidence for surface reconstruction is provided by Rutherford 

backscattering experiments on PbSe thin films, where a sub-

monolayer (~40%) of Pb atoms, consistent with surface 

reconstruction, was found.46 Additional evidence was provided 

by TEM imaging of PbSe NC {111} facets showing ribbon-like 

Pb structures attributed to surface reconstruction.45  

While considerable advances in controlling the properties 

of PbX NC films have been made, and several theoretical 

studies showing the importance of surface trap states are 

available,25, 38, 47 the role of surface trap states in the physical 

picture of charge-carrier photo-generation and dynamics 

remains to be fully addressed. Experimental studies of surface 

trap states have been carried out using a variety of techniques. 

Photoluminescence studies showed the existence of trap 

states in as-synthesized ligand-passivated PbX NCs,48, 49 even 

before NC film formation. Photoluminescence measurements 

of ligand-exchanged PbX NC films demonstrated the presence 

of trap states31, 50 that could be manipulated with NC size and 

surface treatment.31, 49 Trap states in ligand-exchanged PbX 

NCs were also found in studies utilizing deep-level transient 

and Fourier-transform photocurrent spectroscopies,51 and in 

spectroscopic measurements of photocurrent in PbS field-

effect transistor devices.52 Even though these studies have 

provided rich insights into the spectroscopic properties of 

surface trap states, they lacked the spatial resolution to 

visualize the relationship between the local structure of NC 

surfaces and properties of such states. The capability to probe 

this relationship is critically important for the development of 

a microscopic picture of surface trap states because of the 

wide diversity of local atomic-scale surface structures 

associated with variations in ligand-shell morphologies, the 

presence of different crystallographic facets, NC shape 

variations, and the effect of surface reconstruction. 

A direct spectroscopic approach for real-space 

investigations of surface states in individual NCs is afforded by 

a combination of Scanning Tunneling Microscopy (STM) and 

Scanning Tunneling Spectroscopy (STS), which have been used 

to probe the electronic states in ligand-exchanged PbS NC 

films.53, 54 Realization of this technique in a high-stability 

cryogenic STM system55 enables detailed atomic-scale 

mapping of electronic states in individual NCs. STS-based 

mapping of the local density of states (DOS) was recently used 

to study the spatial localization and spectral properties of sub-

bandgap states in NCs arising due to local off-stoichiometry.56  

Here we apply this experimental approach to obtain atomic-

scale DOS maps of individual ligand-free PbS NCs. Ligand-free 

NCs represent a well-defined model PbX system, unaffected by 

the uncontrolled variances of the ligand shell morphology, 

which makes this system more open to theoretical 

simulations.44, 57, 58 STS maps show that the majority of studied 

NC surfaces underwent reconstruction accompanied by 

formation of ordered atomic patterns commensurate with the 

crystallographic structures of the NC surfaces. While these 

results are in accordance with density-functional theory 

calculations of polar PbS surfaces, where similar modes of 

surface reconstruction were predicted,45 the current 

manuscript reports, for the first time, results demonstrating 

the connection between the atomic-scale NC surface 

morphology and atomic-scale variations in the electronic DOS.  

Importantly, we find that NC surface reconstruction results in 

formation of surface-bound sub-bandgap electronic states, 

with spectral and spatial properties sensitive to the local 

stoichiometry of NC surfaces. In addition, we find that highly 

off-stoichiometric NC regions show qualitatively different 

defect states with energies deep inside the NC bandgaps. By 

employing results of calculations for off-stoichiometric PbX 

NCs,38 we infer the presence of off-stoichiometric areas from 

local DOS spectra, and use DOS maps to analyze the local 

spatial variations in stoichiometry. 

2 Experimental Methods 

A Au(111) substrate surface was prepared, under ultra-high 

vacuum conditions (~10-11 Torr), by several cycles of 

sputtering/annealing, using Ne gas, and annealed at ~400°C. 

Pentanethiol-terminated PbS NCs were synthesized as 

described previously,56 suspended in pentane, and deposited 

onto the Au(111) surface using a solenoid pulse-valve. During 

deposition, the Au(111) substrate was held inside the load-lock 

section of the vacuum system, with the pressure not exceeding 

10-6 Torr during deposition. Several successive bursts of the 

solenoid valve were used to obtain a sub-monolayer of PbS 

NCs on the Au(111) surface. The Au(111) substrate with 

deposited NCs was annealed in ultra-high vacuum conditions 

Page 2 of 10Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

at increasingly higher temperatures until well-defined 

reproducible STM imaging of individual NCs was achieved, with 

a final annealing temperature of ~170°C. 

Experiments were conducted using a home-built ultra-high-

vacuum STM incorporating a Pan-type scanner provided by 

RHK Technology.55 All STS spectra were recorded using a lock-

in amplifier operating at a modulation frequency of ~600 Hz, 

and bias voltage modulation varying from ~10 mV (for 

individual spectra and one-dimensional spatial DOS maps) to 

~50 mV (for two-dimensional DOS maps). All STM images and 

STS spectra were obtained at a temperature of ~15 K with 

electrochemically etched Ag tips. 

3 Results and Discussion  

3.1 Sample preparation 

PbS NCs with pentane-thiol ligand shells were deposited on 

Au(111) surfaces and annealed at progressively higher 

temperatures until ligands were removed. The removal of 

ligands was monitored with STM imaging, which, at the initial 

stages of annealing, typically showed fuzzy patterns consistent 

with dynamic reorientation of ligands present on the NC 

surface (Figures 1a-c). At the final stages of annealing, the 

majority of NCs showed reproducible topographic patterns 

suggesting the absence of ligand reorientation (Figures 1d-f). 

In addition, STM images of fully-annealed NCs showed disc-like 

width-to-height aspect ratios of 2:1 to 3:1 suggesting that 

significant reconstruction of the overall shapes of NCs 

occurred during the annealing process. The disc-like shapes of 
 

 

Fig. 1 STM topographies of ligand-covered (a)-(c) and ligand-free (d)-(f) PbS NCs. 

Figures (g)-(i) highlight topographical features observed in (d)-(f). The crystallographic 

directions and NC boundaries are identified with the aid of STS DOS mapping. All STM 

topographies measured with set-point 2.0 V bias, 1-2 pA tunnelling current. 

annealed NCs are consistent with similar shapes of PbS and 

PbSe NCs grown by electrodeposition on Au(111).59, 60 The 

predominance of disc-like shapes in a polar material like PbS, is 

attributable to the reduced electrostatic NC energy (due to 

screening by the gold surface) enabled by this geometry. 

Importantly, images of fully-annealed NCs often showed 

surface features aligned at specific angles attributable to well-

defined crystallographic directions in PbS NCs (Figures 1g-i). 

The majority of fully-annealed NCs showed topographic 

features (e.g. NC boundaries and topographic steps) oriented 

along three main spatial directions (specific to each NC) 

forming 120 degree angles with respect to each other (Figures 

1g and h), even though other orientations have also been 

observed (Figure 1i). The existence of such directional order 

suggests that the top-most NC surfaces (in most cases) roughly 

correspond to {111} crystallographic surfaces, consistent with 

results of TEM studies of PbS NCs terminated with Au 

clusters,61 where the polar nature of the {111} facets was 

reported to lead to preferential formation of Au/PbS{111} 

interfaces. Results described in the following summarize our 

studies of 10 fully-annealed individual PbS NCs. 

3.2 DOS-spectroscopy of NCs 

Energy-dependent DOS spectra (STS spectra) of individual PbS 

NCs were recorded by measuring the differential tunneling 

conductance, dI/dV, as a function of the bias voltage (see 

Methods for details of the measurements).62 DOS spectra for 

all fully-annealed NCs show progressions of peaks associated 

with occupied (negative bias) and unoccupied (positive bias) 

electronic states (Figure 2a).  Indeed, while Figure 2a shows 

considerable variations in the apparent band gaps (E1,1 - H1 

energy difference) for different NCs, the DOS spectra, overall, 

appear quite similar and reminiscent of those calculated for 

stoichiometric ligand-free PbX NCs,44, 57, 58 where the electronic 

states can be described as quantum-confined particle-in-a-box 

(PIAB) states originating from the conduction and valence 

bands. The lowest-energy PIAB states are predicted to show s- 

and p- overall orbital symmetries, with their atomic-scale 

behavior determined by the corresponding Bloch 

wavefunctions.57 A similar picture of PIAB-like electronic states 

has been used to describe STS spectra for a variety of NCs 

composed of different semiconductor materials.63 Then, taking 

into account the disk-like aspect ratio of studied NCs, the 

unoccupied states in Figure 2a could be assigned in the 

following way: the doublet of closely spaced peaks E1,1 and E1,2, 

may be attributed to electronic states quantized in the XY 

plane (with E1,1 being the ground state), whereas the E2 state 

may be attributed to a single-node state quantized in the Z-

direction.59 By using the PIAB-like picture of electronic states 

in Figure 2a, the variations in the apparent bandgap (E1,1 - H1 

energy difference) could then potentially be explained by 

variations in NC dimensions, which would modulate the 

energies of the PIAB states via quantum-size effects.64 

The PIAB-like picture of electronic states in Figure 2a is 

challenged, however, by the fact that the spacing between peaks 

E1,1 and E1,2 does not change appreciably from one NC to  
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Fig. 2 (a) DOS spectra for six representative PbS NCs (individual spectra shifted for 

clarity). Occupied (unoccupied) states denoted by Hn (En) respectively. All dI/dV curves 

measured with set-point 1.6-2.6 V bias, 15-30 pA tunnelling current. Histogram 

(bottom) of energetic locations and distributions for discernible states E1,1, E2, and H1 

for 13 NCs, bin size 0.2 eV (b) Bandgaps vs. height for measured NCs overlaid on data 

for two limiting cases: spherical NCs and 2D PbS quantum wells. Open symbols 

correspond to the E1,1 - H1 energy differences, whereas closed symbols correspond to 

values obtained from PIAB orbitals differences of many measured DOS spectra in Figure 

2a are considerably lower than those (as determined from DOS mapping). The curve for 

spherical PbS NCs, and gray shaded region corresponding to 2D PbS quantum wells, 

were obtained from Moreels et al.65 and Lee et al.,66 respectively. 

another, being consistently in the range of ~0.2 eV despite 

significant variations in the NC lateral sizes. Further, the 

apparent bandgaps (E1,1 - H1) energy expected based on the 

physical dimensions of the corresponding NCs. Indeed, many 

of the apparent bandgaps are lower than what would be 

expected for two-dimensional PbS films of thicknesses 

matching the observed NC heights (Figure 2b),67 which is the 

absolute minimum expected for NCs with large spatial 

dimensions in the XY plane. On the other hand, energy 

differences calculated from E2 - H1 (and in some cases E2 - H2) 

tend to fall in the range expected for bandgaps of disc-like PbS 

NCs (Figure 2b). Together, these observations suggest that E1,1 

states in Figure 2a do not have PIAB-like character, and may 

potentially be associated with sub-bandgap states. Theoretical 

calculations predict that sub-bandgap states are often more 

strongly localized than PIAB-like states derived from the 

conduction and valence bands,38, 47 which suggests that to 

establish the nature of electronic states observed in Figure 2a, it 

would be useful to obtain information regarding their spatial 

behavior. To this end, we carried out spatial mapping of DOS 

spectra for several NCs, as described below. 

3.3 Surface-Reconstruction observed in DOS maps: Results 

We first present DOS maps for NCs that showed DOS 

delocalized over the NC surfaces. For example, Figure 3 shows 

a “cross-sectional” DOS mapping for a NC without apparent 

spectral or spatial features attributable to sub-bandgap states. 

Indeed, the apparent bandgap of this NC falls within the range 

expected for disc-like NCs (Figure 2a, diamond-shaped data-

point), unlike the majority of studied NCs. The DOS map 

(Figure 3b) is composed of a progression of DOS spectra 

measured across the NC, as shown in Figure 3a.  In Figure 3b, 

occupied state H1 and all unoccupied states En are visible 

throughout the scan (even though they also show some 

variations in their intensities), which suggests that they may 

correspond to delocalized PIAB-like states. 

While delocalized states analogous to those of Figure 3b 

were observed for many other NCs, their maps were often 

different from that of Figure 3b in that they showed quasi-

periodic spatial modulations of their DOS intensities. An 

example of a “cross-sectional” DOS map for one such NC 

(referred to as NC1 in the following) is shown in Figure 4. The 

DOS spectra measured at different locations on the NC1 

surface show a similar grouping of occupied and unoccupied 

states with intensities modulated depending on the 

measurement location (Figures 4b and c). In particular, distinct 

modulations are observed for states H1, E1,1 and E1,2 (Figure 

4b). These modulations occur on a spatial scale far exceeding 

the unit cell of PbS (0.59 nm), suggesting that they are not a 

product of elemental contrast originating from the PbS lattice. 

The magnitudes of E1,1 - H1 and  E2 - H1 bandgaps for NC1 

(Figure 2a, open and closed circle data-points) suggest the 

presence of sub-bandgap states. 

To further investigate the spatial behavior of electronic 

states in NC1, we recorded DOS spectra across a two-

dimensional grid of points covering (roughly) the spatial extent 

of NC1. 2D-spatial maps of electronic states are obtained from 

this DOS dataset by taking values of the DOS at select bias 

voltages. Such 2D-maps for the most prominent occupied and 

unoccupied states are shown in Figure 5 and in supplementary 

Figures S1 and S2. The 2D-spatial maps in Figure 5 show that 

individual states in NC1 have very different characters, except  
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Figure 3 (a) STM topographic image of a PbS NC. (b) DOS "cross-section" mapping along the path of the dotted line in (a).  (c) Individual DOS spectra measured at locations marked 

in (a). STS measurements in (b) and (c) were taken with a set-point of 1.9 V bias and 30 pA tunnelling current. Variations in the energies of electronic states across the NC roughly 

follow the NC topography, which is a result of the location-specific variation of the bias voltage drop inside the NC.56 

 

 

 
Fig. 4 (a) STM topographic image of NC1. (b) DOS mapping of NC1 along the path of the dotted line in (a). (c) Individual DOS spectra for locations marked in (a). STS measurements 

in (b) and (c) were taken with set-point 1.6 V bias, 30 pA tunnelling current. 

in the E1,n states (Figures 5c, and S1c-e), as well as states H1 

and H†(Figures 5d,e; S2a,b), which exhibit similar features and 

spatial localizations respectively. All 2D DOS maps in Figure 5 

show highly inhomogeneous spatial distributions with stripe-

like “hot spots” oriented parallel to the <110> crystallographic 

features observed in the STM topography of NC1 (Figure 1g). 

For example, the DOS map of state E3 (Figure 5a) shows two 

pairs of parallel bright “stripes” (marked by solid black lines in 

Figure 5a).  The “stripes” in each pair are separated by 

distances equal to 0.726 nm, which is a close fit to the distance 

between atomic rows located in two different {211} planes. In 

the following this distance is defined as 3α, where α is the 

distance between two neighboring {211} planes, as shown in 

the model in Figures 6a and b. The two pairs of bright stripes in 

Figure 5a are separated by a distance of 0.968 nm = 4α, which 

corresponds to the geometry shown in the model in Figure 6b, 

where, in contrast to the model in Figure 6a, one of the atomic 

rows is located in a different (lower) {111} atomic plane. This 

geometry is consistent with the topography of NC1 (Figure 1d), 

which shows atomic steps separating the regions with the two 

pairs of DOS stripes seen in Figure 5a. The DOS map of state E2 

(Figure 5b) shows somewhat less-developed structural order, 

but features aligned along the same set of black lines are 

visible.  

In contrast, DOS maps of E1,n states (Figures 5c, and S1c-e) 

show a different set of bight DOS “stripes” (marked with black 

lines), which are however, separated by the same distance of 

0.726 nm = 3α  as found in Figure 5a. In addition, all of the DOS 

“stripes” in Figures 5c, and S1c-e are either parallel to, or are 

oriented at exactly 60 with respect to the DOS “stripes” from 

Figure 5a, which is consistent with the mutual orientation of 

two different sets of {211} planes, as shown in the model in 

Figure 6a. This, together with the spacing of DOS “stripes” in 

maps of E1,n states, suggests that the latter have a similar 

relationship with the PbS crystallographic structure as features 

found in the maps of states E3 and E2. Stripe-like features 

similar to those found in maps of E1,n states, are also observed 

for states H† and H1, (black lines in Figures 5d and e). The DOS  
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Fig. 5 2D DOS maps of unoccupied (a-c) and occupied (d, e) states for NC1. DOS state 

representations show (from left to right) combination topography/DOS map overlay 

(yellow outline indicates area of DOS mapping), DOS map only, and DOS map with black 

lines showing DOS features that are in registry with NC1 crystallographic features from 

Figure 1g. Parameter α is distance between two neighboring {211} planes, as shown in 

the model in Figures 6a and b. STS measurements taken with set-point 1.6 V bias, 30 pA 

tunnelling current. STM topography image measured with set-point 2.0 V bias, 2 pA 

tunneling current. 

map of state H2 (Figure S2c) shows somewhat less-developed 

order, with several features orthogonal to the bright {211} 

plane features observed throughout (especially in Figures 5a,b) 

suggesting that they lie in {110} planes of NC1. This assignment 

is supported by the fact that these features are separated by 

distances of ~0.838 nm = 4β, where β is a distance between 

two neighboring {110} planes, as shown in Figures 6c and d. 

The spatial order observed in the DOS maps of NC1 allows 

us to draw several conclusions.  First, the fact that the 

orientations of bright DOS features in Figures 5, S1 and S2 are 

in registry with the crystallographic directions and lattice 

spacings expected for a (111) surface, supports the conclusion 

(originally based on features observed in STM imaging – Figure 

1g) that one of the {111} crystallographic planes of NC1 is 

parallel to the Au(111) surface. By associating the DOS 

features with specific crystallographic directions, we are also 

able to identify orientations of topographic features in Figure 

1g as corresponding to different <110> directions. Further, the 

consistency of the spacing observed for these bright DOS 

features in all maps of Figure 5, S1 and S2 with the crystal 

structure of PbS suggests that these features are indeed 

associated with an atomic geometry analogous to that seen in 

the model of reconstructed PbS {111} surfaces displayed in 

Figure 6, even though the actual morphology of NC1 is more 

complex. 

3.4 Surface-Reconstruction: Discussion 

The distances between the stripe-like features in Figures 5, S1 

and S2 are larger than the minimal inter-atomic distances 

expected for the identified crystallographic directions. As the 

idealized model in figure 6 illustrates, this may result from a 

geometry where rows of atoms are missing on the PbS surface. 

Such surface morphology is consistent with the predicted 

reconstruction of the PbS(111) surface.45 Indeed, the polar 

nature of PbS dictates that termination of a NC with a {111} 

facet composed of only one element is electrostatically 

unfavorable. Instead, reconstruction of the PbS(111) surface is 

predicted, where, in the ideal case, a {111} facet is stabilized 

by an additional ordered half-monolayer composed of the 

complementary element.45 While different configurations of 

the additional half-monolayer are possible, one of the 

configurations that is predicted to give the lowest overall 

energy has a structure with atoms missing in every alternate 

{211} plane, as shown in the model in Figure 6a. This structure 

results in rows of atoms oriented and spaced in a manner 

identical to the arrangement of bright rows in the DOS maps of 

NC1, which strongly suggests that the observed NC1 DOS 

features are caused by surface reconstruction. 

To establish the composition of the reconstructed layer as 

well as the nature of electronic states in Figures 5, S1 and S2, 

we compare these results to theoretical predictions. Electronic 

structure calculations for unpassivated PbS NCs of different 

shapes show that in PbS, unoccupied states are primarily 

formed from atomic 6p-orbitals of lead, while occupied states 

are primarily formed from atomic 3p-orbitals of sulfur.44 This 

distinction is maintained regardless of the NC shape and 

stoichiometry,38 which is important for the case of NC1, since 

the model  surface reconstruction shown in Figure 6a results in 

surface adatoms in non-stoichiometric environments. We thus 

expect that states E1,n , E2 and E3 must be carried 

predominantly by surface Pb-atoms, whereas states H†, H1 and 

H2 must be carried predominantly by surface S-atoms. 

Moreover, non-stoichiometric Pb-atoms (or S-atoms), are 

predicted to form localized sub-bandgap states split-off from 

the conduction-band (or valence-band for S-atoms).38 This 

prediction implies that since E1,n states are the lowest-energy 

unoccupied states, they must be associated with non-

stoichiometric Pb-adatoms. The strong localization of E1,n “hot 

spots” along the specific crystallographic lines associated with 

reconstruction features further reinforces this assignment.
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Fig. 6 Model representations of relevant PbS fcc crystallographic facets with idealized reconstruction features. (a, c) (111)-plane views showing rows of Pb adatoms oriented along 

<110> and <211> directions respectively, with indicated inter-atomic-row distances in integer multiples of distances α and β respectively. (b, d) (110)-, and (211)-plane side-views 

of same structures as in (a) and (c) showing vertical atomic steps responsible for appearance of varied distances between the bright DOS “stripes” in Figure 5 and Figure 8.

In contrast, the high degree of delocalization of states E2 and 

E3 identifies them as quantum-confined PIAB states with 

spatial distributions modulated by the presence of the periodic 

surface structures formed from Pb-adatoms. Analogously, the 

spatial localization of states H† and H1 suggests that they 

correspond to surface states produced by reconstruction, 

whereas state H2 should correspond to a PIAB state. These 

assignments of the origins of the different NC1 states are 

supported by the fact that the NC1 bandgap calculated as E2 - 

H2 is in the correct range for a disk-like NC (determined from 

Figure 2b), unlike the apparent bandgap E1,1 - H1, which is at 

the extreme low end of values corresponding to a 2D PbS thin 

film. 

Identification of states E1,n as states carried by 

reconstructed Pb-adatoms allows us to address the existence 

of multiple peaks in the E1,n band, an observation that was 

common for most studied PbS NCs. Indeed, most of the DOS 

spectra measured on PbS NCs showed at least two E1,n states, 

separated in all spectra by roughly 200 mV (Figure 2a). This 

energetic separation is much larger than the typical vibrational 

energy scale of PbS,68 which rules out current-induced 

vibrational excitation of NCs69 as a potential cause for the 

appearance of multiple E1,n peaks. Instead, the existence of E1,n 

bands may be rationalized by considering adatom-adatom 

electronic coupling that has been shown to lead to formation 

of “bonding” and “anti-bonding” electronic states.47 This 

interaction mechanism suggests a scenario analogous to that 

described in a number of recent STS studies of atomic 

structures similar to that exhibited in the model in Figure 6a, 

where ordered rows of atoms adsorbed on surfaces with well-

defined crystallographic order were investigated.70-72 In these 

studies, formation of extended electronic states was 

qualitatively described using the linear-combination-of-atomic-

orbitals (LCAO) model. By using this model, E1,n bands may be 

similarly attributed to LCAO-like electronic states formed from 

orbitals of under-coordinated Pb adatoms, such that individual 

E1,n states should correspond to distinctly different linear 

combinations of atomic orbitals. This physical picture not only 

explains the presence of multiple E1,n states, but also the close 

similarities in their 2D DOS maps (Figures 5c, S1c-e): because 

these states are formed from the same atomic orbitals, their 

linear combinations should only differ in their mutual phases, 

and should produce the same spatial distributions. 

3.5 NCs with Edge-Defects 

While the delocalized E1,n states caused by surface-

reconstruction were found in almost all of the studied NCs, a 

qualitatively different type of sub-bandgap state attributable 

(as will be shown in the following) to surface defects was also 

observed in several NCs. DOS spectra showing these defect 

states for a representative NC (this NC is referred to as NC2 in 

the following) are shown in Figure 7. Unlike E1,n states, these 

defects exhibited a substantial DOS on the occupied side of the 

STS spectra (states H†, H1,1 and H1,2 in Figure 7), while defect-

related DOS features appearing on the unoccupied side were 

often less pronounced (state E† in Figure 7) or absent (see 

Figure S5 for additional NCs showing similar defect-related 

states). In contrast to E1,n states, the defect states were tightly  
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Fig. 7 DOS spectra for NC2 measured at locations P1-3 shown in the inset STM 

topography. Sections of spectra P1 and P2 containing relevant states have been 

magnified by designated amount for clarity. STS measurements were taken with set-

points of 1.5-2.2 V bias, 10-20 pA tunnelling current. STM topography image measured 

with set-point 2.0 V bias, 1 pA tunneling current. 

localized, as can be seen, for example, from the dramatic 

differences in DOS spectra measured in neighboring points P1 

and P3 in Figure 7. 

To visualize the entire spatial extents of these defect-

states, we carried out 2D DOS mapping using the experimental 

approach described above for NC1. Maps of unoccupied states 

for NC2 (Figures 8a-c and S3) show a progression of E1,n and E2 

states analogous to that of NC1 (Figure 5), as well as state E† 

(Figure 8c). For NC2, however, the high-intensity DOS “stripes” 

of states E1,n and E2 are oriented at an angle of 30 with 

respect to the NC2 edges, and exhibit spacings of 0.42 nm = 2β 

and 0.63 nm = 3β suggesting that these “stripes” are 

associated with a different type of surface reconstruction with 

atomic self-assembly along <211> directions, as shown by the 

atomic model in Figures 6c and d. 

DOS maps of occupied states H1,n and H2 (Figures 8d,e and 

S4b-d) show a progression analogous to that of E1,n and E2, 

except that DOS “stripes” in maps of H1,n show reconstruction 

along a <110> crystallographic direction. In addition, the 

nature of this reconstruction pattern is different from that of 

E1,n states: comparison of H1,n and E1,n maps for NC2 shows 

that these states are anti-correlated in intensity on the atomic 

scale (Figure S6), which suggests that H1,n and E1,n patterns are 

formed by atoms corresponding to different elements. As with 

NC1, E1,n states in NC2 should be primarily carried by Pb-

atoms, which means that H1,n states should be carried by S-

atoms. This conclusion is further strengthened by the results of 

theoretical calculations, which, in the absence of strong non-

stoichiometry, predict that occupied states should be formed 

mainly from 3-p orbitals of sulfur atoms.38 

A spatial distribution that is dramatically different from 

previously considered reconstruction-induced states are found  

for the lowest-energy unoccupied state E† (Figure 8c) and 

highest occupied state H† (Figure 8d), which are both strongly 

localized near the bottom-left boundary of NC2. States 

localized near the same part of the NC2 boundary, almost 

identically to the localization patterns of E† and H†, are also 

identifiable in all maps for the remaining occupied states 

(Figure 8d,e and S4a-d). The very small apparent bandgap (E† - 

H†) associated with these “boundary states”, together with the 

high degree of their spatial localization, suggests their defect-

related origin. The spectral characteristics of these states are 

analogous to those obtained in model DFT simulations of 

highly off-stoichiometric PbS NCs.38 As discussed earlier, in 

these calculations, excess of Pb (S) atoms leads to the 

appearance of split-off states below (above) the PIAB-like 

conduction (valence) band states. In highly off-stoichiometric 

 

Fig. 8 Same as Figure 5 for NC2. Parameters α and β are the distances between 

two neighboring {211} and {110} planes respectively, as shown in the model in 

Figures 6. STM topography image measured with set-point 2.0 V bias, 1 pA 

tunnelling current. STS maps measured with set-point 1.5 V bias, 20 pA 

tunnelling current. 
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conditions, the energies of split-off states become sufficiently 

low (high) for them to appear on the occupied (unoccupied) 

side of DOS spectra. Thus, because with the exception of state 

E†, no other unoccupied “boundary states” are observed 

(Figures 8a,b), and, in contrast, “boundary states” are 

observed in maps of all occupied states, we associate the 

“boundary states” with sulfur-rich areas of NC2. 

This assignment is consistent with the presence of extra 

sulfur atoms in the areas of states H1,n, (top-right area of NC2 

in Figures 8e and S4b,c), which are also localized near the NC2 

boundaries: the near-boundary localization of states E†, H† and 

H1,n suggests that they could have been formed in a similar 

fashion, possibly due to migration of some of the Pb atoms to 

the Au(111) surface during annealing. Indeed, migration of Pb 

atoms to the Au substrate appears necessary to explain the 

existence of sulfur-rich areas, since as-synthesized PbS NCs are 

known to have Pb-rich surfaces.65, 73 

Conclusions 

Our results show that reconstruction of polar PbS surfaces can 

produce a wide variety of sub-bandgap states with spatial 

structures and energies sensitive to the local stoichiometry. 

Both unoccupied and occupied trap states can be created in 

Pb-rich and S-rich areas, correspondingly. Wide bands of trap 

states crossing over the Fermi level can also exist in areas with 

sufficient local off-stoichiometry. The fact that the E1,n states 

were observed in the majority of fully annealed NC DOS 

suggests that most of these NCs underwent surface 

reconstruction. Indeed, one can expect this behavior to be 

common for ligand-free NCs, since their surfaces are likely to 

terminate with (111) facets, which are prone to reconstruction 

due to their polar nature.45 This is consistent with DFT 

calculations, which show that unreconstructed (111) facets, 

are, in fact, unstable, and stability is only obtained for non-

polar reconstructed facets.45 In contrast, other facets 

corresponding to main crystallographic directions (100) and 

(110) are stable in their unreconstructed forms.45 

The presented results are directly applicable to thermally-

processed NC solids, where loss of ligands is likely. Similar 

structure-dependent effects in the local DOS can also be 

expected for under-stoichiometric surfaces of ligand-

passivated PbX NCs, where ligand self-assembly at the PbX-

ligand interface may proceed with formation of surface-bound 

sub-bandgap states, as also suggested by calculations for CdSe 

NCs.74, 75 The STS-based characterization approach 

demonstrated in the present manuscript is applicable to NCs 

passivated with atomic-ligands,32 where similar questions of 

surface adatom self-assembly and resulting electronic 

structure need to be addressed.  
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