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ABSTRACT: The photophysical properties of silicon semiconductor nanocrystals (SiNCs)
are extremely sensitive to the presence of surface chemical defects, many of which are easily
produced by oxidation under ambient conditions. The diversity of chemical structures of
such defects and the lack of tools capable of probing individual defects continue to impede
understanding of the roles of these defects in SiNC photophysics. We use scanning
tunneling spectroscopy to study the impact of surface defects on the electronic structures of
hydrogen-passivated SiNCs supported on the Au(111) surface. Spatial maps of the local
electronic density of states (LDOS) produced by our measurements allowed us to identify
locally enhanced defect-induced states as well as quantum-confined states delocalized
throughout the SiNC volume. We use theoretical calculations to show that the LDOS
spectra associated with the observed defects are attributable to Si−O−Si bridged oxygen or
Si−OH surface defects.

Silicon semiconductor nanocrystals (NCs) have recently
emerged as a promising alternative to metal chalcogenide-

based quantum dots (QDs) in a wide range of photophysical
applications including light-emitting devices1,2 and photo-
voltaics3−6 as well as in biomedical imaging and tracking.7,8

Among the advantages of SiNCs are the lower toxicity of silicon
and the potential for a more robust covalent passivation of
SiNC surfaces.9,10 For sufficiently small SiNCs, the indirect
electronic bandgap of silicon, responsible for the inefficient
coupling to light in larger NCs, becomes ill-defined,11−13 which
leads to a dramatic brightening of radiative transitions14−17 and
thus enables optical and optoelectronic applications of SiNCs.
Furthermore, multiple exciton generation in ultrasmall SiNCs
has been considered as a potential route for increasing the
efficiency of photovoltaic devices.18−20 While beneficial for
applications, the ultrasmall size of SiNCs makes them extremely
susceptible to the chemical structure of the NC surface. In
particular, the tendency of SiNC surfaces to oxidize,21,22

resulting in pronounced changes in optical properties, has been
a major challenge not only for applications based on SiNCs but
also for the basic understanding of SiNC photophysics. The
presence of oxidative defects on the SiNCs surface has been
shown to produce red-shifted photoluminescence (PL), with
photon energies being considerably less sensitive to the SiNC
size than predicted for emission from quantum-confined
states.23−28 The exact origin of this emission remains poorly
understood, which is due, in part, to the diversity of chemical

defects resulting from surface oxidation of silicon29,30 and the
lack of experimental techniques capable of directly identifying
the chemical structures of defects responsible for the red-shifted
PL. Theoretical studies suggest that Si−O−Si bridged oxy-
gen,31−33 as well as sufficient coverage of Si−OH surface
groups may result in red-shifted PL.13,34 Indeed, it would be
natural to expect these defects to play a role in PL of SiNCs
because both defects appear prominently in Fourier transform
infrared spectroscopy (FTIR) of porous hydrogen-passivated
SiNCs within minutes of exposure to ambient air.23

Alternatively, a red shift consistent with the experimental data
may be attributed to emission from individual defects
associated with surface silicon−oxygen double (SiO)
bonds,23,31−33,35−37 which have not, however, been observed
in FTIR spectra of emissive SiNCs. Finally, completely oxidized
SiNCs have also been shown to possess delocalized electronic
states with calculated energies consistent with the experimen-
tally observed PL.38 The plurality of theoretical models
explaining the origin of red-shifted emission highlights the
need for experimental studies that could directly identify the
chemical nature and electronic structures of individual defects
in individual SiNCs. This capability is offered by scanning
tunneling spectroscopy (STS),39 which has been used to study
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quantum confinement effects in individual SiNCs40 as well as
localization of individual sub-bandgap states in PbS NCs.41,42

Here we report, for the first time, studies of defect-induced
electronic states on the surfaces of individual hydrogen-
terminated SiNCs using spatially resolved STS mapping.
Hydrogen-terminated SiNCs were spray-deposited onto a
Au(111) substrate in vacuum and studied using an ultrahigh
vacuum (UHV) cryogenic scanning tunneling microscope
(STM) system43 (see Methods for further experimental
details). In STM images, SiNCs deposited on Au(111) surfaces
appeared as protrusions with typical dimensions in the 2−4 nm
range (Figures 1a and 3a). Using STS we recorded energy-
dependent local density of states (LDOS) spectra of individual
SiNCs by measuring the differential tunneling conductance
(dI/dV) as a function of the applied bias voltage (see Methods
for details of the measurements). We focus our attention on the
electronic states in the vicinity of the bandgap because these are
the states that are primarily responsible for the photophysical
and electron-transport properties of individual NCs and NC-
based materials. In the following, we summarize our STS
studies of 27 individual SiNCs.

Individual LDOS spectra measured on different SiNCs
showed similar progressions of electronic states, comparable to
the theoretically predicted progressions of states for hydrogen-
passivated SiNCs with similar diameters (Figure S1). All SiNCs
studied could be roughly divided into two classes: nominally
“defect-free” SiNCs, which showed electronic states delocalized
over the whole NC surface, and nominally “defect-containing”
SiNCs exhibiting electronic states with LDOS strongly
enhanced at specific locations. LDOS spectra of each “defect-
free” SiNC contained a nearly identical set of electronic peaks
Hn (occupied states) and En (unoccupied states) across the
whole NC surface, as shown in Figure S2 and Figure 1a−c for
one representative SiNC (NC1 in the following). The relative
intensities of electronic peaks Hn and En depend on the specific
spatial location, as visualized in Figure 1b, which shows an array
of LDOS spectra recorded along the line shown in Figure 1a.
Intriguingly, the LDOS spectra (and intensities of electronic

peaks) are nearly identical within specific regions on the NC1

surface (regions R1−R3 in Figure 1b, representative LDOS
spectra for each region are shown in Figure 1c) and change on
the angstrom scale at the boundaries between the regions, a

Figure 1. Spatial mapping of LDOS for NC1. (a) STM topographic image. (b) LDOS (measured as dI/dV) as a function of the bias voltage and
position x along the path shown in panel a. R1−R3 indicate regions with specific patterns of LDOS spectra. In panel b, the individual unoccupied and
occupied LDOS spectra were normalized separately, for clarity. (c) Individual LDOS spectra from panel b measured at points P1 through P4. Spectra
are offset for clarity. Identical spectra for P1 and P2 scaled by ×0.2 are also shown. Occupied and unoccupied states are marked “H” and “E”,
respectively, in both panels b and c. Individual LDOS peaks are observed at slightly different voltages across the NC due to the finite location-
dependent voltage drop inside the NC. (d) Topography from panel a overlaid with its contour plot. Contours correspond to vertical separation of
0.68 Å (half of one Si(100) atomic step). (e−j) 2-D LDOS maps for voltages corresponding to the peaks indicated in panel c. Upper row shows the
LDOS maps overlaid with contour lines from panel d. Lower row of LDOS maps shows Si(100) lattice directions identified in the spatial LDOS
intensity distributions. Solid lines are ⟨100⟩ and ⟨010⟩ directions (perpendicular to each other), dashed lines are ⟨110⟩ and ⟨1̅10⟩, dotted lines are
⟨210⟩ and ⟨1̅20⟩, and dashed-dotted lines are ⟨120⟩ and ⟨2 ̅10⟩. (Assignment of the primary directions 100 and 010 is made using the predominant
orientation of linear features in the LDOS patterns.) Measure of localization, ζ, is calculated for every 2-D map, as explained in the main text. (k)
Calculated representation of NC1 shape (see Supporting Information for details) with its contour plot overlaid. Black and white lines on top of the
contours correspond to Si(100) directions.
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behavior that was also observed for other “defect-free” SiNCs
(data not shown). To further explore the nature of peaks Hn

and En, we recorded 2-D spatial LDOS maps showing the
distribution of each electronic state across the NC1 surface
(Figure 1e−j). To ensure that we could identify all of the
(possibly localized) electronic states in SiNCs, we recorded
LDOS spectra on a 2-D grid of points covering the spatial range
corresponding to Figure 1d. The 2-D maps in Figure 1e−j were
then generated by taking subsections of this LDOS data set
corresponding to specific energies (voltages). Thus obtained 2-
D LDOS maps show that the main states of NC1 are
completely delocalized (showing nonzero LDOS) on the
observable part of the NC1 surface, even though 2-D-regions
of varied intensities (similar to 1D-regions R1−R3 in Figure 1b)
are present. Strikingly, the boundaries of these regions are
aligned along specific directions attributable to a {100}
crystallographic facet (bottom Figure 1e−j; see caption for
details), an observation that was common for the majority of
SiNCs studied. (In addition to SiNCs showing crystallographic
directions attributable to {100} facets, SiNCs showing
directions consistent with {111} facets were also observed.)
A crystallographic origin of directional order in the 2-D

LDOS maps is further supported by our analysis of the STM
images of the corresponding SiNCs. In this analysis, we
attempted to deconvolute the effects of STM tip-shape and
finite tip-NC distance (∼0.8 nm), which both lead to
broadening and rounding of the apparent NC shapes observed
in the STM images (see Figure S3 for details). Thus
deconvoluted images show sharply defined facets (see Figure
1k for NC1) with directions identical to those found in the
LDOS maps (these directions are also present in as-recorded
STM images; see Figure 1d), which strongly suggests that the
observed directional order in both 2-D maps and recalculated

STM images originates from the crystallographic structures of
the SiNCs.
The correlation with the crystallographic directions and the

delocalized nature of electronic states in “defect-free” SiNCs
together suggest that these states correspond to quantum-
confined states delocalized throughout the bulk of NC1 rather
than defect states. (The latter, in contrast, can be expected to
show LDOS enhanced at the defect locations.) To test this
hypothesis, we carried out density functional theory (DFT)
calculations (see Methods for details) for a set of model NCs of
different sizes. For the simulations, we chose approximately
spherical NC shapes (Figure 2a), as expected for SiNCs with
sizes below ∼6 nm.44,45

In agreement with the measured 2-D LDOS maps, our
calculations for defect-free SiNCs (see Figure 2 for a SiNC with
a size of ∼3.5 nm, similar to that of NC1) reproduce the
progressions of electronic peaks Hn and En observed in LDOS
of studied SiNCs. We note that each peak in Figure 2b,c is
composed of several closely spaced distinct electronic states
formed from states associated with different electronic valleys in
the Brillouin zone of bulk Si.46 These states are not completely
resolved in our measurements, even though their presence is
suggested by the fine structure of LDOS spectra (Figure S2c,d).
Finer spectral structure could not be observed due to the
intrinsic broadening of STS spectra associated with coupling of
tunneling electrons to vibrational excitations,47 which exceeds
the intervalley splitting for simulated SiNCs (∼50 meV).
Significantly, our calculations reproduce the existence of

distinct surface regions with specific LDOS spectra (Figure
2b,c), and the presence of directional order in the spatial LDOS
distributions (Figures 2e−j), even though the precise spatial
patterns for experimental and theoretical 2-D maps are not
identical. The differences in the two data sets are attributable to
the fact that the precise shape of NC1, which has a profound

Figure 2. Theoretical LDOS for a model near-spherical (diameter ∼3.5 nm) SiNC (with composition H412Si1087). (a) NC geometry. (b) Calculated
1-D LDOS map as a function of the bias voltage and position x along the path shown in panel a. (c) Individual LDOS spectra from panel b measured
at points P1 through P3. Spectra are offset for clarity. The number of discrete states in each peak is indicated. (d) NC geometry rotated by 90° around
the vertical axis and exposing facets mapped in panel b as well as in panels e−j. (e−j) 2-D maps of LDOS for selected states near the electronic
bandgap. LDOS intensities were calculated on a 3-D surface equidistantly offset from the NC surface by 3 Å, similarly to the path shown in panel a.
To more closely reproduce experimental conditions, all spectra were normalized to give the same total current at 1.35 V (see Methods for details).
Measure of localization, ζ, is calculated for every 2-D map, as explained in the main text.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.6b00176
J. Phys. Chem. Lett. 2016, 7, 1047−1054

1049

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.6b00176
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jpclett.6b00176&iName=master.img-003.jpg&w=503&h=221


impact on the electronic LDOS spatial distribution, is not
known (because a large part of the NC1 surface is not
observable in STM imaging) and thus could not be modeled
directly. The close similarity between the theoretical and
experimental results in Figures 1 and 2 reinforces the
interpretation of states in Figure 1 as those of quantum-
confined nature, and delocalized in the interior of the NC,
analogously to the calculated 3-D LDOS distributions shown in
Figures S4 and S5.
In addition to “defect-free” SiNCs with delocalized electronic

states, we have also observed SiNCs (6 out of 27 SiNCs studied
in our experiments) showing localized areas with strongly
enhanced LDOS. An example of this behavior is shown in
Figure 3 and Figure S6 for a representative SiNC (NC2 in the
following). For example, a 1-D LDOS map (Figure 3b) of NC2
shows peaks E2 and H2 delocalized over the entire spatial range
of the scan, while peaks H1* and H1** (corresponding to a
smaller bandgap) are primarily concentrated in regions R1 and
R3, respectively. Closer inspection reveals peaks E1 and H1 with
lower intensities everywhere along the mapping path (Figure
3c). The 2-D LDOS maps of these electronic states (Figure
3e−j) give a more complete picture: States En and Hn of NC2
appear over the entire observable part of NC2, showing 2-D
regions of varied intensities. Similarly to the directional order in
2-D LDOS maps of NC1, the boundaries of some of these
regions are aligned along the main crystallographic directions of
NC2 (bottom Figure 3e−j). Importantly, spatial distributions of
several LDOS features appear very different from those of NC1.
In particular, pronounced spatially confined maxima H1*, H1**,
and H2* are observed in Figure 3e,f, with the spatial LDOS
concentration in the corresponding maps being significantly
higher than that in the other maps for NC1 and NC2. To

analyze this localization quantitatively, we implemented a
comparison of average and median values for a particular LDOS
map, which is sensitive to the presence of sharp intense peaks in
DOS maps. We constructed a measure of localization of the

form: ζ = ×−
+

͠
͠ 100%DOS DOS

DOS DOS
(where DOS and ͠DOS are the

average and median values, respectively), which for more
spatially concentrated peaks H1*, H1**, and H2* gives values ζ
≥ 20% (bottom Figure 3e,f), while the rest of the maps shows
|ζ| ≤ 10% (as listed in the respective Figures), which we
consider to be representative of “delocalized” states. The spatial
concentration of peaks H1*, H1**, and H2* suggest that they
may correspond to defect-related states. (Because H1* and
H1** are spatially well-separated, they likely correspond to two
different defects.)
To investigate the nature of observed locally enhanced peaks

H1* and H1**, we carried out DFT calculations of the
electronic structures of SiNCs containing individual chemical
defects.33 Because a substantial fraction (∼22%) of studied
SiNCs showed defects of the type shown in Figure 3; these are
likely to be of the same chemical nature and must be very
common for the hydrogen-passivated SiNCs used in our study.
Surface oxidation is particularly common for such SiNCs and is
known to produce a variety of oxygen-containing bonds on the
SiNC surfaces, often leading to the formation of intragap
states.23,31,35 We thus restrict our consideration to elementary
defects caused by oxidation, which include three main classes:
Si−O−Si bridged oxygen, Si−OH groups, and SiO bonds.
For SiNCs studied in our experiments, the most likely
candidate is the Si−O−Si bridged oxygen defect, which is the
only type of defect identifiable in the FTIR spectra of as-
synthesized hydrogen-passivated SiNCs used in our study.48,49

Figure 3. Spatial mapping of LDOS for NC2. Data arrangement and markings are the same as in Figure 1. In panel b, the individual unoccupied and
occupied LDOS spectra were normalized separately, for clarity. Peak E2 is measured at three voltages E2

n.
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Another possible candidate are the Si−OH surface groups,
which have been identified in FTIR spectra of SiNCs
synthesized using a similar technique;30 however, the presence
of these defects in our SiNCs may be somewhat less likely due
to their instability under vacuum conditions.50 Surface SiO
defects have been implicated as a possible source of the red-
shifted defect-induced PL23,31,35 and have been observed on the
SiNC surfaces under vacuum conditions.50

Theoretical simulations of 1-D LDOS maps for the SiO
defect on the surface of a model SiNC with a size of ∼2 nm,
similar to that of NC2, show two peaks enhanced at the defect
location: the highest-occupied peak H1* and the lowest-
unoccupied peak E1* (Figure S7b; see also Figure S7g,h).
Comparison of a 1-D LDOS map of this NC (Figure S7b) to
those of its defect-free variant (Figure S8b) shows that the
bandgap of the defective NC is reduced at the defect location
by ∼300 meV; however, the energy differences between the
delocalized peaks H1 and E1 are nearly identical for both NCs,
suggesting that the defect-induced peaks H1* and E1*
effectively correspond to trap states within the defect-free
bandgap. In contrast, bandgaps obtained from theoretical
LDOS of both Si−O−Si and Si−OH defects (Figure 4b and
Figure S9b, respectively) are quite similar to that of the defect-
free SiNC (Figure S8b), consistent with previous theoretical
results.23,31,33,35 The impact of these defects is primarily in the
redistribution of the SiNC LDOS, resulting in enhanced LDOS
at the location of the corresponding defect (compare peaks H1

with maxima H1* in Figure 4e−g and Figures S9e−g and S8e−
g). The varied impacts of the different types of defects on the
SiNC LDOS are directly related to the specific spatial
distributions of the corresponding electronic states (Figures
S10−S15). Indeed, in the case of the SiO defect, the
bandgap-forming states H1* and E1* are tightly localized (in
three dimensions) within the immediate vicinity of the defect
(Figure S11), while the bandgap-forming states for the Si−O−
Si and Si−OH defects are delocalized within the NC interiors,
with only a small fraction of the total DOS found in the defect
vicinity (Figures S12−S15), reminiscent of the LDOS
distributions for the defect-free NC (Figures S16 and S17).
Analysis of the specific spatial LDOS distributions expected

for the different oxidative defects previously discussed (Figure 4
and Figures S7 and S9) allows us to shed light into the nature
of the defect-induced states shown in Figure 3. In particular, the
presence of the locally enhanced peak E1* in the theoretical
LDOS is incompatible with the experimental LDOS for the
lowest unoccupied state E1 of NC2 (Figure 3g), where only a
small local maximum, instead of a strongly locally enhanced
peak, is observed at the defect location corresponding to peak
H1** in Figure 3f, and no maximum is found at the location of
peak H1* in Figure 3f. The same conclusion is suggested by the
fact that in Figure 3g the localization parameter ζ is
dramatically smaller than those found for Figure S7h or Figure
3f (3 versus 32 and 28%, respectively). The absence of strong
local DOS maxima in Figure 3g thus suggests that the SiO

Figure 4. Theoretical LDOS for a model near-spherical (diameter ∼2 nm) SiNC with a bridged oxygen (Si−O−Si) impurity and composition
H114Si175O. Data arrangement and markings are the same as in Figure 2. In panel c, P1 corresponds to the maximum of orbital E* LDOS, P2
corresponds to the defect location, and P3 is positioned on the opposite side of NC with respect to P2. The top and bottom rows in panels d−j show
two opposite sides of the NC, respectively. To more closely reproduce experimental conditions, all spectra were normalized to give the same total
current at 1.7 V.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.6b00176
J. Phys. Chem. Lett. 2016, 7, 1047−1054

1051

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6b00176/suppl_file/jz6b00176_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.6b00176
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jpclett.6b00176&iName=master.img-005.jpg&w=503&h=327


defects are unlikely to be responsible for the locally enhanced
states observed in Figure 3. In contrast, we find that for the Si−
O−Si and Si−OH defects, the agreement between the
experimental and theoretical DOS is significantly better: The
redistributions of the SiNC LDOS, resulting in enhanced
occupied LDOS at the location of the corresponding defect
(peaks H1 with local maxima H1* in Figure 4 and Figure S9),
are analogous to that found in the experimental LDOS for NC2
(peak H1 with maxima H1* and H1** in Figure 3).
Furthermore, in both experimental and theoretical data, the
highest occupied states are not completely localized at the
defect locations but persist over the whole NC surface
(compare, for example, Figures 3f and 4g and Figure S9g).
The unoccupied states in the theoretical LDOS remain
relatively uniform across the NC surface, which is also
consistent with the unoccupied states in the experimental
LDOS of NC2 (compare, for example, Figures 3g−j and 4h,j
and Figure S9h,i). The unoccupied states in the theoretical
LDOS are not significantly modified as compared with a
completely hydrogen-passivated SiNC (Figures S8, S16, and
S17), except for some band splitting in E2 (Figure 4b and
Figure S9b), which is more noticeable for Si−O−Si, a
consequence of a stronger geometric perturbation resulting
from this type of defect.31 In addition, in the case of Si−O−Si,
this splitting produces an orbital E* concentrated around the
defect (Figure 4i). This orbital, however, is not resolved in the
experimental LDOS, which is likely due to the electron-
vibrational band broadening effect previously discussed.
Significantly, the trends found for the localization parameter
ζ in Figure 4 and Figure S9 are similar to those found in Figure
3. (We note that we do not expect the theoretical and
experimental values of ζ to be in precise quantitative agreement
because the corresponding NC structures and surfaces used for
calculation of ζ are different.) The close qualitative similarities
between the theoretical and experimental LDOS suggest that
the defects of the type corresponding to peaks H1* and H1** in
Figure 3b may be associated with either Si−OH or Si−O−Si
defects. (The latter is more likely, as previously mentioned.)
Defects of the type found for NC2 were observed only on

SiNCs with relatively small diameters (less than ∼2.5 nm). In
contrast, nominally “defect-free” SiNCs (with electronic states
delocalized) similarly to those found for NC1 were typically
larger. The lack of clearly identifiable defects on larger SiNCs
does not mean that these SiNCs were entirely defect-free: Our
calculations show that the impact of elementary defects on the
spatial LDOS patterns of such SiNCs is minimal and nearly
nonexistent (for states close to the electronic bandgap) for
sufficiently large SiNCs (Figure S18), which suggests that the
LDOS in Figure 1 may be spatially modulated by defects, even
though the presence of such defects could not be unequivocally
established from our measurements.
Spatial mapping of the LDOS of individual SiNCs and

theoretical calculations reported in this work show that
oxidative defects spatially modulate the LDOS on SiNC
surfaces producing LDOS patterns of varied degrees of
inhomogeneity that depend on the NC size. For sufficiently
small SiNCs, locally enhanced LDOS attributable to either Si−
OH or Si−O−Si defects are observed in LDOS mapping and
reproduced in theoretical calculations. In contrast, spatial
LDOS distributions (and, consequently, the photophysical
properties) of larger SiNCs are relatively insensitive to the
presence of such defects. The present work was carried out
using an ultrastable closed-cycle cryogenic STM system,43

which uniquely enables detailed STS mapping of statistically
significant quantities of individual NCs. We anticipate that
further STS studies of NCs using our approach will contribute
to building a more complete picture of the diverse types of
defect states, in particular, dangling bond defects, which are
known to significantly affect the photophysical processes in
SiNCs.51,52

■ METHODS

Experiments were carried out in a home-built ultrahigh vacuum
(UHV) cryogenic STM system.43 A Au(111)/mica substrate
was prepared in situ using multiple neon sputter/anneal cycles.
Hydrogen-passivated SiNCs were fabricated via thermal
disproportionation in a polymeric sol−gel hydrosilicate
precursor and subsequently liberated from the resulting oxide
host matrix via a wet chemical etch (i.e., with HF/EtOH/H2O)
using a protocol previously described.48 (For further details see
the Supporting Information.) The SiNCs were suspended in
pentane, and deposited onto the Au(111) surface under high-
vacuum conditions using a solenoid pulse-valve. The deposition
parameters were chosen so as to obtain monolayer NC
coverage. The Au(111) substrate with deposited SiNCs was
then degassed overnight in UHV at ∼50 °C to remove any
residual pentane from the sample surface. All STM top-
ographies and STS measurements were obtained at a
temperature of ∼20 K using silver tips prepared by electro-
chemical etching and subsequent sputtering in UHV. All STS
spectra were recorded using the lock-in technique at 570 Hz
and a bias modulations varying from 10 (individual spectra and
1-D spatial scans) to 50 mV (2-D LDOS maps). 2-D LDOS
mapping requires tip−sample spatial registry throughout the
mapping process (typically, several hours). This capability is
enabled by the unique spatial stability (better than ∼0.2 Å/h)
of our STM system.43

Theoretical calculations were performed using DFT, as
implemented in the pseudopotential package SIESTA,53,54

employing local density approximation (LDA) exchange and
Ceperlay−Alder parametrization of the potential, as previously
described.33 Numerical atomic orbitals were used as a basis set:
“single zeta with polarization” orbitals for Si and O and “double
zeta” for H. Further details of the basis sets for different
elements are given in ref 12. For hydrogenated SiNCs smaller
than 4 nm in diameter, the described approach provides a good
approximation of electronic bandgaps.12

To simulate the experimental data, we calculated LDOS as
the probability density sum LDOS(x,y,z,V) = ∑j|Ψj(x,y,z)|

2

δ(eV − Ej) of individual Kohn−Sham orbitals Ψj (x,y,z)
obtained from DFT. To account for finite spatial and spectral
resolution of the experimental data, the contributions of
individual orbitals to the total LDOS were Gaussian-broadened
by 50 meV in energy and by 0.2 nm in space. To more closely
reproduce experimental conditions where the integral of each
dI/dV spectrum is equal to the set point current, we normalized
calculated LDOS spectra for each specific spatial location such
as to yield integrals I(x,y,z) equal to the set point value Isp

∫= =I I x y z x y z V V( , , ) LDOS( , , , ) d
V

sp
0

B

Here I(x,y,z) represents the calculated tunneling current in each
spatial location and VB is the set point bias voltage (noted in
the corresponding Figure captions).
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