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ABSTRACT: We have applied scanning tunneling spectros-
copy in studies of the electronic level structure of surface-
functionalized colloidal Si nanocrystals (Si-NCs) as a function
of their size for various capping ligands. The energy gaps
extracted from the tunneling spectra increase with decreasing
NC size, manifesting the effect of quantum confinement. This is
consistent with the blueshift revealed by photoluminescence
(PL) from dodecene functionalized Si-NCs. The tunneling
spectra measured on NCs functionalized with NH4Br or
allylamine show band-edge shifts toward higher energies, akin
to p-type doping. This behavior can be accounted for by the
combined contributions of the ligands’ dipole moments and
charge transfer between a Si-NC and its surface groups.
Concomitantly, size-independent PL spectra, which cannot be
associated with NC band gap variations, were observed for the latter Si-NCs.
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Colloidal silicon nanocrystals (Si-NCs) are attracting
considerable interest in recent years because of their

intriguing electronic, optical, and chemical properties. Their
anticipated biocompatibility1 makes them particularly appealing
for applications in consumer optoelectronic,2−4 photovoltaic
devices,5,6 and as fluorescent labels for biological sensing.7,8 In
addition, the natural abundance of Si and its prevalence in
microelectronics may facilitate their adoption into optoelec-
tronic applications. An important step toward this end is found
in recent advancements in synthesis of size and shape-
controlled Si-NCs, which allow exquisite control over their
optical properties (i.e., absorption and photoluminescence (PL)
spectra). Integration of semiconductor NCs into devices often
requires tuning their electronic level positions relative to other
components. This can be done by surface functionalization with
appropriate ligands9 (that could be considered surface-doping)
or by “bulk” doping with impurity atoms, as demonstrated
recently for direct band gap InAs10 and CdSe11 NCs. The
influence of these parameters has yet to be investigated for
indirect band gap Si-NCs. One of the goals of the present work
is to demonstrate controlled manipulation of the quantized
energy levels in Si-NCs via surface ligand tailoring. In a broader
perspective, finding and, more importantly, understanding
various routes for surface functionalization of Si-NCs is
essential given the established reactivity of hydride-terminated
Si-NCs.

An important aspect still lacking in studies of colloidal Si-
NCs is the characterization of their electronic properties,
including the single-particle (as opposed to the excitonic) band
gap and the charging (addition) energies, at the single NC level.
These parameters were measured using differential pulse
voltammetry by Ding et al.,12 although not for single NCs.
Scanning tunneling microscopy and spectroscopy (STM and
STS) have proven to be among the most effective tools for the
study of electronic properties of single colloidal semiconductor
NCs (mainly from the III−V and II−VI groups), both isolated
or within arrays,13−17 particularly when combined with optical
measurements.18 In studies of Si-NCs, this combination
becomes even more essential in context of the longstanding
controversy regarding the association of optical spectroscopy
results, in particular PL, with Si-NC level-structure.19 This
controversy stems from two difficulties. First, for optical
experiments in general one cannot determine a priori where
carrier excitation (and/or recombination) takes place. Second,
where Si species are involved, some oxidation is usually present
and thus optical observations have been attributed, in many
works, to various oxide phases and defects within them or
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defects at the Si−oxide interface. In particular, it has been
found that in Si-NC systems the band gap widening, commonly
associated with quantum confinement (QC), may actually be
concealed by the aforementioned defects when only PL data is
considered.20 Indeed, substantial efforts were made by some
authors to overcome these difficulties and find convincing
evidence for QC in systems of Si-NCs from optical data.21,22 In
stark contrast, STS provides information regarding the
electronic density of states (DOS) and thus can directly
measure the single-particle (not excitonic) band gap in a
semiconductor (i.e., the conduction band to valence band
separation). STS has been applied in studies of nanocrystalline
Si assemblies; unfortunately, thus far, the individual NCs were
not spatially separated and their surfaces were not well-
defined.18

In this paper, we present a systematic combined STS and
optical investigation of surface-functionalized Si-NCs as a
function of size for various capping ligands. Quantum
confinement is clearly revealed by STS for all capping ligands
studied. In contrast, it is observed in the PL spectra only for Si-
NCs functionalized with dodecene or trioctylphosphine-oxide
(TOPO) but not for nitrogen-containing species, NH4Br and
allylamine. In addition, the tunneling spectra show shifts of the
band-edges toward either positive or negative energy values,
depending on the surface-functionalizing ligand and are akin to
the effect of p-type and n-type doping, respectively.
The Si-NCs were prepared following the procedure

described in ref 23. Briefly, solid hydrogen silsesquioxane

(HSQ) was heated to 1100 °C in a slightly reducing
atmosphere (5% H2/95% Ar) for one hour. Upon cooling to
room temperature, the resulting amber solid was ground into a
fine brown powder. Subsequently, this Si-NC/SiO2 composite
was either treated further by heating in argon atmosphere to
facilitate particle growth and size focusing24 (followed again by
grinding), or used directly in the next step. Hydride-terminated
Si-NCs were liberated from the Si-NC/SiO2 powder by HF
etching then were transferred into toluene and immediately
functionalized. Four types of ligands were used for surface
functionalization: dodecene, TOPO, ammonium bromide
(NH4Br), and allylamine (see Supporting Information text
and Supporting Information Figures S1, S2 for synthesis,
functionalization, and characterization details). Functionalized
Si-NCs were then isolated/purified by standard antisolvent
precipitation, centrifugation, and redispersion procedures.
Panels (a) and (b) in Figure 1 show transmission electron
microscopy (TEM) micrographs of the 3.1 nm average sized
particles after functionalization, while panels (c) and (d) depict
images of 5.1 and 8.3 nm (average diameters) functionalized
particles, respectively. The corresponding size distributions of
the NCs, additional TEM micrographs, and X-ray diffraction
data are shown in Supporting Information Figures S3 and S4.
The PL spectra were usually obtained by irradiation of the

NC toluene solution with the 441 nm line of a GaN laser
(unless otherwise noted). Emitted photons were collected with
a fiber optic connected to an Ocean Optics USB2000

Figure 1. Bright-field TEM images of ensembles of dodecyl surface terminated silicon nanocrystals with several average diameters: (a,b) 3.1, (c) 5.1,
and (d) 8.3 nm (see Supporting Information Figure S3 for the size distribution). Inset of b: magnified HRTEM image of a single 3 nm silicon
nanocrystal (scale bar = 2 nm); the crystallinity of the NCs is verified also by the XRD data presented in Supporting Information Figure S4(c). Inset
of c: STM topographic image of a single 3 nm diameter Si NC.
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spectrometer. The spectrometer spectral response was
normalized using a blackbody radiator.
For STM measurements, NCs were spin-cast from the

toluene solution onto atomically flat flame-annealed Au
substrates. All measurements were performed at room
temperature using Pt−Ir tips. Tunneling current−voltage (I−
V) characteristics were acquired after positioning the STM tip
above individual NCs, realizing a double barrier tunnel junction
(DBTJ) configuration13 and momentarily disabling the feed-
back loop. In general, care was taken to retract the tip as far as
possible from the NC, so the applied tip−substrate voltage
would fall mainly on the tip−NC junction rather than on the
NC−substrate junction whose properties (capacitance and
tunneling resistance) are determined by the layer of organic
capping ligands that cannot be modified during the STM
measurement. This protocol minimizes the voltage division
induced broadening effects, and thus the measured gaps
correspond well to the real SC gaps.13,15,17 The dI/dV−V
tunneling spectra, proportional to the local tunneling DOS,
were numerically derived from the measured I−V curves. We
have acquired the topographic images and tunneling spectra
(on the NCs) with bias and current set-values of Vs ≅ 1.2−1.5
V and Is ≅ 0.1−0.3 nA. The first is to ensure tunneling above
the band edge and the other was the lowest value that still
allowed acquisition of smooth tunneling spectra. It should be
noted that STM images of single NCs (presented as insets of all
figures) do not lend themselves to accurate determination of
the NC dimensions because of the convolution with the STM
tip and the different DOS of the NC compared to its
surroundings. Therefore, the NCs diameters used here are the
average diameters determined from the TEM measurements,
which were performed on ensembles from the same synthesis
batch that was used for both the STS/STM and PL
measurements. Importantly, relative NC sizes depicted by the
STM images correlated well with average sizes determined from
the TEM measurements.
Figure 2a presents three tunneling spectra acquired on single

dodecyl-capped Si-NCs having three different diameters, ∼3, 5,
and 8.5 nm, all showing a clear gap in the DOS around zero
bias (which is absent when measuring nearby the NCs, see
Supporting Information Figure S5). The corresponding PL

spectra, measured on ensembles from the same synthesis batch,
are shown in Figure 2b. Both data sets clearly manifest trends
attributable to QC. The PL maximum is blueshifted with
decreasing NC diameter and, concomitantly, the gap in the
DOS around zero bias increases (see also Figure 3 for

cumulative data). With the STM settings used, where the
voltage-division induced broadening is minimized, this zero-bias
gap corresponds well to the energy gap of the NC.13 We note,
however, that the contribution of in-gap surface states to the
DOS, which tend to reduce the apparent gap, cannot be ruled
out. Since the STS measurements were performed at room
temperature, the excited level structure is not well resolved in
the tunneling spectra. Nevertheless, some general ligand-
dependent spectral features, namely, supra band-edge peaks
with spacing in the range calculated25 for the addition energies,
appear to persist in all spectra acquired on the same type of

Figure 2. Size-dependent tunneling and PL spectra on dodecyl functionalized Si-NCs. (a) Three tunneling spectra measured on single isolated Si-
NCs of different sizes, as indicated in the figure. The blue spectrum was measured on the 3 nm diameter NC presented in Figure 1c, the green curve
was acquired on the NC shown in the right inset, and the red spectrum on the NC depicted by the left inset. (b) Three PL spectra measured on Si
NC ensembles of average sizes around 3, 5, and 8.5 nm. Both the STS gaps and the PL maxima blueshift with reduction of NC size due to quantum
confinement.

Figure 3. Energy gaps of dodecyl surface-terminated Si-NCs measured
by STS (black squares) and PL maxima (blue dots) as a function of
NC size. The vertical error bars represent the STS gap distribution and
PL peak width respectively, and the horizontal bars depict the NC size
distribution width. The PL and STS data points corresponding to the
four smallest NCs were slightly shifted horizontally with respect to one
another for clarity.
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ligand-capped NCs, although with different magnitudes, as also
seen in Figure 4 below.

The QC effect for dodecyl functionalized Si-NCs is clearly
manifested in Figure 3, where the STS-extracted gap values are
plotted along with the PL peak positions as a function of the Si
NC diameter. The STS gaps were determined as follows: for
each dI/dV−V spectrum, the positions of the first peaks (or
shoulders) at negative (valence band) and positive (conduction
band) sides of the spectrum are found; this is denoted as the

peak-to-peak gap. Next, the edge-to-edge gap is determined
from the corresponding I−V spectrum by noting the negative
and positive voltages for which the current becomes detectable.
The STS gap is then defined as the mean of the peak-to-peak
and the edge-to-edge gap values. The standard deviations
stemming from this calculation together with the distribution of
gap values for different (more than twenty 3 nm diameter NCs,
fourteen NCs of diameters in the range of 8−9 nms, and five to
eight NCs of each of the other sizes) NCs constitute the
vertical error bars for the STS gaps data (black squares). The
error bars corresponding to the PL peaks relate to the full width
at half-maximum (fwhm) of the PL spectra.
As shown by Figure 3, the energy gaps and PL maxima shift

to higher energy with decreasing NC size, consistent with the
QC effect. As expected, the STS gaps are larger than the PL
gaps for the smaller NCs. This arises from both, the
aforementioned voltage-division effect, and, more basically,
the optical gap incorporates the electron−hole Coulomb
interaction that reduces its energy with respect to the STS
measured gap.13,25 The observations that for the larger NCs the
PL peaks are positioned very close to, and even surpass the
STS-derived gaps, is quite surprising. One possible explanation
for the reduced apparent STS gaps is the emergence of in-gap
band-edge surface states, the relative effect of which should be
more significant for larger NCs, where the influence of QC is
smaller. Additionally, the PL intensity may be biased toward the
small NCs in a given distribution, skewing and shifting the peak
toward higher energy. The effect of QC was also observed for
TOPO-terminated Si-NCs, manifesting in both the tunneling
and PL spectra, as demonstrated by Figures 4a and Supporting
Information Figure S6, respectively. Finally, we note that the
agreement of the PL energies with the STS measured energy-
gaps suggests that our NCs are free of oxygen-related defect
states. Such gap-states are known to serve as radiative
recombination centers, thus yielding a pronounced PL redshift
with respect to the gap.20,22

We now turn the present discussion to the possible surface
doping effects induced by the surface-bonded ligands as
demonstrated in Figure 4. A fundamental outcome of doping
in bulk semiconductors is a shift of the Fermi level toward the
conduction band for n-type doping and, conversely, toward the
valence band for p-type doping. Remarkably, and quite
surprisingly (for reasons that will be discussed below), a shift
of the Fermi level toward the valence band, consistent with p-
type doping, is clearly identified in the dI/dV−V tunneling
spectra measured on Si-NCs with NH4Br- and allylamine-
derived surface capping, presented in Figure 4b,c, respectively.
This behavior is very robust and was found in all spectra
acquired on these types of NCs. For example, the two spectra
plotted in Figure 4b were acquired on the two different NCs
shown in the inset, both depicting asymmetry, where the
valence band-edge is closer to zero-bias compared to the
conduction-band edge. Note, the band gap determined from
the spectrum plotted in red is slightly smaller than that from
the spectrum plotted in green; this is consistent with the former
being measured on a somewhat larger NC. A similar shift was
also observed for NCs located within two-dimensional arrays,
as shown by the two tunneling spectra portrayed in Figure 4c,
which were acquired on two different NCs in the cluster shown
in the inset. We note in passing that the band-gaps measured
on NCs within arrays were somewhat smaller, by typically 80−
100 meV, compared to those found on isolated dots. However,
this proximity-induced redshift effect is far less pronounced

Figure 4. Effect of ligand-induced surface doping on Si-NCs. (a) Two
tunneling spectra measured on TOPO functionalized Si-NCs of two
sizes, one of 8 nm diameter (blue curve, right image) and the other 3.3
nm diameter (red curve, left image). (b) Same as (a), but for the two
NH4Br capped 3 nm NCs presented in the inset, as indicated by the
arrows. (c) Two tunneling spectra measured on two different NCs
within the cluster of allylamine functionalized NCs shown in the inset.
It appears reaction with allylamine and NH4Br induces p-type surface
doping. The band-gaps measured on NCs within the arrays are smaller
than those measured on isolated NCs.
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than that previously observed for InAs NCs,14 where the
corresponding band gap reductions, arising from the proximity
to neighboring NCs, were in the range of 300−350 meV. The
larger effect observed for InAs NCs may arise partly from the
much smaller electron effective mass in InAs (∼0.027m0)
compared to that in Si (0.33m0; “the density of states effective
mass”). A typical tunneling spectrum measured on an isolated
allylamine-capped Si-NC, 3 nm in diameter, is presented in
Supporting Information Figure S7 along with spectra obtained
from two 8 nm diameter counterparts. In addition to the
quantum confinement effect, the data show that the level-shift
(doping) effect holds also for the larger N-terminated NCs.
The above systematic p-type doping-like effect was not

observed for Si-NCs functionalized with dodecyl or TOPO
ligands. The spectra measured on 3 nm NCs presented in
Figures 2a and 4a show, if at all, an opposite asymmetry for the
smaller NCs, where the Fermi energy is slightly closer to the
conduction band-edge. Such an effective (small) n-type like
doping behavior was also found for 4 nm dodecyl-passivated
NCs (see Supporting Information Figure S8). Interestingly, it
appears from these last three figures that (at least for the
dodecyl and TOPO capped NCs) the band gap widening with
decreasing NC size takes place mainly via the blueshift of the
valence band-edge, consequently making them appear more n-
type like as their diameter reduces. Such a behavior is to be
expected from hydride surface-passivation (by residual H
atoms), akin to the well-documented corresponding effect of
valence-band receding and the concomitant induced n-type
character in amorphous Si−H alloys.26 This effect is enhanced
as the NC size reduces mainly due to the corresponding
increase in steric interactions, diminishing the relative surface
area covered by ligands that replace bonded hydride moieties.
Such a behavior of asymmetric QC effect was not observed in
previous STS measurements performed on colloidal II−VI and
III−V semiconductor NCs by us18 or other groups.15,17 It
should also be noted here that for the latter compound
semiconductor NCs the “conventional” TOP/TOPO ligands
are not expected to exhibit a large effect on the electronic
properties of the NCs because their surface bonding through
van der Waals interactions is comparatively weak, in contrast to
the covalent Si−C linkage in Si-NCs studied here.
The level shifts induced by NC surface functionalization,

described above, can be analyzed within the general framework
developed in studies of adsorbate-induced band-bending on the
surface of bulk semiconductors (and in particular Si).27 Of
course, this should be carried out with caution because the
concept of a space charge region, typically extending over tens
to hundreds of nanometers in bulk semiconductors, does not
directly apply for particles of diameters smaller than 10 nm.28

Nevertheless, it is reasonable that the two main factors affecting
the band-bending at bulk semiconductor surfaces, the
molecular dipole (and its direction with respect to the surface)
and the charge transfer between the molecule and the
semiconductor,9,27 are relevant also for the present system.
For NCs with NH4Br-derived surface chemistry, one would
intuitively expect n-type doping effects to arise from the
interaction between a Si-NC and nitrogen atoms or amine
groups. This intuition stems from many examples where
nitrogen serves as an n-type dopant for bulk Si and thin
films,29,30 while amine groups exhibit electron donor character-
istics.31 Our measurements show just the opposite behavior,
suggesting that a different bonding configuration, more
complex than simple Si−N bonding, is involved in our case.

A reasonable ligand-bonding configuration that explains the
observed “p-doping” effect can be proposed when considering
the protocol used to functionalize the NCs. A recent work19

shows that upon exposure to air or water a Si−O−N species
forms on the NC surface. These surface groups are usually
viewed as being electron withdrawing,31 thus giving rise to a p-
doped NC. In the case of NCs exposed to allylamine, an even
stronger p-type like doping effect can be expected, since in
addition to the above charge transfer associated with the Si−
O−N surface group, the molecule has a dipole moment
directed outward from the NC surface, which should give rise
to further upward shift of the Si-NC energy levels, akin to the
reminiscent band-bending effect in semiconductor surfaces.
Interestingly, the PL spectra measured on these N-terminated
Si-NCs differed significantly from the spectra obtained from
NCs functionalized with TOPO and dodecyl moieties. Most
significantly, the PL peaks were positioned at energies around
2.9−2.95 eV, nearly independent of NC size (see Figure 5), and

therefore cannot be associated with the band gap. The origin
and connection if at all exists between these anomalous PL
spectra and the above p-type doping effect are not yet clear to
us. We do note, however, that inconsistencies between optical
spectroscopy data and band gap values were reported and
discussed previously for various nanocrystalline Si systems.32−34

Our present work thus demonstrates that tunneling spectros-
copy is an essential tool for mapping the level structure of Si-
NCs and in particular for determining the band gap.
The apparent slight n-type doping effect observed for the

smallest (<4.1 nm) dodecyl functionalized Si-NCs is somewhat
surprising, since the Si−C bond is slightly polarized toward the
carbon atom (having higher electronegativity). However, the
hydrogen atoms near the Si−C bond may change this trend
(considering possible overlap between the Si orbitals and the
C−H bonds). In addition, the aforementioned effect of gap
widening due mainly to the blueshift of the valence band-edge
may also contribute to the n-type like behavior in particular for
the smaller NCs, as discussed above. The dipole moment of 1-
dodecene is rather weak (∼0.35 D) and is therefore not
expected to affect much the level structure.

Figure 5. Photoluminescence spectra measured on Si-NCs 3 and 8 nm
in diameter, functionalized with allylamine and 3 nm in diameter
functionalized with NH4Br. All spectra are anomalously shifted to the
blue with respect to what is expected from band gap transitions in the
corresponding NCs, and quantum confinement is not observed in
contrast to the STS data in Supporting Information Figure S7.
(Excitation λ = 325 nm).
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In summary, tunneling spectroscopy measurements on single
freestanding Si-NCs are reported here for the first time. The
tunneling spectra manifest the quantum confinement effect via
the increase of the single electron band gap with NC size
reduction, and the measured band-gaps did not depend much
on the surface functionalizing groups. A p-type doping-like
effect, manifested by a shift of the band-edge toward lower
energies, is found to take place upon surface functionalization
with allylamine and NH4Br, whereas a small opposite effect is
observed for the smallest dodecyl-capped NCs. These behaviors
may be attributed to the combined effects of the electrical
dipole of the ligands and charge transfer between them and the
NC. The QC effect manifested itself in the PL data only for
dodecyl- and TOPO-terminated NCs, whereas anomalous PL
spectra, which could not be accounted for by the NC level
structure, were observed for the two N-terminated Si-NCs that
exhibited p-type doping. STS is demonstrated here to be an
essential method for the determination of the electronic level
structure of Si-NCs. Control of the electrical properties with
NC size and surface functionalization is an important step in
the quest for implementing Si-NCs in optoelectronic and solar-
cell devices.
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