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Large PbS protruded cubes, edge- and corner-truncated cubes and octahedra, and perfect
octahedra with sizes over 200 nm have been synthesized in aqueous solution. By using two surface
oxide-free tungsten probes to contact a clean particle, these PbS nanocrystals displayed facet-
dependent electrical conductivity behaviors. Both {110} and {100} faces are highly conductive at
applied voltages beyond 4 V, but the {111} faces can remain nonconductive even at 5 V. An
asymmetric I~V curve was recorded when electrical contacts were made simultaneously on the
{110} and {111} facets of a truncated cube. A modified band diagram of PbS is constructed to
account for the observed facet-dependent effect. Density of states plots for varying numbers of PbS
surface planes show larger areas of conduction band electron occupancy for the (110) and (100)
planes than that for the (111) planes at a layer thickness of 3.0-3.4 nm. The work represents that,

for the first time, the facet-dependent electrical properties of an n-type semiconductor nanocrystal
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are directly probed. Facet-dependent electrical conductivity should be a general semiconductor

property and can be exploited to fabricate single-nanocrystal operating electronic components.

Introduction

Synthesis of polyhedral semiconductor nanocrystals with sharp faces and a variety of particle
morphologies should be quite useful for the examination of their various facet-dependent properties.
(1) Previously, photocatalytic activity,(2-4) electrical conductivity,(5, 6) and even optical properties of
Cu,0 crystals have been shown to be strongly facet-dependent by using primarily cubes, octahedra,
and rhombic dodecahedra exposing, respectively, {100}, {111}, and {110} surfaces for such
investigations.(7-11) Facet-dependent optical properties of Cu,O nanocrystals were demonstrated by
taking UV—vis absorption spectra of Au—Cu.,O and Pd—Cu.O core—shell nanocrystals with different
particle shapes and tunable sizes. Using two surface oxide-free tungsten probes to make contacts to
a single Cu,O cube, octahedron, and rhombic dodecahedron, strongly facet-dependent electrical
conductivity behaviors of Cu,O were revealed. A Cu.O octahedron is highly electrically conductive,
while a cube is not conductive below an applied voltage of 3 V. On the other hand, a rhombic
dodecahedron is completely nonconductive even at 5 V. An asymmetric -V curve resembling that
seen for a p—n junction was obtained with tungsten probes contacting two different facets of a Cu,O
crystal. This effect is explained in terms of the presence of a thin surface layer with different band
structures and degrees of band bending for different surface facets of a crystal and thus is applicable
to other semiconductors.(6) It is highly interesting to examine possible facet-dependent electrical
conductivity properties of other semiconductor materials. PbS nanocrystals with various polyhedral
morphologies and sizes of less than 100 nm can be synthesized using a number of synthetic
approaches.(12-18) However, growth of sufficiently large PbS crystals with sizes over 200 nm is
necessary for electrical conductivity measurements on a single particle, because the tungsten probe
tips cannot be fabricated so consistently sharp for precise facet contact. Previously, we have
developed a one-pot synthesis method to grow PbS nanocubes and octahedra in aqueous solution.
(18, 19) By changing the reagent introduction sequence, large truncated PbS octahedra with sizes
over 200 nm have been obtained.(19) Facet-dependent dispersions of PbS nanocrystals in
negatively charged methyl orange and positively charged methylene blue solutions have been
observed.(19)
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In the present study, we have modified the reaction conditions to directly grow large PbS edge- and
corner-truncated cubes, face-protruded cubes, octahedra, and edge- and corner-truncated
octahedra with sizes above 200 nm. The particles possess sharp faces well suited for facet-
dependent electrical conductivity measurements. -V curves for the three low-index facets have
been recorded, showing again a large facet-dependent effect. An asymmetric -V curve was
obtained when the probes contact simultaneously a conductive face and a nonconductive face on a
single PbS crystal. DOS calculations on different layers of PbS planes have been performed. DOS
plots show conduction band area differences for the (100), (110), and (111) planes at thicknesses of
3.0-3.4 nm from the surface, which roughly match with their electrical conductivity responses. This
example further demonstrates that facet-dependent electrical response is a general property for

semiconductor nanocrystals.

Experimental Section

Synthesis of Large PbS Nanocrystals

Face-raised or protruded PbS cubes and edge- and corner-truncated cubes were synthesized
following a similar procedure. First, 0.01 g of cetyltrimethylammonium bromide (CTAB, 98%, Alfa
Aesar) was added to a 25 mL vial, followed by the addition of 6.3 mL of deionized water, 0.5 mL of
1.0 M nitric acid solution (HNO,, 65%, Fluka), 3.0 mL of thioacetamide solution (TAA, 99%, Sigma-
Aldrich), and 0.2 mL of lead acetate solution (Pb(CH,COOQ),, 99%, Alfa Aesar). The total solution
volume is 10 mL. The vial was placed in an oven heated to 90 °C for 3 h in the production of face-
raised cubes. By extending the reaction time to 12 h, exclusive edge- and corner-truncated cubes
were obtained. The product was cooled to room temperature using a cold water bath, followed by
centrifugation at 5000 rpm for 7 min. After careful removal of the top transparent solution, leaving the
dark precipitate behind, 10 mL of deionized water was added, and the solution was centrifuged
again at 5000 rpm for 7 min. The same washing procedure was repeated two more times to fully
remove CTAB.

PbS octahedra and edge- and corner-truncated octahedra were synthesized using a similar reaction
condition. First, 0.01 g of CTAB was added to a 25 mL vial, followed by the introduction of 0.05 mL
of 0.1 M lead acetate solution and 0.05 mL of 1.0 M nitric acid solution. To prepare PbS octahedra,
0.2 mL of 0.1 M TAA solution and 9.7 mL of deionized water were added. To make edge- and
corner-truncated octahedra, 1.5 mL of 0.1 M TAA solution and 8.4 mL of deionized water were

introduced. Total solution volume is 10 mL in both cases. After 2 h of reaction at 90 °C in an oven,



the product was cooled to room temperature using a cold water bath, followed by centrifugation at

5000 rpm for 7 min. The same particle washing procedure as above was used.
Instrumentation and DOS Calculations

SEM images of the samples were obtained using a JEOL JSM-7000F electron microscope. TEM
characterization was performed on a JEOL JEM-2100 electron microscope with an operating voltage
of 200 kV. XRD patterns were recorded on a Shimadzu XRD-6000 diffractometer with Cu Ka
radiation. A Keithley 2400 source meter was used for electrical measurements. Hall effect
measurements were carried out on an Ecopia HMS-3000 instrument. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using a ULVAC-PHI Quantera SXM high-resolution XPS
spectrometer. Data were recorded with a monochromatized Al anode as the excitation source. The
C 1s peak was used as the reference peak.

The model of PbS is constructed by combining a 5 x 5 x 5 supercell of the PbS structure and
selecting the specific facet to slice. Geometry optimization caluclations were performed by density
function theory (DFT) to establish structures of different facets of PbS with different thicknesses.
First-principles calculations were based on DFT(20) with the Perdew—Burke—Ernzerhof generalized
gradient approximation (PBE-GGA)(21) with a k-point mesh as 7 x 7 x 1 and 0.1 eV broadening
value. Fly pseudopotentials with no dipole correction were used. The plane-wave basis set cutoff is
500 eV. The Cambridge Serial Total Energy Package (CASTEP) was used to calculate the density
of states (DOS) of PbS facet structures.

Results and Discussion

In this study, PbS nanocrystals were synthesized in an aqueous solution containing lead acetate,
thioacetamide, CTAB surfactant, and nitric acid. TAA serves as the sulfide source. The following
reactions should occur to form PbS particles.

Ph"™ + CH,C(S)NH, + H,0 — PhS + CH,C(OQINH. + EH*“)S:' + 2H" — H35(2)
Because PbS is formed by a precipitation reaction, addition of nitric acid can lower the equilibrium
constant for eq 1 toward the forward reaction forming PbS precipitate. PbS may be formed more
slowly to yield nanocrystals with shape control. Such a strategy has been adopted for the growth of

Ag.O crystals with systematic shape evolution.(22-25) Figure 1 shows SEM and TEM

characterization of the synthesized PbS nanocrystals. PbS face-raised cubes and edge- and corner-
truncated cubes were synthesized by adding a lesser amount of lead acetate, a larger amount of

TAA, and 10 times more nitric acid than those used in the formation of PbS octahedra and truncated
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octahedra. These reaction conditions were formulated recognizing that relative Pb#and

S# concentrations and control of particle growth rate can tune the particle shape. The particles are
highly uniform in shape and mostly 200—300 nm in size for cubes and 300—400 nm for octahedra.
TEM analysis confirmed that the protruded faces are the {100} faces. The edge- and corner-
truncated cubes and octahedra possess {100}, {111}, and {110} faces. Octahedra are bound by
entirely {111} faces. The split diffraction spots seen in the selected-area electron diffraction (SAED)
pattern of an edge- and corner-truncated octahedron are likely due to the shape effect relating to its
special morphology, since there is no second phase present, as evidenced by XRD analysis

(see Figure S1). Because of their preferential orientation of deposition on the substrate, XRD spectra
for PbS octahedra and edge- and corner-truncated cubes give predominantly (111) and (200) peaks,
respectively. For the other particle shapes, the nanocrystals may be more randomly oriented such
that other reflection peaks are also observed. The (111) peak remains strongest for the truncated

octahedra and protruded cubes. The clean nanocrystals were subsequently used for electrical

Figure 1. SEM images, TEM images, and SAED patterns of the synthesized PbS: (a) protruded cubes, (b)
edge- and corner-truncated cubes, (c) octahedra, and (d) edge- and corner-truncated octahedra. All scale

bars are equal to 100 nm.

XPS data on the washed PbS octahedra and edge- and corner-truncated cubes indicate that the
nanocrystals are surfactant-free after the washing procedure (see Figure S2). Previously, XPS
spectra were also used to confirm the complete removal of surfactant after the washing steps in the
synthesis of Pd nanocrystals.(26) A drop of surfactant-free PbS particle solution was added to a
clean Si (111) wafer previously annealed in an air atmosphere at 900 °C for 48 h to form a 500 nm
thick silicon oxide film. The oxide layer serves as an insulator to prevent current leakage through the
underlying substrate. Once the substrate was loaded into an SEM microscope equipped with a
nanomanipulator, two tungsten probes fabricated electrochemically were brought into contact with
their tips. A sweep voltage from 0 to 5 V with a current limit of 1 pA was applied to remove surface
oxide by Joule heating. Initially, the -V curves for the contacted probes showed a retarded behavior
due to a native oxide layer on the probe surface. The sweeping voltage was applied until a linear -

V curve was achieved, signifying removal of surface oxide, and the resistance was ~20 Q. After that,
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the probes were moved to contact a single particle for conductivity measurements (see Figure S3).
Several measurements were made until the probes become loose due to small shock from the
current. Current is normally highest for the first couple of measurements.

Figure 2 shows SEM images of two tungsten probes touching the {110} edges of a PbS truncated
cube (tip-to-tip distance of 327 nm), {100} faces of a protruded cube (tip-to-tip distance of 300 nm),
{111} faces of an octahedron (tip-to-tip distance of 300 nm), and the measured /~V curves. The
particle sizes are similar in terms of probe tip separation. At high voltages, the {110} facets can give
appreciably higher currents than the {100} facets. At 5 V, the current passing through the {110} faces
reaches 4000 nA, while for the {100} case, it is about 3500 nA. In contrast, the {111} facets are
almost nonconductive and the current can only reach to 80 nA at 5 V. The currents across the {110}
and {100} facets are 50 and 43.8 times higher than that for the {111} facets, respectively. Clear
facet-dependent electrical conductivity behaviors have been observed in PbS nanocrystals. Figure
S4 provides additional -V curves with tungsten probes contacting the same particles shown

in Figure 2. Here, electrical conductivity for the {100} and {110} facets appear similar. Please note
that, even for the most conductive {110} facets, current does not rise as quickly as that seen for the
conductive {111} facets of Cu,O. There is an obvious lag in rising current with applied voltage, which
is characteristic of semiconductor -V response. Interestingly, the least conductive PbS facet is the
{111} face, while this face is most conductive in Cu,O. Thus, the relative facet conductivity trend is
different for different materials. Again, please note that the recorded -V curves are not exactly

symmetrical because the probe contact areas are different due to tip size variation.

=
!

Figure 2. (a) SEM images of an edge- and corner-truncated PbS cube with tungsten probes contacting its
{110} faces. (b) SEM image of a protruded PbS cube with tungsten probes contacting its {100} faces. (c)
SEM image of a PbS octahedron with tungsten probes contacting its {111} faces. Schematic illustrations are

provided for the three cases. (d) The measured /-V curves. Inset shows the expanded /-Vcurves.

Since different particles such as truncated cubes and octahedra with different sizes but exposing the
same facets have been synthesized, more conductivity measurements have been performed to

evaluate the effects of particle size on the magnitude of current generated. Figure S5 offers -~
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Vcurves with tungsten probes making contacts to the {110} faces of a truncated PbS cube and a
truncated octahedron. The smaller octahedron (300 nm) is obviously more conductive with the
current reaching 5500 nA at 5 V than the bigger cube (327 nm) having a maximum current of 4000
nA at 5 V. It is reasonable that smaller particles should generally deliver higher currents because of
shorter carrier transport distances. However, when the opposite {100} faces of a face-raised PbS
cube (300 nm) and an edge- and corner-truncated cube (240 nm) were contacted for electrical
measurements, the 240 nm cube shows similar current as that of the 300 nm cube (Figure S6).
Presumably, the size effect is less important as particles get smaller. The same comparison was
performed on the {111} facets. Here, tungsten probes contacted opposite, but not parallel, {111}
faces of a PbS octahedron in one case with a probe tip-to-tip distance of 300 nm. In another case,
opposite and parallel {111} faces of an octahedron were contacted on another particle with a tip-to-
tip distance of 240 nm (Eigure S7). Here, the 300 nm octahedron showed better conductivity with
current reaching ~75 nA at 5 V. The 240 nm octahedron is essentially nonconductive with a current
of only 9 nA at 5 V. A typical opposite {111} face contact gives the lowest current. The data suggest
that locations of electrical contact may be important. Comparing the highest {110} current to the
lowest {111} current recorded, the difference can reach beyond 610 times, showing its potential as
single-particle electronic switches.

The facet-dependent electrical conductivity properties of PbS can be understood by presenting its
modified band diagram. Before constructing the band diagram, Hall effect measurements on a film of
smaller PbS nanocubes synthesized using our previously reported procedure were conducted to
determine the type of current carrier.(19) The PbS nanocubes were found to be n-type
semiconductors with a negative value for bulk carrier concentration (data not shown). Please note
that contact failure resulting in unsuccessful measurements can easily happen even after washing of
the particles to completely remove surfactant before depositing a 2—3 pm thick film, suggesting that
multiple interparticle contacts can lead to loss of conductivity. Figure 3 is the modified band diagram
of PbS in contact with tungsten metal. The valence and conduction bands are drawn to bend down
at the interface because W has a relatively small work function at 4.55 eV and the particles were
measured to be n-type semiconductors.(27-29) The degrees of interfacial band bending are drawn to
reflect the observed electrical conductivity differences for the three facets of PbS (i.e., {110} = {100}
> {111}). The {111} band edge is drawn most deviated from the bulk energy levels, showing that the
{111} face has the highest barrier for electrons to move pass through this surface from tungsten. The
degrees of {110} and {100} band bending are closer, but the {110} facet presents less bending and a

lower barrier height.
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Figure 3. Modified band diagram of PbS with consideration of relative band edge energies of different crystal
surfaces. In the diagram, gX is semiconductor electron affinity, q®. is semiconductor work function, g®., is
metal work function, q®s, is energy barrier of the W and PbS contact, E. is conduction band energy, E. is
valence band energy, and E; is Fermi level. Valence band energies for the various surfaces are shown to the

left of the blue facet line, while conduction band energies are marked to the right side of the line.

Previous studies on sub-10 nm PbS quantum dots have shown that their electronic properties can
be altered from pristine semiconducting behavior to metallic behavior by modifying the particle
surfaces with capping ligands.(30-33) This surface modification can cause Pb/S stoichiometric
tuning and the formation of midgap surface states, thereby improving the electrical conductivity of
the particles. We believe such surface compositional variation is most effective for quantum dots
with a large surface-to-volume ratio. In the present study, XPS spectra indicate that the CTAB
surfactant has been cleanly removed from the surfaces of the synthesized PbS cubes and octahedra
after the washing process. Furthermore, positions of the Pb 4f peaks at 137.0 and 141.9 eV and S
2p peaks at 160.4 and 161.6 eV for octahedra and edge- and corner-truncated cubes are identical,
showing that their surface chemical bonding states are the same. Since no capping agent was
intentionally introduced, the surface chemical environment should be the same for the {100}, {111},
and {110} faces of the PbS nanocrystals. There is no experimental evidence to suggest the
presence of any surface stoichiometric alteration and the formation of midgap states in these
crystals. The observed large electrical conductivity differences should be explained in terms of facet
effects.

It is also interesting to obtain -V curves with probes contacting simultaneously a conductive facet
and a nonconductive facet of a single PbS particle. Figure 4 shows an SEM image of tungsten
probes touching the {111} and {110} facets of an edge- and corner-truncated PbS cube. An
asymmetric -V curve was generated. An I~V response similar to that for a p—n junction is possible
using a single PbS nanocrystal, if the voltage sweeping range is from -2.5 to +5 V. Here, the
positive voltage portion corresponds to the forward bias domain in the -V curve of a p—n junction,
where electrical current flows into the crystal through the {110} face and exiting the crystal from the
{111} face. In the negative voltage portion corresponding to the reverse bias domain in the /-Vcurve

of a p—n junction, current flows into the crystal through the {111} face and exits from the {110} face. It
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is unclear why fairly high current was still recorded at -5 V, but better and exclusive {111} face
contact should extend the zero-current portion to more negative voltages. Figure 5gives another
modified band diagram of a PbS crystal specific for this electrical contact case. If current flows into
the crystal through the {110} face, it sees a lower barrier, and electrons move easily into the crystal
under sufficiently high applied voltages. Current exiting the crystal meets the {111} face with a much
higher barrier, but electron accumulation in the conduction band should raise their energy level for
facile current flow over the {111} barrier. On the other hand, when current flows to the {111} face, it
sees a much greater barrier, so a lower current was recorded. Once electrons move past the barrier
into the crystal, exiting from the {110} faces is not a problem. However, that the fact current flowing
into the crystal is more difficult means that ultimately this direction of current flow leads to low
conductivity. Thus, a rectifying effect has been created with the potential to function as a field-effect
transistor. Similar to that found in Cu,O crystals, a PbS single particle can also function as an
operating electronic component turning current on or off by simply changing the applied voltage or

current flow direction through a crystal.

Figure 4. SEM image showing two tungsten probes making contacts to the {111} and {110} facets of an edge-
and corner-truncated PbS cube and the measured /-V curve. Inset shows the expanded /-V curves.

Schematic drawing of the contacted facets is also provided.

Figure 5. Modified band diagram of a PbS crystal with its {111} and {110} facets in contact with tungsten
probes. This figure highlights the relative heights of energy barriers encountered when electrical current
flows from the {111} side or the {110} side of the crystal into the crystal interior. The energy barrier is much

smaller when current flows into the crystal from the {110} face.

The existence of facet-dependent electrical, photocatalytic, and optical properties can be explained
in terms of the presence of a thin surface layer on a semiconductor crystal with different degrees of
band bending and band structures for different facets.(1) DOS calculations have been performed to

generate DOS plots for the three facets with varying numbers of lattice planes counting from the
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surface. Figures S8-S10 provide the DOS plots. Unlike the DOS plots for Cu,O, the initially

continuous energy levels open up several gaps below the Fermi level as the number of plane
increases. Since conducting electrons should have energies above this level (the 0 eV line), we have
focused on features in the positive eV region to explain the observed conductivity differences. We
determined that a layer thickness of 3.0-3.4 nm is a reasonable thickness to compare the DOS plots
for these surface planes. Figure 6 shows the DOS plots for the (100) planes with a 5-layer thickness
(3.0 nm), (110) planes with an 8-layer thickness (3.4 nm), and (111) planes with a 10-layer thickness
(3.4 nm). A tiny gap above the Fermi level seems to be present for all three facets in this thickness
range. When comparing the area of electron density of states above the Fermi level within this
chosen layer thickness, the (100), (110), and (111) planes yield values of approximately 712, 582,
and 516 in electron occupancy for the conduction band. The data show that different facets around
the same thickness (3 nm) should originally have different amounts of electrons in the conduction
band. Significant larger values for the (100) and (110) planes may mean more electrons occupying
the high energy levels (conduction levels) at these facets, which is related to their better electrical
conductivity. In this respect, the DOS results roughly match the experimentally observed conductivity
trend. The results also indicate that the surface layer responsible for the facet-dependent effects in
PbS is much thicker at 3 nm than that for Cu,O at ~1 nm or less.
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Figure 6. Density of states plots for the (a, b) (100), (c, d) (110), and (e, f) (111) planes of PbS consisting of
5, 8, and 10 layers of these planes. Models for three layers of lattice planes are shown. The conduction band
of (100) planes is from 1 to 5 eV, the conduction band of (110) planes is from 1 to 11 eV, and the conduction
band of (111) planes is from 1 to 15 eV.

Conclusion

Large PbS protruded cubes, octahedra, truncated cubes, and truncated octahedra with sizes above
200 nm have been synthesized directly in aqueous solution. The clean particles were found to

exhibit facet-dependent electrical conductivity behaviors. The {110} and {100} faces are highly
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conductive beyond 4 V, while the {111} facets can remain nonconductive even at 5 V. An
asymmetric -V curve was recorded when electrical circuit was made through the {110} and {111}
facets of a single particle. DOS plots show that the (110) and (100) surface planes may
accommodate more conducting electrons than the (111) surface planes. The thin surface layer
responsible for the facet-dependent electrical behaviors may have a thickness of ~3 nm. This work
demonstrates that both p-type (for Cu.O) and n-type semiconductors possess facet-dependent
electrical conductivity properties for integration of single nanocrystals in functional electronic

devices.
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