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ABSTRACT: We report on the synthesis of shape controlled
ZnS nanocrystals designed into nanodots, nanorods, and
nanowires retaining the same diameter and crystallographic
phase. We used UHV scanning tunneling microscopy and
spectroscopy to study rectification behavior from single
nanocrystals. The nanorod and nanowire show large tunneling
current at the negative bias in comparison to the positive bias
demonstrating current rectification, while the nanodot shows
symmetric current−voltage behavior. We proposed a tunneling
mechanism where direct tunneling is followed by resonant tunneling mechanism through ZnS nanocrystal at lower applied bias
voltages. Stimulation of field emission in Fowler−Nordheim tunneling regime at higher negative bias voltages enables the
rectification behavior from the ZnS nanorod or nanowire. Absence of rectification from the ZnS nanodot is associated with
spherical shape where the field emission becomes less significant. Realizing functional electronic component from such shape
dependent single ZnS nanocrystal may provide a means in realizing nanocrystal based miniaturized devices.

KEYWORDS: shape dependent ZnS nanocrystals, scanning tunneling microscopy and spectroscopy, resonant tunneling, field emission,
rectification

■ INTRODUCTION

Shape dependent electronic properties of semiconductor
nanocrystals are fundamentally important in establishing
novel properties and for incorporating them for device
fabrication.1−4 It is well established that the quantum
confinement effect is highly sensitive to the nanocrystal size
in comparison to its exciton Bohr radius.5,6 In addition, the
effect of nanocrystal shape is also pronounced due to variable
degrees of freedom for the charge carriers depending upon the
shape.7 A variety of novel aspects can be realized from the
shape controlled nanocrystals. For example, a crossover in the
valence levels upon changing the nanocrystal shape from zero-
dimensional (0D) quantum dots to one-dimensional (1D)
nanorods result in a change in the polarization properties of
emitted light8 or change in the shape modulates the degree of
electron-phonon confinement.7 Significant researches have
been in progress towards the realization of field emission
devices based on the size or shape controlled inorganic
semiconductor nanocrystals due to its versatile use in
commercial displays.9−11 Designing high quality field emitters
comprising the stability and low turn-on field for emission
current remains a significant challenge.12 1D nanocrystals often
show enhanced field emission properties associated with the
aspect ratio.13 The conventional field emission setup also makes
use of bulk electrodes (with tip electrode cross section area
varying from ∼mm2 to ∼μm2), which restricts the inherent
phenomena of field emission properties from single nano-
crystal.14 The crystallographic facets which are contributing to

the growth, crystalline quality and radius of curvature at the tips
of the nanocrystals play crucial role in field emitting
properties.15 Moreover, the nanostructures with high aspect
ratio or vertically aligned nanostructures with high packing
density are proven to be vital for improved field emission
properties.13 Even though vertically aligned structures enhance
the field emission properties, the minimum achievable radius at
the edge of the tips (few tens of nanometers) limits the
improved field emitting properties. Exploring newly designed
single nanocrystal preferentially in horizontal configuration for
field emission properties encompass multi-functionality along
this direction.
In this context, an advanced tool such as scanning tunneling

microscopy and spectroscopy (STM and STS) surpass the
limitations imposed by bulk electrodes by probing the
properties at the nanometer scale resolution.16 The combina-
tion of imaging and tunneling spectroscopy using STM reveals
single particle density of states from semiconductor nanocrystal
owing to the resonant tunneling of electrons through
discretized conduction and valence bands.17−19 The concept
of making the rectifier in STM depends on the formation of
asymmetric double barrier tunnel junction (DBTJ) and also on
the relative positions of valence band and conduction band of
the nanocrystal under characterization.20 Additionally, cross
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over from resonant tunneling to field emission in Fowler−
Nordhiem (FN) tunneling regime may account the excess
charge carrier tunneling at relatively higher applied vol-
tages.21,22 Thus, a proper choice of material, which enables
field emission perspectives in bulk counterpart, might be
advantageous in realizing single nanocrystal based rectifier.
Here, we report on the synthesis of shape controlled zinc
sulfide (ZnS) nanocrystals and shape dependent current
rectification behavior using the STM and STS technique. ZnS
is an important direct wide band gap (3.7 eV) semiconductor
with a wide variety of potential applications in optoelectronic
devices, sensors, and field emitting displays.23−27 The rectifying
behavior is observed from the tunneling spectra of ZnS
nanorod and nanowire showing higher current in the negative
bias compared to positive bias. In contrast, single ZnS nanodot
does not exhibit rectification behavior showing symmetric
current (I)−voltage (V) behavior at both the bias. We show
that the rectification is primarily occurred via tunneling through
the discrete energy levels of the nanorod or nanowire and field
emission in FN tunneling regime provide a means for the large
tunneling current at higher negative bias voltages. These
observations points out to the role of nanocrystal shape on the
rectification behavior from a single nanocrystal.

■ EXPERIMENTAL METHODS
Materials. 1-octylamine (OA, 90%), hexadecylamine (HDA, 90%),

trioctylphosphine (TOP, 90%), methanol, and chloroform are
purchased from Sigma-Aldrich. Shape controlled synthesis of ZnS
nanocrystals are performed by thermal decomposition of single
molecular precursor “zinc ethylxanthate” in mixed surfactants (TOP
and HDA for nanodots, OA and HDA for nanorods and nanowires).
Synthesis of zinc ethylxanthate is reported earlier.4,28 Control over
shapes retaining the same diameter of ZnS nanocrystals have been
achieved by varying the precursor concentration, capping ligands, and
annealing temperature.
Synthesis of ZnS Nanodots. ZnS nanodots of ∼3.5 nm in

diameter are synthesized in one step under nitrogen gas flow by adding
the zinc ethylxanthate (0.32 mM) into TOP (9 mM) at 75 °C. The
resulting solution was added in one shot injection to the mixture of
HDA and TOP (1:2 in molar ratio), which is maintained at 200 °C
and then annealed for 10 min. Finally, the reaction mixture was cooled
to 65 °C, where the excess surfactants are removed by adding
methanol and chloroform (3:1 volume ratio) and centrifuging at 3000
rpm for 5 min. We have repeated this purification step for five times to
remove the excess surfactants present in the sample. The residue was
collected, dried under vacuum and stored in powder form for further
characterization. Larger sized nanodots (∼9 ± 1 nm in diameter) have
been synthesized by increasing the zinc ethylxanthate concentration
(0.64 mM) and annealing time (60 min) while retaining all other
parameters same as that of smaller sized dots.
Synthesis of ZnS Nanorods. Synthesis of ZnS nanorods are

performed by adding zinc ethylxanthate (0.32 mM) into OA (12 mM)
at 75°C in one step under nitrogen gas flow. Yellowish color appears
immediately indicating the decomposition of zinc ethylxanthate. The
resulting solution was added in one shot injection to HDA (8 mM),
which is maintained at 200 °C and then annealed for 6 h at the same
temperature.
Synthesis of ZnS Nanowires. ZnS nanowires are synthesized by

increasing the concentration of zinc ethylxanthate (0.8 mM) and
decreasing the annealing temperature to 190 °C and annealing for 6 h
retaining all other parameters same as that of nanorods.
Characterization. Transmission electron microscopy (TEM) and

high resolution TEM (HRTEM) measurements were carried out using
a JEOL JEM-2010 microscope with an accelerating voltage of 200 kV.
The sample was prepared by drop casting the nanocrystals from
chloroform solution onto a lacey carbon coated copper electron
microscope grid prior to TEM measurements. X-ray diffraction (XRD)

patterns of all the samples were carried out using Bruker AXS: D8
advanced X-ray diffractometer with Cu Kα radiation (1.5418 Å). UV−
vis absorption spectra were recorded with a Shimadzu UV-2550
spectrometer. STM and STS measurements were performed in
ultrahigh vacuum (≤3 × 10−10 mbar) at room temperature (22 °C)
with VT-SPM machine from Omicron Nanotechnology. For STM and
STS measurements, the sample was prepared by drop casting the ZnS
nanocrystals from chloroform solution on top of highly oriented
pyrolytic graphite (HOPG) substrate. The I−V curves on isolated
single ZnS nanocrystal are measured by disabling the feedback
controls. Typically ∼50 I−V curves were averaged for each set-
parameter to improve the signal to noise ratio.

■ RESULTS AND DISCUSSION
The TEM images of as synthesized ZnS nanodots, nanorods,
and nanowires reveal that the smaller sized dots are of ∼3.5 ±
0.2 nm (Supporting Information, Figure S1), bigger sized dots
are of ∼9 ± 1 nm in diameter, nanorods are of ∼20 nm in
length and 3.5 ± 0.2 nm in diameter, and nanowires are of
∼50−60 nm in length and 3.5 ± 0.2 nm in diameter (Figure
1a−c). The aspect ratio, a parameter which defines length to

diameter ratio of nanostructures, of nanowires is three (∼3)
times longer than the nanorods. The corresponding HRTEM
images of different shaped nanocrystals (Figure 1d−f,
Supporting Information, Figure S1) reveal well resolved lattice
planes with an inter-planar distance of ∼0.31 ± 0.02 nm
consistent with the (002) d-spacing’s of bulk wurtzite ZnS
structure. The HRTEM images display high degree of
crystallinity for all three different shapes of ZnS nanocrystals
(Figure 1d−f). The observed lattice spacing’s calculated from
the statistical line profile analysis of HRTEM images
(Supporting Information, Figure S2) supports (002) planes
of bulk wurtzite ZnS. The HRTEM images of ZnS nanorods
and nanowires indicate that the [002] crystallographic axis is
parallel to the long axis of the nanorods and nanowires (Figure
1e and f). Note that the crystallographic phase of the nanodots,
nanorods, and nanowires are same. The structural confirma-
tions in wurtzite crystallographic phase of shape controlled ZnS
nanocrystals is further supported by powder XRD patterns for
nanodots, nanorods, and nanowires (Figure 2a). The highest
intensity peak observed for (002) planes for the nanorods and

Figure 1. TEM images showing the size uniformity of ZnS (a)
nanodot, (b) nanorod, and (c) nanowire. HRTEM image showing the
lattice planes of a single ZnS (d) nanodot, (e) nanorod, and (f)
nanowire corresponding to the (002) d-spacing’s of bulk wurtzite
crystallographic phase. The lattice spacing’s diameter and growth
directions are indicated in the figure.
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nanowires suggesting the [002] growth direction (Figure 2a).
Additional structural confirmations are provided by generating
the Fast Fourier Transformation (FFT) from HRTEM image
of an individual ZnS nanodot (Figure 2b), nanorod (Figure 2c),
and nanowire (Figure 2d) using DM3 analysis software from
JEOL. Comparison of FFT patterns of ZnS nanodot, nanorod,
and nanowire reveal that the intensity of (002) spot becomes
prominent as the shape changes from nanodots to nanowires
(Figure 2b−d). Notably, the nanodots show multiple spots
corresponding to different orientations of crystallographic
planes in FFT, which are suppressed to (002) spots in case
of nanorods and nanowires suggesting a specific growth
direction. Intense spots of the (002) set of planes supports
the growth direction along c-axis of wurtzite ZnS structure for
nanorods and nanowires (Figure 2c and d).29 Wurtzite ZnS is
intrinsically anisotropic having zinc cationic plane at one end
and sulfide anionic plane at the other side along c-axis. This
leads to facile formation of nanorods or nanowires in the c-
direction and induces essential chemical and electrostatic
anisotropy in the nanorods or nanowires.30 The band gap
values are extracted from the UV−vis absorption spectra of ZnS
nanodots (∼3.76 eV), nanorods (∼3.9 eV), and nanowires
(∼3.89 eV), which are larger than the bulk band gap of ZnS
(∼3.7 eV) suggesting the quantum confinement effect of charge
carriers (Supporting Information, Figure S3).5 There exists a
close match in the band gap of ZnS nanodots with its bulk
counterpart owing to its larger diameter (∼9 ± 1 nm). Notably,
the diameter of nanorod and nanowire is same (∼3.5 nm) and
the length of the nanowire is three (∼3) times longer than the
nanorod. The nearly same band gap values of ZnS nanorods
and nanowires, hence, suggest that the diameter is the major
confinement direction for these nanocrystals. Additionally, the
smaller band gap value of ZnS nanodots in comparison to that
of nanorods and nanowires indicating the lesser degree of
confinement of charge carriers within the nanodots (Support-
ing Information, Figure S3).
The key to a precise shape control depends on the proper

choice of surfactant ratios and reaction temperatures.31−33

Control over aspect ratios by maintaining the same diameter

(∼3.5 nm) for both nanorods and nanowires have been
achieved by varying the precursor concentration and annealing
temperatures. The spherical nanodots have been obtained by
using the TOP and HDA as capping ligands. We have used two
different ligands (i.e., OA and HDA) to tune the shape from
nanorods to nanowires, where OA was used as precursor
solvent and HDA served as the main stabilizer of nanorods or
nanowires. The use of amines as capping ligand has been shown
to play an important role in determining the nanocrystal shape
and growth.28,31−35 The rapid injection of the precursors in OA
results in the formation of a large number of ZnS seeds for
which OA acts as a weak ligand. The alkyl amines are Lewis
bases; the long alkyl chain length provides an increased electron
density at the nitrogen site, thus inducing metal coordination. It
is expected that due to its higher nucleophilic nature, HDA
would replace OA to bind to zinc ions at the surface of
nanorods or nanowires at an elevated temperature. Control
experiments using only HDA or OA also lead to the ZnS
wurtzite structures; however, the XRD peak intensities clearly
confirm that a mixture of HDA and OA ligands plays the key
role in tuning the size and shape of the ZnS nanorods or
nanowires (Supporting Information, Figure S4).
The as-synthesized ZnS nanodots, nanorods, or nanowires

are drop casted on HOPG substrate from chloroform solution
and STM/STS measurements were carried out in ultra-high
vacuum (<3 × 10−10 mbar) condition. The STM image of ZnS
nanodots, nanorods, and nanowires reveals relatively larger
dimensions with ∼10−12 nm in diameter for nanodots, ∼7 nm
diameter and ∼25 nm length of nanorods, and ∼7 nm diameter
and ∼50−60 nm length of nanowires in comparison to the
TEM images (Figure 3a−c). A finite radius of the STM tip may
contribute to the apparent enlargement of nanocrystal
dimensions.36,37 Comparison of height profiles of the nanodot
(∼2.5 nm, inset of Figure 3a), nanorod (∼4 nm, inset of Figure
3b), and nanowire (∼1 nm, inset of Figure 3c) reveal that the
magnitude of conductivity is lesser for nanowire in comparison
to nanorod in spite of same diameter. Recall that ZnS
nanowires are synthesized in mixed capping ligands (HDA
and OA), where the nanowires are stabilized by these capping
molecules. The adjacent nanowires within the dense assembly
(Figure 3c) are separated by a bi-layer of capping molecules.
These capping molecules are insulating in nature, which is
detrimental for the conduction or tunneling. Hence, tunneling
through the adjacent nanowires is unlikely because of the
presence of bi-layer ligands, which offers higher tunneling
resistance, rather tunneling through a single nanowire is
feasible. The tunneling electrons could relax through the
length of the nanowire, due to its increased degree of freedom
for charge carriers along the length, which may reduce the net
tunneling of electrons across the diameter resulting in the
under estimation of height profile of a ZnS nanowire.38 The
tunneling spectra for nanodots, nanorods, and nanowires are
taken with a fixed set-current and at different set-voltages. The
I−V curves measured on a single isolated ZnS nanodot at set-
current of 0.1 nA and at different set-voltages of 0.2, 0.4, and
0.8 V reveal symmetric behavior on either side of the zero-bias
voltage (Figure 3d). However, the I−V curves measured on
nanorods and nanowires reveal rectification features with low
tunneling current in the positive bias and a large tunneling
current in the negative bias (Figure 3e and f). The negative
current sharply increases at higher negative bias voltages, with
the electrons flowing from the substrate to tip. The asymmetry
in the I−V curves between positive and negative bias voltages

Figure 2. (a) Powder XRD patterns of ZnS nanodots (black curve),
nanorods (red curve), and nanowires (blue curve) showing the peaks
of Bragg’s reflections. The peak positions are in line with that of the
standard JCPDS power diffraction file #800007 (dark yellow vertical
bars). FFT pattern generated from a single ZnS (b) nanodot, (c)
nanorod, and (d) nanowire showing high intense spots (marked by
dotted circle) originating from (002) planes.
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gradually increases when the set-voltage decreased from 0.8 to
0.2 V at 0.1 nA set-current for both nanorod and nanowire
(Figure 3e and f). This feature is not observed for nanodot
(Figure 3d) indicating the absence of rectification behavior
from the dots. The observed features suggest that the
asymmetry in the voltage distribution in the vicinity of the
nanorod or nanowire increases as the STM tip approaches
closer to the nanorod or nanowire with the decrement of set-
voltage. Additionally, the magnitude of current is found to be
low for the nanowire in contrast to the nanorod at a fixed set-
voltage and set-current suggesting the possible relaxation of
tunneling electrons within the nanowire.38 We have carried out
the STM and STS measurements on ZnS nanodots of same
diameter (∼3.5 nm) as nanorod or nanowire as a control
experiment, (see experimental section for synthesis details and
Supporting Information, Figure S1), which exhibited insulating
behavior. The insulating behavior may be associated with the
increased band gap (∼3.92 eV) due to the increased
confinement for charge carriers in small sized nanocrystal
(Supporting Information, Figure S5). Further control experi-
ments on bare surface of HOPG substrate achieves the atomic
resolution indicating the purity of STM tip and the

corresponding STS measurements reveal symmetric I−V
characteristics (Supporting Information, Figure S6) confirming
that the rectification behavior is originating from the nanorod
or nanowire itself.
The dI/dV spectra of ZnS nanodot, nanorod, and nanowire

(Figure 3g−i) show peaks in the positive and negative bias on
either side of the zero conductance region, bearing the
signature of conduction and valence levels. The band gap is
obtained from the difference of first peak positions at positive
(H1) and negative (L1) bias in the dI/dV spectra reveals band
gaps of 3.32, 3.5, and 3.5 eV for nanodot, nanorod, and
nanowire, respectively. The band gaps measured from dI/dV
spectra are somewhat lower than the band gaps calculated for
nanodots, nanorods, and nanowires using UV−vis absorption
spectroscopy. The lower band gap values observed in STS
measurements may be assigned to the temperature effect as
observed earlier for temperature dependent transport measure-
ments on colloidal CdS rods.39 Additionally, two low intense
mid-gap peaks are observed just below the H1 and L1 in the
band gap region of the dI/dV spectra. Such mid-gap peaks may
be associated with the contribution of capping molecules
present at the surfaces of the nanocrystal or from the defect

Figure 3. STM images showing (a) ZnS nanodots, (b) nanorods, and (c) nanowires on HOPG substrate. The STM images were obtained by using
the set-voltage of 0.4 V and set-current of 0.1 nA. Inset of parts a−c: The line profiles showing the full width at half maximum corresponding to the
width of a nanodot (∼10−12 nm), nanorod (∼7 nm), and nanowire (∼7 nm). The I−V curves measured on a single isolated ZnS (d) nanodot, (e)
nanorod, and (f) nanowire at three different set-voltages 0.2 V (black curve), 0.4 V (red curve), and 0.8 V (blue curve) at a fixed set-current of 0.1
nA. The corresponding dI/dV curves of (g) nanodot, (h) nanorod, and (i) nanowire calculated from the I−V curves. H1 at positive bias and L1 at
negative bias denote the first valence and conduction level positions of ZnS nanocrystal, respectively.
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states present in the nanocrystals due to imperfect passivation
of the capping molecules.40−42 The energetic positions of the
H1 and L1 peaks in dI/dV spectra are observed to be
asymmetric with respect to the zero-bias. The minimum of
conduction band and maximum of valence band of bulk ZnS
are at −2.7 eV and −6.5 eV, respectively, relative to the vacuum
level (Supporting Information, Figure S7), which confirms that
the unoccupied conduction band minimum is closer to the
Fermi levels of both tip (EF‑Tip, −4.5 eV for W43) and substrate
(EF‑HOPG, −4.5 eV for HOPG44). Comparison of bulk band
positions of ZnS with H1 and L1 positions from STS of ZnS
nanodot/nanorod/nanowire indicates the contribution of
valence level at positive bias and conduction level at negative
bias. Within this framework, at negative bias, EF‑HOPG become
resonant with the discrete conduction levels of ZnS nanocrystal
facilitating resonant tunneling of electrons from substrate to
nanocrystal (Figure 3g−i). However, at positive bias, the
electrons participate in the resonant tunneling from tip to
substrate via discrete occupied levels of the nanocrystal
indicating resonance of EF‑HOPG with the valence levels of the
nanocrystal (Figure 3g−i).
The observed rectification behavior could be explained from

the asymmetric DBTJ formalism associated with the tip-
nanocrystal-substrate configuration. Placing ZnS nanocrystal
coated with capping ligand on HOPG substrate configures two
different junctions at the tip-to-nanocrystal (JTip‑nanocrystal) and
nanocrystal-to-HOPG (Jnanocrystal‑HOPG), respectively, forming
DBTJ configuration while measuring in STM (Supporting
information, Figure S8).20,45 The asymmetric nature in both I−
V and dI/dV curves around the zero bias voltage (Figure 3d−i)
suggest an asymmetrical voltage distribution across the two
junctions. The STM tip is expected to be in the closer
proximity of the nanocrystal during tunneling condition as the
STS measurements were performed at high set-currents and
low set-voltages. Hence, most of the applied bias voltage drops
at the Jnanocrystal‑HOPG junction and comparatively a lesser voltage
drop is expected at JTip‑nanocrystal junction. Under this situation,
the external bias voltage results in significant modification of
EF‑HOPG with respect to EF‑Tip and also the inherent electronic
levels of nanocrystal. Therefore, EF‑HOPG sweeps through
conduction and valence levels of the ZnS nanocrystal at
negative and positive bias respectively revealing the signature of
conduction and valence levels at negative and positive bias
respectively in the dI/dV spectra (Figure 3g−i). Moreover, H1
and L1 peaks in the dI/dV curves show a small shift to higher
bias voltages upon increasing the set-voltage from 0.2 to 0.8 V
(Figure 3g−i). In the DBTJ configuration, an increase in the
set-voltage by keeping the set-current constant moves the STM
tip away from the nanocrystal. This increases the resultant
voltage drop at JTip‑nanocrystal and simultaneously reduces the
voltage drop at Jnanocrystal‑HOPG. Such modification in the voltage
drops at both the junctions alters the respective tunneling rates
of the electrons/holes at the negative bias/positive bias.
Additionally, the change in the tunneling rates of the charge
carriers through the nanocrystal induces the charging effects
which alter the peak positions in the dI/dV spectra.46 The low
intensity of the tunnel current at positive bias for nanorod or
nanowire may be attributed to higher tunnel barrier associated
with the tunneling of electrons while tunneling through the
occupied valence levels of the nanorod or nanowire compared
to the unoccupied conduction levels.20,47 However, the above
described resonant tunneling mechanism under DBTJ config-
uration is inadequate to explain the shape dependency of the

rectification behavior and also the large asymmetry in the I−V
curves at positive and negative bias of nanorods or nanowires.
The combination of resonant tunneling and FN tunneling
mechanisms together provide a possible explanation for the
measured shape dependent electronic properties.
The resonant tunneling mechanism under DBTJ config-

uration may not be the sole contribution for the large
rectification behavior observed for ZnS nanorods or nanowires.
The large magnitude of tunneling current at negative bias,
which is an indicative of tunneling of large number of charge
carriers, could be associated with field emission from the
nanorod or nanowire by considering the field emissive
properties of ZnS.11,23 We have plotted FN curves at negative
bias in order to probe the field emission perspective for ZnS
nanodot, nanorod, and nanowire. The FN curves reveal a
logarithmic trend at low bias voltages indicating the direct
tunneling of electrons through the nanocrystal (regime I, Figure
4a). An abrupt change in the tunneling behavior is observed for

nanorod and nanowire after exceeding a critical voltage (Vtrans =
−0.65 V), revealing a crossover from the logarithmic to
apparent linear behavior with negative slopes (Figure 4a). The
FN plot of ZnS nanodot does not show such sharp rise rather a
gradual change in the slope has been evidenced (Figure 4a). A
close observation beyond Vtrans of FN curves reveals two
different slopes for nanorod and nanowire (labeled as regime II
and regime III in Figure 4b). In the contrary, the FN curve of
nanodot shows a continuous slope (Figure 4b). In particular,
regime II of FN curves for nanorod or nanowire energetically
fall into the resonant tunneling regime owing to the evolution
of L1 peak in the dI/dV spectra in the same energetic position
(Figure 3h and i). A sharp change in the tunneling behavior is
observed immediately beyond regime II, which is associated
with the FN tunneling of electrons through nanorod or
nanowire (regime III, Figure 4b). However, such sharp rise in
FN curve is not evidenced in case of nanodots suggesting the

Figure 4. (a) FN plot at negative bias for ZnS nanodot (black squares
and line), nanorod (red dots and line), and nanowire (blue up-
triangles and line). A transition from logarithmic behavior (regime I)
to apparent linear behavior is observed for nanorod and nanowire after
a transition point (Vtrans= −0.65 V, marked by black dotted line),
which indicates a crossover from direct tunneling (regime I) to
resonant and field emission regimes. The FN-plot of ZnS nanodot
does not show sharp transition (rounded by green dotted ellipse) in
the tunneling behavior. (b) Enlarged FN plot beyond the transition
point for higher negative bias showing transition to resonant (regime
II) and FN (regime III) tunneling regime for nanorod (red dots) and
nanowire (blue up-triangles). Enlarged FN plot of ZnS nanodot (black
squares) shows almost constant slope indicating the FN-tunneling
mechanism is less dominating though the nanodot.
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FN tunneling mechanism is less significant possibly because of
spherical shape of the ZnS nanocrystal. It clearly indicates that,
though the measurement conditions and set-parameters are
same for three different shapes of ZnS nanocrystals, the
nanocrystal shape is important for the observed rectification
behavior. It has been well known that the nanocrystal shape,
aspect ratio, crystalline quality, and radius of curvature at the tip
of the nanomaterials play significant role in field emitting
property of nanocrystals.9−11,15 Additionally, the nanostructures
with vertically aligned structures with large aspect ratio and
sharp edge at the tip believed to have improved field emission
properties.11 Our STS measurements and FN curves on
different shaped ZnS nanocrystals also suggest that the field
emission is dominating in 1D nanostructures and it is less
significant for symmetric spherical nanodots. Comparison of
FN curves plotted at negative and positive bias for ZnS
nanorod and nanowire shows that the magnitude of ln(I/V2),
which is sensitive to the magnitude of tunneling current,
beyond the logarithmic region of FN plot, is greater for
negative bias indicating the FN tunneling is dominating at the
negative bias (Supporting Information, Figure S9).
In DBTJ configuration, the width of JTip‑nanocrystal and

Jnanocrystal‑HOPG junctions defines the voltage drop across the
two junctions and height of the barrier is defined by the
capping molecules at both the junctions. Additionally, at finite
external bias voltages, majority of the voltage drops at
JTip‑nanocrystal and Jnanocrystal‑HOPG junctions due to the insulating
behavior of capping molecules.48,49 However, a fraction of
voltage should drop across the inorganic core of ZnS
nanocrystal due to its dielectric nature (dielectric constant, εr
∼ 9.5). Such voltage distribution leans the conduction and
valence levels of ZnS nanocrystal in a direction opposite to the
external electric field forming a trapezoidal barrier across the
ZnS nanocrystal with respect to the EF‑HOPG and EF‑Tip. At zero
bias, no net tunneling of electrons could occur through the ZnS
nanocrystal owing to the near equal energies of EF‑HOPG and
EF‑Tip (Figure 5a). At low negative bias voltage (<Vtrans), the
electrons participate in the direct tunneling through the sub-gap
region of ZnS nanocrystal resulting in a low degree of tunneling
current (regime I, Figure 4a). At higher negative bias voltage,
resonant tunneling of electrons takes place through the first few

conduction levels of ZnS nanocrystal revealing the evolution of
peak-like behavior in the dI/dV spectra (Figure 3g−i and
regime II in Figure 4b). Further increased bias voltage (≥1.6 V)
initiates the FN tunneling of electrons through the triangular
barrier formed by the leaned conduction levels enabling the
field emission from ZnS nanorod or nanowire (regime III in
Figure 4b and Figure 5b). On the other hand, at low positive
bias voltage, direct tunneling of electrons through sub-gap
region of ZnS nanocrystal results in the low degree of tunneling
current. At higher positive voltages, electrons participate in the
resonant tunneling from the tip to substrate through the
valence levels of ZnS nanocrystal. Further increase of positive
bias voltage cannot initiate the field emission through the ZnS
nanocrystal as the high resistance associated with the tunneling
of electrons while tunneling through filled states of the ZnS
nanocrystal (Figure 5c). Therefore, at positive bias a lesser
magnitude of tunneling current is observed in comparison to
the large tunneling current in negative bias enabling the
rectification effect from the ZnS nanorod or nanowire. Absence
of field emission from the ZnS nanodot may associate with
spherical nature of the dot. In general, the nanocrystals with
large aspect ratio have been proved to show improved field
emission properties due to its sharp morphology at the edge of
the tip. Also, the sharpness at the tip edge of a nanocrystal
believed has profound effect on the turn-on voltage for field
emission with low values for sharper nanocrystals. Additionally,
the increase in the length of a nanocrystal enhances the field
emission intensity with low turn on fields for sharper
nanocrystals. In contrary, the spherical shaped nanocrystals
are not favorable for field emission due to its reduced aspect
ratio or it needs high applied voltages to initiate the field
emission owing to its large diameter. The ZnS nanodot may
require more external voltages to initiate the FN tunneling
mechanism owing to its large size and radius of curvature in
comparison to that of nanorod or nanowire.
We have calculated the rectification ratio (RR) at different

set-voltages for a particular set-current for quantitative
comparison of rectification behavior of ZnS nanodots, nano-
rods, and nanowires. The RR is defined by the ratio of
magnitude of tunneling current measured at bias-voltage of
−2.5 V to the tunneling current measured at bias-voltage of
+2.5 V. The I−V measurements on ZnS nanodots suggest RR
near to one at all the bias voltages (Figure 6). The RR becomes

Figure 5. Schematic presentation of electron tunneling processes
through ZnS nanocrystal (a) at zero bias, (b) at negative bias, and (c)
at positive bias. At low negative bias, direct tunneling of the electrons
from HOPG to tip occurs through the sub-gap (Eg) region of ZnS
nanocrystal until the Fermi level of HOPG lines up with the first
conduction level of ZnS nanocrystal. At high negative bias, resonant
tunneling is favorable through the conduction levels of the nanocrystal.
A further increase in the voltage initiates FN tunneling phenomenon
through the triangular barrier (shaded region in the scheme b) formed
across the ZnS nanorod or nanowire resulting in large tunneling
current. At positive bias, the field emission is not favorable through the
valence channels as the large resistance offered to the electrons
through filled states of the ZnS nanocrystal.

Figure 6. Plot of rectification ratio (RR) of ZnS nanodot (black square
and line), nanorod (red dot and line), and nanowire (blue triangle and
line) for different set-voltages (0.2 V, 0.4 V, 0.6, 0.8, and 1.0 V)
measured at fixed set-current of 0.1 nA.
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pronounced with the decrement of set-voltage for a fixed set-
current for both nanorods and nanowires. The tip will be in
closer proximity of the nanorod or nanowire at low set-voltages
compared to the higher set-voltage for a fixed set-current, which
further increases the asymmetry in the voltage distribution at
JTip‑nanocrystal and Jnanocrystal‑HOPG junctions affecting the RR ratio
(Figure 6). Gradual increase of tip to nanorod/nanowire
distance by increasing the set voltage (0.2 V to 1 V) at a fixed
set current (0.1 nA) allows the symmetric voltage distribution
at JTip‑nanocrystal and Jnanocrystal‑HOPG leading to the reduced RR at
higher set-voltages (Figure 6). Our measurements reveal that
RR is the highest for ZnS nanorod followed by the nanowire.
The observation of high rectification ratio for nanorods may be
effect of larger conductivity in comparison to that of nanowires,
where the probable charge relaxation mechanism along the
length of the nanowire may hinders the RR.

■ CONCLUSIONS
In conclusion, we have demonstrated the shape dependent
synthesis of ZnS nanocrystals into nanodots, nanorods, and
nanowires. We demonstrate shape dependent current rectifica-
tion behavior from 1D ZnS nanocrystal using STM and STS
technique. We proposed a tunneling mechanism where direct
tunneling followed by resonant tunneling mechanism of
electrons is dominant through ZnS nanocrystal at low positive
and negative bias voltages. We further identified that field
emission of electrons in FN tunneling regime is dominated
through ZnS nanorod and nanowire at higher negative bias
voltages. Therefore, the performance of single nanorod or
nanowire based rectifier is dominated by the transition of
tunneling mechanism into FN tunneling at large input bias
voltages. Generally, the field emission property depends on the
radius of curvature and work function of the material. The
radius of curvature of our ZnS nanorod or nanowire is less than
2 nm at the surface, which is much less than the radius of
curvature of the conventional field emitting nanomaterials.
Understanding the tunneling mechanism for the origin of
rectification from a single nanorod or nanowire could provide a
means for realizing miniaturized device.
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