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The electron transport properties of the cubic quantum dot, (PbS)3,, are investigated. The stabil-
ity of the quantum dot has been established by recent scanning tunneling microscope experiments
[B. Kiran, A. K. Kandalam, R. Rallabandi, P. Koirala, X. Li, X. Tang, Y. Wang, H. Fairbrother,
G. Gantefoer, and K. Bowen, J. Chem. Phys. 136(2), 024317 (2012)]. In spite of the noticeable en-
ergy band gap (~2 eV), a relatively high tunneling current for (PbS)s, is predicted affirming the
observed bright images for (PbS)s3,. The calculated I-V characteristics of (PbS)s, are predicted to be
substrate-dependent; (PbS)3, on the Au (001) exhibits the molecular diode-like behavior and the un-
usual negative differential resistance effect, though this is not the case with (PbS)s; on the Au (110).
Appearance of the conduction channels associated with the hybridized states of quantum dot and sub-
strate together with their asymmetric distribution at the Fermi level seem to determine the tunneling
characteristics of the system. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4849136]

. INTRODUCTION

The lead-chalcogenide semiconducting quantum dots
(QDs) have recently attracted a wide attention due to their
stronger quantum-confinement effects than in II-VI and
I11-V based QDs.! Among the lead-chalcogenides, lead sul-
fide (PbS) QDs have been of a special interest due to their
potential applications in IR photo-detection, photovoltaics,
and solar cells.>”'?> Recently, the possibility of a single PbS
nanowire (NW) based FET device has also been explored both
in experiments and theoretical studies.'>!* In a very recent
experimental study, band-gap controlled PbS nanocrystals of
various sizes were synthesized to study the effect of band-
gap energy on the photovoltaic performance.'> This study has
shown that an optimal band-gap of 1.2 eV maximizes the pho-
tovoltaic device performance.

While polymer-conjugated, core-shell, and colloidal PbS
QDs in the size-ranges of 2—10 nm have been the subject of
many studies, focus on bare and ultra-small (<1 nm) PbS
QDs has been rather scarce.'®!® As to our knowledge there
are no studies on the electron transport properties of ultra-
small PbS QDs. In this paper, we focus on the smallest cubic
QD of PbS, namely, (PbS)3;, whose structure and stability was
established recently.' Since the structure of (PbS)s, bears a
resemblance to that of the bulk crystal, it has been termed
as “baby crystal.” The pattern of aggregation when (PbS)s;
deposited on a substrate was also confirmed by the images
obtained by scanning tunneling microscope (STM).!” In this
paper, we now look into examining the electron transport
properties of the cubic quantum dot, (PbS)s;, deposited on the
Au substrate. We give details of the computational method in
Sec. II. Results are discussed in Sec. III, and summary is given
in Sec. IV.
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Il. COMPUTATIONAL METHOD

Spin-unpolarized electronic structure calculations are
carried out using the density functional theory (DFT) method
as implemented in the Vienna ab initio simulation pack-
age (VASP).?% The exchange and correlation effects are de-
scribed using the PW91 functional form to DFT.2! We use the
Bardeen, Tersoff, and Hamann (BTH) formalism?? of elec-
tron tunneling to calculate the tunneling current in a STM-like
setup where the gold electrode is weakly coupled to the cubic
quantum dot, (PbS)3,.%

In the low-bias limit, the electron tunneling current be-
tween two electrodes can be calculated at finite temperature

as follows:22
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where ps and p, are the projected densities of states (DOSs)
of the sample — (PbS)3;, and the tip cap, respectively, d is the
distance of the tip from (PbS)s,, € is the injection energy of
the tunneling electron, e is the electronic charge, m is the ef-
fective mass of the electron, # is the Planck constant, ¢, is
the average work function of (PbS);3, and the tip, and fis the
Fermi distribution function. At low-bias regime, the effec-
tive mass of the electron (m) and the average work function
are assumed to be constant. To match the respective electro-
chemical potentials at zero bias, the Fermi energy of (PbS)3;
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FIG. 1. Total DOS (top panel) and atomically projected DOS (middle and
bottom panels) for (PbS)3,.

on gold and the probe tip is aligned and is taken to be the
reference energy in Eq. (1).

lll. RESULTS AND DISCUSSION

Density of states of the quantum dot, (PbS)s,, obtained at
the PW91-DFT level of theory is shown in Figure 1 for which
we use a Gaussian broadening factor of 0.2 eV. Here, the up-
per valence band is composed of the Pb-s and Pb-p states with
the S-p states. The peak at about 8 eV below the Fermi en-
ergy is associated with the Pb-s states. The S-s states appear at
about 12 eV below the Fermi energy whereas the Pb-d states
are located at about 17 eV below the Fermi energy of the sys-
tem. The calculated band gap is about ~2.0 eV. The nature of
the chemical bond in (PbS)3, appears to be partially ionic as
suggested by the Bader charge analysis>* indicating a charge
transfer of about 0.9 e from Pb to S.

The electron transport properties are calculated using the
STM-like setup,?> where (PbS)s3, is deposited on either Au
(001) or Au (110) substrate (Figs. 2 and 3). This choice then
allows us to examine the role of substrate in determining the
tunneling characteristics of (PbS)3;,. The supercell is chosen
in such a way that ensures the least mismatch of the lattice
of (PbS)3, with that of the Au (001) or (110) substrates (see
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FIG. 2. A schematic illustration of the STM-like setup for (PbS)3, deposited
on the Au substrate.
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FIG. 3. The side and top views: (a) and (b) (PbS)32/Au(001), (c) and (d)
(PbS)32/Au(110).

Figs. 3(b) and 3(d)). A four-layer slab with 32 atoms per layer
is used to simulate the Au (001) substrate (Fig. 3(a)), while a
five-layer slab with 24 atoms per layer is used to simulate the
Au (110) substrate (Fig. 3(c)). The xy dimensions of the su-
percell are 16.7 x 16.7 A% and 16.7 x 17.7 A? for (PbS)3,/Au
(001) and (PbS)3,/Au (110), respectively. In addition, a vac-
uum of 15 A is added along the z-direction. Such a large
supercell is expected to eliminate the interactions among
neighboring images in the simulation model. The equilibrium
distance between the lower facet of (PbS)3, and the Au sub-
strate is calculated to be 2.8 A, which was obtained by calcu-
lating the total energy of the combined system while varying
the distance (see Fig. S1 in the supplementary material).?>

In the setup used for a typical STM experiment (Fig. 2),
the probe tip is separated from the quantum dot by a vacuum
barrier of 5 A. The cap configuration of the tip is modeled by
a 13-atom Au cluster. The work function of (PbS)3; is defined
as the energy difference between the vacuum-level potential
(calculated from the planar average of the electrostatic poten-
tial in the unit cell) and the Fermi energy level of its surface,
and is calculated to be ~4.8 eV.

For the tip, DOS is broadened using Gaussian broadening
scheme of width 0.2 eV to take into account the broadening
due to its semi-infinite nature, considering that the life time
broadening of the electrons of a cluster deposited on a surface
is found to be of the order of or greater than 0.2 eV.%° Note that
the Auj; cluster is an odd-electron cluster for which we per-
formed the spin-unpolarized electronic structure calculations.
The current-voltage characteristics obtained by spin-polarized
electronic structure calculations are qualitatively similar to
those obtained by spin-unpolarized electronic structure cal-
culations (see Figure S2 in the supplementary material).?

The calculated tunneling characteristics of (PbS)s, are
plotted in Fig. 4 for the bias range of —0.5 V to 0.5 V.
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FIG. 4. The current-voltage characteristics of (a) (PbS)32/Au (001) and (b) (PbS)32/Au (110).

Application of the external bias increases current signifi-
cantly which is consistent with the observed bright image
for (PbS)3, in the STM experiments.!® Most interestingly,
the tunneling characteristics are found to be dependent on
the nature of the gold substrate. For (PbS)3;/Au (001), there
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exists an asymmetric response for the positive and negative
values of the external bias as reflected in Fig. 4. This is the
renowned molecular diode effect having the ratio of the cur-
rents, I(at +0.5 V)/I(at —0.5 V) to be about 6. The predicted
behavior brings the promise of application of (PbS);; as a
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FIG. 5. Atomically projected density of states of (PbS)32/Au (001) (on the left) and (PbS)32/Au (110) (on the right).
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molecular switch.2”-28 On the other hand, the molecular diode
effect is less significant for (PbS);,/Au(110) for which I(at
+0.5 V)/I(at —0.5 V) is calculated to be about 0.4.

In order to further understand the effects of the Au sub-
strate on the tunneling characteristics, DOS of (PbS);,/Au
(001) and (PbS)3,/Au (110) are plotted in Figure 5. Consider-
ing that the electron tunneling occurs from the tip to (PbS)s;
under a forward bias, the electrons tunnel from the occupied
states of the tip to the unoccupied states of (PbS)3,. Under the
reverse bias, the electron tunneling occurs from the occupied
states of (PbS)3; to the unoccupied states of the tip. Figure S3
in the supplementary material®> shows DOS of the cap of the
tip simulated by a Au;3 cluster. Since the tunneling current is
directly related to the convolution of the DOS of the tip and
the (PbS)3, (Eq. (1)), appearance of a finite DOS at the Fermi
level is likely to be the cause of the increase in tunneling cur-
rent with the increase in applied bias. Note that (PbS)s, has
a band gap of about ~2.0 eV. Analysis of the atomically pro-
jected DOS reveals these additional states at Fermi to be as-
sociated with the Au substrate and (PbS)s3,. Nonetheless, due
to the differences in the atomic packing of these low-index
Au surfaces, the Au (001) surface is better matched with the
PbS (001) facet. This leads to a higher degree of hybridiza-
tion between the Au (001) substrate and (PbS)3, for which a
broad peak appears from —0.3 eV to 0.7 eV (Fig. 5). The peak
has a maximum at about 0.2 eV and drops to almost zero at
—0.3 eV, while decreases more slowly towards 0.7 eV. The
pronounced diminishing of the peak in the region below
Fermi leads to the decrease in the magnitude of tunneling
current when the applied bias is less than —0.3 V. In con-
trast, PDOSs of (PbS)3;;/Au (110) does not show such fea-
tures yielding continuously increment in tunneling current as
one increases the voltage in both positive and negative bias
regime.

The location of the hybridized states associated with the
interface between (PbS)s3, and the Au substrate is further con-
firmed in Figure 6 which shows the enrichment of electrons

FIG. 6. Difference charge density plot of (PbS)32/Au (001). Blue and red
represent regions of enhanced and depleted electron density, respectively.
Atomic symbols: Pb in gray, S in yellow, and Au in golden yellow. The charge
density contours are 1/8th (0.004 e/A3) of the maximum value.
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FIG. 7. Differential conductance curve for (PbS)3>/Au (001) and (PbS)3/Au
(110).

near Au (001) (blue globes) while the deficit of electrons
(red globes) near (PbS)3;. Furthermore, the band-decomposed
charge density plots within the energy range of 0.2 eV near
the Fermi level (see Figs. S4 and S5 in the supplementary
material)®>> show that these states are essentially composed of
the Au states and sp states of Pb and S at the interface. The
states below the Fermi energy can be attributed more to the S
atoms, while the states above the Fermi energy have a larger
contribution from one interface Pb atom sitting on top of an
Au atom. This is in line with the observation that in the pris-
tine (PbS)3, baby crystal, the top of valence band is primar-
ily composed of S states, while the bottom of the conduction
band is composed of Pb states. Furthermore, these states (re-
flected in the projected density of states of (PbS)3;, on Au) are
not symmetrically distributed around Fermi level, which ex-
plains why the tunneling current is also asymmetric and has a
diode-like behavior for (PbS)3,/Au (001).

The distinct states in DOS of a given system can lead
to the negative differential resistance (NDR) effect in the
STM-like setup. Such an effect is clearly demonstrated for
(PbS)3,/Au (001) in the differential conductance characteris-
tics (Fig. 7), which has a negative value for the bias voltage
ranging from —0.3 V to —0.5 V. In this regime, there is a mis-
match of the DOS of tip and sample leading to suppression in
tunneling at certain bias. It could be followed by the bias volt-
age for which tunneling is strongly favored. This substrate-
dependent feature for (PbS)3;; could be useful in the photo-
voltaic applications.

IV. SUMMARY

We have demonstrated that the smallest stable cubic
quantum dot of the PbS family, (PbS);, yields a high tun-
neling current when supported on the Au substrate. Unusual
quantum transport properties including the molecular diode-
like characteristics and the NDR effect are predicted for
PbS)3,/Au (001). Owing to the hybridization of states associ-
ated with (PbS)3, and the Au substrate at the interface, finite
density of states appears near the Fermi level of the semi-
conducting system. These hybridized states are the primary



244307-5 Gupta et al.

conducting channels for (PbS)3, supported on Au. Asymmet-
ric distribution of these states due to the polarity of the ma-
terial (Pb vs. S) results in the diode-like behavior, while the
discrete feature of these electronic states leads to the NDR
effect. Therefore, despite the intrinsic gap in bare quantum
dot, manipulation of the supporting substrate provides a use-
ful way to tailor the electronic and transport properties of the
(PbS)35.
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