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ABSTRACT

The electronic structure of nanowires in contact with metallic electrodes of experimentally relevant sizes is calculated by incorporating the
electrostatic image potential into the atomistic single particle Schro  ““dinger equation. We show that the presence of an electrode produces
localized electron/hole states near the electrode. We found a strong nanowire size dependence of this localization effect. We calculate several
electrode/nanowire geometries, with varying contact depths and nanowire radii. We demonstrate the change in the band gap of up to 0.5 eV

in 3 nm diameter CdSe nanowires and calculate the magnitude of the applied electric field necessary to overcome the localization.

The properties of metal/nanostructure contacts, especially thethe small organic molecules studied before. Unlike in the
new phenomena unique to the nanostructures, are of greatnolecules, the phenomenon described here does not depend
importance to the future of nanoelectronics and are currentlyon the details of a contact structure on the atomic level
intensively studied. A variety of nanostructures is being (which often cannot be controlled experimentally). In addi-
fabricated, ranging from quantum dots to sophisticated tion, the dielectric screening of the rod itself plays an
structures such as tetrapods, nanoribbons;ét€ransport  important role in determining the image charge and one can
measurements in these nanostructures are often conductediso show how the contact evolves from the nanorod to a
by contacting a semiconductor nanostructure with large pulk interface. We show that the surface polarization potential
metallic electrodes deposited on top of the nanostruétite. s surprisingly large, particularly for small nanostructures,
Hitherto, theoretical interpretation of such experiments has \yhere it alters the familiar electronic structure and gives rise
often been based on transport and electronic structurets g nanocontact phenomenon: electrode-induced wave
calculations for isolated nanostructures, ignoring the influ- fynction localization. We show the trend of the localization,
ence of the electrodes. When the electrode is included ingecreasing with nanostructure size and vanishing when the
the calculation, its effects are often described by a short- gy siem becomes large, which explains why it has been
range correlation theory such as local density approximation oyerjgoked in the past. We assume that the metal electrode
(LDA).*2 However, the electrode introduces a long-range ayes a Schottky contact with semiconductor nanétd.
correlation effect (which in the static limit is the interactions quasi-1D geometry, the depletion region width depends
with metal surface image charges) well into the semiconduc- exponentially on dopin§ and is much longer than the

tor nanowire. These long-range correlations are abs_ent fromnanorod size for nondegenerate doping or undoped nanorod.
LDA and can qnly pe addressed by many-body theories Su,ChTherefore, there is very limited charge transfer between the
as the GW (in th|s acronym, G stands for t_he Grgens electrode and the rod, which therefore is ignored here. We
function and W is the screened Coulomb interaction). will start with the GW equation and derive a simplified

Recently the influence of the metallic surface on the - . : T .
4 Schralinger equation under a static approximation. This
electronic states of an absorbed benzene molecule has been

studied with the GW modéf where significant reduction simplified eqL_lation will then be solved using atomistic
of the band gap was found. Similar effects were also studied pseu@opotenna.ll method. . .
using a simple mod#for a single-molecule transistor, where A Single-particle wave function can be obtained from the
the possibility of a localized state due to the image potential GW guasiparticle equatioh
is demonstrated.

In this letter, we study the long-range correlation effects ' 31 EN ) (r) = Foa.
in the CdSe nanorod in contact with a metallic electrode. Hoyi() + [ ' S(nrE)yi() = Eyi(r) 1)

Nanorod contact exemplifies a different regime than that of ) o )
whereHg is a Hartree Hamiltonian, and the nonlocal potential

* Corresponding author. E-mail: dodemchenko@Ibl.gov. X (self-energy) within GW is approximated as
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where the first and second terms are the screened-
exchange&S* and the Coulomb-holE®H terms, respectively, -
fi is the Fermi-Dirac occupation for the statg;, and
W is the screened Coulomb potentidMr,r';w) =
Br'e (r,r" w)|Ir" — r'| (¢! is the inverse dielectric
function). In a nanocrystal, it can be shown that the self-
energy can be divided into the bulk and surface contributions
> = Zpuk + Zp, following the screened Coulomb potential
separatioV(r,r';w) = Woui(r,I';) + P(r,r'";o). As a result, Figuae 1£ Fiolaritzhation potgntialf(z) as $hfunction gf_ thezi) dded
i coordinate alon € nanoroda center axis. € Nnanoroa IS emopedae
the GW equation (eq 1) becomes into the electroge by a quarter of its length, nanorods of diameter
1.5, 3, 6, and 10 nm are used. Inset: Example of the modeled
Hﬁﬁvkwi(r) + f d3r'2p(r,r',6i)1/1i(r') = e,(1) A3) g:g(r:rgrec;cei(raiinndOtthzl)SseC;llael.w)orod used in the present work. (Electrode
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Here, HS\. is a bulk-like GW Hamiltonian in the nano-
structure and a free electron Hamiltonian in the surrounding
vacuum. Under a static approximation (dropping the
dependence i&q(r,I";0)) taking into accounEp = =3° +
=", one can prové that

surface®® It has also been shown that this approximation is
adequate in a bulk metal/semiconductor corta€hus, there
is a good reason to believe it is also sufficient in a
nanocontact, an intermediate case.

To find the electrostatic potentis¥(r',r) = ¢-(r), we solve
the Poisson equation for the structure shown in Figure 1

S EE ) = - 2P0y (@)
f d?’r’ZSH(r,r’)wj(r’) — P(r)l/Jj(l") (5) V[e(r)V¢,.(r)] = 4‘7Tpr’(r) (9)

whereP(r) is the surface polarization potential Here pr(r) is a unit test charge density of a narrow (0.15
nm) Gaussian distribution centered atand final resul®(r)

1. , , does not depend on it. The dielectric functign) is modeled
P(r) =5 Im [Whandr".r) = Wou(r".r)] (6) by following our study of dielectric response of a nanostruc-
ture 2?2 which equals:cqse= 10 at the center of the nanorod

HereWsandr' 1) is the screened electrostatic potential in the @nd approaches 1 near the surface of the rod. _
system (including electrode) ditcreated by a test charge at ~ 1h€ procedure for the calculations is the following: (i)
r, and Whai(r' ) is a corresponding potential in the bulk, COompute potentialV(r) from the semiempirical atomic
Therefore, the quasiparticle equation is reduced to psgudopotent|al§ for an isolated nanorod (including passi-
vating atoms); (ii) comput®(r) on a 3D mesh by solving
eq 9 for the same geometry of the nanorod, now including

GW o _
Hountpi(1) + (1 = 26)P)yi(r) = &yi(1) 7 a metallic electrode as a continuous medium with an
exceedingly large dielectric constant (no atomistic calculation
For a few thousand atom nanostructure, Hig: (which  of the electrode is necessary); (iii) as¢r) andP(r) for the

has a bulk-like short-rangEyu) can be represented by an nanorod and perform one shot non-self-consistent FSM
atomistic empirical pseudopotential, which is accurately fitted calculation (solve eq 8) for the eigenvalues and the wave
into the experimental bulk band structure. Therefore, finally functions around the band gap.
we obtain the following equation derived from the static  We calculated surface polarization potentiyf) for a
approximation of GW equation nanorod length of 23 nm, and the diameters of 1.5, 3, 6, and
10 nm. The diameter of the electrode was much larger than
1 _ _ that of the nanoroddiecy = 23 nm) in order to mimic a
{ v V@ 2fi)P(r)}1/;i(r) ey @) typical experimental setup. The SEPM calculations were
performed for CdSe nanorods in the wurtzite crystal structure,
where the potentiaV/ is the semiempirical pseudopotential length of 23 nm, and 3 nm diameter, with a total number of
(SEPM)® The eq 8 can be solved by using the folded atoms of 5434 for a series of contact depths.
spectrum method (FSM) for a few states near the band®ap.  Figure 1 shows the polarization functi®(z) as a function
The use of static approximation in the GW method has beenof the z-coordinate running along the nanorod central axis
shown to be adequate for a benzene molecule on the metafor nanorod diameters ranging from 1.5 to 10 nm, in the
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case of the nanorod embedded into the electrode by a quarter ()
of its length. For the 3 nm rod, we also computed the | cgm
weighted averagéP(2= [ |yi(xy)|?P(r) dxdy, where _— -
lpixy)I2 = J |yi(r)]? dz is either as a conduction band  |csmz e W vem: i3
minimum (CBM) or valence band maximum (VBM) wave

function. TheP(2)Uis a measure of the effective influence . vens SR S

of the P(r) on the relevant wave functions, and for the 3 nm ®)

—

rod, the central axi®(z) and the weighted averad®(2) cBMI . vnm*’ 2
are practically the same. N
The P(r) has contributions from both the electrode and "‘""?'? vera S

nanorod itself. While the electrode produces a large confining
o . cBM3 ."
potential in the embedded region, the nanorod produces a
nearly constant nonzefe(r) value arbitrarily far away from
the electrode due to interaction with image charges on the
surface of the nanorod itself. Thus, even in the absence ofFigure 2. Contour plots of the CBM and VBM wave functions
the electrodeP(r) of the free nanorod has a finite value, for the 3 nm diameter CdSe nanorod, for (a) the free-standing
L . . nanorod, (b) the nanorod with an electrode covering one-quarter
Wh'Ch increases as nanorod d'?meter decreases and '”f'“enc‘%ﬁ its length. The semitransparent rectangles indicate the position
its energy spectrum and charging properifeEhe P(r) peaks of the electrode.
across the interfaces where the dielectric funct@hin eq
9 changes rapidly, as for example in the vicinityzef> zqq4
in Figure 1. Outside of the nanorod, tH&(r) quickly
approaches zero. The electrode influence decreases with
increased nanorod diameter. At 10 nm diameter, a drop of
P(r) near the electrode is almost indiscernible. This indicates
that the localization effect that will be discussed below does
not exist in a macroscopic contact, which is why this has
been overlooked in large nanostructures (but observed in
single molecul€’$). Our study indicates that when the
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diameterd is smaller than 3 nm, the localization potential —6F ]
becomes appreciable. Note that single-molecule systems, as E B ]
those in refs 13 and 14, cannot be used to study this size =,[ =~~~ ]
dependence. This size dependence is also related to the fact [ o |1 (I] . ﬁ . )1 . ‘6

that our rod is partially embedded in the electrode, a common
experimental setup, which is not the case for the molecules
absorbed on the metal surface. For small nanorods, the effecFigure 3. Evolution of the electronic states for the 3 nm diameter

s surprisingly large, thé(r) provides a strong confining <2l TrT & 8 o e e hed ines indicate the
potential for electrons or holes (abou.t 0.5 eV for 1.5 nm band gap computed ignoring surface poiarization potential; (b) and
nanorod), and leads to an electrode-induced electron/hole(c) ocalization function (defined in the text) for the CBM and VBM

localization. The enhancement of the effect on the nanoscalestates, respectively.
is important. In a bulk metal/semiconductor contact, there
is also a “band gap reduction” potentfdlHowever, that

effect, which corresponds to a kink near the contact in Figure
1, is very weak and exists for all nanorod sizes in our case.

Nanorod/electrode overlap [nm]

familiar free electron-like picture and may resemble the case
of the Coulomb blockade.

Another important consequence of the electrode surface
i polarization potential is the change in the value of the band

Figure 2 shows the real space contour plots of the threegap_ Figure 3 shows the VBM and CBM states evolution as
wave functions adjacent to the band gap in the 3 nm CdSeg fynction of the overlap between the nanorod and the
quantum rod conduction and valence band. In Figure 23, gjectrode for the 3 nm diameter CdSe nanorod. In this case,
three wave functions are calculated for a free-standing CdSethe value of the band gap is reduced by approximately 0.5
nanorod, while for Figure 2b, the nanorod is embedded into gy (Figure 3a), from 2.78 to 2.26 eV, as the rod is embedded
the electrode by one-quarter of its length. In the latter case,into the electrode. In the absence of the electrode, the
both CBM and VBM wave functions are localized by the polarization potentiaP(r) of a free-standing nanorod induces
surface polarization potential induced by the electrode. While the band gap increase of 0.54 eV (from 2.24 to 2.78 eV) in
for CBM states, the wave functions are just shrunk in the comparison with the gap calculated by ignoring the surface
z-direction, the second and third VBM states show different polarization (dashed lines in Figure 3).
nodal structure in comparison with their free-rod counter-  To quantify the electrode-induced localization of the
parts, indicating strong state mixing and crossing. Becauseelectron and hole wave functions, we define a localization
of this localization, the transport properties of small nanorods functionL? = | |yi(r)|%(z — z)? dr, where the wave function
measured with attached electrodes will be different from a center of mass i = [ |yi(r)|?z dr. It shows how spread
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Figure 4. Weighted average of the polarization functi@®(z)C
for 3 nm diameter CdSe nanorod, half-covered by the electrode,
for several values of applied external electric field. The inset shows
the real space contour of the CBM3 wave function along with their
eigenvalues for the electric fields of 0, 1.3, and 210" V/m.

out the wave function is throughout the nanorod. This
localization is presented in parts b and c of Figure 3 for CBM
and VBM, respectively, as a function of the electrode/
nanorod overlap. The localization of the wave functions is
different from that of the free-standing nanorod already when

the nanorod and the electrode are 1 nm apart and becomes

significant when the electrode is in contact with the nanorod.

nm diameter) nanorods but becomes insignificant as nanorod
size grows (6 nm and up). The large polarization potential
P(r) induced by the electrode also lead to the narrowing of
the quasiparticle band gap by 0.5 eV in 3 nm CdSe nanorods.
The wave function localization effect might change the
electron transport picture in the nanorod (wire), e.g., from a
free carrier picture to Coulomb blockade picture. This is a
unique nanocontact phenomenon absent in its macroscopic
counterpart.

To experimentally confirm the effect of electrode-induced
localization, we propose a measurement using one of the
established wave function mapping techniques, such as
scanning tunneling microscopy (STM), along with conduc-
tivity measurements for a series of small nanorods<8.5
nm diameter) with varying contact depths.
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