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We report the electronic structure of free standing and gtikthed passivated CdSe nanorods. The goal is to assebatiges

at nanolevel after formation of contacts with gold clusteesving as electrodes and compare the results with expeténe
observations [Steinest al., Phys. Rev. Lett., 2005,95, 056805]. It is interesting to note that upon attaching guidsters,
the nanorods shorter than ﬁ?develop metallicity by means of metal induced gap statek5®). Longer nanorods exhibit a
nanoscale Schottky barrier emerging at the center. Foethasorods, interfacial region closest to the gold eleesahows a
finite density of states in the gap due to MIGS, which graguddicreases towards the center of the nanorod opening upea fini
gap. Our theoretical results agree qualitatively with expental results of Steinet al. This study attempts to identify minimum
length of a one-dimensional nanostructure to be used inearrehic device. An analysis of density of states and chdegsity
brings out the role of hybridization of semiconductor statéth metal states. Bader charge analysis indicates imrhlitharge
transfer from metal to semiconductor.

1 Introduction cage architecture has been shown to play a significant role in
exhibiting single electron tunneling effects in empty cside
Group II-VI semiconductors possess an ionic characterhvhic while a series of periodic negative differential conductan
leads to larger band gaps and highly coordinated structres features are seen in the hybrid structdfesTrudeauet al.
bulk. This property differentiates them from other compsun have studied charge transport in single CdTe nanocrystal~
semiconductors in terms of size and structure dependenf contact with Pd electrodes and have reported importaii
aspects at nanoscale. CdSe, being the most popular amongsiplications of interface reactivity on electrical propies
them due to the reproducibility of its optical absorption for integration of nanocrystals in conventional fabrioati
and emission properties, has potential applications ssch aechniques®.
biosensors, displayg and quantum dot lasetsUnique polar
axis of hexagonal wurtzite geometry leads to one dimensiona The Space_charge region in bulk M-S interfaces extends
structures like nanorods which support a high density ofypto few nanometers. It is therefore fascinating to study
excitons and offer the pOSS|b|I|ty of enhanced transport Ofnanostructures Wthh phys|ca”y are even |eSS than fev_’
dissociated charge carriers. Shape-controlled synttiesis nanometers. The electronic properties of nanoscale cour -
CdSe nanorods has been reported in last détdd€urrent  terpart of bulk M-S interfaces are yet to be understood
synthesis techniques also allow for the diversity of gesimet completely. From the technological point of view, under-
structures such as nanowires, nanobelts, nanotubes arghnding the properties of such nanocontacts is a major stei
nanorods. in the route towards the implementation of semiconductor
nanocrystals (as well as molecules) in nanoelectroniccdevi
Metal-semiconductor (M-S) interfaces and nanostructuregyrchitectures. With the aim of finding answers to the specific
systems are also gathering interest among the science coisyes pertaining to nanoelectronic device architectures
munity’~** due to their potential applications in developing | andmanet al. studied the M-S nanojunction problem
electronic and optoelectronic devices. Recently, Belemst theoretically'®. They showed induction of subgap states near
et al. have investigated and compared |-V characteristics ofhe Sj-Al interface, decaying in Si nanowire and developmen
CueS quantum dot core encapsulated by metallic Ru cage-likf relatively large Schottky barriers in comparison to bulk
shell with individual components in a scanning tunneling pemechenko and Wang calculated electronic structure or
spectroscopy study. The geometry of multiply connected cdSe nanowires, in contact with metallic electrodes of ey
perimentally relevant sizes, by incorporating the elestatic
aDepartment of Physics and Center for Modeling and Simulation, Uni-

versity of Pune, Ganeshkhind, Pune 411007, India. E-mail: an- 'ma%e potential in atomistic single partlclg Scd.mger equa- A
jali@physics.unipune.ac.in tion-°. They demonstrated strong nanowire-size-dependencs
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of localized electron-hole states induced by the electrode  known as “dangling or unpassivated orbitals”. These olbita
are localized and act as efficient traps for charge carri&ts.

In a scanning tunneling spectroscopy study of gold-tippechano-scale, materials become very sensitive to the surfac=
CdSe nanorods (nanodumbbell), Steieeal. observed a gap properties due to high surface to volume ratio. Hence, sarfa
similar to that in bare CdSe nanorods near the nanodumbbefiassivation is essential for such semiconductor nanastruc
center, while subgap structure is found near the M-S nanocortures. This removes the localized surface states from tho
tact’. They attributed this behaviour to the formation of band gap. It is experimentally evident that for the I-VI
subgap interface states that vanished rapidly towards thgroup heteropolar semiconductor nanostructures like CdSe
center of the rod, consistent with theoretical predictignen  trioctylphosphine oxide (TOPO) or trioctylphosphine (TOP
by Landmaret al.1. The tunneling spectra can be correlatedare the right choice as passivating agents due to their aptin.
with the theoretical calculation of density of states (DOS) bonding to the nanostructure surf&e°> The complex and
Theoretical predictions regarding range for decay of metalarge atomic structures of these passivating agents atly cos
induced subgap states is about 1 nm according to Vostokofor computational calulations. Hence, one needs to explore
and Shashkit’18 while Landmaret al. have shown in there simpler computational methods for surface passivatiomr@h
calculations, that these states extend upto 0.3°nmto the  are various techniques developed for such calculations ans
semiconductor. Experiments indicate that the subgapsstateeach one has its own advantages and disadvarf&igsFor
exist even up to 5 nm from the interfaceThe experimental our calculations we use the technique developed by Huany
estimates are dictated by spatial resolution and the fadt th et al.2°, where fictitious hydrogen atoms, H*, are chosen to
locality of tunneling spectra holds up to approximately thecomplete the co-ordination of the surface atoms. The pseu-
exciton-Bohr radius of material(~ 5.6 nm for CdS&9). dopotentials for these pseudo-atoms with appropriatecauncl
Present work is motivated by the experimental work of Steine and valence charge, are generated using the Troullierihart
etal. prescriptiort®. The authors suggest that CdSe dots with a

wurtzite structure open a maximum band gap when H* atoms

In present work, we study passivated CdSe nanorods o#ith valence electron charge Z = 1.5 are used to bond with Cu
various lengths in order to see the effect of length vanetio  atoms (cations) and Z = 0.5 to bond with Se atoms (anions),
charge density profile of the rods. We also study their dgnsit thus maintaining the charge neutrality of the whole system.
of states profile upon formation of nanocontacts with gold
clusters. We found that our results are qualitatively simio To understand the structural stability, lattice-dynarhice
those of Landmaet al.'®> and Steineet al.”. calculations (resulting in phonon DOS) are performed withi
the framework of self-consistent density functional peyau
tion theory. Force constant matrices thus obtained are use”
to generate vibrational frequencies of the system. In cler
analyse the bonding between gold cluster and CdSe nanoroa.,
Our calculations are based on density functional theory, imBader charge analysis method is used based on the algorith~
plemented through Vienna Ab-initio Simulations Pack¥ge developed by Henkelmaai al.31-3
and are performed employing plane augmented &hawéth
exchange-correlation energy functional as given by Perdew
Burke and Ernzerhdf. The valence electronic configurations 3 Results and Discussions
for Cd, Se and Au atoms ares®8d1°, 4s?4p* and &'5d°
respectively. The cut-off energy used in plane wave expansi
is 274.34 eV. The self-consistent convergence of energstis s
to 107> eV. The calculations are performed only at a singleCdSe nanorods are generated by relaxing a fragment (viz
k-point, namely the center of the Brillouin zone. OccupationCdsSe;) of bulk wurtzite structure of CdSe crystal b0 1 4
numbers are treated according to the Fermi-Dirac schemdirection, into its global minimum. This fragment has plana
with a broadening of 0.001 eV. A sufficiently large unit cell structure and can be considered as the basic building block ¢
is chosen for the free standing CdSe nanorods so that thibe longer nanorods (G8&,). In this cluster, Cd atoms form
minimum distance from the cluster boundary to unit cell an equilateral triangle of side 3.Z2and Cd-Se bond length
boundary was R in each direction. This vacuum region is is 2.51A. Further, C¢Se; nanorod is constructed by stacking
even larger (Tﬁ\) for gold attached CdSe nanorods. these six atom rings in chair conformation (See Figure Y)-a(i

This is the smallest nanorod under consideration. The atomis

Surface atoms, due to lower co-ordination number, havén this geometry relax in such a manner that intraplanar €d-C

incomplete bonding resulting in electronically activetsta  bond lengths are optimized to 2.0 and Cd-Se interplanar

2 Computational details

3.1 Cluster derived CdSe nanorods

2| Journal Name, 2010, [vol] 1-8 This journal is © The Royal Society of Chemistry [year]
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(a) (b) Table 1 Comparison between the results for unpassivated (Bare) ana
passivated (+H*) nanorods.
S -a7 S -99
g L b g o k Length (A) Band gap BE per
g | D (|4 ., Ea—— Structures (eV) pair (eV)
0 20 :eo";(:‘ (i? 100120 }‘Q 0 20 ::n:::‘ (:;g 100120
Cg*f); Bare +H* Bare +H* Bare +H*
o< CdsSe 4.34 464 202 317 -474 -9.97
e :},f . CdoSeo 865 9.04 198 299 -4.89 -10.0:
® & 3 g CdiySes 1291 1350 2.03 294 -4.94 -10.1C
(ﬁ(bﬂ;s cfdoa {j@ op o‘p o;’ { CdgSes 25.76 2660 199 271 -5.02 -10.27
o4 0 p-q P CdigSesg 3855 3943 195 252 -5.04 -10.15
(i) (i) (iii) () (i) CduSey 7696 77.78 188 242 -5.07 -10.1c
Cdi10S610 11585 116.66 1.87 2.35 -5.08 -10.1/

Fig. 1(color online) Geometries of (a) bare and (b) passivated
nanorods of various sizes (i) g8e; (4.34A, 4.64A), (i) Cd10Selo
(8.65A, 9.04A) and (jii) CdagSeyg (38.55A, 39.43A). Numbers in and unpassivated CdSe nanorods of different lengths. BE pe*
brackets indicate the lengths of the corresponding bare and CdSe pair for passivated structures indicates the same trer:
passivated nanorods respectively. Cd, Se and H* atoms are indicatexs that of unpassivated structures (See inset of Fig. 1(bY,
in magenta, green and pink respectively. The colour schemeis  put is lower for passivated structures with low aspect ratio
maintained thrOUghOUt this article. Insets show the variation of BE Thus pass“/auon takes care of the surface effects pnﬁva'e
per CdSe pair against lengths of the nanorods. Note the difference iy structures of lower aspect ratios. Passivation moves the
the BE per CdSe pair scale graxis in (a) and (b). surface states present in the gap region either below ttie hig
est occupied molecular orbitals (HOMO) or above the lowest
unoccupied molecular orbitals (LUMO) of the passivated
bond lengths become 2.88 The length of this nanorod is  stryctures retaining the intrinsic nature of correspogdiates
found to be 4.34A. The average width of the nanorod is in ynpassivated and passivated rods. This is evident frem ti:
4.8 A. The longer nanorods are then constructed by stackingycgl density of states (LDOS) of these structures. Henee, v!
CdsSe; units in a perpendicular direction through sharing of coyid safely conclude that surface passivation is esséntia
a CaSe unit (See Figure 1). This perpendicular stacking iscase of such CdSe one dimensional structures. Inspection ©*

found to be energetically more stable. Thus, we are dealingand gap values of passivated nanorods shows a significant
with the structures where all the atoms reside on the surfaceycrease by upto 1.1 eV for the smallest length of nanorod.

Binding energy (BE) (defined as the difference between totalrhys, surface passivation removes the localized surfatesst
energies of nanorods and the constituent atoms) indicate thfrom the gap region and these results contradict “selfihgl
structure is stable. As shown by the graph in the inset of Figreported by Puzdeet al.3# in their study of CdSe clusters
1(a), BE per CdSe pair reduces initially with the length & th i, the form of wurtzite cages of different diameters. In thei
nanorod and then saturates (See also Table 1). As the lengffbrk , Puzderet al. observe that the surface relaxation in

increases the aspect ratio increases and BE per CdSe p@gise nanostructures act in similar manner to that of pasti-
saturates. vated nanostructures of CdSe by opening the gap subshantial

For paSSivated CdSe nanorOdS the wurtzite Symmetry F|gures Z(a) and (b) show the part|a| Charge densr[y p|01‘r
is maintained (See Figure 1(b)), but Cd-Se bond length igor HOMO and LUMO of passivated CdSe nanorods respec
now elongated upto 2.7& and lengths increase slightly tively. The partial charge density distribution of HOMO is
(maximum upto~ 0.9 A) with respect to the unpassivated predominantly localized on Se atoms which comes from the
nanorods. Cd atoms bond with H* atoms with bond lengthp, orbitals (which lie along the length of the rod) of the atoms
1.84 A while Se-H* bond length is 1.6 The structural  while that of LUMO is on both Cd and Se atoms arising from
stability of these nanorods is also confirmed using vibretio s orbitals of both Cd and Se throughout the nanorod. This
frequency analysis. Absence of imaginary frequenciesesta js also reflected in the site projected DOS (See Figure 2j.
lishes that the geometries of these nanorods are localifesta For short nanorods,<(15 A), p, orbitals of Se atoms at the

edges also contribute to HOMO. The range of partial charge

Table 1 gives the results of the calculations for passivatediensity arising from HOMO saturates at 8dor longer rods.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-8 |3



Physical Chemistry Chemical Physics

Page 4 of 8

1)
e
af

(i)

(b)
e
¥ oS
B P QS
e 895
0] o Bo
%s? (=] o
Do P
88 w
£

[

PEHI

& o

0000 g 0B 00004604840

,nvevovuvawvuv

(vi)

i

o %o’

b

(vii)

bobhohdod by by

A

gt
L2080 0 a-2e

Fig. 2 Partial charge densities of the nanorods showing states
HOMO in (a) and LUMO in (b). Note the presencepbtates in
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Fig. 3 Site projected DOS of Au atom in gold cluster (Ayand Cd
and Se atoms in free standing passivated nanorodsS@d Note
the dominant presence pfstates of Se in HOMO ansland p states
of Cd as well as Se in LUMO.

In case of LUMO, as the length of the nanorods increases.
the contribution to the partial charge density from Cd atoms
goes on decreasing. The span of LUMO saturates over the
length of 30A. The passivating agents show the contribution
from s orbitals in the LUMO of the nanorods. Bader charge
analysis shows that the bonding between Cd and Se atoms :»
the nanorods has a partial ionic character with Cd trarisfgrr

an average charge of 066n Se.

3.2 Gold tipped CdSe nanorods

Global minimum geometry of A4 cluster is found to be
suitable to attach at the ends of the nanorods. In this ¢luste
gold atoms are arranged in three distinct planes. The bar:
clusters are attached to relaxed nanorods. These compound
structures are then optimized fully forming a dumbbelklik
structure (nanodumbbell). We observe that the nanorods are
unaffected due to the end passivation by gold electrodes,
except at the M-S nanojunctions, where CdSe bond length
elongates to increase the area of the quadrilateral fornged b
two CdSe pairs. Geometry of gold cluster however changez
significantly (See Figures 4(ii) and (iii)). We can observe
a slight buckling in three planes of the cluster towards M-S
interface. Both Cd and Se atoms at the ends of the nanorocs
are doubly bonded to the Au atoms at the junctions, wher¢
Au-Cd and Au-Se average bond lengths are 2474nd

HOMO on Se atoms while as well asp-states in LUMO on Cdand ~ 2- 85A respectively.

Se atoms.

LDOS calculated for every plane of the gold tipped

4| Journal Name, 2010, [vol] 1-8
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nanorods (See Figure 5), shows a gap near nanodumbbell 5 4 2 o 2
center and metal induced gap states (MIGS) emerge near EEV)

M-S nanocontact. These MIGS vanish rapidly towards

the C(z,'nter.of_the nanordd®.  For 5“9” nanorOdS_(uPto Fig. 5(color online) LDOS corresponding to various planes, as

~ 27 A) bridging gold electrodes, we find full metallization depicted on the left for gold (Auw) tipped passivated GgSess

by these MIGS (Fig. 5(a), (b), (c) and (d)), while for longer nanorod, are shown for following nanorods : (a)Sé,

nanorods, we find a gap-structure emerging away from M-8b) CdyoSerq, (¢) CdiaSers, (d) CheSes, (€) CahgSess,

junction. For longer nanorods, in interfacial regions ekts (f) Cdz4Ser4 and (g) CdioSer10. The Fermi level (shifted to zero of
to the metal electrodes, a finite LDOS is observed in the gagnergy) is marked by the vertical dotted line. Each plane in the
indicating a metallic nature which gradually decays awaynanorod contains two CdSe pairs along with their passivating H*
from the electrode. A comparison of site projected posatoms. Numbering is done only up to the central plane owing to the
of gold attached nanorods and their separated componenfMMetry of the geometry as well as the electronic structure of
(See Figure 3), shows the hybridization of metal states wit anorods (as is evident in (a) for planes | and Ill). LDOS shows

. duct tat Th . . . f th IGS present at the central plane in structures (a), (b), (c) and (d)
semiconductor states. ere IS maximum opening of &, .qq siates are absent around the central planes of (e), (f))and (g

gap at the CQntraI plan_e of nanodumbbell and the gap Siz?he HOMO-LUMO gap at the central plane for these nanorods
decreases with increasing length of the nanorod, evewtuallincreases and saturates for longer rods.

saturating to a value 2.05 eV. Figure 6 shows plane-wise site
projected LDOS for AgzCdisSessAurz nanodumbbell where
MIGS start vanishing rapidly across the planes and central
plane of the rod shows the presence of only semiconductor
states. MIGS are present only upto a distance-af5.5 A

from the interface, thus making it clear why the nanorods
shorter than 22 show full metallization. In case of Si-Al
nanocontacts, Landmaat al. have shown that these MIGS
extend upto 5A from the interface in the Si region for Si

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-8 |5
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(a) Free standing nanorod (b) Gold tipped nanorod
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s 0; Fig. 7 Partial charge density contour plots for HOMO and
f 06 HOMO-1 states of (a) free standing and (b) gold tipped passivated
Q o4 CdsgSesg nanorod.
= 02
0
HECEE
12 rods of lengths 2& and diameter 2.8 15, Landmanet al.
T find shorter rods of lengthAand diameter 2.4 to be fully
3 o metallized when ends are capped with Al clusteérs
§ 0.4
- °‘§ Figure 7 depicts the partial charge density plots for HOMC
e Y and HOMO-1 states for free standing and gold attached
- 1‘2‘ passivated CgSesg hanorod. For the nanodumbbells, the
> § HOMO and HOMO-1 states are comprised of galdand
> gg § s states hybridized wittp, states of Se and states of Cd
8 04 as shown in Fig. 7(b). This behaviour is also evident from
02 | the LDOS plots in Fig. 6. Hybridization of gold states with
0
6 4 2 0 2 4

Cd states is not evident in the partial charge density plots
However, gold induced states appear around Cd atoms in the
contact plane (See Fig. 6 - Plane | and Il). Tfaestates of
Se atoms comprising the HOMO and nearby levels in frec
standing passivated @gbess nanorod have shifted below
Fig. 6 Plane-wise site projected DOS of Cd atoms in left column  Fermi level EF) by ~2 eV, while states near HOMO in
and Se atoms in right column, in gold tipped4g8iesg rod. In the old tipped nanorod mainly arise from gold and are spatially
plane near the junction, one can see the presence of hybridized golfhcalized near the contact plane. Bader charge analysis fcr
states in the gap. These states are also present over a wide energys nanodumbbells shows that changes in the charge transfe:
scale below HOMO, indicating hybridization. Gold states are in comparison to free standing rods are localized near the
drastically reduced in the very next plane. As we go towards the . . . . y
égterface. Bonding remains same away from the interface. At

center of the rod, the DOS does not show the presence of gold stat .
and the DOS profile of Cd and Se looks the same as that of free  (N€ interface, Cd atoms transfer an average charge og0.6¢

standing passivated CdSe nanorod (As shown in Fig. 3). while Se atoms acquire an average charge of&.53he
remaining charge gets distributed on the gold cluster. &he

is marginal difference in the charge transfer to Se atoms
free standing and gold attached nanorods, however, chargc
transfer from Cd atoms has considerably increased in gol!

6| Journal Name, 2010, [vol]l1-8 This journal is © The Royal Society of Chemistry [year]
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Table 2 Schottky barrier height (SBH) and HOMO-LUMO gapat 4 Conclusions

the central plane as a function of the length of CdSe nanorods. SBH

for bulk gold-CdSe contacts is 0.7 eV at 306% In summary, we report that passivation of CdSe nanorod::
opens up the band gap considerably and we do not ok-
serve any “self-healing” as reported by Puzeerl.3* for

Structures  Length  Schottky barrier Gap at 3-dimensionally (3D) confined structures. For free stagdin
. height central plane  npanorods contribution to HOMO comes mainly from
(A) (eV) (eV) orbitals of Se similar to bulk and 3D confined structures.
CdkgSesg 39.43 1.00 2.12 However contribution to LUMO comes from orbitals of
Cdr4Serq 77.78 0.92 2.06 Cd and Se while for bulk and 3D confined structures LUMC
Cdi10Se10 116.66 0.93 2.05 mainly consists of Cds states. For longer nanorods the

spatial extent of partial charge densities saturates. HOMO
is confined over a region of 38, while LUMO is confined
over 30A. Gold attached nanorods are fully metalized for
shorter lengths € 27 A), while they develop a Schottky
attched nanorods. barrier, larger than the bulk value (0.7 eV at 308%K for
longer nanorods, where a semiconducting band gap starts ‘¢
) _ ) show up at a distance of 15/ from the nanojunction. A
Difference in work function of metal (Au) and electron o harison of gold attached nanorods and their separated
affinity of semiconductor (CdSe) yields a Schottky barrier . h0nents show charge transfer which is highly localized a
when the two are brought in contact. A decrease in th& st region. For the nanorods studied in this work (widtr

number of available states in confined structures causes g &), we identify the minimum length of the nanorod to be
increase in the energy barrier that carriers have to surtrioun ~30 A to be useful in an electronic device by retaining its
order to cross the interface. Quantum confinement of Ca”'ersemiconducting nature.

is known to increase the minimum energy that a carrier has to
have (relative to HOMO for electrons and LUMO for holes)
to propagate.
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