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Equilibrium geometries, surface energies, and surfactant binding energies are calculated for selected bulk
facets of wurtzite CdSe with a first-principles approach. Passivation of the surface Cd atoms with alkyl
phosphonic acids or amines lowers the surface energy of all facets, except for the poléda@00Dn the
nonpolar facets, the most stable configuration corresponds to full coverage of surface Cd atoms with surfactants,
while on the polar 0001 facet it corresponds only to a partial coverage. In addition, the passivated surface
energies of the nonpolar facets are in general lower than the passivated polar 0001 facet. Therefore, the polar
facets are less stable and less efficiently passivated than the nonpolar facets, and this can rationalize the
observed anisotropic growth mechanism of wurtzite nanocrystals in the presence of suitable surfactants.

1. Introduction The key parameters governing the anisotropic growth of

nanocrystals, and of crystals in genéraére both kinetic and

solution and represent a class of materials at the forefront of thermodynamic. The two most rglevant factors are perhaps .the
monomer concentration in solution and the ability of certain

the current nanoscience and nanotechnology revolditidn. . . . _—

Nanocrystals are usually prepared in the presence of suitablesurf"’lct"’Int molecules to blnc_i with d_|fferent_ aff|n|t|_es to th.e
organic molecules acting as stabiliz&hese molecules, called various nanocrystal facets, mfl_ue_ncmg their .relatlve stabill-
surfactants, are composed of a polar headgroup and of one 0|I'es'6’13’14 In a crystal, the equilibrium shape is the one that

: : . minimizes the surface Gibbs energy. If the surface energies are
more hydrocarbon chains, which form the hydrophobic part known for all facets, the equilibrium shape can be determined

During the synthesis, the surfactants are continuously adsorbin . 516 . X
and desorbing from the surface of the nanocrystals through theigrg.from the Wulff constructio>“*When this concept is translated

headgroups, allowing the crystals to grow in a controlled way. |fnto trel?rt]lve growg?hrt?]tels of tr;e ficets, then the.”r?]ost sltable
Frequently, this growth is isotropic and colloidal nanocrystals acets (the ones wi € lowest surface energy) will have lower

have roughly spherical shapes, but recent studies have revealegrow.th rates and will be t_he most c_leveloped onesin th? overall
that it is possible to synthesize nanocrystals with a variety of equilibrium shape. Selective adhesion of molecules can influence

shapes$ 8 In the reported cases, if the nanocrystals have a highly ?r::nl?tlgt2|lystr?§ r:la:;/e_nst;:)élltlees”oégée r\r’]ir:](t)gj fs;sé‘: i?dbsfk
symmetric crystal structure, such as for instance the zinc blende y Pe, : well-docume 8 u
crystals grown in the presence of impuritiég® Although

or the rock-salt structures, the synthesis frequently yields faceted . . : ) oI
y d vy several experimental studies have investigated the binding of

crystals with no unique direction of growftkowever, if the surfactants to several types of nanocrystals and to bulk facets
nanocrystals have a lower symmetry structure, more anisotropic h . ) -
"y y y PIC ot CdSe!® 23 no direct experimental evidence of selective

shapes are possible. The hexagonal wurtzite structure, for ;
instance, has a unique polar @fiand CdS, CdSe, and CdTe adhesion of §urfactants has been proveql so far and tr_\e proposed
' ' ' models are inferred from the observations of growing nano-

nanocrystals, which often form in this structure, can be crystals under different experimental conditions. Theoretical
synthesized in shapes ranging from spherical to rod-like and ystal - €Xp :
modeling of surface binding of molecules for the case of

even to more complex shape¥:11in these cases, experiments - . .
have shown that single-chain surfactant molecules, such asnanocrystals has been limited so far to tight-binérd force-

i i 6,27 1
primary alkyl amines, alkyl phosphonic acids and alkyl car- f|e:d lca;!culgastlonﬁ or”tol DtFTZ and molecular dynamics
boxylic acids, at conditions that can differ from case to case, calcuations=on small Clusters.
are able to promote anisotropic growth, while bulkier surfactants, | "€ anisotropic growth of colloidal nanocrystals occurs under

such as trioctylphosphine oxide (TOPO), usually yield spherical nonequilibrigm con.ditions, when there is a high cqncentration
particles or rods with very short aspect ratios. of reactants in solution, and therefore thermodynamic parameters

such as the surface energy, are not the only relevant‘dnes.
* Corresponding authors. (L.M.) E-mail: liberato.manna@unile.it. One needs to evaluate the binding strength of surfactant

Colloidal inorganic nanocrystals are particles grown in
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Figure 1. Molecular structure of the two surfactant molecules chosen
in the calculations: (A) methyl phosphonic acid (MPA); (B) methyl
amine (MA). MPA binds to the surface Cd atoms via its phosphoryl
oxygen. MA binds to Cd atoms via the nitrogen atom.

this binding strength depends on the number of surfactant
molecules that are already bound to that facet. A given facet, %
for instance, would have its lowest surface energy when a
complete surfactant coverage is achieved, whereas another faceg
would achieve it for incomplete coverage. This might be due, =
for instance, to steric effects, or to electronic effects. This latter
facet then, although relatively stable, would expose unpassivated}
areas on which reactant species from the solution could add,

allowing for a faSt grovk\]lth. . . ‘ Figure 2. Atomic structure of the 100, 112, 0001, and 000facets.
To address in part these issues and to provide ground for acq a1oms are black and Se atoms are gray. For the 0001 and for the

more accurate explanation of the anisotropic growth of wurtzite gooifacets we report only the case in which Cd atoms are exposed. In
nanocrystals, we report in this paper a first-principles study of each inset, the various equivalent facets correspond to the shaded areas
several bulk facets of wurtzite CdSe. As passivating molecules on the prism.

for these facets we have chosen methyl phosphonic acid (MPA)
and methyl amine (MA, see Figure 1). These molecules differ
from typical surfactant molecules used to promote anisotropic
growth of CdSe nanocrystals only by the length of the alkyl

chain, which is much longer in real experiments. The reader and all facets will grow at similar rates. Although our results
should notice that steric effects are always an important factor 9 S 9 .
are based on bulk surface calculations, they give a plausible

in high-coverage surface passivation. Nevertheless, our trunca-

tion of the alkyl chain in MPA and MA down to a methyl group, erplfrllatlor?dfor tWhe t?blisevrvig ?:ﬁWthh k\|/net|<i/s I?c:itC?hset na:cl;-
as compared to the much longer, real molecules used in theCrystals, and so we believe that they have a vaiidity that can be

experiments, should not alter the steric packing picture, becatuseeXtendecj beyond the bulk case, also to nanoscale systems.

for all the surface coverage configurations exploited in this work
there is plenty of room to accommodate long alkyl chains. These 2. Models and Computational Details
surfactant molecules modeled here are also different from those
used to grow nearly spherical CdSe nanocrystals (usually
TOPO). We have decided not to model the passivation by TOPO

molecules, as so far these are known not to promote significant . . ; e
anisotropic growth. are displayed in the panel of Figure 2. From the combination

The facets modeled are the nonpolar QGhd 11D facets of all these facets it is possible to construct a dodecahedral prism,

and the polar 0001Cd, 0001Se, 0@ and 000%e facets. Cd which We_II reprgduces the rod shape of CdSe nanocrystals
(Se) means that the facet is terminated by Cd (Se) atoms. wedrown anlsotroplcally..
believe that these facets are the most representative ones for In the panel, each image reports the surface structure of a
CdSe wurtzite in relation to the anisotropic growth of nano- given facet, and the corresponding inset shows where this facet
crystals in the presence of surfactants. For each facet, we havednd its equivalent ones are located on the prism. On this prism,
calculated the surface energy for both the unpassivated and forthe basal 0001 and 000acets expose alternating layers of
the passivated case (except for 0001Se and $80fbr which cations and anions, so they are polar, while thelaad the
only the unpassivated case was calculated). In doing so, we havel 120 facets are nonpolar as they have both surface cations and
considered several passivation schemes. In addition, for eachfnions. Among the possible choices for the lateral facets of the
facet we have also determined the binding energy of eachPrism, we modeled the 10land the 11@ types of facets
molecule as a function of the percentage of surface coverage.Pecause they are made up of atoms with only one dangling bond,
The results of our calculations can rationalize the anisotropic SO they are the most stable ones during growth.
growth of wurtzite nanocrystals. We can assume that the slow In wurtzite, there is no plane of symmetry perpendicular to
growing facets are those in which a full surface coverage the 0001 direction, so the 0001 and the OG8dets are not
corresponds to the lowest surface energy configuration, while equivalent. The 0001 facet exposes either Cd atoms with one
the fast growing facets are those for which a full surfactant dangling bond (0001Cd) or Se atoms with three dangling bonds
coverage is either not possible or it simply corresponds to an (0001Se), while the opposite is true for the 0Gadet. For the
unstable situation. When using a bulky surfactant as surfacepolar facets with passivation molecules, we modeled only the

passivating agent (i.e. TOPO), we can imagine that a full surface
coverage cannot be achieved on any facet. In this case, there
cannot be a strong selectivity in adhesion to the various facets,

2.1. Surface Characteristics.The choice of the facets to
model was suggested by a combination of experimental
observations and of symmetry considerations. The facets studied
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two cases when Cd atoms are exposed. This choice wasfacets, such as the 10And 11D facets of the wurtzite structure,
suggested by the experimental evidence that the surfactants thait is possible to construct a slab with two equivalent facets, for
are almost exclusively bound to the nanocrystal surface are thosewhich iop = onhotomand in which there is an equal numbreof
that form strong complexes with €dions in the growth Cd and Se atoms. In this simple case, the surface energy is
solution but not with Sé32°0One can argue that these surfactants unambiguously defined as
should bind only to electron-deficient surface Cd atoms and
leave the surface Se atoms unpassivated. Therefore, we assumed 20 = Eyslab)— n(ucy + sd (2)
that incomplete or weak passivation of surface Cd atoms on a
facet will be the main cause of high reactivity for that facet. The Sumuca + use can be evaluated from a bulk CdSe
Also, we assumed that a facet exposing only Se atoms is left calculation. We can use this equation to calculate the surface
completely unpassivated. energy of a pseudo H-passivated facgteudorn by constructing

2.2. Computational Details Al calculations were performed @ slab in which both facets are pseudo H-passivated. Once
using the PEtot software (http://crd.Ibl.geMinwang/PEtot/  OpseudoHis known, we can evaluate the surface energy of the
PEtot.html) at the parallel NERSC computing facility (at LBL ~OPposite facet, this time not passivated, and the facet is allowed
Berkeley). The PEtot package is based on a plane wavet0 relax. If the facet to relax is passivated with surfactant
expansion and uses the density functional theory. The exchangemolecules, its surface energy can be calculated as
correlation functional was evaluated within the local density
approximatiors®-3. Pseudopotentiaidfor Cd and Se atoms were ~ Crelaxed— Ei(slab) = nucq + tsd — Opseudor™

generated according to the improved Troullier and Martins Ngurt Usurdvacuum (3)
method33 with the Ceperly-Alder exchange-correlation func- _ _
tion3* and using 12 valence electrons for Cd %) and 6 Here nsyt is the number of surfactant molecules per unit

valence electrons for Se @®*) without core correction, supercell andusurf)vacuumis the corresponding chemical potential
respectively. For Cd, the 5s electrons were used for the local of the surfactant molecule in the vacuum, or in other words,
part of the pseudopotential. This choice, along with the inclusion the total energy of the isolated molecule. However, in real
of the 4d electrons for the nonlocal part of the pseudopotential, €xperiments the nanocrystals are grown in a liquid solution of
was required to generate the bulk wurtzite structure with lattice surfactants. The total energy of a surfactant molecule in the
parameters, atomic positions, and bulk modulus in agreementliquid state should be significantly lower than in vacuum,
with the experimental data. The plane wave cutoff energy for because of coupling with its neighboring molecules. Therefore,
the wave function was set to 45 Ryd, while the cutoff energy eq 3 will yield values fororeiaxedathat are unrealistically low,

for the charge density was set to 150 Ryd. Also, these values,because of the large negative contribution from the tegmw
although computationally costly, were required in order to obtain (#surf)vacuum A rough estimate of the chemical potential for the
the correct structural data for bulk CdSe wurtzite. We used surfactant molecule in the liquid stat@e(q)iquid, an be obtained
supercells with a slab geometry containing a vacuum region of by running a total energy calculation on a bulk crystal made of
18-20 A. For the calculations involving nonpolar facets, the surfactant molecules, in which the cell parameters, as well as
thickness of the slab was 5 monolayers for theQ fatet and the position and the orientation of the surfactant molecules in
9 monolayers for the 1@ifacet, respectively. For the calcula- the unit cell, have been optimized. The assumption here is that
tions involving polar facets, the thickness of the slab was 6 (Usuriquid & (Usur)solid < (Usurdvacuum If the optimized value for
monolayers for the 000facet and 4 monolayers for the 0001  (#surdiquid iS used instead ofikur)vacuumin the former expression,
facets, respectively. The thinnest slabs (4 monolayers) werewe get

chosen whenever a large number of atoms was involved in the

calculation, such as in the case of polar slabs. However, testCrelaxed™ E(slab)— nlucy + tsd — Opseudon™

calculations were run on thicker slabs and yielded essentially Nsurt Usurdiiquia (4)
the same results in terms of geometry of relaxation, surface
energy, and surfactant binding energy. The surface energy in this case is rather an interfacial energy

To approximate these slab calculations to a single surfacebetween the solid and a solution of surfactant molecules.
calculation, and as such to correctly relax only one single facet For the polar 0001 and 00Ofhcets it is not possible to
to its lowest energy configuration, one side of the slab was construct a slab containing two identical facets. Therefore, we
passivated with pseudo hydrogen atoms, bg.= 1.5 e for have used the approach of Zhang and W& separate the
each surface Cd dangling bond and 0.5 e for each surface Seenergies of the 111 andll facets of CdSe zinc blende. We
dangling bond. Four symmetry reduced spekipbints for the have then approximated the energies of these facets to those of
polar and nonpolar surface calculations were used, while for the 0001 and the 0001 facets of the hexagonal wurtzite,
the evaluation of the chemical potential of MPA and MA in respectively. This approximation is plausible, since the 0001
the “liquid” phase (see below), 10 symmetry reduced special and the 000lfacets of the hexagonal wurtzite structure are
k-points were employed. atomically identical to the 111 and 1 facets of the zinc blende

2.3. Surface EnergiesThe surface energies were extracted structure3®
from total energy calculations on different slabs in a recursive  The approach of Zhang and Wei originates from the
way. For a binary compound such as CdSe, in the simple caseconsideration that the total energy of an isolated crystal can be
of unpassivated facets, the sum of the top (t) and bottom (b) expressed by the general formula

surface energies per unit supercell is defined as
Etot(syStem): Osurface+ Oedge+ z Ocorner+
Otop + Obottom — Etot(slab)— Neg'lleg — Nge'llse (1) surface edges corner

_ Nogheg T Nsdtse (5)
Ewi(slab) is the total energy of the slabgy and nse are the

numbers of Cd and Se atoms in the slab, agglandusc are The above expression relates to the total energy of a crystal of
their respective chemical potentials in the bulk. For certain anysize and shape. Following the idea of Zhang and Wei, the



6186 J. Phys. Chem. B, Vol. 109, No. 13, 2005 Manna et al.
TABLE 1: Relevant Parameters for the Calculation of A) 1070 facet C) 0001 facet
Surface Energies .
— SN A A b _b_b
description energy (hartree) A 2 2 2 A2 b Y Y
AH; (CdSe) —0.0541 - . 0.
Uca, Cd-rich crystal —44.3190 ZQT T -
Uce, Cd-poor crystal —44.3731 0l Y‘L "'”" 2o
HUcd + Use —56.0652 O : 0. - ’ = ’ s
u (MPA), vacuum —62.9147 T T Y T T l |
w (MPA), liquid —62.9511 . P O W W\
1 (MA), vacuum —18.5306 LA S A LA 0 O
 (MA), liquid -18.5335 [0001] =75 L R
- . B) 1120 facet D) 0001 facet, Cd vacancy
above equation can be used to estimate the sum of the surfact e
energies for two different types of facets (e.g., one polar, one ~{3 Y“ \TOYO ~r‘:

'[011'0]' a

Uea = Eio(Cd) (6)
Use = Etot(se) (7)

Moreover, we can use the following expression to define the
enthalpy of formation of CdSe:

E(CdSe)= E(Cd) + E(Se)+ AH,(CdSe)  (8)

By combining eqs 68 with the equationucy + tse = Eor
(Cdse) we have the following expression for the variation of
Ucqin CdSe:

ECd) + AH(CASe)s uey < E(Cd)

nonpolar) by calculating two different systems with the same i 1 4
shape but with different sizes. The subtraction of eq 5 for the
smaller system from eq 5 for the larger system leads to an 7»0 L
equation involving only the surface energy sum of the two facets 11100 & L o
with the edge and corner terms canceled out. Since the surface ' RT D‘
energy of the nonpolar facet can be calculated as discussec
above, this procedure can be used to calculate the surface energ \To f[r;ﬁ‘,:—wyf
of the polar facets. : Figure 3. Choice of the supercell for the (A) 101(B) 112; (C)
One cpmpllcatlon of this type of appmaCh’ or more generally, 0001Cd; and (D) 0001Cd facet with a Cd vacancy (for theLOIIDl
of eq 5, is that the number of Cd atoms is n_Ot the same as thatfacet the same choice is made as for the 0001Cd facet).
of Se atoms. As a result, the surface energies often depend on
individual values forucq Or use which cannot be defined b gyrface reconstruction. A surface reconstructs by (a) trying
un|qL_1er. Nevertheless, it is p_OSS|bIe to evgluate the_range %%t reduce the number of dangling bonds; (b) trying to minimize
possibléucy (or usq by calculating the chemical potentials for 4 ejectronic energy; and (c) minimizing the electrostatic energy
Cd and Se in their respective pure bulk soliig(Cd) andEr through a rearrangement of the surface charged atoms. In the
(Se). For CdSe to be a stable compound, and so for the ,.,cess of minimizing the electronic energy, all surface anion
'“d""duﬁ' Cd and Se components not to separate frc_:m CdSe todangling bonds end up being occupied, while cation dangling
form their pure elemental solids, the following relations must ,0-q< are empty. This process is usually described as the
hold: electron counting rulé’-38
As a first approximation, we can consider that a Cd atom, in
the bonding with its four nearest Se atoms, employs only the
two 5s electrons, hence 1/2 electron per bond. Each Se atom
employs its six 48 electrons in the bond with its four nearest
Cd atoms, hence 3/2 electrons per bond. Therefore, a cleaved
CdSe surface will expose Cd and Se dangling bonds bearing
1/2 and 3/2 electrons, respectively. When the facets relax, the
Cd dangling bonds give up their electrons to Se dangling bonds.
As a consequence of this relaxation, the atoms on the exposed
1010 and 11D facets will move slightly and will show a periodic
arrangement that can be described with a two-dimensional unit
cell, and the atoms on the surface will show a1l pattern
(Figure 3A and 3B). However, while for the 10Xacet it is
(9) possible to choose a primitive unit cell that contains only one
surface Cd and one surface Se atom, the lower symmetry of
We will define these two extreme values fogq in CdSe as the 112 facet restricts the choice to acel! contair_1ing two surface
those related to a Cd atom in a Cd-poor (minimug) CdSe Cd and two surface Se atoms, respectively (Figure 3B).
crystal and in a Cd-rich (maximumacg) CdSe crystal, respec- Modeling the surface reconstruction for polar facets is a more
tively. We have calculated all the relevant parameters for bulk complicate task. For the 0001 and OOfatets exposing Cd
Cd, Se, and CdSe and we have evaluated these two extremé@toms, for instance, there are no Se dangling bonds in the
values forucqin CdSe, and the results are used in our evaluation Vicinity of the Cd atoms to which electrons can be donated,
of surface energies (see Table 1). As a consequence of theand apparently there is no clear pathway for surface reconstruc-
ambiguous value oficq (hence ofuse we will report the two tion on these types of facets, without invoking vacancies,
extreme values of surface energy for all the facets that have adatoms, and so ofi:*8 Polar facets usually relax through the
been calculated (whenever this ambiguity was unavoidable). formation of vacancies or adatom structures on the topmost
However, the reader must remember that in the Wulff construc- layer, so that overall the electron counting rules are satid#iéd.
tion, for a givenncqg andnse the total surface energy difference
among various crystal shapes does not dependcgn
2.4. Choice of the SupercellThe choice of the size and the

For the polar facets exposing Cd atoms (0001Cd and
0001Cd), each surface Cd atom can be associated with a
primitive cell (Figure 3B). This cell will have a fractional

geometry of the supercell must pre-assess what the periodicitynumber of surface electrons (1/2 for 0001Cd, with one dangling
of the surface reconstruction pattern will be, and this is possible bond per cell and 3/2 for 00@d, with three dangling bonds
by taking into account three basic driving processes that governper cell). A 1x 1 periodicity in the reconstruction of these facets
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with each Cd passivated by one surfactant molecule. In this
configuration, the electron counting rules are satisfied and no
orbital will be left partially filled.

For the 0001Cd facet passivated by surfactants we need to
consider again a:22 cell. Here, we will distinguish the four
possible cases in which 1, 2, 3, or 4 Cd atoms are passivated
by a surfactant, respectively. The same approach can be followed
for the 000Td facet. Moreover, the density of surface Cd atoms
on the polar facets (one Cd atom ped5 A? for both the
0001Cd and the 00@d facets) is twice the density on the
nonpolar 100 and 11D facets (one Cd atom per30 A?);
therefore, proximity effects (repulsion, coupling, hydrogen
bonding) among surfactant molecules will be relevant. If each
surfactant has to passivate one dangling bond, then on the
0001Cd facet the surface area available per molecule is only
~5 A2 (15 A?/3). Most likely, not all the dangling bonds can
be passivated efficiently on this facet, especially in a real growth
environment, where surfactants with long alkyl chains are used.
Therefore, we can estimate that on the 0D6%acet each Cd
atom can be passivated only by one surfactant.

In the choice of starting geometry for surfactant binding, one
could assume that the MPA molecule might bind to several Cd
atoms through its three oxygen atoms. In CdSe however, a multi-
dentate binding of MPA would correspond to an unfavorable
situation in which the &Cd bonds, as well as to+FO bonds,
are considerably stretched. Preliminary calculations on the 101
and on the 0001 facets have indeed shown that when this starting
configuration is assigned, the system tries to relax to a single
binding type of configuration. An alkyl amine, on the other hand,
cannot act as a bi-dentate ligand, yet it is still able to promote
anisotropic growtt¥. Therefore, anisotropic growth is probably
not due to preferential adhesion of surfactants promoted by
multi-dentate binding.

In the experiments, the phosphonic acid molecules are often
partially deprotonated. This can be understood by the way the
reaction is carried out and by how the various precursors are
prepared! A partially deprotonated MPA molecule, however,

A

1010 facet, top

e

c

1010 facet, side

0001 facet, top

Figure 4. Optimized geometry showing the binding of the MPA
molecule to the 100 facet (A, B) and to the 0001Cd facet (C, D). For
ease of visualization, the side view for both facets reports only 2 2
cell. On the nonpolar facets, the Se atoms are not passivated.

is not plausible, as there is no possibility for a dangling bond
to relax and to become either completely filled or completely
empty. However, in a cell based orx2 primitive cells, the
total number of electrons in the dangling bonds is an even
number. In Figure 3C for instance, & 2 cell has four Cd atoms
associated with it, hence 1/2 4 = 2 electrons. This cell can
be more suited to describe the surface relaxation. &2 2
reconstruction for the 0001Cd facet, for instance, might lead to

three Cd atoms with empty dangling bonds and one Cd atom o415 4 charge. Due to the complexity of calculations involved

W'tth |tstﬁlangljlln? bond f|I:'ed. TT'S howelvert does notdd|re(t:tlé/t with charged systems, we decided to simulate only the simpler
satisfy the electron counting rules, as electrons are donated to ase involving passivation by neutral MPA molecules. Never-

i i ” - e
the dangling pond of a cation. A more plau5|blg rela>_<at|on theless, even uncharged molecules, for instance the alkyl amines,
pathway for this facet, based on &2 cell is the one involving

. . are able to promote anisotropic growth. We believe therefore
,38,40
3;;1”:;0&””?8 (flc:)Ir?w:chej Sgn expllrjllstir(])ﬁ chat?]i’ ézea:(r)]rf?/vilsl\’ie that the study of the protonated case for the MPA molecule
filled by the electrons of the three remaining Cd atoms from corresponds to a reasonable approximation of the passivation

the topmost layer. A similar approach can be followed to identify during nanocrystal growth. In a real groyvth environment, the
. : = charged, deprotonated MPA molecule might also bind to other
possible relaxation patterns for the 0@l facet. . S . . . o .
Surfactants will reduce the surface energy of the facets, asmolec_ules in the liquid sqlutlon, .Wh'.Ch m|.glht mlt!gate Its
they will try to passivate dangling bonds. The surfactants chosen,Charglng effects and make its passivating ability similar to that
MPA and MA (Figure 1), possess 32 and 14 valence elec'[rons,Of the neutral, protonated MPA. )
respectively. We have chosen as starting geometry for them the 2.5. Surfactant Removal Energy.The growth of a given
most plausible one, in which surfactants coordinate the surfacefacet in a nanocrystal can be thought of as the sequence of
Cd atoms via the oxygen atom of the phosphoryl group in MPA various steps, one of which is the removal of a surfactant
and the nitrogen atom in MA, respectively (Figure 1). As an molecule from the facet, to make room for the addition of a
example, the structural details of the binding of the MPA monomer species coming from the solution. An important
molecule to the 100 and to the 0001Cd facets are shown in parameter then is the binding energy of a surfactant molecule
Figure 4. One can expect that one electron pair from eachand how this depends on both the specific facet and on the
surfactant will then fill one empty Cd dangling bond. The Se surface coverage of that facet. In fact, it is more appropriate to
dangling bonds, being completely filled, do not need to be consider the opposite of the binding energy or, in other words,
passivated. We have run test calculations, which have shownthe energy required to remove one surfactant molecule from a
that if a surfactant is initially positioned on top of a Se atom, it given facet. If this value is low, it will be easy to remove a

eventually moves to a Cd atom nearby.
The relaxation of the 1@l and 11® passivated facets can

surfactant molecule and so the facet will have active sites for
growth. For a slab that hassurfactant molecules per unit cell,

be described using the same cells as in the unpassivated caséhe energy required to remove one surfactant molecule, and so
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A B
0001Cd, Cd vac, unrelaxed, top 0001Cd, Cd vac, unrelaxed, side

1120 facet, unrelaxed, top 1120 facet, unrelaxed, side ’.
‘\ - '.\GA o

*O ba®, A A

p -( p —( v’ Xy o
D
0001Cd, Cd vac, relaxed, top 0001Cd, Cd vac, relaxed, side

1120 facet, relaxed top ‘\ "
SAA

{%4%

p p Figure 7. The 0001Cd facet with Cd vacancy, before (A, B) and after
Figure 5. Surface geometry for the 10Zacet before (A, B) and after (C, D) relaxation.

(C, D) relaxation. Cd atoms are black, Se are gray. The overall distortion
of the surface can be seen clearly from the top view (C).

0001S
A B °

101Gfacet unrelaxed, top 1070 facet, unrelaxed, side 160

0001Cd 0001Cd
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Figure 8. Normalized surface energies for the unpassivated facets.

'( O " ’ = assuming a %1 cell or a 2«2 cell. These results indicate that
b _‘ b : there is apparently no clear relaxation pathway for these facets,
Figure 6. Surface geometry for the 10Zfacet before (A, B) and after as the system cannot f_'nd a better configuration for them.
(C, D) relaxation. The 0001Cd facet, with ax22 cell and a Cd vacancy, shows
again a remarkable relaxation (Figure 7). The three top Cd atoms
assume a flat conformation, whereas the exposed Se atom on
the layer underneath assumes a pyramidal conformation and fills
in part the volume left by the missing Cd atom.
. The normalized surface energies for the unpassivated but
removal— Erof(S12DN = 1) + (Usudiquia ~ EroS1abN) - (10) relaxed facets are reported in Figure 8. In the plot, the two
. extremes in the abscissas correspond to the two limit values of
Eio(slabn) and Ei(slabn — 1) are the total energies for the . The polar facets have higher surface energy than the
relaxed slabs wittm andn—1 surfactants per cell, respectively. nonpolar one42 Moreover,s(0001Cd)+ o(0001Se) is always
constant, as well ag(0001Cd) + ¢(0001Se), so the overall
3. Results surface energy of two complementary polar facets does not
3.1. Unpassivated FacetsOur calculations of the geometry  depend orucq (see section 2.3). Interestingly, the D0fhcet,
for the relaxed, unpassivated facets follow the results reportedthe 112 facet, and the 0001Cd vacancy facet (Cd vacancy, 2
in the literature for similar cases (for both bulk fadéf§4%and cell) have similar surface energies (42, 37, and 39 méVv/A
for nanocrystal faceté2). The 11D and 10D facets show  respectively). This result is in close agreement with previous
significant relaxation (Figure 5 and Figure 6, respectively).  calculations, for instance with the Cd vacancy formation in each
The Cd atoms tend to assume a planar conformation, arising2x 2 cell of the 111 facet of GaA®¥,which allows the remaining
from the newly achieved dpype of hybridization, while the =~ Ga surface atoms to have a large inward relaxation, and which
Se atoms tend to acquire a pyramidal conformation, therefore transforms the polar 111 facet into a nonpolar 110-like facet.
protruding from the surface, showing that an electron transfer  3.2. Surfactant-Passivated Facet®assivation by surfactant
from surface Cd to Se atoms has occurred. For the 0001Cd andmolecules reduces the surface reconstruction observed in naked
the 000Td facets, no significant relaxation occurs, either facets, and this effect is more pronounced for MPA passivation.

to change the surface coverage fronto n—1 molecules per
unit cell, is given by

E
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Figure 9. Surface energies for the facets passivated by MPA: (a) Cd- Figure 10. Surface energies for the facets passivated by MA: (a) Cd-
poor case; (b) Cd-rich case. poor case; (b) Cd-rich case.

As an example, Figure 4 reported the optimized geometries for are passivated by a surfactant, while one dangling bond is left
the 10D and the 0001 facets covered by MPA. On the@01 unpassivated, as it is already filled. The surface energy for this
facet, for instance, both surface Cd and Se atoms tend toconfiguration, when for instance the coverage is from MA
preserve their bulk-like conformation (compare Figure 4b with molecules, ranges from 38 to 61 me\¥/Alepending on the Cd
Figure 6b and 6d). Figure 9 and Figure 10 report the calculated chemical potential. The addition of a fourth surfactant molecule,
surface energies for the various facets upon passivation withto passivate the Cd dangling bond that is already filled with
MPA and MA, respectively. Each figure is divided into two electrons, will not be well tolerated, as this molecule will put
plots, which correspond to the Cd-rich and Cd-poor cases, too much electron density in that bond.
respectively. The energies were calculated using eq 4. When A remarkable feature of the 0001Cd facet, when this is
eq 3 was used, we obtained much lower values for the surfacepartially passivated by surfactants, is its tendency to expel one
energy. In some cases, they were un-physically negative, as theysurface Cd atom. This can be observed clearly in Figure 11-
clearly did not take into account the stabilization of the surfactant (A—B), where the case of 75% coverage by MA is shown. The
molecules in a “liquid” environment. overall relaxed structure of this facet is not much different from
Passivation of the nonpolar facets lowers significantly their the case in which the passivation occurs over the same facet
surface energy. On the nonpolar facets, the only choice of but with a Cd vacancy every>2 cells, as shown in Figure
surface coverage was the one in which all surface Cd atoms11(C-D), and the same trend is observed in the case of MPA
are passivated and all the Se atoms are unpassivated, apassivation. The surface energy of this MA-covered facet with
previously described. On the polar 0001Cd facets, on the otherCd vacancy corresponds to 35 me¥/dnd is lower than that
hand, the effect of the passivation is strongly dependent on theof the same facet with the Cd atom still attached to it (which
percentage of surface coverage of the surfactant. The surfacaanges from 38 to 61 meVFAas previously stated). It appears
energy decreases progressively when going from no passivatiorthat, in the absence of any external perturbing factor, the facet
up to 75% coverage (three Cd atoms passivated ir 2 &ll) would tend to expel one Cd atom. On the other hand, the surface
and increases again in the case of 100% passivétion. energy for the passivated facet, with a Cd vacancy (35 meV/
This result can be explained by considering that the four A2), is not much lower than that of the corresponding facet
surface Cd atoms within @22 cell have in total two electrons  without passivation (39 meV/A), indicating that much of the
distributed over the four dangling bonds. This electron doublet stabilization energy on the facet comes from the expulsion of
will be able to fill completely only one Cd dangling bond, the Cd atom (for a nakedx2 cell, without vacancy, there is
leaving the remaining three bonds empty. These bonds can bealmost no relaxation). In the next section we shall see how these
passivated by surfactant molecules. Figures 9 and 10 showeffects can be correlated with the overall reactivity of this facet
indeed that, in the presence of surfactants, the most stableand therefore with its overall tendency to grow or to settle,
configuration is achieved when these three Cd dangling bondsdepending on external factors.
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Figure 11. Relaxed geometry for the 0001Cd facet with 75% coverage @ 4,
of MA (A, B). The unpassivated Cd atom is significantly protruded ,§ 1010 1x1
from the surface. Indeed, the overall geometry (apart from this Cd atom) % l -
is almost identical to the relaxation geometry of a22cell with Cd = 1120 1x1
vacancy and 100% coverage of the remaining Cd atoms by MA (images a 0.0 : .
C and D). G * 50 75 \10
o
The effect of passivation of the 000d facet is the least § e
remarkable of all facets. Calculations based onxd kell or o
on a 2x2 cell with one surfactant molecule per Cd atom show E
that passivation has little effect on the overall surface energy.

For this facet, even when a lower coverage was considered, the 2.0
overall surface energy did not decrease significantly. We % of surface Cd passivation
concluded therefore that surfactant passivation is not efficient
on this facet. Indeed, a much lower surface energy is achievedFigure 12. Energy required to remove one surfactant molecule from
if the crystal develops an additional layer of Se atoms on the agiven CdSe facet, as a function of the percentage of surface passivation
top of the layer of Cd atoms (Figure 8). for (a) MPA passivation; (b) MA passivation. In both cases, the removal
3.3. Surfactant Removal Energy.In Figure 12 we report energy _for the surfactants on the O@l facet is null, within the
the removal energy for MPA and for MA as a function of caleulation error.
surface coverage for all the calculated facets. Under our
assumption, for the nonpolar facets the removal energy is
independent of surface coverage (flat line), as dictated by the
electron counting rules. This can be physically explained by
considering that for these facets the removal of one surfactant
molecule, which leaves one Cd dangling bond unpassivated,
will not cause a substantial re-distribution of the surface
electrons in the neighboring atoms.
The removal energy for the nonpolar facets is around 0.4 eV
for MPA and 0.5-0.7 eV for MA. At first sight, the data seem

of the relaxed facets (not reported here) shows that just one or
two surfactant molecules in ax2 cell are able to push one Cd
atom out of the surface, and therefore this effect should account
for most of the stabilization in the overall energy of the slab,
as compared to the completely unpassivated case. At higher
coverage, the contribution of additional surfactant molecules
to the overall stabilization of the slab is mainly due to
passivation of one additional Cd dangling bond and much less
to the expulsion of the Cd atom. In these cases, the values of
the removal energy for the polar and the nonpolar facets are

to suggest that the amine is more strongly bound than the
. . comparable. At full surface coverage, the removal of a surfactant
phosphonic acid molecule to the nonpolar facets. However, as . .
molecule from a fully covered facet ithermodynamically

these values are deducted from eq 10, they take into accoun . :
e . avored In this case, removal of a surfactant molecule alleviates
the extra stabilization energy of surfactant molecules in the . .
L SO S - the too high electron density accumulated on the facet.
liquid phase. This liquid-phase stabilization is much higher for

MPA than for MA, given the stronger hydrogen bonding (as
well as their higher number) that MPA can achieve with its
neighboring molecules in solution. When the removal energy  Based on the results on surface energy calculations and on
is referred to the process of removing one surfactant moleculesbinding energies for the various facets, we can hypothesize a
and bringing it in the vacuum, then this is much higher for MPA  model describing the higher reactivity of the 0001Cd and of
than for MA. the 000Ld facets, which can rationalize the anisotropic growth
On the polar 0001Cd facet, the energy required to remove a of colloidal nanocrystals. On the 0001Cd facet, complete surface
surfactant is significantly high at low surface coverage<25 coverage of surfactants is not a stable configuration. In addition,
50%) and decreases with increasing surface coverage. This couldhis facet tends to push out Cd atoms, or at least to expose them
be rationalized for instance by considering that at low coverage more to the external environment. In a real growth environment,
the facet is still electron-deficient, and so is not prone to cede with Cd and Se atoms constantly reaching the surface, an
the few surfactant molecules bound to it. However, the geometry exposed Cd atom would easily act as a low-energy binding site

4. Discussion and Conclusions
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for incoming Se atoms, and so as a site for further growth. work is the truncation of the long alkyl chains of the typical
During the growth, at high concentration of Cd in the solution, surfactant used in real experiments down to the methyl groups
the chemical potential of Cd in the solution can be close to the of the MPA and MA molecules involved in the calculations. A
high limit set by eq 9. As a result, the energy difference between phosphonic acid or a primary amine with a much longer alkyl
the Cd removed and the Cd attached to the 0001Cd facet shouldchain than just a methyl group should not change the steric
be only about a few meV. Thus, at high temperatures, Cd atom packing picture. However, there are indeed some uncertainties
should be attached to the 0001Cd facet for long periods, about the mutual interactions of the alkyl chains and about their
behaving as active site for the binding of additional Se atoms. entropy contribution in the surface packing environment. Our
At low Cd concentration in solution, however, the Cd atoms assumption is that both their mutual interactions and their
might easily come off, thus stabilizing the facet and stopping entropy contribution, when surfactants are bound the facets, will
its growth. This delicate balance might provide a 0001Cd growth be comparable to the case when surfactants are in the liquid
dependence on the Cd concentration, temperature, and even ophase. Therefore, these terms should almost cancel out in the
the Se concentration. The tendency of the other polar facet tosurface energy calculations (we have indeed used a crystal
grow can be rationalized more easily. The 0C@facet, being packing configuration similar to the surface passivation ar-
never well passivated, will always tend to grow, when there rangement to calculate the free energies of the MPA and MA
are enough Cd and Se atoms in solution, and to shrink whenmolecules in the liquid phase). As for the specific binding site,
the concentration of the free atoms in solution will drop below since this involves only a few atoms with significantly hindered
a critical threshold. The lateral nonpolar facets, on the other motion, the entropy contribution should be small compared to
hand, are well passivated, and in addition the surface Se atomghe binding energy itself.
are in part blocked by the surfactant molecules (both by steric ~ Another idealized condition assumed in this work is the
hindrance and by the formation of hydrogen bonds with the flatness of the various facets, which is seldom observed in bulk
protons of the surfactant headgroups). It is therefore likely that crystals, as well as in nanocrystals. Polar facets of wurtzite ZnO,
the growth rate of these facets will be much lower than that of for instance, have revealed a rather complex morphotby.
the polar facets. The mechanism of growth for the various facets of wurtzite
The results from our ab initio calculations suggest that a key €dSe is likely to proceed through the addition of monomers to
role in crystal growth is played by the degree of surfactant active steps on a nonflat surface. We are aware that a more
coverage on a given facet, and so that surfactant packing igsatisfactory model of such mechamsm goes well beyond the
important. This, on the other hand, was also one of the main scope of the present work. A_more detailed study, starting from
conclusions of a recent study of surface passivation on CdSethe results presented here, is currently under progress.
nanocrystals, carried out by Rabani and co-workexsd based
on a much simpler force-field approach. When employing a
bulky surfactant as surface passivating agent, a full surface
coverage cannot be achieved on any facet. In this case, we cal
easily infer that there cannot be a strong selectivity in adhesion
to any facet and consequently all facets will grow at similar
rates. However, the binding strength of the individual surfactant
molecules must be taken into account when dealing with
mixtures of surfactants. We can hypothesize, for instance, that
if the nanocrystals are grown in a mixture of two surfactants, (1) Moriarty, P.Rep. Prog. Phys2001, 64, 297. . .
of which one i relaivly bulky but has a much stronger bincing & P24 . % Seron, B Feleorio, T Zanehet, O Mohee, -
affinity for surface Cd atoms, the effects of its binding (albeit A p. Nanotechnolog2003 14, R15.
incomplete coverage) will dominate the growth. In this case (3) Schmidt, G.Nanoparticles: from theory to applicationsViley:

- . - New York, 2004.
the growth will likely be isotropic. (4) Murray, C. B.; Norris, D. J.; Bawendi, M. G. Am. Chem. Soc.

The fact that a surfactant can promote anisotropic growth, 1993 115 8706.
based on surface binding considerations, is not a guarantee that  (5) Peng, X. G.; Manna, L.; Yang, W. D.; Wickham, J.; Scher, E.;

: : : : Kadavanich, A.; Alivisatos, A. PNature 200Q 404, 59.
indeed the growth will proceed anisotropically. Other factors, (6) Lee, S. M.; Cho, S. N.; Cheon, Adv. Mater. 2003 15, 441,

such as for instance the temperature of growth and the  (7) puntes, V. F.; Zanchet, D.; Erdonmez, C. K.; Alivisatos, AJP.
concentration of monomers in solution, are equally or even more Am. Chem. SoQ002 124, 12874.

important. High temperatures favor the formation of a large 200518)123;%12-0\’\’-? Lee, S. M.; Kang, N. J.; Cheon,JJAm. Chem. Soc.
number of nuclei, and all these nuclei have to compete for the = (g) | ee's. M.: Jun, Y. W.; Cho, S. N.: Cheon,JJ.Am. Chem. Soc.

remaining monomer. This situation leads to a rapid decline of 2002 124, 11244. N
monomer concentration in solution, which is a prerequisite for __(10) Manna, L.; Scher, E. C.; Alivisatos, A. .Am. Chem. So200Q

X ) . . . . 12700.
keeping the system in the anisotropic growth regime. High %11) Peng, Z. A.; Peng, X. GL. Am. Chem. So@001, 123 1389.

temperatures, in addition, decrease the binding strength of (12) Tiller, w. A. The Science of Crystallization: Microscopic Interfacial
surfactants to the various facets, and indeed tend to level off PhenomenaCambridge University Press: Cambridge, 1991.

the differences in binding among the various facets, promoting 43(()%)3) Yu, W. W.; Wang, Y. A Peng, X. GChem. Mater2003 15,

isotropic growthf:11:29 (14) Peng, X. GAdv. Mater. 2003 15, 459.
The proposed model is a simplified account of the main ~ (15) Marks, L. D.Rep. Prog. Phys1994 57, 603.

. . o ; (16) Bodineau, T.; loffe, D.; Velenik, YJ. Math. Phys200Q 41, 1033.
factors influencing the stability of the facets of wurtzite CdSe, (17) Sangwal, KProg. Cryst. Growth Charact. Mate.996 32, 3.

in the presence of surfactants and under a series of assumptions, (18) VeintemillasVerdaguer, Srog. Crys. Growth Charact. Mater.
on which the results are strongly dependent. In addition, we 1996 32, 75. - _

have “extended” the validity of these results to the nanocrystal Ch(elrg) PBﬁ)(/:selrSr)%’AtLiORd; 3'\ggr7ray* C. B.; Griffin, R. G.; Bawendi, M. G.
case, although no nanocrystal calculations are presented here.” 20y Mattoussi, H.; Cumming, A. W.; Murray, C. B.; Bawendi, M. G.;

Another important remark about the calculations reported in this Ober, R.Phys. Re. B—Condens. Matte 998 58, 7850.
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