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Epitaxial interactions between molecular overlayers and ordered substrates

Andrew C. Hillier' and Michael D. Warll
Department of Chemical Engineering and Materials Science, University of Minnesota, Amundson Hall,
421 Washington Avenue Southeast, Minneapolis, Minnesota 55455
(Received 13 May 1996

A framework for evaluating the epitaxy of crystalline organic overlayers of generic symmetry on ordered
substrates is described, which combines a computationally efficient analytical method for explicit determina-
tion of the type of epitaxyi.e., commensurism, coincidence, or incommensuriand overlayer azimuthal
orientation with an analysis of the elastic properties of the overlayer and the overlayer-substrate interface. The
azimuthal orientations predicted by the analytical method agree with values predicted by semiempirical
potential-energy calculations and observed experimentally for previously reported organic overlayers which are
demonstrated here to be coincident. Calculations based on this analytical approach are much less computa-
tionally intensive than potential-energy calculations, as the number of computational operations is independent
of the overlayer size chosen for analysis. This enables analyses to be performed for the large overlayer basis
sets common for molecular overlayers. Furthermore, this facilitates the analysis of coincident overlayers, for
which the overlayer size needs to be large enough to establish a phasing relationship between a substrate and
a large nonprimitive overlayer supercell so that the global minimum with respect to azimuthal angle can be
determined. The computational efficiency of this method also enables a convenient examination of numerous
possible reconstructed overlayer configurations in which the lattice parameters are bracketed around those of
the native overlayer, thereby allowing examination of possible epitaxy-driven overlayer reconstructions. When
combined with calculated intralayer- and overlayer-substrate elastic constants, this method provides a strategy
for the design of heteroepitaxial molecular filnjS0163-18206)01343-4

INTRODUCTION structure of an overlayer will reflect a competition between
the energy lowering achieved by epitaxy, and the energetic
The fabrication of molecular thin films with highly or- penalty associated with any reconstruction of the overlayer
dered, crystalline structures has received considerable attelattice from its native form that may be required in order to
tion in attempts to develop materials for molecular-basedhchieve that epitaxy. Consequently, the design of thin films
electronic devices, sensors, displays, and logic elementsmust take into account the relative strengths of intermolecu-
The interest in molecular films stems primarily from the abil- lar interactions in the primary overlayer and those between
ity to tailor the electronic and optical properties systemati-the overlayer and substrateControlling these factors is im-
cally by judicious choice of molecular constituents. Mono- perative, as reconstruction of the primary overlayer from its
layers and multilayers with redox-active components capabl@ative form or stress-induced defects can affect the quality of
of supporting electronic conduction have been prepared bynultilayer films and bulk crystals grown from the primary
the attachment of organosulfur and organosilanes to solidverlayer.
surfaces, with functional multilayers built by chemical reac-  While there have been significant advances in the under-
tions on these two-dimensional interface$. Epitaxial  standing of the physical and electronic properties of molecu-
growth of monolayer and multilayer films of redox-active lar films, there exists a need for paradigms enabéirgiori
charge-transfer salts has been accomplished in solution usinge design of heteroepitaxial molecular overlayers. We have
electrochemical methodsThin films of organic dyes on van been employing a strategy for the design of molecular films
der Waals substrates such as graphite, M@Bd Snghave in which the native structure of a molecular overlayer, con-
been prepared by molecular-beam-epitaxy metfo8sic-  sidered to be at or near its minimum-energy configuration, is
cessful fabrication of molecular films with preordained prop-surmised from its structure in bulk crystals, which generally
erties hinges on control of several characteristics, includingonsist of layered structures stacked in the third dimension
the supramolecular structure of the film, its azimuthal orienby weak van der Waals interactiont’ The tendency of
tation with the respect to the substrate, and the nature anaolecules to assemble in the solid state into two-dimensional
distribution of defects present in the film. layers with strong intralayer bondir(g.g., through hydrogen
Investigations of the growth of elemental and inorganicbonding, charge transfer, or heteroatom-heteroatom interac-
thin films,” and to a lesser extent molecular films, indicatetions) suggests that layered motifs in bulk crystals are ideal
that film properties can be influenced significantly by inter-design elements for the fabrication of heteroepitaxial films
actions between the primaiy.e., initial) overlayer and the on appropriately chosen substrates. This strategy must in-
substrate upon which it forms. These interactions commonlglude methodology for identifying the optimum overlayer
are associated with overlayer-substrate epitaxy in which thstructure and its epitaxial relationship with a particular sub-
overlayer and substrate lattices are “in phase,” so that theistrate, and for evaluating the energetics of the overlayer and
interatomic potentials are reinforced. However, the actuathe substrate-overlayer interface. Recent reports have de-
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scribed methods for analyzing overlayer-substrate epitaxynelting high-purity gold wire (99.999% in a oxygen/
which involve calculation of the total potential energy, use ofhydrogen flame to expogé11)-oriented facets.
an elliptical potentiaf, or numerical iteration to determine Scanning tunnelindSTM) and atomic force microscope
the degree of fit between the overlayer and substratéAFM) experiments were performed with a Nanoscope IlI
lattices™* However, these methods tend to be computationMultimode scanning probe microscofigital Instruments,
ally intensive when applied to molecular overlayers due toSanta Barbara, CASTM tips consisted of mechanically cut
the large basis sets that are required for these systems. Ri/Ir wires and AFM probegNanoprobe, Park Scientific,
addition, the latter method is somewhat lacking with respecSunnyvale, CA consisted of triangular silicon nitride canti-
to direct theoretical significance. levers (the force constant is=0.06 N mi't) with integrated
Herein we report a simple analytical method for analyzingpyramidal tips. The AFM was equipped with a scan head
overlayer-substrate epitaxy that enables rapid determinationaving a maximum scan range of 12 by Agh?, while the
of optimum epitaxial relationships with respect to overlayerSTM employed a scanner with a maximum range of 5 by 5
orientation and structure for generic overlayer lattices. Thisum? AFM images were acquired in the contact mode under
method is computationally efficient because it is independemominally constant force conditions, with integral and pro-
of overlayer size, and provides an explicit determination ofportional gains of 4.0 and 7.0, respectively. The tip-sample
the type of epitaxy; that is, whether the overlayer is commenforce was minimized before imaging by reducing the set
surate, coincident, or incommensurate. When combined witpoint to a value just below tip disengagement. The azimuthal
calculations of overlayer and overlayer-substrate elastic corsrientations of the(ET),l; and Pg(ClO,) overlayers with
stants for native overlayers whose structures are surmise@spect to the HOPG substrate were determined by imaging
from either crystal structures, calculations, or experimentan exposed region of the substrate immediately before or
data, this approach enables rapid analysis of overlayemfter imaging of the overlayer, or by imaging the substrate
substrate systems and a qualitative assessment of the tdattice underneath the overlayer after removing the overlayer
dency for overlayer reconstruction from its native form. Themechanically by increasing the force exerted by the AFM
method also enables convenient searching for epitaxial relaip.
tionships between a rigid substrate and many possible recon- Potential-energy calculations for the overlayer-substrate
structed forms of an overlayer, and suggests tha ariori interfaces were performed on a Hewlett-Packard 710 work-
design of overlayer-substrate systems is feasible. station with a universal force fieldl based on a Lennard-
Jones 6-12 potential function integrated with a customized
Fortran code that allowed approach, translation, and rotation
METHODS AND MATERIALS of a overlayer-substrate molecular interface. Energy-
{ninimized overlayer structures and intralayer potentials were

; : i ; calculated using the Cerius molecular modeling program
rade materials, with bisthylenedithiolg-tetrathiafulvalene ) . ' .
g bisthy 4 (Molecular Simulations, version 1.@nd the universal force

ET), tetrathiafulvalene(TTF), tetracyanoquinodimethane . L ; ;
(ET) (TTF) yanod field. Electrostatic interactions were neglected in these calcu-

TCNQ), and perylenéPe obtained from Strem Chemicals, . . ) :

#\Iewb?ryport pMK Sglvznts used for electrodeposited mc)_Iatlons, as it was determined that the results were rather in-

lecular films \,/vere.HPLC grade. TheBu,N*CIO; electro sensitive to these contributions owing to their long-range na-
. 4 4 -

lyte was obtained commercialAldrich, Milwaukee, W), ture. The native structures of the overlayers were surmised
and was recrystallized from acetonitrile prior to use. Thefrom. layered moiifs in bul_k crystals whose structures were
electrolyte n-Bu,N"1; was prepared by a previously re- obtained from the Cambridge Structural Databasersion
ported methotf in which I, was added to a boiling solution 2.3.9. Thgs_e hative structures served as the initial ”"’?"S In
of chloroform or water containing excessBu,N*1- (Ald- energy m|n|m|z§1t|on and intralayer potentlal_calculatlons.
rich, Milwaukee, W). The black precipitate formed upon Stress and elastlc_: constants were calculated dl_rectly from _the
mixing was recrystallized twice from methanol to provide calculated potentla_ls. Structurz_al models were visualized with
dark, lustrous crystals of-Bu,N*I3, and the purity was the Cqmputer-Asssted Che_m|stf§2AChe, Inc) mqlecular .
confirmed by elemental analysis. Electrochemical synthese@ode“r‘.g prﬁgram.IC.aLIclu:Eatlorlls o;mterfgcg E"Sf't and epi-
and in situ real-time atomic force microscopy of tter),l; taxy using t € ana ytical function escribed here were per-
and Pg(CIO,) overlayers were performed in a commercially formed on either the 710 workstation, or on an IBM 486

available fluid cell(Digital Instruments, Santa Barbara, CA personal compurter using a program written in our laboratory

adapted for electrochemical growth, as describeo(EPlCALC), which runs in thewiINDOWS version 3.1 environ-
previously'>14 A three-electrode design was employed forment. EPICALC is available on the World Wide Web at

electrochemical measurements with a highly oriented pyrohttp://www.cems.umn.edu/research/ward.

lytic graphite(HOPQ substratgUnion Carbidé serving as

the working electrode, and Pt counter and reference elec-
trodes placed in the outlet of the fluid cell. The HOPG sub-
strate electrode was cleaved to expose a fresh surface prior to The spatial configuration of a molecule or assembly of
use. Overlayers ofET),l; and (P9,CIO, were grown by molecules at an interface is determined by a minimum in the
electrochemical oxidation of ET and Pe, respectively, in actotal system energy. The potential energy of an afme-
etonitrile containing the respective electrolytes under condisiding near a substrate plane of atowsassuming strict
tions similar to those previously reported for the electrosyn-additivity of interaction energies between neighboring atoms,
thesis of bulk crystalg‘(.*i>'1*5'1‘3 Au(111) substrates for is the sum of interactions between at@and the individual
deposition of thé TTF)(TCNQ) overlayers were prepared by atoms in layeA.*8 If atom B belongs to a semi-infinite layer,

Molecular overlayers were synthesized from reagen

RESULTS AND DISCUSSION
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the total potential energy of the entire systew,, can be
described by Eq(1),

Vi=2, 2 Vael (xy)P = (xy) ]

+3 > Val (xy)e— (xy)?]
k#j

+%i§| Veel (Xy)P— (xy)P] (1)

where &y)”* and (xy)® represent the positions of the atoms
at some coordinatexfy) in layersA andB, respectively. The

in_teraction energi_es between atoms in layérand B are FIG. 1. Schematic representation of a generic22molecular
given _byVAB’ while the last two terms represer?t the self- overlayer on a rigid substrate. The substrate and overlayer lattices
energies of the substrate and overlayer, respectively. are defined by two-dimensional cells with lattice constantsay,

The optimum overlayer-substrate configuration can be deznd o and b;, b,, and g, respectively. The anglé represents the

termined by minimizingV; with respect to the structure of angle between the vectoss andb;, defining the azimuthal angle
the overlayer, and its separation, position, and azimuthal oriof the overlayer with respect to the substrate.

entation with respect to the substrate. Such computations can

be daunting due to the large number of possible overlayerges of the matrix elements depend upon the substrate lattice

substrate configurations. Furthermore, the total system eRsnstants, the overlayer lattice constants, Aadcording to
ergy is not a strictly convex function, which makes determ|—Eqs_(3)_(6):

nation of the global minimum configuration difficult and

mathematically uncertain. This problem can be simplified by

assuming the substrate structure is constant and unaffected [bl}:[c]
by the overlayer, so that the term containing the substrate b,
potentialV,, has a fixed value. This allows reduction of Eq.

(1) to a form including only 45 andVgg . The relative mag- py=bysin(a— 0)/a;sin( a), 3
nitudes of the variation&V) in these potentials with respect

to changes in atomic coordinates will dictate whether the

a
ax

a
az

; 2

:[px dy
dx Py

overlayer retains it native forméy/gg> 6VAg) Or is recon- qy=bssin(6)/asin(a), 4
structed 6V, g>6Vge). The total potentiaV will be de-
creased when epitaxy reinforces attractive interactions be- 0= b,sin(a— 60— B)/a;sin(a), (5)

tween the overlayer and substrate.

o py=bgsin( 0+ B)/azsin( a). (6)
Epitaxial interface

Epitaxy generally is used to describe lattice registry, or, The primary value of the transformation matrix is that it
equivalently, the degree of “phase matching,” between twodescribes the interface in convenient terms. This is particu-
opposing lattice planegalthough it was originally used to |arly true for simple(atomiq lattices, for which the determi-
describe the growth of materi@ on substrateA, with B nant of C can be used conveniently to deduce whether the
adopting the structure oh). In simple atomic systems, the system is commensurate, coincident, or incommensurate.
criterion used to describe the extent of epitaxy along a specHowever, deiC) does not provide insight into the energetics
fied crystallographic direction is the lattice midfit (b—a)/  of the interface; nor is it very useful for evaluating the epi-
a, wherea andb are lattice constants of the substrate andtaxy of more complex, coincident molecular overlayers. Co-
overlayer, respectivellY. The misfitf is a one-dimensional incidence is not as well recognized as commensurism or in-
parameter, and can be used for two-dimensional systemssmmensurism, but it is the main tenet of the following
only when the two lattices are of equivalent symmetry anddiscussion. Therefore, the characteristics of these epitaxial
size. Therefore, an alternative approach is required for geconditions is reviewed here in the context of the properties of
neric two-dimensional interfaces. this matrix.

A two-dimensional interface consisting of substratand
overlayerB can be described by seven parametéig. 1).
The substrate can be described by lattice constanésida,
and anglex, the overlayer by, andb, and angles, and the This condition exists when every overlayer lattice site re-
azimuthal orientation can be defined by the angjleetween  sides on a particular set of substrate lattice sites. Under this
a, andb,. The azimuthal relationship between substrate condition, defC) and each of the matrix elements assume
and overlayeB can be described by a transformation matrixintegral values. Consequently, the overlayer unit cell can be
C which relatesb; andb, to a; anda,, whereC is a 2x2  described by a minimum integral number of substrate unit
matrix with elementg,, q,, dy, andp, [Eq. (2)]. The val-  cells at some rotation angle.

Commensurism
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FIG. 2. (a) Schematic representation of a commensurate overlayerbyithh,=2a,; and =90° on a primitive substrate lattice with
lattice constanta, =a,. (b) The dependence of the two-dimensional quasipote¥itid}, on azimuthal angl® for a 20<20 overlayer for the
overlayer-substrate system (a). The minimum atf=0 and 90° corresponds to the optimum epitafg). Schematic representation of a
coincident overlayer wittp,;=1.6a,, b,=1.8a,, and3=146.25°. The %2 nonprimitive supercell, having vertices which are commensurate
with the substrate, is depictet) The dependence of the two-dimensional quasipoteli&@l, on azimuthal angle for the overlayer-
substrate system ift). The minimum at?=m/2 corresponds to the optimum epitaxy.

Coincidence volve a large number of molecules assembled into two-
dimensional lattices. The size and symmetry of these lattices

coincidentwith uniformly spacedows of substrate sites cor- will differ substantially from those of typical substrates, ar-

responding to a specific lattice direction, such that one of th@uing against commensurate lattices in the absence of over-
reciprocal-lattice vectors of the overlayer has the same direc2Y€’ reconstruction. ~ Consequently, any analysis of
tion as the reciprocal-lattice vector defined by the substrat@Verlayer-substrate interfaces must consider the possibility
rows (Fig. 2. The magnitude of the overlayer reciprocal- Of coincident overlayers.
lattice vector is an integer multiple of the corresponding sub-
strate lattice vector. There is commensurism with respect to
these reciprocal-lattice vectdra; andb? in Fig. 2(c)] while
some overlayer sites are locally noncommensurate along the This condition exists when the overlayer is neither com-
other lattice vector§a, andb, in Fig. 2(c)]. The degree of mensurate nor coincident with the substrate.
epitaxy therefore is weaker than in a truly commensurate Two methods have been employed recently to evaluate
structure. Coincidence also implies the existence of a norepitaxy for molecular overlayers, specifically by examining
primitive overlayer supercell, constructed from an integralthe “degree of epitaxy” for continuously changing values of
number of overlayer unit cells, whoperimeteris commen- 6. The most complete method involves the determination of
surate with the substrate. This is equivalent to stating thafionbonded potential-energy interactions summed over the
some overlayer positiongnost commonly chosen to be the entire overlayer-substrate interface. For a particular over-
vertices of the supercgltoincide with substrate sites at pe- layer orientation and a fixed structuiie which the overlayer
riodic intervals, while other positions contained within the and substrate are considered to be rigid so ¥hatandVgg
supercell are locally noncommensurate. For a given syster@re constant the interface potential+ can be described by
the degree of epitaxy, and therefore the energetics, will imEQ. (7),
prove as the number of primitive overlayer cells necessary to
construct the nonprimitive supercell decreases, as this leads
to fewer non-commensurate overlayer sites. . B

de{C) for a coincident lattice will be a simple fraction. VT—Ei ; Vas(XyP—xy?),
Coincidence further requires that certain combinations of the
matrix coefficients assume integral values at the rotation
angled. In the case of a generic lattice, andq,, orp, and  which is a summation of the individual molecule-substrate
d,, must be integers. Integral values for these combinationgotentialsV g, wherei andj refer to the summation over
or for the sumsp,+q, and g,+p,, will produce coinci- the substraté\ and overlayeB atoms. The interaction po-
dence on hexagonal substrates. Molecular overlayers will intential Vg can include van der Waals attraction, electron-

This condition exists whemows of overlayer sites are

Incommensurism

@)
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X/, 9

core repulsion, electrostatic interactions, and hydrogen bond- V(X) {277
a

ing, which are generally weaker than covalent forces and are v
assumed to be pairwise additive such that the interaction 0
between numerous atoms or molecules can be determined
with a simple sum of individual atom-atom pair interactions
using any one of several accepted empirical and semiempifyperea represents the lattice periodicity.

ical potentiall force field$>"** It can pe surmised fro.m Eq. The interaction between a substrate lattice and an over-
(7) that Vr will depend upon the azimuthal angie with @~ over |attice is governed by the overlap of their potential-

gIong 'm|r;|ml_L|1m InVy af1t a value olfﬁ at th'iCh iplttaﬁy 1S nergy surfaces, with these interactions reinforced when the
maximized. HOWeVer, Tor an overiayer and substraté, €acjLyices are “in phase.” The potential of a one-dimensional

hayingnxn atoms, the potent_ial methpd requine‘é;calcu? . interfaceis continuous, and can be described by 8d)),
lations at each value of examined. This becomes prohibi-

tive for computations involving large unit cells or large over-
layers consisting of multiple unit cells. Furthermore, the
semiempirical nature of these calculations does not guarantee

accuracy. 2b

An alternative method for determining the influence of v Z 1_COS<T '”
periodic interfacial interactions at a two-dimensional inter- — = , (10)
face has been reported in which the local misfitsetween Vo 2

individual atomic or molecular sites in the overlayer and i

substrate are summed over the entire interfdcEhe sum-

mation can be described by the two-dimensional misfit pa-

rameterD(6) in Eq. (8),
whereb is the overlayer unit-cell constant, anthas integral
values ofi=0,%1,...,-=m. This can be expressed in terms of
the mathematically equivalent E(L1),

D<0>=Z;<ij>{[01—int[01}— .8

a
a
1
2m+1

11

Y,

v (2m+1)-
wherea, anda, represent the substrate lattice dimensions, 0

andC is the transformation matrix defined above relating the

overlayer and the substrate. This function simply sums the

distances between overlayer and substrate lattice sites, in

which the overlayer lattice sites are indexed to the nearesghich is realized by replacing the summation with an inte-
substrate lattice point by integersand j. This is a discrete  gral, and defining the mismatch between the lattice periods
two-dimensional misfit calculation in which the energy unitsandb by the lattice misfitf =(b—a)/a. The VIV, term in
are arbitrary, and the value @fat whichD(6) is minimum  Eq. (11) is a dimensionless potential whose value is gov-
signifies the azimuthal angle at which epitaxy is maximizederned by the “degree of commensurability” between the two
If the system is coincident, one vector component of thepne-dimensional lattices with respect to the migfitThe
misfit will disappear, and the depth of the minimum will term M is a whole number corresponding to multiples of
depend upon the sum of misfit, reaching a maximum valugattice b, and 1(2m+1) is a normalization constant. Under
for incommensurate overlayers. This method is conceptuallgonditions where the lattice peridmlapproaches the value of
simple, retains the essential features of the completg(f=0), the dimensionless potential tends to the minimum
potential-energy calculation, and requires onfy calcula-  yalye of V/V,=0 [evaluation of the sin terms in E¢L1) at
tions per configuration. However, it suffers from being a nu-f =0 actually results in an indeterminant number of 0/0, but
merical method rather than an analytical one, has little direcihe theorem of de I'Hopital can be used to demonstrate that
theoretical significance, and remains computationally inteny/v,=0 at f=0]. As f increasesV/V, actually increases
sive if many overlayer cell structures and orientations are t@hrough a maximum, before decreasing again in an oscilla-
be analyzed. tory fashion. At large misfitV/V, reaches a constant value
of one. Equation(11) provides an analytical expression
which can be used to establish the overlayer-substrate con-
figuration at whichV/V, is minimized, that is, at a configu-
The computational intensiveness of these methodsation representing the best match between the two lattices.
prompted us to develop an analytical method for evaluating This method can be extended to generic two-dimensional
epitaxy for overlayer-substrate systems. This method, whicloverlayer-substrate interfaces by adopting the previously re-
is based on an extension of earlier treatments for simple ongeorted approach, which only addressed trivial two-
and two-dimensional latticé$;?*?relies on a dimensionless dimensional lattices. In this case, the dimensionless potential
potential energy/V,. For a one-dimensional latticé/\V/,  for an overlayer with unit-cell dimensiorts, andb, can be
can be described by E), described by Eq(12),

si(2m+1)7(f+1)]
siMa(f+1)]

An analytical approach to epitaxy characterization
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' %2 ) [Z—COS{ZW(ij)[C](é) —CO{ZWUJ)[C](?)H
v ,

S3

J

12

in which the lattice sites are indexed to substrate lattice sitethe commensurate orientatiov/V, increases in an oscilla-
by integers andj. This expression incorporates the continu-tory manner due to the increasing misfit. Regions of incom-
ous nature of the interface potentials and also ma@jx mensurism are signified by a value 6fV,=1. The coinci-
which describes the azimuthal relationship between the ovedent condition can be illustrated by a substrate having lattice
layer and substrate. The overlayer sites along one of the Caconstantsa;=a, and an overlayer of different symmetry
tesian directionsy;) are indexed to the substrate sites alongwith lattice constants ofb,=1.6a;,, b,=1.8a,, and

this direction by the integer, wherei has integral values B=146.25°. Rows of overlayer lattice sites alomgare co-
ranging from—m to m, and their positions defined by the incident with substrate rows oriented alorg, and the
matrix C. Similarly, overlayer sites along the other Cartesianreciprocal-lattice vectora] andb? are identical. Calculation
direction ;) are indexed to the substrate sites along thisof V/V, predicts the presence of coincidencefat0° and
direction by the integey, wherej has integral values ranging 90°, as surmised by visual inspection of these lattices. This
from —n to n. These relationships can be surmised readilyoverlayer is described by a>® nonprimitive supercell
from Eq.(2). The termaM andN correspond to the multiples whose vertices are commensurate with the substrate.

of overlayer unit cell vector®; andb, used in the calcula- The total potentiaVt, two-dimensional misfiD(6), and
tions. The produciM XN corresponds to the number of over-

layer unit cells used in the calculation, whee=2m+ 1

andN=2n+1. This summation again can be replaced by an -3.35 —
integral to give the analytical function in E(L3),

-3.45}
\ VvV -3s5
v. | 2(2m+1)(2n+1) (kcal/mol)
0 -3.65}
B si (2m+ 1) 7p,]siN(2n+1)7q,] azsl
sin{ wpy]sin wo]
-3.85
sin(2m+1)mqy]sin (2n+1)mp, ]
sin 7qy]sin mpy ] 1.4
12D
! 13 1
“2emrDnt 1)) ( '
D (6) 0.8 |
in which 1[2(2m+1)(2n+1)] is a normalization constant 06 }
that ensures that/V, has specific numerical values under 04l ]
certain conditions. 02

The potentiaM/V, can be calculated for azimuthal orien-

H ' _ 0 " o " " " . " L
tations _deflned by the component of m_at®<f0_r an over o 10 20 30 40 50 80 70 80 90
layer with M XN unit cells. This potential varies continu-

ously with orientation but adopts specific values for 14

commensurism, coincidence, and incommensurism of, 0, 121 C

and 1, respectively. Notably, the computational requirements 11

for determining misfit with Eq(13) are minimal as a calcu- y o08f

lation at a particular value of requires only one operation, vo 06 |

and is independent of overlayer size, in contrast to the afore- )

mentioned methods. The validity of this approach can be 04t

illustrated by comparing the azimuthal orientation of model 02t

systems with that predicted from of E{@.3). For a substrate 0 . . . . . - s .
having lattice constanta;=a, and a 220 overlayer of 0 10 20 30 40 50 60 70 80 90

identical symmetry but with lattice constants of 6

b,=b,=2a,, VIV, passes through a minimum ¥{V,=0

at =0° and #=90°, as surmised by visual inspection of  FIG. 3. Calculation ofa) V1, (b) D(6), and(c) V/V, for a 5x5
these latticesFig. 2). The value of déC)=4 for this com-  overlayer on a substrate wity =a,=b,=b,. The total potential
mensurate overlayer is identical to the 4:1 ratio of unit-cellVT Was calculated with a Lennard-Jones 6-12 potential using Ar
areas. As the azimuthal angle of the overlayer departs froritoms as the basis.
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VIV, for a trivial 5X5 overlayer and substrate, in which
a,=a,=b;=b, anda=B=90°, each exhibit minima at ori-
entations ofd=0° and #=90° (Fig. 3) corresponding to a

1.4 . . . v -9.68

{-8.7

commensurate condition. The shape®fd) differs some- g
what from the other two functions due to its discrete and ¥ 1o 3
linear nature. These data indicate that the dependente of 0 £
on 6 is exactly reproduced with//V for this overlayer- {974 >
substrate interface. Actual molecular overlayers are likely to

exhibit differences invV; and V/V,, asV/V, does not ac- -9.76

count for local molecule-substrate interactions. However, as
the overlayer size is increased, these local contributions will
become increasingly dominated by the in-phase components
so that only the periodic terms remain and the form&/ef
andV/V, converge to the same global minimum. This can be
illustrated by examining an interface comprising a substrate %
with a;=a,=2.46 A anda=60° (graphit¢ having two at- 00
oms per unit cell, and an overlayer with=6.61 A, b,=9.1
A, and 8=110° having three atom@nolecule$ per unit cell 02+
[this particular overlayer corresponds to one that mimics the 0 . . . -9.76
triiodide layer in the(001) plane of 8-(ET),l5, which is de- : A
scribed belov: Differences in form and minima are evident 14 — . . . -9.68
for a 3x3 overlayer. However, the two functions progres- 12 C
sively converge to the same form upon increasing overlayer
size (5X5 and 77), eventually exhibiting identical minima

at 6=19°, where the value 0f/V,=0.5 indicates coincident %
epitaxy (Fig. 4). Therefore, V/V, is identical in form to the
purely periodic components &f; in the limit of increasingly

larger overlayer sizeshis illustrates that calculations per-
formed with any of these methods must include a sufficient 0 ~ - J -9.76
number of overlayer unit cells in order to establish accu- ° o 20 30 40 50 60
rately the phase relationship between the substrate and the

overlayer . . '
. : . FIG. 4. Dependence of total interaction potentia}(r) and
The validity of usingV/V, to evaluate epitaxy can be VIVg(—) on overlayer size for an overlayer with;—6.56 A,

demonstrated'further by comparing the azimuthal angles o 5,—9.1 A, 5=109.8°, and a HOPG substrate with=2.46 A.
served experimentally for several pverlayer—substrate sy:~:€12:2'46 A, anda=120°. Overlayer sizesa) 3x3, (b) 5x5, and
tems to those calculated froW/V, using the k_nown lattice (c) 7X7. In the calculation oV, the substrate is graphite, which
pa,rame_terfﬁable . In nearly every example in Table |, the contains two atoms per unit cell, the overlayer is tielayer of the
orientation of the overlayer predicted BYV, corresponds to  (gg1) plane of3-(ET),l5, which contains three | atoms per unit cell.
that determined experimentally. Particularly interesting are
the six polymorphs of perylene-tetracarboxylic dianhydridefor small overlayer sizes does not necessarily signify incom-
(PTCDA) overlayers, for which all but one are epitaxial by mensurism. The concept of “quasiepitaxy,” a condition sur-
coincidence based oW/V,. Figures 5 and 6 illustrate the mised from an apparent lack of commensurism, was ad-
VIV, dependences oé for selected overlayer-substrate sys-vanced recently to explain the formation of low-defect
tems from Table I, and schematic representations of theimolecular overlayer However, evaluation o¥/V, for sev-
corresponding orientatiorf§-3! (Also see Fig. 7. eral overlayerdTable |) reveals that most of these are actu-
These comparisons demonstrate that a simple dimensiomdly coincident with clearly defined minima at the azimuthal
less potentiaM/V can be used to analyze and predict theangles indicated. The existence of coincidence does not de-
registry of overlayer-substrate combinations, enabling a detract from the ability to form stress-free, low-defect molecu-
termination of the type of epitaxy and optimum azimuthallar overlayers. Indeed, the ability of overlayers to be stabi-
orientation for a particular overlayer structure. The compu-ized by coincidence in their essentially unreconstructed state
tational time required for this analysis is independent ofis an ideal condition for the formation of high-quality crys-
overlayer size, which is particularly important for analyzing talline multilayers and bulk materials grown from these pri-
molecular films with large, low-symmetry, oblique unit cells mary overlayers.
containing large numbers of basis atoms. The dependence of The computational efficiency of this analytical function
V: andV/V, on overlayer size depicted in Fig. 4 illustrates also enables systematic searching, within a reasonable time,
that calculations performed on coincident overlayers, eithefor reconstructed overlayers whose lattice paramdterb,,
with the total potential oV/V,, can exhibit shallow and and g8 are bracketed around the native overlayer values, so
multiple potential minima if the overlayer sizes are small.that possible epitaxy-driven reconstructions can be exam-
The emergence of a clear global minimum associated witlined. This is performed with a custom-made program, devel-
coincident overlayers for large overlayer sizes demonstratesped in our laboratory, operating in th@NDoOws environ-
that multiple minima or shallow potential functions observedment, which calculate¥/V, over the full range of¢ for

V (kcal/mol)

V (kcal/mol)




14 044

ANDREW C. HILLIER AND MICHAEL D. WARD

TABLE I. Comparison of the experimentally measured and calculated azimuthal ddglgaind 0.,
respectively for various overlayer-substrate systems with overlayer lattice condiants,, and g.

Supercell
Organic B Oexpt Bealc sizé
overlayer Substrafe b; (A) b, (A) (deg (deg (deg MXN  Method Ref.
PTCDA MoS° 12.4 19.7 88.8 12.7 12.7 X STM 26
HOPG 15.2 21.6 90.0 13 +11.3 3x3 STM §a), 8(bh), 27
HOPG 15.7 20.0 90.0 19 +18.6 3x2 Theor &a), 8(b), 27
HOPG 12.7 19.2 895 3.1 32 31 STM 11
HOPG 12.4 19.4 90.0 9.9 +9.9 2X1 STM 11
HOPG 12.0 20.2 90.0 25 +2.3 3xX3 LEED 6(c), 6(c)
HOPG 125 191 90.0 3.0 d LEED  6(b), 6(c)
HOPG 12.7 19.2 895 3.2 3.2 31 STM 6b), 6(c)
Cu(100° 14.5 18.1 90.0 45 45 A1 LEED 28
PTCDI HOPG 14.5 16.9 83.6 12.7 12.7 X2 STM 6(b), 6(c)
MoS,° 14.5 17.2 83.1 10.9 10.8 X3 STM 6(b), 6(c)
CuPc MoS*® 13.7 14.2 90.0 30 30 22 STM 29
Cu(100° 13.8 19.0 96.6 23.4 22.2 X1 LEED 28
Cu(11p© 12.6 12.6 85.0 8 0,35 A3 LEED 30
FePc C(@100° 13.7 13.7 90.0 225 +21.8 X1 LEED 30
Cu(11)® 12.0 120 82.0 11 b LEED 30
Pc Cu100¢ 13.7 13.7 90.0 22.5 +21.8 X1 LEED 30
Cu11)® 13.3 133 815 1025 =11 3x1  LEED 30
(Pe,ClO, HOPG 10.9 18.1 87.0 15 9 B2 AFM 5(b)
(TTE(TCNQ) Au(11)® 110 165 1040 f 27 5% 4 STM 31
B-(ET),l 519 HOPG 6.6 9.1 110.0 18 19 %3 AFM 5(a)
B-(ET),l 5l HOPG® 7.2 17.3 83.0 15 17 385 AFM 5(b)

3 attice constants for substrates: HOR&G = a,=2.46 Ala=60°, MoS, (a; =a,=3.16 Ala=60°, Cu(100
(a;=a,=3.61 Ala=90°); Cu(111) (a;=a,=2.56 Alx=60°); Au(111) (a;=a,=2.88 Alu=60°).

®M andN refer to the multiples ob, andb, describing the overlayer supercell. In cases where the supercell
did not fit the substrate perfectly, the supercell dimensions given represent values correspondhiig to
misfit along one overlayers lattice vector.

Coincident.

dincommensurate.

®Commensurate.

feexpt was not determined due to experimental difficulties.

YLattice parameters given correspond to those of@@4) plane of bulks-(ET),l3, which are identical to the
lattice constants of the overlayer observed by AFM, within experimental error bulk crystal.

numerous sets of lattice parameters. Computations peducing intralayer strain, described by the difference between
formed on a standard 486 processor enabl®00 possible the positions of the molecules in the reconstructed and native
reconstructed forms to be searched and fully analyzed in 1 Horms. This strain will impart an intralayer stress that, for a
However, V/V, does not provide the actual overlayer- sufficiently small strain, can be described by a linear stress-
substrate interaction energy or stability ranking of differentstrain relationship. The stress and strain in a three-
epitaxial overlayer-substrate combinations. Rather, its utilitydimensional solid are second-rank tensors, and can be used

lies in narrowing the choice of possible configurations avail-t0 analyze the elastic properties of a thin-film—substrate in-
able to a particular overlayer-substrate system. terface(Fig. 8). Stresses between the overlayer and substrate

due to molecules located on noncommensurate positions
(o}, oy, andoy") create interfacial forces which drive
reconstruction of the overlayer toward commensurate forms.
Although epitaxy plays an important role in determining These stresses are opposed by intralayer strQe§@’§ and
the orientation and stability of the overlayer-substrate inter-g;;‘"a) accompanying reconstruction of the native overlayer
face, the actuaknergeticsof the interface cannot be over- sfructure. If only the purely extensional components of the
looked. The competition between intralayer and interlayesstrain tensor, parallel to the film interface and directed along
interactions can be described in terms of the elasticities of andy (s, andgy), are considered the stress-strain relations
the overlayer and the overlayer-substrate interface, which af@r the intralayer components are given by E¢s4) and
related to the corresponding interaction potenfiaigecon- (15),
struction of an overlayer accompanying the formation of wa_intra
commensurate or coincident lattices is tantamount to intro- Ox =Cxx €x,

Energetics of the overlayer-substrate interface

(14
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FIG. 5. Calculated dependence \fV, on azimuthal angle for the selected overlayer-substrate combinations depicted in Fig) 6.

PTCDAICU(100), (b) CuPdMoS,, (c) (Pe,CIO4/HOPG,(d) (TTF(TCNQ)IAu(111), (e) B-(ET),l5 (type DNIHOPG, andf) B-(ET),l; (type
INIHOPG. The calculations were performed using<20 overlayers.

O_intra: Cintra8 ] (15)

y yy ©y

tra intra

The intralayer elastic constane3"™ and Cyy  represent

the “stiffness” of the overlayer, that is, its resistance to re-

construction from its preferred or native structure. The elas-

tic constants can be determined by a calculation of the sec-

ond derivative of the corresponding potential functions, the

second derivative simply being the radius of curvature of the

potential well, k=d?V/dr?. The larger the value ok, the

larger the stiffness constant, and the greater the opposition to

perturbations from the minimum-energy configuration. The

radius of curvature of the potential generally will scale with

its depth, implying that larger interaction energies generally

will lead to larger elastic constants.

The stress component oriented normal to the substrate in-

terfaceo, is related to the straim,, which describes changes

in the overlayer-substrate separation alongZtais, by the

elastic constanc!™® [Eq. (16)]. Strain at the overlayer-

substrate interface along the axis, such as that resulting

from molecules sitting on locally nhoncommensurate posi-

tions in coincident overlayers, will result in a stress along

and a shear stress alomgaccording to Egs(17) and (18),

FIG. 6. Schematic representations of overlayer orientations on

substrates for selected systems in Table | as viewed normal to the inter__inter
overlayer-substrate interface. The perimeter of the primitive over- z —Czz €z,
layer unit cell is depicted by a solid line. The perimeter of the

nonprimitive commensurate supercell for the coincident overlayers Uixnter: Cixn;erex,

is depicted by the dashed line(@) PTCDAICU(100, (b)
CUuPdMoS,, (c) (P8,CIO/IHOPG, (d) (TTF)(TCNQ)IAu(111), (e) erinter
B-(ET),l;5 (type DIHOPG, and(f) B8-(ET),l5 (type INIHOPG. 0, =Cy; &

(16)

(17

(18)
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S s, s e oo {
LI <0 =0, 88

bis(ethylenedithiolo-  tetrathiafulvalene tetracyanoquinodimethane perylene
tetrathiafulvalene)
(ET) (TTF) (TCNQ) (Pe)

perylene tetracarboxylic acid dianhydride perylene tetracarboxylic acid diimide

(o) O O, O

0] O N N

(6] — — O (6] — — @]
perylene tetracarboxylic acid dianhydride perylene tetracarboxylic acid diimide FIG. 7. Component of epitaxially grown mo-

(PTCDA) (PTCDI) lecular films described in Table I.

phthalocyanine metal phthalocyanine
(Pc) (MPc)
M =Cu, Fe

Small overlayer-substrate elastic constants and larger irimages of the overlayer, and comparing their orientation to
tralayer elastic constants will conspire to favor coincidentthe bare substrate lattice in regions either adjacent to the
overlayers, as thimterfacial stress associated with molecules overlayer or beneath the overlay@roduced after mechani-
on nonideal positions will be smaller than thetralayer  cal etching of the overlayer with the AFM jipThe overlayer
stress that would accompany reconstruction of the overlayestructures, all of which were coincident with the HOPG sub-
from its native form to a reconstructed overlayer that is com-strate, reflect the balance between interfacial and intralayer
mensurate with the substrate. In contrast, large overlayeelasticity(Table Il). In the case ofET),l5, a coincident over-
substrate and small intralayer elastic constants will favor théayer was observed whose lattice constants were identical,
formation of a strainedi.e., reconstructed from a native within experimental error, to those of the molecu(@01)
form) commensurate overlayer. The competition between infayers in the bulk crystal of3-(ET),l3. Analysis of V/V,
terfacial and intralayer interactions and stiffness is evidenbased on the bulk crystal lattice parameters@gET).l for
from comparison of the PTCDA/GQL00, PTCDA/HOPG, this overlayer indicated coincidenceét19°, in near agree-
and PTCDA/Mo$S systems. A highly reconstructed com- ment with the experimentally observed value6sf18°.
mensurate overlayer is observed on (TQ0), while on This coincideniB-(ET),l; overlayer is described by axB3
HOPG and Mo$ coincident overlayers are observed with anonprimitive commensurate supercell which contains mol-
structure comparable to those in the bulk crystal. The formaecules within its perimeter that reside on noncommensurate
tion of a commensurate structure on(CO0) suggests strong lattice positions. The nonideality of these positions represent
chemisorption on the high-energy @00 surface. In con- local strains, but calculations indicate that the interfacial
trast, the interfacial interactions, and the corresponding interstresses resulting from these strains are likely to be small.
facial stresses, are expected to be smaller on the lower eithe calculated adsorption energy fokG01) B-(ET),l5 unit
ergy HOPG and MoSsurfaces, enabling the formation of cell on HOPG was 15.1 kcal mot (at #=0°), and the de-
coincident lattices for which intralayer forces dominate thependence of potential on translation and azimuthal rotation
overlayer structure. was rather shallow, varying only by 0.2 kcal mél This is

Recent studies in our laboratory have demonstratetntamount to small interfacial elastic constantsandc,,,
that molecular overlayers with structures mimicking and, consequently, the stressesand o, associated with
layers in bulk crystals of conducting charge-transferplacing molecules on noncommensurate position are rather
salts can be grown epitaxially on ordered substratesmall [Figs. §c) and &d)]. In contrast, the potential-well
such as HOPG. Among the systems we investigatedjepths, and accordingly the stress and elastic constants, as-
three are illustrative of the influence of overlayer- sociated with theintralayer interactions are significantly
substrate energetic$ET),l4IHOPG, (Pe,CIO,IHOPG, and larger than the interfacial valué3able ). This signals that
(TTF(TCNQ)IAuU(11)) (Fig. 9. The azimuthal orientations the energetic penalty resulting from reconstruction of the co-
of the overlayers for(ET),ljIHOPG and(Pg,CIOJIHOPG incident overlayer to a commensurate overlayer is greater
were established directly by atomic force microscopy duringhan the energetic penalty associated with the nhoncommen-
electrochemical growth of these monolayers insurate overlayer sites in the coincident structure. The obser-
solution®@3® This was accomplished by obtaining lattice vations of an unreconstructgg(ET),l5 (001) overlayer can
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FIG. 8. (a) Schematic representation of the overlayer-substrate interface f@-tB&),l5 (type NIHOPG in which the structure of the
overlayer mimics that of th€d01) molecular layers present j6-(ET),l5. The stress componentg, and oy, represent purely intralayer
stress resulting from extensional strain in the overlaygy,and oy, represents intralayer shear stress resulting from extensional stgain,
represents the interfacial stress due to changes in the overlayer-substrate separatign, @,d o, and o, are shear stress components.
(b) The dependence of the total interaction potentid})( stress(o,=dV+/dz), and elastic constanic{,=d?V;/dz?) upon overlayer-
substrate separatianfor (001) B-(ET),l5IHOPG for a X1 overlayer.(c) Changes o+, oy, and o, upon translation of a1 (002
B-(ET),l; overlayer on the HOPG surface aloag The overlayer-substrate separation was fixed at 3.@l)AChanges oW+, oy, ando,
upon rotation of th€001) B-(ET),l; overlayer on the HOPG surface about a fixed axis perpendicular to the interface. The overlayer-substrate
separation was fixed at 3.4 A, and the origin of 1081) B-(ET),l; unit cell was fixed at the mimimum established (). The local
minimum atf=19° reflects the minimum observed for large overlayer sigege Fig. 4, whereas the deeper minimum evident at 60° is a
false minimum resulting from the small overlayer size used in the calculg@prand (f) Dependence oV, oy, oy, Cyy, andcy, for an
isolated thg001) B-(ET),l5 layer. The minima of the potential wells aae=6.67 and 9.09 A, essentially identical to the corresponding values

of a=6.61 A andb=9.1 A observed for th€001) layer in the bulk crystal. Interaction potentials were determined using a universal force
field.
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FIG. 9. Schematic illustration of overlayers on substrategdp(Pe,ClO, on HOPG,(b) (TTF)(TCNQ) on Au(111), (c) B-(ET),l; type
I on HOPG, andd) B-(ET),l5 type Il on HOPG. The overlayer structures are depicted with lattice constants and azimuthal orief@ations
corresponding to those observed experimentally, which agree with the values calculatéd ¥fgnThe actual orientation of the molecules
in the overlayers are not known rigorously, and their orientations here are based on their orientations in the corresponding bulk crystals.

be attributed to strong intralayer interactions and large elastic In contrast to thg001) B-(ET),l; overlayer, analysis of
constants associated with stromgm interactions along the V/V, for molecular(Pe,CIO, (Ref. 33 and (TTF)(TCNQ)

ET stacks and in-plan&-S interactions between ET mol- (Ref. 39 layers did not identify any native layers which were
ecules in a direction perpendicular to these stacks, but weadpitaxial with HOPG and A(l11) substrates, respectively.
van der Waals interactions betwe@®1) layers which serve Nevertheless, the AFM and STM revealed the formation of
to minimize the surface energy of this plane. Indeed, themolecularly thick overlayerg~4 A) with lattice constants
energy-minimized structure of th@01) layers was essen- differing from those of the bulk layers or energy-minimized
tially identical to that observed in the bulk crystal. The abil- forms of these layers. Analysis &f/VV, based on the AFM

ity of this native form to achieve coincidence provides suf-and STM lattice constants indicated that these overlayers
ficient stabilization of the overlayer, so that energeticallywere coincident at azimuthal angles 6&£9° and 27° for
unfavorable reconstruction to a commensurate overlayer i€e,CIOIHOPG and(TTF)(TCNQ)IAu(111), respectively.
obviated. It is worth noting that analysis ¥fV, for (ET),l;  In the case of(Pg,CIO,HOPG the calculated azimuthal
molecular layers in the numerous polymorphs or composiangle was identical, within experimental error, to that mea-
tional variants of bulk crystafé did not reveal any coinci- sured by the AFM. Experimental difficulties related to the
dent relationships with HOPG. These polymorphs contairstability of the(TTF)(TCNQ) overlayers on A(L11) during
layer structures, also with large intralayer elasticities, sugscanning with the STM have thus far prevented reliable de-
gesting that the energetic penalty associated with reconstrutermination of the azimuthal angle for this system. However,
tion to coincident or commensurate structures is too large fowe presume that it is coincidence é+27° that stabilizes
these to be formed. this overlayer. The 4-A thickness of the overlayers in each
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TABLE Il. The azimuthal angle, lattice constants, adsorption energies, and variation of adsorption ener-
gies with respect to overlayer position, for molecular films based on charge-transfer salts. The experimental
values of6, by, b,, and 8 were determined by either AFM or STM.

Cxx ny Czz Cxx Cxz
b, b, B 0 intra inter

Overlayer R (A (deg (deg (kcalmol*A~?)  (kcalmoltA~?
(Pe,CIO,/HOPG
Calculated 13.2 19.2 90 2% 6.6 54 167 174 351
AFM 10.9+0.6 18.r+-0.8 87 15
Bulk crystal (001 layej® 13.1 14.1 90 ¢
(TTF)(TCNQ)/Au(112)
Calculated 12.7 18.4 104 13.5 65 279 071 171
STM 11.0+0.3 16.5-0.4 104 27
Bulk crystal (010) layef 12.3 18.5 104 ¢
(001) B-(ET),l4/HOPG
Calculated 6.67 9.09 110 39 80.2 36 435 061 1.17
AFM 6.3+0.4 8.5-04 108 18
Bulk crystal (001 layey 6.61 9.1 110 19
(011) B-(ET),l4/HOPG
Calculated 6.65 18.6 83 1% 36 5 192 2.96 6.49
AFM 7.2+0.4 17.3:0.8 83 15
Bulk crystal (011) layer 6.67 18.4 82 ¢

&The values off were calculated from from analysis &f/V, using the lattice constants,, b,, and 8
calculated for the energy-minimized overlayer struct(eatries to the right of this value using the
universal force field.

®The bulk lattice constants actually are those reported Pey,PF; (Ref. 39, but these are believed to be
similar to those of the corresponding perchlorate salt.

°No epitaxial orientation was evident from analysisvé¥/, based on the lattice constants of the crystal plane
indicated in the entry to the left, or for any other reasonable crystal plane of the bulk crystal.

dNo epitaxial orientation was evident from analysis grown from analysig/®f, based on these calculated
lattice constants of the reconstruct@10 crystal plane.

®The value of¢=27° was calculated based on the STM lattice constants. The actual azimuthal orientation
could not be determined due to experimental limitations.
fBulk crystal structure reported in Ref. 33.

9AFM measurements indicatefivalues ranging from 10—19°, which is attributed to orientational disorder
and small contributions from experimental error. However, a more reliable determinatfonasf achieved

by AFM performed microcrystals on the HOPG substrate grown from the overlayer, which indicated that
0=18°.

case suggested that the molecular planes were parallel to tkell of (Pg,ClO, on HOPG is—92.4 kcal mol? (at §=0°),

substrates, resembling ti#00) plane in(Pe,ClO, and the and the variation in this energy is 0.8 kcal mblboth sub-

(010 plane in(TTF)(TCNQ). However, these overlayers are stantially higher than that calculated for tf@01) B-(ET),l,

substantially reconstructed from their “native” forms, given overlayer. This is due to stronger interfacial interactions as-
the difference between the crystallographic constants anslociated with the Pe molecular planes lying parallel to the
HOPG surface, which results in a greater dispersive interac-
more, the lattice constants of the energy-minimized layetion per molecule. Consequently, the interfacial elastics con-
structures also differed substantially from their native bulkstants are substantially higher, and the energetic benefit of
forms. The intralayer interactions are primarily van dercoincident epitaxy outweighs the penalty associated with the
Waals in nature, with additional contributions from ion-ion reconstruction required to achieve coincidence. However, the
interactions(the latter were disregarded in our calculationsabsence of a completely commensurate overlayer structure
because parallel studies have indicated that their contributioimdicates that a severe reconstruction is energetically prohibi-
tive. Similar arguments support the observation of a
values given in Table Il indicate that the intralayer elastic(TTF)(TCNQ) layer which is substantially reconstructed
constants of théPg,ClO, overlayer are substantially smaller from its native(010) layer structure. We surmise that strong
than those of th€001) B-(ET),l; overlayer, consistent with gold-sulfur interactions play an important role in the ob-
weaker intralayer interactions and reduced overlayer stiffserved orientation and in the reconstruction of a lattice which

those determined by the AFM and ST{®ig. 8). Further-

was minimal due to their long-range natur&he calculated

ness. Conversely, the calculated adsorption energy of a unig compressed compared to the bulk layer structure.
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The delicate balance of these factors can be illustrated CONCLUSIONS
further by our ob;ervauon of a second orientation &), We have demonstrated that a simple analytical function
on HOPG, for which the overlayer structure resembles a re:

. can be used to analyze the epitaxy between molecular over-
constructed011) layer from 5-(ET),l5 [recent experiments layers and rigid ordered substrates. This method predicts

suggest that this layer may actually be the precursor of th@hether an overlayer is commensurate or coincident, and
(00D orientatior]. This coincident overlayer is described by predicts the azimuthal angles required for these conditions.
flat-lying molecules in which intralaye$-S heteroatom in-  comparison with total potential-energy calculations reveals
teractions are present but ther overlap is absent, which that the dependence of overlayer-substrate potential upon
results in smaller intralayer interactions and elastic constantgzimuthal angle is reproduced W/ V,. The validity of the
compared to th€001) orientation. The calculated absorption analytical method is corroborated further by the good agree-
energy for this orientation was-40 kcal mol'* (at #=0°)  ment of V/V, minima with the azimuthal orientations for
and the spread of adsorption energies was 0.8 kcaltnol numerous overlayer structures observed experimentally. The
leading to larger interfacial elastic constants than those obadvantage of this approach is that the computation is inde-
served for the(001) orientation. These factors favor recon- pendent of overlayer size, which enables rapid analysis for
struction of the native layer structure to a form that is coin-large basis sets and large overlayers. This is crucial for iden-
cident, but not commensurate. tifying coincident lattices as potential-energy calculations,
These observations reveal the factors Contro”ingwhich are necessarily limited to small numbers of overlayer

the mode of overlayer growth. The most favorable growthunit cells due to their computational intensiveness, can yield
mode will be that in which coincidence is achieved by anShallow minima that incorrectly suggest incommensurism.
unreconstructedor very slightly reconstructédmolecular ~ 1he type of epitaxy and optimum azimuthal angle can be
layer with strong intralayer interactions. In this configurationd_e'[ermlnecj in seconds on a low-cost CPU, enabling conve-
the overlayer structure is at or near its energy minimum, thdient searching for possible reconstructed overlayer configu-

surface energy is minimized because the strongest intera ations in which the Iattlc_e parametesg, by, and 8 are .
tions are within the plane of the overlayer, the intralayer racketed around the native overlayer values so that slight

stiffness exceeds that of the overlayer-substrate interfacé"f‘,p'taxy'dr'ven reconstructions can be surmised. This method

and epitaxial stabilization can achieved by coincidence. “ca? bel used tr? dftermin? the Iike'ihOOd ltf)fﬂ?pitaxy ?f differh-
epitaxy with such an overlayer is not possible, its large in-SNt polymorpnic Torms of an overiayer it these polymorp

tralayer elastic constant will inhibit the reconstruction re_structures are known, providing some predictability of the

quired to achieve coincidence or commensurism. Under thigverlayer structure. If these overlayers serve as nuclei for

condition the system will likely favor the growth of epitaxial multilayers or bulk_crystals, this can serve as a convenient
overlayers whose structures resemble alternative bulk crystgipprpaqh to selecting substrates for selective cry_stalhzatlon
of thin-film structures or crystals that tend to exhibit poly-

planes with smaller intralayer interactions and elastic con- hi Wh bined with lvsis of the elasti
stants. This reduces the energetic penalty of overlayer recofrOrPNISM. ¥Vhen comuined with analysis ot th€ elastic con-
ants for a given overlayer-substrate configuration, this pro-

struction necessary to achieve epitaxy by either coincidencd: : — :
or commensurism. However, this can lead to grovvthvIdes a convenient approach for tz priori design of

orientations in which the strongest intermolecular interact."eteroepitaxial molecular films and substrates for the growth

ions are perpendicular to the overlayer, as is theOf multilayer films and bulk crystals.
case for (Pe,CIOIHOPG, (011)B-(ET),l,IHOPG, and
(TTF)(TCNQ)IIAu(112). Under this condition, the elastic
constants defining the interface between layers are expected The authors gratefully acknowledge Christopher M. Yip
to be large. Because the structure of a reconstructed primafgr writing the wiINDOWS version oferPICALC. Financial sup-
overlayer differs from its bulk native form, this can lead to port was provided by the Office of Naval Research and the
significant stresses during growth of multilayer thin films Center for Interfacial Engineering, a National Science Foun-

from these primary overlayers. dation Engineering Research Center.
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