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Ordered 1,6-bis(2-hydroxyphenyl) pyridine boron complex films grown on Ag(110):
From submonolayer to multilayer
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Ordered molecular films of a blue-light-emitting material, 1,6bikydroxypheny) pyridine boron complex
[(dppy)BF], grown on the A¢g110 surface by means of organic molecular beam epitaxy, were investigated by
scanning tunneling microscog$TM) and low-energy electron diffractia.EED) under an ultrahigh vacuum.

Two commensurate structures exist in the monolayer film grown at 300 K, as found by STM. In the monolayer
film, two types of hydrogen bonds are formed between the molecules, which, in addition to the molecule-
substrate interaction, essentially determine the monolayer structures. The structural evolutiofppyigF

films from submonolayer to three monolayers was monitored by LEEEBItu and in real time. The results
indicate that the growth of the first two monolayers is affected by the periodic potential on the substrate
surface, while such a template effect is weakened beyond the second monolayer.
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I. INTRODUCTION der Waals interaction. The H bond is a type of interactions
_ _ _ _ . that is much stronger than the van der Waals interaction.
Organic s_emllcond_uctors_ have become m_creas!ngly Impowhen H bonds are formed between the deposited molecule,
tant for applications in optical and electronic deviéédzor  the growth and molecular structure are modulated strongly
the fabrication of devices such as organic thin-film transishy H bonds, in addition to the template effect of the sub-
tors (OTFT’s), the structure of organic films on different strate. Recently, much effort has been focused on the growth
kinds of substrates, including metals, semiconductors, glassf H-bond-directed nanostructures on surfatésBarth et
and polymers, should be carefully controlled in order to im-al. reported the formation of a one-dimensional superstruc-
prove the device performance. To date, organic moleculaure of 4ftrans-2¢pyrid-4-yl-vinyl)Jbenzoic acidPVBA) by
beam epitax(OMBE) is widely used to grow ordered or- self-assembly mediated by H bonds on a(#d) surface?
ganic films on crystalline surfacé$.Due to the interaction Trimesic acid(TMA) is another typical molecule that can
between the organic molecules and the substrate, the sprm H bonds. A two-dimensional honeycomb network in-
tially periodic potential on the substrate surface can usualluced by H bonds was obtained on (€00 surface'® Fur-
act as a template for the growth of organic films, resulting inthermore, it was found that a more complex flower like struc-
commensurate and/or point-on-line structures of ordered oture of TMA molecules coexists with the honeycomb
ganic molecules, which is known as epitaxial-quasiepitaxiaktructure on the graphite surfateBoth of the superstruc-
growth. Both the molecule-substrate and intermolecular intures are built based on the formation of H bonds between
teractions play important roles on the growth of the firstthe molecules adsorbed on the surface.
monolayer(ML). The final structure of the epitaxial mono- In the present work, we investigate the growth of ordered
layer is energetically stable, resulting from the balance bemonolayer and multilayer films of a blue-light-emitting or-
tween molecule-substrate and intermolecular interactiongganic semiconductor, 1,6-i%hydroxyphenyl pyridine bo-
For most planarr-conjugated molecules, the influence of the ron complex (dppy)BF],*213 by OMBE. (dppy)BF is a non-
molecule-substrate interaction will commonly extend to sevplanar molecule with one fluoringF) and two oxygenO)
eral layers during epitaxial growth. Further deposition of theatoms, which are negatively charged. Both the F and O at-
organic molecules upon the first several layers leads to largéms tend to form H bonds with the hydrogen atoms from the
stress in the film due to the mismatch between the surfacereighboring molecules. Here, we discuss the effect of H
supported structure and the bulk one, resulting in the formaponds as well as the molecule-substrate interaction on the
tion of islands>® How to grow ordered multilayer films of structure of the[dppyBF monolayer grown on AG.10). In
organic semiconductors on a substrate is an open questi@itder to understand the mechanism of multilayer growth of
both in basic research and in the fabrication of organic elecorganic materials by OMBE, we investigated the structural

tronic and optical devices. evolution of(dppy)BF film from submonolayer to multilayer.
In epitaxial organic films, the van der Waals interaction

and hydrogen bond@dH bond are two major intermolecular
interactions. In the case of growingconjugated molecules
on noble metallic surfaces, the molecule-substrate interaction The sample was prepared in an ultrahigh vacylV)
has the same order of magnitude as the intermolecular vamith a background vacuum below F0Torr. The Ag110

II. EXPERIMENT
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FIG. 1. Top view(a), side view(b), LUMO (c), and LUMO
+1 (d) of isolated(dppy)BF molecule based on DFT calculation.
The effective charge of atoms is labeled(a.

surface was cleaned by a standard UHV prodepsittering
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corrected functionad? (PW91) with an energy convergence
of 3X 107 eV. Figures 1a) and 1b) give the top- and side-
view model of the molecule after geometrical optimization.
The molecule contains two benzene rings, one pyridine ring,
and an sp3-hybrid borofB) atom bound to fluoringF),
nitrogen (N), and oxygen(O) atoms. The DFT calculation
indicates that the plane angle between the pyridine ring and
the benzene rings is 164.8°. The F atom stands out from the
main part of the molecule and the length of the F-B bond is
1.40 A. The angle between the F-B and B-N bonds is
106.1°. The length of the molecule along the long axis is
14.06 A. The calculated geometrical data of the isol&thxd
py)BF molecule are listed in Table I. The experimental data,
which were obtained from the x-ray diffraction of tlieép-
py)BF monoclinic crystal(symmetry groupP21/c),*6 is
given for comparison.

The effective atomic charges calculated by DFT are la-
beled on each atom in Fig(d. It is indicated that the nega-
tive charges are mainly located on the atoms ©6f0=339,
0(-0.414, and N-0.382, while B has the largest positive
charge(0.584. Because of their large negative charges, F

by Ar* with beam energy of 500 eV for 15 min and then and O atoms tend to form H bonds with the H atoms from

annealing at 800 K for 3 mjn Before the growth of the

the neighboring molecules. In the case of tuppy)BF

(dppy)BF film, the organic material was degassed and purimonoclinic crystal, H bonds are formed between the F atoms
fied in vacuum by heating to its sublimation temperatureand the H atoms on the benzene rings of the neighboring
(380 K) and keeping this temperature for more than 3 h. Thenolecules'® However, as discussed in the following sec-
purified material was then sublimated onto the cleanedions, the(dppy)BF molecules deposited on ALLO) are H
Ag(110 surface with a deposition rate of 0.25 ML/min. bonded between the O atoms and the H atoms on the ben-
During the growth process, the vacuum in the chamber wagene and/or the pyridine rings of the neighboring molecules.
about 2x 10°° Torr. The substrate was cooled down by lig-  Furthermore, we calculated the molecular orbitM©’s)

uid nitrogen, and the temperature on the substrate was me@f the (dppy)BF molecule. It was found that the highest oc-
sured by a Chromel-Alumel thermocouple located on thecupied molecular orbitalHOMO) and the lowest unoccu-
substrate holder. The growth process and structural evolutiopied molecular orbitaLUMO) are located at —5.553 eV and

of the organic film was monitored in real time with a —3.137 eV, respectively. The spatial distribution of the
molecular-beam-epitaxy low-energy electron diffraction LUMO of the (dppy)BF molecule has an isosceles triangular
(MBE-LEED),** on which three OMBE crucibles are inte- Shape, as is shown in Fig(d, which is different from the
grated in order to record LEED patterirssitu during film  spatial distribution of LUMO +Xlocated at —2.892 eMFig.
growth. The monolayer films afdppy)BF were investigated 1(d)]. In the LUMO+1, the density is mainly distributed on
by an Omicron variable-temperature scanning tunneling mithe pyridine and benzene rings, and much less of the density
croscopegVT-STM) in UHV at room temperature. Tungsten IS located at the F, O, and B atoms.

tips obtained by electrochemical etching were used for the

STM experiments. B. Monolayer structure grown at 300 K

The monolayer film ofdppy)BF was grown on A¢L10
surface at a temperature of 300 K. In order to adjust the
thickness of the deposited films, we kept the sublimation
temperature fixed at 380 K for each experiment so that the

We have calculated the geometrical structure of an isogrowth rate was invariable. The whole growth process was
lated (dppy)BF molecule by density functional theoffpFT). monitored by MBE-LEED and one monolayer was deposited
The calculation was carried out using a generalized-gradientn the substrate at the time when the diffraction pattern from

IIl. RESULTS

A. Geometrical structure of (dppy)BF

TABLE |I. Geometrical data of an isolatddppy)BF molecule compared with the result from a mono-
clinic crystal measured by x-ray diffraction.

Molecule Benzene-pyridine
length B-F B-O F-B-N plane angle
Theoretical(isolated 14.06 A 1.40 A 1.46 A 106.1° 164.8°
Experimentalmonoclinig 13.87 A 1.42 A 1.42 A 104.8° 169.3°
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FIG. 2. (Color onling. Structurea5 of (dppy)BF monolayer grown on A@.10 at 300 K.(a) LEED pattern with beam energy of 13 eV.
The thick arrow shows thél0) spot from Ad110). (b) Constant current STM image, wit;;=-0.964 V andl=0.19 nA.(c) Constant-
current STM image, with/y,=-1.222 V and =0.19 nA. A LUMO+1 of (dppy)BF is drawn in the image(d) Structural model ofa5. H
bonds are denoted by dotted lines. The thin arrow&jir(d) show the Ag001] direction.

the sample was sharpest and brightest. In the present work2.889 A), respectively. The angle betweén and b, and
the growth time for one monolayer was 4 min. The structurehe angle betweeb, and a, are 74° and 0°, respectively.
of the as-grown monolayer was analyzed by LEEDsitu  Each unit cell contains one molecule and the area per mol-

and then checked by STM. Figur¢a2is the LEED pattern gcyle is 1.18 nth The geometrical parameters of structure
of the (dppy)BF monolayer under an electron beam energy,.s 4re listed in Table 1.

of 13 eV. The orientation of the A@10 substrate is denoted
by a thin arrow on the image and the substi@t®) diffrac-
tion is denoted by a thick arrow at top-right corner of the
image. The sharp diffraction spots indicate that a well-
ordered organic monolayer was obtained. The diffractio . . ~
pattern corresponds to one set of spots, indicating that th 00 K. The voltage applled on the STM tip Ntip_.
monolayer of(dppy)BF on the Ad110) surface has only one —0.9§4 V and the tunneling cyrrent is0.19 nA. .The ori--
periodic structure and one orientation domain. From theéEntation of the AgL10) surface is denoted by a thin arrow in
length and angle relationship between the reciprocal latticd® image. A well-ordered periodic structure of (ippy)BF
vectors of the A¢L10) surface and those of th@ppy)BF monolayer was found in the STM image, in Whlgh th_e mol-
monolayer, we calculate the transfer matrix of the real-spacgcules are aligned one by one along the[Ag1] direction.
lattice vectors of the monolayer superstruct(denoted as We use the data from the STM to calculate the superstructure

The STM gives directly the real-space configuration of
individual molecules and the periodic structure of the organic
monolayer. Figure @) shows the constant-current STM to-

ography of(dppy)BF monolayer film grown on A@.10 at

ab) relative to the Ag110) surface structure: matrix and the structural parameters of the monolayer. The
b 2 0\/a result is exactly the same as that obtained from LEED data.
( 1) :( )( 1) The contrast of a constant current STM image corre-

by/os \1 5/\a, sponds to the local density of staté90S) as well as height

whereb, , and a; , are the base vectors of the monolayer fluctuation of the scanned sgrface. Fi_gur@:)zshows the
superstructure and the AtLO surface(a;=4.086 A anda, submolecular-resolved STM image with a tip voltage of

TABLE II. Crystallographic data for the ordered structuregdgpy)BF grown on Ag110). b; and b are
the base vectors of the superstructubéb,, b,) andI'(by, &) are the angles between and b and between
b; and the Ag 001] direction, respectively. The number of molecules per unit(@abl/cell) and the area per
molecule(area/mo) are listed in the table. The data of tfl0) plane of the[dppy)BF monoclinic crystal are
present for comparison.

bulk
Structure ab B ¥5 a5 Y9 (010
Matrix 20 3 -4 20 2 0 20
(1 5) (2 6 ) (O 5) (1 4.5) (O 9)
b; (nm) 0.817 1.685 0.817 0.817 0.817 0.755
b, (nm) 1.501 1.916 1.445 1.363 2.600 2.242
®(by,by) 74.2° 108.1° 90.0° 72.6° 90.0° 98.2°
I'(by, &) 0° -43.3° 0° 0° 0°
Mol/cell 1 3 1 1 1 2
Area/mol (nm?) 1.18 1.02 1.18 1.06 2.12 0.84
Growth temperature 300 K 300 K 260 K 260 K 260 K
Thickness 1 ML 1ML 0.7 ML 1&2ML 1.4 M2

aStructurey9 only exists in the secongubmonolayer
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—1.222 V and a tunneling current of 0.19 nA. Each molecule
in the image contains three high-contrast parts, correspond-
ing to the high LDOS at the two benzene rings and the py-
ridine ring, while in the middle of the moleculéhe site of B

and F atomg the contrast is dark. It is very similar to the
spatial distribution of the LUMO+1 orbital, which is
0.245 eV higher than the LUMOsee Fig. 1d)]. The
LUMO+1 of (dppy)BF is drawn on Fig. &) showing the
relative spatial configuration of the molecules adsorbed on
Ag(110.

At the same time, it was also found from the STM that the
mirror axis of the(dppy)BF molecule, which is perpendicu-
lar to the long axis, deviates slightly from the [8@1] direc-
tion of the surface, with a deviation angle less than 10°.

Most of the planar aromatic molecules—for example,
pentacene, coronene, perylene, and their derivatives—are ad-
sorbed on noble metals with their molecular plane parallel to
the surface of the substrates. As for nonplanar molecules,
there are more spatial configurations than for planar mol-
ecules. Chlorfsubphthalocyaninatboror(lll) (SubPg is a
cone-shaped, nonplanar molecule with a central boron atom
and an apex chlorine which is bound to a B atom. The
growth of SubPc on A@11) was studied by Bernest all’
Based on the chemical shift of the chlorif@l) 2p binding
energy for submonolayer coverage measured by photoelec-
tron spectroscopy, it was concluded that the SubPc molecule
is adsorbed with its Cl atom towards the substrate. As dis-
cussed in Sec. lll A(dppyBF is a nonplanar molecule,
which contains two planar partsvo benzene rings and one  FIG. 3. Structureg of (dppy)BF monolayer grown on Ad.10
pyridine ring, and an F atom standing out from the main at 300 K. (a) Constant-current STM image, witky,=-0.567 V
part of the molecule. There are two possible adsorptiorandl=0.19 nA.(b) Structural model of3. H bonds are denoted by
states, with the F atom towards or away from the substratedotted lines. The thin arrows ifa) and (b) show the A§001]
Due to the relatively strong interaction between halogen andirection.
the Ag substraté’ it is supposed that the adsorb@ppy)BF
molecules lie on the AG.10) surface with their F atoms to- the STM tip during STM experiment. The real-space lattice
wards the substrate, though no photoelectron spectroscopglationship between the structufand the Ag110) sub-

data are available yet. strate is calculated from the STM data:
Based on the LEED and STM data described above, a

real-space model is given in Fig(d}, showing the spatial b\ (3 —-4\(a

configuration of the(dppy)BF monolayer relative to the b, B_ 2 6 /\ay/

Ag(110 surface. It is indicated in this model that tlep-
py)BF molecules are aligned along 1] direction. The The angle betweeh; andb, and the angle betwedmn, and
mirror axis of each molecule deviates from the A@DI] a; are 74° and 0°, respectively. A model for this structure is
direction with a deviation angle of 3°. The distance betweershown in Fig. 8b). One of the three molecules in a unit cell
the apex hydrogen atom at the pyridine ring and the twds adsorbed on A@.10) with its mirror axis nearly parallel to
oxygen atoms at one of its neighboring molecules is 2.3 anthe AJ001] direction (called a type-I molecule while the
2.7 A, respectively. The H-O distance is small enough to other two molecules are adsorbed with their mirror axis
form H bonds] which are denoted by dotted lines in Fig. nearly perpendicular to th@01] direction (called a type-II
2(d). moleculg. The area per molecule in structyds 1.02 nn,
Besides structurex5 of the monolayer(dppy)BF men-  which is smaller than that of structur@5. The H bonds
tioned above, another structui@enoted agd) was found by  formed between two neighboring type-Il molecules are simi-
STM, which is more complex than the structurd, contain- lar to those formed in the former structure, while the H
ing three molecules in each unit cell. Though both structurebonds between type-l and type-Il molecules are very differ-
a5 and B coexist in the monolayer film, the latter has not ent. Two hydrogen atoms from the benzene ring at the type-I|
been detected by LEED, probably because it is a minoritynolecule were H bonded to two oxygen atoms from the
phase in the monolayer film. Figurga® shows the STM neighboring type-I molecule. At the same time, two hydro-
constant-current image of the structure wit),=-0.567 V. gen atoms from the benzene ring at the type-I molecule H
andl=0.224 nA. We also obtained the STM image in whichbonded to two oxygen atoms from another neighboring
both structuren5 and structurg were observed at the same type-Il molecule. The H bond&C-H---O) are denoted by
time, which indicates that the structygewas not induced by dotted lines in Fig. &).

125336-4



ORDERED 1,6-BI$2-HYDROXYPHENYL) PYRIDINE... PHYSICAL REVIEW B 71, 125336(2005

1.0 ML 04.5

1.4 ML 04.5 +79

FIG. 5. Constant-current STM image @ippy)BF monolayer
grown on Ag110 at 260 K, with V;;;=-0.929 V andl=0.2 nA.
The arrow shows the AQ01] direction.

pattern, which corresponds to two periodic structures. One of
0.7 ML 05 +75 20 ML 045 them is structurea5, which has already appeared in the
monolayer grown at 300 K, and the other one is a new struc-
ture denoted by5, with its base vectors written as

o) (o 2)l3)
b,/ s \0 5/\a,/)"
Continuing deposition at a submonolayer stage resulted in

0.8 ML 04.7 +74.7 3 0 ML 04.5 the diffraction patterns of both structures being slightly ex-
panded along th€110] direction, which indicates the real-

! space structures were compressed a[dE@] direction. Fig-
py)BF film grown on Ag110) at 260 K. Beam energy, 20 eVa) 0 .
ML. (b) 0.6 ML. (¢) 0.7 ML. (d) 0.8 ML. (&) 1.0 ML. (f) 1.4 ML, ure 4d) shows the LEED pattern at 0.8 ML. The matrices for

(g) 2.0 ML. (h) 3.0 ML. The thick and thin arrows ife) show the the compressed structures are
(01) spot and thé001] direction of Ag110), respectively. (2 0 ) (2 0 )
d

0 47

FIG. 4. LEED sequence shows the structural evolutiorfidpF

1 47
C. Structural evolution of (dppy) BF film grown at 260 K:

From submonolayer to multilayer (denoted ag4.7 anda4.7), respectively. Increasing the film
thickness after 0.8 ML leads to weakeningpfattern and
The structure of the initial molecular layers is important prightening ofa pattern. Up to a monolayer filifiFig. 4(e)],
for the further growth of organic films during epi- the y structure disappeared and a unique compressed

taxial growth. In order to investigate the growth processstructure,a4.5, was obtained, which is described as
of (dppy)BF film at the initial stage, an MBE-LEED was

usedin situ and in real time to monitor the structural evolu- by (2 0 )\(a
tion of the film. bs/ass \1 4.5/\a;
Figure 4 shows a LEED sequence of(@ppy)BF film ) ) i
grown on Ag110) at a substrate temperature of 260 K. The Figure 5 shows The STM image of the monolayer film
Ag[001] direction is denoted by the thin arrow in Fig(ah grown on Ad110 at 260 K. The expenm_ental parameters
and the nominal film thickness is given in each LEED image &€ Vip=—0.929 V andi=0.2 nA. The configuration of the
An electron beam with energy of 20 eV was used during thddPPYBF molecules is very similar to the monolayer struc-
whole experiment. Before the growth of tiéppy)BF film ture @5 grown at 300 K, except that the period along the
(0 ML), the substraté¢0 1) diffraction spot appears in the Ag[110] direction is smaller than that of structuees. The
LEED pattern(indicated by the thick arroyy as well as the structural models o§5 anda4.5 are given in Figs. (@) and
bright (0 0) spot[Fig. 4@]. When the submonolayer film 6(b), respectively. Note thays is a commensurate structure
with a nominal thickness of 0.6 ML was grown on the sub-but 4.5 is a point-on-line structure.
strate, a diffused squarelike pattern was found on the LEED After the formation of the first monolayer on &4L0), a
screen, which indicates the nucleation of the disordered molkecond molecular layer was deposited on it. During the ini-
ecules deposited on the surfddgg. 4(b)]. At a film thick-  tial stage of the second monolayer growth, a transitional
ness of 0.7 ML, separated spots were obtained in the LEEBtructure was formed first. Figurdfftshows the LEED pat-
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direction. They are aligned one by one along thq 0%4]
direction, bound to two neighboring molecules by H bonds.
In the a-type structures, molecules between the neighboring

rows are staggered along the [Ag0] direction, which is
different from the typey structures, in which molecules be-
tween the neighboring rows are side by side. Only van der
Waals interactions exist between the neighboring molecules

along the A¢110] direction. Since the H bonds are much

stronger than the van der Waals interactions, both eyfed

v structures are energetically stable.dnand y structures,
FIG. 6. Structural models ofdppy)BF grown on Agl110 at there is one molecule in a unit cell, while structyBecon-

260 K. (a) Relaxed submonolayer structuyé. (b) Structurea4.5  tains three molecules in a unit cell. Two of them are adsorbed

at 1.0, 2.0, and 3.0 ML(c) Transitional structura9 at 1.4 ML. H  With their mirror axis nearly parallel to the AgO1] direc-

bonds are denoted by dotted lines(ay(c) tion; the other one with its mirror axis nearly perpendicular

to the Ad001] direction. The occupied area per molecule in

tern of the (dppyBF film with a nominal thickness of 1.4 structureB is 1.02 nm, which is even smaller than the v_alue
ML. Besides of the diffraction spots of the structuad.5 (106 nn) for the compressed structueet.5. The occupied
from the first monolayer, there is another set of spots whiclf"€as per molecule in all the surface-supported structures are
result from the top submonolayer. The transitional structuregréater than that0.84 nn¥) in the (010 plane in the(dp-

with the period along thgL10] being twice of the underlying pY)BF monoclinic crystal.

monolayer, corresponds to the following relationsiie- It is known that the structure of organic thin films grown
noted a);y9')' P 9 by OMBE is determined by both the intermolecular and the

molecule-substrate interactions. At a submonolayer stage, the
b, 2 0\(a molecules are relaxed on Ag surface and organized in the
b = 0 9 commensurate structuréa5 and+y5), so that the adsorption

energy is minimized. When more molecules are deposited on
A structural model ofy9 is proposed in Fig. ). The the surface, the distance between the molecules along

molecules in this structure are_ bound to their nelghborlngqg[lfo] is reduced Continuous|y and at last a Compressed
molecules by H bonds and aligned one by one along th@trycturea4.5 is formed at nearly one monolayer coverage.

Ag[001] direction. The distance between the molecular TOWS\;ote that only the distance along MO] is reduced. while

is 9 times lattice period along the AYIO] direction. The ¢ gistance along AQ01] is invariant. The reason is that the
structure y9 is commensurate to the substrate, though thgan der Waals energy is changed slowly when the molecule-
underlying monolayer is point on line. The result suggestsyolecule distance is changed, while the binding energy of H
that the growth of the second monolayer is affected not onlyygnds is affected by bond length critically. The structure
by the underlying molecular monolayer but also by the surcompression has been also found for 2,5-dimethyl-
face periodicity of the metallic substrate. dicyanoquinonediimine films grown on AHLO), as reported
The transitional structurg® continuously decayed and py seidelet all8 The structure evolution at the submono-
ultimately disappeared when a second monolayer was growyer stage indicates that the molecules have a large mobility
on the Ag110 surface[Fig. 4g)]. The periodic structure of o the Ag110) surface.
the second monolayer is the same as that of the first As is described in Sec. Il A, the F and O atoms of the
mOﬂOlayer—i.e., StructL_Jr&4.5. In -Other- words, anothe.r mo- (dpprF molecule have a partia| negative Charge_ Itis pos-
lecular row was deposited and filled in the empty sites besjple to form H bonds between F, O, atoms and H atoms
tween the neighboring rows in structuy®. _ from the benzene and pyridine rings. In a monoclinic crystal,
The periodic structure of thedppy)BF film is almost in-  the H bonds are formed between F and H atoms on the ben-
variant beyond the second monolayer, exhibiting structurgene ring of the molecule from the neighboring10
a4.5. Figure 4h) shows the LEED pattern at a thickness of 3 pjanel6 The case of surface-supported monolayer structure is
ML. The diffraction spots are weakened and the backgroungompletely different because the molecules in a monolayer
is a little bright, compared with the LEED obtained at mono- gre parallel to each other and the F atoms are far away from
layer thickness. The result indicates that the multilayer filmyne H atoms. Only O atoms contribute to the H-bond forma-

a,/’

is partially disordered. tion. There are two types of H-bond configurations. One is
formed between both O atoms of one molecule and the apex
IV. DISCUSSION H atom on the pyridine ring of the other molecutgpe I);

the other type is formed between the two O atoms of one
The crystallographic data of the ordered structurédpt  molecule and the two H atoms on the same benzene ring of
py)BF grown on Ad110 are listed in Table Il. The five the other moleculdtype Il). The lengths of type-1 H bonds
structures that we have obtained belong to three typeg, are 2.3 and 2.7 A, which exist i and y structures[see
and y. The molecules in typee and y structures lie on the Figs. 4d), 5(a), and b)]. Note that the two C-H-O bonds
surface with their mirror axis nearly parallel to the[@§1] are different due to the deviation between (Hppy)BF mir-
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ror axis and the A@O01] direction. In structurgB, there are  structuresa5 andg, were found in the film. Both structures
two type-I and four type-ll H bonds in a unit cdbee Fig. are stabilized mainly by H bonds between the adsorbed mol-
3(b)]. In other words, each molecule is bound to others byecules. Two types of H bonds exist in the monolayer film.
four H bonds. The length of type-Il H bonds in structy@és  The type-1 H bond is formed between the two O atoms of the
in the range of 2.3-2.8 A. (dppy)BF molecule and the apex H atom from the pyridine
Since the (dppy)BF molecules easily diffuse on the ring of the neighboring molecule. The molecules bound by
Ag(110 surface at 300 K and even at 260 K, at the initial type-l H bonds are nearly parallel to each other. The type-I|
stage(before 0.7 ML), the molecules deposited on the sur- H bond is formed between the two O atoms and two H atoms
face are disordered, moving randomly on the surface. The Hom the benzene ring of the neighboring molecule. The mol-
bond can be formed when two molecules collide with eachecules bound by type-Il H bonds are perpendicular to each
other. The H-bonded molecules lose their mobility on theother. Due to the confinement of the substrate surface, the
substrate surface and act as nucleation centers. More matenfiguration of H bonds formed in the surface-supported
ecules join in and finally an ordered film is formed. structure is very different from that formed in the bulk mo-
The first monolayer ofdppy)BF grown at 260 K has an lecular crystal, in which H bonds are formed between F at-
point-on-line structure(a4.5). When growing the second oms and H atoms from the benzene ring. In strucafbethe
monolayer, a commensurate structyt@ was formed at the molecules are bound by type-lI H bonds and aligned one by
submonolayer stage. This result indicates that there is a coiene along the A@01] direction. Structureg8 is more com-
siderable interaction between the substrate and the moleculpfex and contains three molecules per unit cell, which are
in the second layer, so that the substrate template effect stiflound by both type-I and -Il H bonds.
persists during the growth of the second monolayer. After the The STM contrast of(dppyBF with V;,=-1.222 V
second layer, the molecule-substrate interaction is weakeneahows high LDOS at the two benzene rings and the pyridine
enough so that the effect of intermolecular interaction, com+ing and low LDOS in the middle of the moleculéne site of
pared to the molecule-substrate interaction, is enhanced i and F atoms Compared to the MO's ofdppy)BF, it is
the growth beyond the second layer. The third layer is disoreoncluded that the STM contrast corresponds to the density
dered to some extent, because the multilayer growth beyondistribution of the LUMO+1 orbital, which is 0.245 eV
the second monolayer tends to follow the bulk crystallinehigher than the LUMO.
structure rather than the surface-supported structure, which is The structural evolution of thé&ppyBF film from sub-
affected by the surface potential of the substrate. Similar tanonolayer to 3 ML was monitored by LEED situ and in
the (010 plane of(dppy)BF monoclinic crystals, in which a real time during the growth process. Two relaxed structures
half number of molecules are orientated with their F atomga5 and y5) coexist at the submonolayer stag&7 ML).
upward and the other half number of molecules downwardBoth of them are compressed along the[lll_g] direction
the molecules beyond the second monolayer in the OMBEyhen increasing their coverage. At monolayer coverage, the
film have probabilities being orientated with their F atoms,, structure disappears and a compressed struatdts is
both upward and downward, due to the interlayer interacformed. A transitional structurg9 is formed first at the sub-
tions between the molecules. _ monolayer stage of the second monolayer, indicating the
The present result is consistent with the growth oftemplate effect of the substrate. Beyond the second mono-
3,4,9,10-perylene-tetracarboxylic dianhydriTCDA) on |ayer, the substrate effect on the film growth is weakened.
Au(11]) and Ag111) surface$’?° and tin phthalocyanine The ultimate structure of the second and third monolayers is
(SnPg on the sulphur-terminated Ga@91) surfacé’ In g4 5 the same as the first monolayer. Our results help to

the  high-temperature(equilibrium) - growth region, the ynderstand the initial epitaxial growth of the multilayer or-
growth of the first two monolayers of PTCDA on #ill) is  ganic film.

layer-by-layer mode, while the film acquires a three-

dimensional morphology beyond 2 M£.SnPc is one kind
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