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Substrate-dependent lateral order in naphthalene-tetracarboxylic-dianhydride monolayers
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The lateral order of 1,4,5,8-naphthalene-tetracarboxylic-dianhydNdeCDA) has been investigated on
different metal substratdé\g(100), Ag(111), Ag(110, Cu100), and Ni{111)] mainly by low-energy electron
diffraction. Film preparation under appropriate conditions leads to highly ordsuiimonolayers of NTCDA
on these covalently bonding substrates. On weakly interactiri@4yand Ag100), two different superstruc-
tures are observed in each case which are related to each other by a reversible phase transition. In contrast, on
Ag(110 and on the more reactive CiD0 substrate only one superstructure exists. All superstructures are
commensurate with the substrate because of chemisorption on specific adsorption sites. Adsorption of NTCDA
on Ni(111) does not lead to a well-ordered monolayer due to a strong local bond and hence to a lower mobility.
[S0163-182699)01528-3

I. INTRODUCTION PTCDA films on AW111) reveal roughened films for equi-
librium growth conditions® For PTCDA/NTCDA (1,4,5,8-
Thin films of large organiar-conjugated molecules con- naphthalene-tetracarboxylic-dianhydnide heterostructures,
densed on various substrates have attracted increasing atteuasiepitaxial growth was reportétialthough their crystal
tion during the past few yeafs? This is partly due to the structures are incommensurate.
potential applications of organic materials, especially for the The self-organization of organic monolayers is largely de-
design of improved, large-scale, and/or cheap optoelectroni@rmined by the molecular mobility and the intermolecular
devices® or sensorsand partly to the fact that rather little interaction when inert substrates are employed. There
basic knowledge exists on such hybrid systems. Due to thss a variety of structural studies, in particular scanning-
variety of organic molecules and functional groups, the postunneling-microscopy (STM) investigations for large
sibility of tailoring the electronic and optical properties of organic molecules on inert substrates such as highly
such films is a great advantage of organic materials. oriented pyrolytic graphite(HOPG,**~!" dichalcogenides
Besides molecular properties, the morphology of the thifWSe,, MoS,),**®° Si0,,%° differently terminated GaAs
films and the interfaces also determine the properties of theubstrate! or InAs?? The weak interaction with the sub-
possible devices. As for inorganic materials, crystalline im-strate often leads to the formation of incommensurate mono-
perfections influence the physical properties, e.g., the trandayers and polycrystalline films.
port properties or the luminescence yiéld.is therefore im- For more reactive substrates like metals, the molecule-
portant to prepare structurally well-ordered or, in the idealsubstrate interaction is no longer negligible and may thus
case, epitaxial films. Organic molecular-beam depositiordrastically influence the structural properties. Chemical
(OMBD) under ultrahigh-vacuum conditions has been dembonds to the adsorbed molecules or to reactive subunits of
onstrated as a well-suited technique to prepare organic filmhe molecules may be formed, which hinder or influence the
of high structural quality. molecular self-arrangement in the film. Thus, to obtain struc-
The molecule-substrate interface plays a major role in theurally well-defined and perhaps tailored monolayers, it is
growth of well-ordered organic films. Molecular disorder at necessary to achieve a proper relation between the molecule-
the interface deteriorates the growth behavior of subsequesubstrate and the intermolecular interaction.
layers and no optimunte.g., ideal layer-by-layer or step The formation of highly ordered films strongly prefers
flow) growth is obtained. Although intermolecular van der planar, highly symmetric molecules such as NTC#ruc-
Waals interaction and molecular shape, which often lead téural formula, see Fig.)1 The properties of interface inter-
appreciable polymorphism of organic crystals, allow a cer-action and film growth of this molecule on different sub-
tain flexibility with respect to the molecular arrangement, thestrates have thoroughly been investigated using different
long-range order of the organic adsorbate is an importansurface-sensitive techniquéSTM, LEED, NEXAFS, TDS,
prerequisite for organic epitaxy. Molecular densities and arXPS, UPS. The lateral order of the NTCDA monolayer on
rangements at the interface, which are comparable to those HOPG and Mo$ has been investigated by LEED and STM
single crystals, favor the epitaxial growth of thicker layers. with the result of two different monolayer structures as a
In some cases, ideal substrate-molecule combinationfinction of coveragé® On these inert substrates the molecu-
were found, as, e.qg., for perylene-tetracarboxylic-dianhydridéar plane is oriented parallel to the substrate in the low-
(PTCDA) adsorbed on AG.11).%° There, the molecular coverage regime. In contrast, the molecules are oriented
arrangement in the monolayer fits well to that of {1®2  about perpendicular in densely packed monolayers reflecting
plane in PTCDA!! and consequently well-oriented homoge- the molecular arrangement of NTCDA single crystéls.
neous films with a thickness of about 1000 layers wereSTM and LEED investigations for NTCDA monolayers on
realized!? In contrast, x-ray-scattering investigations of the more strongly interacting Afy11) substrate also reveal
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Experimental LEED pattern Simulation

FIG. 2. Left: LEED pattern for NTCDA adsorbed on A0
for a saturated monolayerdE 1) after deposition at 150 K and
subsequent annealing at 320 (€lectron energy: 58 eV right:
simulation of the LEED pattern according to the superstructure ma-
trix M¢ 100 reflecting the excellent agreement with the experimental
data. Note that the specular reflex is slightly shifted from the center

two different structure® However, in contrast to the inert due to a small tilt of the sample with respect to the incoming elec-
substrates, the chemical interaction with the(%l) sub- tron beam. The reciprocal cell of one domain is also given.
strate(mainly through the naphthalene system forces the
molecules into a molecular orientation with their molecularmal desorption in conjunction with XPS, see, e.g., Chap. 3.1
plane parallel to the substrate. The two monolayer structuresf Ref. 25 were monitored by a quadrupole mass spectrom-
can reversibly be transferred into each other by additionagter(QMS). Evaporation rates were typically about 1 mono-
adsorption and desorption of small amoufit$% of a mono-  layer (ML) per minute. Substrate temperatures during depo-
layen of NTCDA molecules® sition were chosen between 150 K and 250 K. To improve
In the multilayer regime, the molecular orientation de-the quality of the LEED pattern, short annealing at 300—320
pends mainly on the preparation conditions. In particulark was employed which resulted in the formation of large
substrate temperatures around 200 K lead to multilayers wityell-ordered domains. NTCDA films at coverages beléw
planar orientation while temperatures above 280 K lead ta<1 je. in the submonolayer rang@<1 corresponds to

rnolecu[es with perpendicular orientatibj‘ﬁ.'l'h'e electronic  gatyration coveragewere prepared either by exact dosing
interaction of the NTCDA molecules with different metals ;5 controlied by the evaporation rater, for cases when

has also been investigated using different spectroscopic tec CDA molecules could be desorbed, hyartia) thermal

nigues[x-ray photoelectron spectrosco¥PS), ultraviolet desorption from monolayer filmsee below. Monolayers at

hotoelectron spectroscopy(UPS, near-edge x-ray- .
gbsorption fine st?ucturél\lEE)(),/A(\FS)]g(Refs 27 agnd ZBre-y saturation coveragefE& 1) were prepared by thermal de-
) sorption of multilayers; the multilayer desorption peak was

flecting the importance of the density of states which sig- clearly separated from that of the monolayer in all cases.

nificantly contributes to the molecule-substrate interactionNote that the superstructures did not chanae upon annealin
From previous NEXAFS experiments it is already known P ) . ge up ) 9-
The superstructures are given in the conventional matrix no-

that the molecular plane of the NTCDA molecule in the .
monolayer is oriented parallel to the substrate for all metafatlon
substrates under investigatiéh. R
The aim of the present paper is to demonstrate how the by
molecule-substrate interaction influences the lateral order in 5
NTCDA monolayers, which in turn has consequences for the 2
epitaxial growth of thicker organic films. For this purpose, . ) - -
the structural properties of NTCDA monolayers on variousWNich describes the base vectogsandb, of the superstruc-
metals with different chemical reactivity and with different ture in terms of the unit vectora, anda, of the substrate

FIG. 1. Structural formula of 1,4,58-naphthalene-
tetracarboxylic-dianhydridéNTCDA). Spectroscopically different
C and O atoms are labeled differently.

= M .
a My Myy

51 My; Myp
R and M= ,
2

orientation are comparéed:*° lattice. The superstructures atemmensuratsvith the sub-
strate, when all numbers;; (i,j=1,2) of the matrixV are
Il. EXPERIMENT integer. Since in all cases the substrate spots could be ob-

served simultaneously, the numbers of the derived crystallo-

The experiments were performed in ultrahigh vacuum at %raphic data are accurate to at least 5%

base pressure of about<2.0™° mbar. The metal single-
crystal substrates were prepared by repeated cycles of sput-

tering with Ar ions(kinetic energy: 700 eVand subsequent [ll. RESULTS AND DISCUSSION
annealing at 1000—-1100 K depending on the substrate until
no contamination was detected within the detection limits of
XPS. High structural quality was achieved as controlled by Figure 2, left-hand side, shows a typical LEED pattern of
low-energy electron diffractiolLEED). The NTCDA films a NTCDA monolayer on AGLOO at saturation coveraged(
were prepared by OMBD from a homemade Knudsen cell=1) taken at 58 eV. The diffraction pattern reflects the four-
The purity of the organic material, which has been outgasefbld symmetry of the substrate; it results from the incoherent
for several hours, and the deposition rétalibrated by ther-  superposition of four inequivalent domains. From simple tri-

A. NTCDA monolayers on Ag(100)
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TABLE I. Crystallographic data for NTCDA superstructures on various metal substrates as derived from
LEED experiments. The data for Ayll) have been derived from LEED and STM data and have already
been published in Ref. 25.

NTCDA on Ag(100 Ag(111) Ag(110 Cu(100
relaxed compressed relaxed compressed
M= 3 -3 6 —15 4 0 6 -1 3 0 2 -3
(4 4) (o 3 ) (3 6 (1 7) (1 3) (2 3)
Molecules/unit cell 2 2 2 4 1 1
1B, 12.3 A 17.8 A 11.6 A 19.0 A 8.7 A 9.2 A
I 16.4 A 8.7 A 15.0 A 19.0 A 126 A 9.2A
£.(Bby,b5) 90° 104° 90° 120° 77° 112°
Area of unit cell 200.4 R 150.4 & 173.2 R 311.2 R 106.4 R 76.2 R

Area per molecule  100.2 & 75.2 R 86.8 A2 77.8 R 106.4 R 76.2 R

angulation and identification of the first-order diffraction ture is labeledcompressed monolayewhereas the super-
spots, the superstructure matrix structure in the low-coverage regime is denotedbxed
monolayer
(6 —15 Unfortunately, LEED only yields periodicities and unit-
Me 100= 0 3 cell data of the superstructures. The real-space configuration
of the molecules within the unit cell cannot directly be de-
can be easily deduced. The crystallographic data of thigiyed from the LEED pattern. However, based on the crys-
structure derived from the LEED pattern are shown in Tablgg|iographic data summarized in Table | and the principle of
[. The unit cell consists of two NTCDA molecules, which is minimal overlap of the atomic van der Waals radii of the
concluded from the size of the unit cell and the van dermgjecules, it is possible to propose a real-space structure. In
Waals size of the molecule. Due to the half-integer numbegqgition, the electrostatic field of the molecules, i.e., the
in the above matrix, this superstructure can be regarded &gjadrupole moment of the molecule due to the different par-
commensurate to second order, since multiplication by Zig| charges on the anhydride oxygen atoms and the naphtha-
leads to a commensurate superstructure with integer numbegsne core, can be taken into account. Thus plausible real-
in the corresponding matrix and four molecules per unit Ce”space arrangements of the molecules have been derived for
With the aid of the above superstructure matrix, it is possibleygth superstructures which are shown in Fig. 4.
to perform a geometric simulation of the LEED pattern using | Fig. 4(b) the proposed real-space configuration for the
simple kinematic LEED theory taking into account only rejaxed monolayer is derived from the fact that there are two
single scattering. The simulated LEED pattern including theémolecules in the unit cell, i.e., the long/short axis of the
superstructure unit cell in reciprocal space is shown on thenglecules should not coincide for nearest neighbors because
right-hand side of Fig. 2. The comparison with the experi-of the electrostatic quadrupole field. The proposed structure
mental data shows perfect agreement of the spot positiong similar to what was found for the larger PTCDA molecule,

indicating that the derived matrix is correct. which has a perylene instead of the naphthalene core. It was
After desorption of some NTCDA molecules upon ther-

mal annealingsee below or by film preparation with lower Experimental LEED pattern Simulation

coverage ¢~0.8), another diffraction pattern is observed. e 4 /\

The LEED pattern of this second structure taken der0.7 L Aaatel o N S

at an electron kinetic energy of 63 eV is shown in Fig. 3. The
analysis of the pattern of this superstructure yields the fol- « :
lowing superstructure matrix:

3 -3
Mg 100= 4 4

Again, two molecules contribute to the unit cell. The per-

fect agreement of the geometric simulation on the basis of
g 9 FIG. 3. Left: LEED pattern for NTCDA adsorbed on A0

this matrix(see the right-hand side of Fig) 8nd the experi- _ .

mental LEED pattern again corroborates the derived matrixf.Olr a coverage of0f0.7 recorded after deposutpn at 1_50. K .and

Comparing the crystallographic data of both superstructure":éUbseq.u ent annealing at 370 (mec”qn energy: 63 ey right
. . - o . . Simulation of the LEED pattern according to the superstructure ma-

given in Table I, one finds significant differences in the

N - trix Mg 100- Note that the specular reflex is slightly shifted from the
length of the two base vectobs andb,. More striking is the  center due to a smal tilt of the sample with respect to the incoming
effect on the area of the unit cell which is 25% smaller forelectron beam. The base vectors of the superstructure are included
saturation coverage than for lower coverages. Due to thi the simulated LEED pattern. The reciprocal cell of one domain is
much higher density fof~ 1, the corresponding superstruc- also given.

63eV N
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FIG. 5. Temperature-programmed desorption spectra for various
NTCDA coverages on Ad.00 as indicated, recorded for a linear
temperature ramp of 0.8 K/s using the QMS signal at 268 amu.

molecules per unit cell exist and that the overlap of the van
der Waals radii of the molecules with their plane parallel to
the substrate is minimum. The argument for minimum over-
lap is, of course, more rigorous in this case compared to the
relaxed monolayer. The relative position of the two inequiva-

lent NTCDA rows along thé, direction is somewhat arbi-
trary but has been chosen to minimize the electrostatic inter-
molecular potential. Considering the experimental finding
that the two superstructures can easily be transferred into
each other, this transition requires the rotation and lateral
* movement of molecules based on the proposed real-space
structures. In order to study this transition in more detall,
temperature-programmed desorptiofiPD) experiments
have been performed, which shall be discussed next.
Figure 5 shows the TPD spectra for different coverages of
FIG. 4. Possible real-space configuration for the two NTCDA NTCDA adsorbed on AQ.00 at 150 K. The QMS signal .Of
superstructures on A800) derived from the crystallographic data NTCDA (molecular mass= 268 amu was recorded while
on the basis of minimum overlap of the atomic van der Waals radith€ sample temperature was increased linearly at a rate of 0.8
and of the experimental fact that two flat-lying molecules exist perK/Ss. NTCDA multilayers show zero-order desorption kinet-
unit cell. (2) Compressed monolayer afio) relaxed monolayer. ics with a desorption maximum at about 340 K fo+4 ML
[peak (@) in Fig. 4]. As expected for zero order, this maxi-

argued that PTCDA has a significant quadrupole momentnum shifts to lower temperatures for !ower coverages a_md is
which leads to the formation of a herringbone structure inn© longer observed fos>1 ML. Multilayer desorption is
layers of single crystal$ or adsorbed layers on Ag11).1°  already detected fof=2 ML, i.e., the second layer is simi-
Although the quadrupole moment of NTCDA should be larly bonded as higher layers in thicker films. This finding is
smaller (because its aromatic core is smallghe same ar- in agreement with photoemission and NEXAFS df8r&®
gument should be applicable in the present case, too. OFhe electronic structure of the second layer was found to be
course, a herringbone structure with a 90° angle betweeitlentical to that of thicker films §=50 ML), i.e., the mo-
neighboring molecules is not compelling; in particular, thelecular interaction of the second layer is similar to that in
assumption that the molecules have equal distances to eabTCDA bulk materiaf’
other and do not form dimers has no direct justification. For all coverages between 0.9 ML and 4 ML, a relatively
Thus, one could also consider a pairwise configuration of theharp desorption peak at about 36%dénoted by )] and a
molecules within a unit cell with smaller intermolecular dis- broad intensity distributiony) with its center around 410 K
tance. are detecteddesorption signals at higher temperatures are
The molecular configuration for the compressed monodue to desorption from the sample holder, as checked sepa-
layer shown in Fig. @) is based on the arguments that two rately). Peak () is also observed for lower coverages
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(shown foré = 0.7 ML in Fig. 4). This broad distribution is B. NTCDA monolayers on Ag111)

attributed to desorption from the relaxed monolayer. The fact | EED and STM results on the lateral order of NTCDA
that this TPD peak does not look like one obtained for conmonolayers adsorbed on Agl1) were presented recently in
ventional zero- or first-order desorption kinetics can be eXxgetail in Ref. 25, and shall only be summarized here for
plained by intermolecular interaction and/or a complicatedcompleteness. As for the AH00) substrate, two different
desorption pathway, perhaps including some reorganizatioguperstructures were observed. For coverages cloge foa

of the molecules on the surface. The desorption of large ordensely packed monolayes{ compressed monolayede-
ganic molecules from the monolayer on a metallic substratgcribed by

is rarely observed. In the present case, it indicates a relatively

weak bonding to the substrate as was already reported for 6 -1

NTCDA on Ag(111) (Ref. 25 or concluded from photoemis- Mc111= ( 3 6 )

sion and x-ray absorptiof. ) .
With the assignment of peaky] to the relaxed mono-  has been found with four NTCDA molecules per unit cell. At

layer, it is straightforward to attribute pealg) to the de- lower coveragesq<0.85 ML) anot.her commensurate super-

sorption of the excess molecules during the phase transitioffructure ¢ relaxed monolayerwith

from the compressed to thelaxed monolayer. The obser- 4 0

vation of unusually sharp TPD peaks in the case of a struc- )
3 6

M =
tural phase transition has been made earlier; it has been at- Rt
and two molecules per unit cell has been observed. The den-

tributed to a kind of “autocatalytic” effect induced by the

rearrangement and adsorption siteoptimization of the reéity of the latter structure is only 90% of the density of the
maining molecules upon desprptlon of_the excess molecule ompressed monolayer in agreement with the quantitative
wh|c_h lead to the compression. The |d_ent_|f|cat|on of peal?esult of thermal desorption spectroscopy. As for(£ag),

(B) IS furthgrmore co.rrobo_rat.ed by the finding that th_e INte-hese two superstructures can be reversibly transferred into
gral _|nten5|ty of ) is (W't_h'n experimental uncertainty each other by adsorption/desorption of NTCDA molecules,
identical for all coverages higher tha=1 ML and accord- o “they are Telated to each other by a reversible structural
ingly smaller for¢=0.9 ML. The peak intensity ratio of)  yhase fransition. As mentioned above, the desorption peak
to (y) of 23% fits approximately to the ratio derived from from the compressed monolayeg)(is in this case much

the geometrical data of the two superstructures, e.g.,.from thaOser to the desorption peak from the relaxed monolayer
comparison of the areas per molecule of the respective stru%/)’ i.e., the difference in activation energy is much smaller

tures(see Table)l A leading-edge quantitative analysis of w2, for Aq100). At intermediate NTCDA coverages, both
the+tw0 peaks ¢) and () yields a desorption energy of g ctyres coexist. Due to the good compatibility of both su-
68=10 kJ/mol and 95 10 kJ/mol for multilayer desorption e strcturegi.e., they have one common vector of their unit
and for the reconfiguration of the monolayer, respectively. q|i5 and hence are commensurate to each other in this di-
Finally, the phase transition between the relaxed and comj, tion, a striplike arrangement of domains of the two dif-

pressed phase is found to be reversible as tested by repea nt structures is formed as confirmed by STM. Thus
cycles of adsorption and subsequent desorption of sm harp and straight phase boundaries limit the single
amounts of NTCDA. The LEED pattern changed accord-y,maing?® Since to date no STM data are available for

ingly from the relaxed to the compressed phase and ViCRITCDA/Ag(lOO), direct comparison of the domain bound-

versa. It is worth noting that the difference in the desorption,iag is impossible. The geometric data for NTCDA(ALL)
maxima of (8) and (y) is much larger here than for ... <immarized in Table I.

Ag(111), where a similar phase transition was foifid:his
indicates different molecular reorganization mechanisms and
bonding strengths for both adsorbate systems. For instance,
the difference could be due to comparable bonding strengths Also in the case of NTCDA on the lower-symmetry sur-
for the various adsorption sites of both phases orilAf)  face Ag110), high-quality LEED patterns were obtained.
(leading to similar desorption energieand to different However, in contrast to the above-mentioned results from
bonding strengths for those on A®0). An alternative or Ag(100 and Ag111), only one superstructure was observed.
additional reason could be that the compression of the molA LEED pattern taken from a saturated NTCDA monolayer
ecules and hence the repulsive interaction is even stronger dq=1) at a kinetic energy of 54 eV is shown in Figa
Ag(100 compared to A¢L1]) leading to a reduction of the According to the twofold symmetry of the substrate, the
activation energy for peafb) in the present case. The actual LEED pattern is twofold symmetric. The analysis of the
geometry parameters are in support of this argunieee LEED pattern leads to the superstructure matrix

Table ). At present this explanation, however, remains 3 O)

C. NTCDA monolayers on Ag110)

speculative. To get deeper insight into the dynamics of the Mooe
phase transition, real-time experiments monitoring the do- i, 3
main growth of the relaxed phase and the rearrangement dur-

ing the phase transition are highly desirable, which could be Based on this matrix, the simulation of the LEED pattern
performed during thermal desorption of NTCDA. Scanningwas performedshown in Fig. €b)]. The comparison with
tunneling microscopySTM) or high-resolution low-energy the experimental data again shows a perfect agreement,
electron microscopyLEEM) (Ref. 29 would be a proper which indicates that the superstructure matrix describes the
choice of methods for this experiment. experimental data correctly. The analysis of the obtained
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LEED Simulation atomic van der Waals radii of the NTCDA molecules cannot
be completely excluded. The answer to this question would
require a detailed STM investigation such as that of Ref. 31.
As mentioned, a similar molecular arrangement was also
found for PTCDA adsorbed on A§10. In that case, a
brick-wall-type arrangement of molecules with the short mo-

lecular axis parallel to the Ad 10] rows was concluded
from STM investigations. From the simultaneous observa-
tion of PTCDA molecules and Ag substrate atoms, the posi-
tion of PTCDA with respect to the substrate was exactly
determined? The center of the PTCDA molecule is located
between two close-packed Ag rows. Comparing the size of
the NTCDA molecule with that of PTCDA along the long
molecular axis, the difference is about the distance of neigh-
boring densely packed Ag rows. Therefore, one may con-
clude that the anhydride groups are similarly bound to the
Ag(110) substrate in both cases. The experimental verifica-
tion of this interpretation would of course be very interest-

ing.

=

D. NTCDA monolayers on Cu100)

On CU100 the NTCDA monolayer is also very well or-
dered as indicated by the sharp LEED spots and low back-
ground intensity{Fig. 7(a)]. As for Ag(100) the LEED pat-
tern has fourfold symmetry. However, in contrast to the
Ag(100 substrate only one superstructure for the NTCDA
monolayer could be prepared for coverages ranging feom

) =0.5 to =1. The superstructure matrix
FIG. 6. (a) LEED pattern for NTCDA adsorbed on AHLO) for
saturation coverageelectron energy: 54 eV (b) Simulation of the 2 -3
LEED pattern according to the superstructure mawix,q. The M= 5 3

base vectors of the superstructure are included in the simulated
LEED pattern.(c) Suggested real-space structure for the lateral ar-

rangement of the NTCDA molecules. was derived from the experimental LEED pattern. Again, a
commensurate superstructure is formed, i.e., the NTCDA
crystallographic data shown in Table | indicates that the unitmolecules adsorb on identical adsorption sites within a do-
cell contains only one NTCDA molecule. This is also in main. The perfect agreement between the simulafkig.
contrast to the monolayer structures on (Atl) and  7(b)] and the experimental data indicates the correctness of
Ag(100. In addition, the geometric structure on @40 is  this matrix. The analysis of the LEED pattern delivers the
very open compared to those on the other surface orientarystallographic data shown in Table I. From the size of the
tions. The real-space structure based on the derived suparnit cell and the NEXAFS result of oriented molecules par-
structure yields a rowlike structure parallel to the Ag rows.allel to the substraté it can be concluded that the unit cell
The molecular arrangement within the rows as well as theontains only one molecule. This is in contrast to both mono-
position of these rows with respect to the densely packethyer structures on AG00), which contain two NTCDAmol-
rows of the substrate atoms, of course, cannot be deducestules per unit cell. The interesting finding is that the mol-
from the LEED data. The proposed structure in Fi(g)6s  ecules are as densely packed as for the compressed
based on two arguments: one is that adsorption sites usualiponolayer on A¢l11l) and nearly as densely as that on
are highly symmetric with respect to the substrate, at least idg(100).
the case of strong chemisorption and relatively low adsorbate The fact that there is only one molecule per unit cell leads
density. The other is based on the comparison withto the conclusion that all molecules are aligned parallel to
PTCDA/AQ(110 for which a very similar adsorption site has each other. Therefore, it is almost straightforward to propose
unambiguously been determined using STRef. 9 (see a real-space structure for this adsorbate system. Based on the
also Ref. 30. In the present case, the anhydride oxygens magriterion of minimum overlap of the van der Waals radii, the
lock into identical positions, since the O-O distandés model in Fig. Tc) is favored. The occurrence of a quadru-
isolated moleculgsare very close to the Ag-atom distances pole moment, which, however, may be markedly reduced by
along the[ 110]-substrate axis. Of course, a slight shift of the adsorption bond, probably leads to the displacement of
the molecular rows parallel and/or perpendicular to[tti0]  the molecules for neighboring rows along thet+ b, direc-
direction by half a substrate surface lattice constant as wetion, which minimizes the electrostatic energy under the
as a slight rotation to further minimize the overlap of thegiven circumstances.
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Simulation tive subunits of NTCDA(in particular, the anhydride oxygen
atoms. This is corroborated by the NEXAFS data, which
clearly demonstrate the stronger influence of the Ni substrate
on both the interaction with the naphthalene core and that
with the anhydride. The strong interaction forces the mo-
lecular planes to be oriented parallel to the substrate, as also
found for the other metal substrafes.

From these findings, NL11) cannot be regarded as an
ideal substrate for the epitaxy of anhydride molecules. As-
tonishingly, the smaller anhydride NDCéaphthalene ring
with only one dianhydride groypforms an ordered super-
structure on Nil11) at coverages below 0%:3%In that case,
the interaction of just one anhydride with the substrate is
apparently smaller. Thus the lateral mobility of the NDCA
molecules can be larger and self-organization to form long-
range-ordered domains is possible. However, for PTCDA on
Ni(111) also no long-range order has been fodndlthough
NEXAFS data clearly prove flat-lying molecules which are
intact according to XPS, UPS, and NEXARRBef. 12 or-
dering also does not occur as could be monitored by $TM,
similar to the present case. We believe that a similar hit-and-
stick mechanism due to a strong local bond is responsible for
the lack of order. In other words, the lateral corrugation of
the bonding potential seems to be too high in both cases,
such that diffusion is impossible up to the temperatateout
650 K) at which the molecules start to decomp5&®

(b)

IV. CONCLUDING REMARKS

In contrast to inert surfaces like HOPG and Mo$e
() NTCDA monolayers on most of the investigated low-index
metal substrates are commensurate with the substrate. The
FIG. 7. (a) LEED pattern for NTCDA adsorbed on Q00 for  commensurability can be determined with high reliability,
a saturated monolayeelectron energy: 50 €V (b) Simulation of  gjnce first the zero-order spots of the unreconstructed sub-
the LEED pattern according to the superstructure ma#fi, 100 strate can be monitored simultaneously, and second in some
IE?Egasaett‘gﬁtz;ssos;gi;‘;ze::;‘f;;:rfeasrﬁlﬁzl:gefgr'rt]ht:?af'er?;lgieéﬁses the commensurate superstructures have coincident
’ LEED spots from different symmetry-equivalent domains.
rangement of the NTCDA molecules. Thus. the findina of t | fil .
, g of commensurate monolayer films is more
. reliably derived from LEED rather than from STM data,
E. NTCDA monolayers on Ni111) which require a very accurate calibration or a simultaneous
Several tests to prepare well-ordered NTCDA monolayer®bservation of the substrate atoms.
on Ni(111) failed, although the parameters for the prepara- The formation of commensurate superstructures on metal
tion conditions were varied over a wide range. In particular,substrates is not just accidental. Comparing the various su-
substrate temperatures close to the desorption temperatuperstructures, one finds very different molecular densities in
for NTCDA monolayers from Ag were utilized. Neverthe- the monolayers. One can therefore conclude thatlttera)
less, no reasonable LEED patterns were observed, i.e., notermolecular interactions are less important and that the
long-range-ordered domains were formed on this substrateommensurability of the superstructure is mainly caused by
Long-range-ordered domains are only formed if the mol-the strong vertical interaction of the adsorbed molecules with
ecules remain intact and are sufficiently mobile, thus enihe various substrates.
abling self-organization in the molecular adsorbate layer. A different degree of substrate interaction is observed in
Since the internalvibrational and rotationalenergy of ad- the thermal desorption spect(@ee above and Ref. 25
sorbing molecules is, of course, identical for the various subwhich show monolayer desorption for all Ag surfaces but no
strates, the energy accommodation must be different fosignal of intact molecules from the monolayers on(1D0)
Ni(111) as compared to the other substrates, i.e., the kineti@nd Ni(111), i.e., in these cases the molecules dissociate be-
rotational, and vibrational energy of the impinging moleculefore they desorb as monitored by XPS and NEXAFS. In
is rapidly transferred into the substrate. Thus, in the case adddition, the chemical interaction with the various metal sub-
Ni(111) the molecules hit and stick while for the other sub- strates is evident from the NEXAFS spectra taken at the C
strates they remain sufficiently mobile to form large orderedand OK edges of NTCDA monolayerE. The strong modi-
domains. fications of ther* resonances, in particular for the O spec-
In the case of NiL1)) it is very likely that a strong local tra, clearly indicate the chemisorptive bonding of the
chemical bond is formed between the substrate and the reabFTCDA molecules to these metals. For the Ag substrates,
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the chemisorptive bond occurs predominantly viatheys-  slightly increased probability as compared to(020), which

tem (especially through the LUMO and LUM®1). It is  then in turn negatively influences the lateral order.

relatively weak as concluded from the relatively small modi-  From the above results it can be seen that the formation of

fication of the NEXAFS resonances when reducing the filmwell-ordered NTCDA monolayers on different substrates

thickness from NTCDA multilayers to the monolayer. The Strongly depends on several parameters. If the substrate in-

chemisorptive bonding to the substrate is much stronger foleraction is very weake.g., for HOPG, Mog) the lateral

Cu(100 and especially for NiL11) as derived from the moleqular arrangement is governed b_y the mltermo_lecular in-

NEXAFS data?’ For Ni(111) substrates, even fragmentation teractions. In contrast, the stronger interaction with metals

of the NTCDA molecules has to be taken into consideration!®ads to the formation of substrate-indudedmmensurate
uperstructures. It should be noted, however, that only metal

at least for temperatures above room temperature. For ar _ !
nealed NTCDA monolayers on Kill), fragmentation is substrates with strongly bourttlelectron(i.e., noble metals
most probable ' appear to be suitable because of their weaker chemical inter-

The NEXAFS results and the fact that for NTCDA on action with adsorbates, while metals withstates at the
Ni(111) no LEED pattern has been obtained, indicate that thé:erml level are apparently toq reactive for .Iateral orderln'g,
interaction of the NTCDA molecules with this substrate is soP" ob_ably because the pof[entl_al at the optimum adsorption
strong and local that the molecules are not mobile enough t5t€ IS 100 deep to allow diffusion.
form a long-range order, whereas the mobility on Ag and CL1D Reduced r_nolecular mobility as observed for NTCDA and
substrates is still high enough. On @d.1) and Ag100 the TCDA on Ni111) or PTCD.A on S{111) and G100 alsp .
lateral corrugation of the bonding potential is probably smallturned 1%;“ to hav_e negative consequences for epltaX|aI
enough to enable both relaxed and compressed monolay OWth:’ We predict that th's. is true for al m_etals_WIth
structures, whereas the stronger interaction between coppé}_"f‘rt_ly filled d shells, and that in some casgmartia) disso- .
or even Ag110, and NTCDA hinders this polymorphism. ciation may occur, even at room temperature or below. Fi-

From the LEED results it is evident that the substratena”y' the knowledge of the structural order at the organic-

orientation plays the dominant role in the formation of thesubstrate interface is important for the evaluation of OMBE

monolayer superstructures. The real-space structures are vefjPcesses independent of the advantage that large organic
different for the six cases discussed in this paper. Moreovel, olecules may prystalhze in _dlf_ferent CWSt?‘”'r_‘e modifica-
only one monolayer structure has been observed for NTCDAONS (Polymorphism. Stress within the organic film leads to

: tastability as, e.g., observed for NTCDA multilayer films.
on Ag(110, whereas on A@.11) and Ag100 two different me . X
monolayer structures have been found. Because tjie-« ©OnY for NTCDA on Cu100 did we observe the same high

bal” electronic properties of the various Ag surfaces arel‘."lteral order asisin t.h? monolayer even for 5 ML, which, a.t

very similar, the specific local bonding must be the mainfIrSt glanc_e, IS Surprising as no such layers are formed in

reason for this different behavior. Due to the row—valleyNTCDA_‘ sm_gle crystals. This must mean that metastable

structure of the A@L10) substrate, which leads to a stronger crystalline films can pe formed by_nonequ!llbr|um_grovyth on

lateral corrugation of the bonding potential, the formation of? prpperly orde.red mterfgce. Th'.s very interesting finding

a more densely packédompressedmonolayer is prevented requires further_mvesngatlo_ns, which are l.mde.rway. We note

and therefore only one relatively open monolayer structure i%hat up to now ideal epitaxial growtiwith identical lateral

obtained. order |nlﬂlgi|3ayer$ has only been four_1d f_or PTCDA on
A strong substrate interaction is also advantageous for th@9(11D,"==**for which even 1000-A-thick films with high

LEED investigation itself. The LEED patterns on @ag  Structural order could be grown.

are very stable against electron bombardment. No damaging
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