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Organic semiconducting thin film growth on an organic substrate: 3,4,9,10-perylenetetracarboxylic
dianhydride on a monolayer of decanethiol self-assembled on Ali11)

M. C. Gerstenberg
Princeton Materials Institute, Princeton University, Princeton, New Jersey 08544

and Chemistry Department, Princeton University, Princeton, New Jersey 08544

F. Schreiber
Institut fur Theoretische und Angewandte Physik, Univetsiaittgart, 70550 Stuttgart, Germany
and Max-Planck Institut fuMetallforschung, 70569 Stuttgart, Germany

T.Y. B. Leung
Princeton Materials Institute, Princeton University, Princeton, New Jersey 08544
and Chemistry Department, Princeton University, Princeton, New Jersey 08544

G. Braccd
Chemistry Department and Princeton Materials Institute, Princeton University, Princeton, New Jersey 08544

S. R. Forrest
Princeton Materials Institute, Princeton University, Princeton, New Jersey 08544
and Department of Electrical Engineering, Center for Photonics and Optoelectronic Materials (POEM),
Princeton University, Princeton, New Jersey 08544

G. Scole
Princeton Materials Institute, Princeton University, Princeton, New Jersey 08544

and Chemistry Department, Princeton University, Princeton, New Jersey 08544
(Received 8 September 1999

We use surface x-ray diffraction to study the structure of organic-organic heterojunctions grown by organic
molecular-beam deposition. In particular, we study films of 3,4,9,10-perylenetetracarboxylic dianhydride
(PTCDA) grown on a decanethiol self-assembled monold$#M) on a Au111) surface. The deposition of
several &16) monolayers of PTCDA results in unstrained crystalline films wh@4e) lattice planes are
rotated 21.6° with respect to tf@12) Au azimuthal direction. This alignment, which is different from that of
PTCDA on the bare A@11) surface, is most likely caused by the corrugation of the SAM surfadith the
c(4x2) superlattice of the/3x \/3R30° unit cel]. The SAM structure was found to be unaltered by the
presence of the PTCDA overlayer. In addition, the heterogeneous PTCDA/SAM/Au structure, acting as an
x-ray interferometer with the SAM as a spacer, allows for the precise determination of the SAM thickness.

[. INTRODUCTION Planar m-stacking organic molecules such as
(oligo)thiopheneé®* naphthalene, perylene, and their
Thin films of relatively large organic moleculése., with  derivatives: have been shown to be excellent model com-
atomic masses in the range from 200 to 1000 mare po- pounds for studying the growth and optoelectronic properties
tentially useful for electronic and optoelectronic applicationsof organic semiconducting thin films on metal and semicon-
such as organic light emitting devices, solar cells, field effectluctor substrates. The interlayer bonding by the relatively
transistors, and sensadréln particular, the less severe lattice flexible van der WaalgvdW) interaction results in ordered
matching condition between adsorbate and substrate, whidilms over extended distances without a high density of
applies to organic film growth, has expanded the choice o$train-induced defects. One of the archetypal molecules be-
materials available for the design of thin films. However, alonging to this group is 3,4,9,10-perylenetetracarboxylic di-
high density of defects leading to a low-carrier mobility hasanhydride(PTCDA) (see Fig. 1, which has been grown on
been a limiting factor in the practical utilization of this type various substrates such as highly oriented pyrolitic graphite
of material. The optimum conditions leading to ordered thin-(HOPG, MoS,, Ag(111), Ag(110, Ni(111), G100,
film growth have been sought from the study of monolayersCu(100), Au(111), GaAg100), Se-terminated GaAs, and the
on inorganic substrates using traditional ultrahigh vacuunalkali halides(see Refs. 1 and 2 and references therein
(UHV) characterization techniques. It has been found that One of the factors that determine the structure of the first
the strength of the interaction with the substrate, the submonolayer of PTCDA is the strength of the interaction with
strate symmetry, and the growth conditions are key factors ithe substrate. On A@11), PTCDA monolayers form a com-
determining film structure and morphology. mensurate base-centered rectangular unit(Ee#rringbone
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grow crystalline organic films on organic substrates, to our
d.o, Noroon : M knowledge no detailed_ study of the structural properties of
— 02 A @©© 4 organic-organic heterointerfaces has been performed to date.
777777 : 2 OO Nevertheless, many fully organic heterostructure devices
SAM of CygSH / / / / / / J dsatA © © such as light-emitting devices are currently being exploited
A1) SSSSS58S PTCDA for Comrr_lerci_al appli_cations, making _their full structural_un-
derstanding imperative to future rapid advancements in the
FIG. 1. Left: A schematic of the PTCDA/decanethiollAd1) technology.. Furthermore, the substrate surface can determine
double layer structure. In the figure,, denotes the distance be- the properties of the deposited organic thin film via the in-
tween (102 PTCDA planesNprcpa the number of102 planes, ~ troduction of an interfacial organic buffer layer of variable
anddgay+ A the vertical distance between the lowest lyii®?2) structure and electronic properties. Understanding the layer
PTCDA plane and the outermost ML) lattice plane(see Sec. Structure represents a first step in our ability to control the
Il A). Right: The molecular structure of PTCDA with the dimen- properties(both electronic and opticabf such interfaces?
sions calculated from the van der Waals radii of the constituents. This understanding has been slow to develop due to the dif-
ficulty in structurally characterizing organic monolayer sys-
tems. However, due to their stability and relative ease of
preparation, a few systems have been thoroughly studied,
among which are monolayers of tha-alkanethiols
[CH3(CH,),,_1SH or G,SH] self-assembled on Ali1l). At
nPresent, these self-assembled molecul®8M’s) can be

_ i 14.2A

(102) Planes of
PTCDA

structure”), which is observed on most inorganic substrates,
whereas on the stronger binding @40, a commensurate
almost square unit cell(“brick stone structure’} was
found?® For more weakly binding“inert” ) substrates, e.g.,
HOPG and Mo$, the substrate has only a weak influence o g i
the PTCDA overlayer, and long-range order is achieved dud™"" 0916 Au1ll with reproducible coverage and
to the dominance of intermolecular forces between PTCDAStrUCturel'.' and therefore offer a good choice for a well-
molecules. In this case, the substrate only serves as a twgharacterlzed organic supstrate. : .
dimensional(2D) base for the organic layer. The condition Here we use grazing incidence x-ray diffractitdBIXD)

for incommensurate yet ordered growth on such substratdg Study ultrahigh vacuum deposited PTCDA on tiganic

was suggested to be due to a large intralayer stiffness Corﬁ_urface of a decanethiol SAsee Fig. 1 We find that it is

pared with a small interlayer shear strss. possible to grow highly oriented and unstrained thin films of

Depending on the growth conditions, the structure formethaCked organic molecules on these surfaces without altering

in the first and second layers can be maintained or reIaer‘e SAM ordering.

towards the bulk in thicker films. When the organic thin film
is grown under nonequilibrium conditions, i.e., high deposi-
tion rates and low substrate temperaturéthe organic thin- Il. EXPERIMENT

film structure may be significantly distorted from the bulk.  The samples were growin situ by molecular-beam depo-
On Au(111), PTCDA forms a highly strained, incommensu- sjtion in a UHV chambéf operated at a base pressure of
rate structure with mesa-like morphology in this regime with _10-9 Torr. The chamber, equipped with a beryllium win-
no apparent strain relief as the thickness of the film isqow for grazing incidence x-ray diffraction, mounts directly
increased. By comparison, equilibrium growthii.e., low  onto 4 Huber four-circle diffractometer situated at beam line
deposition rates and high surface temperajuresults in a  x10B at the National Synchrotron Light Source at
relaxed three-dimensional island morphology after the firsggokhaven National Laboratory. The instrumental resolu-
few monolayers. On HOPG, which has a weaker interactiojon was set by the variable aperture of the slits in front of
with PTCDA than AL{_lll),.PTCDA was observed to form a he detector. We define the momentum transferQask,
long-range and orientationally ordered incommensurate_ k; with Q= (4/\)sin(26/2), wherek; andk; are the scat-

e . e __ 1
structure under non-equilibrium conditiofrs: _tered and incident wave vectors of the x-rays at a wavelength
While most studies have focused on the growth of organigs \ =1 130 A. and 2 is the scattering angle. The momen-
films on inorganic substrates, little is known about thin film y, transfer Q’) is resolved into its components parallel

growth of organic rr_lo.lecu_les.on an organic substrate. This i?Q”) and perpendicular@,) to the surface. For the zeroth-
largely due to the difficulties in producing well-characterized o qor rod (wide-angle specular reflectiviymeasurements,

and reproducible organic surfaces. In a four-layer alternating,» resolution was\Q,=0.007 A~!, whereas for the in-
z . ’

structure of ZO'A PTCDA an-d ZO'A 3,4,7,8' plane measurements, AQH:OOZS A—l and AQZ

naphthalenetetracarboxylic dianhydrideNTCDA), each —0.037 AL

layer was found to be crystalline with its own well-defined
surface unit celf® Other studies have centered on F)TCDAAu(lll) substrate surface witla along the next nearest-
on copper phthalocyanin€CuPg, where it was found that . . — .
PTCDA did not have crystalline order within the layers Whennelghbor d'ECt'On“lz)' andb along the nearest-neighbor
grown on 20-A CuPc on HOP&, whereas PTCDA depos- direction,(110), with the lengths of the lattice vectors equal
ited on 2 monolayeréML) of CuPc/C(100) indicated the to 4.997 and 8.66 A, respectively.™® The (1,1) and the
presence of crystallinity with a structural change of PTCDA(0.5,2 diffraction peaks refer to the\@x y3)R30° hexago-
from a base centered to a rectangular unit cell after severalal ordering of the hydrocarbon chains of the SAM and the
monolayers= Even though these studies, based on reflectiors(4/3x 2/3)R30° superstructure, respectively. The latter is
high-energy and low-energy electron diffractieRHEED  typically denotedc(4Xx2). For the PTCDA film, we adopt
and LEED, respectively have indicated that it is possible to the notation previously obtained for the bulk structtfté:

A rectangular coordinate systema,) is chosen on the
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Prior to deposition, the Ad1l) single-crystal substrate & 012 . r .
was cleaned by repeated sputtering/annealing cycles until the 'é 0.0k % (a) )
(23x% /3) surface reconstruction of Alll) (Ref. 22 re- > Py
mained stable for more than 30 min. o 0.08r S ¢ i

A full-coverage SAM was deposited on the gold crystal < 006t o 4 .
by back filling the UHV chamber to a pressure of3 E 004l & % |
x107° Torr with decanethiol (GSH) vapor from a leak 2 : N @
valve source attached to the chamber. The coverage was gooo002f M % 1
monitored during growth by taking azimuthal scans of the = 0.0 N ciociall .

(1,1) decanethiol diffraction peak, the integrated intensity of 5o.0 59.5 60.0 60.5
which is proportional to the coverad®? The approximate 0

domain size of the SAM was determined from the azimuthal & 0020 . . . .
full-width-at-half-maximum of the(1,1) hexagonal diffrac- E + (b)
tion peak. To further increase the domain sizéhe SAM 5 o015h # ]
was annealed at-80°C for several minutes, which should o i‘%

eliminate any vacancy island$. < ool 3

Commercially available PTCDA was purified in three e % %
consecutive cycles by gradient sublimafibbefore loading @ 0005} o ¢ ]
it into the effusion cell positioned 200 mm from the sub- i ¢M¢ Qﬁﬁ#ﬁ,

E @
strate. The source was thoroughly degassed at elevated tem- Z 0000 . . . .
peratures 300°C) before deposition to avoid impurities 960 965 970 975
and moisture that lead to the generation of defects during ¢ (%)
growth!? The rate of thin-film deposition was controlled by . , ,
the temperature of the resistively heated Knudsen cell. The g 0.06F (C) ]
growth conditions were chosen to correspond to the non- £ ¢+§i
equilibrium regime for PTCDA on A@11) (Ref. 7) with a od 0.04} ]
growth rate of~8 ML/min and a substrate temperature of P $ $
21°C. > 448 Méi

After the growth of the PTCDA layer, both tH&,1) and £ 002f 40° ‘4
the (0.5,2 SAM peaks showed no apparent changes in shape e
and intensity indicating that the SAM domain size remained g 0.0 , ) ,
constant[see Figs. @) and 2Zb)]. Furthermore, Fig. @) - ’ %.0 0.4 0.8 1.2
shows the(1,1) Bragg rod, which gives information on the Q (A1)
tilt angle and direction of the hydrocarbon chains with re- z
spect to the substrate. It is evident that ¢fiel) rod was not FIG. 2. Diffraction from the SAM ordering befor@pen circle

altered by the PTCDA deposition, from which we infer that ang after(filled triangleé PTCDA deposition, providing evidence

the structure of the SAM is unaffected by the PTCDA over-for an unaltered SAM. Each set of scans are in the same arbitrary

layer. units. (a): The(1,1) “hexagonal” peak,(b): The(0.5,2 superlattice
peak, andc): The(1,1) rod (raw data, i.e., not corrected for experi-

mental resolution
Ill. RESULTS .
shows the rocking curve of th€l02 peak centered af,

A. Out-of-plane structure =20/2, indicating thaQ,, is parallel to the surface normal.

Figure 3 shows three wide scan x-ray diffraction patterndience, the PTCDA film grows preferentially with ti£02)
of the peak intensity along the ridge of the zeroth-order rodPlanes p_arallel to the Au substrate, consistent Wlt_h previous
obtained for the clean Atl1l) surface (triangles, after observatuins for the growth of PTCDA on most inorganic
deposition of the SAM(circles, and after deposition of Substrates. .
~16 ML (see below Table)lof PTCDA (diamonds. The Apart from the PTCDA-related ’pz)‘elaks, fringes can be
background has been subtracted from the data. In K&y, 3 clearly discerned aQ less than 1.8 in Fig. 3c). The

. u_ . positions of the corresponding minim&=0.90+0.02,
the Au11Y) lattice planes separated bf;;=2.355 A give 3 35,001, and 172002 A I, are linearly displaced

rise to the diffraction peak &p=2.668 A" on the crystal  from the fringe minima in the SAM/A(L11) pattern as indi-
truncation rod. It is evident from Fig.(B) that deposition of  ated by the vertical lines and arrows, but have about the
the decanethiol SAM layer gives rise to slight additional in- g5 me spacingQ. Even though fringegLaue oscillations
terference(Kiessig fringes with a series of local minima relating to the total thickness of the PTCDA layeh@
appeanng at Q=0.79x0.03, 1.20:0.01, and 1.58 _p 12 A1) should be discernible with the instrumental
+0.02 A™* with an average separation between minima ofreso|ution, none are observed in FigcRlikely because of
5Q=0.39+0.02 A~'. Thus, the thickness of the SAM the film roughness.
(dsam) can be roughly estimated dgay=27/6Q~16 A. At the (204 PTCDA peak Q=2Q;,,=3.85 A1) de-
Deposition of PTCDA gives rise to diffraction features structive interference between the beams reflected from the
centered around;q,=1.927-0.002 A" ! [see Fig. &)], PTCDA layers and the SAM is observddee Fig. 5. In
which are assigned to th€l02 reflection/*>2?° Figure 4  effect, the SAM acts similarly to the spacer in an optical
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L] l L) l 'Au(111) Ll Ll ) L} L}
. & o3} 4 -
0 = o
10 7 5 s
[11] o
£ o2} o ]
) = Bt
E 10" . g = §
4 & o1f S ;
z E M %
& 10? y SAM 4 0.0 -
s "N ’ Fringes ) . -2 -1
> Z 6-6, ()
o ’
2 10 - FIG. 4. Rocking curve of th¢102) PTCDA peak showing that
w the (102 planes stack along the Au substrate normal. The specular
E condition is fulfilled whené= 6,, where §,=26/2 and 29 is the
- -4 scattering angle.
10 7
accuracy’’ For simplicity, we neglect possible relaxation ef-
fects of the topmost Au layers. Whereas this has some im-
10-5 - pact on the overall shape of the rod, it does not significantly
affect the pronounced interference effects, which are the fo-
cus of our analysis. The diffraction amplitude obtained for

3 the bare Au substratfFig. 3(@)] is modeled as a crystal
truncation rod(CTR) with amplitude?®

FIG. 3. The zeroth order rod measured fay: Au(111), (b): Any(Q)="f4 1-5
SAM/Au(111), and(c): 16 ML PTCDA/decanethiol SAM/AL1Y). ! Y1 expiQdiY) — Bexp( —iQdi) + 8
The solid lines mark model fits as described in the text and the )

dashed line the region where the corrections to the model are diffi-

cult to assess due to the experimental conditions used. The errorbdf@e'je the roughness paramefér(with 0<p<1) is the
are on the size of the points and are omitted for clarity. fractional occupancy of the outermost Au surface. The form

factor for a layer of Au atoms, i.e., the electron density per
etalon. The “dip” due to the destructive interference at the@€2 Of @ Au layer (10.96 ef#) times the normalized form

(204 PTCDA peak is highly sensitive to the thickness of the factor for Au?? is included inf,, since all layers have the
SAM and can therefore be used as a precise tool for jt§8Me atomic densit}. The scattered x-ray intensity is
determination. ~ CeonlAaul?, Where the factoc,a1/Q? due to the Lorentz
We have used a simple phenomenological approach to fictor and active area corrections. Since in our experiment
the x-ray diffraction patterns to obtain structural information e intended to make use of the full incident photon flux, the
from the zeroth-order rods. While our approach contains th&ntrance slits were not very tight. Therefore, at low angles
essential contributions, some subtleties have not been iftQ<1.6 A™%), where the sample does not intersect the
cluded in the present treatment, which may limit its absolutéVhole incident x-ray beamc,,a1/Q. However, Fig. &)
shows this correction only partially accounts for the loss in
TABLE I. Characterization parameters obtained from the inter-
ference model of the PTCDA/SAM/A®iI11) heterostructure for the 10°

| E

model fits shown in Figs. 3 and 5. In the talflg o, denotes the N E x 2x10° 3
Au roughness parametets,y the SAM thicknessA the difference g : i
between the gold-PTCDA gap and the SAM thicknedg,, the £ “
interplanar distance of the PTCDA layefSprcpa the number of g 10 _ _
PTCDA layers, andrp, and op» the roughnesses associated with E<E C 3
the PTCDA layers. = [ ]

2 0%k -
Parameter 'E 10
B(omd 0.46+0.02(3.0-0.2 A) -
dgam+ A 16.9+0.2 A sl '
A 4.9+02 A 10

3.2 3.6 4.0

dyoz 3.24+0.03 A QA"
Nprcpa 16x3
opr 7+2 A FIG. 5. The destructive interference at t&94) PTCDA Bragg
opr 0.36-0.03 A peak. The solid line is the model described in the text with param-

eters listed in Table I.
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intensity at lowQ. Consequently, we have disregarded thisPTCDA/SAM/Au(111) double layer assuming that the SAM

region(dashed lingin the fitting of the rod. has a vanishingly small electron density. The interface sepa-
The value of is related to the root-mean-squdirens) ration between the Nigilayer and the $111) substrate was
roughness by included as a phase factor in the calculation of the scattering
amplitude, since the separation leads to a phase shift between
_ B2 gAu 5 waves diffracted from above and below this interface. Even
‘Tfms_m 111 2) though qualitative information could be obtained by model-

ing the SAM as a zero-density spacer on the PTCDA/SAM/
For the Au CTR shown in Fig.(8), the best least-squares Au(111) structure, this simple model, while fitting the
fit gives B=0.21t0.03 (corresponding to o,,s—=1.4 PTCDA Bragg peak positions, does not provide an equally
+0.2 A). We note, thato,,s is much smaller than one good fit elsewherdi.e., atQ<1.5 A~1). This is primarily
would obtain in the small-angle reflectivity regime. In the due to the neglect of the nonzero SAM electron density. The
wide-angle geometry with the resolutiécoherenceused in - (bulk) electron density of the SAMpsan=0.29 e/A) is
the present experiment, we are mainly probing the roughnessegligible with respect to the gold substratep,(
of the terraces, which is lower than the roughness from ter=4.65 e/A%), but is comparable to the PTCDA electron
race to terrace. density pprcpa=0.51 e/&). Therefore, the SAM has to be
The effect of the SAM on the zeroth-order rod is treatedtaken into account in a more complete model for the total
as the scattering obtained from a layer with homogeneouscattering intensity of the PTCDA/SAM/ALL]) structure,
thickness and electron density. In the kinematical approxisimilar to buried layers in thin film&>34 Consequently, we
mation, assuming sharp interfaces between the layers, thatroduce a model’ where each layer is fully included in the

scattering amplitude can be calculated ffom scattering amplitude with an appropriate phase factor. Fig-
) ) COder ures 3c) and 5(solid line) show the fit obtained using the
Asam(Q)~if sausin(Qdsaw/2)e”'9%s?/Q,  (3)  more extended model, following:

where the form factor for the SAM layefgay, has been

approximated as a constant electron density per area of a full () :APTCDA(Q’dm,NPTCDA)ef(QthO(Zh))ZoiﬁQ%i,,
coverage decanethiol monolayer (0.89 & Anultiplied by ‘

the normalized form factor for a carbon atémBy coher- + Asam(Q, dgay) €' QldroNprcoat (dsamt 4)/2]

ently adding the two contributions, i.el~cCcy A -

+AZU|2,32 uging B=0.44+0.02 (arm5=2.8to.2u}ir|) and +An(Q, 8, dyyy @ ldiodteTeont (st 2, (5)
dsay=16.0+0.3 A, a reasonable fit to the data was ob- ) _ )

tained [solid line, Fig. 3b)]. In the fitting we have used WhereAsau(Q.dsaw) =ifsavlsinQdsav2)/Q] is used for
Ceon1/Q in order to obtain a value for the SAM thickness, the SAM amplitude. To allow for structural inhomogeneities
dsay . However, this approach may yield a slightly increased®f the PTCDA layer, two roughness parameters have been
B— value. Given the simplicity of the modéi.e., having a  included. The first rms roughness parametes | modifies
constant electron density for the SAM and having neglectedh® intensity of the side maxima of theé-slit interference
possible relaxation effects of the Au surfacthe value for ~ function centered &= Gpq(2n),~> h=1,2, and accounts for
the thickness is in reasonable agreement the estimate markfgictuations of the PTCDA layers on the order of a lattice
by the vertical lines in Fig. ®). The effective roughness of constant, whereas the second factog() modifies the in-

the Au surface appears to have increased after the depositié@nsity of the PTCDA Bragg peaks arising from larger struc-
of the SAM, which is due to the presence of the sulfur atomstural inhomogeneities such as steps on the PTCDA surface.

smearing out the electron density profile. Note that the model also includes a correctidy) ¢o distin-
The PTCDA slab is treated using Mslit interference  9uish between the thicknesses obtained from the Kiessig
function fringes and the destructive interference at {884 peak,
respectively. The physical reason for this parameter is that in
1—expiQdigNprcpa) diffraction, where the thickness determination relies prima-
Aptcoa(Q) = fprcpa 1-expiQdyyy) (4 rily on the position of the destructive interference at the

(204) PTCDA peak, the thickness obtained is related to the
whereNprcpa andd;, denotes the number of lattice planes vertical distance between the outermost Au layer and the
and the interplanar stacking distance of the PTCDA film,lowest lying PTCDA layer, whereas the thickness inferred
respectively. Also,fprepa contains the form factor of a from the Kiessig fringes is the difference in vertical distance
PTCDA layer, i.e., the normalized form factor of a PTCDA between the zeropoint of the derivative of the roughness pro-
molecule multiplied by the electron density per areafiles of the Au/SAM and the SAM/PTCDA interfaces. There-
(1.680 e/X&) assuming a base centered unit cell of dimen-fore, the Kiessig fringes give an apparently smaller SAM
sions 12.1 A<19.9 A (see Sec. Il B. thickness, dsay, than the gold-PTCDA thicknessisay

From a comparison of the Kiessig fringes in the SAM/Au + A, obtained by diffraction.
and the PTCDA/SAM/Au structures it is evident that the Finally, the intensity has been multiplied byQ#, and has
relative phase of the different scattering contributions influ-been convoluted with a Gaussian distribution with a standard
ences the form of the rod, and therefore must be included ideviation ofo,.=0.003 A~ to take into account the finite
the model. Robinsoret al. have previously analyzed the instrumental resolution. Similar to the Au rotl,,«1/Q has
structure of the interface between a thin film of Nigind a  been used ne@<1.6 A~!. As seenin Figs.@®) and 5, the
Si(111) substrate® which is conceptually analogous to the model adequately reproduces the features of the zeroth order
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0.006 T T = - - grows in a preferred azimuthal orientation with respect to the
. g 0003 ¢=20.1° underlying SAM. For the set of peaks shown, the optimized
£ 0005~ £ ooce ] momentum transfer parallel to the surface is on average
5 . 5 oo Y 1] Q**=(0.814+0.001) A~* with a resolution-limited radial
o =~ E oo width of AQ;=(0.025+-0.001) A~1. An intrinsic domain
g 0.003 Ay size (Lp) can be estimated from the azimuthal peak width
- ; using Lp~2m/(Q["*A¢) from which we obtain Ly
% 0.002} ~500 A. For a 17 ML-thick PTCDA film deposited on
E Au(111) under identical conditions, th@®12) reflections had
= 0.001 azimuthal peak widths on the order &p~2°, which arose
primarily from angular broadening and not the domain
0.000, size? In our case on the SAM, the angular broadening may

contribute to the observed azimuthal width, making a

lower bound for the domain size. More importantly, by com-
FIG. 6. Wide angle azimuthal scan through #9042 PTCDA  Paring the azimuthal peak widths, the PTCDA domains on

Bragg peaks. The peaks are assigned assuming a base-centered f8& SAM are more azimuthally ordered than is found on

tangular unit cell. The inset shows a radial scan of the jqik at ~ AU(11D. This behavior may be attributed to the weaker
$=20.1°. The symmetry equivalent peaks will appear slightly off- Pinding to the SAM substrate, where intermolecular forces

set due to coupled motions of the four-circle spectrometer. The€tween PTCDA molecules dominates. This results in a less
arrows mark the centers of the broader underlying peaks, wheregistorted unit cell, allowing PTCDA molecules to more eas-
the tilted line indicates the cut off of a narrow spurious peak. ily grow in an unstrained bulk structure.
Under the assumption that in the 2D planes PTCDA

rod. Indeed, the intensity in the proximity of the second or-forms a base-centered rectangular unit ¢€Herringbone
der Bragg reflectiorfFig. 5) is reproduced well. structure”) typical of its crystal habit on weakly interacting

Table | provides a summary of the characterization pasubstrates, the unit cell aspect ra_tio is related to the azimuthal
rameters obtained by this fitting of the PTCDA/SAM/ separation of thé012) and the (012 Bragg peaks. Denoting
Au(11)) structure. The measured gold-PTCDA thicknessthe 2D PTCDA lattice parameters as and bp, the peak
(dsamy+A=16.9+0.2 A) is consistent with the calculated separation is given By
value of ~16.8 A, which is in turn based ondxuy value
of 14.0 A (calculated from the full coverage structure as A= P12~ dorz=2arctan2ap /bp). (6)
obtained by GIXD and x-ray standing wave methdssing
standard bond angles and lendfhsvith the addition of the
finite width of the lattice planes which can be roughly esti-

mated as @+ da,)/2=2.8 A. The value found is also o .
close to the ellipsometry estimate of 14.8.65 A3 which  ton of A¢_:1100'5 at an in-plane momentum ftransfey
with the finite width of the lattice planes amounts to 17.2 A.~0-821 A" When the sixfold symmetry of the SAM is
The best fit for the Kiessig fringes was obtained for-4.9  taken into account, the (0}2eaks are separated from the
+0.2 A resulting in a valualsay that deviates somewhat (012) peak by 19.5° and 40.5°. Hence, we are able to assign
from the thickness obtained directly from the Kiessig fringes the peaks ap=—21.6° and¢=39.1° to the(012) reflec-
Nevertheless, thid value is plausible considering that the tions, andp= —40.9° and¢$=20.1° to the (012 reflections,
sulfur layer of the SAM effectively acts on the density pro- the reflections in each set being symmetry equivalent. Note
file as a large surface roughness, which shifts the zeropoinhat the B-polymorph gives corresponding valG&é® of
of the differentiated density profile away from the outermost15.6° and 44.4° inconsistent with the peak separation. As-
Au lattice plane. suming these assignments, PTCDA forms an unstrained rect-
Under the present experimental resolution conditions thangular surface structure with dimensions 12011 A
relatively low effective roughness parametésse Table)  x19.9+0.2 A, consistent with bulk values for the
refer to a small lateral length scale, i.e., essentially to thevolymorph?!
terraces themselves. Furthermore, for all sets of parameters,
the PTCDA(102) lattice parameter is slightly increased from IV. DISCUSSION AND CONCLUSION
the nominal value dfd;0,=3.21 to 3.24-0.03 A. Note,
that this apparent change in lattice parameter may be influ- Thin films of PTCDA approximately 16 ML thick were
enced by the interference between X-rays from the SAM amﬁound to form an incommensurate ordered structure on the
PTCDA layer at the PTCDA102) peaks, the positions of oOrganicsurface of a decanethiol SAM on ALL1). The “in-
which is slightly shifted. plane” domain size was typically larger than 500 A. Previ-
ous studies of this type of organic-organic interface have
only been performed using techniques with limited resolu-
tion such as RHEED and LEED, eluding a full structural
Figure 6 shows a wide azimuthal scan 4 characterization?'*Here, by employing GIXD, both the in-
=0.813 A ! in close proximity to thg012 peak positions plane and out-of-plane structures of PTCDA and the SAM
expected for an unstrained PTCDA latti®&! The narrow  were precisely measured. It was found that the SAM struc-
components of the peak\¢~0.9°) show that PTCDA ture was unaffected by deposition of an overlayer of

The unit mesh in the(102 plane of the unstrained
PTCDA lattice in the a-polymorph has the dimensions
(ap,bp)=(11.96 A,19.91 AY%%! which gives a separa-

B. In-plane structure
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PTCDA. As observed on many inorganic substrates, PTCDA PTCDA/Au(111) PTCDA/SAM/Au(111)
was found to have thé€102) stacking direction along the
surface normat:*8 The interfaces of this sandwich structure
are sufficiently well defined to give rise to interference ef- (4x2)
fects, most notably resulting in the destructive interference ai b
the (204) PTCDA Bragg peak. From these data, we accu-
rately determined the thickness of the SAM.

An important finding is the high lateral order observed for A
the PTCDA films deposited on the SAM. TH812 and 'E

(012) peaks were found to have a narrower azimuthal width
(A¢$=0.9°) than for PTCDA deposited on AlLll) (A¢
=2°). In addition, the only evidence for the presence of
inequivalent domains of PTCDA, previously observed for —— 413,
PTCDA on Au111),"*3* was a broad underlying compo- _ e unit cells found f N
nent shifted approximately 0.8° from tH@12 and 012 FIG. 7. A comparison of the unit cells found for PTCD
peak positions?igdicated b{/ arrows, Fig.)6In contr;st%co AU(LLY (Refs. 25 and yand PTCDA/SAM/AYLLY). On the SAM
what happens on the SAM, the 111 surface interacts the unit cell is rotated approximately 21.6° with respt_ect to the one
strongly with the PTCDA molecules creating a highly fognd on Ay111). The twq t_ypes _of _cross-hatched C|rcle_s denote
. - . L . thiol molecules that are distinct within thg4x<2) (shown in the
S"a'”e? Iattlc? that is maintained up to a thlckness of a.t lea%Ep right-hand cornegrunit mesh. The open circles denote the Au
70 ML.” The incommensurate PTCDA packing 0cks in 10 540 ¢ of the substrate surface. The orientations of the surface nets
the Al{ll_])_ Iatt|_ce, creating inequivalent domains due 10 qjative to the substrate are tentative.
several minima in the interface energy between the adsorbate
and the substrafe® symmetry directior{line A’-A), it is not yet possible to un-
In our case, the hydrocarbon chains exert only a minoembiguously determine the position of the unit mesh of
influence on the lateral packing of the PTCDA moleculesPTCDA relative to the SAM.
through weak van der Waals interactions between the de- Finally, the modeling of the zeroth-order rod clearly
canethiol -CH endgroups and PTCDA. In this case, the shows that it is possible to describe the layering of organic-
PTCDA ordering is therefore likely to adopt the unstrainedon-organic thin films with relatively simple models, despite
bulk structure. Nevertheless, the SAM structure still deterthe fact that organic thin films can have more complex struc-
mines the orientation of the PTCDA overlayer as seen fronfures than their inorganic counterparts.

o ; ; ; ) In this study we have shown that it is possible to grow
the 21.6° rotation of the lattice with respect to #1d2) A
! oe o P ) Au rordered layers of the large planar molecule PTCDA on the

o 5o hiobh Ad(111). wh surface of an organic substrate of decanet_hi_ol. The .self—
end-capped” quinquethiopher®C5T) on Ag111), where assembled monolayers are found to be of sufficient quality to

the interaction with the substrate did not force a commensu?

rate structure, but nevertheless determined the relative orieltd?-e u;ed ﬁhsurf;rats_r'ggzace tlempla:[&s \'|Vh'Ch |n|t'|a£[e ofr-
tation of the overlayer and substrdté potential candidate ered gro orthe overiayer. The large variety o

leading to the PTCDA orientation is the corrugation of theSANI end-groups offers unprecedented possibilities for the

hydrocarbon chains from the SAM structure which has beer‘??Sign of_surface propgrtigs tailo_red to result in the growth of
observed forn-alkanethiols on A@L11) with both low- high quality organic thin films with a wide range of proper-

energy atom diffractiof! and scanning  tunneling ties useful in modern optoelectronic devices.

microscopy*! The vertical displacement between hydrocar-
bon ends can be estimated to b@®.5 A based on recent
structural findings by x-ray standing wav&sThis results in The authors wish to acknowledge the experimental assis-
lateral corrugation of the surface potential serving to orientance of B. Edinger and J. Krich and useful conversations
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