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The adsorption, desorption, and growth kinetics as well as the thin film morphology and crystal
structure ofp-quaterphenyk4P) grown under ultrahigh vacuum conditions on single crystalline
Au(111) have been investigated. Thermal desorption spectros€dpy) reveals two distinct
first-order peaks attributed to monolayer desorption followed by a zero-order multilayer desorption.
The saturation coverage of the full 4P monolayer has been quantitatively measured with a quartz
microbalance to be 8 10" molecules/cri Using low energy electron diffraction the structures of

the 0.5 and 1 ML(monolayey adsorbates have been studied, showing highly regular arrangements
of the 4P molecules, which are affected by tth&1) surface structure. At the transition from 0.5 to

1 ML a structural compression of the overlayer has been observed. The behavior of thicker 4P films
has been investigated by combined TDS-XPSPS—x-ray photoelectron spectroscopyA
temperature-induced recrystallization process at about 270 K has been obsear&hfothick 4P

film grown at 93 K, corresponding to a transition from a disordered layerlike growth to a crystalline
island growth Ex situoptical microscopy and atomic-force microscopy investigations have revealed
needle-shaped 4P islands. Applying x-ray diffraction the crystalline order and epitaxial relationship
of the 4P films with 30 nm and 200 nm mean thicknesses have been determin@@04cAmerican
Institute of Physics.[DOI: 10.1063/1.1767154

I. INTRODUCTION copy (AES), x-ray diffraction (XRD), optical microscopy
(OM), and atomic-force microscop$AFM). In particular,

Conjugated organic materials have become promisinghe structure of the 4P overlayer in the submonolayer and

candidates for various applications in molecular electronicsnonolayer regimes was investigated using low energy elec-

and optoelectronick.® Amongst other materials oligophe- tron diffraction (LEED).

nylenes have been successfully used as active materials in

organic light-emitting diodé's or in organic thin film

transistors. The fabrication of well-oriented highly crystal-

line thin films as well as the control of the organic/substrate  The sample preparation as well as the TDS, XPS, AES,
interface are important not only for optimizing the device 3nd LEED measurements were performiedsitu under ul-
performance but also for exploring the underlying phy$its. trahigh vacuum conditions with a base pressure of
Several studies have been carried out on oligophenylene thin {g-1mpar. The substrate was a high-purity Au single
films grown on various substrates concerning the crysta&wstm (MaTeck GmbH cut along the(111) plane with an
structure’*® thin film morphology;* and optical and elec- angular deviation of less than 0.4°. It was cleaned by stan-
tronic properties?~** dard Ar"-ion sputtering (5<10"°mbar, 1 kV) for 30 min

The focus of the present study was to investigate theynd subsequent annealing at 870 K for 10 min. AES and XPS
adsorption/desorption kinetics, the structure, as well as th@ere used to check the purity of the Au surface. In this
thin film morphology of our model system-quaterphenyl  context it should be noted that some 4P dissociation was
(4P), grown on single crystalline Aa11) under well-defined  observed on the A1) surface upon heating of a 4P film,
conditions. The emphasis was placed on the application dfesulting in a remaining carbon coverage of about 0.03
surface-sensitive techniques to investigate the organighonolayer(ML). Higher carbon coverages could intention-
substrate interface. A variety of analytical methods were apally be obtained by x-ray irradiation of a 4P film. The influ-
plied such as thermal desorption spectroscOfYS), x-ray  ence of a carbon precoverage on the kinetics and growth of
photoelectron spectroscogPS), Auger electron spectros- 4P films on A111) will be treated in detail in a separate
publication’® For the present investigations the Au sample

aAuthor to whom correspondence should be addressed; Electronic addres&-aS thoroughly Cleane_d _prior t(_) each 4P film preparation step
stefan.muellegger@tugraz.at in order to ensure a minimum influence of surface carbon on

II. EXPERIMENTAL METHODS
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FIG. 1. Quaterphenyl crystal structure at room temperataelhe mono-

clinic 4P unit cell @=0.811nm, b=0.561nm, c=1.791nm, and 300 350 400 450 500 550 600 650 700
B=95.809 contains two molecules that are tilted with respect to each other. Temperature (K)
(b) The 4P molecules form stacked layers that can be clearly seen by pro-

jecting the structure along the axis of the unit cell.(c) The molecular FIG. 2. Series of thermal desorption spedff®S) of 4P on Au111) ad-
arrangement within each layer is illustrated by a projection along the longsorbed at 93 K. The 4P coverage for each single TD spectrum is represented
molecular axes, revealing a herringbone structure. as mean 4P film thicknesé) 0.02 nm,(b) 0.10 nm,(c) 0.15 nm,(d) 0.20
nm, (e) 0.25 nm,(f) 0.28 nm, andg) 0.50 nm, respectively. The multilayer
desorption feature is denoted kyand two distinct monolayer features are

the measurements. The 4P films were vacuum depositeabservedp; andg,. The inset shows the thermal desorption ¢hp2 nm
from a home-made quartz glass Knudsen cell at a depositioifd(i) a'7 nm thick 4E film in full scale. The zero-order characteristics of
rate of 0.24—0.72 nm/min. Details on the quantification oft e multilayer desorption peak can be clearly seen.
the TD spectra are described in Ref. 16.

The film structure at low 4P coveragesl ML) was
investigated with an OMICRON LEED instrument equipped exhibits the buildup of a peak around 550 K, labejed
with a single microchannelplate. The low emission currentWith increasing coverag@; shifts to lower temperatures
(nA) prevented the organic films from potential damage byuntil it saturates at a mean total film thickness of about 0.15
electron bombardment. All LEED images were taken at 93 Knm. The mean film thickness was calculated from the ad-
in order to get an optimum signal-to-noise ratio. The XRD assorbed mass, as measured quantitatively with a quartz mi-
well as OM and AFM measurements were perforre&dsitu  crobalance, using the 4P bulk density25 g/cr). At higher
at room temperature. The crystalline order and the epitaxiatoverage a second peak, labefed originates at about 400
relationship of 30 nm and 200 nm thick 4P films were inves-K and roughly takes another 0.15 nm of mean 4P film thick-
tigated with a Philips X'Pert texture goniometer with ICt ness to saturate. Th®, peak also shows a pronounced shift
radiation. For direct imaging of the surface morphology ofto lower temperatures with increasing coverage. This shift
4P films on the nanometer scale atomic-force microscopynd the fact that the 4P adsorbs/desorbs as intact molecules
measurements were performed using a Digital Instrumentsn/from the A111) surface indicate a first-order desorption
MultiMode AFM under ambient conditions. The measure-with repulsive forces acting within both th@, and 8, ad-
ments were done in tapping mode at very low scan speeds sorption statet’ The saturation coverage of the full 4P
avoid destruction of the 4P film by the probe. monolayer B1+B>) was quantified to 8

The crystal structure of solid quaterphenyl at 300 K is X 10"¥molecules/cr, which equals a mean film thickness
shown in Fig. 1a). The monoclinic unit cell comprises two of about 0.3 nm. The determination of the desorption energy
molecules and the symmetry %2, /a. The lattice constants Eq.sand the preexponential fact8rv is a nontrivial task in
are a=0.811nm,b=0.561nm, andc=1.791nm, and the the case of large aromatic molecules. Unusually large preex-
monoclinic angle is3=95.80°1"18 The 4P molecules form ponential factors have been frequently observed in compa-
stacked layers which can be seen under a proper projecticable system&'?2Things get even more complicated in case
of the crystal structure as shown in FigbL The molecular of desorption processes governed by lateral interactions be-
packing within each layer is of the typical herringbone type.tween the adsorbate moleculdsompensation effept®
This can be seen by projecting the crystal structure along th&herefore, we abstained from a determination of these pa-
direction of the long molecular axes, which is illustrated inrameters for the3, and B, peaks. Considering the mean

Fig. 1(c). thickness of the 4P monolayéd.3 nn) and taking into ac-
count the van der Waals dimensions of a single 4P molecule
IIl. RESULTS AND DISCUSSION (2.04x0.67x0.35 nn?) it is reasonable to conclude that the

4P molecules are “lying” on the surface, i.e., the long mo-
lecular axes are oriented nearly parallel to thg24d) sur-

A series of TD spectra for 4P grown on &i11) at 93 K face.
is shown in Fig. 2. Starting from a low 4P coverage, the TDS At a 4P coverage-1 ML, a sharp peak arises, labeled

A. Desorption kinetics
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FIG. 3. Combined XPS and TDS measurement of 7 nm thick 4P filmsFIG. 4. Optical microscopy images of a 20 nm 4P film grown ort14d) at
grown on Au111) at different adsorption temperaturég,q, of 93 K and 300 K and a deposition rate of 0.42 nm/min. Characteristic needle-shaped

300 K, respectively. The upper part shows the temperature dependence #P islands are observed.
the Au 4f;, signal, which is proportional to the fraction of uncovered
Au(111) surface area. The lower part shows the TD spectra of equivalently

deposited 4P films on the same substrate. In contrast to thata 7 nmthick 4P film adsorbed at 300
K (film 2) exhibits a significantly higher initial Au, sig-

: . 0
which increases continuously with increasing coverage, exnal' This elevated XPS signal of about 70% of the clean

hibiting a peak shift to higher temperatuigee inset of Fig. sur:‘aceh5|g_n|al ((:joLre_sp;]on_ds to ahn islandiike 4E Iaye?’r.sAppar-
2). This peak can be attributed to zero-order desorption fro h.mg’ t E IS ar:‘ €19 tf.'ls onh_t ke average a OUth : _tlmels
the 4P multilayer. The desorption energy can easily be caf'gher than the mean film thickness at 93 K The signa
. Jemains nearly constant until significant multilayer desorp-
tion sets in at about 350 K. A closer inspection shows that
even at the beginning of multilayer desorption no significant
change in the Au signal is observed. Obviously, the desorp-
tion process reduces mainly the height but not the lateral
width of the 4P islands. Only when the last fraction of the
multilayer desorbgnear 375 K, the XPS signal sharply in-

A combination of XPS and TDS, which will be denoted creases. The mean height of the 4P islands at this point can
as “XPS vs Temp” measurements, has been applied to inbe estimated from the mean free patk;2.4+0.3 nm, of the
vestigate the thin film growth kinetics and morphology of 4PAu 4f-,, photoelectronsE=1170eV) in 4P, as determined
on Au(111). The temperature dependence of the Awsig-  in a previous work® These findings suggest that 4P exhibits
nal of the underlying Au substrate was measuredaf@ nm  a layerlike growth at low temperatures and a Stranski-
thick 4P film deposited on Ad11). Details of this method Krastanov(SK) growth at and above 270 K.
are described in Ref. 16. In particular, it has been verified  Figure 4 shows an OM image of a 20 nm thick 4P film
that the peak position of the Au 4, signal does not change grown on Ayl11l) at 300 K and at a deposition rate of 0.42
with 4P coverage. Figure 3 shows XPS vs Tefupper part  nm/min. Clearly, 4P forms needlelike islands of different
and the TDS(lower par} data of two 7 nm thick 4P films, lengths and orientations. However, the lateral needle width
deposited at different adsorption temperatures. To begin witseems to be nearly constant throughout a single 4P needle.
the film adsorbed at 93 Kilm 1), the XPS Au4,,signalis  Several individual needles can agglomerate to form fanlike
close to zero in a temperature range from 93 K up to 270 Kbunches. A maximum needle length of about 3t was
This is interpreted as being due to a continuous 4P film obbserved and the width of the needles can be up to about 2.5
unknown structure covering the whole @d1) surface. In um.
the temperature range from 270 to 310 K the XPS signal Whereas OM investigations provide a quick overview of
increases and runs into a flat “plateau” at about 350 K. Inthe film morphology, AFM measurements allow a more de-
this range still no significant desorption occurs, as can béailed view with nanometer resolution in all three dimen-
seen from the TDS underneath. Obviously, a recrystallisatiosions. Figure 5 summarizes the AFM results for the 200 nm
of the 4P film takes place, where the formerly continuousthick 4P film grown at 300 K. This film shows four different
film changes to a morphology of separated 4P islands. Anorphological features with lateral extensions in the range of
further temperature increase leads to 4P multilayer desorg0 um that exist in close vicinity. The area denotedAyn
tion (325 K-375 K, where the Au4,, XPS signal also Fig. 5a) consists of parallel chains of tetragonal islands with
shows a sharp increase and then stagnates at about 90%abase edge length of aboutugm. Their height is in the
the signal of the clean A@1l) surface. At this point, only range of 200—250 nm. Within a single chain the islands are
the 4P monolayer is still present on the surface. Finally, forall identically oriented. This segmented structure of the 4P
temperatures>375 K the monolayer starts to desorb andchains(“needles”) could not be resolved with OM. At least
correspondingly the XPS signal shows a slight increase untsix different chain directions could be identified. ABdea-
it reaches 100% at 650 K. tures significantly smaller, platelike crystallites. The struc-

ing to the Polanyi-Wigner formalisif, yielding Egyes
=1.52eV. This is in good agreement with the literature
value for the 4P sublimation enthalpy of 1.62 @V.

B. Thin film growth and morphology
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FIG. 6. (a) ©/20 scan between 10° and 50° of the 200 nm 4P film grown on

Au(111) at 300 K. A single-crystal monochromator was used, therefore con-

(b) tributions of the x-ray spectrum can pass through the monochromator device
300 at higher harmonica./n. (b) Detail /20 scan of the 4R211) reflection

1 recorded for the 30 nm 4P film grown on A11) at 320 K. Note the

different ordinate scaling.

Height (nm)
o

A

ey
\’\\M/ plane of 4P being parallel to the &LL1) substrate. It turns

out that both the long axes and the short axes of the 4P
molecules are lying parallel to th@11) plane. In addition,
previous measurements using the x-ray diffraction pole fig-
ure technique have shown the influence of th¢14d) sub-
FIG. 5. High-resolution AFM results of the 200 nm 4P film grown at 300 K gtrate geometry on the azimuthal ordering of the 4P over-

with a rate of~0.4 nm/min.(a) 50X50 um? AFM image (gray scale range .
is 600 nm). The inset shows a 2010 xm? high resolution AFM imagégray layer. The long axes of the 4P molecules are azimuthally

scale range is Lm) of an additional structural feature. The dotted rectangle aligned along high-symmetry directions of the Au substrate,
denotes the sample area used for the integral step height analysis presenjed,, the Al(llO) or the AL( 112) directions, respectively.
in (). Details are described in Ref. 26.

10 20 30
Distance (pm)

tural featuresA and B can eith_er abut against e_ach o'Fher OrD. Surface structure

they can be separated by regidbéree of three-dimensional

is!and;. A fourth structgral feqture exist_s, which_ is presented, Monolayer

with higher resolution in the inset of Fig(&. This areaD

exhibits a loose group of individual crystallites with a length ~ Some results of the 4P monolayer on(ald) have been
ranging from 0.8um to 2 um. The cross-sectional analysis published preymusly in Rgf. 26. In the present study, these
revealed that these islands are almost as H§9—550 nm results are brle_fl_y summarized f(_)r the s_ake of completeness,
as wide(300—500 nm In other words, these individual is- @nd some additional aspects will be dlsgu_ssed. Th_e highly
lands are rods with a nearly quadratic cross section. Figurégular 4P monolayer grown on £1L1) exhibits an oblique
5(b) presents an integral step height analysis within the aredNit cell with side lengthe=1.1nm andb=2.2nm, com-
marked by a dotted rectangle in Figas With this method prlsmgz(tswo molecules in the unit cell. The ce_II angle is
the height signal is averaged across a line parallel to the sho¥= 74> The 4P molecules are aligned with their long axes
side of the marked area. This integral height is plottecgither parallel to the A{L10) or to the AY112) direction,
against the lateral distandéong side of the marked arpa @nalogous to the alignment of the molecules in (B&1)

The difference of the mean height is calculated between thBlane of the bulk structure with respect to the(ALl) sur-
intervals marked by 1 and 2, yielding a step height of abouface.

200 nm between the uncovered a@and a fully covered It is well-known that the Awlll) surface reconstructs
part of the 4P film, which is in good agreement with theWith a (23xv3) surface unit celf/*® causing additional

nominal film thickness previously measured with the quartZ-EED reflections with respect to an ideal {t¢1) surface?’
microbalance. After the deposition of 1 ML 4P these extra spots vanish.

Although it could not be unambiguously clarified if the Au
reconstruction is lifted by the presence of a 4P overlayer,
there is evidence that the growth of a regular 4P structure is
Despite the inhomogeneous island morphology of thicknearly independent of a possible reconstruction. The LEED
4P films, as shown in Figs. 4 and 5, the molecular arrangeimages of the 4P superstructure on(ALl) exhibited the
ment within these islands was found to be highly regularsame spots as expected for 4P grown on an idedllidg
with respect to the Ad11) surface. The 4P crystallites grow surface. This suggests that a possible Au surface reconstruc-
epitaxially on the A@l1l) surface, as observed with XRD tion has no significant influence on the formation of a regular
and LEED. Specula®/20 scans of a 30 nm and a 200 nm 4P superstructure, concerning the size and orientation of the
thick 4P film shown in Fig. 6 revealed that the dominating4P surface unit cell relative to the Alll) surface. The lat-
crystalline orientation of the 4P bulk is one with tt811) net  eral and vertical displacements of the reconstructed gold sur-

C. Epitaxially ordered bulk structure
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FIG. 8. Real space representation of the 0.5 ML 4P surface unit cell on
Au(111). The side lengths of the cell, the cell angle, and the azimuthal
rotation angle relative to the Alil1) surface are denoted lay b, y, and®,
respectively. A proposed van der Waals model of azimuthally oriented 4P
molecules is shown on the right part.

FIG. 7. LEED images of a 0.5 ML 4P films grown on @A11). The corre-

sponding beam voltages ate) 19.8 V and(b) 39.4 V, respectively(c) parently, due to th€éunknown geometrical structure factor
Reﬁfese”tati?fz.o; the LEED gaﬁem free of imﬁge geformg“ions- Thedb'icbf the 4P unit cell some of the possible reflections are sup-
circle symbols(®) correspond to experimentally observed spots and the : : .

light digmond symbols{<>)prepresent The simulatyed reﬂectionsF.) The recip- pressed. The dlmenglons of the real space surface unit cell
rocal unit cell vectors are denoted by andb*. Additionally, an example ~ aré represented in Fig. 8. In absolute values they reaal as
of a mirrored unit cell is showidotted. =1.44nm, b=2.38nm, y=117°, and ®=10.5°, respec-

tively. The matrix notation for this superstructure is

face are just too small to influence the orientation of the large :< 5.44 1-03 %< 5.5 19 1)

4P molecules. This is similar to previous findings for SubPc -125 75 —-1.25 7.
grown on Ay111).%°

At substrate temperatures below 270 K no regular LEEDe ullhtE(}J fr?:(/?r:e(;:assl\?vgrgtlgnﬁﬂ:“; 2d4e|5 mg;fe asl,)lj)mests
pattern could be observed for the 4P monolayer ofilAf). d 9 » Sugg

However, for adsorption at room temperature, or when heat® molecular packing, where the long axes of the 4P mol-

ing the covered sample from 93 K up to®@K a regular ecules are aligned roughly parallel to theide. Based on the

LEED pattern is formed. These findings corroborate the pre[esults of the monolayer structure we also propose for the 0.5

. Lo . .~ ML structure an alignment of the 4P molecules parallel to the
viously observed onset of recrystallization of thick 4P films  =— """ "
at about the same temperature. The 4P monolayer LEEIfJ110> direction Of. the A.mll) surface. The area O.f the real
pattern did not change upon further heating of the samplépace surface unit c_eII is about 2'9%3@'.\/8” a basis of one
until 4P desorption starts. Different from that, recent findings4P molecule per unit cell, thge 0.5 ML film corresponds to a
for 6P on Al111) showed the existence of different, 4p coverage of about 3><3101 molecules/crh or 0'13 nm of
temperature-dependent monolayer structdtes. mean'f|lm thickness. This is |n.good agreement with the TDS
experiments, where a saturation coverage of about 0.15 nm
was observed for the high-temperature adsorption sgte,
Compared to the full 4P monolayer structure, the length
Well ordered and highly reproducible LEED patterns of the short cell vectora, of the 0.5 ML structure is in-
have also been observed for a 4P coverage of 0.5 ML owreased by about 30%, whereas the length of the long cell
Au(111) (saturation of thes; peak. A series of LEED im-  vector,b, is hardly changed. Assuming flat lying molecules
ages was taken for beam voltages between 17 V and 40 Within the 0.5 ML structure, as indicated by TDS and
Figures Ta) and Ab) show examples of the 0.5 ML 4P XRD,?® a molecular packing is obtained with a surprisingly
LEED pattern at a voltage of 19.8 V and 39.4 V, respectivelylarge intermolecular spacing in the directionaodis shown in
After extracting the positions of all visible spots from a se-Fig. 8. This enlargement can be interpreted as a result of
ries of LEED imagesthe intensity of individual spots varied repulsive forces acting between neighboring molecules over
considerably with beam voltagend correcting for image distances up to about 0.6 nm. The repulsive character of the
deformations of the LEED optics, a representation of the 0.8nteraction is affirmed by the TDS data. The large distance of
ML 4P LEED pattern is obtainefblack dots in Fig. f¢)]. A about 0.6 nm suggests the existence of long-range interac-
reciprocal surface unit cell is proposed, also shown in Figtions different from the intermolecular van der Waals—type
7(c), which can explain all the observed spots. However,nteractions. Presumably, 4P molecules adsorbed on the
taking into account the threefold rotational symmetry of theAu(111) induce localized surface dipole densities due to the
(112) surface and the possibility of mirrored structures forinteraction with the metallic substrate, resulting in a long-
each rotational domain, additional spots should show up. Altange repulsion between neighboring adsorbate molecules.
possible spots in connection with the proposed reciprocalctually, similarly large intermolecular spacings in the sub-
unit cell are represented as grey diamonds in Fig). Ap-  monolayer coverage regime have recently been observed for

2. Submonolayer
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perylene on A(10) (Ref. 32 or Pentacene on Ali11).>®>  P15625 and P15626. We kindly appreciate the experimental
Apparently, in the full 4P monolayer the presence of thesupport of T. Haber for the XRD-PF measurements and S.
B,-type adsorbed moleculése., the side-tilted molecul&y Holzleitner for technical assistance in the AFM measure-
decreases the long-range repulsion between neighboringents.

B1-type molecules. This is a consequence of the herring-

bonelike packing of the 4P molecules which is already estab-

lished in the first saturated 4P monolayer. An optimized her-

ringbone packing is finally reached in the 4P bulk phase of
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