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We present a study of the morphology, structure, and electronic properties of interfaces formed between Au
and the organic semiconductor diindenoperyléD&) employing transmission electron microsco@EM),
atomic-force microscopyAFM), x-ray diffraction, and ultraviolet photoelectron spectroscdpyS. Pro-
nounced islanding of the DIP films deposited on Au is found by AFM as well as by TEM. In addition, TEM
images show individual monolayers of DIP with the long molecular axis parallel to the substrate, suggesting a
lying-down phasd\-phas¢. TEM images also show the formation of Au clusters and a certain degree of Au
interdiffusion into the DIP film after Au deposition on DIP. Specular and grazing incidence x-ray diffraction
show the coexistence of standing phésephasé¢ and\-phase with a preferred growth of thephase. UPS is
used to study the evolution of the electronic structure of the DIP-on-Au and Au-on-DIP interfaces. DIP is found
to physisorb on Au. The energy difference between substrate Fermi level and the DIP highest occupied
molecular orbital at the interface is 1.0 eV. This hole-injection barrier increases to 1.45 eV away from the
interface because of decreased screening by the metal and possible changes in molecular conformation. For Au
deposition onto DIP, UPS traces the formation of Au clusters as a function of Au coverage. These clusters
percolate only for Au coverages higher than 32 A to give a continuous metal surface coverage and conductiv-
ity. The interaction between the Au clusters and DIP is also found to be of physisorptive nature.

DOI: 10.1103/PhysRevB.68.115428 PACS nunider68.55—a, 68.37-d, 68.43-h, 73.61-r

. INTRODUCTION 0.1 cnf/Vs in the plane parallel to the overlapping
mr-orbitals in field-effect transistor geometry, i.e., parallel to
A steady increase in the number of reports on new electhe substrate surfac¢el® This makes DIP interesting for ap-
tronic and optoelectronic devices based on conjugated oklication in thin-film transistors or as hole-transport layer in
ganic materials can be noticed over the past few yE&rs. other organic devices, e.g., organic light emitting diodes
Key elements of device performance are the structure of theOLED’s). High-work-function metals such as Au are then
functional organic layer and the charge injection from metalpresumed to be adequate for hole injection with low barrier.
contacts. Therefore, a thorough understanding of organic filnThe morphology of interfaces between Au and DIP deposited
structure and morphological and electronic properties obn SiO, have already been investigaféo‘.7
metal/organic interfaces is essential for applications in future \When DIP is deposited on Au rather than on §iGhe
devices. Device function and efficiency are frequently evalumolecule-substrate interaction changes significantly and may
ated assuming abrupt, homogeneous interface morphologiesult in a different film morphology, including the formation
and interface energetics based on separately determined msf-a lying-down phasédenoted bya-phase in what follows
terial parameteréwork function, ionization energy, and elec- where the long axis of the molecule is parallel to the sub-
tron affinity). However, several reports have made clear thaktrate[right-hand side of Fig. (b)], as already observed for a
these assumptions are often not valid. Diffusion, chemicalariety of other molecule-on-metal systefis??
reactions, and polarization of different surrounding matter, |n the present study we conducted a detailed investigation
can, if occurring at the interface, lead to properties signifi-of structure andinterfacia) morphology of DIP/Au and Au/
cantly different from the expected on€s? DIP/Au, as well as of the electronic structure and energy-
It was recently demonstrated that thin films of diindenop-|eyel alignment at DIP-on-Au and Au-on-DIP interfaces pre-
erylene[DIP, C3,Hy6, see Fig. 1a)] deposited on Si©form  pared under ultrahigh vacuunfUHV) conditions. We
smooth closed layers with high structural order in which theemployed atomic-force microscogfFM) to investigate the
molecules(almost exclusively stand upright with their long surface morphology of DIP/Au samples in real space, cross-
axis aligned along the surface normdldpp(001)  sectional transmission electron microscq@¥M) to deter-
~16.6 A].2 This standing phase is denoted byphase in  mine the interfacial morphology between Au and DIP, and
what follows, see the left-hand side of Figbl It was also  specular and grazing incidence x-ray scattéfing to deter-
shown that these films exhibit a high hole mobility of up to mine the structure of the thin-flm system in out-of-plane
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TABLE I. Description of the analyzed samplé85,, and © 4,
(a) denote the nominal coverage of DIP and Au, on the
Au/Cr/SiO,/Si(100 substrates, respectively.

Sample no. Opp Oy Analyzed by
(A) A

300 0 AFM/x-ray
300 150 TEM

0 0 specular x-ray
300 130 UPSTEM)

A
v
A wWN PR

DIP DIP (b) tion step the samples were transferred into the analysis

chamber(without breaking UHV to record UPS spectra. For

details of individual sample properties see Table I.

| AFM measurements were carried out in tapping mode

” |<— d —>| with a Digital Instrument Nanoscope Il at ambient condi-
q.

o-phase A-phase

ds—>|<—

<
d,
L3 — mean-square(rms) surface roughnessr,,s, increasingly
”””” ——— — large scan ranges were applied umtjl,,s became indepen-
O — —— dent of the range.
TEM images were taken with a Philips CM 200 micro-
Au scope operated at 200 kV. The preparation of specimens for
cross-sectional TEM imaging is described elsewl&re.
X-ray-diffraction measurements were performed at the
FIG. 1. (a) Structure of the DIP moleculdgb) Sketch of the MPI| beamline at the Angstrom_Que”e Kar|sruW\|KA)_29
different growth modes of DIP molecules. Le&:phase, the mol- A horizontal sample geometry and an energyEef 10 keV
ecules are stacked with their long axis essentially perpendicular t€orresponding ton=1.24 A were used for all measure-
the substrate. R.ighm-ph.ase., thg molecules are lying flat or.1 the ments. Figure 2 shows a schematic view of the beamline
surface. The lattice spacimtl is unlque_ly related to the lon@) axis setup, sketching the slit locations and the employed scatter-
of the molecule, whereas several lattice constdptaay be probed, ing geometries.
depending on the crystalline arrangement of the DIP molecules . )
around the long molecular axis. The a.ngula'r resolution for the specular scans as defined
by the slit settings waa20=0.035° for scans at angle®?2
) ) >10° andA20=0.014° for 22<<10°.
(perpendicular to the surfacand in-plane(parallel to the To probe lattice constants parallel to the surffsee Fig.
surface directions, respectively. Ultraviolet photoemission 1(b)], detector scans were carried out in grazing-incident
spectroscopyUPS has been used to investigate the elec‘x-ray-diffraction (GIXD) geometry. The GIXD measure-
tronic properties of the DIP/Au and the Au/DIP interface. | ants were performed at an incident angle=0.15° corre-
sponding to the critical angle, for total external reflection
of the DIP film. Since this angle is below the critical angle of
total external reflection of the Au filma, o,~0.7°), the
The samples were prepared on oxidizd@00 A) silicon  x-ray wave only penetrates several angstroms into the sub-
wafers with a(100) orientation precoated with a 1000 A strate, and therefore this surface sensitive GIXD measure-
thick polycrystalline Au layer on a 100 A Cr-adhesion layer: ment probes mainly the in-plane structurg)( of the DIP
AU/Cr/SiO,/Si(100).28 After insertion in UHV (base pressure film, see Fig. 10).2>?* Furthermore, a measurement with
below ca. 5<10™*° mbap the substrates were cleaned by a;=0.7°~a. 5, Was carried out, which allows for the pen-
Ar-ion sputtering, and a fresh Au layéca. 300 A was de- etration of x-rays into the substrate and considerably en-
posited to provide a clean metal surf&éeApproximately  hances the contribution of scattering intensity from the sub-
300 A of DIP (purchased from Institut fuPAH-Forschung, strate. For the GIXD measurements we@gf=1.0 mm and
Greifenberg, Germanywas deposited onto the substrateso,,=0.5 mm. Setting the vertical detector slitr;,
(ca. 300 A. On some samples, ca. 150 A of Au was depos-=15.0 mm in combination withw;=0.375° for a;=0.15°
ited onto the DIP/Au heterostructure. Both DIP and Au were(a;=0.375° for a;=0.7°) allows for an integration of the
deposited at room temperature and at a rate of ca. 2 A/mirscattered intensity along the surface normal with an accep-
The mass thickness of the DIBulk density—1.35 g/c)  tance angle 0£0.9°. o, was set to 1.0 mm in survey scans,
and Au (bulk density—19.3 g/cr) layers was monitored and to 0.3 mm to determine the individual peak widths with
with a quartz-crystal microbaland®CM). No corrections  enhanced resolution.
for possible differences in sticking coefficient between QCM  To analyze the diffraction-peak positions and peak widths,
and actual samples were made. For the UPS study, the mghe intensity was plotted as a functionapf (perpendicular to
terials were deposited incrementally, and after each deposihe surfacﬁand|q“| (parallel to the surfagein specular and

— $ tions. To avoid edge effects in the determination of the root-

Il. EXPERIMENT
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FIG. 2. Schematic view of the experimental setup for specular and grazing-incidence x-ray diffraction. The beam optics elements are
taken from the MPI beamline at ANKAr;, and oy are the vertical and horizontal slits in front of the sample, wherggsand o are
the detector slits governing the resolution of the experimentienotes the incident angle of the x rays on the samyfleiszhe detector
angle in grazing-incident x-ray-diffraction scans. In specular sca®g,;%, is set to 0° and the detector angle is set tq 2

GIXD mode, respectively. Subsequently the peaks were fitsAussiaNgg™ for geometry optimization and calculation of

ted with Gaussians giving the peak centgr and the full  electron energy eigenvalues.

width at half maximum of the peakyq. The corresponding The eigenvalues were broadened with a Gaussian function

lattice constant is determined ds- 27/q*, whereas a lower (Width=0.3 eV) to simulate a UPS spectrum, a common pro-

limit for the minimal domain size is given byD* cedure to compare the theoretically obtained eigenenergies to

—27/Aq. the photoemission spectf&®® _ o
Photoemission experiments were performed at the FLIP- Tht_a calculated spectrum was then shifted to align with _the

PER Il beamline in HASYLAB at DESY The resolution of experlmentally obtained UPS spectrum of the 300 A thick

the electron spectrometer wa€).15 eV (width of the inten- DIP film.

sity drop from 80% to 20% on the Au Fermi edgén order

to record the secondary electron cutoff and determine the

position of the vacuum level, the samples were negatively

biased with respect to the electron spectrométet6 V)3 A. Morphology of DIP on Au (AFM)

The energy positions of the cutoff and the low binding- Figure 3a) displays the morphology of sample no. 1, con-
energy onset of the highest occupied molecular orbitakisting of nominally 300 A of DIP deposited on the Au sub-
(HOMO) were determined by linear extrapolation to the strate at HASYLAB (see Table . The surface shows pro-
background. The work function is determined as the differ-nounced islanding and exhibits a roughnessref215+15
ence between the incident photon energy and the total width. The maximum corrugation is of the order of 1500 A. For
of the energy distribution curve. We estimate the error in thecomparison, Fig. @) shows the morphology of 400 A DIP/
position determination to be smaller thar®.1 eV. The pho- SiO,, as measured in two previous studies by AFM, using
ton energy was set to 22 eV. UPS measurements were pexpproximately the same lateral scan-raify®. The surface
formed at room temperature. To avoid charging of theshows a terrace morphology, which reflects the presence of
sample surface after Au deposition, the sample was illumitayers of essentially upright standing molecules grown in the
nated by the light of a standard halogen lamp during the UP$-phase with lattice constant~16.6 A. The surface exhib-

Ill. RESULTS AND DISCUSSION

measurement¥. The UPS spectra were fitted usingvi- its a roughness of;,s=28+3 A, and a maximum corruga-
SPEG” a program developed at the University of Namur, tion of the order of 120 A.
Belgium. These very different growth modes can be attributed to

For the assignment of the HOMO and HOMO-1 of the different substrate-molecule interactions, since the surface
DIP films, density-functional-theory calculations on a singlemorphology of the Au substrate alone,f,s<10 A) can-
DIP molecule was done using the B3LYP functional with thenot account for the pronounced islanding. In addition, the
6-31Gd) basis set, as implemented in the program packagabsence of well-defined terraces in sample ndeven at
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evidence for high crystalline order in the DIP-islands. Closer
inspection of the stripe pattern reveals a separation between
individual crystalline planes ad=16+2 A [ca. 11-14 crys-
talline planes per 200 A, see inset of Figby. This distance
is attributed to the stacking of DIP along the long axis of the
molecule[ d; in Fig. 1(b)], forming a highly ordered-phase.
The same observations were made with cross-sectional TEM
on specimens made from sample no. 4.

A more detailed insight into the crystalline order and the
lattice constants is provided by the x-ray-diffraction mea-
surements discussed in the following section.

C. Structure of DIP / Au
1. Crystallographic aspects

For the analysis of the results from specular and grazing-
incidence x-ray diffraction, it is useful to make some intro-
ductory remarks about the possible crystallographic struc-
tures of the DIP film and about the characteristics of the
corresponding x-ray-diffraction patterns.

A possible arrangement of DIP molecules in a DIP unit
cell (UC)—for simplicity in a two-dimensional2D) projec-
tion along the long molecule axis—is shown in Figa)5 The
structure in Fig. Ba) is called herring-bone-structu(&iBS)
and is often observed in organic cryst¥isThe 2D UC is

FIG. 3. (a) Three-dimensional3D) representation of an AFM characterized by two lattice parametarandb, enclosing an
image of sample no. 1b) 3D representation of an AFM image of a anglevy close to 90°. The corresponding unit cell in recipro-
DIP(400 A) / SiQ sample. cal space is depicted in Fig(ly. Its lattice parameters are

given bya=2=/(asiny) andb=2=/(bsiny), and the en-
smaller scan ranggalready indicates that DIP does not nec-closed angle isy=x—vy. As can be seen from the figure,
essarily exhibite-phase growth if deposited on Au. mixed reflections Ifk) with hk+ 0 are split in two, e.g.(11)
and (11) for y#90°. Depending on the number and the ar-
rangement of the DIP moleculéssidethe UC, certain Bragg
B. Interfacial morphology of Au/DIP/Au and structure reflections may be forbidden. In the case of the HBS
of DIP/Au (TEM) sketched in Fig. &) with two molecules per UC and for the

Figure 4a) shows a cross-sectional TEM image throughspecial casey=90°, the UC belongs to the space group
thex-z plane of the Au/DIP/Au heterostructure of sample no.p2gg for which the following selection rules applyhQ)
2 (150 A Au/300 A DIP, see Table With a lateral range of and (k) reflections are forbidden for odd andk, respec-
ca. 1um. The image clearly shows the islandlike morphol-tively; there are no conditions for othenK) reflections.
ogy of the DIP film, with island heights of up t&1500 A, In earlier GIXD experiments on DIP films grown in the
consistent with the AFM results discussed above. The Aw-phase on Si® and ALO; three reflections atq,
layer deposited on the DIP film covers the islands with a=1.15 A%, q=1.47 A™*, and q;=1.72 A"* have been
relatively sharp interface and consists of small, coalesce@bserved® These can be assigned to a UC characterized by
clusters rather than of a smooth, closed film. In additionthe following parameters:a=8.55A, b=7.09 A, and
interdiffusion of smaller Au clusters into the DIP islands is y=90°. The three reflections correspond to the (11)
seen. However, the pronounced islanding morphology of DIF20),,, and (21), reflections. The subscript indicates that
makes it difficult to identify which Au clusters are embeddedthe reflections belong to the-phase and are therefore in-
into individual DIP islands. Because of the relatively largeplane reflections. The absence ofl®) and a(01) reflection
probed sample thickness ef100 nm(along they direction  is evidence for the presence of two molecules in the UC,
in Fig. 4), Au clusters simply covering the top of a small DIP corresponding to the selection rules discussed above. The
island located in front of a taller DIP island may appear asaspect ratiob/a is 1:1.206. Given that two molecules are
clusters interdiffused into the taller DIP island. present, the occupied area per molecule is 30.3pdkallel
Figure 4b) displays a close-up of a single DIP island. to the substrate, which is of the order of the area spanned by
One can see a stripe pattern extending over the whole latertiie two short axes of the DIP molecule.
length of the DIP island, which is almost normal to the Au-
surface (tilt-angle ¢=17°+5° with respect to the surface
norma). Each pair of dark-bright contrast can be attributed
to a single-crystalline plane standing approximately perpen- Figure Ga) displays specular scans along the surface nor-
dicular to the surface. The observation of this stripe pattern isnal recorded on the Au substraieample no. 8 and on

2. Specular x-ray scattering (structure along the
surface normal)
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(a) Z

FIG. 4. (a) Cross-sectional TEM image of sample no(I®. Close-up into a cross-sectional TEM image of a distinct DIP island covered
with Au clusters. Individual DIP crystalline planes are seen as nearly perpendicular pairs of dark-bright contrast. In the magnified view, three
of the crystalline planes are highlighted by lines to clarify the orientational a#hgté the planes with respect to the substrate and to
determine the lattice constant of these planes, which is found tpe16+2 A.

sample no. 1. The data for both samples exhibit two domi{see Fig. 1b)]. The three reflections marked with arrows in
nant Bragg reflections aj,=2.67 A"* andq,=3.08 A"1.  Fig. 6b) are at the same positions as the in-plane reflections
These are attributed to Au grains of the substrate wiifi1) of the o-phase discussed above. Therefore, it is consistent
and (200 orientation along the surface normal. The coexist-with the position of these reflections that thigphase exhibits
ence of both reflections in the specular scan is evidence dhe same HBS structure and thus the same UC as the
polycrystallinity of the Au substrate. A comparison of the o-phase, yet with the long molecular axis rotated into the
two scans clearly demonstrates that the additional Bragg resurface plane. The reflection gf=1.77 A1 can also be
flections of sample no. 1 belog,=2.67 A~! arise from the  explained with this UC as a (OR)eflection. To explain the
DIP layer. coexistence of four differert reflections, however, we have
Figure 6 (b) shows a close-up of the specular scan ofto assume a fiberlike structure of thephase, i.e., the DIP
sample no. 1 covering the region 0.95%<q, material is textured with the long molecular axis parallel to
<1.95 A", Six Bragg reflections can clearly be discerned,the surface and the crystallites are rotated more or less ran-
five of which are associated with lattice plane spacidgs  domly around that axis.
below 5.5 A. Since the present scan probes lattice plane An analysis of the peak widths leads to an estimate of the
spacings along the surface norntalit of plane this obser- domain size of the \-phase of the order ofD}*
vation is evidence of the presence of DIP grown ix-phase =300 A—-400 A along the surface normal.
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(a) Figure Gc) shows a close-up of the specular scan of
sample no. 1 covering the region 0.3 A<q,<0.8 A™L.
The data exhibit intensity oscillationéso-called Kiessig
fringes with two different periodicities which are due to
interlayer x-ray interference effects The periodicities can
be associated with the thickness of the Cr-adhesion layer
(D¢=~110 A) and the Au layer@,,~800 A) through the
relationD=27/AQ, whereAQ denotes the periodicity of
the individual oscillations as indicated in the figure. The al-
most undamped oscillations allow one to estimate the surface
roughness of the Au layer to be less than 1(e8 mentioned
before. Superimposed on the intensity oscillations are two
rather weak Bragg reflections a,~0.38 A1 and atq,
~0.76 A ! (indicated by arrowscorresponding to the first-
and second-order reflection of DIP lattice planes with a spac-
ing of d~16.6 A perpendicular to the substrate. This is evi-
dence of some DIP molecules grown in i#@hase, i.e., for
a stacking of molecules along the surface normal with an
interlayer spacing that is determined by the length of the
long molecule axig d; in Fig. 1(b)]. Note that the weak
reflection atg,=1.51 A~1 in Fig. 6(b) can also be assigned
to the o-phase as a higher-order reflectidf04) reflection.
As for the\-phase, we can assume that thphase crystal-
lites are rotated randomly around the long atiberlike
_ ) ) structure due to the polycrystalline nature of the Au sub-
FIG. 5. (a) Schematic representation of a possible UC of the DIPg 5t
o-phase in the<_-y planelas defined in Fig. ®)]. a an_db are th? The g, positions of the discussed reflections and the de-
uc a).(es_andy is the angle between the axéb) Reciprocal unit rived lattice spacingsl, along the surface normal are sum-
cell with y=m—v. It can be seen that tHd1) and the(11) lattice . . - .
vectors have different lengths. mapzed in Tab!e Il. The a:;&gnment of thg reflegtlons to the
various crystalline orientations is also indicated in the table.

T T T T T T 10-3_ T T T T e T 3
a-00q) _, (@) £ (b)
% 102\ #1 \1/ z 1 = ‘|'A‘
; 3 ; = < )
§ s § SN T
= = = .
G G z g
k= c
05 10 15 20 25 3.0 1.0 1.2 1.4 . 1.6 1.8
q, (A" q, (A"

—_
o
[

E (001),

-y
o
&
T

intensity (arb. u.)

AQ,,

04 05 06 07
q, A"

FIG. 6. (a) Specular x-ray diffraction scans from sample nos. 1 atld8er curve. For clarity, the curves are shifted with respect to each
other. The inset schematically shows the scattering geometry for the specularsc®egnified view of the specular x-ray-diffraction data
(region 0.95 Al<q,<1.95 A1) for sample no. J(upper curveé The arrows mark the positions o, where in-plane Bragg reflections
were found on DIP samples grown in tkephase[DIP/SiO, and DIP/ALO;, (Ref. 38]. (c) Magnified view of the specular x-ray-
diffraction data(region 0.3 A '<q,<0.8 A™1) for sample no. 1. The arrows mark the position of weak Bragg reflections which correspond
to the (001), and (002), DIP reflections ofo-phase DIRRefs. 14 and 38 The periodicity of the intensity oscillationa,Q, is related to
the thickness of the Au and the Cr layer, respectively.
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Au(111)

TABLE II. Position of the specular Bragg reflections of the (00'1)
DIP/Au sample(no. 1) and of the substraténo. 3. g5 values in *
bold letters have already been observed as in-plane reflections of
DIP grown in o-phase in previous studies. The calculations have
been carried out assuming the following UC parameteas:
=8.55 A, b=7.09 A, y=90°. Subscriptgr and\ indicate to which
phase the labeled reflections are assigned.

—
e

intensity (arb. u.)
8!\)

-3
Sample no. a; d, Assigned  Calculation 10
(A™h (A to (A7h . . . ‘ . .
1 0.37(8) 16.6%0.10  (001), 05 10 1;(/5512).0 25 380
0.75(8) 16.58:0.05  (002)
1.154) 5.45+0.02 (11) 1.1513 FIG. 7. GIXD measurements on sample no. 1 under two differ-
1.4813) 4.24+0.03 (20), 1.4698 ent angles of incidence. Arrows mark the peak positions at which
1.51(0) 16.640.03 (004), in-plane reflections have already been found in previous studies of
1.725)  3.64+0.02 (21), 1.7163 DIP grown (almost exclusivelyin the o-phase(Ref. 38.
;;;83 3'52&_??5'02 ,0(\8121)]) 17724 tion of DIP [the index (001) for stgcking _along d|_
3.08(5) 204 A00) was cf;chsgn to allow for a comparison with previous
3 2.673(3) . ALY studied®142, Thf:loccurrence of the (002Bragg reflection
3.084(9) 504 A0 at |q|=0.754 A" shows the high crystalline order of

\-phase domains. An analysis of the peak widths of both
reflections provides an estimate for the associated domain
size of D*/I=600 A parallel to the surface, which is consis-
t?nt with the results of the TEM analysj§ig. 4b)] and

The combination of all the information obtained from the

specular scans provides evidence for the coexistence ?arger than the Au-grain size. A comparison with the specular

A-phasés) [Fig. 6b)] and a—phase[F_lg. &c)]. measurements discussed in the preceding section shows that
We note, however, that there is, to our knowledge, nq

example ofo-phase growth of similar organic molecules on thed, Iat_tice spaci_ng in_tha-phasés) (16.7 A p_arallel_to the
(noble metal substrates in the literature and, thus, the exis_g,urfgce) Is almost |dent|c'8a\l to the corresponding laifice spac-
tence ofo-phase growth on &are noble metal substrate is ing in the o-phase(16.6 A perpendicular to the surfgce

very unlikely. A qualitative discussion of the underlying Nearly all other Bragg reflectionsee Fig. ¥ can be as-

physical processes of this issue is given below. Based Oﬁigned to the DIP layef Even if the two reflections a
. 0 -1 — -1 i i .
these considerations we assume that the first monolaye_rz'24A and q=2.98 A"* may be assigned to higher

forms a\-phase only, and that the growth ofphase do- order reflections from an_l, stackir?g[(006)>\ and (008)],
mains is mediated by defects or grain boundaries of the unost codrr?spt)kc])ndu'z(:) I?t:'rfe jggc'g.g§<5'5d’& End ca|_? be
derlying layefs) of N-phase DIP. The polycrystalline Au sub- assigned 1o the of the it ISCUSSEd above. However,
strate may govern this evolution due to its high density ofSince we came to the conclusion that the coexisting phases
grain boundaries reproduced by the first DIP monolayer nd o) exhibit a fiberlike structure rather than azimuthal or-

- - C ; der, it is not possible to assign thesi#) reflections unam-
rather than due to its various crystallographic orientations. .~ TSA
y grap biguously to one of the phases. This is indicated by the sub-

script Mo in Fig. 7 and in Table I, which lists theq|
positions of the reflections discussed above and the derived
Figure 7 shows the intensity distribution as a function oflattice spacingsl; parallel to the surface. The assignment of
|qH| (i.e., a “powder spectrum)’ as obtained by detector the reflections to the various crystalline orientations is also
scans(20) in GIXD scattering geometry. indicated in the table. Analyzing the peak widths of these
As indicated in the figure, the two scans were recorded aDIP reflections provides a lower limit for the associated do-
two different incident anglesy;. The scans reveal several main sizes of 150—-250 A which is of the order of the Au-
Bragg reflections. For technical reasons, it was not possiblgrain size.
to carry out azimuthal scans at the position of individual By inspection of the intensities of the Bragg reflections
Bragg reflections, yet no preferential azimuthal orientationassociated with the.- and o-phases, respectively, we can
is expected due to the polycrystalline nature of the Auprovide an estimate for the volume ratio of the two phases in
substrate. the film. For this estimate, the integrated intensity of the
An analysis of the peak width of the ALL1) and A200)  strongest d, reflection at |q)|=0.376 A1 [(001),, |
reflection gives a lower limit of the associated lateral domain=0.311x 10" %] is compared to the integrated intensity of
sizes of~250 A and~130 A, respectively. the dg reflection at |q|=1.15 A™* [(11),,,, 1=0.011
The strongest Bragg reflection faw;=0.15° at |q] % 107%], which has already been observed @phase in-
=0.376 A"! corresponds to a lattice constasht=16.7 A plane reflection in former studies. To obtain an upper limit of
This is evidence that a large fraction of the DIP grows in thethe fraction ofo-phase in the DIP film, we assign tde peak
\-phase. The reflection can be assigned to the (Ofdf)lec-  entirely to theo-phase. Assuming that the DIP film is ideally

3. GIXD (in-plane structure)
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TABLE llI. Position of the GIXD Bragg reflections of the \ith a different UC (the best fit is obtained witha
DIP/Au sample(no. 1. |qj* values in bold letters have already —g 96 A, bh=6.25 A, y=90°; aspect ratid/a=1:1.4336:;
been observed as in-plane reflections of DIP grown indhghase area per molecule=28.0 AZ). This \*-phase does not nec-
in previous studies. The calculations have been carried out assurg—ssar”y exhibit a HBS structure. The coexistence of two
ing the following UC parametersa=_8.55 A, b=7.09 A, and \-phases is also observed in other organic-on-metal systems,
v=90 E Subscrlptgr and \ indicate to which phase the labeled eg. PTCDA/Aglll).ZO'Zl However. further studies con-
reflections are assigned. ducted preferably on single-crystalline metal substrates are
necessary to confirm the UC parameters of Xfigphase

|oyl* dy Assigned Calculated

(A (A to (A1)
D. Electronic structure (UPS)

0.3759) 16.71+0.05 (001),
0.7538) 16.670.05 (002) 1. DIP on gold
1.1530) 5.45+0.02 (11),, 1.1513 Figure 8a) shows UPS spectra of sample no. 4 for in-
1.47(5) 4.26+0.03 (20}, 1.4698 creasing amounts of DIfiominal coverage® given on the
1.71(9) 3.66+0.03 (21, 1.7163 right-hand sidgon a wide energy rangdinding energy with
1.767) 3.56+0.03 (02),, 1.7724 respect to the Fermi enerdye of the Au substrae The
2.241) 16.82+0.07 (006), work function of the Au film, which served as a substrate for
2.674) 2.35 AU11D) the DIP growth study, was 5.40 eV. Its valence electron spec-
2.9808) 16.86+0.07 (008), trum i§ shown as the dashed curve. A new emission fgature
3.095) 204 AU200 with binding energy(BE) ~1.0—-1.8 eV appears following

the deposition of only 2 A DIP. Also, the intensity of the gold
Fermi edge is reduced. However, little change in the rest of
textured with the long axis perpendicular-phase and par- the photoemission spectrum is observed.@\ss increased,
allel (\-phase to the surface, respectively, but otherwise ide-emission features derived from molecular orbitals of the or-
ally powderlike(fiber phasg we estimate from the intensity ganic material can be seen, in particular f6r>100 A.
ratio (corrected for polarization and Debye-Waller Closer inspection shows that photoemission intensity from
factoré®*) that the content of-phase throughout the film is the substrateat and belowEg) can still be seen up to
=<26%. This demonstrates that DIP/Au preferentially grows®=200 A. No signal from the substrate can be detected at
in the \-phase. 300 A.

The observation of a preferredphase for DIP molecules In order to obtain a more detailed insight into the evolu-
on Au in contrast to an almost exclusivephase growth on tion of the photoemission signal of the organic overlayer
SiO, and ALO; can qualitatively be explained by different without the contribution from the metal substrate, we apply a
substrate-molecule interactions. In the absence of reactiveimple subtraction procedure, assuming that the photoemis-
and strongly polar groups on DIP, one can assume that theion spectrum of Au does not change upon DIP deposition.
molecule-molecule, as well as the substrate-molecule, inteffhe intensity of UPS spectra for different valuestbfs then
actions are predominantly of van-der-Waals type. In this pichormalized to the emission intensity of the Fermi edge,
ture, the strength of the polarizability of the substrate, whichwhich remains visible up t®=200 A. The normalized spec-
results in image charges of the fluctuating delocalizedrum of the pristine Au film is subtracted. The resulting
mr-orbital electrons of the molecules, is crucial for the freecurves are displayed in Fig(l8. The dotted line in the figure
energy of the substrate-molecule binding. A largeserves as a guide to the eye for changes in the low BE pho-
polarizability—as in the present case of a Au substrate—toemission onset of the DIP film. The onset and the rest of
results in a large molecule-substrate binding energy that carthe spectrum shift gradually by 0.45 eV betweé®s2 A and
not be compensated by the gain in free energy by molecule®=300 A** This shift can be attributed to a decrease in
standing upright and aligning their-orbitals. It must be screening of the photo-hole when emission occurs further
noted, however, that this picture mainly applies to the growthand further from the Au surfacé:*’ This means that the
of the first monolayer. Also, the growth conditiofmibstrate interface hole-injection barrier from Au into the first DIP
temperature and deposition rat@ay have a significant in- monolayer is 1.0 eV. However, holes must overcome the ad-
fluence on the molecular orientation in the organic thin film.ditional 0.45 eV in a “staircase” molecule-to-molecule hop-

Pentacene, another flat aromatic molecule, also forms ping manner to reach the DIP bulk, and the total hole-
standing phase on inert surfad@syhile a metal surface pro- injection barrier is 1.45 eV.
motes a configuration with the long molecular axis along the The total change in the secondary electron cutoff position
surface®® This indicates that the strong dependence of thdtop curve of Fig. &)] of ~1.05 eV is established within the
molecular arrangemerilying or standing phageon the sub- first two to three monolayer®—12 A). It corresponds to the
strate nature is quite characteristic for these systems. amount of the interfacial dipole. In accordance with earlier

To complete the discussion of our x-ray scattering datastudies of conjugated organic materials on Au surfaces, the
we note that the reflections af=1.22(5) A'! and atq origin of this shift of the vacuum level is attributed to a
=1.40(1) in the specular and GIXD scafeee Figs. @) modification of the Au surface dipole by the adsorption of
and 7 cannot be explained by the 2D UC proposed so farthe organic molecule®:*® Thus, at maximum film thickness
We suggest the occurrence of a second coexistinghase  (©=300 A) the first ionization energy, IE, of DIP is 5.80 eV
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FIG. 8. (a) UPS spectra of sample no. 4 for increasing amounts of(B)Ron Au in survey scangb) UPS spectra of the DIP overlayer
on Au, the contribution from the Au substrate has been subtracted. The dotted line is a guide to the eye for the shift of the HOMO-onset. The
bottom curve is a calculated UPS spectrum of DtP.Summary of the analysis of the UPS-spectra evolution. The shift of the vacuum level
E,ac, the shift of the HOMO-position, and the Fermi enefgy are denoted, thus providing an energy-level diagram as a function of
nominalDIP coveraged. Also, the definition of the sample work functidi and the first ionization energyE) of the DIP film are shown.

and a change in sample work functiédnfrom 5.40 eV(pris-  to the total shift of the photoemission onset and change in the
tine Au) to 4.35 eV has been revealed. Figug)Summa- spectral shape. We also cannot exclude that poor resolution
rizes these results and provides an energy-level diagram agrathe thin-film spectra is merely due to disorder of the mo-
function of ® for the DIP/Au interface. lecular film. The polycrystalline Au substrate may provide a

Figure &b) shows that little change occurs in the line number of energetically different adsorption sites for the DIP
shape and the onset of the DIP spectra ute12—30 A, molecule_:s(e.g., local morphology, crystal surfaces, and grain
and that the HOMO and HOMO-1 of DIP become clearly Poundaries Then for <30 A the UPS spectrum would
resolved only for higher coverage. These peaks are center&"Ply be a superposition of emission from DIP molecules
at 1.85 eV and 2.4 eV BE, respectively, in the 300 A spectraV/th different adsorption sites. . .

The similarity of shape and HOMO-onset position for the The fact that emission intensity from the Au film canAs_uII
spectra belov®=30 A points towards completion of the first °€ detected up to a nominal DIP coverage of 200 A is a
DIP monolayer at a nominal coverage between 6 A and 3ﬁ:rect consequence of thle prodrpunced |Islar_1d growthf under
A. This proposition is supported by the rapid decrease of th e present experimental conditiofhe elastic mean free

LS . ?)ath for photoelectrons in our experiment is estimated
sample work function in this coverage randeg. 8(c)]. around 5-10 A, see Ref. B4Every UPS spectrum is a su-
The ®=300 A DIP UPS spectrum is compared to a cal-

, , : perposition of emission from DIP molecules with rather dif-
culated spectrum obtained from density-functional theory, agerent environmentsi.e., differenteffectivefilm thickness,

described in Sec. I[bottom of Fig. 8b)]. Given that our and thus different photo-hole screening; see abagewell
simple procedure does not include photoemission cross segs some emission from Au. This explains the rather broad
tions and possible intensity variations induced by moleculagpectrum observed fa®=100 A in Fig. 8§b). The low BE
orientation, the agreement between calculated and measurgfotoemission onset is smeared out between 1.0 eV and ca.
spectra is excellent. Furthermore, an evaluation of moleculat.3 eV, hence we detect emission from molecules from the
orbitals shows that the HOMO of DIP is delocalized over thefirst monolayer(with the strongest screening/and possibly
perylene core and the HOMO-1 over the entire long axis ofdifferent conformation; 1.0 ey and molecules already far
the molecule. from the surfaceless efficient screening; 1.3 ¢VAs men-
The chemical reactivity of Au is relatively small and we tioned above, the onset is the sharpest@s#300 A, indi-
postulate that DIP physisorbs on the Au surface, similar tacating that the photoemission signal comes from DIP mol-
most other conjugated organic materials on goit$>°=>%  ecules with more “bulk” properties, i.e., the film consists of
However, the UPS spectra at low DIP coveragp to ca. 30  closed multilayers. The TEM images of Fig. 4 support the
A) do look somewhat different from the ones obtained fromidea that at maximun® sample areas with very low effec-
thicker films. For instance, HOMO and HOMO-1 are nottive DIP coverage are unlikely.
resolved. A DIP molecule in direct contact with the Au sur-
face may have a different geometry than one in the DIP 2. Gold on DIP
crystal bulk, leading to different molecular orbital energies. Having established that no charging occurs for the 300 A
This change in molecular conformation could also contributethick DIP film,** the study of Au on DIP was conducted.
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FIG. 9. UPS spectra for increasing amounts of
Au (0) on DIP in a surveya) and a close-up on
the low binding-energy regiortb). The dotted
line in (b) is a guide to the eye for the shift of the
HOMO onset. The spectr@xcept®=0 and 80
A) were recorded during illumination with visible
light at saturation condition&see text

int (arb. units)
int (arb. units)

8 6 4 2 0 4 3 2 1 0
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Because of sample charging during UPS at low Au coveragagverse gradual trend observed for DIP on Au, i.e., shifting
a discharging technique, described in detail in Ref. 32, mustrom 1.45 eV(0 A Au) to 1.0 eV(80 A Au). This is a clear
be applied. In brief, small Au clusters on top of the DIP film demonstration that screening of the molecule photo-hole by
exhibit positive charging, since electron transfer from surthe metal is responsible for the observed shift. By increasing
rounding DIP to the clusters, in order to establish chargehe average Au cluster size, we gradually “switch on” me-
neutrality, is difficult. Optical excitation of DIP by simulta- tallicity, i.e., increase the polarizability, of the matter next to
neous irradiation of the sample with light leads to the desiredIP molecules?®°-%2 Thus, the electronic properties and
electron transfer from the excited organic molecules to thenergy-level alignment of interfaces formed by deposition of
charged Au clusters, and allows for complete discharging. DIP onto gold, and those formed by deposition of Au onto
The evolution of the valence electron spectrum of DIPDIP are identical, despite different interface morphologies.
upon increasing amounts of Au deposition is shown in Fig. We did not continue to deposit more Au on the sample to
9(a) as survey andb) as close-up on the low BE region. arrive at a spectrum of Au only, since the growth study ap-
Spectra with Au coverag® betwea 1 A and 32 A were pears to be complete at this point. Any further deposition of
recorded, while light from a standard halogen lamp was fo-Au would simply result in a spectrum like the one shown in
cused onto the sample. The light intensity was optimized irFig. 8@a), and no new information about the interface could
order to completely compensate the charging mentionetie obtained.
above®? Overall, the sequence of spectra looks almost like a
reversal of the study of DIP on Au, and we propose that the
interaction between DIP and the deposited Au is of phys- V. CONCLUSION
isorptive naturd®595253However, we could not apply a sub-  We have investigated morphology, crystalline structure,
traction procedure analogous to the one described dlseee  and the electronic structure of interfaces formed between Au
Fig. 8b)], since the size distribution of the Au clusters, and DIP, using AFM, cross-sectional TEM, x-ray diffraction,
which critically determines their electronic structure, is un-and UPS. With AFM we show that DIP/Au exhibits pro-
known. As more Au is deposited, the spectral features of DIflounced islanding morphology under the present growth
become less prominent, and a finite density of valence stateonditions. Cross-sectional TEM of Au/DIP/Au heterostruc-
(DOVS) is observed within the energy gap of the organictures confirms the islanding and demonstrates that the Au
material. However, this DOVS does not extend upBe  layer on top of the organic film is formed by coalescence of
until the Au coverage reaches 80 A, where a true metallicAu clusters rather than by a layer-by-layer growth. Some Au
Fermi edge is observed. Starting from é%=16 A, a small  clusters diffusion into the DIP islands can also be observed.
tail-like DOVS at Eg is detected. We attribute this to the Remarkably, individual monolayers of DIP can be discerned
average cluster size distribution that is present at individuain some DIP islands in the TEM images, pointing to high
deposition steps. Whereas most clusters at and b®leww6  structural order of DIP molecules exhibitingphase growth.
A are too small to be metallic, an increasing number of theThis observation is in contrast to DIP/Si@here the mol-
clusters become large enough to exhibit metallic charecules grow(almost exclusively in the o-phase. Further-
acter>°® This behavior is comparable to that observed formore, x-ray-diffraction measurements on DIP/Au samples
other physisorptive metal/organic systetns’>°At ®=80 parallel and perpendicular to the surface provided evidence
A most of the Au deposit has become metallic and the spedor the coexistence ok-phase andr-phase. A quantitative
trum closely resembles the one obtained for 2 A DIP on Auestimate indicates preferential-phase growth(=74%).
A clear Fermi edge is visible, and the prominent photoemisCompared to DIP/Si@and DIP/ALO;, the observation of
sion peak at 6 eV BE is attributed to the Ad Band. Note  pronounced islanding and preferential molecular orientation
that the low BE onset from the DIP HOMO exhibits the in the A-phase can be explained by different van-der-Waals
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