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In situ differential reflectance spectroscopy of thin crystalline films of PTCDA
on different substrates
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We report an investigation of the excitonic properties of thin crystalline films of the archetypal organic
semiconductor PTCDA3,4,9,10-perylenetetracarboxylic dianhydjidgown on poly- and single crystalline
surfaces. A sensitive setup capable of measuring the optical properties of ultrathin organic molecular crystals
via differential reflectance spectroscof@yRS) is presented. This tool allows to carry out measuremierggu,

i.e., during the actual film growth, and over a wide spectral range, even on single crystalline surfaces with high
symmetry or metallic surfaces, where widely used techniques like reflection anisotropy spectfGs&Spgpr
fluorescence excitation spectroscopy fail. The spectra obtained by DRS resemble mainly the absorption of the
films if transparent substrates are used, which simplifies the analysis. In the case of mono- to multilayer films
of PTCDA on single crystalline muscovite m{€901) and Au111) substrates, the formation of the solid state
absorption from monomer to dimer and further to crystal-like absorption spectra can be monitored.
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I. INTRODUCTION a high precision, but also permits the exclusion of effects like
reorganization of the film occurring at measurements in am-
Organic semiconductors have recently attracted increasinigient conditions.

interest, mainly due to potential optoelectronic applications This paper is divided into two parts: We first describe the
like organic electroluminescence displays and organic solgprinciple of the DRS measurement aindsitu setup, second,
cells}? A considerable advantage, besides their low producwe report on a comparative optical investigation by DRS as
tion costs, is the large variety of potential compounds whichvell as optical density measurements of ultrathin PTCDA
can be synthesized by organic chemistry. Highly ordered thidilms on different kinds of substrates; to demonstrate the
molecular films, ultrathin organic molecular crystaBMC),  rather universal potential of the method and of our setup.
as can bhe prepa_red by orgat_’nic_ mo!ecular beam epitaxy Il. MEASUREMENT PRINCIPLE
(OMBE), can provide a deeper insight into the physical pro- o ) ) )
cesses occurring in organic devices, because the optical and [N organic-inorganic heteroepitaxy, conductive and

electronic properties of organic molecular single crystals deoPaque substrates, e.g., metallic single crystals, are often
pend very sensitively on the intermolecular interactionsused to allow the use of structural characterization methods

within the crystal. The molecule 3,4,9,10-perylene- ke scanning tunnelling microscop{TM) and low-energy
tetracarboxylic dianhydridéPTCDA) represents an arche- ©lectron diffraction(LEED). Therefore, only the reflectance
type for organic thin film growth. It usually forms smooth gaét?sﬁaggt)\ll?elsna?;:s;g::?erbtiyegp(;:‘c?rhén;?jsst:)grlsg?en'fi-lrrg (:\Irsld
2385,2 gzgsgrd_reggd slfxgjr;ln zfrmllargeti::/z;alr 'Et¥00ferggfser%?tthose of the substrate, diffe_rentigl meth_ods are re_quired. Sev-
S L ) op prop eral approaches are conceivabiig:the difference in reflec-
perylene denva’qve .th'n f"”."s on d|ﬁergnt substrate surfape§ nce under different polarization angles will lead to reflec-
hav_e been studied in detail. Thg cpnf!nemgnt of delocghze nce anisotropy spectroscofRAS), (i) comparison of the
excitons was proposed to explain findings like a blueshift offiectance of the bare and the adsorbate-covered sample is
absorption or fluorescence with decreasing film thicknessye pasis for(surface differential reflectance spectroscopy
although other explanations were proposed in severaglsprs/DRS, being our method of choice.
publications®™ Much effort has been put into the under-  DRS serves as a powerful method to investigate ultrathin
standing of the absorption spectra of both the PTCDA crystafilms or adsorbed species and can be applied not only in
and vacuum deposited thin film%:1° To prove these theo- surface physics, but also in physical chemistry and electro-
ries, high precision measurements of the optical propertieshemistry, e.g., for monitoring processes on electrodes in
are required. Recently it was pointed out that the monomerelectrolyte solutions. There are detailed reviews about the
dimer-oligomer transition is an essential key to understandatter applications in literatur¥-29In a DRS measurement,
the optical properties of the quasi-one-dimensional molecuthe respective intensities of the reflected light from the ad-

lar crystal of PTCDAL sorbate covered and the bare sampBay) and Ry(w), are
Here, we want to give a more comprehensive discussiogompared,

of the findings for PTCDA grown on muscovite m{€a02), AR R(w) = Ro()

explained rather briefly in Ref. 17, as well as a comparison —(w)=——— (1)

with the case of PTCDA on Ad11). We will show that an R Ro(w)

opticalin situ characterization of thin films by the method of The AR/R signal is composed of the signal of the underlying
differential reflectance spectroscof@yRS) not only provides substrate perturbed by the presence of an absorbing adsor-
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FIG. 1. Reflectance of the adsorbate covered and bare sample i 8
case of(a) an opaque substrate afig) a transparent substrate. : ) | o
ooy : .\ - 2
bate film on top of it, as can be seen in Fig. 1. The depen- S | 0.04
der}cy of the signal on the angle of _incidence_and on the 18 20 22 24 28 28 30
optical constants of substrate and film are given by the E (eV)

Fresnel equations. For very thin films of atoms or molecules

exhibiting thicknesses much smaller than the wavelength of FIG. 2. (Color onling Simulated DRS ba 2 nmpolycrystalline
light, the Fresnel equations of the two-interface systenPTCDA film on Au(lower par}, on a semi-infinite mica substrate,
(ambient-adsorbate film-substratean be linearized. For and a mica sample of a typical thickness u$&80 um) (upper
opaque or semi-infinite substrates at normal incidence ofar in comparison with the absorbance spectifferential Opti-
light (nearly fulfilled her¢ and vacuum(e;=1), the linear- cal Density,AOD) of that film [optical constants of polycrystalline

ization results in a comparatively simple express%bn: PTCDA from Ref. 27. Note the similarity betweeAR/R andAOD
in case of the substrate mica: only a small shift of the low energy

AR 87-rd2| (1 - %2) @ peak at 2.22 eV of-8 meV occurs.
R A 1-¢)

1-€
) ] ° . . infinite substrate for a correspondingly chosen value-of
wherg d, is the thickness an@, the (complex dielectric  For the mica sheetéhickness of 100-19@m) used here
function (DF) of the molecular laye¥? Consequently, the anq 5 refractive index of abont=1.6 in the visible spectral
DRS signalAR/R consists of a mixtureof the imaginary  range, this will cause a lowering of the DRS signal by a
and real part)sAof the dielectric functions of the substradg¢  f5ctor of aboutF ~0.5.
and adsorbate,. _ _ _ While all the approximate equations given above and be-
For highly transparent substrates like mica, there is onlyoy are useful to understand the principal dependence of the
weak absorption in the wavelength range of interest. Theneasured DRS signal on the optical constants and film thick-
imaginary part ofe; is very small, and hence E(R) can be  pesses involved, all further simulations of DR spectra are
further simplified to[Im(e;) <1, Re(e3) = ;] done by using the full set of Fresnel equations, for the most
AR 8mdyIm(&y) part with commercial thin film optics softwafé When do-
—_— == (3)  ing so, we found that it is not necessary to consider the exact
R AN l-g experimental geometry at 20° angle of incideridescrimi-
In the case of mica, where, is almost constant over the Nation betweem, s polarization: the influence of the devia-
visible wavelength range, the DRS signal mainly representéon of the angle of incidence from 0° on the DRS signal is
the imaginary part of the dielectric function of the adsorbate€SS than 1.5% for the entire absorption range of PTCDA for
film (compare Fig. 2 However, in most experiments the both the gold and mica substrate, if nonpolarized light is
substrate will be rather thin, and the backside reflection of'S€d. _ _
the substrate has to be taken into accd@ig. 1(b)]. A lin- In Fig. 2, it can be seen that in case of transparent sub-
earization of the Fresnel expression of the resulting threeStrates, the DRS signal represents nearly the absoreece
interface system for very thin coherent adsorbate layers off1€ differential optical densityAOD), given by the differ-

an incoherent substrate leads to a practical expression only fce of the absorbance of the sample before and after film
case of normal incidence deposition} of the thin adsorbate film. A linearization of the

AR AR corresponding Fresnel equations for the case of ultrathin
AR, . LA NN A films yields for the differential optical densityOD of the
R (260209 = (€2 & do)la=-F(Nady). - (4 adsorbate film, an equation directly proportional to(agh

In the limit of an nearly transparent substrafen] ;] (transparent incoherent thick substjéte

—0,Rd &)= e3zn§), the functionF is almost aspectral and 1 AT 47d, Im(&,)

can be expressed by a Taylor series in zero or first order in AOD= In(lO)? = AIN(10) 1+ng (5
ds, while the first part of Eq(4) is treated analogously to Eq. 3

(3) Practically, one would estimate by a comparison of the Even in the case of thin substrat@scluding backside reflec-
full Fresnel expressions fakR/R in case of a finite and an tion) this proportionality will hold, whereas in case of thick
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FIG. 3. (Color onling The coefficientsC' and C” for Au as ffl=162.6 ; 0 0
substrate. Two different spectral regidas. 2.1 eV withC’ =0 and H
E<2.7 eV withC’' =-2C" can be distinguished, representing two
limiting cases of theAR/R signal composition. For comparison, in C) &8 4 B E(2eV) ffl (mm)
the case of mica the coefficients have the value€'cf 0.005 and O E— L . 1634 03
C"=40 at 2.6 eV, hence the influence of(Rg on the DRS signal 155] .
can be neglected. ] “ Loz
150.] +163.0
films the optical density is proportional to the absorption L1628 [ <
coefficienta,=(2w/c)im(\&,) =4mk,/ N (Beer’s law. E 1451 L1626 [00 &
As an opposite example, we discuss gold as substrate= 1 [ g =
Gold is not only opaque, but also possesses a typical yellow: 140'; H013
ish color, in contrast to, e.g., silver or aluminum. Therefore, 5] :?Cgi;!&%%éaf;m 1622 -
one has to deal with strongly varying optical constants in the 1/ - -£Si0-Singlet L1620 |
visible wavelength range. This has a large impact on the | .
AR/R spectra as shown in Fig.226To quantify this influ- 200 400 600 800 1000
ence, we will further transform Ed?2) to Mnm)
AR FIG. 4. (Color onling (a) Scheme of the UHV growth chamber

(6) with the in situ DRS setup. The optical system consists mainly of
four lens systems LS1-LS4 and two UV-enhanced Al mirrors M1

and M2. To check for anisotropy, two polarizéfol. +Anal) can

R =d,{C'[1-Rde)]+C"Im(ey)},

where the coefficient€’ and C” depend only on the com-
plex dielectric functiore; of the substrate, but not ci.28 be inserted(b) The lens systems LS1, LS2, and LS4 with a front
In case of the substrate gold, those coeffici@itand C" focal length(ffl.) of about 163 mm consist of two commercial $iO
vary rather strongly over the wavelength range of the mea@d Cak singlets, while LS3not shown herk the system of ac-
surement(Fig. 3. Only within the low-energy range, the cumulation, has half the focal length and consists of three singlets.
AR/R signal lcor.responds approximately to the absz)rptio ) The lowest achievable chromatic aberration of the doublets LS1,
(A — ) S2, and LS4 in the wavelength range of interest for the optimum
whereAR/R_oc Im(&,) =2n,k,, becauseC’ is smal!. Or) .the lens distances.
other hand, in the energy range=2.7 eV, Eq.(6) simplifies

to AR/Rxny(ny—ky) -1, here €' is approximately twice as  achromatic single lenses could not be used. Additionally, we
large asC”. Therefore, the DR spectra can be directly relatedaim at a small detection area on the sample and a large de-
to the absorbance spectra in the low-energy range only.  tection steradian, to also enable fluorescence measurements
(not shown here To match this requirements, collimating
systems with minimal chromatic aberration and a small dis-
tance to the sample are needed. This is achieved by the com-
bination of commercially available Siaconcave and CaF

The opticalin situ setup is implementechia 3 chamber convex lenses inside the UHV chamber, moreover allowing
OMBE system described elsewhéPelt is intended to be an unrestricted bakeout of the system.
UHV compatible and to cover a large wavelength range as an Figure 4a) shows the overall setup. The collimated light
universal tool for a large variety of adsorbate systems. Abeams enter and leave the UHV chamber via,S8Dprasil
wavelength range of 200 to 1000 nfmorresponding to an windows and are focused/collimated by the lens systems
energy range of 6.2—-1.2 @Was desired, therefore common LS1-LS4. In Figs. &) and 4c), a scheme of the lens sys-

Ill. IN SITU SETUP

A. Optical system
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tems and the corresponding chromatic aberration are showr
The deviation from optical isotropy caused by the influence
of the optical elements is smaller than +10% in the visible
wavelength range. The area of investigation on the sample i
about 0.5-0.75 mfy the angle of incidence is about 20°.

B. Recording of spectra

An optical multichannel analyz€fOMA) consisting of a
grating-mirror spectrograpifActon Research SpectraPro-
150, 300 g/mm blazed gratihgvith a CCD allows a fast
spectra collection. We use a single stage peltier-cooled back ®
illuminated CCD(Roper Scientific, SpectruMM 25QBvith
a fast 16 bit AD interfac€100 kHz sampling raje Besides
its high sensitivity, it exhibits a relatively large dark noise of
~0.4% (per single acquisitionat maximal possible illumi-
nation, caused by a minimal achievable detector temperatur
of typical =35 °C only. The 16 bit interface limits the count-
ing rate to 26 maximum counts per channel, which implies
an additional statistical noiseN/N=yN2 of at least~0.4%
at full load, which further increases at lower light intensities.
Compgred tq t_hat, the noise of the A/D conversiten elec- tom). A unit cell and the two types of PTCDA dimerA, (in plane
trong is negligible. . _andB (out of plane, i.e., stackg¢dare indicated. The unit cell di-

Therefore, we accumulate the signal of several successiV€ansions arer=3.72 A,b=11.96 A, andc=17.34 A. Crystal data
acquisitions (typical 500-1600 to improve the signal-to- \yere taken from Refs. 31 and 32.
noise ratio ofAR by a factor of approx. 20—40, which is
necessary to investigatsubhmonolayers of adsorbed species . .
(see below Nevertheless, we achieve short measuring timed"9 trl]me_ Ofl Zb.cf’tUt 1‘4?h_ 45 St The g,aﬁctra ﬁvzrgﬁc%rrﬁct?q rl:or
of 20-50 s by a continuous light exposure of the CCD, withmechanical drit ot the Setup an ermal drift of the light
no extra delays, hence the exposure time of a CCD line igource by analyzmg_t_hAR/R spectra series obtained before_
determined by the read-out tird&This enables us to carry and after the deposition process. In most cases, these series

out in situ real-time measurements during the film growth, C.OUId certify the assumption of a spectral constant drift over

with the implication that our spectra represent an averag%me' making a drift correction of the specira possible. A

FIG. 5. (Color onling Views of the PTCDA crystala modifi-
cation): (100 plane(top), (001) plane(right), and(010) plane(bot-

over a certain film thickness range, depending on both th hlmad;tu sgectgophotomet(éﬁV%lOlt PQ was utilized for
deposition rate and the measuring tifsee below. € éx situabsorbance measurements.

IV. APPLICATION TO ULTRATHIN PTCDA FILMS B. Optical spectra and discussion

In this section, we describe and discuss both Al R-
and the absorbance spectra obtained for PTCDA grown on
The PTCDA films were deposited under ultrahigh vacuumdifferent substrates, after giving a short introduction in the
(UHV) conditions by evaporation from a low flux Knudsen- properties of PTCDA single crystals. The PTCDA crystals of
type effusion cell at a cell temperature 6330 °C and a both thea and theB modification exhibit a strong anisotropy
vapor pressure of~3X10° mbar. The evaporation was in their electronic and optical properties due to a densely
done after a thorough degassing of the cell at 200 °C. Theacked arrangement of the moleculéghe interaction in the
PTCDA deposition flux was about 0.2 ML molecular layers crystal can be described by discriminating between two types
(ML) per minute and checked by a quartz microbalanceof physical dimersA andB. The molecules in thé dimers,
However, the exact growth rate has been determined by ogsuilding up the crysta(102 bulk plane, are arranged in the
tical meangsee below. herringbong(HB) structure as predominantly found in ultra-
During and after the film deposition, the substrate waghin PTCDA films, and interact rather weakly. The molecules
kept at room temperature. For every new experiment, either i the 7r-stacked dimeB exhibit a large magnitude of inter-
freshly cleaved sheet of mic@ed Pella Inc., Hi-Grade  action. Those nearly perpendicularly arranged molecular
which was extensively degassed in UHV at 150-180 °C foistacks represent “molecular chains” and dominate the optical
1-2 h to remove the water film and other contaminants fronand electronic properties of the highly anisotropic PTCDA
the surface, or an Arsputtered(600 eV) and annealed crystal (compare Fig. 5% Therefore, PTCDA can be re-
(600 °O Au(11)) single crystal was used. garded as a quasi-one-dimensional crystal. From exciton
The DR spectra were collected with the setup describetheories, it is known that the properties of such one-
above. As a source of unpolarized light we used a quartdimensional stacks depend strongly on the chain length,
tungsten halogen lamp. For each spectrum, 1500 successiwere a chain length of 4 already approximates an infinite
acquisitions were averaged, corresponding to a total measuchain quite nicely® Hence, we expect a strong dependence

A. Experiment

165207-4



IN SITUDIFFERENTIAL REFLECTANCE.. PHYSICAL REVIEW B 71, 165207(2005

A (nm) A (nm)
560 540 520 500 480 460

©
C
2
n
4
14
(@)
8
N
g o5
= diluted ML:
2 —— 100% (1ML)

- - - 50%f=0.05

2% £=0.05
0.04 2% =01
FIG. 6. (Color online The differential reflectance spectra of 22 23 24 25 26 27 28
PTCDA on mica during film growth, from 0 ML to a final film E(eV)

thickness of 4.1 ML. During one measurement the increase of the ) ) _ _
layer thickness is about 0.12 ML, therefore 0.06 ML will read  FIG. 7. (Color onling (a) The normalized differential reflec-

0-0.12 ML. Note the clear change in the characteristic spectrai@nce spectra of PTCDA on mica in the thickness range of 0.06-0.8
shape and the two intersection points at about 2.30 and 2.35 eV. ML, and the normalized absorbance spectra of PTCDA dissolved in

CHCIj for comparison.(b) Simulated normalized DRS spectra in
dependence on the monolayer completion in the described effective
edium model with an assumed form facfoof 0.05 which corre-
sponds to distributed PTCDA islands of about 5 nm diameter em-
bedded in vacuum down to isolated molecules with0.1. With

1. PTCDA on mica increasing island sizd, decreases and the influence on the spectra

Muscovite mica, KAJ(Al,Siz)O;o(OH),, is an easy diminishes with respect to the closed monolayer.
cleaveable sheet silicate, transparent in the visible. After
cleavage, one obtains many square microns of atomically flahen described by an effective dielectric constant. The micro-
(0001 surfaces, with a surface mesh of~&.25 A lattice  scopic components itself modify locally the external applied
constant. The almost inert mica surface is well suited as @xternal field, provided by the electromagnetic wave of the
substrate for deposition studies; here the reader is referred tight. The interaction of the components with those local
literature, i.e., Refs. 34—36. fields finally define the optical properties of the composite,
a. DRSThe DR spectra in Fig. 6 show a strong change ofwhich are therefore considered to be determined only by the
the spectral shape with increasing film thickness. The spectidielectric functions of its components. This polarization-
up to 4 min deposition timg¢~0.8 ML film thicknes$ are  induced effects will occur in general in mixtures of two or
comparable to the absorption of PTCDA in solutjeee Fig. more species, which are in our case PTCDA and vacuum. If
7(a)]. The two recognizable peaks at 2.35 and 2.55 eV, andsland growth would occur, effects due to the shape of the
the feature around 2.75 eV belong to the energetically low- mixed “particles” have to be considered as well. These
est(S-S,) transition, separated by a vibronic progression of(purely optical/electromagneticeffects can be well de-
AE~0.17 eV315 A simultaneous shift of the prominent scribed by effective medium theori¢EMT), and we shall
peaks to lower energies by29 meV (redshif) with increas-  discuss whether such effects can explain the observed red-
ing coverage occurs, shown in more detail in Fig) 7These  shift of the spectra in Fig. ().
shifts, comparable to solvent shifts, were already explained The application of an EMT to explain optical spectra of
by an increased dielectric screening with increasing coverag&in inhomogeneous films and island growth was demon-
in Ref. 17, and were also observed for amorphous layers dftrated by David? who used a simplified model for low
PTCDAZ3" The Davydov splitting, caused by the translation- coverages, in which the shape of the particles was accounted
ally nonequivalent molecules in the unit cell, i.e., the for by its anisotropic depolarization factof$. The follow-
dimers(compare Fig. § cannot be observed directly. It will ing expression of the effective dielectric functiofe of par-
affect the spectra of the monolayer only via its contributionticles of the materials 1 and (&, &) embedded in the host
to the overall broadening of the spectra, due to the fact thanaterial(e,) given by
its value of 10-35 me¥’38 compared to the width of the
bands, is by far too low to be resolved in our room tempera- (&—e  €-&
ture experiment. (& + Ypen -
Here, we want to show that the observed peakshifts can
be already quantified by a classical local field approach. Wéeads to the EMT of Maxwell-Garnéft for the choiceg;,
consider the growing molecular film as an inhomogeneous €, as well as to the self-consistent theory of Bruggethan
mixture of molecules and vacuum. Its optical properties ardor (€)=¢,, with ¢; the quantity(volume or area fractionof

of the absorption spectra on the layer thickness in the exper;
mental range investigated in this work.

&~ &
+ 0, = 7
q262+Y16h (7)

€1+ Y76,
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the materiali whose particle shape is accounted for Yoy A (nm)
=(1/f,—1). Here,f; corresponds to the depolarization factor WO G0 6 Sl e A A0
in the direction of the incidence of light, leading fp=1/3 ]
for the isotropic caséspheres*? T
To model our system, we start with a complete monolayer |
of molecules and dilute it. The DF of one PTCDA- 8| —332%
monolayere; v is derived from the DR spectra for a com- 1 |l—110mL
plete monolayer film by using a Lorentz oscillator model & € _;gmﬁ
(LOM) for &2 Utilizing this dielectric functione; ,, of a & | |—306mL
monolayer, the calculated spectra of a diluted film of mono- i 4__
mers with disklike island¢corresponding to smafl values oo,
are shown for the Maxwell-Garnett case in Figb)7 It is

clearly visible that a redshift of the monomer spectrum oc- 0+
curs during completion of the monolay®rFor the consid-
ered island diameter of about 5 nm, the spectral redshift of
about 20 meV reflects the result of the experiment nicely. If /’I|——-pc-PTCDA (hifedby 4)] “~=-___-
larger islands are assumed to grow on the sample, th_e influ "8 20 22 24 26 28 30 a2
ence of the molecule concentration or layer completion on E (eV)

the spectra is reduced, i.e., the largest shifts will occur in the
very beginning of the deposition. Two limiting cases of kg g. (Color onling Im(2) spectra estimated from the differ-
growth modes are imaginable, depending on the depositiogntial reflectance spectra of PTCDA on mica, which were recorded
flux and the mobility of the molecules on the mica substrateiyith a constant molecular flux of about 0.2 ML/min, from 0 to 12
during layer deposition either the size of a constant numbein (see text, corresponding effective film thickness 0—2.3) ML

of island increasegthe molecules wet the surfggceor the  Intersections of spectra can be found at about 2.27, 2.41, 2.62, and
number of many small distributed islands increases until the.77 eV, as indicated. For comparison, the&jvof thick polycrys-
layer is completed. The latter case should be more likely ortalline films as reported in Ref. 27, is also shown in the bottom
a cooled substrate while the first growth mode should domi¢shifted. We believe that the spectral feature-al.87 eV in the
nate at room temperature. Measurements carried out on sbmonolayer spectra stems from charged molecules, since
LN,-cooled mica substratéT~-160 °CQ showed that al- mica0001) exhibits a slightly polar surfactRef. 34. This would
ready at smallest coverages, the monomeric absorption va#pPly & transition energy of ionized PTCDA lowered b0 meV
ishes in favor of the dimer spectrufot shown here Due compargd to the neutral molecult_e, gnd fits well to studies of neutral
to reduced mobility/diffusion of the molecules, the surface isad ionized perylenéRef. 43. A similar feature was also reported

not wetted anymore before the second molecular layer starg Bulovicet al. (Ref. 13 in the absorption of PTCDA dissolved in
to grow. Hence, we can assume wetting of the mica surfac&'® Strongly polaN-methylpyrrolidone(NMP).

for deposition on substrates kept at room temperature. Thgy persist with increasing coverage, once the transition from
degree of wetting will be discussed in the next paragraph. monomer to dimefand oligomey has started, while the in-

At a nominal thickness of-1.2 ML, the ratio of the two  tersection points at 2.41 and 2.62 eV are not shared by all
prominent energetically lowest peaks has already changedpectra. At 2.41 eV only the spectraofl.4 to 1.9 ML, and
Despite ongoing deposition, the height of the spectrum doest 2.62 eV the spectra from 0.8 to 1.4 ML coverage intersect.
not grow proportionally anymore, biReak1shows a small  This would further confirm the assumption of layer-by-layer
shift downwards in energyredshify and becomes weaker growth characterized by a stepwise transition from monomer
and broader. Additionally, the spectrum crosses that one ab dimer to trimef” hence the isosbestic point at 2.41 eV
0.8 ML coverage at fixed positions. These so-called isosbesshould be the result of the transition from the dimer to the
tic points are a characteristic behavior in the absorption spegrimer of PTCDA, and the intersection at 2.62 eV would be
troscopy of an equilibrium of two absorbing speciés:Y.*  due to the monomer dimer transition. The monomerlike
As reported in Ref. 17, we identify the specisandY with  spectra up to a deposition time of 3 min do not intersect at
the PTCDA monomer and the stacked PTCDA dimer, respec2.27 and 2.77 eV, hence the building of dimers just starts if
tively. In the AR/R spectra shown in Fig. 6 these points canalready large molecular islands are grown on the sample. The
not be observed for all spectra in the thickness range betweefiepwise occurrence of isosbestic points implies a coexist-
1 and 2 ML, in contrast to the spectra shown in Ref. 17. Theance region betweeh dimers(behaving like monomeysaind
reason is a different “quality” of the layer-by-layer growth B dimers(behaving like a new species which we simply call
depending critically on the sample surface and treatment, aglimers” herein for shojt and later on of dimers and trim-
will be shown in the following. ers. This is a clear indication that layer-by-layer growth

To discuss the material's properties, we want to focus on @ominates, although the first monolayer seems not to be en-
thickness independent quantity. Therefore, in Fig. 8 we p|0ttire|y completed before the dimer starts to gréeompare
ted Im(e) as it was estimated from th&R/R spectra of Fig. with DRS spectra shown in Ref. 17In this respect, the
6 using Eqgs(3) and(4). Isosbestic points or at least nearly growth of PTCDA on mica differs from metal surfaces, as
isosbestic behavior can be observed in four regions. In thaill be shown below. These different growth modes also
Im(€) spectra in Fig. 8, two isosbestic points at 2.27 and 2.7’ have an impact on the observation of isosbestic points in the
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AR/R spectra. For the ideal case of a complete first layer, t (min)

every additional molecule causes the transformation from a o T AR . . N
monomer to a dimer. This leads to the clear appearance of ) .

isosbestic points in thAR/R spectra. On the other hand, for 0074% | ST

uncompleted first layers, the oncoming molecules can still
contribute to the monomer spectrum, so that the condition
for the observation of isosbestic points in th&/R spectra
(1X—1Y) is not fulfilled. Hence, the balance between the 0.04 T
diffusion rate of the molecules on the first monolayesm- CIUSI
pared to those on the bare mica surfaaed the deposition 003 A/
flux is crucial. We found experimentally that the quality of 0.02 ¢ o

0.06

d/dt (x10® min™
N 1N
(=] ke
\
®
%
%

0.05+

>

—o=—Derivative poae
P

Integral DRS (eV)

L . pe
the layer-by-layer growth regime depends very sensitively on P
4 . .- 0.014 ~ e —0— Int. DRS [2-3] eV (exp)
the mica surface preparation. If we have a large mobility of ‘ —A Int, DRS [2-3] eV (sim)
the molecules on mica, large monomer islands will grow on 0.00-0 = 1. T T T T
5

the surface. In that case, a large amount of dimers will al-
ready start to grow at a lower nominal PTCDA coverdge
large diffusion path of molecules on top of the island is re- £ 9. (color onling Experimental integral DRS of the sample
quired to reach the island boundaryVe could find this be- ¢ Fig. 6, and simulated integral DRS of PTCDA on mica
havior in the case of unannealed m|ca.supstrates. There, t €90 um), using the optical constants of polycrystalline PTCDA
spec_tra have strong aggregate contributions already at (@lef. 27. The integration interval was 2—3 eV in correspondence to
nominal coverage of 0.44 ML and show a shape comparabl@e position of thes,-S; transition. The demand of equal slopes of
to thick or polycrystalline films from 0.6 to 0.8 ML oMot the simulated and experimental curve in the higher thickness region
shown herg Due to the fact that the mica surface is slightly ajiows to refine the final film thickness, being estimated to 4.1 ML.
hydrophilic?® we assume a film of adsorbed,® molecules |n the inset, the derivative of the experimental integral DRS is
to strongly enhance the mobility of the PTCDA moleculesplotted. A decreasetbbservablg oscillator strength per molecule
(compare with the findings in the absorbance measurementgypochromism in the thickness interval of~1-2 ML is clearly
next sectioi Vice versa, if we have much lower mobility on visible.

the mica surface, compared to the mobility of PTCDA on the

islands, we will find a large number of smaller islands on the>€€n iB Fig. 9 that thg Iinea(revs‘lalppm)i.ignation ?NR{]R* 2(5}(
sample, and the dimer will occur at a higher nominal depod'Ven by Mcintyre and Aspnes,is valid even in the thick-
aition amount. ness range up to 5 ML.

o : At a first glance one might attempt to explain the de-
With increasing PTCDA coverage, the speciral ShaloeE:reased slope in the thickness range of 1-2 ML by a redis-
changes further and resembles finally the spectra known fo[

. ; i fibution of oscillator strength within the energy interval 2—3
thick polycrystalline PTCDA films(compare Refs. 27 and o\ g charge transfer excit%rﬁ@TE). These kin%yof excitons
33). This process is more or less finished at a coverage of g

T an exist only if the second layer starts to grow and exhibit
ML, as can be seen in Fig. 6. The low-energy feateakl (ansition dipoles which have a large component out of the
at 2.326) eV and two features at higher energies becomgnolecular plane, leading to a reduced oscillator strength per
more pronouncedPeak?2at 2.48 eV,Peak3at 2.57 eV. Ad-  molecule. However, this is in fact rather unlikely since the
ditionally, Peaklshifts downwards in energy by60 meV.  relative oscillator strength attributed to charge transfer exci-
To further prove the above interpretation, we plot thetons is only about 2—3%.%°
AR/R signal integrated over the interv2-3] eV (S-S, The occurrence of hypochromism in the thickness range
transition) versus the deposition time, as shown in Fig. 9.of ~1-2 ML coincides with the observation of the isosbestic
Expecting a constant flux in our experiment, this quantity ispoints in the spectrecompare Fig. § If the layer is growing
proportional tofIm(e)EdE, a measure of théobservablg  further, the oscillator strength per molecule is again similar
oscillator strength of the transitidfi.It can be seen that, to the value of the isolated molecul@ss found in the mono-
except for the range of 0.8—2 ML, the curve has a constanayer). We explain this behavior by on-site effects caused by
slope indicating a constant increase of the oscillator strengtthe special arrangement of the molecules in the molecular
in the layer. Because the slope is the same for the thick layerwystal: It is known from comparative investigations of
as for the (submonolayers, the corresponding oscillator DNA-nucleotide and -polynucleotide chains that a parallel
strength per molecule in this films is equivalent. From thearrangement of transition dipoles lead to an reduced observ-
slope in the highest thickness region, we were able to morable absorption(beyond a blueshift of the transition ener-
precisely determine the flux of the PTCDA deposition bygies, i.e., hypochromism, if more than one transition is con-
simulatingAR/R of PTCDA films on a mica substrate with sidered while a head-to-tail arrangement will lead to an
the optical constants of PTCDA derived for thick filfls. absorption increasénhyperchromism®-5? This can explain
Here, the thickness of the mica substrate of the respectivas well the here observed hypochromism in case of the
sample(Fig. 6) was determined from OD measurements tostacked PTCDA dimer after the second molecular layer starts
be 190um, using optical constants of mica from Ref. 49. A to grow, an interpretation which is further confirmed by in-
refined value of the total final film thickness of the samplevestigations of perylene sandwich dime#§*
was estimated to 4.1 ML, finally leading to a value of Afurther increase of the PTCDA film thickness is coupled
~0.2 ML/min for the PTCDA flux. Furthermore, it can be with a further enlargement of the molecular chains built of

d (ML)
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stacked PTCDA molecules, although no additional type of A (nm)

interaction comes into play. Here, we have to keep in mind 650 600 550 500 450 400

that on-site effects like the shift of the transition energies due o35 f——————+—"—""—"—"" —71-0.08

to a reduced number of nearest neighbors in the outermos == Loo7

molecular layers of the film were used to explain effects like ~ 0-0309|_," u. L

the blueshift of absorption in case of ultrathin filnisee 00251 | ——27 ML -0.06

below).1%7Those shifts of absorption energies can be under-_ || Z— 17 - Lo.05

stood classically by a decreased dielectric screening in thg 0.020-] = -

outermost molecular layers. However, we have to remind< 1 [a0s =

that a reduced background dielectric screening also decreasg 919 Lo03 <

the observable oscillator strength of a certain transitfol. < — -

is generally acknowledged that the dielectric constant of a | Wl

bulk crystal develops at length scales comparable to the 0.005- Lo01

nearest-neighbor-distances, in our case the stacking 1 r

distance 50 Hence, in case of a stacking length of already 0000 M= —" ——————===1000
18 20 22 24 26 28 30 32 34

N= 3, we can consider for the innermost molecules a dielec-
tric screening like in the bulk material. If the PTCDA chain
length exceeddl=3, the number of innermost molecules in- . .
creases, showing a stronger absorption compared to the out-.FlG' .10' (C_olor onling The absqrpthn spegtréAQD, left y

. axis) of investigated PTCDA on mica films with different final
ermost molecular layer. In our case, the resulting slope of th ickness from 0.4 to 5.2 ML. In case of the 5.2 ML sample the
JAR/RdE curve becomes steeper and correspovdhin ' : X )

he limi fth . | he s in th AR/R spectrum is shown for comparisénght y axis). The differ-
the limits of the experimental accuracto the slope in the ential optical density of the films was determined by the difference

submonolayer region. . of the optical density of the sample before and after film deposition.
Due to the fact that the slope of the curve of the experirhe shape of the\OD spectra remains constant even when the
mental DRS does not significantly decrease with increasingominal film thickness becomes as thin as 1 ML.

film thickness, we can exclude an increased roughening of

the film up to a thickness of 4 ML. In Fig. 12, the shift oPeaklin both DRS and absorbance

b. AbsorbanceTo relate then situ DRS results to a com- s plotted versus the film thickness. Two different slopes of
mon method and other reported results, the samples of dithe shift can be clearly identified. With decreasing thickness
ferent final thickness were transferred out of the UHV sysown to 4 ML, only a small shift of about 40 meV &feakl
tem to measure their absorbaner situ The differential  occurs, whereas in the coverage range of 3—-1 ML it extends
optical density of the PTCDA film was estimated by sub-to ~65 meV. The shifts in OD and DRS are very well com-
tracting the absorbance of the mica substfat® measured parable, except for the thinnest films. In this caBeakl
before transferring them into UHVirom the film covered
sample. A (nm)

The shape of the absorbance spectra is equivalent to th = %0 50 S0 = 4% = 40
DRS spectra in case of films thicker than 2—3 ML as can be -— — |
seen in Fig. 10. With decreasing thickness, even if the films —O0min
become as thin as 1-2 ML, the absorbance spectra keep the ~ %947~ ""32m --0.015
polycrystalline character. This suggests that the film is reor@ = 150min
dering at ambient conditions while transferring the sample to2 0.003+ P
the transmittance measurement setup. The catalyst seems & AN\ A\ -0.010
be a film of adsorbed water, which stems from the atmo-£ g, Inliny b,
spheric moisture. To prove this assumption, the sample wa:2 ‘k\
rapidly transferred to the spectrophotometer by using an ex™ — ‘ , \
siccator, after venting the transfer load lock with dry nitro- ' o x,‘z\k
gen. The transmittance was then measured in the spectrophs Yy
tometer which was previously prepared with desiccant, too, %000 AP T————————— o
to reduce the humidity inside. The time dependence of the 2.0 22 24 26 28 3.0
absorption spectra could therefore be resolved and is show. E (V)

in Fig. 11, which confirms the assumption proposed above. 5 14 (Color onling The time dependence of tHeOD spec-

Due to clustering, not OaneakI%but th? overz_ill OD is re- tra of ~0.75 ML PTCDA in a desiccated spectrophotometer. The
duced, as can be seen in Tabi& For films thicker than 2 ine t=0 corresponds to the first measurement after the transfer

ML, no time dependence of the transmittance on these timgym the vacuum lock into the spectrophotometer in an exsiccator
scales could be observed. Nevertheless, a comparison of th@e duration is~3 min). The spectra were noise filtered by the
thickness values of the films with the highest final coveragesnethod of LegRef. 55 (window size=35. Due to the small thick-

in Table | shows a slightly loweex situabsorbance than ness of the mica substrate, small interference modulations are vis-
expected, leading to the assumption that at ambient condible in the spectra. In measurements after 2¢hdt shown herg
tions additional roughness due to clustering at the film surPeaklwas found redshifted by 17 meV. For comparison, MR/ R

face may occur. signal of the sample is also showgray line, right scalg

E (eV)

AR/R

--0.005

0.000
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TABLE I. Final nominal film thicknessl,e, of different samples  to the relatively large total thicknesses of that OMBE-grown
as deposited, and estimated effective thickrgss from the inte-  MQWs (well numbers of 5-20) inevitable surface roughness
gratedex situ absorbancgAOD) spectra(accuracy about 10%  will cause nonideal interfaces and nonuniform well thick-
Note that for the thinnest film the optically estimated thickness isnesses, which will finally lead to a superposition of the spec-

below the expected value, due to reorderiage text tral characteristics of different PTCDA chain lengths. Espe-
» cially in case of the thinnest well widths, where we expect

dgep (ML) JAODdE (cm"eV) dop (A) ML the most drastic changes, the shifts will smear out. Peak
0.7 0.0015 141 0.4 shifts around 60 meV were also reported for fluorescence

excitation spectra of PTCDA layers of 3—80 ML thickness by

Ll 0.0039 3.36 19 Leonhardtet al,'? but were explained by the superposition
24 0.0087 8.20 2.5 of the slight different absorption of the PTCDA and B

4.1 0.0138 13.0 4.0 phase_

5.2 0.0174 16.4 5.0 The observed shifts were already previously interpreted

by exciton confinemeff!or local field effectd® Here, we
want to compare this two approaches. A relatively small in-
%rmolecular distance in the PTCDA stacksdyf, =3.38 A
ould allow a strong intermolecular interaction, leading to an
xciton delocalized over the molecular stack. Hence, one
ould consider the exciton being confined in (ane-
imensional potential well. The dimensioh of the well,
Mepresented by the chain bfstacked molecules, is given by
L=(N+21)dy, , if we assume that the exciton wave function
anishes at the next lattice points outside the chain. Already

e model of an infinite one-dimensional quantum well, char-
5acterized by the ground state energy

shifts further to the red, due to the aforementioned reorderin
processes at ambient conditions, leading to clusters wit
larger PTCDA “chain lengths.” In summary, absorbance an
DR spectra are similar with respect to the main features an
spectral shifts, but differ in details arising exclusively from 4
the ambient conditions in which the absorbance measu
ments were done.

We now discuss in more detail the origin of the peak
shifts observed: The observed shifts are in accordance wi
other experiments, but somewhat larger:e8a@l>’ reported
peak shifts of the lowest absorption maximum of about 2

meV for PTCDA/NTCDA (Ref. 58 multiple quantum well 2
(MQW) structures with decreasing well width, varying from = 2meql? +Ep (8)
200 to 10 A(65-3 ML) layer thickness per well. A blueshift ff

of about 80 meV can be obtained from transmission spectraan fit the data, leading to an effective massng§~ 3m,, as
of MQWSs made of stacked PTCDA/InPc-(Ref. 59 layers  can bee seen in Fig. £2.Here, m, stands for the electron
with decreasing PTCDA well widths of about 250 to 380 rest mass, and the energy value for an infinite chBjncan
to 1 ML), investigated by Anderson and co-workét®ue  be estimated t&,=2.22 eV. Another approach is to consider
a blueshifted absorption in the outermost molecular layers
Layer thickness (A) due to on-site effects as it was proposed by Agranoeth
2 9u = 90 8h Y0 B 90 D al.t® The shift can be understood as a decreased solid state

238 shift caused by the reduced number of nearest neighbors, or
- = Poak! -ARR in the continuum approach by a decreased dielectric screen-
] ® Peak! - AOD ing for molecules sitting in the surface layésge above In
2.344 ¢ this case, the peak position is given by

2 i E =~ Ey+ 2A/N. (9)

3 230 i

T In Ref. 17, it was already shown that this assumption yields
o a reasonable good fit with the paramet&s=2.21; eV, A
2261 o =0.1% eV. HereA represents the energetic shift of the tran-
204 ] 5 &:b\ | sition energy in the outermost molecular layer with respect to
2] . | e ok e - the bulk transition energ¥, Whereas the amount of the
' _(') ¥ ~/»;’- R e A " " on-site shiftA appears large compared to previously reported

valuest? it reasonably compares with recent DFT-based cal-
culations of Vragowi.®® The obtained value oE, reflects

FIG. 12. (Color onling The shift of the low energy feature hicely the position of the IQW energy peak in case of thick
Peakl(uncertainty indicated by error barsn AR/R and in absor- Ia}yers(2.22 eV. for 39 ML fll.m) and corresponds to the po-
bance(AOD) spectra at different final film thicknesses of PTCDA Sition of Peaklin Im(é) obtained from the optical constants
on mica. In the case of the absorbance, a large shift is alreadfP’ Polycrystalline PTCDA?-? Hence, th]S Or}-SIte-eﬁect
observed at lower film thicknessés4 ML), due to reordering and model not only results in a slightly better fgee Fig. 12 but
clustering of the films in ambient conditions. The dashed curvdt can also explain intuitively the dependence of the observ-
shows the fit with an on-site-effect modéRef. 10 (d™! depen-  able oscillator strength on the film thickness, as we have
dence, while the dotted line corresponds to a fit with an simple shown above.
exciton confinement modétd-2-dependende For details see text. c. Spectral shapes: Comparison with thedrythis para-

Layer thickness (ML)
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graph, we want to compare the shape of the spectra, espe- a)
cially of the stacked PTCDA dimer, with the spectra obtained i

by recent model calculations. As we described above, al- 12 LA

ready the PTCDA stacked diméB dimern has a spectral

shape near that of tHghick) film. This surprising finding can < 101 — — N=10

be related to an early publication of Fergu$éiie investi- E: . AN T e N=1, n,=Mica
& 8

gated sandwich dimers of peryle(tae unit corresponding to
the chromophore core of PTCDANd found drastic spectral
changes between the monomer and the dimer absorption, the
latter already resembling the absorption of the molecular 4 2
crystal in 8 modification®* This can support our findings in T
case of PTCDA, where to our knowledge no spectroscopic
investigations of defined aggregates exist. Investigations of
linearly arranged perylene chromophorésterconnected 20 22 24 26 28 30 392
perylene-mono-carboximide unjtsreported by Christet E (eV)
al.,%® showed an absorption with the spectral shape of a cor- b)
responding monomer, but slightly redshifted, as expected for
a head to tail arrangement of transition moments. This con-
firms the finding of a weak interaction in the PTCDA mono-
layer, yielding to a monomeric spectral shape.
A microscopic calculation of the spectroscopic properties
of PTCDA ultrathin films was presented by Vragovic in Ref.
63. This description, originated from a pure Frenkel exciton
model for the PTCDA cryst&t*C is based on DFT-derived
parameters including on-site shifts, and yields thege)m
shown in Fig. 183). The spectral changes occurring with
increasing film thickness are obvious, but the transition from
monomer to the thin film spectra occurs in a thickness range L S e B e
much larger than observed here. Hence, the in-stack interac- T R B
tion seems to be underestimated. Additionally, the spectrum ElfeV
of the PTC[?A monlolqyer' is too much b,roade”,ed' Compared FIG. 13. (Color onling (a) Im(€) spectra of PTCDA layers with
to the experiment, indicating an overestimated in-plane intergicknessN (ML) obtained by Kramers-Kronig analysis from the
action. This broadening also results in a decreased pealyf) spectra given in the work of Vragovi®Ref. 63. In case of
height of the 1 ML spectrum and hinders isosbestic behaviofhe monolayer, we also assumed a reduced dielectric background
in AR/R for the monomer dimer transitiofcompare Fig.  for PTCDA when calculating the It&) spectrum, given by the mica
13(a), dashed ling substrate withe,=2.6. For the dimer additionally the curve 2
Another model description of the PTCDA absorption wasx Im(e), corresponding téAR/R)/E, was plotted as a dashed line.
introduced by Hennessgt al®6” They could explain all Obviously, no isoshestic behavior would be found in DRS.The
spectral characteristics of the PTCDA absorption already imonomer dimer transition according to Hennestgl. (Ref. 67. In
the framework of a Holstein model of tHetacked PTCDA contrast to the original work, we used here(&#nobtained from the
dimer, including both, Frenkel- and charge-transfer excitonsmodeled absorbance spectrum via Kramers-Kronig analysis, and we
This would correspond to the strong spectral differences beblueshifted the modeled spectrum by 0.11 eV, to fit the experimental
tween the monomer and the dimer Spectra in our measur@.osition of Peaklfor the dimer. For the dimer, a|SO>Q|m(€) was
ments, the latter already resembling nearly the PTCDA thirPlotted as dashed line, resulting in isosbestic behavior even in DRS.

film absorption. The Irfe) spectrum obtained by Kramers- o, g\ with different form factorésee above In Fig.
Kronig analysis from the simulated absorption spectrum inj4 the resulting DRS spectra in the framework of the EMT
Ref. 67 can be found in Fig. 13, besides the monomer of Maxwell-Garnett are shown. The form factr 0.33 cor-
spectrun®® If similar oscillator strength of monomer and responds to spherelike particless0.1 corresponds téob-
dimer is anticipated for simplicity, it can be seen that isos-ate) disks, about eight times larger in diameter than in thick-
bestic behavior in Irte)d e (AR/R)\ will result. ness, whilef=0.05 corresponds to oblates with a diameter-
Finally, we will discuss the effect of roughening on the to-thickness ratio of about 25. It is obvious that with
spectra of thin films, because at the highest coverages invesicreasing roughness both, the height of the spectra and their
tigated here, island growth cannot be excluded. To checkhape, are affected. With increasing form fadtahe spectra
whether roughness has an impact on the optical spectra, wdange obviouslyPeak3becomes more pronounced than in
modeled the DRS spectra of films with different surfacethe closed layer(for f—0, we would reach the case of
roughness. For that purpose, a PTCDA layer with an averageoundless islands, i.e., the case of a closed surface layer of 1
thickness of 2 nm6 ML) was composedfoa 1 nmthick  nm thicknesy although its intensity decreases. Already at a
solid and a rough surface layer on top of it. This surfacesmall roughness, represented by0.05, the ratio ofPeak?2
layer is representedyba 2 nmthick film of 50% PTCDA andPeak3has changed. This observation would correspond
(and 50% vacuumwith different particle shapes, described to the different peak ratios in the experimeni&/R spectra,

m(g) (arb. units)
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A(nm)

AR/R
-ARR

—2nm

! - = - 1Inm+2nm 50% f=0.05
—— 1nm+2nm 50% =0.1
—-—-1nm+2nm 50% f=0.33

1.8 20 2.2 24 26 28 3.0
E(eV)

FIG. 14. (Color online Simulated differential reflectance spec- FIG. 15. (Color online The coverage-dependent differential re-
tra of 2 nm PTCDA on 15Q:m mica, using the optical constants of flectance spectra of polycrystalline PTCDA on polycrystalline Au,
polycrystalline PTCDA(Ref. 27). The PTCDA layer is either solid yp to a film thickness equivalent to 6 ML. The spectra are charac-
or composedfa 1 nmsolid layer ad a 2 nmlayer of 50% PTCDA  terized by two peak#\ and B, and can be well described by the
concentration with different shape factdrdo simulate increasing known optical constants of pc-PTCD@Ref. 27, as can be seen

surface roughness, see text. The position of the low energy peak ffom the comparison with a calculated spectrum for 2 w6
unaffected; it shows an inessential shift of on8 meV to lower ML) coverage(dashed ling

energies.

at 2.46 eV and around 2.22 eV, whose positions for differ-

an evidence for island growth in thicker layers. We want toent layer thicknesses remain constant. While the feaBure
mention that surface roughness does not contradict with theorresponds t®eaklin the case of PTCDA on mica, feature
assumption of layer-by-layer growth. Ideal layer-by-layerA does neither correspond Reak2nor to Peak3 Due to the
growth means the successive growth of the layers, i.e., thepectral characteristic of the dielectric function of the Au
next layer starts to grow not before the underlying layer issubstrate.compare coefficient€’ andC”, Fig. 3, this fea-
closed, leading to an oscillatory behavior of the overallture is more or less imprinted in the adsorbate spectra. Its
roughnes$? In the case of the growth of the second ML, the position corresponds nearly to the position of the peaR’in
thickness of the rough surface layer amounts to 50% of th&herefore, we chose a different labelling for the peaks of the
total layer thickness. Above, we already stated to expect norfiims on Au.
ideal layer-by-layer growth, which would imply on the other  In contrast to the polycrystalline growth, in the case of
hand that the film thicknesses, refined by optically meanshighly ordered PTCDA on the A@11) surface a new feature
are slightly underestimated, while influences of the layerC arises at 2.32 eV, starting from a layer thickness of
morphology on the position dPeakl(as can be appreciated ~1.5 ML, whose intensity is decreasing with increasing
by EMTs) seem to be less important hd@mpare Fig. 14 layer thicknesgFig. 16). At the same time, the featur®
which is only weak in the spectra of the very thin layers,
becomes more intense with increasing layer thickness. For

In case of the deposition of molecules onto a metal, thevery thick layers, the spectra of polycrystalline and highly
increased interaction of the molecules with the substraterdered layers look quite similar. The origin of the featGre
should be observable in the spectra. While we have alreadyecomes obvious in comparison with the spectra of PTCDA
reported arex situstudy of the system PTCDA/AW11),>>  on mica. While in the case of a monolayer of PTCDA on
we want to present here DRS data recorded withinhgitu ~ Au(111) the monomer spectrum of PTCDA is very strongly
setup described. That is giving us the opportunity to excluddroadened by the interaction with the metal substrate, the
reordering effects at ambient conditions modifying the DRSdouble peak structure of the stacked dimer occurs also on
spectra(compare Sec. IV B gold in the appropriate spectfda.5-2.5 ML), indicating al-

Like on other single crystalline surfaces, PTCDA exhibitsready a quite low influence of the substrate on the second
highly ordered thin films on gold surfaces, where herring-molecular layer. Hence, the second molecular layer seems to
bone and quadratic structures were reported. The findings fdre the origin of featureC. The occurrence of this feature
PTCDA on Au11)) are described in detail in Refs. 5, 25, 70, even in thicker films points to the fact that areas with larger
and 71. and smaller layer thickne$8—3 ML) coexist simultaneously

As a reference, the spectra of polycrystallijpe) PTCDA  on the sample. Because the spectra of areas of larger layer
films (deposited on pc-Auare discussed first. From Fig. 15 thickness(PTCDA chain lengths in the stadk=4) charac-
it is evident that for layer thicknesses larger than 1 ML theterizes already almost the infinite chain, featufesind B
spectra remain constant in shape, and can already be coilbecome more intense with increasing layer thickness. How-
pletely described by the well-known optical constants ofever, the spectral form does not change anymore. This is a
pc-PTCDA?” The spectra are characterized by two peaks nice confirmation by optically means of the finding of Fenter

2. PTCDA on Au
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shown that the spectra obtained by this method nicely corre-

015000600 550 spond to the absorption spectra in the case of films on trans-
parent substrates like mica. In contrast, they contain a mix-
ture of the real and imaginary part of the dielectric function
of the molecular film if substrates like gold are used, which

0.10- B exhibit a strong dispersion in its optical constants.

v In the spectra, the process of solid state formation from
% % monomeric to oligomeric properties, and the varying influ-
' 0.05. / ence of quantum size and on-site effects, have been mani-
% fested with increasing dimensions of the PTCDA layer. They
% lead to an obvious change in the spectra during the transition
monomer-dimer-oligomer, and an overall spectral shift of the

R , lowest energy absorption peak of aboul60 meV occurs.
k8 o 22 @S RE 26 S8 The absorption of the building block$he PTCDA mono-
EeV) mers is affected strongly by their surrounding. While the

observed peak shift during the growth of the first PTCDA
flectance spectra of highly ordered PTCDA on(ALf). In addition monolayer on mica could be attributed to both effective me-

to the feature®\ andB already present in the polycrystalline films, dium effects and screening effects, the amount of the ob-

at 2 ML coverage a new pea® occurs which becomes less pro- served shift can already exclusively be predicted by effective
nounced with further increasing film thickness. medium theories, which confirms the discussion in Ref. 11.

Changes in the apparent oscillator strength per molecule can
be explained by on-site effects. In the case of thin films of
PTCDA on Au, the monomer absorption is strongly broad-
ened due to the interaction with the substrate. Additionally,
we can reason from the optical spectra that Stranski-
Krastanov growth dominates, whereas in case of the sub-
strate mica layer-by-layer growth is observed.

FIG. 16. (Color online The coverage dependent differential re-

et al’! of island growth(Stranski-Krastanov growjhin the
case of PTCDA on A(111). Hence, due to the superimposed
spectra of different PTCDA stack lengtlise., film thick-
nesseg the shift of peakA is much smaller compared to
Peaklin case of PTCDA grown on mica. For further details
on this system, see Ref. 25.
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