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Blue phosphorene on Au(111) as a decoupling layer for organic epitaxially grown films
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Blue phosphorene (BlueP) is considered as a promising two-dimensional (2D) material for future-
(opto)electronic applications. Monolayer BlueP is often fabricated on Au(111) single-crystal surfaces. It has
been suggested that small P domains form a lateral network with Au adatoms. Previous studies attempting
to use BlueP/Au(111) as a substrate for the deposition of fullerene indicated that the former is susceptible
to structural deterioration, unlike most other 2D materials in this regard. Here, we investigate 3,4:9,10-
perylenetetracarboxylic dianhydride (PTCDA) monolayers and multilayer films deposited on BlueP/Au(111).
We monitor the film growth in real time using in situ optical differential reflectance spectroscopy with the
substrate kept either at room temperature or at ≈120 ◦C. Furthermore, we examine the epitaxial alignment be-
tween PTCDA and BlueP by means of distortion-corrected low-energy electron diffraction and low-temperature
scanning tunneling microscopy. Our data clearly reveal that PTCDA exhibits a highly ordered monolayer
structure with a herringbone packing motif, whereas the domain orientations differ from all previously reported
structures of PTCDA directly on Au(111). Importantly, we find no indications for adsorption-induced reordering
or degradation of BlueP/Au(111). At elevated temperatures, PTCDA is observed to form multilayer islands
covering only a fraction of the available PTCDA monolayer surface on BlueP/Au(111), and this Stranski-
Krastanov growth mode bears similarities to literature results for PTCDA multilayers on pristine coinage metal
surfaces.

DOI: 10.1103/PhysRevMaterials.6.015601

I. INTRODUCTION

Two-dimensional (2D) materials beyond graphene are in-
creasingly drawing attention, giving rise to rapid progress
in the synthesis and characterization across diverse chem-
ical categories [1]. With numerous elemental compositions
reported so far, phosphorus-based 2D materials have recently
moved into the focus [2]. Among the known layered al-
lotropes, black phosphorene (BlackP) and blue phosphorene
(BlueP) stand out due to promising electronic properties, such
as an adjustable band gap or high charge-carrier mobility
[2,3]. Those properties may be useful for future applications
in sensors, detectors, or other (opto)electronic devices. In
particular, the fabrication of BlueP on Au(111) has sparked
notable interest in the microscopic structure where some
authors proposed a phosphorus monolayer structure with-
out heteroatoms [4–8], whereas other publications claim that
Au-linker atoms are incorporated in between small BlueP
subunits [9–11]. Notwithstanding this structural debate, it is
intriguing to assess the formation of an interface between
a BlueP/Au(111) substrate and a molecular adlayer, which
can be readily motivated by the semiconducting properties
of many organic materials [12]. However, this has rarely
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been investigated so far, unlike for graphene, hexagonal
boron nitride, or transition-metal dichalcogenides where nu-
merous studies exist [13–18]. In one of the few reports on
this topic, the deposition of buckminsterfullerene (C60, CAS
no.: 99685-96-8) on BlueP/Au(111) was shown to primar-
ily create defects and disordered BlueP domains with little
tendency of C60 itself to form ordered assemblies [19]. This
susceptibility of BlueP/Au(111) to structural damage upon
the adsorption of molecules based on sp2-hybridized carbon
is distinctly different from most other 2D materials [13–18].
Furthermore, the electronic coupling of an organic monolayer
to a metal substrate is often significantly reduced by a 2D
interlayer [14,15,17,18]. The role of BlueP also seems to stand
out from most other 2D materials in this regard since the
interfacial charge transfer with the aforementioned C60 was
described as remarkable, judging from the observed strong
broadening of the lowest unoccupied molecular orbital [19].

Here, we examine 3,4:9,10-perylenetetracarboxylic di-
anhydride (PTCDA, C24H8O6, CAS no.: 128-69-8) films
adsorbed on BlueP/Au(111). This is a case study using a
prototypical molecule which is known for its tendency to
form highly ordered layers on a large variety of substrates
[13–16,20–26]. Potential applications of PTCDA layers were
reported in the literature, e.g., as a template for subsequently
deposited layers used as high-κ dielectrics [27], as a light
absorbing layer in graphene-based phototransistors [28], or
as an electron transport layer in perovskite photovoltaic
cells [29]. Exploring the properties of heterointerfaces be-
tween PTCDA and two-dimensional materials is, therefore,
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particularly interesting. Noteworthily, it has been reported that
the interface between PTCDA and BlackP is governed by
charge transfer [30]. In another study, PTCDA was used as
a protective coating for BlackP as the latter is known to be
unstable under atmospheric conditions [31]. In the light of
the above-mentioned structural degradation of BlueP upon
molecular adsorption even in ultra-high vacuum (UHV) [19],
the structural interplay at the PTCDA/BlueP interface is of
special interest to us.

In this paper, we address the questions of: (i) the structural
stability of BlueP upon PTCDA adsorption in UHV, (ii) the
epitaxial relation formed, (iii) the charged state of the PTCDA
adlayer molecules, and (iv) the morphology of PTCDA films
of various thicknesses. To this end, we employ a combina-
tion of scanning tunneling [hydrogen] microscopy (ST[H]M),
distortion-corrected low-energy electron diffraction (LEED),
in situ optical differential reflectance spectroscopy (DRS),
and ex situ atomic force microscopy (AFM), among other
techniques.

II. EXPERIMENTAL METHODS

All experiments were performed in UHV with a base
pressure in the 10−10 mbar regime if not stated otherwise.
The Au(111) substrate (MaTecK, Jülich, Germany) with a
specified purity of 99.999% was cleaned by repeated cy-
cles of sputtering (Ar+, 1 keV, ≈ 4 µA cm−2) and annealing
(≈ 600 ◦C, 30 min). Phosphorus was deposited by thermal de-
composition of InP powder (Sigma-Aldrich) with a specified
purity of 99.998% in a water-cooled evaporation source at
550 ◦C whereas the substrate was held at 200 ◦C according
to Ref. [5]. The layer formation was monitored in situ by
means of reflection high-energy electron diffraction (RHEED,
EK-35-R electron gun from STAIB Instruments, see the Sup-
plemental Material for further details [32]) using an electron
energy of 20 keV. No indium could be detected by means of
x-ray photoelectron spectroscopy (XPS) afterwards with the
concentration detection threshold being 0.02% with respect to
the gold surface.

PTCDA films (Sigma-Aldrich, purified by temperature
gradient sublimation [33] and thoroughly degassed in UHV)
were deposited from an effusion cell (boron nitride crucible
with a shutter) stabilized at Tcrucible = 310 ◦C, resulting in a
growth rate of approximately 0.1 ML min−1 where “ML” rep-
resents a monolayer. The adsorbate layers were examined in
reciprocal space by means of LEED (dual-micro-channel plate
MCP2-SpectaLEED from Omicron). Geometric distortions
and the primary energy error in the raw LEED images were
corrected using the software LEEDCAL [34,35]. The corrected
and calibrated images were then analyzed with the software
LEEDLAB [36] in order to obtain lattice parameters (i.e., the
adsorbate lattice vectors �a1 and �a2 with the unit-cell angle
�) and the epitaxial registry of the PTCDA films with high
accuracy (uncertainties � 1 % are typically achieved). The
geometrical relation between the adsorbate and the substrate
lattices is expressed by the epitaxy matrix M according to
Ref. [37],

(
�a1

�a2

)
= M ·

(
�s1

�s2

)
=

(
M11 M12

M21 M22

)
·
(

�s1

�s2

)
. (1)

For the unreconstructed Au(111) surface, we use a lattice
constant of |�s1| = |�s2| = 2.8839 Å as derived from Ref. [38]
and references therein.

During the growth of the PTCDA films, we performed
optical DRS. Detailed information about this technique can
be found elsewhere [39–41]. Briefly, light from a 100 W
halogen lamp operated with a stabilized power supply is
focused onto the sample surface, the reflected light is then
analyzed by means of a monochromator (SP2156 Acton Re-
search SpectraPro) with a charged-coupled device detector
attached (PIXIS:100BR eXcelon/UV from Princeton Instru-
ments). The measured signal is defined as

DRS(E , d ) ≡ �R

R
:= R(E , d ) − R(E , 0)

R(E , 0)
, (2)

with the photon energy E , the reflectance R(E , 0) of the pris-
tine substrate, and the reflectance R(E , d ) of the substrate on
which a film with a thickness d is deposited. Multiple spectra
are accumulated during the DRS measurements because the
signal of monolayers and even submonolayers of organic thin
films is rather small (typical values are ≈10−3 for a mono-
layer [40]). Therefore, the obtained spectra are the result of
averaging multiple spectra within a total accumulation time
of 30 s. The layer thicknesses of the PTCDA films were
determined by means of DRS where new optical transitions
emerge abruptly when molecules start to adsorb in the sec-
ond or higher monolayers (see Fig. S4 in the Supplemental
Material [32]). The corresponding amount of molecules nec-
essary to fully cover the surface with one monolayer of the
observed densely packed highly ordered structure is denoted
as monolayer equivalent (MLE). This unit is particularly use-
ful when the growth mode is not layer-by-layer so that the
amount of deposited material is given as a nominal film thick-
ness.

Scanning tunneling microscopy images were acquired
using a commercial apparatus (SPECS JT-LT-STM/AFM
with KolibriSensorsTM) [42]. The atomically resolved image
of BlueP was obtained by the so-called scanning tunnel-
ing hydrogen microscopy (STHM) technique, introduced by
Temirov et al. [43]. Briefly, hydrogen is dosed into the UHV
chamber (partial pressure ≈ 10−7 mbar) and partly condenses
within the tunneling junction whereas the tip-sample distance
is significantly reduced by applying appropriate scanning
parameters. As a result, the tunneling current is locally mod-
ulated by Pauli repulsion forces with the consequence that the
obtained contrast is not only purely electronic, but also topo-
graphic to a certain extent. For ex situ AFM the commercial
device Nanosurf Easyscan 2 AFM with standard noncontact
silicon cantilevers (resonance frequency: 170 kHz) was oper-
ated under ambient conditions.

III. RESULTS AND DISCUSSION

A. Structural characterization of BlueP

To begin with, we structurally characterize the BlueP layer
that we use later on as a substrate for the growth of PTCDA
thin films. The LEED image in Fig. 1(a) clearly reveals
the hexagonal BlueP structure (green), which we found in
a commensurate (5×5) registry with the substrate (yellow),
in accordance with previous studies [6–8,10]. Concomitantly,
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FIG. 1. (a) LEED data of BlueP on Au(111), recorded at an electron energy of 140.0 eV with an inverted contrast of the grayscale image.
Half the pattern is superimposed by a fitted lattice simulation where green and yellow circles and lines correspond to BlueP and Au(111),
respectively. (b) STHM image (I = 1 nA,V = −2 mV, T = 1.1 K) and (c) STM image (I = 50 pA,V = 100 mV, T = 4.5 K) of BlueP on
Au(111). The lattice vectors of the (5×5) structure are depicted in green. (d) Large-scale STM image (I = 50 pA,V = 100 mV, T = 4.5 K)
showing the high quality of the BlueP-Au-network on Au(111). The bright protrusions correspond most likely to excess phosphorus clusters
adsorbed on BlueP/Au(111) [9].

our in situ RHEED data in Fig. S1 in the Supplemental Ma-
terial corroborate the formation of this (5×5) superstructure
during the deposition of phosphorus [32].

The STM image in Fig. 1(c) shows a closeup view of the
structure with the previously reported appearance, i.e., dark
depressions each surrounded by six bright lobes [4–11]. The
specific arrangement of the phosphorus adlayer has been de-
bated in the literature. Earlier experimental realizations were
reported in Ref. [4], for example, where only phosphorus
atoms were considered in the proposed structural model. Like-
wise, Zhuang et al. interpreted their STM and LEED data with
a structural model exclusively consisting of P adatoms [7].
Recently, a new structural model was presented in which a
network is formed where BlueP subunits are connected by
Au-linker atoms [9–11]. There, the typical BlueP subunits
comprise in total nine atoms which arrange in a buckled hon-
eycomb lattice with different adsorption heights of the basis
atoms. This arrangement is hardly visible in our conventional
STM image in Fig. 1(c). However, in the STHM image in
Fig. 1(b), the lateral resolution is significantly improved by the
hydrogen-functionalized tunneling junction, making the three
topmost P atoms of the BlueP subunits readily visible. The
large-area scan in Fig. 1(d) demonstrates the high quality of
our BlueP layer, albeit some depressions are occupied, most
likely by excess phosphorus clusters [9]. For simplification,
we abbreviate the BlueP-Au network with BlueP in the fol-
lowing.

B. Optical spectroscopy of PTCDA

1. PTCDA films grown at room temperature

PTCDA was deposited onto BlueP/Au(111) with the sub-
strate kept at room temperature (RT). During the deposition,
we acquired DRS data which are shown in Fig. 2. In order
to quantitatively discuss the optical absorption properties of
the molecular film, it is indispensable to extract the optical
functions from the measured DRS data for which we used
the algorithm described in Ref. [40]. From the obtained com-
plex dielectric function ε = ε′ − iε′′, the imaginary part ε′′ is
shown in Fig. 3.

For 1 MLE of PTCDA on BlueP/Au(111) the spectrum in
Fig. 3(a) is reminiscent of PTCDA in solution [47–49], albeit

somewhat broadened and redshifted. We conclude that the
molecules are essentially in a weakly interacting environment
yielding the monomeric behavior of PTCDA. The main peak
at 2.30 eV can, thus, be assigned to the fundamental S0 → S1

transition of PTCDA, and the additional peak at ≈ 2.47 eV
can be understood as vibronic replica with an effective
vibrational energy of Evib ≈ 0.17 eV [47–49]. The optical fin-
gerprint of PTCDA on BlueP/Au(111) differs from that of the
PTCDA contact layer directly on the pristine Au(111) surface
[45], shown for comparison in Fig. 3(a). The latter spectrum
has a rather broad maximum at 2.26 eV, i.e., vibronic features
are not observed. This was explained in a previous work [45]
by pronounced electronic coupling due to an overlap of sub-
strate states and molecular orbitals, giving rise to a broadening
of adsorbate levels according to the Anderson-Newns theory
[50,51]. From the observation of a monomerlike spectrum
and the absence of any further spectroscopic features, espe-
cially any peaks assignable to charged species of PTCDA
[24,45,52,53], we conclude that the BlueP layer essentially
serves as a decoupling layer for PTCDA. However, in di-
rect comparison with the optical data for PTCDA on mica

FIG. 2. DRS data of PTCDA on BlueP/Au(111) grown at room
temperature. The values in the legend indicate the nominal film
thickness d in MLE.
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FIG. 3. Imaginary part of the dielectric function ε′′ of PTCDA on BlueP/Au(111) grown at room temperature, extracted from the DRS
data in Fig. 2 for: (a) 1 MLE and (b) from 1 to 20 MLE. For comparison, ε′′ spectra for 1 MLE of PTCDA on mica [44] and directly on pristine
Au(111) [45] are shown in (a) and for a relatively thick polycrystalline (pc) film of PTCDA [46] in (b).

in Fig. 3(a), the spectral broadening is somewhat more
pronounced. In principal, this can have structural reasons, e.g.,
inhomogeneous broadening due to molecular disorder, which,
however, appears to be moderate from our structural inves-
tigation (cf. Sec. III C). We, thus, consider some degree of
electronic interaction across the PTCDA/BlueP interface. The
optical fingerprints of a ML of PTCDA on different substrates
were investigated previously and suggest a hierarchy of the
interaction strength [54]. Within this scheme, the spectrum
shown here is less broadened than on the bare Au(111) surface
but broader than on mica (cf. Fig. 3). Interestingly, we find
distinct similarities with the spectrum of a PTCDA ML on
graphene/SiC [55] or PTCDA on top of a PTCDA ML pre-
deposited on Ag(111) [56] from which we conclude that the
electronic interaction between PTCDA and BlueP/Au(111)
has a physisorptive character. This statement is corroborated
by the XPS measurements shown in Fig. S2 in the Supplemen-
tal Material [32] where we do not observe any influence of the
adsorption of the PTCDA molecules on the energetic position
of the P 2p-core levels of BlueP on Au(111). The absence of a
significant chemical shift indicates that no covalent bonds be-
tween the P and the anhydride groups of PTCDA are formed.

The ε′′ spectra of PTCDA submonolayers on BlueP (see
Fig. S3 in the Supplemental Material [32]) exhibit almost
no deviation from the d ≈ 1 MLE spectrum; especially the
S0 → S1 transition energy remains constant, which was found
similarly by some of us for PTCDA on h-BN/Pt(111) [15].
There, we reasoned that the 2D PTCDA domains quickly
reach a sufficient size upon coverage increase so that the influ-
ence of the lateral aggregation on the optical spectra saturates.

For film thicknesses higher than 1 MLE, the ε′′ spectra
show a pronounced development: the monomeric features
begin to disappear, and the spectral shape broadens with a
new shoulder being formed at ≈ 2.23 eV. This peak can be
assigned to a mixing of Frenkel and charge-transfer excitons
[57]. The thickness-dependent evolution of our ε′′ spectra [see
Fig. 3(b)] is very similar to that of PTCDA on Ag(111) with
a monolayer of PTCDA predeposited (also at RT) [56], which
is indicative of a quasi layer-by-layer growth mode as found

for PTCDA on Ag(111) under similar preparation conditions
[58,59].

2. PTCDA films grown at elevated temperatures

In order to obtain further insights into the adsorption of
PTCDA on BlueP/Au(111) and how an increased surface
mobility of the molecules due to additional thermal energy
affects the film growth, we recorded in situ DRS while keeping
the substrate at ≈ 120 ◦C.

In Fig. 4, the DRS data for 1 MLE (red solid line) are
similar in shape and energetic position compared to the
room-temperature data presented in Fig. 2. However, what is
strikingly different is the new behavior of the spectra above
1 MLE: the shape of the main peak gets broader and a much
more pronounced peak at ≈ 2.15 eV becomes dominant and
rises gradually in intensity up to 10 MLE. If we extract the
dielectric function from these data similarly as we did for the
RT data in Fig. 3, we obtain an apparent optical absorption

FIG. 4. DRS data of PTCDA on BlueP/Au(111) grown at a
substrate temperature of 120 ◦C. The values in the legend indicate
the nominal film thickness d in MLE.
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FIG. 5. (a) DRS data of PTCDA grown on BlueP/Au(111) at ≈ 120 ◦C, plotted with the d = 1 MLE spectrum as the new reference. All
spectra were fitted simultaneously (dotted lines). The proposed growth mode and basis for the fit model is shown in the inset (not to scale)
in the bottom right, see the text for details. Furthermore, the thickness d∗, the average height of the islands dcol and the areal fraction f are
indicated. (b) Optical functions of PTCDA, extracted from the DRS data in Fig. 4. (c) Absorbance of crystalline PTCDA in α and β phases
(adapted from Ref. [65]). The vertical lines serve as a guide to the eye.

behavior that is very untypical for PTCDA with a dominating
peak at ≈ 2.15 eV (see Fig. S5 in the Supplemental Material
[32]). It will be demonstrated in the following that this likely
originates from a different morphology of the adsorbate film
when grown at elevated temperatures. Experimental verifica-
tions of the following assumptions are presented in Fig. S6 in
the Supplemental Material [32].

To begin with, we consider the first PTCDA ML to be
smooth on BlueP/Au(111), but further deposition leads to the
formation of three-dimensional (3D) islands on top, which
we assume to have an approximately columnar shape. It is,
therefore, reasonable to separate the first ML such that we in-
troduce the reduced nominal film thickness d∗ = d − 1 MLE
with d being the total nominal film thickness deduced from
the deposition rate. In this model, the height of the columns
dcol is higher than d∗, consequently, parts of the surface
(i.e., the PTCDA wetting layer) remain uncovered leading
to d∗ = dcol · f with the areal fraction f occupied by the
PTCDA columns. We further assume that the columns are
large enough to optically behave bulklike, i.e., their optical
constants are independent from their dimensions. This is justi-
fied by the fact that the optical absorption behavior of PTCDA
is hardly sensitive to the specific morphology formed, e.g.,
Han et al. presented optical absorption spectra for PTCDA
forming nanowires which are very similar to those of PTCDA
thin films and α-PTCDA single crystals [60]. We fitted the
quantity f · DRS(E , dcol ) to our experimental data by a point-
wise variation of the optical functions of the PTCDA columns
(see the Supplemental Material [32]). dcol and f were treated
as fit parameters, too. This becomes feasible since we simul-
taneously fitted multiple spectra where spectral changes only
stem from internal interference effects providing information
about the vertical dimensions of the columns [61,62]. As a

fitting routine we used the Levenberg-Marquardt algorithm,
which is known to be rather robust against different starting
values [63,64]. The different spectra were weighted by the fac-
tor 1/d∗ in order to equalize their contributions to the fit. As
starting values we used the optical constants of polycrystalline
PTCDA [46]. The fit, subsequently, converged into the results
shown in Fig. 5.

Our fit results (dashed lines) in Fig. 5(a) agree very well
with the experimental data (solid lines) for small nominal
thicknesses d∗ of up to 0.77 nm. For higher film thicknesses,
however, the fit results deviate significantly from the measured
spectra (not shown here). We attribute this observation to the
ongoing formation of 3D islands likely with a large variety
of heights. Our applied film model cannot adequately comply
with 3D islands exhibiting different heights and with the fact
that their crystal facets have finite slopes as illustrated by
Wagner et al. for PTCDA on different metal surfaces [66].
Furthermore, our model does not account for scattering ef-
fects.

The obtained optical functions ε′(E ) and ε′′(E ) are shown
in Fig. 5(b) together with literature data for α and β PTCDA
in (c) [65]. At around 2.23 eV, the extracted ε′′ spectrum (red
solid line) has a maximum that corresponds to the maximum
of the absorbance of PTCDA in the α phase. The peak of
the ε′′ spectrum at around 2.45 eV and the shoulder at around
2.6 eV also coincide with α PTCDA. From this comparison,
it seems that the PTCDA film has formed predominantly in
the α phase, but some mixture of α and β phases cannot be
excluded.

The proposed growth model, according to which initially
a wetting layer is formed, followed by island growth, is
referred to as the Stranski-Krastanov growth mode in the lit-
erature [59,66,67]. For PTCDA on Ag(111), two monolayers
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FIG. 6. LEED image of 1 MLE PTCDA on BlueP/Au(111)
recorded at an electron energy of 32.8 eV. During the film deposition
the substrate was kept at room temperature. The intensity of the
grayscale image is inverted. Half of the image is superimposed by
a fitted LEED simulation of the PTCDA (magenta, fitting results
are summarized in Table I), BlueP (green), and Au(111) (yellow)
lattices, respectively.

of PTCDA are initially formed when deposited at substrate
temperatures above 320 K [59]. This is similar to our case
where also two layers, namely, the BlueP monolayer followed
by 1 ML of PTCDA, grow smoothly on Au(111) before a
pronounced island growth starts. The formation of 3D PTCDA
islands is indicated by the average height of the columns dcol

and their areal fractions f given in Fig. 5. These values are
further supported by our ex situ AFM measurements in Fig. S6
in the Supplemental Material showing 3D islands with lateral
dimensions in the micrometer range [32].

Our findings are consistent with previous reports, e.g.,
Krause et al. quantitatively examined the temperature depen-

dence of the transition from layer-by-layer growth to island
growth for PTCDA on Ag(111) [58].

C. Lateral structure investigation

The structure of 1 MLE PTCDA on BlueP/Au(111) grown
at RT is probed in reciprocal and real space by means of LEED
and STM, respectively. After the deposition of 1 MLE of
PTCDA, new well-defined diffraction spots arise in addition
to the already presented (5×5) superstructure of BlueP on
Au(111) in LEED which indicate the growth of highly ordered
PTCDA domains. To quantitatively analyze the lateral struc-
ture, we fitted a lattice simulation to the observed diffraction
spots by taking into account rotational and mirror domains due
to the substrate symmetry. The results are visualized in Fig. 6
and summarized in Table I. The structural relation between
the PTCDA and the underlying BlueP layer is given by the
epitaxy matrix,

MLEED =
(

0.75(1) −0.17(1)
1.00(1) 1.54(1)

)
. (3)

The influence of the BlueP interlayer becomes clearly evident
by comparing our structural results with the lateral structure of
PTCDA on bare Au(111) [68,69]. Upon depositing PTCDA
on Au(111), Kilian et al. observed one non-equilibrium
structure (Tsubstrate = 310 K) and two equilibrium structures
(Tsubstrate = 450 K) [69]. The reported lattice parameters are
shown in Table I, and a graphical comparison in Fig. S7 in
the Supplemental Material (including two additional weak
structures depicted in Ref. [69]) readily demonstrates that our
presented PTCDA structure differs from the reported struc-
tures of PTCDA on Au(111) [32]. We conclude that in our
case the whole Au(111) surface is covered with BlueP and
the latter affects the orientation of the PTCDA domains with
respect to the Au(111) substrate. From the good agreement of
the lattice dimensions |�a1|, |�a2|, and �, it is quite reasonable
to assume that PTCDA forms the well-known herringbone
structure also on BlueP/Au(111). Furthermore, Table I com-
pares our results to the two known bulk phases of PTCDA
[70] and yields that the unit cell of 1 MLE PTCDA on
BlueP/Au(111) is closer to β than to α PTCDA. We note
that our optical results of the PTCDA multilayers suggest
that those resemble the α phase (see above). This, however,

TABLE I. The structural parameters of 1 MLE PTCDA on BlueP/Au(111) compared to 1 ML PTCDA directly on Au(111) [69] and the
(102) plane of α and β PTCDA [70]. �a1, �a2: PTCDA lattice vectors; �: unit cell angle between �a1 and �a2; θ : PTCDA domain angle between �a1

and the Au lattice vector �s1 (which is parallel to the BlueP lattice vector �b1). Primitive gold lattice vectors enclose an angle of 120 ◦. Numbers
in parentheses indicate the uncertainty of the last significant digit.

|�a1| (Å) |�a2| (Å) � (◦) θ (◦)

1 MLE PTCDA on BlueP/Au(111) via LEEDa 12.3(1) 19.6(2) 90.4(3) -10.1(2)
1 MLE PTCDA on BlueP/Au(111) via fast Fourier transform (FFT)a 12.32(6) 19.30(4) 90.1(4) -10.5(2)
1 ML PTCDA directly on Au(111), structure Ab 12.3(1) 19.2(1) 90.0(3) 7.5(3)
1 ML PTCDA directly on Au(111), structure B1

b 12.1(1) 19.2(1) 90.0(3) 39.5(5)
1 ML PTCDA directly on Au(111), structure B2

b 12.1(1) 19.2(1) 90.0(3) 37.0(5)
Bulk α-PTCDA (102) planec 11.96 19.91 90
Bulk β-PTCDA (102) planec 12.45 19.30 90

aThis paper.
bReference [69].
cReference [70].
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does not contradict the PTCDA contact layer resembling the
β-PTCDA surface unit cell since LEED is essentially sensi-
tive to the first PTCDA monolayer, which grows smoothly
and covers the BlueP surface entirely. On the other hand,
the multilayer samples exhibit rather high columns covering
less than 10% of the available surface, which is why the first
PTCDA monolayer remains dominant in LEED images even
for multilayer samples (not shown here). For our DRS mea-
surement, the situation is different since a growing number
of deposited molecules means that the DRS signal is more
and more dominated by the aggregates forming. For those
dominant aggregates (in the multilayer samples) the optical
functions closely resemble the α-PTCDA bulk behavior. Sim-
ilar structural findings were reported by Kilian et al. where the
unit cell of the first two monolayers of PTCDA on Ag(111)
resemble that of the β phase, whereas the multilayer islands
on top crystallize in the α phase [67].

The herringbone structure is also verified by the STM
measurement in Fig. 7. The PTCDA unit cell is marked by the
magenta lattice. On closer inspection of the STM image, one
discovers a different orientation of the neighboring molecules
(visualized by blue and black arrows along the dashed line)
as well as an apparent height variation within the PTCDA
domains. These observations suggest the presence of a moiré
structure caused by the different lattice parameters of PTCDA
and the underlying BlueP interlayer. Please note that these
variations in the STM image do not have the same periodicity
as the depressions in the BlueP superstructure [cf. Fig. 1(c)],
whose lattice vectors are depicted in green in the upper right
inset in Fig. 7(a).

To get a detailed analysis of the local lateral structure we
computed the FFT of Fig. 7(a). We identified the PTCDA
structure (marked as magenta lines and circles) and the un-
derlying BlueP superstructure (marked as green lines) in the
FFT and fitted simultaneously a hexagonal and a rectangular
lattice with starting values obtained from our LEED measure-
ments. Since we choose an STM image of only one molecular
domain, the geometric simulation differs from the LEED anal-
ysis displayed in Fig. 6. The additional weak spots visible
there can be described geometrically by multiple scattering at
both structures (marked as light blue circles). By simultaneous
fitting of the PTCDA and BlueP structures, we determined the
epitaxy matrix of PTCDA with respect to the BlueP lattice,

MFFT =
(

0.751(2) −0.179(3)
1.001(3) 1.520(3)

)
. (4)

Furthermore, by using the known commensurate (5×5) rela-
tion between the BlueP and the unreconstructed gold substrate
lattices, we determined the lattice parameters of the PTCDA
on BlueP (see Table I), which are in very good agreement
with the results of our LEED analysis. The eptiaxial reg-
istry can be classified as an on-line coincidence of the order
(3,4)PTCDA:(4,0)BlueP [37].

IV. CONCLUSION

In this paper, we investigated the optical and structural
properties of mono- and multilayers of the PTCDA on
BlueP/Au(111). By using complementary structural charac-
terization techniques, i.e., LEED and STM, we observed
a highly ordered herringbone structure in the first PTCDA

FIG. 7. (a) STM image (I = 10 pA,V = 100 mV, T = 4.5 K) of
a PTCDA domain on BlueP/Au(111). The unit cell of the PTCDA
herringbone structure is marked with the magenta lattice (�a1, �a2).
Furthermore, the moiré lattice is marked with light blue vectors. The
red hexagon highlights an apparent height variation due to the moiré
effect. The inset in the upper right corner shows the lattice vectors
�b1 and �b2 of the underlying (5×5) BlueP structure. (b) FFT of the
STM image in (a). Half of the FFT image is superimposed with
a lattice fit of the BlueP superstructure (green, see Fig. 1) and the
PTCDA structure (magenta) including multiple scattering with the
BlueP structure (light blue circles).

monolayer. Furthermore, we classified the epitaxial reg-
istry of the PTCDA as an on-line coincidence of the order
(3,4)PTCDA:(4,0)BlueP. In contrast to previous findings in the
literature, our LEED and STM data lack any significant indi-
cation for a reordering or degradation of the BlueP/Au(111)
substrate upon molecular deposition. Our optical measure-
ments of the first PTCDA monolayer showed that, even
though the so-called BlueP likely consists of phosphorus
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subunits linked via Au adatoms rather than a purely 2D phos-
phorus layer, it serves as a decoupling layer for the adsorption
of this organic molecule. By depositing the PTCDA at ele-
vated temperatures, we observed a pronounced island growth
beyond the first smooth monolayer, which results in inter-
ference effects within the thick PTCDA columns. The island
growth is also confirmed by our ex situ AFM measurements.
The monolayer unit cell is closer to β than to α PTCDA
whereas the optical functions of the PTCDA multilayers re-
semble those of the α phase. A similar structural behavior
was found previously for PTCDA mono- and multilayers on
Ag(111).
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