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Comparison of ultraviolet photoelectron spectroscopy and scanning tunneling spectroscop
measurements on highly ordered ultrathin films of hexa-peri-hexabenzocoronene on Au„111…
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Hexa-peri-hexabenzocoronene~C42H18, HBC! films adsorbed on the Au~111! surface were investigated by
means of ultraviolet photoelectron spectroscopy~UPS! and scanning tunneling spectroscopy~STS!. The results
show that both methods give comparable results for the electronic structure of the occupied states, if the STS
is performed at appropriate parameters. Additionally, STS gives an immediate insight into the unoccupied
states. The highest occupied state of multilayer films is found 1.3–1.4 eV below the Fermi levels and the
lowest unoccupied state 1.8 eV above the Fermi level. The resulting transport gap is compared to optical
absorption measurements. Work-function changes of20.8 eV indicate an interface dipole, i.e., vacuum level
alignment does not occur at the HBC-Au interface. Compared to UPS, the voltage range of the STS measure-
ments is limited to prevent sample damage.

DOI: 10.1103/PhysRevB.63.205409 PACS number~s!: 73.61.Ph, 68.37.Ef, 79.60.2i, 81.15.Hi
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I. INTRODUCTION

The knowledge and understanding of the metal-orga
interface plays a significant role in the further developm
and improvement of organic and molecular electronics.
instance, injection barriers and therefore operational volta
of electronic and optoelectronic devices like organic lig
emitting devices~OLED’s! are influenced by the energy
level alignment at the contacts.1 In particular, highly ordered
thin molecular films can provide a deeper insight into t
physical processes at those interfaces. Consequently,
mechanisms of growth as well as the optical and electro
properties of certain model compounds on various meta
and semiconducting substrates have been studied in deta2–7

A large number of ultraviolet photoelectron spectrosco
~UPS! investigations of the metal-organic interface were
ready reported.8–11 Large flat hydrocarbons like hexa-peri-
hexabenzocoronene~HBC! are useful as relatively simpl
model compounds which have been shown to grow in la
ordered domains and which have interesting electro
properties.12 Among those, HBC is especially interesting b
cause of its high symmetry. The growth of HBC and deriv
tives on different substrates like highly oriented-pyroly
graphite~HOPG! and metal dichalcogenides,13,14 as well as
scanning tunneling spectroscopy measurements of
assembled alkyl-substituted HBC in solution,15 have already
been reported. A very high charge carrier mobility was o
served for self-assembled alkyl-substituted HBC stacks
the stack direction.16 Recently, a UPS study of the electron
structure of rather thick evaporated HBC films grown
different substrates was published.17 Here we report a com
bined UPS/STS~scanning tunneling spectroscopy! study of
the interface between highly ordered HBC and the Au~111!
surface, and the nature of interaction at this interface.

II. EXPERIMENT

The organic films were deposited under ultrahigh-vacu
~UHV! conditions by evaporation from low-flux sublimatio
0163-1829/2001/63~20!/205409~6!/$20.00 63 2054
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cells at a cell temperature of 690 K and a vapor pressur
331028 mbar. The evaporation was done after a thorou
degassing of the cells at;600 K for 12 h. The deposition
rate was about 0.5~ML ! per minute, and was calibrated vi
scanning tunneling microscopy~STM! for thin films and via
quartz microbalance for thicker films. During and after fil
deposition, the substrate was kept at room temperature.
every measurement, a different film was deposited onto
gold crystal, which was previously prepared by seve
sputter/annealing cycles~600-eV Ar1 ions, 870 K! to obtain
an acceptable level of surface cleanliness@controlled by the
observation of C 1s and O 1s core-level spectra in x-ray
photoemission spectroscopy~XPS!# and to exhibit the typical
(223)) surface reconstruction. The ordering of the film
was checked by low energy electron diffraction~LEED!.

Ultraviolet photoelectron spectroscopy measureme
were carried out in a separate chamber at a base pressu
1310210mbar, using a hemispheric analyzer~VG Clam2!
equipped with radiation sources for UV and x-ray~He I , 21.2
eV, and Mg-Ka, 1253.6 eV!. For HeI excitation, the elec-
tron energy distribution curves~EDC’s! were obtained at a
2-eV analyzer pass energy, which implies an analyzer re
lution of 50 meV. For the work-function measurements, t
sample was held at23-V bias to clear off the detector wor
function. The peak onsets, and the high-binding-energy
offs, respectively, were determined by an intersection of
tangents of the peak and the~background! base line, with an
overall error of estimated6100 meV.

Scanning tunneling spectra were obtained with a UH
STM system~Omicron STM/AFM! at a fixed tip-sample
separation. The bias voltageV was applied in a way tha
positive voltages mean electron-tunneling into unoccup
states of the sample. When recording theI (V) curves, the
actual scan was stopped, the tip was moved to the des
position, and after a delay of 2.5 ms the feedback loop w
switched off and a voltage ramp~a typical step size 20 mV
©2001 The American Physical Society09-1
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per 0.2 ms! was applied. With completion of this procedur
the interrupted scan was continued. The measurement r
of the tunnel current preamplifier was650 nA, to safely
avoid overmodulation at the ends of theI (V) curves. The
recordedI (V) curves at one position were averaged over
least ten successive ramp repetitions, and the derivat
were calculated numerically. To avoid singularities in t
normalized derivative (dI/dV)/(I /V) at V50, we added a
small constant to the value ofI /V following the procedure of
Ref. 18. The W tips used were electrochemically etched
NaOH solution, and rinsed in distilled water and pure et
nol. After transferring the tips into the vacuum system a
before every measurement, the tips were annealed at a
870 K and sputtered with 2-keV Ar1 ions to remove any
contamination. For the absorption measurements, a
madzu spectrophotometer~UV-3101PC! was utilized.

III. RESULTS AND DISCUSSION

A. UPS

The LEED images~Fig. 1 at 2-ML HBC coverage! show
a simple characteristic sixfold diffraction pattern accordi
to a lattice constant of 14.760.5 Å for monolayers which

FIG. 1. Typical LEED pattern of thin HBC films, taken at
24-eV beam energy. Shown is the example of a 2-ML-thick fil
The simplicity of the LEED pattern indicates a single-doma
growth mode.
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would correspond to a commensurate (A273A27)R30°
structure with respect to an unreconstructed Au~111! surface.
A more detailed analysis, including scanning tunneling m
croscopy investigations, yields a point-on-line coincide
growth mode, with the important observation that the adso
tion of HBC on the Au~111! surface changes~weakens! its
surface reconstruction. An annealing of HBC multilaye
causes desorption of HBC until the HBC monolayer, but
to a temperature of 870 K the LEED pattern of this fir
monolayer did not show a remarkable change or inten
loss. With STM the mutual molecular alignment could
observed; it exhibits a hexagonally close-packed structur
apparently flat-lying molecules withp6mm symmetry, as
shown in Fig. 2 for a 2–3-ML HBC film. This layered
growth mode, with defect-free domain sizes of about 1
3100 nm2, is entirely different from the bulk crysta
structure,19 comparable with the structures found on we
interacting substrates like MoS2 or graphite,13 with the ex-
ception of the unusually large lattice constant of the fi
layer. Thicker films show a compression of the lattice co
stant down to 13.760.8 Å for 6-ML films. The detailed
study of the growth of ultrathin HBC films on Au~111!
single-crystal surfaces will be given elsewhere.20

.
FIG. 2. STM~current-! image of a 2–3-ML HBC on a Au~111!

film ~U51.0 V; I 50.2 nA; 20320 nm2; not drift corrected, unfil-
tered raw data!. The inset shows the structural formula and the v
der Waals dimensions of the HBC molecule.
l-
e.

ed.
-

is
FIG. 3. UP spectra of HBC on Au~111! for
increasing film thickness from 0 ML~bare Au! to
6 ML, labeled by 0–6.~a! HeI cutoff in 0° emis-
sion. ~b! 30° emission difference EDC’s, norma
ized for the intensities in the Fermi plateau rang
By removing the background~mainly caused by
the inelastic scattered electrons from the gold! the
HBC-induced features appear more pronounc
~c! Valence UP spectra in 0° emission. For com
parison, the 30° EDC for the thickest layer
shown also~indicated as 6a!.
9-2
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In Fig. 3, the HeI EDC of a clean Au~111! surface shows
the known peak of a Shockley surface state at a bind
energy ofEB50.4 eV ~Ref. 21! ~relative to the Fermi level!
which is smeared out to higher kinetic energies due to
rather large acceptance angle of the spectrometer of abou
This peak disappears with increasing coverage of HB
while an interesting feature appears, centered atEB
51.25 eV. Its position moves slightly at higher coverage t
higher binding energy of 1.35 eV at 6-ML coverage~com-
pare Table I!. This difference between the first and the su
sequent layers of HBC can be understood by the possib
of filling the photogenerated holes of the first HBC lay
with electrons from the Au valence band, a process whic
suppressed for subsequent layers. This different behavio
the first two layers, the observed changes of the Au~111!
surface reconstruction due the absorption of HBC, and
fact that thermal desorption of a HBC monolayer from t
Au~111! surface is impossible, lead to the conclusion o
relatively strong interaction at the HBC-Au~111! interface.

To enhance the surface sensitivity, EDC’s of the 3
emission were also recorded. In the case of very thin fil
the evaluation of the difference spectra of EDC’s of bare
and Au covered by HBC~normalized for the intensities at a
energy within the Fermi plateau! can possibly give an insigh
into the adsorbate-induced changes by reducing the b
ground which is mainly caused by the Au. Interesting deta
were found: While a second feature is obtained atEB
;1.7 eV for all coverages~rather weak at 0.5 ML!, in the 0°
difference spectrum~not shown here! this feature appear
only at the highest coverage of 6 ML. Conversely, an ad

TABLE I. Coverage-dependent position of the first occupi
valence state of the HBC/Au~111! system for different investigation
methods. For STS measurements, the results at 3-ML cove
show agreement with the UPS data. The values in brackets c
spond to the respective peak onsets.~VL is the vacuum level and
FL is the Fermi level!

UPS STS
Film thickness
~ML !

F
~eV!

First val. state
resp. FL~eV!

First val. state
resp. VL ~eV!

First val. state
resp. FL~eV!

0.5–1 4.6 1.25~1.1! 5.9 ~5.7! n.a.
3 4.5 1.35~1.1! 5.9 ~5.6! 1.4 ~1.2!
6 4.5 1.35~1.1! 5.9 ~5.6! n.a.
20540
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tional peak atEB;2.2 eV arises in the difference spectra
30° emission only at a coverage of 6 ML, but is permanen
present in the 0° spectra. For the 30° spectra the h
binding-energy features at 2.7, 4.5, and 6.3 eV are m
broader than the first three. In Table II the photoemiss
data of these higher occupied states are summarized.

Because of the interaction between the Au valence-b
electrons with the HBC molecules of the first layer, a broa
ening of the HBC states and a shift of the energetic lev
occur. The intermolecular interaction between the HBC m
ecules within a layer is rather small. Due to the layer-b
layer growth, influences on the spectra by solid-state effe
like intermolecularpolarization and relaxation are expecte
to be enhanced for thicker films, with a pronounced form
tion of molecular stacks~the distance of layers;3.5 Å, com-
pared with the film lattice constant of;14 Å!. The slight
changes in the spectra of the 6-ML film, with the loss of t
different angular dependencies of the first three vale
states as can be seen in Fig. 3 and Table II, seems to poi
this direction, but other effects, such as changes of the m
phology of thicker films, which would lower the symmetr
of the film, have to be taken into account as well. A rela
ation of the structure of the film toward the crystal structu
could be accompanied by a tilting of the molecules out of
layer plane. It is perhaps noteworthy to remark that K
et al.17 reported only one unresolved feature~of about
1.1-eV width! at EB51.8 eV for 10-nm-thick unordered
HBC films on polycrystalline gold. A different surroundin
of each molecule would lead to a broadening of the first th
valence states, so only a broad feature is visible instead.
could further support the expectation mentioned above,
though their lower-energy resolution of 0.2 eV has to
considered.

The different lengths of the EDC’s shown in Fig. 3~a!
indicate a reduction of the work functionF by 0.7 eV down
to 4.660.1 eV after 0.5–1-ML HBC deposition, as compar
to F55.3 eV for clean Au~111!, caused by interfacial dipole
moments. This value increases only slightly at higher HB
depositions, as listed in Table I. The interface dipole is
result of charge transfer processes at the HBC-Au interfa
therefore, no vacuum level alignment occurs. The differe
D of the vacuum levels has the amount ofD5Emin

k (film)
2Emin

k (Au)520.8 eV for the thickest films~also see Fig. 7!.
A similar value ofD521 V can be calculated from the re

ge
re-
lms
30°
to
respond
TABLE II. Higher occupied valence states of HBC on Au~111! as measured by UPS for different film
thicknesses. In normal emission~0°! the occurrence of the fourth and fifth valence states of the thinner fi
is concealed by the strong emission from the goldd bands. The values were obtained by evaluation of the
emission difference spectra, and are marked with~* !. At 6-ML coverage, the fourth valence state splits in
two parts, and a large shoulder on the high-binding energy side appears. The values in brackets cor
to the respective peak onsets.@Features indicated by* ~†! are not visible in 0°~30°! emission.#

Film thickness
~ML !

Second val. state
resp. FL~eV!

Third val. state
resp. FL~eV!

Fourth val. state
resp. FL~eV!

Fifth val. state
resp. FL~eV!

0.5–1 1.65 (1.5)* 2.25 ~2.0!† 2.7* 4.45*
3 1.7 (1.6)* 2.25 ~2.0!† 2.7* 4.45*
6 1.75~1.6! 2.2 ~2.1! 2.8 4.5
9-3
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HOLGER PROEHLet al. PHYSICAL REVIEW B 63 205409
ported work function valueF54.1 eV for 10-nm HBC films
on polycrystalline Au,17 assuming a work function ofF
55.1 eV for the bare polycrystalline Au. The occurrence
interfacial dipoles has often been observed at metal-org
interfaces, and was already discussed in detail.22 ~and refer-
ences therein!

The binding energy of the first valence state of the so
film23 with respect to the vacuum energy level,I p;5.9 eV
~peak-center! is unaffected by the film thickness~as can be
calculated from the values in Table I with the work functio
of the film!. A comparison of the most prominent features
the EDC with the UP spectra of the HBC molecule in the g
phase @first vertical ionization potentialI v(gas)56.8 eV
~Refs. 24 and 25!# yields an energetic shift in the UP spectr
A value ofDE5I v(gas)2I p(film);1.1 eV can be estimate
for the thickest film, corresponding to a relative shift of t
peak centers. The observed value lies in the region of re
ation energies reported for large aromatic hydrocarbons
DER51.15 eV for polycrystalline tetracene films,26 but a fur-
ther relaxation for thicker films is likely to occur.17

The carbon 1s peak observed in the x-ray photoemissi
spectra ~not shown here! for 1 ML was found at EB
5284.3 eV, and its position did not change significantly
higher coverage; hence there is no indication for energy le
bending in the thickness region investigated here. Spe
attention was paid to check whether organic films are da
aged by the alternating structural~LEED! and spectroscopic
~UPS, XPS! investigation methods. It was found that th
photoemission spectra before and after recording a LE
image~with an increased electron radiation time up to ab
4 min! do not exhibit any changes. Therefore, the radiat
damage by electrons is negligible. Likewise, radiation da
age by either x rays or UV light were not visible in a~qual-
ity! difference of LEED images taken before and after ph
ton irradiation, even when those were extended up to 3 h.
can conclude that highly ordered HBC layers on Au~111!
present an exceptionally stable model system.

B. STS

While UPS and XPS representintegral investigation
methods, locally resolved information about the electro
structure of an adsorbate can be provided by scanning
neling spectroscopy. However, for meaningful STS meas
ments one has to obey certain constraints: First, in orde
make sure that the spectra characterize anintact molecule on
thesurface, the STM images taken before and after the sp
troscopy should not reveal any differences. Second, the s
troscopy data taken repeatedly at one point should exh
identical features. As a general rule, the accessible vol
range is rather limited in STS, due to the increased likeliho
of film damage by the high electric field at elevated voltag
Thus the amount of reliable STS data is considerably
duced. At room temperature, the molecules are usually
bile, so only molecules embedded in closed films or la
islands can be investigated.

For the system investigated here, the most reliable
reproducible STS data were recorded at relatively large
neling distances, which were defined by a bias voltage of
20540
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V and a tunneling current setpoint of 0.1 nA~during image
recording, and before switching off the feedback loop!, cor-
responding to a tunneling resistance ofR513 GV. Those
conditions represent the imaging limit. In the spectrosco
voltage range of~22–12! V, maximum currents of abou
1–8 nA were drawn. We plot the normalized derivati
(dI/dV)/(I /V)5d ln I/d ln V of the tunneling currentI ver-
sus the applied bias voltageV ~the so-called spectroscop
plot!, which is related to the density of states.27 A normal-
ization of the differential conductivitydI/dV is advisable for
an appropriate evaluation of the tunneling spectra, espec
if larger voltage ranges are covered. In this case small
tures in the differential conductivitydI/dV can become in-
visible due to the large increase in the differential conduc
ity itself for the higher voltages~as it can be seen in Figs.
and 5!. Different approaches of density-of-states~DOS! de-
convolution have also been discussed.28,29On the other hand,
not only the peak visibility but also the peak position can
strongly influenced by the normalization procedure. This
fect was analyzed extensively by Lang.28 Nevertheless, here
we concentrate on an analysis of the normalized derivativ
Other studies confirm that the normalized derivative is a
suitable for a characterization of organic adsorb
layers.30,31

In the investigation of 2–3-Mo-thick films at this larg
tip-sample separation~Fig. 4!, the most pronounced featur
appears at a bias voltage of21.4 V in the normalized de-
rivative, corresponding to the first occupied state~HOMO!.32

This feature is visible in thedI/dV curve too. Thus in STS
the HOMO feature is found at the same energetic posit
(EB51.4 eV) as in UPS. This is the expected result, beca
in both methods the DOS of a molecular film on a surface
probed, and for large tip-sample separations the effects o
local ~on a molecular scale! variations of the DOS as well a
of the tip-molecule interactions should vanish. At a positi
substrate bias, another strong feature can be seen aroun

FIG. 4. Differential conductivitydI/dV and normalizeddI/dV
curves of a 2–3-ML-thick HBC film on Au~111!, obtained numeri-
cally from the averagedI (V) curves~12 repetitions!. The curves
were measured at a large tunneling gap for different positions,
no lateral dependence was found. A pronounced feature arounV
521.4 V appears in the normalizeddI/dV curve. This feature is
visible in thedI/dV curve too, but is slightly shifted. The featur
around 1.8 V is visible only in the normalized derivative.
9-4
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V, at the end of the accessible voltage range~before sample
damage would occur!. However, this feature appears only
the normalized derivative, not in the simple derivative.
ensure that this peak is not caused by the normalization
cedure itself, we compare this with optical measurement

From absorption measurements~see Fig. 6! of thicker
HBC films ~;5 nm!, we determined the optical gap toEG

opt

;2.8 eV, taken from the onset of the~energetically! lowest
absorption band. If we compare this optical gap of 2.8
with the gap of;3.2 eV yielded from the peak distance
STS measurements, we obtain an energetic difference o
eV, well within the energetic region where the exciton bin
ing energy33 of large hydrocarbons is expected.34 Therefore,
the results obtained from the STS measurements are ver
by the results of the optical measurements.

Quite differently from the UPS measurements, where
local interaction between sample and spectrometer was

FIG. 5. Differential conductivitydI/dV and normalizeddI/dV
curves of a 2–3-ML-thick HBC film on Au~111!, obtained numeri-
cally from the averagedI (V) curves~12 repetitions!. The curves
were measured at a small tunneling distance. The feature ar
0.8–0.9 V is visible in both thedI/dV and spectroscopy plots. Th
feature at negative voltages is hidden in thedI/dV curve by its
large ascension.

FIG. 6. Absorbance~optical density! spectrum of a;5-nm-thick
~polycrystalline! HBC film on quartz glass at room temperatur
The onset position of the energetically lowest absorption band le
to an optical gap of;2.8 eV in the crystalline phase.
20540
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sidered, in STS the probe itself can strongly influence
electronic properties of the sample under investigation. T
is especially true for small tip-sample distances. To give
example, if the tunneling resistance is largely decreased,
spectrum seems to be compressed, i.e., the peaks are
closer to the origin, and the spectrum appears more symm
ric, as the curve in Fig. 5 indicates~in this case, the tunneling
resistance, which defines the tunneling distance, is redu
to R55 GV, while a maximum current of220 nA was
drawn at21.5 V!. The origin of this behavior is the largel
increased interaction of the tip with the molecule. Interfe
ence effects become important,35 and the high electric field
can influence the electronic states. Additionally, due to
polarizability, the molecule can be lifted from the surfac
One could say that the tunnel junction is now dominated
tip-molecule interaction effects. Alternatively, it is feasib
that due to the small tunneling gap a molecule becom
trapped underneath the tip. This explanation is based on
observation that the strongest increase of theI (V) curve now
appears for negative voltages, compared to the case of la
tunneling gaps. However, one has to keep in mind that
STM images themselves, taken before and after the spec
copy, remained unchanged. Therefore, we have to ass
that the additional molecule stems either from other sam
areas or from mobile molecules on the surface, as alw
present at room temperature.36,37

Monolayer films of HBC on Au~111! exhibit a special
growth mode as described in the Sec. III A. These monola
films are very difficult to image in STM; therefore, no rel
able STS data, which fulfill the criteria described above, c
be presented here.

For films thicker than 5 ML, the film morphology change
into small crystallites while trying STS measurements, ev
at smaller voltage intervals of about~21.5–1.5! V, probably
due to the relaxation of the stress caused by the enfo
metastable layered growth of the HBC films on gold.

IV. SUMMARY AND CONCLUSION

We have shown that UPS and STS give comparable
sults for the electronic structure of the Au-HBC interface f
films up to 3-ML thickness and large tip-sample separatio
In other words, in large-distance STS the local density
states is reproduced, as in the UPS data, while in the s

nd

ds

FIG. 7. Proposed interfacial energy-level diagram of the HB
Au~111! interface for multilayer coverages.
9-5
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separation limit the tunneling current seems to be domina
by tip-molecule interaction effects, and hence the tunne
spectra do not represent the local density of states of
molecular film. In Fig. 7 the energy-level alignment at t
HBC-Au~111! interface is summarized: The binding ener
of the first valence state of 1.3–1.4 eV~with respect to the
Fermi level! can be reproduced by UPS and STS. The bi
ing energy with respect to the vacuum energy level,I p
;5.9 eV ~by UPS! is independent of the film thickness.
misalignmentD520.8 eV of the vacuum levels of the met
and organic overlayers was measured, corresponding t
interface dipole. The position of the first unoccupied HB
related state is proposed to beEB521.8 eV for multilayer
coverages. In the thickness region investigated, indication
2054
ed
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energy-level bending was found neither in the ultraviolet n
in the x-ray photoelectron spectra.
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