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Comparison of ultraviolet photoelectron spectroscopy and scanning tunneling spectroscopy
measurements on highly ordered ultrathin films of hexaperi-hexabenzocoronene on A(111)
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Hexaperi-hexabenzocoronen€,,H,s, HBC) films adsorbed on the Alill) surface were investigated by
means of ultraviolet photoelectron spectroscdg?S and scanning tunneling spectroscd®'S. 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 @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.
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I. INTRODUCTION cells at a cell temperature of 690 K and a vapor pressure of
3% 10 &mbar. The evaporation was done after a thorough
The knowledge and understanding of the metal-organiglegassing of the cells at600 K for 12 h. The deposition
interface plays a significant role in the further developmentate was about 0.6VL) per minute, and was calibrated via
and improvement of organic and molecular electronics. FOgcanning tunneling microscog$TM) for thin films and via
instance, injection barriers and therefore operational voltage&uartz microbalance for thicker films. During and after film
of electronic and optoelectronic devices like organic “ght'deposition the substrate was kept at room temperature. For

emitting devices(OLED’s) are influenced by the energy- t a diff t fil d ited onto th
level alignment at the contactdn particular, highly ordered every measurement, a difterent Tiim was deposited onto the
which was previously prepared by several

thin molecular films can provide a deeper insight into thed0ld crystal, \ 1S .
physical processes at those interfaces. Consequently, ts@utter/annealing cyclg§00-eV Ar" ions, 870 K to obtain

mechanisms of growth as well as the optical and electroni@n acceptable level of surface cleanlingssntrolled by the
properties of certain model compounds on various metalli®bservation of C & and O IS core-level spectra in x-ray
and semiconducting substrates have been studied in @etail. photoemission spectroscopgPS)] and to exhibit the typical

A large number of ultraviolet photoelectron spectroscopy(22xv3) surface reconstruction. The ordering of the films
(UPS investigatiﬁns of the metal-organic interface were al-yas checked by low energy electron diffractibtEED).

ready reported:*! Large flat hydrocarbons like hexzeri- Ultraviolet photoelectron spectroscopy measurements

hexabenzocoronentHBC) are useful as relatively simple o0 carried out in a separate chamber at a base pressure of
model compounds which have been shown to grow in larg?xlO‘lombar using a hemispheric analyZ&G Clam2

ordered domains and which have interesting electroni . X o
properties-> Among those, HBC is especially interesting be- equipped with radiation sources for UV and x-i@de1, 21.2

cause of its high symmetry. The growth of HBC and deriva-€V, and MgKa, 1253.6 eV. For Hel excitation, the elec-
tives on different substrates like highly oriented-pyrolytic tron energy distribution curve€EDC’s) were obtained at a
graphite(HOPG and metal dichalcogenidé$!as well as  2-eV analyzer pass energy, which implies an analyzer reso-
scanning tunneling spectroscopy measurements of selfution of 50 meV. For the work-function measurements, the
assembled alkyl-substituted HBC in solutibthave already sample was held at 3-V bias to clear off the detector work
been reported. A very high charge carrier mobility was ob-function. The peak onsets, and the high-binding-energy cut-
served for self-assembled alkyl-substituted HBC stacks inffs, respectively, were determined by an intersection of the
the stack direction® Recently, a UPS study of the electronic tangents of the peak and tkteackgroungl base line, with an
structure of rather thick evaporated HBC films grown ongyerall error of estimated: 100 meV.
different substrates was publishtdHere we report a com- Scanning tunneling spectra were obtained with a UHV-
bined UPS/STSscanning tunneling spectroscopstudy of g1y system(Omicron STM/AFM at a fixed tip-sample
the interface between highly ordered HBC and thelAd)  geparation. The bias voltagé was applied in a way that
surface, and the nature of interaction at this interface. positive voltages mean electron-tunneling into unoccupied
states of the sample. When recording 1i{¥') curves, the
actual scan was stopped, the tip was moved to the desired
The organic films were deposited under ultrahigh-vacuunposition, and after a delay of 2.5 ms the feedback loop was
(UHV) conditions by evaporation from low-flux sublimation switched off and a voltage rana typical step size 20 mV
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FIG. 1. Typical LEED pattern of thin HBC films, taken at a FIG. 2. STM(current-) image of a 2—3-ML HBC on a Ad1l)
24-eV beam energy. Shown is the example of a 2-ML-thick film.film (U=1.0V; 1=0.2 nA; 2020 nnf; not drift corrected, unfil-
The simplicity of the LEED pattern indicates a single-domain tered raw data The inset shows the structural formula and the van
growth mode. der Waals dimensions of the HBC molecule.

per 0.2 mgwas applied. With completion of this procedure, \yould correspond to a commensurate2x 27)R30°

the interrupted scan was conti_n_ued. The measurement ranggycture with respect to an unreconstructedl4d) surface.

of the tunnel current preamplifier was50 nA, to safely A more detailed analysis, including scanning tunneling mi-
avoid overmodulation at the ends of thev) curves. The croscopy investigations, yields a point-on-line coincident
recordedl (V) curves at one position were averaged over algrowth mode, with the important observation that the adsorp-
least ten successive ramp repetitions, and the derivativagpn of HBC on the A(111) surface change&veakens its
were calculated numerica”y. To avoid Singularities in thesurface reconstruction. An annea"ng of HBC mu|ti|ayers
normalized derivative d1/dV)/(1/V) at V=0, we added a causes desorption of HBC until the HBC monolayer, but up
small constant to the value bfV following the procedure of to a temperature of 870 K the LEED pattern of this first
Ref. 18. The W tips used were electrochemically etched ifmonolayer did not show a remarkable change or intensity
NaOH solution, and rinsed in distilled water and pure ethaioss. With STM the mutual molecular alignment could be
nol. After transferring the tips into the vacuum system andobserved; it exhibits a hexagonally close-packed structure of
before every measurement, the tlpS were annealed at ab%parenﬂy f|at_|y|ng molecules W|t|p6mm symmetry, as
870 K and Sputtered with 2-keV Arions to remove any shown in F|g 2 for a 2—-3-ML HBC film. This |ayered
contamination. For the absorption measurements, a Shigrowth mode, with defect-free domain sizes of about 100

madzu spectrophotometddV-3101PQ was utilized. X 100nnf, is entirely different from the bulk crystal
structuret® comparable with the structures found on weak
Ill. RESULTS AND DISCUSSION interacting substrates like Mg®r graphite® with the ex-

A UPS ception of the unusually large lattice constant of the first
' layer. Thicker films show a compression of the lattice con-
The LEED imagegFig. 1 at 2-ML HBC coverageshow  stant down to 13.70.8A for 6-ML films. The detailed
a simple characteristic sixfold diffraction pattern accordingstudy of the growth of ultrathin HBC films on ALl1l)
to a lattice constant of 1470.5A for monolayers which single-crystal surfaces will be given elsewhéte.

{(@) g b)

FIG. 3. UP spectra of HBC on All) for
increasing film thickness from 0 Mlbare Ay to
6 ML, labeled by 0—6(a) He1 cutoff in 0° emis-
sion. (b) 30° emission difference EDC's, normal-
ized for the intensities in the Fermi plateau range.
By removing the backgroun@mainly caused by
the inelastic scattered electrons from the ¢t
HBC-induced features appear more pronounced.
(c) Valence UP spectra in 0° emission. For com-
parison, the 30° EDC for the thickest layer is
shown alsqglindicated as 6).
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TABLE I. Coverage-dependent position of the first occupiedtignal peak aEg~2.2 eV arises in the difference spectra of
valence state of the HBC/ALI11) system for different investigation 30° emission only at a coverage of 6 ML, but is permanently
methods. For STS measurements, the results at 3-ML coveral esent in the 0° spectra. For the 30° spectra the high-
show agreement with the UPS data. The values in brackets Corr@nding—energy features at 2.7, 4.5, and 6.3 eV are much
,ipl_oir;dt;g 't:heemz?sl,g\(/e;t ve peak onsdld. s the vacuum level and broader than the first three. In Table Il the photoemission

data of these higher occupied states are summarized.

UPS STS Because of the interaction between the Au valence-band
Film thickness @ First val. state First val. state First val. state €lectrons with the HBC molecules of the first layer, a broad-
(ML) (eV) resp. FL(eV) resp. VL(eV) resp. FL(ev) ening of the HBC states and a shift of the energetic levels
occur. The intermolecular interaction between the HBC mol-
e : e PHAD: e ecules within a layer is rather small. Due to the layer-by-
05-1 46 12911  59(.9 na les within a | th Il. Due to the layer-b
3 45 13511 5.9(5.6 1.4(1.2 layer growth, influences on the spectra by solid-state effects
6 4.5 1.35(1.1) 5.9(5.6) n.a.

like intermolecularpolarization and relaxation are expected
to be enhanced for thicker films, with a pronounced forma-

. tion of molecular stackéhe distance of layers 3.5 A, com-
In Fig. 3, the He EDC of a clean A(l11) surface shows ) i . T
g @iy A &ared with the film lattice constant 6f14 A). The slight

energy ofEg=0.4 eV (Ref. 21 (relative to the Fermi levl c_hanges in the spectra of the_6-ML film, with the loss of the
which is smeared out to higher kinetic energies due to thélifferent angular dependencies of the first three valence
rather large acceptance angle of the spectrometer of about &tates as can be seen in Fig. 3 and Table Il, seems to point in
This peak disappears with increasing coverage of HBcthis direction, but other effects, such as changes of the mor-
while an interesting feature appears, centered Eat  Phology of thicker films, which would lower the symmetry
=1.25eV. Its position moves S||ght|y at h|gher coverage to d)f the f||m, have to be taken into account as well. A relax-
higher binding energy of 1.35 eV at 6-ML coveragwm-  ation of the structure of the film toward the crystal structure
pare Table ). This difference between the first and the sub-could be accompanied by a tilting of the molecules out of the
sequent layers of HBC can be understood by the possibilitjayer plane. It is perhaps noteworthy to remark that Keil
of filling the photogenerated holes of the first HBC layer€t al’’ reported only one unresolved featufef about
with electrons from the Au valence band, a process which id-1-eV width at Eg=1.8eV for 10-nm-thick unordered
suppressed for subsequent layers. This different behavior $1BC films on polycrystalline gold. A different surrounding
the first two layers, the observed changes of th&1Ad) of each molecule would lead to a broadening of the first three
surface reconstruction due the absorption of HBC, and th&alence states, so only a broad feature is visible instead. This
fact that thermal desorption of a HBC monolayer from thecould further support the expectation mentioned above, al-
Au(111) surface is impossible, lead to the conclusion of athough their lower-energy resolution of 0.2 eV has to be
relatively strong interaction at the HBC-ALL1) interface. ~ considered.

To enhance the surface sensitivity, EDC’'s of the 30° The different lengths of the EDC’s shown in Fig(aB
emission were also recorded. In the case of very thin filmsindicate a reduction of the work functich by 0.7 eV down
the evaluation of the difference spectra of EDC'’s of bare Auto 4.6-0.1eV after 0.5-1-ML HBC deposition, as compared
and Au covered by HBCnormalized for the intensities at an to ®=5.3 eV for clean Aul1l), caused by interfacial dipole
energy within the Fermi plateasan possibly give an insight moments. This value increases only slightly at higher HBC
into the adsorbate-induced changes by reducing the backlepositions, as listed in Table I. The interface dipole is the
ground which is mainly caused by the Au. Interesting detailgesult of charge transfer processes at the HBC-Au interface;
were found: While a second feature is obtainedEgt therefore, no vacuum level alignment occurs. The difference
~1.7 eV for all coverage&ather weak at 0.5 ML, in the 0° A of the vacuum levels has the amount &= E¥; (film)
difference spectruninot shown herethis feature appears —EK;(Au)=—0.8eV for the thickest filmgalso see Fig. 7
only at the highest coverage of 6 ML. Conversely, an addi-A similar value ofA=—1V can be calculated from the re-

TABLE II. Higher occupied valence states of HBC on (A1) as measured by UPS for different film
thicknesses. In normal emissi¢d°) the occurrence of the fourth and fifth valence states of the thinner films
is concealed by the strong emission from the gblzhnds. The values were obtained by evaluation of the 30°
emission difference spectra, and are marked #ijh At 6-ML coverage, the fourth valence state splits into
two parts, and a large shoulder on the high-binding energy side appears. The values in brackets correspond
to the respective peak onseftBeatures indicated b (1) are not visible in 0430°) emission)

Film thickness Second val. state Third val. state Fourth val. state Fifth val. state
(ML) resp. FL(eV) resp. FL(eV) resp. FL(eV) 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(2.07 2.7 4.45¢
6 1.75(1.6) 2.2(2.1) 2.8 4.5
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ported work function valu@ =4.1 eV for 10-nm HBC films 351 15 10

on polycrystalline AU’ assuming a work function ofp 554 ls

=5.1eV for the bare polycrystalline Au. The occurrence of 10 le

interfacial dipoles has often been observed at metal-organic 25 1 diidv/ (IV)

interfaces, and was already discussed in détdind refer- =0l s 5t \/\ / 14

ences therein = = 12 =4
The binding energy of the first valence state of the solid § 154 3 o ~—~—— 0 =

film?® with respect to the vacuum energy leve}~5.9ev ~ ° 3 V)

(peak-centeris unaffected by the film thicknegss can be 10 5 1?

calculated from the values in Table | with the work function 5 [ difdv {4

of the film). A comparison of the most prominent features of 16

the EDC with the UP spectra of the HBC molecule inthe gas 0~ % > ) 0 1 2

phase [first vertical ionization potentiall ,(gasy=6.8eV bias voltage [V]

(Refs. 24 and 28 yields an energetic shift in the UP spectra.
A value of AE=1,(gas)- I ,(film) ~1.1 eV can be estimated FIG. 4. Differential conductivitydl/dV and normalized!1/dV
for the thickest film, corresponding to a relative shift of the curves of a 2—3-ML-thick HBC film on A11), obtained numeri-
peak centers. The observed value lies in the region of relaxcally from the averaged(V) curves(12 repetitions The curves
ation energies reported for large aromatic hydrocarbons lik&/ere measured at a large tunneling gap for different positions, and
AER=1.15eV for polycrystalline tetracene filibut a fur- O lateral depende_nce was foun_d. A pronounced f(_aature amsgnd
ther relaxation for thicker films is likely to occdf. =—1.4V appears in the normalizaii/dV curve. This feature is
The carbon & peak observed in the x-ray photoemissionv's'ble in thed_l/d_\/_curve top, but is sllgh_tly shlﬁgd. The feature
spectra (not shown here for 1 ML was found atEg around 1.8 V is visible only in the normalized derivative.
=284.3eV, and its position did not change significantly at
higher coverage; hence there is no indication for energy leveV and a tunneling current setpoint of 0.1 rduring image
bending in the thickness region investigated here. Speciakcording, and before switching off the feedback lpayor-
attention was paid to check whether organic films are damresponding to a tunneling resistance Rf 13 XX). Those
aged by the alternating structur@EED) and spectroscopic conditions represent the imaging limit. In the spectroscopy
(UPS, XPS$ investigation methods. It was found that the voltage range of —2—+2) V, maximum currents of about
photoemission spectra before and after recording a LEELL-8 nA were drawn. We plot the normalized derivative
image(with an increased electron radiation time up to about(d1/dV)/(1/V)=dInl/dInV of the tunneling current ver-
4 min) do not exhibit any changes. Therefore, the radiationsus the applied bias voltagé (the so-called spectroscopy
damage by electrons is negligible. Likewise, radiation damplot), which is related to the density of stafésA normal-
age by either x rays or UV light were not visible in(@ual- ization of the differential conductivitd|/dV is advisable for
ity) difference of LEED images taken before and after pho-an appropriate evaluation of the tunneling spectra, especially
ton irradiation, even when those were extended up to 3 h. Wi larger voltage ranges are covered. In this case small fea-
can conclude that highly ordered HBC layers on(BLl) tures in the differential conductivitdl/dV can become in-
present an exceptionally stable model system. visible due to the large increase in the differential conductiv-
ity itself for the higher voltagegas it can be seen in Figs. 4
and 5. Different approaches of density-of-sta{@09) de-
convolution have also been discus$&é’On the other hand,
While UPS and XPS represerftegral investigation not only the peak visibility but also the peak position can be
methods, locally resolved information about the electronicstrongly influenced by the normalization procedure. This ef-
structure of an adsorbate can be provided by scanning turiect was analyzed extensively by LaffNevertheless, here
neling spectroscopy. However, for meaningful STS measurewe concentrate on an analysis of the normalized derivatives.
ments one has to obey certain constraints: First, in order t®ther studies confirm that the normalized derivative is also
make sure that the spectra characterizengact molecule on  suitable for a characterization of organic adsorbate
the surface the STM images taken before and after the speclayers®®3!
troscopy should not reveal any differences. Second, the spec- In the investigation of 2—3-Mo-thick films at this large
troscopy data taken repeatedly at one point should exhibiip-sample separatiofFig. 4), the most pronounced feature
identical features. As a general rule, the accessible voltageppears at a bias voltage ofl.4 V in the normalized de-
range is rather limited in STS, due to the increased likelihoodivative, corresponding to the first occupied st©MO).>2
of film damage by the high electric field at elevated voltagesThis feature is visible in thell/dV curve too. Thus in STS
Thus the amount of reliable STS data is considerably rethe HOMO feature is found at the same energetic position
duced. At room temperature, the molecules are usually moEg=1.4eV) as in UPS. This is the expected result, because
bile, so only molecules embedded in closed films or largeén both methods the DOS of a molecular film on a surface is
islands can be investigated. probed, and for large tip-sample separations the effects of the
For the system investigated here, the most reliable antbcal (on a molecular scalevariations of the DOS as well as
reproducible STS data were recorded at relatively large tunef the tip-molecule interactions should vanish. At a positive
neling distances, which were defined by a bias voltage of 1.3ubstrate bias, another strong feature can be seen around 1.8

B. STS
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V) difdv Au(111)  HBC-multilayer
0J -30 T T T e —— — -15
2 -1 0 1 2 FIG. 7. Proposed interfacial energy-level diagram of the HBC-
bias voltage [V] Au(11)) interface for multilayer coverages.

FIG. 5. Differential conductivitydl/dV and normalizedi!/dV . . . .
curves of a 2—3-ML-thick HBC film on A@11), obtained numeri- sidered, in STS the probe itself can strongly influence the

cally from the averaged(V) curves(12 repetitions The curves ~E/€Ctronic properties of the sample under investigation. This
were measured at a small tunneling distance. The feature arourld €SPecially true for small tip-sample distances. To give an
0.8-0.9 V is visible in both theI/dV and spectroscopy plots. The €Xample, if the tunneling resistance is largely decreased, the
feature at negative voltages is hidden in thedV curve by its ~ SPectrum seems to be compressed, i.e., the peaks are now
large ascension. closer to the origin, and the spectrum appears more symmet-
ric, as the curve in Fig. 5 indicatém this case, the tunneling
V, at the end of the accessible voltage rafigefore sample resistance, which defines the tunneling distance, is reduced
damage would occiurHowever, this feature appears only in to R=5 G(), while a maximum current of-20 nA was
the normalized derivative, not in the simple derivative. Todrawn at—1.5 V). The origin of this behavior is the largely
ensure that this peak is not caused by the normalization prdacreased interaction of the tip with the molecule. Interfer-
cedure itself, we compare this with optical measurements. ence effects become importatitand the high electric field
From absorption measuremen(isee Fig. 6 of thicker can influence the electronic states. Additionally, due to its
HBC films (~5 nm), we determined the optical gap E-gpt polarizability, the molecule can be_lifte_d from the_surface.
~2.8eV, taken from the onset of thienergetically lowest ~ One could say that the tunnel junction is now dominated by
absorption band. If we compare this optical gap of 2.8 e\iip-molecule interaction effect_s. Alternatively, it is feasible
with the gap of~3.2 eV yielded from the peak distance in that due to the small tunneling gap a molecule becomes
STS measurements, we obtain an energetic difference of ot4@pped underneath the tip. This explanation is based on the
eV, well within the energetic region where the exciton bind-0observation that the strongest increase ofi(hg curve now
ing energy® of large hydrocarbons is expect&dTherefore, ~appears for negative voltages, compared to the case of larger
the results obtained from the STS measurements are verifiddnneling gaps. However, one has to keep in mind that the
by the results of the optical measurements. STM images themselves, taken before and after the spectros-
Quite differently from the UPS measurements, where nd-oPY, remained unchanged. Therefore, we have to assume

local interaction between sample and spectrometer was coffat the additional molecule stems either from other sample
areas or from mobile molecules on the surface, as always

E[eV] present at room temperatute?’
6555 45 4 35 3 25 Monolayer films of HBC on AWl1l) exhibit a special
e ' ' ' : growth mode as described in the Sec. Il A. These monolayer
g, films are very difficult to image in STM; therefore, no reli-
0.104 able STS data, which fulfill the criteria described above, can
o be presented here.
% 0o For films thicker than 5 ML, the film morphology changes
-2 0.064 into small crystallites while trying STS measurements, even
2 at smaller voltage intervals of abo(it 1.5—1.5 V, probably
2 0.044 .
© due to the relaxation of the stress caused by the enforced
0.02- metastable layered growth of the HBC films on gold.
0.00-
200 250 300 350 400 450 500 IV. SUMMARY AND CONCLUSION

Mom] We have shown that UPS and STS give comparable re-

FIG. 6. Absorbancéoptical density spectrum of a-5-nm-thick  Sults for the electronic structure of the Au-HBC interface for
(polycrystalling HBC film on quartz glass at room temperature. films up to 3-ML thickness and large tip-sample separations.
The onset position of the energetically lowest absorption band leadd! other words, in large-distance STS the local density of
to an optical gap of-2.8 eV in the crystalline phase. states is reproduced, as in the UPS data, while in the small
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separation limit the tunneling current seems to be dominatednergy-level bending was found neither in the ultraviolet nor
by tip-molecule interaction effects, and hence the tunnelingn the x-ray photoelectron spectra.

spectra do not represent the local density of states of the
molecular film. In Fig. 7 the energy-level alignment at the
HBC-Au(11]) interface is summarized: The binding energy
of the first valence state of 1.3—1.4 dWith respect to the H. P. acknowledges the “Institut fuOberflahen und
Fermi leve) can be reproduced by UPS and STS. The bind-Mikrostrukturphysik,” especially the group of C. Laubschat,
ing energy with respect to the vacuum energy levgl, for the opportunity to use the photoemission spectrometer,
~5.9eV (by UPS is independent of the film thickness. A and their member’s assistance in carrying out the photoemis-
misalignmentA = — 0.8 eV of the vacuum levels of the metal sion spectroscopy measurements. Thanks also to S. Manns-
and organic overlayers was measured, corresponding to dald and R. Nitsche for helpful discussions. Part of this work
interface dipole. The position of the first unoccupied HBC-was supported by the “Bundesministeriunt Bildung, Wis-
related state is proposed to Bg=—1.8eV for multilayer senschaft, Forschung und Technologie” under Grant No.
coverages. In the thickness region investigated, indication fot3N7169, and by the “DFG-Graduiertenkolleg Sensorik.”
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