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Abstract
The low coverage S1 phase of pentacene deposited on Ag/Si(111)-(

√
3 × √

3)
has been investigated at room temperature by scanning tunnelling microscopy
(STM) and scanning tunnelling spectroscopy (STS). Current–voltage data were
acquired simultaneously with STM images for this phase. The normalized
conductivity reveals two pronounced peaks at −1.10 and +2.25 V relative to
the Fermi level. These peaks are attributed to resonant tunnelling through the
highest occupied molecular orbital and lowest unoccupied molecular orbital
molecular levels of the pentacene layer. The electronic properties of this
interface are discussed in relation to results obtained for pentacene adsorbed on
other metallic surfaces.

1. Introduction

Organic π-conjugated compounds are of increasing interest because of their potential
applications in novel molecular scale electronic devices [1,2]. Scanning tunnelling microscopy
(STM) and associated spectroscopies are excellent techniques for investigating the properties
of organic films [3, 4]. A detailed knowledge of the structural and electronic properties of
organic interfaces is important for a full understanding of device performance. For example,
the molecular packing in an organic material can strongly influence the electron and hole
mobilities [5].

Deposition of pentacene on the Ag/Si(111)-(
√

3 × √
3) surface (henceforth referred to as

Ag/Si-
√

3) at room temperature (RT) produces three ordered solid phases, S1, S2 and S3, with
increasing coverage [6]. In this paper, we report preliminary scanning tunnelling spectroscopy
(STS) data acquired simultaneously with STM images of the first solid phase S1.
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2. Experimental details

The STM and STS experiments were performed at RT in an ultra-high vacuum system with
a base pressure of 5 × 10−11 mbar, using an Omicron variable temperature instrument. An
electrochemically etched polycrystalline tungsten tip was used.

The Si substrate was p-type boron-doped Si(111) with a resistivity of 0.1–1.0 � cm.
Atomically clean Si(111)-(7 × 7) surfaces were prepared in the usual manner by in situ direct
current heating to 1250 ◦C after the samples were first degassed at 600 ◦C for ∼10 h. The clean
Si(111)-(7 × 7) surface was checked with the STM before preparation of the (

√
3 × √

3)-Ag
surface. Silver was deposited by e-beam evaporation from a molybdenum crucible onto the
Si substrate which was maintained at 500 ◦C. Pentacene (Aldrich Chemicals) was evaporated
from a tantalum crucible in a home-made deposition cell operated at a temperature of ∼300 ◦C.
Pentacene evaporation was performed in a preparation chamber isolated from the STM
chamber. Before evaporation the pentacene was degassed at 250 ◦C for about 12 h to remove
water vapour. The pentacene evaporation rate was approximately 1 ML (monolayer) min−1.

Tunnelling spectra were acquired either in single-point mode or on a grid of specified
points within an image. In the latter mode, spectroscopy measurements were performed on a
regular subset of the image raster point. At each pixel where an I (V ) spectrum is recorded,
the scan is interrupted during imaging. The feedback loop is switched off and a voltage ramp
is applied after a short delay time in order to allow stabilization of the current preamplifier. In
between these pixels the feedback is on and the STM operates in constant current mode. While
recording I (V ) spectra it was ensured that current measurements did not exceed the dynamic
range of the current preamplifier.

3. Results and discussion

3.1. Structural properties

Figure 1 shows an STM image of the solid phase S1, obtained after a coverage of ∼0.35 ML of
pentacene on the Ag/Si-

√
3 surface. This STM image presents an area of 40 nm2 recorded at a

bias voltage of −1.5 V. The molecules adsorb lying flat on the surface, which is often observed
for physisorbed planar polyacene molecules [7–10]. Three molecular domains are observed
oriented at 120◦ with respect to each other. Within each domain the molecules are observed
to form periodic parallel rows and the individual molecules adopt a head-to-head orientation.
The unit cell vectors, b1 and b2, for the S1 phase adlayer are 18.4 and 20.0 Å, respectively, with
an angle of γ = 113◦ between these vectors. In order to determine the structure of this phase,
we performed an STM study of the initial stages of growth of the S1 phase [11], where it was
possible to image both the pentacene molecules and the structure of the Ag/Si-

√
3 substrate.

From these results, two adsorption sites were identified: a three-fold hollow site at the centre
of a Ag trimer and a six-fold hollow site at the centre of the hexagonal arrangement of silver
atoms. We have proposed that this solid phase S1 has a high-order commensurate lattice,
Ag/Si(111)-(25 × 25)-pentacene, containing 75 molecules.

3.2. Current–voltage spectroscopy

Stable STM images could only be recorded at very specific voltages. STS measurements
were performed on a grid of 10 × 10 points during acquisition of the STM image shown in
figure 1. The bias voltage was ramped from Vsample = −2.5 V to Vsample = +2.5 V with a
current–voltage set point of 100 pA and −1.5 V. Spectroscopic measurements were limited to



Scanning tunnelling spectroscopy of low pentacene coverage on the Ag/Si(111)-(
√

3 × √
3) surface S2695

Figure 1. STM image of the S1 phase. Molecules are lying flat on the surface. The unit cell vectors,
b1 and b2 , for this adlayer are 18.4 and 20.0 Å, respectively, with an angle of γ = 113◦ between
these vectors. Crosses indicate points where current–voltage spectra, shown in figures 2(a) and (b),
were measured. Boxes show the area of surface where current–voltage spectra were averaged.
Image parameters: size = 28 × 28 nm2, Vsample = −1.5 V, It = 100 pA.

this voltage range because, for higher voltages, surface damage occurred. Within this voltage
range the molecular adlayer remains intact and unaltered on the surface. This is confirmed
by the STM image acquired simultaneously with the spectroscopy measurements. Moreover
the condition of the surface was carefully checked by comparing the images taken before and
after the spectroscopy measurements. The quality of the STM image recorded during STS
acquisition was very sensitive to the current and voltage set point with the best data recorded
at the set point given above. For this reason it was not possible to investigate the dependence
of features observed in the I (V ) spectra on the tunnelling distance.

Examples of I (V ) curves, recorded at several points on the surface, are shown in figure 2.
The curves (a) and (b) represent I (V ) spectra recorded at individual points on the surface while
curve (c) shows an I (V ) spectrum averaged over several individual measurements acquired in
the square region indicated on the STM image. This averaging enhances the signal-to-noise
ratio and clearly shows sharp features. Repeated STS measurements on different areas of this
surface show that these features are reproducible.

Note that a singularity occurs at zero bias in some I (V ) spectra. This is due to an
instrumental effect in the data acquisition electronics. This type of singularity has been
observed previously [12]. However, this effect has a relatively minor consequence. Effectively,
we have performed the same STS measurements by ramping the voltage from a value slightly
above or below zero bias to Vsample = +2.5 and −2.5 V, respectively. The zero value of the
tunnelling current was then adjusted by comparing these two spectra to a single spectrum
acquired over the entire voltage range.

In order to interpret the I (V ) spectra, we numerically calculated the normalized
conductivity given by the normalized derivative (d I/dV )/(I/V ) [13]. This normalized
conductivity should be related to the local density of states (LDOS) of the surface [14]. Division
by the voltage leads to a divergence around zero bias and several methods to eliminate this
divergence have been used and discussed [14]. Here we simply add a small constant offset to
the I/V curves, without applying any broadening.
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Figure 2. I (V ) spectra recorded during STM image acquisition. (a) and (b) spectra recorded at the
points indicated by crosses in figure 1, (c) spectra averaged over points in the upper box in figure 1.

Figure 3 shows two normalized conductivity spectra (a) and (b). The spectra reveal two
pronounced peaks centred at −1.10 and +1.25 V approximately and a broader peak centred
at around 0.50 V. These peaks are indicated by the arrows in figure 3. The full width at half-
maximum of the narrowest peak is about 0.3 eV, which is typical of the resolution obtained by
this spectroscopy technique at room temperature [15].

Tip effects can play a significant role in tunnelling spectroscopy experiments.
Measurements on a series of direct-gap III–V semiconductors [13] have shown that the
normalized conductance spectrum can vary significantly with different tips. The broader
peak at 0.50 V was only seen in one set of STS measurements. We attribute this feature to the
electronic properties of the tip.

The two sharp peaks are present in all spectra. We have also performed, with the method
described here, STS measurements on the clean Ag/Si-

√
3 surface. Atomic resolution in the

STM image was obtained during these I (V ) measurements and both peaks were absent in
the normalized conductivity. We can therefore safely associate these reproducible spectral
features with the solid phase S1 formed by the pentacene film on the Ag/Si-

√
3 surface. It is

noted that no difference is observed in spectra recorded at different points or in averages over
different areas of the surface, except for changes associated with the tip as described above.
This may be explained by the relatively low signal-to-noise ratio.

The peaks at 1.10 and 1.25 eV, caused by resonant tunnelling [16] through the molecular
levels of the pentacene film, should reflect the lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO), respectively. Assuming that no band bending
occurs at the interface and that changes in the molecular potential with respect to the substrate
are negligible [17], the HOMO and LUMO energy levels are at 1.10 and 1.25 eV, respectively,
below and above the Fermi level of the film. The width of the gap then has a value of 2.35 eV.
This value is almost equal to the charge transport gap of 2.24 eV determined from intrinsic
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Figure 3. Normalized conductivity spectra (dI/dV )/(I/V ) of the pentacene film calculated from
the average I (V ) spectra measured (a) in the upper box and (b) in the lower box in figure 1. Three
peaks appear in the (dI/dV )/(I/V ) spectra as indicated by the arrows. The two pronounced peaks
at around −1.10 and +1.25 V correspond to resonant tunnelling out of and into the HOMO and
LUMO levels, respectively. The broader peak at 0.50 V is attributed to a tip effect.

photoconductivity measurements in pentacene [18]. Moreover, the electronic properties of
solid pentacene for two different crystalline phases—S (solution-phase crystallized) and V
(vapour-phase crystallized)—were recently determined from ab initio calculations [19]. In
these calculations energy gaps of 2.2 and 1.9 eV were determined for the S and V phases,
respectively, which is consistent with our experimentally determined value.

No extra peaks are observed in the I–V spectra within a range of 1.5 eV below the HOMO
and above the LUMO peaks. Assuming that the signal-to-noise ratio is sufficiently large, no
additional molecular orbitals are present in this energy range. This is consistent with band
structure calculations of solid pentacene [19] which show that the energy gap between the first
and second occupied (unoccupied) energy bands is greater than 1.0 eV.

Pentacene films deposited on several surfaces have been investigated by ultraviolet
photoelectron spectroscopy (UPS). On the samarium surface [20] the Fermi level of the metal
is measured at 1.85 eV above the HOMO onset in pentacene. On the Au(111) surface [10]
the HOMO–LUMO gap is measured to be 1.85 eV. Our measurement appears reasonable
in comparison with values quoted in the literature. However, slight differences occur in the
positions of the molecular levels with respect to the Fermi level and in the width of the HOMO–
LUMO gap. This is not surprising because charge transfer between the molecules and the
substrate depends critically on the nature of the interface [21]. In addition, the molecular
packing density may also influence the transport properties of the material. Alvarado et al
[22] have investigated the charge carrier injection into thin films of CuPc by z–V spectroscopy
measurements. They conclude that the effect of stacking results in a reduction of the HOMO–
LUMO gap with increasing strength of the intermolecular interaction. Because the pentacene-
Ag/Si-

√
3 surface has three different structures, we believe that this system is a good candidate

for investigating the contribution of molecular packing to changes in the electronic structure.
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3.3. Summary

From simultaneous current–voltage spectroscopy and STM measurements the positions of
the HOMO and LUMO with respect to the Fermi level were determined for the S1 phase
of the pentacene-Ag/Si-

√
3 surface. Comparison with data for pentacene adsorbed on other

substrates shows a difference in the positions of the HOMO and LUMO energy levels with
respect to the Fermi level and the energy gap between these two levels. STS measurements on
the three different phases should give a better understanding of the influence of the electronic
levels involved in charge injection with molecular packing.
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