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Abstract: PTCDI-C8 molecules are vapor-deposited onto reconstructed Si(100)—(2× 1) surface under
ultra-high vacuum. X-ray photoelectron spectra reveal a bond formation between oxygen atoms of
the molecules’ carboxylic groups and Si dangling bonds of the substrate. Following PTCDI—C8 film
growth, ultraviolet photoelectron spectra show a drop in the HOMO level with respect to the Fermi
level from 1.8 eV to 2.0 eV and a monotonic work function increase from 2.5 eV up to 3.3 eV. For a
film thickness of 6.0 nm, a difference of 1.5 eV between the HOMO level of the film and the valence
band maximum of the substrate is accomplished.

Keywords: thin films; organic layers; semiconductors

1. Introduction

The functionalization of inorganic semiconductors by direct bonding of organic
molecules to the surface is a fast-growing area of research, due to a wide range of ap-
plications of such systems in optoelectronic devices [1–4]. Simultaneously, there is also
great interest in these interfaces regarding the fundamental science. Therein, the deposi-
tion of molecular thin films usually proceeds onto well-defined inorganic surfaces, and
their characterizations or modifications are performed in situ. Such conditions allow the
indication of interactions between components and their influence on system properties.
Moreover, the possibility of interface modifications with atomic precision is achieved. For
instance, adsorbed organic molecules can play a role of precursors for the synthesis of
(nano)graphenes on semiconducting surfaces by scanning tunneling microscope (STM)
tip-induced dehydrogenation [5].

It is well-documented that the electronic properties of the junction between an or-
ganic film and an inorganic substrate depend on the chemical interaction of molecules
constituting the film with the substrate surface, as well as the morphology of the de-
posited film [6–10]. As was shown on conventional IV and III-V semiconductors, the
chemical interactions can be tuned by changing the molecular chemical composition, for
example, metal atoms coordinated by complex compounds such as phthalocyanines or
tris(8-hydroxyquinoline) [10,11]. At the interface, the thin-film morphology results from the
interplay between molecule–substrate and intermolecular interactions. Si and Ge possess
strongly interacting surfaces with high densities of reactive dangling bonds. As a result,
organic molecules are generally covalently bonded to these surfaces and the formation of
chemical bonds limits their diffusion and, as a consequence, self-ordering, as was shown
for perylene derivatives [12–14]. The interfacial interactions between organic molecules
and inorganic semiconductors impact the electronic structure of formed systems due to an
electron transfer at the phase boundary. This results in offsets of occupied and un-occupied
bands of systems.
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A series of available perylene and its derivatives were studied with respect to their
application in various (opto)electronic and photovoltaic devices as well as electrocata-
lysts [15–17]. Among these derivatives are N,N′-dialkyl-3,4,9,10-perylene-tetracarboxylic-
diimides (PTCDI-Cn), for which the base compound is PTCDI (C24H10N2O4) with the alkyl
chains attached to two nitrogen atoms. By varying the length of alkyl chains, the distance
between adsorbates in bimolecular systems can be controlled and, thus, influences the
power conversion efficiencies of organic photovoltaics [18]. The electronic structure of thin
PTCDI films on semiconducting surfaces has been previously investigated, using photo-
electron spectroscopy methods, for Si(111) [19], TiO2 [20,21], Ag/Si(111)-

√
3 ×
√

3 [22] and
Sn/Si(111)-2

√
3 × 2

√
3 [23]. The chemical interactions and band alignments for PTCDI-Cn

in contact with inorganic surfaces mainly concern non-conventional semiconductors, such
as MoS2 (PTCDI-C4) [24] or lead halide perovskite (PTCDI-C5) [25].

In this study, we focus on PTCDI-C8 (C40H42N2O4), a stable n-type semiconductor
that has applications in organic field-effect transistors [26,27], solar cells [28] and photode-
tectors [29,30]. In our earlier work, we have shown that the morphology of the PTCDI-C8
layer on the Si(100)-2 × 1 surface is determined by the strong molecule–substrate inter-
action, and found that the molecules are bound to the surface through oxygen from the
carboxylic group [14]. Such strong adsorbate–Si(100) interactions result in a lack of ordered
structure formation by PTCDI-C8 molecules as was shown for sub-to-multi-layer regimes
by STM [14]. In contrast to the Si(100)-2 × 1 surface, the well-ordered domains of PTCDI-
C8 were found on Si(110)-16 × 2 and Si with native oxide (SiO2) surfaces [31–33]. Due
to presence of Si–O bonding, the SiO2/Si surface is much less reactive in comparison to
the non-oxidized one, which allows for the self-ordering of molecules. In the case of the
Si(110)-16 × 2 surface, the charge transfer from the surface to the molecules occurs and
results in the self-organization of negatively charged PTCDI-C8 [31].

The variable degree of PTCDI-C8 ordering observed by us on Si(110)-16 × 2 vs.
Si(100)-2 × 1, described in Refs. [14,31], strongly suggests that the interfacial energy level
alignments are different in both systems. Therefore, in this work, we present a detailed
analysis of the chemical state and changes occurring in the electronic structure of the PTCDI-
C8/Si(100) interface during its formation. Herein, the electronic structures are probed by
both X-ray and UV photoelectron spectroscopies (XPS and UPS). The combination of these
technique allows us to confirm Si–O bond formation and explain the tendency of PTCDI-C8
molecules toward agglomeration, as described in a previous work.

2. Materials and Methods

Prior to placing p-Si(100) substrates (B-doped, Na~1018 cm−3) into an ultra-high
vacuum (UHV) chamber, samples were chemically cleaned. Next, they were degassed in
situ at 500 ◦C for 12 h, then repeatedly flashed at 1350–1400 ◦C under UHV to prepare the
initial surface. Chemical analysis confirmed the presence of small amounts of contaminants
on the surface, i.e., about 13% carbon and about 2% oxygen. Using LEED, the (2 × 1)
reconstruction of the substrate surface was confirmed. PTCDI-C8 molecules (Sigma-Aldrich,
St. Louis, MO, USA) were deposited by physical vapor deposition (PVD) on the initial
surface kept at room temperature (RT). The evaporation rate was 0.6 nm/min and was
calibrated by means of a quartz crystal resonator as in previous works [34,35]. The film
growth and its characterization were performed step by step.

The samples were characterized using XPS equipped with a Mg Kα radiation source
(1253.6 eV) and UPS with the He I line (21.2 eV). Photoelectrons were collected with a
hemispherical electron energy analyzer (Phoibos 100, SPECS) with 0.1 eV and 0.025 eV
steps for XPS and UPS, respectively. Photoelectrons were collected with pass energy values
of 10 eV and 2 eV for XPS and UPS measurements, respectively. The analyzer entrance was
normal to the substrate surface during experiments. All binding energies were relative to
the Fermi level of the analyzer, which was determined on a clean reference Au sample. No
charging effects were observed during measurements and no binding energy corrections
were used in this study.
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3. Results and Discussion

Information about chemical composition and interactions between PTCDI-C8 molecules
and the substrate has been acquired from XPS data. Four core-level lines have been
analyzed: Si 2p, C 1s, O 1s and N 1s. Meaningful changes occur in the Si 2p and C 1s regions.
In Figure 1, the XPS spectra of these energy regions collected for PTCDI-C8 films of various
thickness values ranging from 0 up to 6 nm are compared. Before PTCDI-C8 deposition,
the Si 2p core-level line consists of four peaks. They are the Si 2p3⁄2 and Si 2p1⁄2 doublet,
for which the first state is overlapped with the Si–C bond (from carbon contaminating the
substrate surface). An additional component with a maximum at 101.2 eV is assigned to
Si–O bonds. The last component with the lowest binding energy corresponds to the surface
Si. It disappears completely when the film thickness exceeds 3.0 nm.
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energy regions of (a) the Si 2p and (b) C 1s lines.

A detailed analysis of the Si 2p line for an example PTCDI-C8 layer with a thickness
of 1.8 nm, on which all components are visible, is shown in Figure 2a. It is clearly evident
that the ratio of the doublet components is disturbed. This is due to the overlapping of the
Si 2p1/2 state with the Si–C bond component.

Following film growth, the intensity of the Si 2p line declines. Its shape changes due
to intensity variations of the constituent peaks. Up to 3.0 nm, the Si–O peak increases,
whereas the Si–Si doublet decreases. The increase in the Si–O peak in the film thickness
range of 0–3.0 nm provides strong evidence for bond formation between oxygen atoms of
the molecules’ carboxylic groups and Si dangling bonds. This means that the molecules
chemically react with the surface even at RT. When the average thickness of the film reaches
3.0 nm, all components begin to shrink simultaneously. This indicates completion of the first
molecular layer, which is in direct contact with the substrate. At this stage of PTCDI-C8 film
growth, the Si–O bond formation is completed and further deposition equally attenuates
all the components of the Si 2p line, i.e., the line disappears. Following film growth, the C
1s line changes its shape and its intensity increases due to the carbon present in molecules.
An example of detailed analysis for a 1.8 nm thick film is shown in Figure 2b. The line
is fitted by four components. The complex shape of the C 1s core-level line results not
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only from the complexity of the deposited molecules, but also from carbon contaminants
present on the substrate surface prior to deposition. An adequate peak connected with
these contaminations, visible at the lowest spectrum in Figure 1b, has its maximum at
283.4 eV. In Figure 2b, this peak is marked Csurface. Its height decreases simultaneously
with the Si–C component of the Si 2p line during film growth. When the average film
thickness oversteps 3.6 nm, it disappears completely, as is shown in Figure 1b. The second
and highest peak in this stage of the film growth has a binding energy equal to 284.6 eV
and is attributed to C–C bonds in the perylene core and alkyl chains of the molecule, and
also C–H bonds. The third peak at 285.4 eV is a mixture of signals from C–N bonds of the
molecule and C–O–Si bonds, which are formed between the substrate and the molecule.
The peak at 288.1 eV represents the carboxylic groups of the molecules.
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Figure 2. Deconvolution of Si 2p (a) and C 1s (b) core-level lines measured for the PTCDI-C8/Si(100)
film of average thickness equal to 1.8 nm. The inset on (a) shows the O 1s line of this film.

Further growth of the film shifts the position of the C 1s line maximum towards a
higher binding energy. Finally, the shift equals 1.0 eV for the 6.0 nm thick film, for which
the Si 2p signal almost completely disappears. At this stage of the growth, two peaks
dominate the shape of the C 1s line. Both come from the carbon atoms of the molecule. The
spectrum can be fitted by four components as is shown in Figure 3. The first two peaks
correspond to C–C/C–H bonds in PTCDI and alkyl chains, respectively. The third peak at
286.5 eV is now mainly attributed to C–N bonds. The component with the highest binding
energy of 288.6 eV comes from the bonds of carboxylic groups.

One can see in Figure 4 the UPS spectra obtained for various values of average PTCDI-
C8 film thickness, showing that the valence band of the PTCDI-C8/Si(100) system evolves
with the progression of film growth. The electron affinity χ of clean substrate calculated
from equation χ = hν – W − Eg amounts to 2.5 eV, where: hv = 21.2 eV is the photon energy
of He I; the spectrum width W is the energy difference between the valence band maximum
(VBM) and the cutoff energy of photoemission (Ecutoff), equal to 17.6 eV; and Eg = 1.1 eV is
the width of the Si band gap. The position of the VBM is found to be 0.5 eV above the Fermi
level. The work function (WF) of the Si(100) surface, counted based on measured data, is
equal to 3.1 eV and was determined using the following expression: φm = hν − Ecutoff.



Crystals 2023, 13, 441 5 of 8Crystals 2023, 13, x FOR PEER REVIEW 5 of 9 
 

 

 
Figure 3. Main components constituting the C 1s spectral line measured for the 6.0 nm thick PTCDI-
C8/Si(100) film. 

 
Figure 4. The UPS spectra illustrating valence band evolution as a function of the PTCDI-C8/Si(100) 
film thickness. 

The calculated Fermi level position at the bulk, based on the free electron model and 
Fermi–Dirac statistics, is located 0.4 eV above the VBM. Thus, the surface band bending 
at the vacuum/Si(100) interface calculated from the equation 𝑉 = (𝐸 − 𝑉𝐵𝑀) −(𝐸 − 𝑉𝐵𝑀)  equals 0.1 eV. The bending comes from the electrostatic surface charg-
ing. Solving Poisson’s equation, we can obtain the space-charge region width 𝑋 =( ) , where ε = 11.7 is the dielectric constant of Si, ε0 represents the permittivity of 
free space and q is the elementary charge of an electron. The depletion layer width 
amounts to 11.0 nm. The HOMO level of the molecular layer becomes visible for the 1.8 
nm thick film and is placed 1.3 eV above the VBM of the substrate. For this thickness, the 

Figure 3. Main components constituting the C 1s spectral line measured for the 6.0 nm thick PTCDI-
C8/Si(100) film.

Crystals 2023, 13, x FOR PEER REVIEW 5 of 9 
 

 

 
Figure 3. Main components constituting the C 1s spectral line measured for the 6.0 nm thick PTCDI-
C8/Si(100) film. 

 
Figure 4. The UPS spectra illustrating valence band evolution as a function of the PTCDI-C8/Si(100) 
film thickness. 

The calculated Fermi level position at the bulk, based on the free electron model and 
Fermi–Dirac statistics, is located 0.4 eV above the VBM. Thus, the surface band bending 
at the vacuum/Si(100) interface calculated from the equation 𝑉 = (𝐸 − 𝑉𝐵𝑀) −(𝐸 − 𝑉𝐵𝑀)  equals 0.1 eV. The bending comes from the electrostatic surface charg-
ing. Solving Poisson’s equation, we can obtain the space-charge region width 𝑋 =( ) , where ε = 11.7 is the dielectric constant of Si, ε0 represents the permittivity of 
free space and q is the elementary charge of an electron. The depletion layer width 
amounts to 11.0 nm. The HOMO level of the molecular layer becomes visible for the 1.8 
nm thick film and is placed 1.3 eV above the VBM of the substrate. For this thickness, the 

Figure 4. The UPS spectra illustrating valence band evolution as a function of the PTCDI-C8/Si(100)
film thickness.

The calculated Fermi level position at the bulk, based on the free electron model and
Fermi–Dirac statistics, is located 0.4 eV above the VBM. Thus, the surface band bending
at the vacuum/Si(100) interface calculated from the equation Vc = (EF −VBM)bulk −
(EF −VBM)sur f ace equals 0.1 eV. The bending comes from the electrostatic surface charging.

Solving Poisson’s equation, we can obtain the space-charge region width Xd =
(

2ε0εVC
qNa

)− 1
2 ,

where ε = 11.7 is the dielectric constant of Si, ε0 represents the permittivity of free space and
q is the elementary charge of an electron. The depletion layer width amounts to 11.0 nm.
The HOMO level of the molecular layer becomes visible for the 1.8 nm thick film and is
placed 1.3 eV above the VBM of the substrate. For this thickness, the WF achieves a value
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of 3.3 eV and remains constant for thicker films. An additional peak, located 1.8 eV above
the HOMO level, appears at the UPS spectrum beginning at a film thickness of 3.0 nm. The
origin of the peak is not clear, but according to other authors [8–10], it is associated with the
π–π interactions between the cores of the molecules. As the film thickness increases, both
peaks shift slightly towards higher energies—whereas the HOMO level holds its position
1.5 eV below the VBM, unchanged. The aforementioned electron band structure of the
PTCDI-C8/Si(100) interface is schematically presented in Figure 5.
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Changes in shapes and shifts of individual peaks in the Si 2p, C 1s and O 1s spectral
lines indicate that PTCDI-C8 molecules, which are in direct contact with the substrate, are
bound to the surface through oxygen atoms of carboxylic groups. LEED patterns were not
observed for the organic film; there was only a signal at the beginning of the PTCDI-C8
growth from the initial surface. This shows that there is no long-range order, i.e., there was
no self-organization of the molecules at the Si(100) due to their strong chemical interaction
with the initial surface. This is consistent with former studies of the first stages of PTCDI-C8
film growth on Si(100) with STM, wherein a close-range arrangement was similarly not
observed [14]. The XPS results show that PTCDI-C8 molecules in direct contact with the
substrate are adsorbed with the π-conjugated molecular rings parallel to the Si(100) surface.
Similar adsorption geometry was found by STM for PTCDA on Ge(100) and Si(100) [12,13].
No chemical reaction was observed concerning alkyl chains. Thus, in the case of Si(100)
surfaces, molecular engineering of alkyl chains pinning to the PTCDI core should not
impact its self-organization on that surface, contrary to the energy structure.

The results of the aforementioned studies demonstrated that the molecules adsorbed
randomly and their bond to the surface was strong enough to prevent self-organization
of the adsorbate. As a consequence of strong molecule–substrate interaction, the film
growth was amorphous [14]. In the case of PTCDI-C8 adsorption on Si(110), the same
kind of binding through oxygen atoms of carboxylic groups, which should be of the same
strength as on Si(100), did not stop self-organization [31]. The reason for this was a strong
charge transfer from the surface to the molecule. DFT calculations showed that molecules
directly adsorbed on the surface of the Si(110) substrate became negatively charged upon
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adsorption and that the charge transferred from the substrate to the adsorbed PTCDI-C8
molecules was equal to about 0.5 of the elementary charge carried by electrons. The DFT
calculation have been confirmed by our yet unpublished UPS results. Strong Coulomb
repulsion between charged molecules resulted in some of the sub-monomolecular films
of PTCDI-C8 on Si(110) being very well-ordered. The energy band diagram of the PTCDI-
C8/Si(100) interface, determined from UPS spectra and shown in Figure 5, clearly indicates
that electron transfer from the surface to the molecule is impossible. The subsurface region
of the substrate is negatively charged due to a depletion of the holes. The valence band
maximum of the Si(100) surface is 0.5 eV below the Fermi level. When the molecular layer
reaches an average thickness of about 3.0 nm, the WF achieves its final value of 3.3 eV.

4. Conclusions

We have presented results of XPS/UPS studies on early stages of interface formation of
PTCDI-C8 on Si(100). We have found evidence for the strong interaction between molecules
and substrate through oxygen atoms of PTCDI-C8, which prevents self-organization of
the molecules. There was no evidence for the interaction of alkyl chains of the molecule
with the surface. No LEED patterns were observed in PTCDI-C8 molecule films. The
molecules are oriented such that the π-conjugated molecular rings are parallel to the Si(100)
surface. The work function of amorphous PTCDI-C8 film deposited onto Si(100) surfaces
equals 3.3 eV. The HOMO level position of the film drops from 1.3 eV to 1.5 eV below the
Si VBM following the growth progress. An additional peak related to π–π intermolecular
interactions inside the film is observed in the valence band when the film thickness exceeds
3.0 nm. The results obtained explain why electron transfer from the Si(100) surface onto the
PTCDI-C8 molecule is impossible.
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