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ABSTRACT: Electronic states within the HOMO−LUMO gap of organic semi-
conductors play a key role in the energy level alignment of substrate−organic and
organic−organic interfaces and therefore are a defining parameter for device functionality
and efficiency. They are thought to result from structural defects influencing the specific
environment of a molecule. Varying the substrate temperature for samples grown by
molecular beam deposition, we are able to control their density. Using atomic force
microscopy and X-ray scattering techniques, we can differentiate defects depending on
their length scale and effective direction. Comparison of the respective defect density with
the density of gap states, measured directly via ultra-low-background ultraviolet photoelectron spectroscopy, enables to correlate
structural and electronic properties for different prototypical organic semiconductors. We investigate the impact of gap states on the
energy level alignment and find a direct link between structural defects and the interface dipole.

■ INTRODUCTION
The vast majority of (opto-)electronic devices based on
organic semiconductors features an architecture with at least

two different compounds forming a heterojunction.1,2

Generally, this allows a precise control of device functionality
and performance. Depending on the desired properties, the
compounds can be mixed at the molecular level (A/B)

resulting in a blend or form a planar heterojunction (A-on-B)
with an ideally sharp interface between the two organic thin
films.3−5 A phenomenon observed for the flat interface is the
so-called energy level alignment (ELA), where the relative
positions of the molecular frontier orbitals can be shifted, and
energy barriers can be smaller or larger than what is
theoretically expected.6−9 Different mechanisms have been
proposed to explain this behavior, but, until now, a unifying
model is still elusive and depending on the reactivity of the
substrate, different cases must be distinguished.9−14 For the
case of weakly interacting, inert surfaces, it was proposed that
ELA is in fact governed by a small density of electronic states
within the energy gap of the organic compounds (gap
states).15−18 They are thought to result from structural or
chemical defects acting as dopants, and also, theoretical studies
modelling the presence of gap states underline the importance
and impact on the ELA mechanism.19−21 It was demonstrated
that their appearance is a common feature in molecular thin
films and their density can be controlled by changing
preparation parameters.15,22−25 Until now, this was mainly
done by chemical or molecular doping using different organic
or inorganic dopants.22,26,27 In the present study, an approach
alternative to doping is applied: by using different substrate
temperatures during the growth of the respective organic thin
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Figure 1. (a) Schematics of the investigated compounds: pentacene
(PEN, C22H14), perfluoropentacene (PFP, C22F14), [6]phenacene
(C26H16), and C60. (b−e) Schematic representation of the different
structural defects which are a possible cause of the electronic gap
states, each of which represents a different length scale or orientation.
Rather large defect sources such as boundaries between different
domains (b) or the tilt of crystallites relative to the surface normal (d)
can be distinguished from microscopic irregularities introduced by
crystallite size, misfits, vacancies, or impurities [red block, (c,d] in the
in-plane and out-of-plane directions.
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films, the density of structural defects can be controlled.28−30

Since the ultraviolet photoelectron spectroscopy (UPS) signal
of the gap states is some orders of magnitude smaller than the
typical signal of valence states, a direct measurement turns out
to be difficult and is only achievable by acquiring UPS data
with an ultralow background. Such an approach allows for data
acquisition and quantitative visualization of the density of gap
states even on a logarithmic scale. Additionally, complications
intrinsic in electrical transport measurements, like the effect of
external contact interfaces,31,32 can be overcome. We combine
UPS measurements with different techniques for structural
investigation to identify which kind of defect33−35 is the main
source of the gap states.
Our main focus lies thereby on rather large-scale domain

boundaries36 (Figure 1b) and microscopic dislocations, point
defects, or impurities (red block) within the organic
crystal,37,38 which, in turn, can be divided into in-plane and
out-of-plane defects (Figure 1c,e). By changing the substrate
temperature during growth of the different thin films, with all
other growth parameters kept constant, we are able to
effectively control the density of defects.39 However, due to

the dynamic nature of thin-film growth, it is quite difficult to
control the density of only one specific kind of defect while
keeping the others constant. For this reason, we conducted a
comprehensive comparative study of four different compounds
(Figure 1a) grown on a SiO2 substrate and examined their
respective gap state densities against the density of defects
described above.

■ METHODS

The samples were prepared within the UPS setup, and the gap
state density was measured without breaking the vacuum (p <
1 × 10−8 mbar). Before installation, the silicon substrates
(ntvSi) with a native oxide layer of 2.0 nm were cleaned in an
ultrasonic bath with acetone, 2-propanol, and demineralized
water successively. Before each sample preparation, the
substrates were heated to over 700 K overnight to desorb
residues. The deposition rates were kept at 2 Å/min, which
was monitored using a water-cooled quartz crystal micro-
balance (QCM) during growth. The molecules were
evaporated from thermally shielded Knudsen cells. The ntvSi
substrates were mounted on a molybdenum sample holder

Figure 2. Ultra-low-background UPS spectra of the gap state region for (a) PEN, (b) PFP, (c) [6]phenacene, and (d) C60. Colors correspond to
the substrate temperature during growth: blue (250 K), red (300 K), and yellow (350 K). The spectra are shifted horizontally to the respective
HOMO edges to allow for a better comparison. The straight lines approximate the observed gap state densities occurring as exponential tails
reaching into the band gap. The insets show the relative amount of gap states normalized to the respective room-temperature sample (300 K, red).
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with options of resistive heating and cooling by liquid nitrogen
as required. The substrate temperature was monitored using a
thermocouple attached to the sample holder in close proximity
to the substrates. For all samples, the temperature during
measurements was the same (room temperature, 300 K).
The UPS measurements were performed using an ultra-low-

background, high-sensitivity UPS apparatus with a hemi-
spherical electron analyser (MBS A-1) and either a
monochromatic HeI (energy: 21.2 eV) or XeI (8.4 eV)
radiation source. The gap state density spectra were typically
recorded over 90 min. All UPS spectra were recorded at
normal emission with an acceptance angle of ±18°. The He or
Xe light was incident at 45° with respect to the sample surface.
A bias of −5 V was applied to the sample in order to detect the
secondary cutoff. PEN, [6]phenacene, and C60 were measured
using a HeI discharge lamp with a photon energy of 21.2 eV
and a very high surface sensitivity so that only the top few
layers are probed. Only the PEN data were measured using the

XeI light source, explaining the slightly different shape <0 eV
due to a larger penetration depth and the measurement being
more sensitive to slightly different molecular arrangements in
deeper, hidden layers within the film, a common feature in
PEN thin films.
The binding energy scale is referred to the Fermi level

measured on a metal substrate. Ionization energy values were
obtained as IE = EHOMO + ϕ = EHOMO + hν − Ecutoff, where ϕ is
the work function of the sample, defined as the energy
separation of the vacuum level (VL) from the Fermi level.
EHOMO is the HOMO edge position, and Ecutoff is the cutoff
position. Since UPS can only measure the HOMO
distribution, which does not take part in the energy level
alignment in the investigated systems, an increase of gap state
density for the LUMO states can only be assumed.
Experimentally, inverse photoelectron spectroscopy (IPES)
could also be used to investigate the gap state distribution for
the LUMO, but the sensitivity that can be reached is some

Figure 3. AFM images of (a) PEN, (b) PFP, (c) [6]phenacene, and (d) C60 thin films grown at 250 K (first row), 300 K (second row), and 350 K
(third row), respectively. In the bottom figures, the evolution of the domain boundary length, normalized to the room-temperature sample, is
shown. A general trend is the increase of domain size with the increase of substrate temperature and an accordingly decreasing domain boundary
length.
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orders of magnitudes below the one for UPS, and so far, no
direct detection of gap states is possible.
The X-ray experiments were done at beamline I07 of the

Diamond Light Source in Didcot, U.K., and the Soleil
Synchrotron in Saint-Aubin, France, using a Pilatus 100 K
(Diamond) and XPAD (Soleil) detector and a monochromatic
X-ray beam at 13 keV (wavelength 0.95385 Å). Slits directly in
front of the detector were used to mimic a point detector
where needed. An incidence angle of αi = 0.1° was chosen for
the grazing incidence X-ray diffraction measurements. By
keeping the incoming X-ray beam at a shallow angle close to
the critical angle, one obtains surface sensitive information
about the arrangement of molecules in the top layers. To
obtain the coherently scattering island size Dcoh, the Bragg
reflections were fitted with Gaussians functions and the full
width at half-maximum (fwhm) of the q-space inserted into
Scherrer’s equation (Dcoh = 2πK/fwhm, with K = 0.94 for
spherical crystallites). Rocking scans were measured by
keeping the incident and exit angles of X-rays constant,
which fixes the scattering vector. Rocking the sample around
its central axis probes the width of a particular Bragg reflection,
that is, the range for which the scattering condition is fulfilled.
For the qualitative peak analysis, a reference image of a Si-

Bragg reflection was obtained. In the out-of-plane defect
analysis, a contrast factor of unity was assumed.
PEN was purchased from Sigma-Aldrich with >99.9% purity,

PFP (99.9% purity) was purchased from Kanto Denka Kogyo
Co., [6]phenacene was bought from NARD Co., Ltd. (Japan,
purity 99.9%), and C60 was bought from CreaPhys (99.9%).

■ RESULTS AND DISCUSSION

Gap State Density. Figure 2 shows UPS data of the
HOMO gap state regions of 20 nm thin films of (a) pentacene
(PEN), (b) perfluoropentacene (PFP), (c) [6]phenacene, and
(d) C60. For each compound, we compare three films
prepared at different substrate temperatures (250, 300, and
350 K). To visualize the change in gap state density, the
spectra for each compound are shifted to align with their
respective HOMO edge [which corresponds to the onset in
the linear scale (see Figure S1)], and the energy values are
given relative to this. First, we note that for each compound,
the density of electronic gap states scales with the substrate
temperature. As a general feature, an increase of gap states
going from the high-temperature samples (yellow) to room
temperature (red) to the low-temperature samples (blue) is
observed. The shape of the electronic gap states varies for
different compounds and temperatures; however, it can

Figure 4. GIXD data of organic thin films: (a) PEN, (b) PFP, (c) [6]phenacene, and (d) C60. Colors correspond to the substrate temperature
during growth: blue (250 K), red (300 K), and yellow (350 K). The inset shows the obtained in-plane defect density from the averaged width of
the respective Bragg reflections and normalized to the room-temperature sample.
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generally be approximated by an exponential tail, indicated by
straight lines on the logarithmic scale in Figure 2. The slight
deviation of the low-temperature samples of PEN and
[6]phenacene could point toward the influence of a
predominant type of structural defect resulting in a relatively
well-defined density of additional states. For the general trend,
it appears not possible to identify any specific dependency on
molecular characteristics such as shape or polarity, suggesting
that the phenomenon is widespread and expected to be found
also in thin films of other compounds. For better comparison,
the density [i.e., the integrated area below the exponential tail
and above the background signal (gray rectangle)] is
normalized to the area of the respective room-temperature
sample and displayed in the insets. In the following, we
quantify the density of different types of structural defects for
the different organic molecules and correlate them to the
density of electronic gap states.
Domain Boundaries. To determine the density of defects

from large domain boundaries (Figure 1b), we measured
height profiles of each sample using atomic force microscopy
(AFM). The top three rows of Figure 3 show AFM data from
PEN (a), PFP (b), [6]phenacene (c), and C60 (d) at the three
different growth temperatures. The thin-film morphology of all
compounds is strongly affected by the substrate temperature.
In general, we find an increase in domain size for higher-
temperature samples and, in turn, a decrease of boundary
length between adjacent domains. To quantify the domain size
changes, we extracted the boundary lengths using the software
Gwyddion40 and its built-in grain-detection function (see
Figure S2) for at least three different AFM images per sample.
Comparing the trend by normalizing to the room-temperature

film, as was done for the density of electronic gap states, we
find the boundary length increasing between a factor of 1.75
for the low-temperature PFP sample to 1.35 for the low-
temperature PEN sample, with the decrease reaching from 0.76
for high-temperature [6]phenacene to approximately a factor
of 0.30 for the high-temperature PFP sample compared to the
respective 300 K films (Figure 3, bottom row). Comparing the
domain boundary length extracted from each of the AFM
images with the density of electronic gap states (Figure 2,
insets), we find that both decrease for the high-temperature
samples, however with a somewhat different scaling.

In-Plane Defects. Using X-ray techniques allows to study
structural defects also related to the crystal structure. Figure 4
shows grazing incidence X-ray diffraction (GIXD) data of
organic thin films of (a) PEN, (b) PFP, (c) [6]phenacene, and
(d) C60, deposited at different substrate temperatures. All
samples are polycrystalline and, consistent with the literature,
PEN, PFP, and [6]phenacene thin films exhibit a so-called
fiber texture (2D powder) with the two short unit cell axes
parallel to the substrate.41,42 In contrast, C60 exhibits Bragg
reflections consistent with randomly distributed domain
orientations (3D powder).43 In general, Bragg peak positions
for different growth temperatures are rather identical for each
compound, indicating that the crystal structure is not affected
by a change of growth temperature. Therefore, different
polymorphs can be ruled out as sources of the different gap
state densities. However, analyzing the width of Bragg
reflections, the in-plane coherently scattering island size Dcoh
can be obtained. Dcoh depends mainly on strain, dislocations,
and point defects (misfits, vacancies), which reduce the long-
range crystalline order in the thin films44,45 and can be

Figure 5. fwhm of the diffuse intensity kII
D is plotted vs L (in reduced lattice units) for (a) pentacene, (b) perfluoropentacene, (c) [6]phenacene,

and (d) C60. The colors correspond to the substrate temperature during growth: blue (250 K), red (300 K), and yellow (350 K). From the slope of
the respective linear fits, the defect density in the out-of-plane direction can be calculated. Insets show the resulting defect density normalized to the
respective room-temperature sample (red).
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converted into an areal defect density via 1/Dcoh.
46,47 For the

analysis, the width (in terms of the full width at half-maximum,
fwhm) of the observed reflections for each film was determined
and the resulting Dcoh averaged. As a general trend, Dcoh

increases with elevated substrate temperatures and the defect
density, which is inversely proportional to Dcoh decreasing
accordingly. Normalization to the room-temperature sample
gives the variation of the defect density on the substrate
temperature. Decreases to a factor of about 0.6 for the high-
temperature [6]phenacene sample and 0.8 for the high-
temperature PEN sample are observed. The increase of defects
lies between 1.2 for the C60 sample grown at low temperature
and up to 1.6 for the PFP low-temperature sample. The
temperature dependence, in general, is in good accordance
with the gap state density discussed above.
Out-of-Plane Defects. Due to dislocations and distortions,

the reciprocal lattice points of a real crystal are misoriented and
displaced relative to the ideal lattice, resulting in a diffuse
scattering signal. Following a method introduced by Nickel et
al.,37 the increasing width of the diffuse scattering signal in
rocking scans can be converted into a defect density. By
analyzing the broadening solely in the direction of the surface
normal [i.e., along (00L) reflections], we can extract the
density of defects in the out-of-plane direction. Figure 5a−d

shows the dependence of the fwhm (as kII
D, obtained from

Gaussian fits of the diffuse scattering signal) on the momentum
transfer L. Characteristically, we find a linear increase for which
the slope can be directly converted into the defect density for
an unchanging film thickness. As apparent from the normalized
defect density shown in the insets, we find a strong decrease of
the out-of-plane defect density when changing from low to
room temperature for all investigated systems. On the other
hand, a change of growth temperature from room temperature
to high temperature has a much weaker impact on defect
density (also compared to the other kinds of examined
defects). For PFP, we even find a small increase in the number
of out-of-plane defects at a higher temperature. Apart from the
method described here, there are more possibilities to
investigate the density of out-of-plane defects, with the
Williamson−Hall analysis (WHA) being the most prevalent.
The results from the WHA and the analysis of the average tilt
of crystallites with respect to the surface normal (mosaicity)
highlighting the same general trend are shown in the
Supporting Information (Figures S3 and S4).

Energy Level AlignmentImpact of Gap State
Density. Last, the impact of the gap state density on the
interface dipole (ID) between the substrate and the organic
thin film is studied. Figure 6 shows the ELA of (a) PEN, (b)

Figure 6. Schematic representation of the ELA of (a) PEN, (b) PFP, (c) [6]phenacene, and (d) C60. For PFP and C60, a positive ID (indicated in
red), resulting from electrons moving from the substrate into the “empty” LUMO states, dependent on the gap state density can be observed. For
PEN and [6]phenacene, the energy barrier between Fermi energy and both the HOMO and LUMO states is too large, leading to no transferred
charges and no gap state density-dependent ID. Also indicated are the conduction band maximum (CBM) and the valence band minimum (VBM)
of the substrate. We expect the electrons to be transferred from the partially filled conduction band into the empty LUMO states of the respective
compound.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03096
J. Phys. Chem. C 2021, 125, 17929−17938

17934

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03096/suppl_file/jp1c03096_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03096?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03096?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PFP, (c) [6]phenacene, and (d) C60 on a silicon substrate. In
general, within the gap state model, the ELA between the
substrate and organic film is governed by the energy distance
between the substrate Fermi energy and the HOMO (LUMO)
distribution as well as the exact shape of the distribution.20 As
shown in Figure 2, the density distribution of gap states
depends strongly on the substrate temperature during growth
and differs for the investigated systems. For example, the
extension of states may reach an additional 100 meV for low-
temperature [6]phenacene and as much as 400 meV for low-
temperature PFP into the electronic gap compared to the
respective high-temperature sample. Here, it has to be noted
that so far, due to experimental restrictions, only a direct
measurement of HOMO gap states is possible. The direct
detection of gap states reaching out from the LUMO level,
which is principally accessible with inverse photoelectron
spectroscopy (IPES), is still elusive. However, the impact of an
altered LUMO gap state density on the ELA can be studied
using a conventional UPS setup and is evident from the PFP
and C60 data, where a positive interface dipole (ID, indicated
in red) can be observed. This can be attributed to a charge
transfer through tunneling from the substrate into the empty
LUMO gap states of the organic layer.20,48 Since the substrate
work function was identical for most of the compounds, a
change in magnitude in the ID can be exclusively ascribed to
the broadening of the LUMO distribution (i.e., gap state
density). With more gap states accessible, more electrons can
be transferred, thus leading to a higher observed ID. For PEN
and [6]phenacene, the energy barrier between Fermi energy
and both the HOMO and LUMO states is too large, leading to
no transferred charges, and no gap state density-dependent ID

can be observed. The LUMO positions (electron affinities, EA)
indicated here are taken from IPES measurements found in the
literature: EAPEN = 2.35 eV,49 EAPFP = 4.12 eV,49 EAC60 = 3.98
eV.50 For [6]phenacene, no IPES data can be found. However,
the electron affinities of the closely related [5]- and
[7]phenacenes are 3.2 eV51 for [5]phenacene and 3.1 eV51

for [7]phenacene. Assuming a linear dependence of the energy
gap width as for acenes, we estimate EA of [6]phenacene to be
3.15 eV.

■ CONCLUSIONS

We investigated the impact of different structural defects on
the gap state density of four prototypical organic semi-
conductors as well as the role of such defects in the ELA by
complementary X-ray scattering, AFM, and ultra-low-back-
ground UPS measurements. Varying the growth temperature
of the respective thin films allows us to control the density of
electronic gap states, with a lower temperature leading to a
higher density of observable states. Comparing the dependence
of gap states and structural defect density on growth
temperature, we can link the two aspects and even pinpoint
the impact of defects of different spatial distributions and
length scales. In Figure 7, the gap state density and the
different defect densities are summarized. In general, the
density of all types of defects decreases with a higher substrate
temperature; however, the exact temperature dependence is
somewhat different. Notably, the in-plane defect density
obtained from the coherently scattering size Dcoh is in good
agreement with the gap state density variation. Since gap states
are thought to result from deviations in the overlap of
molecular orbitals and the rod-like compounds grow standing

Figure 7. Gap state densities and structural defect densities for different organic compounds grown at different substrate temperatures.
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up and in a layered fashion, the overlap is mainly localized
inside planes parallel to the substrate. A smaller (in-plane)
Dcoh, that is, more strain, defects, and dislocations, has
therefore a large impact and a strong influence on the precise
electronic landscape of the thin films. This assumption is
further confirmed by the C60 data. Since C60 is a spherical
molecule, the molecular orbitals are uniformly distributed in
every spatial direction and the impact of defects on the gap
state density is expected to be independent of a predominant
direction.52 As can be seen in Figure 7d, this is the case with an
overall decrease of defect density and the gap state density
following the trend of both out-of-plane defect density and the
in-plane defect density. Further insight into the origin of gap
states is gained by comparing the absolute values of the gap
state density with the absolute value of the in-plane defect
density (Figures S1 and S2). We find the gap state densities of
PEN and PFP to be significantly smaller than those for
[6]phenacene and C60, which correspond well to the
difference in structural defect density between the former
and latter. Additionally, we can conclude that a key factor
governing the ELA at the substrate/organic interface is the
energy gap between substrate Fermi energy and HOMO/
LUMO states and the exact distribution of the density of gap
states. If the energy barrier between the substrate Fermi energy
and the HOMO/LUMO states is small enough, an interface
dipole, due to charge transfer, can be observed. Its magnitude
depends strongly on the gap state density with more charges
transferred when the substrate temperature is decreased during
growth.
In summary, by adjusting the density of structural defects

(e.g., by temperature variation, exposition to gases, or
sputtering techniques), the ELA at inorganic/organic interfaces
can be controlled. This opens up new possibilities for tuning
the functionality and increasing the efficiency of devices based
on organic semiconductors such as organic light-emitting
diodes (OLEDs) or organic solar cells.
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orcid.org/0000-0001-8152-6386;

Email: alexander.hinderhofer@uni-tuebingen.de

Authors
Jan Hagenlocher − Institute for Applied Physics, University of
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