Chapter 7

Structure Matters: Combining X-Ray
Scattering and Ultraviolet Photoelectron
Spectroscopy for Studying Organic
Thin Films

Alexander Hinderhofer, Keiichirou Yonezawa, Kengo Kato,
and Frank Schreiber

7.1 Introduction

In this chapter the relationship between organic film structure and ultraviolet
photoelectron spectroscopy (UPS) data is discussed. As a useful method for
obtaining detailed structural data we first summarize shortly the advantages of
X-ray scattering. Here, of course we cannot include the full body of literature on
interface-sensitive X-ray scattering but rather refer to general references. By com-
bining such structural data and electronic information from UPS new insights in the
fundamental principles of organic electronics can be obtained. On the basis of
single layer and heterostructures we discuss the dependence of the electronic level
alignment and the spectral shape of the HOMO band on the structural properties of
organic thin films. The crystallinity and therefore also the electronic properties of
an organic thin film can be tuned by controlling growth parameters such as the
substrate temperature. The examples are drawn from our own work in order to
specifically relate to other chapters in this book, which is not intended to imply that
there are no others [1-3].
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7.2 X-Ray Scattering

7.2.1 X-Ray Reflectivity

X-ray reflectivity (XRR) is a powerful tool to probe structure and morphology of
organic thin films. Here only the basic concepts of XRR are described. For the
details on this method we refer to Refs. [4, 5]. Figure 7.1 depicts the simplified
scattering geometry of XRR, for which the angle of incidence @ and the detector
angle 2 are kept equal: & = 2. Then the complete momentum transfer g has only a
non-zero component perpendicular to the substrate (g,) and can be written as:

4
qzzfsm@ (7.1)

Using the Fresnel coefficients the reflectivity R of a multilayer can be modeled
within the framework of dynamical scattering theory with a recursive formalism
described by Parratt [6].

The electron density profile of a sample can be extracted along the surface
normal by fitting the experimental data. That is, only information about the out-
of-plane sample structure is obtained. In Fig.7.2a a typical XRR dataset from an
organic thin film diindenoperylene (DIP) is shown. From fitting such a dataset the
following physical parameters, which are actually the free parameters of the fit, can
be obtained:

» Average electron density The average electron density p, of a sample is directly
connected to the total reflection edge in XRR data.

* Film thickness From the periodicity of the Kiessig or thickness oscillations the
average thickness d of a thin film can be determined.

* Roughness From the damping of the Kiessig oscillations the roughness o, of a
thin film can be determined.

¢ Qut-of-plane lattice spacing In organic thin films molecules are often ordered
in a crystal, which results in a periodic variation in the electron density of a thin
film, from which the out-of-plane lattice spacing can be determined (Fig. 7.2b).
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Fig. 7.2 (a) XRR data from a 20 nm DIP film grown on SiO; fitted with a Parratt-model. The fitted
electron density versus film thickness is shown in (b)

Since the molecules are often oriented with their long axis along the growth
direction the periodicity is on a length scale larger than 1 nm. Constructive
interference from waves scattered at the crystal planes gives rise to Bragg
reflections at certain angles. The position of Bragg reflections in XRR may be
approximated by Bragg’s law:

nd=2d, sin® (7.2)

However, in contrast to scattering from crystal powders, for XRR, the Bragg
peak positions may in general be shifted due to multiple scattering.

* Coherently scattering island size From the periodicity of the side fringes of the
Bragg reflection (Laue oscillations) the coherently scattering crystal size can be
determined. If the periodicity of the Laue oscillations and Kiessig oscillations is
equal, the film is coherently ordered for the complete film thickness.

Modeling XRR data, such as presented in Fig. 7.2a, with the Parratt-formalism
results in a complete electron density profile of a thin film as shown in Fig.7.2b,
from which the thin film parameters described above can be extracted. For organics,
the absorption £ is in the order of 1 x 10~°. Thus, for the derivation of the intensity
of specularly reflected X-rays from organic thin films f is neglected.

7.2.2 Grazing Incidence X-Ray Diffraction

To gain knowledge about lateral structures, grazing incidence x-ray diffraction
(GIXD) can be performed. Here, only the main concepts of GIXD are presented,
for details it is referred to Ref. [7].

In GIXD, the angle of incidence O is near the total reflection edge with an angle
of a.. In this case we observe total external reflection and the transmitted wave is
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Fig. 7.3 (a) In GIXD the X-ray beam has an angle of incidence near the critical angle and the
detector angle is varied parallel to the substrate by the angle 2. (b) X-rays are diffracted by the
crystalline in-plane lattice by an angle 2@, yielding information about the lattice spacing within
the plane. Picture taken and modified from Ref. [8]

very weak. It propagates along the surface with a penetration depth of A = 12ka,,
which is the distance at which the intensity falls of by a factor of 1/e. Due to the
finite penetration depth, it is called an evanescent wave. For GIXD the out-of-plane
detector angle is kept equal to the angle of incidence £ = &. The in-plane crystal
structure is probed by varying the in-plane angle 2@ related to the in-plane
momentum transfer g,, ~ 4w/ sin @ (Fig.7.3).

Samples studied in the following correspond to an in-plane powder. Thus, in the
in-plane direction crystalline domains do not have a preferred orientation, How-
ever, perpendicular to the sample surface (i.e. out-of-plane), the lattice planes are
all oriented parallel to the sample surface. Therefore probing the in-plane structure
by GIXD can be understood in terms of powder diffraction. For acquisition of this
powder diffraction pattern it is possible to use a point detector and perform a 2¢&
scan. Alternatively, it is possible to use an area detector, thereby acquiring scatter-
ing data for a whole range of exit angles in the in-plane direction. With an area
detector additional information in the out-of-plane direction ¢, is also resolved. The
momentum transfer in each direction is calculated from the following equations:

2
Gy = 7” \/( sin @ cos 2)° + (cos 2cos d — cos O)° (7.3)

q, = 27” (sin® + sin) (7.4)
7.2.3 Coherent Island Size and Scherrer Formula

The peak width of a Bragg reflection depends on the number lattice planes, which
are scattering the incoming X-rays coherently. Lower limits of the coherent
in-plane island size /; can be determined by the Scherrer formula [5]:

I, = 2z/FWHM - 0.939%4 - K, (7.5)
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Fig. 7.4 AFM image of a thin DIP film (d ~2nm) on SiO, showing crystalline islands on the
order of several um. The green dot pointed at by the arrow depicts the average defect free coherent
island size /;~30nm as determined by GIXD

Here K;=1.0747 is the Scherrer constant for spherical grains and FWHM is the
full width half maximum of the peak. Here, Eq.7.5 is mainly used to determine
the coherent in-plane island size /,. However the same formula could be used to
estimate the coherent out-of-plane island size /.. When the instrumental broadening
of the diffractometer is not included in the calculations, only lower limits of /; and /,
can be obtained.

For organic thin films grown on amorphous substrates like SiO,, /; does often not
exceed ~ 50 nm, which is in contrast to the much larger domain sizes visualized by
atomic force microscopy (AFM) or X-ray spectromicroscopy [9, 10]. For example
Fig. 7.4 shows an AFM image of thin DIP film on SiO, with domain sizes of several
pm. The green dot in this image represents the average defect free coherent island
size [;~30nm of this sample as determined by GIXD.

7.3 Probing Depths of X-Ray Scattering and UPS

When combining data from different methods always care have to be taken. Both
X-ray scattering and UPS have usually a rather large probing area in the range of
mm?. However, the probing depths of both methods depend on different parameters
and can be very different.
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Fig. 7.5 Illustration of probing depth for GIXD (left) and UPS (right). For GIXD, the intensity of
the evanescent wave decays exponentially from the surface dependent on photon energy and angle
of incidence. For UPS the probability p of generated photoelectrons to leave the sample
unscattered decreases exponentially for larger film thicknesses d. For example the “blue” elec-
trons may leave the film unscattered, while the “red” electrons will be scatters inelastically before
reaching the film surface

For UPS the probing depth is limited by inelastic mean free path IMFP of the
generated photoelectrons, i.e. the average length a free electron can travel in the
film before it is scattered inelastically. The IMFP depends mainly on the kinetic
energy of the electron transferred from an incident photon and does only weakly
depend on the material. The IMFP for different kinetic energies is therefore often
presented as a “universal curve” valid for all materials. Since the penetration depth
of the incident UV-light is usually much larger than the IMFP of the excited
photoelectrons we assume that the amount of electrons generated is nearly equal
at all thicknesses through the film. Then, as illustrated in Fig.7.5, the probability
p for an electron to reach the surface without being inelastically scattered decreases
exponentially with larger distances d between surface and place of generation.

In contrast to UPS, the probing depth of X-ray scattering techniques depend on
photon energy, angle of incidence and the dielectric function of the thin film. For
most scattering geometries, for example XRR, the angle of incidence relative to the
sample surface is above the total reflection edge. Thus the X-ray beam is penetrat-
ing completely into the sample until it is absorbed or reflected, resulting in a
probing depth which is usually much larger than the film thickness. For GIXD,
the angle of incidence is below the total reflection edge, which means that the X-ray
beam is totally reflected at the surface and only an evanescent wave, with expo-
nentially decreasing intensity (Fig. 7.5) is penetrating into the film. By adjusting the
angle of incidence (or photon energy) for a given sample the probing depth can be
varied, but due to the intensity decay versus thickness the signal-weight is always
biased to the surface area, similar as is the case for UPS.
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7.4 Example 1: DIP at Different Substrate Temperatures

The structure of organic semiconductor thin films is frequently modified by varying
the substrate temperature during deposition to tune the electrical and optical
characteristics of the films. In general, at high substrate temperatures (7') molecular
mobilities are high leading to enhanced crystallinity and grain size in the grown
films [2, 11]. In contrast, deposition at low temperatures is applied to obtain less
crystalline or amorphous films [9, 12—17]. For low T growth, it is often not clear, if
the film undergoes a structural or morphological transition upon heating to room
temperature, because characterization is mostly done after growth at room temper-
ature. In particular, properties like crystallinity, molecular orientation and rough-
ness of the film surface are important for device applications with organic
heterostructures, where the top surface of the first layer serves as a template for
subsequent layers [3, 18, 19].

Here, we study the morphological and electronic impact of post-growth heating
on low T deposited organic thin films by X-ray reflectivity (XRR) and ultraviolet
photoelectron spectroscopy (UPS). For the experiments we choose diindeno-
perylene (DIP, C3,H;¢, inset Fig. 7.6b) as an organic material with high relevance
for applications [20-23]. For example, organic solar cells with DIP as electron
donor reached high fill factors and power conversion efficiencies of more than 4 %.
DIP is deposited on two different substrates (indium-tin-oxide (ITO) and silicon
dioxide (Si0,)), because the film characteristics on both substrates differ in crys-
tallinity [15, 16]. X-ray diffraction techniques [5] were applied to determine the
bulk crystal structure and surface roughness (orms). UPS was used to determine the
surface electronic structure, which depends on the crystallinity, orientation and
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Fig. 7.6 (a) XRR and (b) GIXD data of a DIP film (d =20 nm) grown on ITO at 200 K measured
directly after growth at 200 K and after slow heating (~ 1 h) to 300 K. For comparison, data from a
film grown and measured at 300 K is also shown. The inset in (a) shows the modeled electron
density of the 200 K film directly after growth (blue) and after heating (red). The inset in (b) shows
the molecular structure of DIP. Reprinted with permission from Ref. [31]
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uniformity of domains at the surface [24-26]. The combination of both techniques,
therefore, provides information on the change of structure and morphology of the
films for the entire thickness region.

7.4.1 Experimental

Organic thin films of DIP were grown on silicon wafers with native SiO, (surface
roughness orpms=0.3nm) or on ITO-coated glass substrates (ITO thickness:
130nm, ojrpms=0.95nm) under ultra high vacuum (UHV) conditions (base
pressure < 6 - 1077 mbar) by thermal evaporation. Before deposition, substrates
were cleaned ultrasonically with acetone, isopropanol, and ultra pure water,
followed by heating to 700K in the UHV growth chamber. The growth rate was
between 0.1 and 0.3 nm/min monitored by XRR and a quartz crystal microbalance.
Substrate temperatures during growth and measurements were controlled with
liquid nitrogen cooling in a range of 7 = 200 — 300 K.

In situ XRR and grazing incidence X-ray diffraction (GIXD) for the ITO
samples were performed at beamline ID10B (4 =0.092 nm) of the ESRF in Gre-
noble, France. XRR for SiO, samples were performed at the X04SA beamline of
the Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland (4 =0. 10 nm).
Peak indexing of DIP is based on the crystal structure (P21/a polymorph) reported
in Ref. [27]. Modeling of XRR data was done with Motofit [28].

He I UPS experiments were performed with a home-built UHV system equipped
with a PHOIBOS-HSA100 analyzer with an energy resolution of 60 meV [29]. UPS
were measured at a light incident angle of 45° and electron emission angles of 0°
(normal emission). After growth in a UHV preparation chamber the samples were
directly transferred to the measurement chamber without breaking the vacuum and
with keeping the substrate temperature at 200 K. The vacuum level (VL) was
obtained by applying a sample bias of — 5V during the UPS measurements.

7.4.2 Results

Figure 7.6a shows XRR data from a DIP film with a thickness of d =20 nm grown
on ITO at 200 K and measured at 200 K directly after growth and after slow heating
(~1 h) to 300K. Both films show no out-of-plane Bragg reflections, indicating
weak order in this direction. We applied a three layer model (glass-ITO-DIP) to fit
the electron densities p of the as-grown and the annealed films (inset Fig. 7.6a).
From the electron densities of both films it is evident that the roughness is reduced
by 50 % during annealing from initially ogps=0.90nm to ogps=0.45nm at
300K. For comparison, XRR from a film grown and measured at 300K is
also shown. This film is crystalline and exhibits an out-of-plane lattice spacing
of 1.69 nm corresponding to textured growth of the strained high temperature
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phase of DIP (HT-phase) [27, 30] with the (001) plane parallel to the substrate
(o-structure). The roughness of this film is significantly higher compared to low
T deposited films (ogy5=2. 6 nm).

Figure 7.6b shows GIXD data of the 200 K DIP film on ITO before and after
heating. Before heating the film shows only very broad Bragg reflections with the
most intense feature stemming from domains with nearly lying DIP molecules
(4(001) of the HT-phase). During heating the film crystallizes partly in the DIP
HT-phase as seen by the slight intensity increase of the ¢(110) and ¢(120) reflec-
tions. However, all reflections both from the A- and o-structure remain broad with a
coherent island size of less than 5 nm estimated with the Scherrer formula [5].
GIXD data from a crystalline film grown and measured at 300 K (Fig. 7.6b) exhibits
mainly Bragg reflections corresponding to textured growth of the DIP HT-phase
(o-structure) [27]. Bragg reflections marked with stars stem presumably from a DIP
low temperature phase as suggested in Refs. [15, 16, 27]. XRR and GIXD data
show that during heating to room temperature the bulk DIP film on ITO crystallizes
only partly, however, the reorganization of the surface molecules yield a very low
roughness.

In Ref. [15] it was shown that low T deposition of DIP on SiO, yield films, which
are more crystalline than films deposited on rough substrates like ITO. In the
following, we report on an in situ study of such a film, in order to test if the surface
smoothing observed for amorphous DIP films on ITO is also present for crystalline
films upon heating to room temperature.

Figure 7.7 shows XRR data from a DIP film (d = 10 nm) grown on SiO, at 200 K
measured at 200K directly after growth and after slow heating to 300 K. From the
modeled electron densities of the heated and the as-grown 200 K DIP film (inset
Fig.7.7) we find that both films are crystalline and exhibit an out-of-plane lattice
spacing of 1.69 nm corresponding again to textured growth of the strained DIP
HT-phase (o-structure) [27, 30]. However, the layer fillings of these films show
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Fig. 7.8 (a) UPS data of DIP films grown on SiO, (d = 10 nm) and ITO (d =20nm) at 200K and
after slow heating (~4 h) to 300K. (b) Schematic energy level diagram. The HOMO width is
given by the difference of the HOMO peak position and the HOMO onset. Reprinted with
permission from Ref. [31]

significant differences (inset Fig. 7.11), resulting in roughnesses of ozys = 1.5 nm
for the as-grown film and oz, =0.75 nm for the heated film. This observation is
rationalized by a molecular ‘downhill’ current from the top layer (7th) to the partly
filled lower lying layers (6th, 5th, 4th), thereby leaving the out-of-plane crystal
structure and the intermediate electron density unchanged. For comparison, XRR
from a film grown and measured at 300 K is also shown. This film has the same out-
of-plane lattice spacing (1.69 nm) and a similar roughness as the 200 K film without
annealing (ogys = 1. 6nm).

The observation of the roughness reduction by ~ 50 % shows that the reorgani-
zation of surface molecules is not exclusively a feature of amorphous films.
Surprisingly, also for a bulk crystalline film deposited at low T the surface is
smoothed upon heating.

74.3 UPS

We employed UPS to detect the correlation between structure and the molecular
electronic states upon heating, since the electronic states near the surface play
a significant role in the energy level alignment of organic heterostructures.
The probing depth of UPS is~ 1 nm, which means that the bulk of the film
does not contribute to the measured data. Figure 7.8 shows UPS data of DIP
films prepared under similar conditions as those as presented above. The ioniza-
tion potential (IP) of DIP (200 K) on SiO, (5.32eV) and on ITO (5.5eV) was
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determined from the onset of the highest occupied molecular orbital (HOMO)
and the vacuum level (VL). The IP of DIP depends on the orientation of the
molecules at the surface [32]. An IP of 5.32 eV is consistent with a nearly upright
oriented DIP film [20, 33]. The IP of lying DIP is larger by ~ 0.4 eV compared to
nearly upright standing DIP as was shown in Refs. [34—36]. The DIP film on ITO
is nearly amorphous and exhibits therefore no preferred molecular orientation. In
addition, the size of orientational domains is very small, which results in a
common vacuum level. Consistently, the IP of 5.5eV of this film corresponds
to an average of standing and lying DIP.

After heating the IP of both films did not change significantly, indicating that
the DIP molecules did not reorient on average. However we detect a parallel shift
of all valence features towards the Fermi level, which is attributed partly to an
interfacial dipole effect and partly to the reduction of gap states (Fig.7.8b).
Dipole effects are associated with a parallel shift of the HOMO and the vacuum
level. A HOMO shift stemming from a reduction of gap states is recognized by a
reduced peak width of the valence states (gap state effect). For DIP on SiO, (ITO)
the HOMO shiftisA E=0.15eV (4 E=0.08eV) with a contribution of 0. 08 eV
(0.03 eV) from the dipole effect and 0.07 eV (0. 05 eV) from the gap state effect.
The dipole effect may be attributed either to an interfacial dipole between the
surface layer and its underlayer induced by a slightly different electron density at
the interface [37], and/or a temperature dependent level alignment between the
substrates and the DIP. The spectral broadening at low T is caused by different
polarization environments associated with disorder of the molecules at the
nearest-neighbor level. The peak narrowing upon heating indicates therefore
that the surface molecules are more uniformly ordered for both systems which
results in more similar polarization environments for them. Since the density of
gap states is reduced, the HOMO level shifts closer to the Fermi level. This effect
is explained in detail in Refs. [38—40].

When comparing the DIP-on-SiO, and the DIP-on-ITO systems several differ-
ences can be found as shown in Fig. 7.9: First, at 200 K molecules at the film surface
on SiO, orient basically nearly upright (c-orientation), which is consistent with the
data in Fig. 7.6. Nevertheless, at this temperature the spectral features of DIP-on-
Si0, exhibit a similar or even stronger broadening compared to DIP-on-ITO, which
can be observed most easily from the energy region around — 4 eV marked with
brackets in Fig.7.8. The broad spectrum of DIP-on-SiO, implies that, in spite of
better bulk crystallinity, the surface material in films on SiO, does not show a better
in-plane order than DIP-on-ITO. Second, upon heating peak narrowing and the
spectral shift are both significantly more pronounced for the DIP-on-SiO, system
compared to the DIP-on-ITO system. This implies that the ordering effect of the
surface material is more pronounced if the crystallinity of the initial material is
better, which is the case for DIP-on-SiO, (Fig.7.9).
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Fig. 7.9 A sketch of DIP thin films on ITO and SiO, illustrating the surface smoothing due to
crystallization upon heating. Reprinted with permission from Ref. [31]

7.5 Example 2: C4y on DIP

For growth of organic thin films the structure and morphology depends strongly
on the substrate, onto which they are deposited [2, 41]. This was demonstrated
for example by the surface modification of an inorganic substrate with an organic
self assembled monolayer (SAM), which influenced the resulting growth behavior
[42-49]. For such heterostructures the growth behavior of the top layer is mostly
discussed in terms of surface energies, although also some degree of azimuthal
alignment has been observed [49]. In contrast, a close relationship between two organic
layers can be observed in organic-organic heteroepitaxy [3, 18, 50-52]. There, the
growth behavior of the deposited compound depends on the, usually anisotropic,
potential surface of both involved materials. The control of the top layer morphology
by tuning of the bottom layer was also discussed as templating, particularly for
changing the molecular orientation relative to the surface (standing orientation vs. lying
orientation) [16, 53].

The structural relationship at an organic-organic hetero-interface resulting from
the non-equilibrium growth process has a large impact on electrical properties, inter
alia charge carrier generation and transport [1, 54]. For example for organic field
effect transistors it was shown that an organic templating layer may improve the
electronic mobility of the active material substantially [18, 55-57]. In this regard,
an important point for small-molecule organic semiconductors can be the orienta-
tion of the molecules. Frequently, there is at least a competition between lying
down and standing up orientation [35, 45], which depends strongly on the under-
lying substrate. Other systems, such as PTCDA exhibit a very strong tendency to
form lying-down structures, almost independent of the substrate [17, 49, 58—60]. In
this context, Cgo is a rather unique case in the area of small-molecule organic
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Fig. 7.10 Sketch of
fullerene Cgo and
diindenoperylene (DIP,
C;3,H6). Reprinted with
permission from Ref. [71]
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semiconductors, since it exhibits essentially rotational symmetry. The issue of
lying-down vs. standing-up orientation does not complicate matters, and the orien-
tational degrees of freedom in structure formation enter basically only via the
orientation of the lattice planes and their distribution or alignment. Cg, was
shown to grow with low structural order on several inorganic substrates like SiO,
[61], quartz glass [62] and sapphire [55] but crystallizes well on organics like
pentacene [55, 63] or sexiphenyl [64, 65].

Here, we study the influence of a diindenoperylene (DIP, Fig.7.10) templating
layer [27, 30, 66—68] on the growth and electronic structure of Cgo. The combination
of Cgp and DIP in a heterostructure was shown to exhibit excellent photovoltaic
performance [20, 69], which is related to the high exciton diffusion length in DIP
[23, 70] and the favorable energy level alignment of both materials [20, 21, 33].
In addition, we investigate to which extent structural properties like roughness,
domain size and crystallinity of the DIP templating layer influence the growth of Cg.

To study the structure of Cg thin films we compare first a reciprocal space map
of a Cg film grown on SiO, (Ceo/SiO,; Fig. 7.11a) with data from Cgo grown on
DIP (Cgo/DIP; Fig.7.11b). The Cgy/SiO, film exhibits broad diffraction rings
indicating crystalline domains without preferred orientation. Indexing is done
according to the Cg fcc-structure reported in Ref. [72]. One reflection, indexed as
Ceo# in the bottom GIXD data, does not stem from the Cgq fcc-structure. Its g-value
(g=0.725 Afl) coincides with the (100) reflection from the Cgq /cp structure. This
observation is in agreement with single crystal growth, where a small fraction of
crystals adopt hcp packing [72]. Note that in the indexing of GIXD data at the
bottom of Fig.7.11a only one index for each reflection is given, since other
reflections with the same | ¢ | cannot be distinguished. The scattering data of the
Ce0/S10; film shown here is in agreement with data presented in Ref. [61].

Figure 7.11b displays 2-dimensional GIXD data from a Cgo/DIP heterostructure.
At the bottom the integrated GIXD intensity is shown. Indexing is done again
according to the Cgq fec-structure. Compared to Cgo grown on SiO, (Fig. 7.11a) the
diffraction pattern of Cgo grown on DIP shows significant differences. The distri-
bution of Bragg reflections reveals the alignment of the fcc-(111) crystal plane
parallel to the substrate. Only a small fraction of crystallites nucleates with a
random orientation as indicated by the weak Cgy (111)* index. Note that the
Bragg reflection at ¢,,=0.725 A~! stems not from the hcp-structure as in
Fig.7.11a. InZstead, this peak is the projection of the fcc-(11-1) Bragg reflection
onto the g,, plane. The width of the fcc Bragg reflections in g, (out-of-plane) is
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Fig. 7.11 (a) Reciprocal space map from a 60nm Cg film recorded with a MARCCD area
detector. At the bottom additional GIXD data measured with a point detector at g, =0.02 A ™" is
shown. (b) 2-dimensional GIXD data from a 15nm Cg film grown on a DIP templating layer
(d=4nm) indexed according to the Cgq fcc-structure. The data consist of four detector scans at a
fixed angle of incidence at 0.1 ° performed with a PILATUS 1II area detector. Images from each
data point were transformed into ¢ coordinates and then assembled into one image. One scan was
performed parallel to the substrate plane, for which at the bottom the integrated GIXD data is
shown. Three scans were performed along the Cgo crystal truncation rods. Reprinted with
permission from Ref. [71]

relatively large because of the small crystal size in ¢, direction limited by the film
thickness of 15nm. The in-plane coherent crystal sizes /; of both Cg, films were
determined with the Scherrer formula to be /;=7nm for the Cgy/SiO, film and
[, =28 nm for the Cgo/DIP film. For the determination of /; of both Cgy films we
choose the (2-20) and (4-2-2) reflections and averaged over the obtained values.
The difference in /; is a clear evidence for the improved crystal quality and
reduction of crystal defect density in the Cgo/DIP film compared to the Cgo/
SiO, film.

7.5.1 UPS

Since Cgo/DIP films are highly relevant for photovoltaic applications [20], we study
whether the templating effect demonstrated above influences the electronic struc-
ture of Cgp.

Figure 7.12a shows UPS data of the highest occupied molecular orbital (HOMO)
region of Cg, grown on DIP and SiO,. The overall shape of the HOMO and HOMO-1
states in Fig.7.12a correspond to spectra measured for Cgq thin films on various
inorganic and organic substrates/films [63, 75-77]. The similarity to the gas phase
spectra of Cq [78] indicates only weak interaction between molecules in the thin film.
Apart from a spectral shift of 150 meV, resulting from the different energy level
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Fig. 7.12 (a) UPS data from Cgy (d=13nm) grown on SiO, and grown on DIP (d =4nm).
The inset shows the normalized HOMO regions of both datasets with the Cgo/DIP data shifted by
150 meV. (b) Sketch of the electronic level alignment from the UPS data in (a). LUMO levels were
taken from Refs. [73, 74]. All values are given in eV and have an error bar of + 0.05eV. The
width of the HOMO state is determined by the respective onsets. Reprinted with permission from
Ref. [71]

alignment (ELA) of the Cg( film to the DIP layer and the SiO, substrate, both spectra
from the Cg films are essentially identical. This can be seen more clearly in the inset in
Fig.7.12a, where the data are overlayed and the Cgo/DIP data were shifted by
150 meV. In addition, also the ionization potentials (IP) determined by the secondary
electron cutoff and the HOMO onset are equal (6.4eV) for both Cgq films. Strong
changes in structure and domain orientation for organic thin films lead to a significant
change in spectral width of the HOMO or the IP depending on the molecular system
[31, 32, 79]. However, our data demonstrates that at room temperature thin films of
Ceo do not show these effects because of the reasons described below.

In general several mechanisms may influence the HOMO-band width of a
molecular material [24, 80]. For instance in a non-uniform or disordered film the
polarization energy (final state effect) and the intermolecular interaction (initial
state effect) is locally different, resulting in slightly different ionization energies at
different positions and therefore in spectral broadening. Another broadening effect
is associated with band dispersion due to delocalization of the electronic states,
which can be observed only for large single crystals of Cg [81] and can therefore be
omitted in the following discussion. In comparison to the Cg(/SiO; film we may
expect spectral sharpening for the Cgo/DIP film, because of the improved crystal
quality. The island size of the Cgo/SiO, film is much smaller compared to the
Ceo/DIP film, implying that the density of crystal defects is higher in the Cgy/SiO,
film compared to the Cgp-on-DIP film. However, the absence of any difference in
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the width of the Cg states implies that a small coherent island size in a Cg film has
no significant impact on the polarization energy/intermolecular interaction. This
observation may be rationalized by the high-symmetry shape of the single Cgo
molecule and its rotation at room temperature [76, 82], which results in a much
smaller local polarization/interaction variation due to crystal defects in comparison
to anisotropic rod-like molecules.

For the mechanisms of energy level alignment at the organic-inorganic and
organic-organic interfaces several different models have been discussed [39, 83-88]
without a definitive conclusion in the literature. Figure 7.12b summarizes the ELA of
two measured samples. For a low work function substrate like SiO, (WF = 4.23eV)
the Cg9 LUMO (lowest unoccupied molecular orbital) level is presumably located
at the substrate Fermi level leading to an interface dipole of 0.36eV. For organic-
organic heterostructures the ELA of the top layer is typically governed by the
energetic position of the bottom layer. The difference of the HOMO onsets of DIP
and Cg( as determined here is A Eyonmo =0.86 ¢V, similar to values reported for a
DIP/Cygg heterostructure on PEDOT:PSS [20] and for the vice versa heterostructure
(DIP-on-Cg) [33].

7.6 Summary

In summary, we presented two studies on how X-ray scattering can be combined
with UPS to obtain detailed insights in the properties of organic thin films:

In the first example we observed the surface smoothing of low T deposited
organic thin films upon heating to room temperature. With the combined results
from X-ray scattering and UPS we illustrated the process of surface smoothing by
crystallization as in Fig. 7.9. After low T deposition on ITO, the DIP film is nearly
amorphous and also rough. Upon heating the surface material is crystallizing in
domains without any predominant texture, whereas the bulk material does not
strongly reorganize, because of lower mobility of these molecules. This crystalli-
zation process is associated with a molecular “downhill” current, which smooths
the surface. In contrast to deposition on ITO, the DIP film deposited on SiO; is,
except for the top surface material, already crystalline with a preferred orientation
of the domains (c-orientation). Upon heating to room temperature, the surface
material is also crystallizing and exhibits thereby a similar smoothing as the film
on ITO. Therefore, we conclude that the smoothing effect observed is qualitatively
irrespective of the degree of bulk crystallinity. In addition, due to the crystallization
the density of gap states at the surface is changed leading to a shift of the valence
band features towards the Fermi level. The observed post-growth smoothing and
crystallization is of importance for the growth of organic heterostructures, where
the top surface of the first layer serves as a template for subsequent layers.

In the second example we demonstrated that the structural order of Cg is
significantly improved by inserting a DIP templating layer between the SiO,
substrate and Cg film. In contrast to growth on an amorphous substrate like SiO,,
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Cgo grown on a DIP film exhibits alignment of fcc-domains with the (111) plane
parallel to the substrate and a significant increase of the coherent in-plane island
size [, by a factor of ~ 4. UPS measurements revealed that the spectral broadening
of the Cqp HOMO region interestingly do not depend significantly on the structural
order in the Cg film. This observation is in strong contrast to the data presented in
the first example study where an increased of structural order in DIP lead to a
significant sharpening of the HOMO band. This unusual behavior can be rational-
ized by the highly symmetric shape of the C¢y molecule.
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