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1 Introduction Organic semiconductors (OSCs) have 
evolved to a promising alternative to inorganic materials as 
functional parts in various organic electronic and opto-
electronic applications. Advantages are for example poten-
tially low preparation costs and applicability on flexible 
substrates [1–5]. For many applications such as organic 
field effect transistors [6], organic light emitting diodes  
[7, 8] and solar cells [9, 10] mixtures of OSCs are investi-
gated. The optical and electronic properties important for 
applications depend on the structural properties such as 
crystallinity and degree of intermixing and on the mor-
phology [11–16]. The mechanisms of growth and structure 
formation in OSCs and mixtures of OSCs in thin films are 
quite complex and not yet well understood [17–20]. Poly-
morphism and coexistence of polymorphs are rather typical 
and fundamental issues in molecular crystals, which are 

notoriously hard to predict and understand theoretically. 
Therefore, a solid experimental study is even more impor-
tant [21–28]. For mixed systems, the spectrum of possible 
scenarios is even broader and its rationalization more chal-
lenging. In this context, real-time studies are particularly 
powerful in helping to assign and understand phases, in 
particular in the case of phase coexistence, since the tem-
poral evolution can provide clues to the assignment of 
Bragg reflexions. Also, the kinetics of the phase evolution 
is a challenge in its own right. Mixing scenarios comprise 
extreme cases such as continuous statistical intermixing, 
formation of mixed crystal phases with defined stoichio-
metry and phase separation [25, 29, 30] depending on 
sterical properties and chemical composition [31–33].  
Recently, a study of the structural properties of the OSC 
picene [34–36] (C22H14, PIC) was reported and showed  

Binary mixed thin films of picene (C22H14, PIC) and penta-
cene (C22H14, PEN) consist of crystallites with a statistical
occupation of the lattice sites by either PEN or PIC and unit
cell parameters continuously changing with the mixing ratio.
For high PIC ratios a PIC phase forms which corresponds to a
limited intermixing of the two compounds. The growth be-
havior of these mixtures is investigated in situ and in real-
time using grazing incidence X-ray diffraction. We observe a
delayed phase separation in PIC-rich blends, i.e. complete in-
termixing in the monolayer range and the nucleation of a pure
PIC-phase in addition to the intermixed phase starting from
the second monolayer.  

 

 
Growth scenario of picene-rich pentacene-picene blends. 
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Figure 1 (a) Molecular structure of PEN and PIC. The molecular 
dimensions are the sum of the atomic distances from the crystal 
structures [42, 43] and the van der Waals radii. (b) Schematic of 
the mixing behavior (side view) of PEN:PIC: continuous inter-
mixing and pure PIC excess phase for high PIC concentrations 
[41]. 

 
changes of the in-plane structure with increasing film 
thickness [37]. For mixtures of PIC and the structurally 
quite similar isomeric (see Fig. 1a) OSC pentacene [38–40] 
(C22H14, PEN) we reported statistical intermixing with a 
continuous change of the lattice parameters for PEN rich 
mixtures and lattice parameters similar to those of PIC for 
PIC rich mixtures [41]. For high PIC fractions a PIC ex-
cess phase forms, indicative of limited intermixing of the 
two compounds (see Fig. 1b). This result was one of the 
most surprising findings of our previous study, but can, in 
a simple picture, be understood by the fact that PIC is 
slightly shorter than PEN. A common mixed phase re-
quires a sufficiently large lattice spacing for PEN which 
results in energetically unfavorable large PIC–PIC dis-
tances. Hence, as the number of PIC molecules in the film 
exceeds the number of PEN molecules, an energetically 
more favorable PIC excess phase is formed with unit cell 
parameters similar to the pure film phase of PIC. Since 
structure formation and interface induced effects are im-
portant for applications, an understanding of the mecha-
nisms of this limited intermixing and its evolution during 
film growth would be of high interest. Therefore, we report 
here a detailed investigation of the growth behavior of 
PEN:DIP mixtures performed in situ and in real-time us-
ing grazing incidence X-ray diffraction (GIXD).  

 
2 Experimental Mixed thin films of PIC (purchased 

from NARD Co. with 99.9% purity) and PEN (purchased 
from Sigma Aldrich, 99.9% purity) were grown by organic 
molecular beam deposition [18, 44] on Si substrates cov-
ered with a native oxide layer and on fused silica substrates 
at a substrate temperature of 302 K. The rates were moni-
tored by a quartz crystal micro balance calibrated by X-ray 
reflectivity. The structural properties of a PIC and a PEN 
dominated mixture with a growth rate of 1 Å/min were in-
vestigated in situ and in real time in a portable UHV 
chamber [45] by GIXD at beamline X04SA [46] of the 
SLS (Switzerland). The photon energy was 14 keV which 
corresponds to a wavelength of λ = 0.886 Å resulting in a 

critical angle of c 0 094= . ∞α  for PEN and c 0 128= . ∞α  for 
Si. Directly after growth, XRR scans and GIXD scans  
with two different angles of incidence i( 0 04= . ∞α  

iand 0 1 )= . ∞α  were performed to obtain depth-resolved 
structural information.  

 
3 Results and discussion In order to first provide  

an overview of the resulting structures, Fig. 2 shows post- 
  

 
Figure 2 GIXD of PEN:PIC mixtures measured at two different 
angles of incidence for (a) a PIC dominated (mixing ratio ∼1:5) 
and (b) a PEN dominated (mixing ratio 4 :1) mixture. The orange 
(black) lines indicate positions of Bragg reflections of PIC L (H) 
domains. The purple lines correspond to the positions of pure 
PEN Bragg reflections. For the PIC-dominated mixture (a) the 
difference in the spectra for different angles of incidence (i.e. 
penetration depths) indicates that the film structure is not homo-
geneous throughout the film along the z-direction. (c) Corre-
sponding XRR data of the same mixture. The orange lines indi-
cate positions of Bragg reflections of PIC.  
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Figure 3 Real-time GIXD (angle of incidence αi = 0.1°) of (a) a PIC- and (e) a PEN-dominated PEN:PIC mixture. The orange (black) 
lines indicate positions of Bragg reflections of PIC L (H) domains. Extracted coherent scattering island sizes (b) and (f) and normal-
ized intensity evolution (c) and (g). Schematic of the film structure of a PIC-dominated PEN:PIC mixture (d). The mixed film grows 
crystalline from the beginning. Upon the nucleation of the PIC excess phase the PEN concentration in the mixed phase increases. 

 
growth GIXD scans with different angles of incidence 
which provide depth-resolved information on mixtures 
grown at room temperature (302 K) with a growth rate of 
1 Å/min. The penetration depth d can be approximated by 
[47]  2 2

c i/(2π )d ª -λ α α  where  iα  is  the angle  of  inci- 
dence. This results in 9.5 nmd =  for i 0 04 .= . ∞α  For 

i 0 1 ,= . ∞α  which is above cα  of the film but below cα  of 
the substrate, the entire film is penetrated. For the PIC-
dominated mixture (Fig. 2a) the peaks coincide with those 
observed for pure PIC corresponding to two different 
phases H and L [37]. The peaks of the L phase are clearly 
more pronounced compared to the ones of the H phase for 
small angles of incidence where the surface of the film 
contributes more to the signal than for larger angles of in-
cidence. This is comparable to pure PIC where the H do-
mains nucleate prior to the L domains [37]. For the PEN-
dominated mixture only peaks of the mixed phase are  
observed without an apparent difference for the two angles 
of incidence. In the XRR data (Fig. 2c) for the PIC-
dominated mixture the Bragg peaks are split with shoul-
ders at the positions of pure PIC, which can be seen clearly 
in the data of the thicker PIC-dominated mixture. For the 
PEN-dominated mixture, however, the Bragg peaks are not 
split. This indicates the presence of pure PIC domains as 
well as intermixed domains in the PIC-dominated mixture 
with a slightly different out-of-plane lattice spacing and an 
in plane-spacing similar to the H polymorph in pure PIC. 

To follow the evolution of this thickness dependence 
of the structural properties real-time GIXD measurements 
were performed. For the PIC-dominated mixture the peak 
with the most pronounced thickness dependence was in-
vestigated around 11 82 Åxyq -ª .  (Fig. 3a) and for the  
PEN-dominated the sharpest one around 11 34 Åxyq -ª .   

(Fig. 3e). For both mixtures Bragg peaks are visible from 
the first ML ( 1 6 nm).ª .  Therefore, it can be concluded that 
in the beginning a crystalline mixed phase grows. Accord-
ingly for the PEN-dominated mixture the intensity of the 
investigated peak increases continuously (Fig. 3g) since 
there is only the intermixed phase. For the PIC-dominated 
mixture, however, the two phases exhibit different growth 
dynamics. After one ML the H phase is formed and after 
the second ML an additional peak occurs at 11 8 Åxyq -ª .   
which corresponds to the PIC ( 2 1 )l± ±  reflections of the L 
phase (Fig. 3a, marked by orange arrow) i.e. the PIC ex-
cess phase forms. This peak is overlapping with a much 
broader peak from the intermixed phase at 11 82 Å .xyq -ª .   
The extracted coherent scattering island size shown in 
Fig. 3b and f saturates after ∼2 ML for both mixtures. The 
differences in nucleation behavior are consistent with the 
depth resolved information obtained from the post growth 
GIXD scans and are further supported by optical spectro-
scopy taken during growth which will be published soon.  

These observations result in the growth scenario illus-
trated in Fig. 3d. For small film thicknesses there is com-
plete intermixing. As the film thickness increases a sepa-
rate PIC-phase is formed to avoid strain. As discussed in 
Ref. [41] the limited intermixing in the PIC-rich PEN:PIC 
mixtures is comparable to the mixing behavior reported for 
thin film mixtures of 6T and p-sexiphenyl (6T:6P) [25]. In 
a simplified picture this phase separation can be explained 
by the smaller length of PIC compared to PEN that allows 
an intercalation of PIC molecules in a PEN rich phase, but 
causes a too small lattice spacing in a PIC rich phase for 
intercalation of PEN. In this simplified picture the delayed 
phase separation reported here can be explained by the fact 
that the length difference of PEN and PIC is irrelevant in the 
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first ML. This effect is different from kinetically limited 
phase separation as observed for example in mixtures of di-
indenoperylene and buckminsterfullerenes where at the be-
ginning of growth a non crystalline mixed phase forms [30]. 
The data does not show a continuous increase of the coher-
ent crystallite size as observed in other mixtures with coex-
isting phases [48]. Blends of PEN with diindenoperylene 
show a very similar mixing behavior [33] with the impor-
tant difference that the long-range order parallel to the sub-
strate surface is reduced significantly. The corresponding 
broadening of the Bragg-peaks makes it difficult to deter-
mine if PEN phase-separates in PEN-rich PEN:DIP blends. 
Therefore, a comparison of PEN:PIC blends with blends of 
α-sexithiophene (6T) and p-sexiphenyl (6P) [25] is more in-
teresting. In both systems in the blends dominated by the 
shorter compound (PIC respectively 6T) phase separation 
occurs. Interestingly in the pure PIC [37] and 6T [27] thin 
films different polymorphs nucleate, thus this could be an-
other reason for the phase separation.  

 
4 Conclusion We have investigated the influence of 

the formation of the PIC excess phase which accompanies 
the statistically mixed PEN:PIC phase on the growth and 
mixing behavior in situ and in real-time as well as depth-
resolved after growth. For PIC-rich mixtures we observe a 
delayed phase separation. Our real-time measurements  
allow for a detailed investigation of the growth dynamics 
of the different phases. At the beginning a crystalline 
mixed phase forms and later additionally a PIC excess 
phase forms leading to a decrease of the PIC fraction in the 
mixed phase. The size of coherently scattering islands in-
creases rapidly in the beginning for PEN- and PIC-
dominated mixtures and saturates after 2 ML. Post-growth 
depth-resolved measurements are consistently showing an 
increased relative intensity of peaks related to the PIC ex-
cess phase in the top layers. Since this effect is observed 
for a low growth rate of 1 Å/min, it is likely not merely a 
kinetic effect but rather a surface-induced one caused by 
the difference in the sterical properties.  
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