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A B S T R A C T   

We present a simultaneous in situ measurement of X-ray scattering and photoluminescence (PL) spectroscopy 
during organic thin-film growth in a vacuum. We have designed a modified deposition chamber that broadens its 
utilization and enables complementary information on the structure and optoelectronic properties. In a pilot 
experiment, we investigated the growth of diindenoperylene (DIP) thin films in real time. We found a direct 
correlation between PL and grazing-incidence wide-angle X-ray scattering (GIWAXS), showing the formation of a 
new DIP polymorph starting at a layer thickness of ~14 nm. Furthermore, we show that the PL signal is more 
sensitive to the arrangement of the molecules than GIWAXS in the limit of small layer thicknesses. The presented 
experimental setup paves the way for performing simultaneous PL and X-ray scattering measurements during the 
growth of various materials suitable for optoelectronic applications.   

1. Introduction 

Conjugated organic polymers and small molecules attract consider
able interest due to their increasing use in key (opto)electronic appli
cations such as transistors, light-emitting devices, or solar cells [1–6]. In 
addition, some of their unique properties, e.g., the mechanical flexi
bility, easy functional modification, and adjustment of the functional 
properties via structure, favor them over inorganic materials. 
Frequently, the growth of highly oriented crystalline films is required for 
efficient performance in organic-based devices. Therefore, it is essential 
to understand the growth details – from the nucleation phase to the 
formation of the thin/thick film – to exploit this knowledge for 
controlled molecular assembly and orientation. The growth of crystal
line organic layers is a tremendously broad topic, covering a variety of 
crystal shapes and phases, molecular spatial arrangement, and surface 
roughness. All these factors determine the electronic and optical per
formance of the potential device. At the same time, understanding the 
structure formation of the systems is also a formidable fundamental 
challenge [7–10]. Therefore, in situ monitoring of the organic layer 
formation in real time is highly desirable. Typically, either the structural 

or optical properties are investigated during the material growth, fol
lowed by a plethora of further ex-situ characterization [9,11–13]. 
However, simultaneous investigation of structural and optical properties 
brings many advantages and broadens the knowledge about material 
evolution and transformation in terms of the fundamental coupling of 
the electronic and structural properties. 

X-ray scattering is a well-known experimental tool that is extensively 
used to characterize the structural properties of thin organic films. In 
particular, the grazing-incidence wide- and small-angle X-ray scattering 
(GIWAXS/GISAXS) provide complex information about the thin-film 
structure, morphology, and molecular orientation [14–16]. On the 
other hand, optical techniques such as absorption and photo
luminescence (PL), in particular, give information about defects, elec
tronic interactions, exciton states and lifetimes, and molecular 
organization [17–20]. 

This paper presents a combined study of structural and optical 
properties during the deposition of organic thin films. A specially 
designed deposition chamber is employed, allowing simultaneous 
measurement of X-ray scattering and PL during molecular growth. We 
have chosen diindenoperylene (DIP, C32H16) as an extensively studied 
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representative of the π-conjugated molecules. DIP and its derivatives are 
known to be well-absorbing donor materials with relatively high carrier 
mobility, exhibiting an extraordinarily high structural order on silicon 
dioxide [21–23]. 

We show that the PL spectra of DIP exhibit non-interacting molecular 
interaction at the beginning of growth, continually progressing to a 
condensed system and gradually red-shifting the spectral features. 
Furthermore, the PL spectral intensity was correlated with the GIWAXS 
diffraction pattern, indicating the existence of a polymorph with a 
changed molecular orientation from the layer thickness greater than 14 
nm. Finally, by analyzing molecular growth in situ, we show that 
simultaneous measurement of X-ray scattering and PL spectra is of great 
advantage for various materials where optoelectronic and structural 
properties need to be correlated during vapor deposition. 

2. Experimental 

Fig. 1 schematically shows the vacuum chamber for organic molec
ular beam deposition (OMBD), with the original design similar to the 
one employed by Ritley et al. [24], enabling simultaneous measurement 
of X-ray scattering and PL during growth. The deposition chamber is 

Fig. 1. a) Photograph of the custom-built deposition chamber for simultaneous in situ X-ray diffraction and photoluminescence measurements. b) Schematic drawing 
of the deposition chamber and the experimental setup. c) Top view of the deposition chamber top with the ports numbered following the description in the main text. 

Fig. 2. Normalized PL spectra of DIP layers with different effective thicknesses 
(0.1–15 nm) grown on native Si substrate. A black arrow indicates DIP layer 
thickness increase. The spectra are offset for better clarity. 

Fig. 3. Thickness dependence of the spectrally integrated PL intensity.  
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equipped with a 360◦ cylindrical beryllium window that allows a variety 
of X-ray scattering experiments. The upper hemispherical section com
prises five DN40FC ports one of them being placed right above the 
sample and the other four equidistantly positioned in the corners of the 
square around it (see Fig. 1c). As shown in Fig. 1b and c, the DIP 
evaporator (Knudsen-style effusion cells) was placed in one of the 
off-centered ports (1). We note that the ports at the chamber top are 
numbered from (1) to (5), as indicated in Fig. 1c. A calibrated quartz 
crystal for monitoring the thickness of the deposited material was placed 
in port (2). An optical window was placed in the third off-centered port 
(3) to allow visual inspection of the sample surface before/after the 
deposition. The last off-centered port (4) was occupied with an excita
tion laser (λ = 532 nm, Lasever). The laser excitation energy is well 
above the transition energy from the lowest vibronic sub-band E00 of the 
highest occupied molecular orbital (HOMO) to the lowest molecular 
orbital (LUMO) for the thin DIP layer [23]. During the experiment, the 
laser output power was adjusted to 2.5 mW to avoid molecular photo
bleaching. The beam spot size at the sample surface was ~1 mm to 
excite a sufficiently large area and circumvent detecting possible spatial 
inhomogeneities of the grown organic layer. The incoming laser beam 
causes the molecular excitation and the subsequent PL signal is detected 
in the central port (in the middle of the chamber top, see Fig. 1b). The PL 
signal is collected by a vacuum-compatible achromatic doublet lens. The 
second achromatic lens doublet of infinity conjugated pair focuses the 
PL signal into the multimode optical fiber with a core diameter of 900 
μm (Witec). Finally, the optical fiber is connected to a spectrometer 
(grating 150 g/mm, Acton SpectraPro), equipped with a thermo
electrically cooled CCD camera (iDus 420BU, Andor). Two longpass 
filters with a cut-off wavelength of 550 nm were placed in front of the 
optical fiber to suppress the excitation laser entering the 
spectrophotometer. 

For the actual molecular deposition, the chamber was pumped by a 
turbomolecular pump, which was connected to a standard flange in the 
lower part of the chamber (below the sample holder). The base pressure 

was on the order of 10− 8 mbar. The molecules were grown on a native 
oxide silicon wafer that was annealed at 120 ◦C before the deposition to 
avoid surface contamination and then cooled down to a steady tem
perature of 50 ◦C. Finally, the DIP cell was heated to 255 ◦C, yielding an 
evaporation rate of ~2.5 Å/min. The deposition rate was monitored in 
real time with a quartz crystal microbalance (QCM). As generally 
known, DIP molecules exhibit a well-defined layer-plus-islands growth 
mode (Stranski-Krastanov) with an almost upright molecular orientation 
[22,25], so the deposition rate is inferred from the effective layer 
thickness obtained from the ex-situ ellipsometry measurements [23]. 

For GIWAXS measurement, we used a custom-made laboratory sys
tem consisting of a MetalJet X-ray source (Excillum) with an X-ray en
ergy of 9.25 keV (λ = 1.34 Å). The total X-ray flux was ~108 photons/s 
on the sample area of ~10 mm2, which is below the damage threshold of 
the DIP film. The incidence angle of the incoming X-ray beam (αi) was 
set to 0.2◦. The GIWAXS diffraction patterns were collected by a hybrid- 
pixel two-dimensional detector (Pilatus 300 K, Dectris) with a 320 μm 
thick Si sensor. 

3. Results and discussion 

DIP is an organic fluorescent material [27,28] with an absorption 
edge around ~ 2.1 eV for a thin film, followed by a vibronic progression 
[20,23,29]. We excited the sample by a 532 nm laser (~ 2.3 eV) from the 
very beginning of DIP growth, and the PL signal was measured. Fig. 2 
shows the normalized PL spectra obtained in situ during the deposition of 
DIP molecules for several selected effective thicknesses of the grown 
layer. The PL signal represents the electron relaxation from LUMO to 
HOMO (rigorously referred to as fluorescence from S1 → S0) in an 
ensemble of excited DIP molecules. At least two peaks are clearly 
distinguishable (for layers thicker than 0.2 nm) from the PL spectra, 
corresponding to C–C vibrational modes that are typical of conjugated 
molecules [30]. The first peak in the PL spectrum is located at E00 ~ 
2.15 eV – for a layer thicker than 2 nm – with the vibronic progression of 

Fig. 4. Two-dimensional reciprocal space maps 
measured in the GIWAXS geometry for a) 5 nm and b) 
25 nm thick DIP film on native Si substrate. The 
GIWAXS intensity increases from blue to white. The 
arrows indicate the 001 diffractions, and the red 
square indicates a predicted position of the 001 
diffraction for the lying-down orientation of DIP 
molecules. c) AFM image of the DIP crystals. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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ΔE = (0.16 ± 0.01) eV. The Stokes shift calculated from the lowest 
vibronic subband in the absorption spectrum of the DIP thin film, is ~ 
0.11 eV, which is in good agreement with previous reports [20,28]. 

The measured emission energy distribution (spectral shape) given by 
the molecular interaction changes significantly with the layer thickness. 
At the beginning of the growth, the first vibronic peak is the most intense 
one, indicating the presence of non-interacting molecules on the Si 
substrate, similar to various small organic molecules in the solution [19, 
20,31–33]. On the other hand, with an increasing amount of evaporated 
molecules and thus the effective layer thickness, the interaction between 
the molecules becomes more pronounced. Thus, the intensity of the first 
peak diminishes compared to the intensity of the second vibronic peak. 
The interaction-induced changes in the vibronic intensity ratios are 
generally of key importance as they can be exploited to unravel the 
relationship between the photophysical properties and molecular (or 
polymer) arrangement [34,35]. In particular, the PL intensity ratios of 
the first two vibronic peaks (I0− 0

PL /I0− 1
PL ) may provide information 

regarding an excition coherence length and a disorder nature (type and 
amount of defects) [34,36,37]. We note that the position of the PL peaks 
is redshifting with increasing DIP layer thickness, in agreement with the 
redshift of the absorption spectrum observed by Hagara et al., [23] due 

to the enhanced dielectric screening caused by growing molecular 
coverage [35]. The overall redshift in the PL spectrum is ~50 meV from 
the onset of the growth up to 15 nm thick layer (the PL spectrum shift is 
negligible for DIP effective thickness greater than 15 nm). Here, we 
would like to emphasize that the same energy shift was observed for the 
0-0 and 0–1 vibronic peaks. A similar shift in absorption energy (55 
meV) was measured by Heinemeyer et al. for pentacene molecules 
evaporated on native Si substrate [38]. 

Fig. 3 shows that the overall spectrally integrated PL intensity in
creases with DIP layer thickness, exhibiting an exponential-like de
pendency. The increase of the PL intensity is due to the fact that more 
molecules contribute to the measured signal during the film growth. The 
non-linear character of the PL intensity increase might be attributed to 
molecular superradiance caused by a coherent emission of the molecular 
ensemble [39]. Other effects, such as quenching at an interface, might 
also be at work so that the resulting thickness dependence would be 
non-linear. A similar character of the overall PL intensity thickness 
dependence was observed by Müller et al. [40] for rubrene molecules on 
AlOx. Apparently, the PL intensity should saturate at a certain thickness 
due to a limited penetration depth of the excitation laser. Based on the 
known absorption coefficient of DIP, such a penetration depth should be 
around 100–200 nm [41,42]. However, in our case, the grown DIP layers 
were much thinner, so we did not observe any saturation of the PL 
signal. 

The overall aim of the presented experimental setup was to correlate 
the PL properties with the structural ones. Thus, we now turn to the 
GIWAXS results. Fig. 4 shows the GIWAXS reciprocal space maps of the 
5 nm and 25 nm thick DIP film. A Bragg diffraction spot is visible at q⊥ ≈

0.39 Å− 1 for both thicknesses, corresponding to reflection from (001) 
lattice planes. The 001 diffraction along q⊥ indicates a standing-up 
orientation of the molecules [22,23,43]. Similarly, the standing-up 
molecular orientation can be deduced from the wedding-cake-like 
growth of the DIP crystals measured by AFM (see Fig. 4c), which is 
typical for the upright orientation of the DIP molecules on Si substrates 
[22,27]. A slight shift in the Bragg peak position from q = (0.360 ±
0.005) Å− 1 for 5 nm to q = (0.390 ± 0.005) Å− 1 for the 25 nm thick film 
can be observed in Fig. 4. The peak position was calculated by fitting the 
linecuts in the reciprocal space map with a Gaussian function. For 
clarity, in laboratory conditions where the intensity of the X-ray source 
is limited, the position (and intensity) of the diffraction peak can be 
reliably determined from ~4 nm. For thinner DIP layers, the background 
scattering hinders measuring the diffraction peak intensity. A similar 
peak shift during the DIP growth was observed previously [44] and 
attributed to structural changes, i.e., a change of lattice parameters 
induced by strain or inhomogeneities. 

As expected, the scattering intensity increases with DIP thickness 
[45]. However, the intensity increase is not linear, as can be seen from 
the deviation of the experimental data from the linear function, plotted 
as a red curve in Fig. 5a. We note that the scattering intensity shown in 
Fig. 5a was calculated as the peak area and normalized to its maximal 
value. The log-log scale was intentionally chosen to directly compare 
with the PL intensity, as explained in the following paragraph. 

The scattering intensity rises linearly up to ~14 nm, and its growth 
slows down subsequently. In ideal layer-by-layer growth, the intensity of 
the diffraction peaks is expected to scale linearly with the film thickness. 
A lower rate in the intensity increase might indicate an existence of a 
competing polymorph. In earlier work, Kowarik et al. [25,44] observed 
the formation of a new polymorph characterized by lying-down molec
ular orientation starting at a critical thickness of ~17 nm (at a substrate 
temperature of 35 ◦C). Interestingly, the PL intensity evolution also 
shows a non-linear thickness dependence when plotted on the loga
rithmic scale (Fig. 5b). Here, two growth regions can be distinguished 
based on the distinct linear slope: (1) and early-stage growth, from ~4 to 
14 nm, and (2) from ~14 to 25 nm. In both regions, the PL intensity 
scales approximately linearly (linear in the log-log scale, i.e., exponen
tial in the linear scale) with the film thickness, albeit with a different 

Fig. 5. Thickness dependence of the a) normalized scattering intensity of the 
001 diffraction peak and b) overall PL intensity. The red line in a) is a linear fit 
of the diffraction peak intensity in the first half of the molecular growth. The 
green and blue lines in b) represent a PL intensity fit in the first and second 
halves of the molecular growth, respectively. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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scaling factor. We note that the PL intensity thickness dependence was 
measured several times, and its deviation from the linear trend (on a 
logarithmic scale) is reproducible. 

The PL signal is very sensitive to the transition dipole moment of the 
molecule μ, i.e., to the molecular orientation [17,46]. The DIP molecule 
is known to have μ parallel to the long molecular axis [29,47]. For the 
standing-up direction of DIP, the projection of incident electric field E 
and μ is smaller compared to the case of lying-down molecules [23]. 
Thus, in addition to the increasing number of luminescent molecules, 
the increase in the PL intensity could potentially be explained by con
current growth of two molecular orientations –standing-up and 
lying-down. On the other hand, the lying-down molecular orientation 
was not observed in our GIWAXS measurements. For the lying-down 
molecules, the diffraction peak would appear near q|| ≈ 0.39 Å− 1 as 
indicated by the red square in Fig. 4b. However, the 001 diffraction 
intensity for the lying-down molecules is generally less pronounced 
compared to the standing-up orientation, as the lying-down molecules 
are typically oriented in the so-called fiber texture (arbitrary azimuthal 
orientation) [48]. In this case, the diffraction would also realize at all 
azimuthal angles above the sample plane, reducing the intensity of the 
001 diffraction. Moreover, the volume of the lying-down molecular 
phase might be too small to be clearly distinguishable from the back
ground scattering. Therefore, an X-ray source with higher photon flux, 
such as synchrotron radiation, would be required to confirm the exis
tence of the lying-down molecular orientation directly. 

4. Conclusion 

In conclusion, we present simultaneous in situ X-ray diffraction and 
photoluminescence measurements during molecular growth in a vac
uum. We found a direct correlation between the PL and GIWAXS 
diffraction intensities, indicating the formation of a new polymorph 
with a lying-down orientation of DIP molecules starting at a layer 
thickness of ~ 14 nm. We show that, as expected, the PL signal is more 
sensitive to the arrangement of the molecules than the GIWAXS. 
Furthermore, we emphasize that the presented deposition chamber with 
PL add-on can be widely used not only for studying the real-time growth 
of molecular layers but also the growth of vacuum-deposited perovskites 
and other photoluminescent materials, where the correlation of elec
tronic and structural properties is of high importance. 
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