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1. Experimental GIWAXS setup

Scattering geometry for the real-time study of DIP growth is shown is Fig. S1. The angle 

of incidence (i) was st to 0.2°. The MoS2/Al2O3 substrate and the crucible with DIP 

molecules were placed in the portable deposition chamber1 with 360° cylindrical beryllium 

window which is transparent for X-rays.

Figure S1. Schematic view of the in-situ GIWAXS measurement.

2. As-measured absorption spectra

The optical absorption data were measured ex-situ for DIP thin films with different 

effective thicknesses. The absorption spectra were obtained from the transmission 

measurements performed by UV-VIS-NIR spectrophotometer Shimadzu SolidSpec-3700 at 

room temperature. The beam diameter at the sample was in the order of a few millimeters, thus 

probing the average value of the molecular in-plane and out-of-plane orientation for the 

horizontally and vertically aligned MoS2 layers, respectively. 
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Figure S2. Absorption spectra for DIP layers with different effective thickness with lying-down 

and standing-up orientation of the molecules. A and B denotes the excitonic transition bands 

for few-layer MoS2.2 Absorption spectra are vertically shifted for clarity.

Figure S2 shows the as-measured absorption spectra for DIP layers with different 

effective thicknesses for the lying-down and standing-up molecules. The absorption spectra of 

the lying-down molecules show an increasing intensity of the transitions from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). For 

the standing-up molecules, no HOMO-LUMO transitions are visible due to a minimal 

projection of the polarization onto the long molecular axis. Figure S2 also shows the MoS2 

excitonic peaks A and B at 1.85 eV and 2.01 eV, respectively. The spectral position of A and 

B peaks agrees well with the previously published few-layer MoS2 samples.3 
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3. Raman spectra

Further, we show the characteristic Raman spectra measured on DIP films. Raman 

spectroscopy was chosen as a complementary method to optical absorption, probing the internal 

vibrations of the molecules coupled to optical excitation. We measured the Raman spectra of 

DIP layers for both, the lying-down and standing-up orientation of molecules. The spectra were 

measured ex-situ using the confocal Raman spectrometer WITec alpha300 equipped with a 

Peltier-cooled CCD detector. The excitation laser wavelength of 785 nm (linearly polarized) 

was focused onto the sample by a microscope objective with a magnification of 100×. The 

excitation laser energy (1.56 eV) was chosen well below the lowest observed subband of the 

HOMOLUMO transition, in order to suppress the photoluminescence (PL) background. 

Figure S3. Raman spectra of the lying-down and standing-up orientations of DIP molecules. 

The effective layer thickness was 13.5 nm for both orientations. The PL background was 

subtracted. 

The Raman spectra shown here, see Figure S3, were obtained as an average of the spectra 

measured in the 5 × 5 m2 scanning area. Therefore, the spectra reflect the mean in-plane and 
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out-of-plane molecular orientation for the lying-down and standing-up molecules, respectively. 

We note, that in this section we would like to concentrate exclusively on the differences in the 

Raman spectra measured for the lying-down and standing-up molecular orientation. A detailed 

overview of the DIP Raman spectra, supported by the theoretical density-functional theory 

(DFT) calculations can be found in Ref. 4 and 5.

Figure S3 shows the Raman spectra for the two perpendicular molecular orientations. In 

the case of lying-down molecules, we observe a majority of the reported Raman peaks in the 

selected wavenumber range,4 which also agrees well with the theoretically calculated Raman 

peak positions, see Fig. S4. For the standing-up orientation of the molecules, we observed 

changes in the line intensity relative to the strongest line at 1284 cm-1. The Raman features at 

~ 1096 and 1390 cm-1 are strongly suppressed. According to Ref. 6, all the vibrational modes 

from the frequency range shown in Figure S3 belong to the Ag irreducible representation of the 

D2h  point group. The corresponding Raman tensor is diagonal with three tensor elements a, b 

and c of uneven magnitude on the diagonal. Moreover, our DFT calculations have shown that 

the tensor element a is at least two orders of magnitude larger than the other two for all the 

modes observed in Figure S3. This means that the suppression of the 1096 and 1390 cm-1 lines 

cannot be accounted for by rotating the Raman tensor of the mode when changing the molecule 

orientation from the lying-down to standing-up as the change would affect all the Raman modes 

of the Ag symmetry in the same manner. The line at 1096 cm-1 essentially disappeared from the 

„standing-up“ spectrum due to its low intensity and a large background compared to the 

spectrum for the lying-down alignment. The reason for the suppression of the line intensity of 

the two Raman modes remains unknown. However, we note that similar spectral features were 

also observed for the DIP layers grown on SiO2 substrate, where the molecules adopt a standing-

up orientation as well.7
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Figure S4. Raman spectrum for a single isolated DIP molecule calculated from a Hessian 

matrix as implemented in GAMESS package8,9 with use of BPW91 exchange-correlation 

functional and 6-31G(D, P) type of localized basis set. The calculated Raman peaks were 

broadened by a Lorentz function. 

We also show the schematic illustration demonstrating the deflection of individual atoms 

for a single molecule in a gas phase for mode at 1096 cm-1, see Fig. S5. The sketch was obtained 

from the DFT calculations and a procedure described in the figure caption of Fig. S4.

Figure S5. Deformation pattern of the Raman breathing mode at 1096 cm-1 obtained by the 

DFT calculation. The deflections of the DIP atoms are indicated by the red arrows. 
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