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AFM 

AFM images (1×1 μm) of the studied samples are shown in Figure S1 with corresponding surface 

profiles. Clear molecular terraces are visible only for DIP. All mixtures reveal very smooth surfaces, 

although 1:1 is rougher than non-equimolar samples. 

 
Figure S1 AFM images with surface profiles. 

X-ray diffraction 

Table S1 compiles film parameters extracted from fits of the Kiessig oscillations (XRR scans in 

Figure 4). The film roughnesses from AFM measurements are given for comparison. The lattice 

spacings are estimated from Bragg peak maximum positions defined by Gaussian fits. 
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Table S1 Summary of film parameters extracted from XRR fits and 

AFM roughnesses. 

config.  
thickness 

d (nm) 

roughness 

σ (nm) 

roughness AFM 

σRMS (nm) 
d(001) (Å) 

DIP 19.8 3.8 3.9 16.85 

3:1 20.5 0.9 0.5 - 

1:1 25.3 1.3 1.0 - 

1:3 23.8 1.0 0.6 - 

1:9 23.8 1.3 0.7 - 

PDIR-CN2 20.3 1.4 0.8 17.12 

PHJ 42.9 3.2 1.8 16.85/17.12 

SL 37.9 1.4 0.8 17.17 

 

GIXD spectra of heterostructures (Figure S2) reveal only features of pristine materials. 

 
Figure S2 GIXD scans of PHJ and SL. 

 

Ultraviolet photoelectron spectroscopy 

 

We used ultraviolet photoelectron spectroscopy (UPS) to determine the HOMO level and the work 

function of the crystalline molecular films. Through this method, we also gain access to the ionization 

energies (IE) of the molecules in the layers. Valence band spectra for pristine DIP and PDIR-CN2 thin 

films are shown in Figure S3. All energy values are derived from the peak onsets, calculated by linear 

extrapolation of the inflection point to the base line. 

Due to the high degree of structural compatibility between DIP and the HOPG surface, the 

resulting templating effect forces the adsorbed molecules to grow in a mainly lying down fashion. On 

weakly interacting, amorphous surfaces, like SiO2 or HIL 1.3 coated ITO, on the other hand, no such 

templating exists and the molecules grow rather upright standing. This large orientational difference 

conforms well to the lower IE (5.4 eV) for upright standing than for lying down (5.8 eV) DIP 

molecules.
1
 According to our NEXAFS results (see the next part) PDIR-CN2 does not experience 

strong interaction with the HOPG substrate since no significant orientational change was found 

(Figure S8). Nevertheless we can observe the IE shift by 0.3 eV from 7.1 eV on SiO2 to 6.8 eV on 

HOPG (Figure S3c,d). LUMO level pinning is observed from the increase of work function upon 

deposition of PDIR-CN2 on SiO2 (see figure S3b).
2,3

 By assuming a position of the pinned LUMO 

level of about -0.4 eV, the transport gap is 2.65 eV.
4,5

 



S4 
 

 

Figure S3 Valence region spectra and work functions of pristine (a) DIP and (b) PDIR-CN2 thin films on 

amorphous SiO2 (bottom) and highly oriented pyrolytic graphite (HOPG) substrates (top). The substrate 

contributions have been subtracted from the measured signal, in order to obtain the true molecular valence 

signatures. Dashed lines give the position of the HOMO and work function onsets, as determined by linear 

extrapolation of the inflection point to the baseline. The gray spectrum shows the work function of the 

uncovered SiO2 substrate. ΔΦ shows the work function shift and thus LUMO pinning of pristine PDIR-CN2 

films. All spectra are vertically scaled and shifted for clarity. 

After the establishment of energy values of the pristine molecules, we now look at the energetic 

interplay at PHJ and PMHJ. We used ITO/HIL1.3 and HOPG substrates to build a base layer 

consisting of standing and lying DIP molecules, respectively. The results are shown in Figure S4. 

Changing the substrate to HOPG results in a higher IE and vacuum level alignment of DIP to the 

substrate. The same is true for the deposition of PDIR-CN2 on top, however, the IE changes only 

marginally (6.65 eV compared to 6.75 eV on standing DIP molecules), since the side groups of PDIR-

CN2 inhibit close stacking to the DIP molecules. To look at large-area D/A interfaces we evaporated 

blends of DIP and PDIR-CN2 on top of DIP pre-covered ITO/HIL 1.3 and HOPG substrates. The 

results on the PMHJ on HOPG show the same trend as on ITO/HIL 1.3 and are shown in Figure S4d. 

In comparison to the energy levels of the pristine molecules, this strongly indicates a mixture 

containing upright-standing DIP molecules, breaking the templating effect of the HOPG substrate. We 

note further that a clear trend in IE of films dependent on molecular orientation as observed for other 

materials before
6-8 

is absent for PDIR-CN2. 
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Figure S4 Valence region spectra and work functions (WF) of PHJ (a) on HIL 1.3 and (b) highly oriented 

pyrolytic graphite (HOPG) for increasing layer thicknesses, indicated by the inset values in the WF plots. The 

red graphs show the base line spectra of DIP covered substrates. Parts (c) and (d) show the analogous results of 

PMHJ architectures. All spectra are vertically scaled and shifted for clarity. Overlaid in the valence region 

spectra are fits with pristine valence signatures for all thicknesses in thin black curves. 

 

NEXAFS 

 

All samples for the NEXAFS measurements were deposited under high vacuum conditions (base 

pressure 10
-7

 mbar) and nominal growth rates of 4 nm/min for DIP and 3 nm/min for PDIR-CN2. The 

NEXAFS measurements were performed at the beamline D1011 of the synchrotron storage ring MAX 

II at MAX IV laboratory, Lund University, Sweden. The used light is linearly polarized. Through the 

end station an energy resolution of about 50 meV around the carbon K-edge is achieved. All NEXAFS 

spectra were recorded in total electron yield mode. Contributions from the substrate, which overlap 

with the sample signature, were subtracted to isolate the unadulterated thin film spectra. The observed 

dichroisms were analysed using eq. (1), to obtain the average molecular orientation
9,10

. 

       *

2 2 2

π

3 1 1
I θ,α cos θ cos α  -  + sin α

2 2 2

 
   

 
P           (1) 

Here, Θ is the angle of incidence between the incoming X-ray photons and the sample surface 

plane, α is the average molecular inclination angle between molecular plane and substrate surface and 

P = 0.975 is the degree of polarization, characteristic for the beamline. Additionally, an angular offset 

ΘOffset was introduced during the fit routine, to account for small angular misalignment of the sample. 

Since eq. (1) is symmetric around Θ = 90°, the last data point (Θ = 90° + ΘOffset) was mirrored to (Θ = 

90° - ΘOffset) to achieve visual uniformness, without loss of generality. 

Utilizing the dichroism of X-ray absorption, NEXAFS spectroscopy allows the determination of 

the average molecular orientation in thin films, perfectly supplementing the information gained from 
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XRD. The exact intensity dependence for π*-transitions for substrates of at least threefold-symmetry 

is given by eq. (1).
10

 

To unambiguously identify the molecular arrangement at the interface, we complement our XRD 

measurements with NEXAFS spectroscopy at the C1s edge. The resulting absorption spectra are 

shown in Figure S5, Figure S6 and Figure S7. Pristine DIP on SiO2, Figure S5a, shows clear dichroic 

behavior. After integration from 283.3 to 286.3 eV and angular analysis of the obtained π*-peak 

intensities using eq. (1), we obtain an average molecular inclination angle of 78±5° between 

molecular and substrate surface plane.
11

 On HOPG, the reverse dichroism is clearly observed (Figure 

S6a). After subtraction of the C1s substrate signature,
12

 analysis here yields an average molecular 

inclination angle of 33±5°. Since the carbon frame of the DIP molecules features a perfect lattice 

match to the HOPG surface, this dichroism is readily explained by the templating function of the 

HOPG to induce a new polymorph, consisting of lying down DIP molecules. Deviations from 0° for 

perfectly flat lying down molecules originate from defects on the substrate surface, as well as the 

averaging nature of the NEXAFS technique itself, being sensitive to both, crystalline (well-ordered) 

and amorphous (disordered) regions. This shows that the choice of HOPG and SiO2 as substrates is 

ideal to control the molecular orientation of the DIP molecules, which is essential to control the 

orbital overlap at (organic-organic) interfaces. 

Likewise, the X-ray absorption spectra of pristine PDIR-CN2 on HOPG and SiO2 are shown in 

Figure S5b and Figure S6b. In contrast to DIP, there is no clear dichroism visible, independent of the 

substrate choice. The results of the peak intensity evaluation are shown in Figure S8. On SiO2 an 

average inclination angle of 55±5° is obtained, compared to 53±5° on HOPG. However, since we 

observe different IEs on both substrates, the molecular arrangements appear to be different. The 

templating function of the HOPG is reduced by the alkyl side chains of the PDIR-CN2 molecules. On 

weakly interacting SiO2, on the other hand, the undisturbed, known crystal phase with an average 

inclination angle of 53°
13

 is adopted almost exclusively. 

Looking at the X-ray absorption spectra of device relevant architectures in Figure S7a (PHJ) and b 

(PMHJ), we can identify features from both pristine components. Deconvoluting the mixed spectra 

with pristine spectra obtained at Θ=55° reproduces all major features. The best fits are shown by thin 

black lines in Figure S7. Angular analysis of the individual components isolates the separate 

orientations for DIP and PDIR-CN2 molecules (Figure S9). The DIP molecules at the planar interface 

possess an average inclination angle of 79±5°, decreasing slightly at the mixed interface to 76±5°. For 

the PDIR-CN2 contribution, the inverse trend is observed – a slight increase from 53±5° to 58±5°. 

This shows that the average orientation of both individual molecules in the planar configuration is 

nearly unperturbed compared to the pristine molecular films in the known crystal bulk structures. 

However, in the mixed film, where the interplay between donor and acceptor is much more 

pronounced, an angular shift towards a common alignment is achieved. This points towards a 

relaxation or segregation from the individual polymorphs to a new one, which was also seen in the 

GIXD data. The observed shift of at most 5° here is not astoundingly large. However, since NEXAFS 

determines only average orientations over all probed molecules, a much larger angular shift (>15°) 

due to relaxation in the new polymorph is most likely, while the individual pristine crystalline phases 

of DIP and PDIR-CN2 coexist as well to some degree. 

As mentioned before, no new features due to interaction are observed. This is shown in Figure S7 

by the small residuals. There are several explanations for this distinction, for example forbidden 

dipole transitions, the weak interaction character of the ground state CT complex itself or just surface 

effects.
14-20

 IR spectroscopy was performed in transmission mode, being sensitive to properties of the 

complete bulk. NEXAFS sensitivity, on the other hand, is limited by the inelastic mean free path of 

the excited electrons (~1nm) and the absorption depth of the incident X-ray photons, meaning that 

only surface properties are measured.
21

 The weak interaction strength points towards a small overlap 
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in the ground state between both involved molecules, possibly too weak to be easily detected by the 

used setup. Additionally, the formed exciton upon optical or X-ray absorption involves different 

molecular orbitals. This results in the observed additional features for optical absorption, which are 

absent compared to X-ray absorption. 

 
Figure S5 X-ray absorption spectra for varying angles of incidence Θ between the photon beam and the sample 

surface. The shaded area depicts the region used for obtaining the integrated peak intensities. Here, the results 

on amorphous SiO2 substrates are shown for DIP (a) and PDIR-CN2 (b). All spectra are normalized to the 

incident photon flux and to the C1s step edge at 270 and 330eV. 

 
Figure S6 X-ray absorption spectra for varying angles of incidence Θ between the photon beam and the sample 

surface. The shaded area depicts the region used for obtaining the integrated peak intensities. Here, the results of 

DIP (a) and PDIR-CN2 (b) on highly oriented graphite (HOPG) substrates are shown. Substrate contributions 

from the HOPG substrate were subtracted. All spectra are normalized to the incident photon flux and to the C1s 

step edge at 270 and 330eV. 
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Figure S7 X-ray absorption spectra for device relevant architectures, PHJ (a) and PMHJ (b), of DIP and PDIR-

CN2 on SiO2. The thin black lines show linear combinations of pristine DIP and PDIR-CN2 spectra at Θ=55°, 

providing the best fit to the experimental data. The orange curve is the residual for the deconvolution at Θ=90°. 

For visual clarity, the absorption spectra for Θ=70° and 40° are not shown. 

 
Figure S8 Evaluation of the dichroism (C1s-π* transition) for pristine molecular thin films of DIP and PDIR-

CN2 on substrates SiO2 and HOPG. The specified angles α on the left are the average inclination angle between 

molecular and substrate surface plane for each fitted/simulated dichroism curve. The C1s substrate signatures 

were subtracted prior to the analysis. All curves are normalized to an incident angle of 55° to eliminate the 

constant of proportionality introduced in eq. 1. 
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Figure S9 Evaluation of the π*-dichroism shown in figure 5 for the pristine molecular contributions in the 

device relevant architectures – PHJ (a) and PMHJ (b). The specified angles α on the left are the average 

inclination angle between molecular and substrate surface plane for each fitted/simulated dichroism curve. The 

C1s substrate signatures were subtracted prior to the analysis. All curves are normalized to an incident angle of 

55° to eliminate the constant of proportionality introduced in eq. 1. 

 

PL transients 

Figure S10 shows photoluminescence transients recorded for pristine films of DIP and PDIR-CN2 

and their blends at 2 temperatures. The corresponding 1/e-decay times were extracted by 

monoexponential fits and are plotted as a function of temperature in the insets. At low temperatures, 

the average decay time of the pristine films is very long (> 12.5 ns). Therefore, there is a signal 

contribution at negative delay times. CT-decay of 1:1 blend is faster at RT and slower at 10 K in 

comparison to PDIR-CN2-rich blends. No temperature dependence of the PL dynamics in the non-

stoichiometric blends is observed. 

 

Ellipsometry 

Ellipsometry fit result for mixed films is presented in Figure S11. Both in-plane (Figure S11a, 

similar to the optical absorption result) and out-of-plane (Figure S11b) components of the extinction 

coefficient are consistent with the gradual structural transition from standing up-right DIP molecules 

to tilted PDIR-CN2 molecules through composition changes. CT bands at 1.4-2.0 eV are visible only 

for the in-plane component. 
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Figure S10 Temperature dependent PL transients. Insets show lifetimes τ versus measurement temperature, τ of 

pristine DIP and PDIR-CN2 measured at 10 K Å exceed 12.5 ns and therefore are not shown in the plots.  

 

 

Figure S11 Extinction coefficient k evaluated from ellipsometry: (a) in-plane component (parallel to the sample 

surface) and (b) out-of-plane component (normal to the sample surface). 
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