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Abstract 

The rational combination of tetracene (Tc) with crystalline silicon (c-Si) could greatly enhance c-Si solar 
cell efficiencies via singlet fission. The Tc/c-Si energy-level alignment (ELA) is thought to be central to 
controlling the required interface transfer processes. We modified hydrogen-terminated c-Si (H-Si) with 
2,2′-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6TCNNQ), C60, or NF3 and probed the effect on 
the c-Si surface chemistry, the Tc/c-Si ELA, the Tc morphology, and solar cell characteristics using 
ultraviolet and X-ray photoelectron spectroscopy, atomic force microscopy, X-ray diffraction, 
photoluminescence transients, device measurements, and transfer matrix-optical modelling. 

Sub-monolayer interlayers of F6TCNNQ shifted the Tc/H-Si(111) ELA by up to 0.55 eV. C60 showed no 
notable effect on the ELA and proved detrimental for the Tc film morphology and solar cell performance. 
Neither F6TCNNQ nor C60 improved the Tc-related photocurrent significantly. 

NF3 CVD substituted the H-termination of H-Si(100) with more electronegative species and resulted in 
work functions as high as 6 eV. This changed the Tc/H-Si(100) ELA by up to 0.45 eV. NF3 plasma from a 
remote source caused pronounced c-Si oxidation and a diminished c-Si photoluminescence lifetime, which 
was not observed for NF3 plasma created in close proximity to the c-Si surface or neutral NF3. 

We discuss possible reasons for why the improved ELA does not lead to an improved singlet fission harvest. 

1. Introduction 

Organic materials that undergo singlet fission can be used to strongly enhance the power conversion 
efficiency of single junction crystalline silicon (c-Si) solar cells1-2. To do so, a thin film of singlet fission-
capable organic molecules with an optical gap approximately twice that of c-Si is implemented on the front 
surface of a c-Si solar cell. Photons absorbed within this layer trigger singlet fission, an exciton 
multiplication process that produces two triplet excitons from one optically-excited singlet state3-4. If these 
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triplet excitons are converted to photocurrent in the device, a significant portion of the solar energy that is 
usually lost to charge carrier thermalization in c-Si is instead turned into additional photocurrent, increasing 
the limiting efficiency of the cell from 32% to 45%1. This approach is akin to using a tandem structure that 
absorbs high-energy photons in a second absorber material with a larger fundamental gap. However, the 
tandem device produces photocurrent at two different junctions. Current matching imposes a cell design 
challenge and significantly reduces the cell efficiency under non-optimal conditions2. The singlet fission 
approach, having no need for current matching, completely avoids this limitation. 

Tetracene (Tc) is a small organic molecule that efficiently undergoes singlet fission and has a triplet exciton 
energy (ET1) that is slightly larger than the band gap of c-Si (ESi). These two materials are thus thought to 
make an ideal pair for a singlet-fission enhanced solar cell. Exploiting singlet fission in these devices 
requires harvesting the triplet excitons at the Tc/c-Si interface. It appears evident from several attempts5-8 
that the interface needs to be modified to realize an efficient triplet harvest.  

Most notably, triplet harvesting could be unambiguously shown for Tc on n-type Si covered with an ultrathin 
(≈1 nm) HfOxNy layer9. Interestingly, no indication of triplet transfer was observed when using p-type Si10. 
The authors argue that this difference is due to the more favorable energy-level alignment (ELA) in the case 
of n-type Si, which gives rise to a lower charge-transfer (CT) state energy than for p-type Si. 

 

Figure 1: Energy-level diagrams of Tc/c-Si interfaces for three different configurations between the 
energies of the Tc triplet state (ET1), the charge transfer state (ECT), and the Si band gap (ESi). The modified 

interface and the induced interface dipole () are indicated in orange. Note that the shown combination 
of one-particle energy levels and two-particle excited state energies is only valid in cases where correlation 
effects between the electron-hole pair are negligible. This condition is not fulfilled for the Tc triplet exciton 
and we refrain from including it here. 

A proven strategy for changing the CT state energy is to implement a dipole layer at the interface11. This 
approach is the focus of the current work and is illustrated in Figure 1, which shows three characteristic 
situations that can arise after interfacial electron transfer from the tetracene triplet into an interface charge 
transfer exciton. Fig. 1 a) assumes that the unmodified ELA has a CT state with energy (ECT) higher than 
the T1 state (ET1). In this situation, the formation of the CT state is associated with an energy cost. Fig. 1 b) 
depicts a modified interface with a more favorable ELA for triplet energy transfer. In this case, both the 
formation of the CT state and the subsequent creation of an electron-hole pair in silicon are exothermic. 
Finally, Fig. 1 c) shows a more pronounced adjustment of the ELA where the energy of the CT state is lower 



than the band gap of silicon. This configuration might be suitable in cases where a dissociation of the triplet 
excitons across a heterojunction at the interface is targeted. 

Dipole layers can be implemented via polar molecules11. We used an alternative approach, wherein 
interlayers induce a preferential electron redistribution in the direction perpendicular to the interface. This 
scheme has been employed previously, e.g., to significantly enhance the exciton transfer yield at the ZnO-
organic interface12. 

We used two different classes of adsorbates to increase the work function of hydrogen-passivated Si (H-Si): 
i) organic electron-acceptor molecules, which induce electron transfer from the substrate and should leave 
the hydrogen passivation intact, and ii) NF3 gas or plasma, which react with the H-Si surface and exchange 
the hydrogen passivation with more electronegative species (F and NF2). We show that both approaches 
allow tuning of the ELA. Furthermore, for scheme i) we resolved concomitant changes in Tc morphology 
and built solar cells that contain the modified interfaces. The device results, which suggested no appreciable 
Tc triplet harvesting despite successful tuning of the ELA, point to limitations in the strategy of ELA 
modification, and suggest that this is at best a partial solution to the problem of triplet exciton harvesting in 
hybrid singlet fission solar cells. 

2. Methods 

Si surface modification and characterization 

The (100)- or (111)-oriented, n-type c-Si substrates were first cleaned with the RCA method and dipped in 
buffer HF or buffer NH4F immediately before they were introduced in the vacuum system. 

The c-Si wafer NF3 treatment was conducted in an RF driven capacitatively-coupled plasma enhanced 
chemical vapor deposition (PECVD) chamber located at the Energy Materials In-Situ Laboratory Berlin 
(EMIL)13 jointly operated by Helmholtz-Zentrum Berlin für Materialien und Energie, GmbH (HZB) and the 
Max-Planck Society (MPG). The base pressure of the chamber was <10-6 mbar. The electrode sizes were 6 
inches and the lower electrode was mobile in order to confine the plasma within the desired volume. 
Additionally, a remote plasma source (RPS) equipped with an individual power source was attached on top 
of this chamber where the dissociation of the precursor gas takes place; the formed radicals flow through 
the shower head to the deposition chamber. The PECVD chamber was also utilized as a conventional CVD 
chamber. The process parameters according to deposition schemes are listed in Table 1 below. An optical 
emission spectrum of the plasma during the PECVD is included in the Supporting Information as Figure 
S1, allowing identification of the presence of N2, N2

+, and NF, but not F in this case. 

Table 1. Process conditions for the employed NF3 deposition techniques. 

Process parameters CVD PECVD RPS 
Substrate Temperature (°C) 360 180 180 
Deposition Pressure (mbar) 2.4 1 1 
Electrode Spacing (mils) 2240 700 700 
NF3 Flow Rate (sccm) 20 50 50 
Applied RF Power (W) - 100 800 
Deposition Time (s) 600/3600 15 180 

  

Tc (99.99 %) and C60 (99.9 %) were purchased from Sigma Aldrich and 2,2′-(perfluoronaphthalene-2,6-
diylidene)dimalononitrile (F6TCNNQ) was provided by the Marder group (Georgia Tech). See Figs. 2 and 
3 for chemical structures. Molecular films were deposited from resistively heated crucibles. The rates were 
determined with a quartz crystal microbalance. Rates of ≈ 0.015 Å/s were used for C60 and F6TCNNQ. A 



Tc deposition rate of 0.17 Å/s was employed at the LowDosePES endstation (see below) while the rate was 
1 Å/s in all other cases. 

Ultraviolet and X-ray photoelectron spectroscopy (UPS/XPS) measurements for the F6TCNNQ interlayer 
and NF3 studies were performed at EMIL, using an Omicron Argus CU hemispherical energy analyzer. He 
I (21.22 eV) and Al Kα (1486.7 eV) radiation from non-monochromatized sources were used for sample 
excitation. UPS measurements for the Tc thickness series on pristine and C60-covered H-Si(111) were 
performed at the LowDosePES endstation14, located at the PM 4 beamline of BESSY II (HZB). These 
spectra were collected with a Scienta SES 100 hemispherical energy analyzer and an excitation energy of 
35 eV. The secondary electron cut-off (SECO) regions were measured with a bias of either -8.95 V or -10 
V to clear the spectrometer work function. When comparing UPS spectra measured at EMIL and PM 4, the 
different experimental conditions give rise to differences in spectral shape. In particular: 

- Photoemission intensity depends on the energies of the incoming photon and outgoing 
photoelectron. Both are different in the two cases for a given binding energy value. 

- The two photoelectron analyzers have different acceptance angles and thus integrate different parts 
of the photoelectron momentum space. 

- Secondary electrons in a given binding energy range are more important in the case of lower 
excitation energy. 

- Electrons that contribute to the SECO feature have small kinetic energies and are thus very sensitive 
to the details of the applied electrostatic field between sample and photoelectron analyzer. 

For two-photon photoemission spectroscopy (2PPE), a 150 kHz optical pulse train was generated with a 
regeneratively-amplified Ti:sapphire laser system driving two low-power non-collinear optical parametric 
amplifiers (NOPAs), which provided tuneable pulses in the visible range. Subsequent second-harmonic 
generation of the output of one NOPA provided UV photons for the probe pulse. The time delay between 
pump and probe pulses was produced using an electronically controlled delay stage to vary the optical path 
of the pump beam.  The probe beam photon energy was maintained at hνprobe = 4.6 eV, and the pump photon 
energy was set at hνpump = 2.5 eV. High time resolution in the 2PPE experiments was obtained by 
compressing the pulses with prism pairs, and the pump-probe in a cross correlation was 65 fs FWHM. The 
kinetic energy of the photoemitted electrons was measured with a homemade time-of-flight spectrometer. 
A -1 V bias voltage applied between the sample and the opening of the spectrometer to improve signal levels 
was compensated for during calculation of the electron kinetic energies. The 2PPE sample was grown by 
depositing 60 nm Tc on H-Si(111) in a separate UHV chamber. The sample was then transported to the 
2PPE system under N2, where it was measured at 210 K. 

Atomic-force microscopy (AFM) for investigating the effect of the C60 interlayer was performed with a Park 
Systems XE-70. For the F6TCNNQ study, a MultiMode Atomic Force Microscope was used. AFM 
topographies were analyzed with the open source software Gwyddion. 

X-Ray diffraction (XRD) measurements were carried out in the X-Ray CoreLab at HZB on a Bruker D8 X-
Ray diffractometer equipped with a LynxEye detector and using Cu K-α1+2 radiation in either in Bragg-
Brentano or Grazing-Incidence geometry. All diffraction data have been analyzed using the DiffracEVA 
software and the ICDD PDF4+ database. 

Silicon photoluminescence (PL) transients were excited with a pulsed dye laser (MNL103 from LTB) 
having a pulse width of 3 ns, a pulse energy of 70 µJ, and a wavelength of 765 nm. The silicon related PL 
signal was directed through a 1130 nm interference filter and into a Si avalanche diode (EMM). Transients 
were collected and averaged using a digital oscilloscope (Agilent 5000 series). 

Device fabrication and characterization 



Device fabrication began with a 4-inch diameter 280 µm thick, (111)-oriented, 3  cm-1 resistivity, 
phosphorus-doped float zone-grown c-Si wafer, polished on both sides and cleaned with the RCA method. 
The design of the electron-selective contact is based on the high efficiency silicon heterojunction concept, 
and was fabricated as described in Ref 15, omitting the conventional indium-doped tin oxide layer to reduce 
the device complexity. The resulting structure consists of the c-Si wafer, a 4 nm intrinsic hydrogenated 
amorphous Si (a-Si:H) layer and a 15 nm highly-doped n-type a-Si:H layer. After fabrication of the rear 
contact by thermal evaporation of 750 nm of silver, the substrate was cut into a series of 1 cm2 half-cells. 

Each half-cell was then immersed in dilute hydrofluoric acid (1%, 2 min). After removal of the acid in a 
nitrogen gas stream, the substrates were immediately placed in a nitrogen-filled glovebox, then loaded into 
a thermal evaporator housed within it. Layers of F6TCNNQ, C60, and Tc were grown by thermal evaporation 
at a base pressure of 10-6 mbar. The deposition rates were 0.5 – 1 Å/s for Tc, 0.1 – 0.3 Å/s for C60, and 0.1 
Å/s for F6TCNNQ, as determined by a quartz crystal microbalance. After deposition of the molecular films, 
samples were moved back into the nitrogen glovebox, and a commercial pre-mixed dispersion of 
PEDOT:PSS (Clevios F HC solar, Heraeus) was spin-coated (HZB: 1500 rpm, 10 s; AMOLF: 5000 rpm, 
30 s) over the Tc layer. Samples were then annealed for 90 min in a vacuum oven at 330 K. This resulted in 
a PEDOT:PSS layer thickness of 60 – 100 nm, determined using scanning electron microscopy 
measurements of cleaved samples. For the metallization of the front contact, a silver contact grid was 
evaporated through a shadow mask. 

At HZB, J-V-characteristics were measured by first adjusting a solar simulator in output power such that 
the short circuit current of a calibrated reference solar cell was equal to the value at AM1.5g. Devices were 
attached with their silver back contact to a copper plate using conductive epoxy and measurements were 
carried out in a four-probe setup using a Keithley source-measure unit. The copper plates with devices on 
top were fixed pneumatically on a metal chuck, for contacting the back of the cell. The silver front grid was 
contacted with two gold wires, in order to extract the holes. The metal chuck was kept at a constant 
temperature of 25 °C. At AMOLF, J-V measurements were made in a two-probe configuration using an 
Agilent B2902A source-measure unit without temperature stabilization, using an Oriel Sol2A Xenon lamp 
with a 1-sun intensity as illumination. 

External quantum efficiency (EQE) spectra measured at HZB were acquired using a home-built setup 
utilizing a 300 W xenon lamp, a monochromator (CS260, Newport), a lock-in amplifier, and mechanical 
chopping of the incident beam. A calibrated silicon solar cell was used to establish reference values. 
Measurements at AMOLF utilized a commercially-produced system (Newport QuantX 300). All EQE 
measurements were carried out in air. 

3. Results and discussion 

Tc/H-Si(111) reference 



 

Figure 2: SECO and VB spectra for H-Si(111) before and after the depositions of Tc films of the indicated 
thicknesses. The energetic positions that are used to determine the work function and electronic energy-
levels are indicated by a dashed line and solid ticks, respectively. All VB spectra were measured with the 
sample tilted by 45° with respect to the electron analyzer in order to enhance the surface sensitivity. The 
exception is the Si VB onset that is shown in the inset and was measured in normal emission geometry. The 
top part reports the chemical structure of Tc and magnified VB spectra for which the H-Si(111) signal has 
been subtracted to enhance the Tc-derived spectral intensity. 

We began by investigating the unmodified Tc/H-Si(111) interface. Figure 2 shows the secondary electron 
cut-off (SECO) and valence band (VB) regions for a Tc thickness series on H-Si(111). The SECO allows to 
derive the sample’s work function and is unchanged throughout the whole series, as indicated by the vertical 
dashed line. Thus, there is no significant work function change upon interface formation, meaning that the 
vacuum levels of c-Si and Tc align. There is only little Tc-derived spectral intensity visible for 1 nm Tc 
coverage, which clearly demonstrates that Tc exhibits Volmer-Weber growth on H-Si(111) when grown at 
room temperature16. The deduced ELA will be discussed in detail later on. Here we only note that theoretical 
calculations predict the Tc highest occupied molecular orbital (HOMO) to be lower in energy than the Si 
VB17, i.e. a configuration inverse to what we observed from UPS. A part of this discrepancy might be due 
to the fact that the calculations were performed for the intimate interface and include the full screening of 
the Si surface while the experiments probed mostly Tc in thicker films (due to the Vollmer-Weber growth 
mode) where the screening should be less efficient. Another relevant contribution possibly stems from the 
fact that the Tc orientation that was considered in Ref. 17 is more upright than the one that has recently been 
derived for ultrathin Tc on H-Si16. Due to electrostatic effects, ionization energies for Tc films with the 
molecules in an inclined configuration should be higher than for those with more upright molecules18, as 
has been observed for related molecules19-20. 

Increasing the H-Si work function 

The employed strategy for tuning the ELA is based on the assumption that the modification induces a 
preferential electronic rearrangement at the c-Si surface and that no significant further interface dipole is 
induced upon deposition of the Tc layer (ideally: vacuum-level alignment). Accordingly, the potential step 
that adjusts the Tc/c-Si ELA is supposed to manifest itself as a corresponding increase of the H-Si work 
function (cf. Fig. 1). 

Acceptor molecules on H-Si(111) 



 

Figure 3: SECO and VB regions for H-Si(111) before and after the depositions of F6TCNNQ (top) and C60 
(bottom) films of the indicated coverages. All spectra were measured in normal emission geometry. The 
origins of the different spectral shapes in the F6TCNNQ and C60 series are discussed in the methods section, 
The chemical structures of F6TCNNQ and C60 are included in the upper and lower left corner, respectively. 

Figure 3 shows the UPS spectral changes induced when depositing 3 nm C60, 0.1 nm F6TCNNQ, or 0.2 nm 
F6TCNNQ on H-Si(111). In all three cases, the formation of the molecular layer gives rise to an increased 
work function, as derived from the SECO. The valence band spectrum for 3 nm C60 (corresponding to three 
monolayers) is dominated by C60-derived features, which is evidence for a closed film. By contrast, the 
F6TCNNQ coverages correspond to the submonolayer regime. Accordingly, the Si valence band spectral 
shape is apparent in the spectra, but efficient surface wetting is evident by clear spectral changes compared 
to H-Si(111). Despite the larger coverage, the C60 film gives the smallest work-function increase out of the 
three samples. This is due to the fact that C60 is only a relatively weak acceptor. The electron affinity of C60 
is 4.0 eV21, which is significantly lower than that of F6TCNNQ at 5.6 eV22. We note that the H-Si(111) 
work function has been reported to increase by more than 1.7 eV to almost 6 eV when F6TCNNQ coverages 
> 1 nm were used23. 

NF3 treatment of H-Si(100) 

Functionalizing the c-Si surface with a species of high electronegativity is an alternative means of 
controlling the c-Si work function. Changing the termination of H-Si(100) to halogen atoms has been 
investigated theoretically24 and the work function of F-Si(100) is calculated to be 6.1 eV, which is > 0.6 eV 
higher than for other halogens. Similar values were also predicted for Si(111)25. 

In this work, we employed NF3 in order to change the H-termination of H-Si(100). We distinguish three 
different cases: (i) H-Si(100) that was directly exposed to an NF3 plasma (a PECVD process); (ii) H-Si(100) 
that was exposed to NF3 plasma generated in a remote plasma source (RPS); and (iii) H-Si(100) that was 
heated to 360 °C and exposed to neutral NF3 (a CVD process). Important differences are expected between 
these cases. While NF3 plasma is very efficient in etching c-Si, neutral NF3 has been reported to not etch c-
Si surfaces notably26-27. 



 

Figure 4: UPS and XPS results for three different NF3 treatments. The Glovebox residence time after NF3 
treatment is indicated via the color and line-style code shown on the left hand side. Corresponding spectral 
changes are indicated by arrows. Differences in SECO shape are mainly due to differences in the type of 
sample holder used. SECO spectra are absent in cases where the employed sample holder was not equipped 
for applying a bias voltage. No XPS was performed for the ‘60 min CVD’ sample. SiF4 is a gas and a 
corresponding signal would stem from physisorbed etching products. All spectra were measured in normal 
emission geometry. See the main text for more details. 

Figure 4 presents the UPS and XPS results which show the work function development as well as changes 
in the valence band and chemical surface structure. The 15s PECVD sample shows the most pronounced 
trends of the samples examined in this work. Most importantly, the work function directly after the PECVD 
treatment (dark violet curves) is 6.0 eV, as can be seen in Fig. 4. This is very close to the predicted value of 
6.1 eV for F-Si(100)24. It is also much larger than reported work functions for Si surfaces terminated with 
other electronegative groups24, 28-30 and slightly higher than the value observed for F6TCNNQ23. For this 
sample, we observe a valence band with a characteristic peak at 10 eV. A similar spectral shape was 
observed after fluorination of carbon nanotubes31 and we can attribute the main peak to F 2p-like states31-32. 
Unlike what was observed in the case of carbon nanotube fluorination31, we find that the PECVD treatment 
increases the density of states close to the Fermi level. In Fig. 4 we can see a pronounced F 1s signal with a 
very similar binding energy to the small F 1s signal for the NH4F-cleaned H-Si(100) reference (shown in 
gray). All these data are consistent with successful c-Si surface fluorination, which is also in line with 
theoretical work suggesting that NF3 adsorption leads to the formation of silicon atoms terminated with F33-

34. These theoretical studies also propose that part of the Si atoms become terminated with NF2. The N 1s 
spectrum in Fig. 4 shows that N is indeed present after PECVD, albeit with a much lower abundance than 
expected from the stoichiometry of NF3. The atomic fractions of N and F are stated in Fig. 4, showing that 
the N fraction of all samples was significantly less than the 25% expected if all NF3 atoms remained on the 
surface. An F 1s spectrum measured with lower pass energy (not shown) yields that the peak maximum is 
located at 687.2 eV, as expected for a mixture of F-Si and F bound to a more electronegative element like 
N35-36. We note that our data agree with a previous study that showed that chemisorption of NF3 onto Si(100) 
results in the formation of Si-F and Si-N bonds with sub-stoichiometric N26. The escape of nitrogen atoms 
is possible in the form of NFx and N2 gas. 

The chemical shifts of the Si 2p core level binding energy induced by changing Si-Si bonds to Si-F bonds37-

40 are very similar to those observed when Si-Si bonds change to Si-O bonds41, making it impossible to 
deduce the chemical species from the Si 2p spectra alone. We therefore use the F 1s and O 1s spectra to 



assist the assessment. We find that for the as-deposited PECVD sample, the atom percentage of F is 20 
times that of O. This allows attributing the majority of the PECVD-induced Si 2p spectral intensity to Si-Fx 
bonds. 

Next, we look at the changes induced by exposure of our F- and NF2-terminated Si sample to a glovebox 
(Working gas: N2, O: 0.1 – 1 ppm, H2O: < 0.1 ppm) environment. In the corresponding spectra (pink curves) 
we can clearly see significantly decreased N 1s and F 1s signals while the O 1s signal has increased and is 
now located at higher binding energy, at a value that is expected for oxidized Si42. In view of these trends 
we can link the decreased (increased) spectral intensity below (above) approximately 104 eV in the Si 2p 
spectrum to a removal of Si-F and Si-NF2 species (formation of SiO2) and the shift of the F1s to the 
formation of Si-O-F43. The pronounced oxidation under glove box conditions that is observed for the 
PECVD-treated sample is likely due to the rough surface of this sample, which is created when the NF3 
plasma etches the c-Si surface. Indeed, AFM micrographs included in Figures S6 and S7 of the Supporting 
Information clearly show the strong etching effect of the PECVD treatment. 

The corresponding valence band spectrum is now less dominated by the F-derived features. The new spectral 
intensity can be explained by contributions from SiOx, and SiNx

44-45. The dashed blue spectrum was obtained 
after another exposure to the N2 atmosphere and exhibits a continuation of the same trend. As can be seen 
in the SECO region, the gradual replacement of Si-F and Si-NF2 with SiO2 results in a large and continued 
decrease of the work function. 

For the RPS-treated H-Si(100) we also find evidence of a fluorine-rich surface. This time the nitrogen 
fraction is even smaller, but the O content is now more than 50 % of that of F already for the freshly RPS-
treated sample. The RPS-induced Si 2p spectral intensity thus likely stems from fluorinated and oxidized Si 
atoms. Possibly, a part of the surface exhibits Si-O-F groups as has been proposed for NF3 exposure in the 
presence of residual oxygen33, 36. 

We can use the O 1s and F 1s intensity trends observed when going from the fresh to the N2-aged PECVD 
and RPS samples to deduce the origin of the valence band features. This corroborates our assessment that 
the peak at 10 eV and the states below 4 eV stem from F-derived states, while the features in between 
originate predominately from O-derived states. Very similar work functions are observed for the RPS and 
PECVD samples after the same short aging in the glovebox (5.0 eV and 5.1 eV, respectively). 

We now turn our attention to the CVD procedure. In contrast to PECVD and RPS, no NF3 plasma is 
generated. Instead, the H-Si(100) surface is exposed to neutral NF3 gas. A much less aggressive attack of 
the surface is expected in this case26-27. For a 10 minute exposure, all effects are much less pronounced than 
for both PECVD and RPS. However, also in this case the valence band and core level spectra show similar 
indications for the creation of a partly F- and NF2-terminated Si(100) surface. Consistently, we find that the 
work function slightly increased to 4.3 eV. Even after aging in N2 we observe no SiO2, but indication for 
sub-oxide formation. A longer CVD treatment of 60 minutes gives rise to a much higher work function 
(~5.3 eV). This value and the valence band features are similar to those observed for RPS and PECVD, 
indicating that eventually similar effects occur in all cases. However, we did not investigate prolonged CVD 
in detail.  

Energy-level alignment tuning 

Tc on the C60 interlayer 



Figure 5: a) UPS results for 3 nm C60/H-Si(111) before and after Tc deposition of the indicated coverages. 
All spectra were measured in normal emission geometry, except the dotted spectrum for 12 nm Tc for which 
the sample was tilted by 45°. The increased surface sensitivity for this measurement geometry enhances the 
spectral weight of the surface layer and allows to more accurately determine the Tc HOMO onset. Right: 
Schematic energy-level diagrams that illustrate the shift of the energy-levels upon Tc making contact with 
C60/H-Si(111). See main text for details. 

We have seen in Fig. 3 that C60 deposition increases the H-Si(111) work function by 0.25 eV. We will now 
look in detail at the electronic changes induced by the formation of the Tc overlayer. From the valence band 
spectra reported in Figure 5 a) it becomes clear that although new spectral intensity emerges upon Tc 
deposition, the Tc-derived features do not dominate the spectral shape even for a 12 nm Tc coverage which 
corresponds to approximately 10 monolayers. This clearly shows that the Volmer-Weber growth mode of 
Tc that was observed for H-Si(111) also prevails for C60-covered H-Si(111). As can be seen from the 
corresponding SECOs, the deposition of Tc gives rise to a gradual decrease of the work function. At a 
coverage of 12 nm, the decrease amounts to 0.15 eV. Given the pronounced Volmer-Weber growth it is 
conceivable that there are still open patches in the Tc film and the saturation work function after complete 
Tc/C60 interface formation is slightly lower. This means that the total work function increase induced by the 
C60 interlayer amounts to < 0.1 eV. Accordingly, we expect at most a small shift of the Tc HOMO towards 
the Fermi level. Indeed, the Tc HOMO onset, determined from Fig. 5, is located at 1.1 eV, i.e. the same 
value as for H-Si(111). 

Given that Tc has the same ELA with respect to both pristine and C60-modified H-Si(111), it is tempting to 
attribute this result to Tc’s intrinsic work function. However, the numbers of Tc’s intrinsic charge carriers 
as well as charge carriers injected from the substrate into Tc are too low to saturate the band bending at the 
Tc/substrate interface within Tc film thicknesses of a few 10 nm46. Therefore such thin Tc films do not 
exhibit an intrinsic work function and their ELA with respect to the substrate is not fixed. The ELA 
flexibility is limited by the Fermi-level pinning of the HOMO and LUMO, which is discussed below in the 
context of F6TCNNQ interlayers. 

No Fermi-level pinning is expected under the ELA conditions that we observe for Tc on C60/H-Si(111). 
Therefore, the potential drop that gives rise to the work function decrease upon formation of the Tc/C60 
interface has to derive from a specific interaction between Tc and C60/H-Si(111). Two scenarios are 
conceivable: An interaction between Tc and C60 and an interaction between Tc and H-Si(111). To decide 



between the two, we determine concomitant shifts in the C60 and Tc energy levels and visualize them in Fig. 
5 b). For C60, we can see a prominent peak in Fig. 5 a) that is located at 3.8 eV before Tc deposition. Upon 
Tc deposition, this peak shifts by 0.1 eV towards lower binding energies. For Tc, the ELA before contact 
can be derived by asserting vacuum-level alignment at the C60/Tc interface and using Tc’s ionization energy. 
We employ the Tc film on H-Si(111) discussed above (cf. Fig. 2) and calculate the ionization energy by 
taking the sum of the work function (4.25 eV) and the HOMO onset with respect to the Fermi level (1.1 
eV). The difference between the determined ionization energy of Tc (5.35 eV) and the work function of 
C60/H-Si(111) (4.55 eV) then gives the energetic position of the Tc HOMO onset with respect to the Fermi 
level of C60/H-Si(111) before contact (0.8 eV). With respect to this situation, the Tc HOMO onset after 
contact is shifted by 0.3 eV to higher binding energies. As illustrated in Fig. 5 b), this means that the C60 
energy-level shift upon contact formation is opposite to that of Tc. This behavior is a clear evidence for the 
formation of an interface dipole directly at the Tc/C60 interface. In contrast, for an assumed c-Si substrate-
to-Tc overlayer charge transfer (across the C60 interlayer), the energy levels of both Tc and C60 would shift 
in the same direction47-48.  

Two different effects could be at the origin of the interface dipole at the Tc/C60 interface. First, a similar 
interface dipole was observed previously at the related pentacene/C60 interface49 and ascribed to a 
polarization of the molecules’ electronic clouds50-51. Second, Tc and C60 form a donor-acceptor 
heterojunction for which the generation of photovoltage has been observed 52-54. 

As can be seen from the ‘after contact’ energy-level diagram in Fig. 5 b), the combined effect of the interface 
dipoles at the Tc/C60 and the C60/H-Si(111) interfaces results in an unchanged effective ELA between Tc 
and c-Si.  

Tc on F6TNNQ interlayers and NF3-treated c-Si 

 

Figure 6: Left: SECO region for F6TCNNQ-modified H-Si(111) before and after deposition of 20 nm Tc. 
Middle and right: Tc HOMO region for 20 nm Tc on F6TCNNQ-modified H-Si(111) (emission angle = 30°) 
and 10 nm Tc on NF3-modified H-Si(100) (normal emission), respectively. For the NF3-modifed c-Si 
samples, the Tc deposition took place immediately after the 30 min exposure to glovebox conditions reported 
as dashed lines in Fig. 4. 

Figure 6 presents valence band spectra for Tc films on F6TCNNQ- and NF3-modified c-Si. The Tc thickness 
was 20 nm (10 nm) in the case of F6TCNNQ (NF3). We see that all F6TCNNQ and NF3 depositions give 
rise to smaller energy differences between the Tc HOMO and the Fermi level than observed for pristine H-



Si(111) (cf. Fig. 2). This proves that both modification schemes can be used to tune the ELA. The smallest 
Tc HOMO onset binding energy observed in this work is 0.55 eV for 0.2 nm F6TCNNQ. However, this is 
still less than expected from the observed work function increase at the F6TCNNQ/H-Si(111) interface for 
the same system. This discrepancy is due to a work function decrease upon formation of the Tc/F6TCNNQ 
interface that is apparent from the SECO shift shown in Fig. 6. This observation resembles the behavior 
discussed above for Tc/C60 and we cannot exclude a similar origin in both cases. However, in the case of 
the thinner F6TCNNQ interlayer the formation of the Tc overlayer does not induce a notable work function 
change, indicating that another mechanism is at play. The more likely explanation then is Fermi level 
pinning of the Tc HOMO. This phenomenon occurs once the tailing gap states of the Tc HOMO start 
overlapping with the Fermi level and prevents further reduction of the energy distance between the two.55-
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Morphology 

Acceptor molecule interlayers 

 

Figure 7: a) AFM images for the indicated systems. b) XRD data for the same films as in a). 

Figure 7 a) presents AFM images for Tc on H-Si(111) and on 2 nm C60/H-Si(111). In both cases, the Tc 
thickness is 100 nm. For Tc on H-Si(111), large column-like grains are observed. The Tc film on the C60 
interlayer is much rougher and the grains are smaller and have significantly less orientational order. Fig. 7 
b) shows X-ray diffractograms obtained for the two systems. The two diffraction peaks found for Tc directly 
on H-Si(111) are well known as corresponding to the so-called thin film (Tc II) and bulk-like (Tc I) phases, 
whose relative abundances strongly depend on Tc deposition conditions58-59. For the Tc films grown on top 
of the C60 interlayer, only a small Tc I signal and no Tc II signal is observed.  

 

Figure 8: a) AFM images for the indicated systems. b) XRD data for the same films as in a). The red and 
green curves have been vertically offset by 2 and 4, respectively, for clarity. 



Figure 8 a) shows AFM images for 10 nm Tc on H-Si(111) as well as for 20 nm Tc both on 0.1 nm and 0.2 
nm F6TCNNQ interlayers on H-Si(111). The morphology is rather similar in all three cases. Note that the 
Tc film thicknesses are nominal values. Since these samples stayed hours to days in the UHV system after 
Tc deposition, considerable dewetting likely occurred. Indeed, the Tc thicknesses derived from AFM is less 
than 8 nm for the nominally 10 nm film on H-Si(111). The relatively low film thickness for all three samples 
is one reason why the corresponding diffractograms presented in Fig. 8 b) exhibit much smaller Tc 
diffraction peaks than were observed for the 100 nm films discussed above. In addition, their breadth is 
much larger due to the smaller average crystallite size. Lastly, the slope of the background indicates a 
possible amorphous contribution to the film. Still, the data suggest that the 0.1 nm F6TCNNQ interlayer 
distorts the Tc crystallinity only a little compared to the H-Si(111) reference while the 0.2 nm F6TCNNQ 
has a somewhat larger effect. Indications for the Tc II phase is observed for both F6TCNNQ interlayer 
thicknesses. These results suggest that the sub-monolayer F6TCNNQ interlayers affect the Tc morphology 
less than the super-monolayer C60 interlayer. This is consistent with the qualitatively similar AFM-derived 
morphologies in the case of F6TCNNQ [Fig. 8 a)] and drastic differences observed for C60 [Fig. 7 a)]. 

Photovoltaic performance 

Acceptor molecule interlayers 

 

Figure 9 a) and b): J-V curves for the indicated systems and corresponding EQE and absorption spectra, 
respectively (HZB). The schematic device architecture is also shown. c) top (bottom): Devices with C60 
interlayers of at least (less than) one monolayer and a Tc layer thickness of 60 nm (100 nm) (AMOLF). 

In a previous work, a Tc layer was implemented within the layer stack of a silicon heterojunction solar cell 
without distorting the performance of the cell6. We used the identical architecture and implemented the 
molecular interlayers as an extra deposition step before laying down the Tc film. The cell structure is 
included as an inset in Figure 9 a). 

Fig. 9 presents device characteristics for cells with C60 interlayers. Panel a) shows the J-V-curves for devices 
with 10 nm Tc and C60 interlayers of 0 nm (red), 3 nm (orange), and 6 nm (green) thickness. The curves for 
the C60-free cell and for a device with an interlayer of 3 nm C60 are virtually identical. Both devices have a 
short circuit current density of approximately 23 mA/cm2, an open circuit voltage of about 610 mV, and a 
fill factor slightly above 70%. Overall, this results in solar conversion efficiencies of η ≈ 10%. The device 
containing 6 nm C60 on the other hand exhibits a low open circuit voltage of about 480 mV and a strongly 
reduced fill factor of about 40%, reducing the efficiency to about 4.5%. The s-shape can be explained by 
unfavorable energy levels in C60 for hole injection and a low mobility of the Tc layer.60-61 Further support 
for the notion that C60 interlayers give rise to a decreased Tc mobility is provided below. 

Fig. 9 b) present the EQE for the same devices and the absorption spectra for the molecular films (Tc and 
C60). Comparing the two allows to identify that one dip in the EQE at 350 nm and multiple dips at 440 nm, 



475 nm, 505 nm, and 520 nm correspond to C60 and Tc absorption, respectively. This shows that both layers 
give rise to parasitic absorption. In the region where Tc absorbs, no qualitative change of the EQE shape 
induced by the C60 interlayer can be seen that would point to efficient triplet exciton harvest (peaks instead 
of dips). This is consistent with our UPS experiments that found that the effective ELA is the same with and 
without C60 interlayer. A small increase in the Tc EQE can be seen when normalizing the spectra to the C60-
free reference (cf. Supplementary Figure S2), but this change is most likely due to optical effects induced 
by the C60 interlayer via changes in Tc and PEDOT:PSS morphology and possibly an additional contribution 
from exciton dissociation at the Tc/C60 interface52-54. 

We also produced a matrix of devices with Tc thicknesses of 10 nm, 30 nm, 60 nm and 100 nm and C60 
thicknesses of 0 nm, 1 nm, 3 nm and 10 nm. The J-V curves are shown in Fig. 9 c). Note that the cells were 
fabricated under less ideal conditions and thus exhibit higher series and lower shunt resistances than those 
discussed above. Cells containing ≥ 1nm C60 lose their performance completely already at 60 nm Tc 
thicknesses, while those with < 1nm C60 work up to 100 nm Tc. If we recall that we found from XRD and 
AFM that Tc deposited onto a C60 interlayer exhibited low crystallinity and high roughness, it seems 
reasonable to attribute the increased Tc-thickness sensitivity for cells with a full C60 monolayer to a Tc 
morphology that is less favorable for efficient hole transport than the films found for Tc deposited directly 
on H-Si(111). 

 

Figure 10. EQE spectra for solar cells with different F6TCNNQ interlayer and Tc thicknesses (AMOLF) 
and corresponding fits according to optical modelling. The internal quantum efficiency for Tc was set to 
zero. The Tc thickness (tTC) derived from the fit is shown for each spectrum. Fit parameter ranges are given 

for the PEDOT:PSS thickness (tPEDOT:PSS), the internal quantum efficiency for Si (Si), and the fraction of 
the birefringent PEDOT:PSS overlayer presenting the ordinary optical axis to the surface normal. The tTC 
trend induced by differences in molecular flux during device fabrication is indicated by the arrow. 

Figure 10 presents selected EQE spectra for cells that contain F6TCNNQ interlayers of 0, 0.1, 0.3, or 0.6 
nm. The corresponding J-V-curves and additional EQE spectra are shown as Supporting Figures S3 and S4, 
respectively. We modelled the EQE curves by simulating the optical and electric response of the layer stack6. 
Optical simulation was by the transfer matrix method, using the GenPro4 package.62 All EQE spectra can 
be described well when setting the internal quantum efficiency of the Tc layer to zero. Spectral differences 
are fully accounted for by differences in Tc layer thickness. Differences in Tc thickness are indeed expected 
for this device series, because the sample holder could not be rotated during the deposition run. The fact 
that the Tc growth mode sensitively depends on the deposition rate63 can enhance these differences further. 
Our results thus do not indicate a significant change of the Tc triplet harvest efficiency for F6TCNNQ-
modified interfaces. 

NF3 treatment 



 

Figure 11: Time-resolved normalized PL transients for the indicated samples. 

We anticipate that due to the aggressive nature of the NF3 treatment, the most important aspect for the 
modified c-Si surfaces is whether their passivation is still sufficient for efficient photovoltage generation in 
c-Si. We have therefore investigated the passivation by measuring the decay of the c-Si-related PL signal. 
Figure 11 shows the transients for a number of different treatments. 

Si(100) with native oxide and hydrogen termination are shown as black and gray lines, respectively. These 
samples serve as references with interface state densities that are typically on the order of 1012 eV-1cm-2 64-

65 and 1011 eV-1cm-2 66, respectively. All NF3-treated surfaces show worse surface passivation than H-
Si(100), but treatments with CVD for 10 minutes or PECVD for 15 s yield slightly better passivation than 
that of a native oxide layer. Prolonged CVD or RPS treatments result in continued deterioration of the 
surface passivation. 

Note that – except for ’60 min CVD’ –the samples used for the PL experiments are not identical to the ones 
used for the photoelectron spectroscopy measurements shown in Fig. 4. The UPS data for the PL samples 
are shown in Supplementary Figure S5. 

 

4. Discussion 

A successful interface modification scheme has to improve at least one problematic aspect of the unmodified 
interface. To identify whether the Tc/c-Si ELA is a problem for singlet fission harvesting, we first have to 
relate the ELA with the triplet dynamics that we want to steer. This is not at all trivial, because a triplet 
exciton is an electronic excitation that, in its simplest representation, is described as two bound particles 
(electron and hole) interacting with their environment. Experiments that probe excitons usually measure 
energy differences (e.g., optical transitions) that do not directly correspond to energy-level differences of 
the two non-interacting single particles. In contrast, the energy levels depicted in one-particle energy-level 
diagrams are ionization energies and electron affinities, which correspond to final states with one extra hole 
or electron, respectively, and can be reported on an absolute single-particle scale, e.g., with the vacuum 
level or the Fermi level as reference point. 



 

Figure 12: Schematic one-particle energy-level diagram. a): Energy levels for the unmodified Tc/H-Si(111) 
interface. The energy levels for the Tc HOMO and H-Si(111) VB were derived from the data shown in Fig. 
2. The position of the peak maximum of the Tc T1 state was deduced from two-photon photoemission data 
presented in Ref. 67. Unoccupied states do not have an ionization energy and the Tc LUMO is indicated only 
for completeness. b) and c): Energy-level diagrams with shifted Tc/c-Si ELA due to the introduction of 
interface dipoles of two different magnitudes. See text for details. 

As discussed in Ref. 68, one has to be particularly careful when discussing excited states of organic molecules 
in a one-particle energy-level diagram, as, for example, the difference between the HOMO ionization energy 
and the lowest unoccupied molecular orbital (LUMO) electron affinity (the transport gap) deviates 
significantly from exciton energies due to electron correlation effects. One consistent approach is to use the 
ionization energies of the Tc HOMO and the Tc triplet state (T1)68, as shown in Figure 12. For Tc, we include 
the LUMO only for completeness. In contrast, for c-Si we assume correlation effects to be negligible and 
the CB electron affinity to be identical to its ionization energy. 

Further confusion arises from the fact that not always the same peak feature is deemed relevant in 
photoemission experiments when extracting the ionization energies and electron affinities. While it is 
generally assumed that the onset (or leading edge) of emission approximately coincides with the mobility 
edge  of the corresponding orbital or band and is thus most relevant for charge transport at interfaces69 (but 
tailing gap states have to be considered70), exciton energies are often reported as distances between the peak 
maxima67.  

Consequently, we combine these considerations in order to draw a consistent and complete picture, as 
compiled in the energy-level diagram shown in Fig. 12 a). This diagram is based on our UPS results for 
Tc/H-Si(111) and 2PPE results for Tc previously reported by Tritsch et al.67. We consider both peak 
maximum and onset. The difference between Tc HOMO (T1) maximum and onset is 0.4 – 0.5 eV (0.15 – 
0.2 eV67). According to the derived diagram, electron transfer from Tc T1 to Si CB represents an energy cost 
≥ 0.2 eV in the absence of ELA tuning. 



 

Figure 13. a) Two-dimensional plot of background-subtracted 2PPE data for 60 nm Tc/H-Si(111). b) One-
dimensional slices of the data in a) at the indicated times. The S1 and T1 positions were determined by visual 
inspection and comparison with the time series measured for another Tc film reported previously67. The 
Fermi level position that is indicated in b) was determined from the known probe beam energy and 
photoelectron analyzer work function. 

This analysis is further supported by additional 2PPE measurements performed on 60 nm Tc/H-Si(111). 
The 2PPE data were first cleared of the constant background by subtracting a spectrum measured at negative 
time delays. The resulting spectra, shown in Figure 13, clearly show a short-lived feature with its maximum 
slightly below 1 eV kinetic energy. Its shape and temporal evolution agrees favorably with the Tc S1 feature 
found in Ref. 67. As can be seen in Fig. 13 b), this feature lies 0.85±0.1 eV above the Fermi level, i.e., just 
where one would expect the Tc S1 state to be located based on the analysis shown in Fig. 12. The situation 
at lower kinetic energies is more complex. A long-lived feature can be seen around 0 eV. However, the 
energy difference with respect to the S1 peak is too low for this peak to derive from the Tc T1 state and we 
tentatively attribute it to unoccupied gap states from defects or surface contaminants as well as 
photoemission from occupied states that is not completely removed by our background subtraction 
procedure. A much weaker feature can be seen at approximately 0.25 eV below the Fermi level, i.e. at a 
distance from S1 that matches well the energy difference between Tc T1 and Tc S1

9, 67. 

We next discuss how more favorable ELA configurations can be achieved. To drive energy transfer (and 
suppress single charge carrier back-transfer), it is preferable to achieve a symmetric alignment, where the 
Tc T1 maximum is just above the c-Si CB and the Tc HOMO maximum is just below the c-Si VB onset. As 
illustrated in Fig. 12 b), this can be achieved by shifting the Tc energy levels by ≈0.5±0.2 eV towards lower 
binding energies. 

To promote exciton dissociation, we instead want the Tc HOMO maximum to be located above the VB 
onset. For this, the required shift of the Tc levels towards lower binding energies is > 0.55 eV, as depicted 
in panel c). Notably, such an alignment is beyond what was experimentally found in our UPS measurements 
(cf. Fig. 6), likely due to Fermi-level pinning of the Tc HOMO. However, we note that in such cases of 
Fermi-level pinning, a closer proximity between HOMO and Fermi level is typically found at the immediate 
interface56, which was not probed in these experiments. In addition, much closer proximity between the 
HOMO onset and Fermi level was reported for tetraseleno-tetracene20, suggesting suitable Tc 
functionalization as a possible strategy should more pronounced adjustments become necessary.  

Another aspect to take into account is the c-Si band bending induced by formation of the contact layer. It 
has been shown that the band bending contribution to the total potential difference at the interface can be 
modified via the bulk dopant concentration and, for moderate doping levels more importantly, via  the 
surface state density.71 Induced band bending was reported for PEDOT:PSS/H-Si72, and chemically 
functionalized c-Si73. In contrast, for the F6TCNNQ/H-Si(111) interfaces investigated in this work we did 
not discern any notable effect within the experimental resolution of 0.1 eV, in agreement with other 
studies23. 



Intriguingly, for Tc on HfOxNy-modified c-Si, the reported Tc HOMO (Si CB) onset is at 1.4 (-0.35) eV 
binding energy (i.e. referenced to the Fermi level)9. For this ELA, Tc T1 to c-Si CB electron transfer should 
be even less favorable (by 0.5 eV) than for pristine H-Si(111). In great contrast to this expectation, the T1 
energy transfer yield with the HfOxNy interlayer was reportedly significantly boosted. This could mean that 
energy-level diagrams such as the one in Fig. 12 do not capture all relevant energy contributions for exciton 
transfer processes. 

In a second attempt to arrive at a meaningful energy-level diagram, we use the one-particle energy levels 
together with two-particle energy levels (cf. Fig. 1). As pointed out above, this is only valid if the electron 
and hole that make up the excited state are not strongly bound. For the CT state, the hole is located on the 
organic molecule while the electron is in c-Si. Calculations predict only a low binding energy for such 
hybrid inorganic-organic CT states due to the more pronounced screening and delocalization induced by c-
Si74-75. The CT state energy should then approximately correspond to the HOMO-CB difference and such a 
correspondence has indeed been reported11. If we apply this approach and calculate the CT state energy as 
the energy difference of the onsets of Tc HOMO and c-Si CB, we obtain CT state energies of 1.25 eV, 
identical to the Tc T1 energy. This calculation thus predicts an isoenergetic T1-to-CT state transfer, whereas 
the analysis based on the ionization energies discussed above yields an energy barrier of 0.2 eV. This 
difference derives from the fact that the former relies on using the Tc HOMO onset, while the latter uses the 
Tc HOMO maximum. The 0.2 eV difference is simply the peak-width difference between Tc HOMO and 
Tc T1 (cf. Fig. 12). For the HfOxNy -modified interface, the CT state-based analysis yields a CT state energy 
of 1.75 eV, reiterating that the HfOxNy interlayer should not enhance the interface performance, but 
deteriorate it.  

This apparent discrepancy might derive from a relevant energy contribution that we did not consider in our 
arithmetic, possibly due to an inconsistent derivation of the relevant energy levels (onset vs. maximum, 
Gaussian vs. exponential tail), a lack of experimental sensitivity (due to the Vollmer-Weber growth mode 
we mostly probe Tc that is not directly at the interface and  most employed methods average over the 
heterogeneous surface area), or unaccounted final-state effects and excited-state processes. Unfortunately, 
different spectral features had to be compared in Ref. 11 and whether a finite energy offset between the 
absolute values of CT state energy and HOMO-CB difference exists remains an open question. A hidden 
offset that rigidly shifts the ELAs could rationalize the results for the F6TCNNQ-containing devices, which 
nominally exhibit a trend to more favorable ELA/CT state energy but whose EQE data indicate no 
improvement of the exciton yield. We note in passing that, consistently, a preliminary analysis of PL 
transients measured for Tc films on F6TCNNQ-modified H-Si(111) (not shown) does not indicate a 
significant acceleration of the delayed fluorescence decay that would indicate an enhanced Tc T1 quenching 
compared to pristine H-Si(111). 

On the other hand, aspects not related to the ELA could be at the origin of the increased triplet-harvest yield 
of HfOxNy -modified interfaces and the absence of a notable EQE enhancement for the F6TCNNQ-
containing solar cells. HfOxNy interlayers might assist forward triplet energy transfer by inducing suitable 
interface states76 or transient electrostatic fields77, or suppress backward transfer by increasing the 
electrostatic screening and the electron-hole pair separation in the charge transfer state77-78. Possible non-
ELA-related effects of the modifications presented in this work are considered in the following section. 

Secondary effects of the interface modification  

Having discussed the interface energetics above, we now deal with secondary effects induced by the 
interface modification and how they might affect the kinetics of relevant processes. 

First of all, the changes in the Tc morphology and polymorphism we observed by XRD and AFM will affect 
crucial aspects of the excited state dynamics like exciton transport79-80 and the singlet fission rate58, 81. In 



addition, the orientation at the interface is critical. Forward interfacial charge transfer is favored by orbital 
overlap, which is larger for face-on Tc82 and smaller if a molecular interlayer acts as spacer. On the other 
hand, an increased spatial separation of electron-hole pairs in the CT state induced by acceptor-molecule 
interlayers should reduce back transfer and interface recombination in cases where transport into the c-Si 
bulk is limited by kinetics78. Pentacene stands upright on C60

83-84 and we propose that Tc on C60 will likely 
adopt the same orientation. At this point we have no information about the adsorption geometries of Tc on 
F6TCNNQ or NF3. We note that CVD of NF3 was found to sometimes result in the absence of Tc molecules 
after thermal deposition, which we interpret as a Teflon-like effect induced by the F-termination. 

Furthermore, the interfacial charge transfer yield depends on the density of states (DOS) of the charge 
acceptor78. Thus, changes of the c-Si surface electronic structure induced by the interface modifier might 
affect the transfer processes. Clear changes of the c-Si surface DOS induced by prolonged or aggressive 
NF3 treatment are apparent from the valence band spectra. In contrast, C60 deposition does not disturb the 
H-termination of H-Si(111)85. Fluorinated molecules can etch non-terminated Si(111)86, but we have no 
indication from our data or the literature that fluorinated molecules attack the H-termination. For F6TCNNQ 
and the related F4TCNQ on H-Si(111), theoretical calculations that assume intact hydrogen passivation 
yield electronic structures that are consistent with corresponding experimental results23, 87.  

5. Conclusions 

The presented device characteristics and PL transients show that the implementation of the presented 
interface modification schemes is compatible with well-performing solar cells. However, detrimental effects 
on the cell performance have been observed when exceeding certain layer coverages and NF3 treatment 
limits.  Positive and negative effects have to be carefully balanced.  

We could show that both the insertion of the strong acceptor molecule F6TCNNQ as well as the exchange 
of the c-Si H-termination with F and NF2 can be used to shift the ELA by up to approximately 0.5 eV. In 
contrast, no notable effective change was induced when using the weaker acceptor molecule C60 as 
interlayer. The ELA modifications can reverse the Tc HOMO to c-Si VB alignment: For pristine H-Si(111), 
the Tc HOMO is lower in energy than the c-Si VB. In contrast, the modified interface forms a type II 
heterojunction with the Tc HOMO well above the c-Si VB. In the case of F6TCNNQ, the magnitude of the 
shift can be tuned via the coverage. For c-Si fluorination, the NF3 nature (neutral gas, remote or direct 
plasma) as well as the duration of the treatment can be utilized to the same effect. This fine-tuning allows 
realizing a type I heterojunction. We propose that even larger shifts are prevented by Fermi-level pinning 
of the Tc HOMO and would require chemical functionalization of Tc. 

In view of these results, it is disappointing that we can find no clear signs for an enhancement of the Tc 
exciton harvest in the EQE behavior of the Tc/c-Si devices. This either shows that the considered energy 
levels are not a limiting factor for exciton energy transfer, or that changing the ELA is not a sufficient 
condition for an efficient Tc exciton harvest. While beyond the scope of our manuscript, we deem the answer 
to this possible discrepancy highly relevant for a rational improvement of Tc/c-Si interfaces specifically and 
organic-inorganic interfaces in general. 

ELA tuning via molecular acceptor and donor interlayers is compatible with many different kinds of 
surfaces88-89. Therefore, it can be readily combined with other interface modifiers like HfOxNy. This means 
that the presented results will be helpful for improving the triplet exciton harvest beyond the specific 
interfaces discussed in the current work. ELA tuning via NF3 treatment of c-Si, on the other hand, offers 
new routes for controlling electronic interface properties in integrated circuits and other Si-based 
technologies. 
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