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Nanorods and nanoparticles of perylene bisimides (PBI-1) 

were prepared and applied as cathode interlayer in organic 

photovoltaic devices. The device performance showed 

important relation with the morphology of the interlayer.   

Organic photovoltaics (OPVs) are important for their advantages such 

as light weight, low cost and flexibility 1-4. In conventional OPVs, the 

indium-tin oxide (ITO) anode is usually modified with an acidic 

composite polyelectrolyte, namely poly(3,4-ethylene-

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (that may 

corrode ITO slowly),5-10 but pH-neutral conjugated polyelectrolytes are 

preferred.11-15 The cathode side of OPV may contain alkali metals like 

easy to oxidize calcium and barium.  As a counterpart, inverted OPVs 

possess advantage of higher stability due to the non-usage of acidic 

PEDOT:PSS and the replacement of alkali metals by the air stable 

metals 16-18. The ITO work function needs modulation to adapt energy 

level alignment between the electrode and the active layer (through 

surface modification) by the interlayer materials. Recently, surfactants 

like poly[(9,9-bis(3-(N,N-dimethyl-amino) propyl)-2,7-fluorene)-alt-

2,7-(9,9–dioctylfluorene)] (PFN) and non-conjugated polyethyl-

enimine ethoxylated (PEIE) have been used to significantly decrease 

the ITO work function and thus resulting in highly efficient inverted 

OPVs 19, 20. Beside these, some interesting biomaterials such as amino 

acids, peptides and zwitterion molecules were also reported as ITO 

modifiers for the construction of the inverted OPVs 21-24. Typically the 

thickness of the interlayer is less than 10 nm for the low conductivity of 

such materials, and ITO surface need to be covered uniformly to avoid 

the leak current. The difficult fabrication procedure of an interlayer 

may restrict its wide application especially in the printed electronics for 

future applications. To realize massive production of OPVs, nowadays 

more and more attention has been paid on the development of highly 

conductive and thickness insensitive interlayer materials 25, 26. 

 Perylene bisimides (PBIs) are a class of archetype, high electron 

mobility, n-type organic semiconductors 27. Most recently, several 

research groups including ours have reported the application of PBIs as 

the cathode interlayer for electron extraction from the active layer in the 

inverted OPVs 28-31. These researchers showed that the work function of 

ITO decreases to different extents after coated with a thin layer of PBI. 

It is well known that work function is the minimum energy needed to 

move an electron from the Fermi level into vacuum, which is a property 

of the surface depending on many factors such as crystal face, 

molecular orientation, morphology and others32. However, the difficult 

morphology control during the solution processing of the classical 

interlayer materials, the influence of the interlayer morphology on the 

work function requires deeper understanding. PBIs usually have strong 

tendency to form supramolecular aggregates possessing ordered 

molecular stacking, which benefits the thick interlayer because of the 

possible enhanced electron mobility. Further, the morphology of the 

supramolecular aggregates can be easily controlled through tuning the 

intermolecular interactions, which facilitates the study of the 

morphological dependence of the interlayer performance on the 

morphology 33. In this contribution, we report the precise control of the 

aggregation morphology of PBI-1 (Fig. 1a) and the application of the 

different morphological aggregates as cathode interlayer in the inverted 

photovoltaic devices. Our results indicate that the charge transfer 

properties between C60 and the cathode strongly correlate with the 

aggregation morphologies of the PBI-1 interlayer, which gives different 

device performances. 

 PBI dyes are typically insoluble owing to the strong π-π stacking 

between the adjacent molecules 27. Recently, a solvent-selective soluble 

PBI-1 bearing two NH groups on imide positions has been reported 

(Fig. 1a) 34, which forms strong intermolecular multiple hydrogen 

bonds (N-H---O) in the nonpolar solvents (Fig. 1b). The hydrogen 

bonds lead to one-dimensional linear growth of the aggregates with the 

aid of the intermolecular π-π stacking interaction (Fig. 1c). The 

diameter of these nanofibers can be accurately controlled (30 nm) via 

regulating the concentrations of the solution in chloroform and the 

revolving speed of spin-coater. In principle, the morphology and 

dimensions of the nanostructures could be accurately controlled by 

partially destroying the hydrogen bonds. We successfully obtained rod 
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Figure 1. (a) Chemical structure of PBI-1. (b) Schematics of intermolecular 

hydrogen bonds of two adjacent PBI-1 molecules. (c, d) SEM images of PBI-1 

nanofibers and nanoparticles on glass substrates via spin-coating from CHCl3 

solution (c) and THF solution (d) of PBI-1, respectively. The concentrations for 

both were 1 mg/mL, and the revolving speed was 3000 r/min. 

and particle-like aggregates by spin-coating the PBI-1 chloroform 

solutions by adding small amount of acetic acid as additives (for details 

see SEI). Here the acetic acid molecule acts as the aggregation inhibitor 

because the much stronger hydrogen bonds may form between PBI-1 

molecules and the acid molecules. The controllable aggregation 

allowed investigation of morphology on the physical properties when 

using the aggregates as the electrode modifier as discussed below. 

 Indeed, it is more convenient to control the morphology of the 

aggregates by changing the organic solvents. In aprotic solvents such as 

chloroform, this PBI-1 can form one dimensional nanofiber (Fig. 1c). 

Interestingly, the hydrogen bond interaction can be inhibited in some 

solvents like tetrahydrofuran (THF) likely due to the solute-solvent 

(NH…O) interactions between (PBI-1)-THF or the effect from the 

residual H2O in THF similar to the acetic acid. The inhibited 

intermolecular hydrogen bonding between PBI-1 molecules is directly 

reflected by the increase of solubility; that is the solubility of this PBI-1 

in THF is >10 mg/mL, which is larger than the solubility in chloroform 

(~5 mg/mL) and toluene (~10-2 mg/mL) at room temperature). We used 

1 mg/mL THF solution to form particle-like aggregates on the ITO 

glass substrate by spin-coating method (Fig. 1d). The size of the 

nanoparticles is about several nanometers to 30 nm. Although the 

aggregation morphology obtained from chloroform and THF solutions 

is quite different, the molecular stacking mode is similar based on the 

evolution of the electronic absorption spectra from molecules to 

aggregates (Fig. 2). For both cases, the absorption of the aggregates 

shows very large bathochromic shifts of (70~80 nm) compared with 

those in solutions, which indicates J-aggregation 35. The fibroid 

aggregates show bathochromic shifts of 9 nm compared with that of the 

particle-like aggregates, which indicates the fibroid aggregates possess 

more ordered molecular stacking. The aggregation model of PBI-1 

(intermolecular multiple hydrogen bonds help formation of J-

aggregates) and the UV-vis absorption spectra, indicate that the fibroid 

aggregates may possess long distance molecular orientation along the 
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Figure 2. UV/vis spectra of PBI-1 solutions and aggregates. The nanoparticles and 

nanofibers were prepared via spin-coating method on glass substrates from THF 

solution (1 mg/mL) and CHCl3 solution (1 mg/mL), respectively. 

long axis direction of the fibers. While the particles may just show local 

ordered molecular stacking within distance of several molecules. This 

means the molecular long axis (N-N direction) is parallel to the 

substrate in the fibrous aggregates on the glass substrate, but it is 

disordered for the particle-like samples. Here, we report modification of 

ITO surface by the in situ formed nano-aggregates of PBI-1, and their 

different morphology effects on the electronic properties of ITO 

electrode by UPS measurements 36-38. The nanofibers and nanoparticles 

of PBI-1 on ITO surface were obtained via spin-coating from 

chloroform and THF solutions respectively. To minimize the effect of 

film thickness on the electronic properties, the thickness of the PBI-1 

on ITO was kept 10 nm by control over the solution concentration and 

revolving speed of the spin-coater, as discussed below. The work 

functions of the ITO covered with PBI-1 nanofibers and nanoparticles 

were determined to be 3.50 eV and 3.79 eV, which is much lower (1.07 

eV and 0.78 eV) when compared with 4.57 eV for the bare ITO. It is 

obvious that the morphology of the thin layer of the PBI-1 aggregates 

on ITO seriously affects the work function of the electrode, likely due 

to the molecular orientation on the surface or the degree of order inside 

molecular aggregates 39. The decreased work functions for both cases 

make it possible to use the PBI-1 modified ITO as the cathodes in the 

inverted OPVs, as explained below. 

 In optoelectronic devices, interfaces can significantly affect the 

energy level alignment of organic semiconductors and electrodes, 

which leads to important influences on the device performance 40. 

Based on our observations above, it is possible to tune the work 

function of the electrode by controlling the morphology so as to match 

the energy level well of the active layer in device. Herein, the energy 

level alignment of the composite electrode with different surface 

morphologies and C60 interface was measured via in situ UPS 

experiments, to establish the correlation between the electrode 

morphology and the interface properties. Fig. 3 shows the evolution of 

He UPS spectra with the increased thickness of C60 on the PBI-1 

modified ITO electrodes. For both the PBI-1 nanofibers and 

nanoparticles modified ITO electrodes, there are no peak signal 

observed in the corresponding valence band region near the Fermi level 

(blue lines in Fig. 3a and 3b right column), indicating the formation of 

composite electrode of ITO/PBI-1 aggregates due to the ultrathin layer 
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Figure 3. UPS spectra of binding energy regions (Left: secondary electron cutoff) 

and (Right: the valence band region) near the Fermi level of PBI-1 aggregates 

modified ITO (blue lines) and the sequential deposition of C60 on PBI-1 

aggregates with the thickness of C60 indicated in between (red lines). (a) C60 was 

deposited onto PBI nanofibers on ITO. (b) C60 was deposited onto PBI-1 

nanoparticles on ITO. 

of PBI-1. The intensity of valence band for C60 is still weak when the 

thickness of C60 is less than 1 nm for both cases. Further increase in the 

C60 thickness from 1.4 nm onward, nearly no shifts of the highest 

occupied molecular orbital (HOMO) leading edge was observed for 

ITO/PBI-1 nanofibers/C60 as shown in Fig. 3a, with the HOMO leading 

edge at 2.04 eV below the Fermi level; while for ITO/PBI-1 

nanoparticles/C60 there is a small shift of 0.12 eV (from 2.04 eV to 1.92 

eV). The minor difference between valance bands of C60 in two systems 

could be attributed to the distribution of different domain facets and 

surface roughness of the polycrystalline C60 films 38, likely induced by 

the microtopography of the PBI-1 aggregates. At the same time, as 

shown in Fig. 3a (left column), a big downward vacuum level shift of 

0.66 eV (from 12.70 eV to 12.04 eV) can be found at the interface of 

C60 and the composite electrode of ITO/PBI-1 nanofibers after the 

deposition of 9.1 nm C60, which indicates a very strong charge transfer 

occurs at this interface. While for the interface between C60 and 

ITO/PBI-1 nanoparticles, the vacuum level shift is only 0.27 eV (from 

12.41 eV to 12.14 eV), indicating a relatively weaker charge transfer. 

 

 
Figure 4. Energy level diagrams of the interfaces between C60 and the composite 

electrodes of (a) ITO/PBI-1 nanofibers and (b) ITO/PBI-1 nanoparticles. EVAC and 

EF indicate the vacuum energy level and Fermi level, respectively.  
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Figure 5. (a) Schematic illustration of the inverted device structure of ITO/PBI-1 

aggregates (10 nm)/P3HT:PC61BM (200 nm)/MoO3 (10 nm)/Al (100 nm) with 

energy level alignments. (b) The curves of current density versus voltage for the 

inverted devices. PBI-1 nanofibers and nanoparticles were applied as the cathode 

interlayers in Device A (WF: -3.50 eV) and Device B (WF: -3.79 eV), respectively. 

The measurements were performed under 1000 W/m2 air mass 1.5 global (AM 1.5 

G) illumination. 

 

The schematics of the energy level diagrams at the interfaces of C60 

and composite electrodes of ITO/PBI-1 aggregates are displayed in Fig. 

4, in which the lowest unoccupied molecular orbital (LUMO) position 

of C60 was calculated from HOMO-LUMO energy gap 41, 42. The charge 

transfer property at the interfaces of the composite electrodes and C60 

layer could be related to the alignment of energy levels between them 

and the various surface morphologies of the electrodes. Since the 

interface charge transfer property directly affects the electron transition 

process, it is vital to optimize the device fabrication through controlling 

interlayer morphology. 

 Herein, motivated by this favourable decrease of the ITO work 

function and different charge transfer properties between C60 and the 

composite electrode by the modification with PBI-1 aggregates, we 

applied the two kinds of composite electrodes as cathodes to construct 

inverted polymer solar cells with device structure of ITO/PBI-1 

aggregates(10 nm)/rr-P3HT:PC61BM(200 nm)/MoO3(10 nm)/Al(100 

nm), where rr-P3HT is the electron donating polymer, namely poly(3-

hexylthiophene) and PC61BM ([6,6]-phenyl C61-butyric acid methyl 

ester) is the electron accepting material and MoO3/Al acts as the anode 

(Fig. 5a). The current density-voltage (J-V) characteristics of the 
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inverted cells under AM1.5 G irradiation at 1000 W/m2 are illustrated 

in the Fig. 5b, and comparison of the device (inverted) performance 

with different composite electrodes is given in the Table 1. As 

compared with Device B (PBI-1 nanoparticles as cathode interlayer), 

Device A (PBI-1 nanofibers as cathode interlayer) showed 

improvement in all the device parameters: open circuit voltage (VOC) 

(0.58 V to 0.62 V), short circuit current (JSC) (9.08 mA/cm2 to 9.37 

mA/cm2) and fill factor (FF) (60.1% to 63.6%). As a result, the power 

conversion efficiency (PCE) of the Device A reached 3.69%, which is 

nearly 15% higher than the Device B. The enhanced device 

performance of Device A can be ascribed to the lower work function of 

the composite cathode (ITO/PBI-1 nanofibers), which shows easier 

extraction of electrons from the active layer. This is supported by the 

favoured electron transfer from the C60 as observed by the in situ UPS 

measurements. In addition, PBI-1 nanofibers possess ordered molecular 

stacking compared with that of the nanoparticles, which allows faster 

electron transport from the active layer to the cathode. That means the 

series resistance of the device may decrease, resulting in the increased 

JSC and FF. 

Conclusions 

We have studied the influence of the interlayer morphology by the 

surface work function, charge transfer between C60 and the composite 

electrode, and the device performance of the inverted OPVs. PBI-1 

nanofibers possess ordered molecular aggregation in contrast to the 

nanoparticles, which lowers the work function of ITO by 1 eV. The 

electron transfer from C60 to the nanofibers modified ITO electrode is 

much preferred due to the relatively lower work function of the 

composite electrode. The inverted photovoltaic device using PBI-1 

nanofibers as the cathode interlayer showed much better device 

performance, attributed to the increased electron extraction and 

transport properties of the interlayer. The results indicate that it is vital 

to optimize the morphology of the cathode interlayer in the device 

fabrication process to achieve higher PCE for inverted OPVs. 
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