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ABSTRACT 

Interfacial layers in conjunction with suitable charge-transport layers can significantly 

improve the performance of opto-electronic devices by facilitating efficient charge carrier 

injection and extraction. This work uses a neat C60 interlayer on the anode to experimentally 

reveal that surface recombination is a significant contributor to non-radiative recombination 

losses in organic solar cells. These losses are shown to proportionally increase with the extent 

of contact between donor molecules in the photoactive layer and a Molybdenum Oxide 

(MoO3) hole extraction layer, proven by calculating voltage losses in low- and high-donor-

content bulk heterojunction device architectures. Using a novel in-device determination of the 

built-in voltage, the suppression of surface recombination, due to the insertion of a thin 

anodic-C60 interlayer on MoO3, is attributed to an enhanced built-in potential. The increased 

built-in voltage reduces the presence of minority charge carriers at the electrodes: a new 

perspective on the principle of selective charge extraction layers. The benefit to device 

efficiency is limited by a critical interlayer thickness, which depends on the donor material in 

bilayer devices. Given the high popularity of MoO3 as an efficient hole extraction and 

injection layer and the increasingly popular discussion on interfacial phenomena in organic 

opto-electronics devices, these findings are relevant to and address different branches of 

organic electronics, providing insights for future device design. 

 

INTRODUCTION 

Efficient organic photovoltaic cells (OPVs) can reach high external quantum efficiencies 

(EQEPV) over 80% and fill factors (FF) exceeding 81%, values that can compete with those of 

their silicon and perovskite counterparts.1,2 However, their open-circuit voltage (VOC) is still 

limited, causing a comparatively lower power conversion efficiency (PCE) of around 18% in 

single-junction devices.3 At the donor-acceptor interfaces in the bulk heterojunction blend 

(BHJ) architecture of state-of-the-art OPVs, charge-transfer (CT) states are formed with an 
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energy ECT which is lower than the optical gaps of either donor or acceptor. ECT is generally 

the effective gap of the OPV, and it mediates charge-carrier separation and recombination, 

thereby dictating the maximum open-circuit potential (qVOC, q being the elementary charge), 

a key performance parameter. The difference of the effective gap and VOC quantifies OPV 

voltage losses, which arise from several pathways and encompass radiative and non-radiative 

losses.4-7 Radiative voltage losses (ΔVR) are thermodynamically unavoidable and are present 

in all solar devices. Non-radiative losses (ΔVNR) have been shown to entail an intrinsic 

component in OPVs and are commonly assigned to recombination across the CT-state and 

defect states.6-8 Non-radiative voltage losses can also arise from surface recombination, due to 

low selectivity of majority charge carriers at the respective electrode and the presence of 

minority charge carriers at the “wrong” electrode interface. The involved interfaces and 

materials that constitute charge transporting layers, their energetics and material properties 

(such as charge carrier mobility and conductivity) impact fundamental photovoltaic 

parameters of the device such as VOC and FF and are hence crucial in determining the 

efficiency of a photovoltaic device.9-12 

In this work, we study the benefits to VOC by a neat C60 fullerene interlayer on the anode 

(anodic) for low-donor-content as well as conventional, higher-donor concentration BHJs and 

planar heterojunction (PHJ) OPVs, employed with a Molybdenum Oxide (MoO3) hole 

extraction layer (HEL). The utilization of an anodic fullerene interlayer might seem 

counterintuitive, as C60 could form an energetic barrier for hole extraction owing to its deep 

HOMO level. Studies showed that MoO3 dopes such anodic-C60 layers, shifting the C60 

HOMO level towards the Fermi level of MoO3 and forming a conductive p-type C60.12-14 

While some studies have shown that a fullerene acceptor as anodic buffer layer 15 benefits the 

VOC of OPVs, we present a quantitative explanation to the improved VOC by experimentally 

unveiling the role of anodic-C60 in increasing the built-in voltage (VBI). We go on to show that 
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this directly correlates to suppressed surface recombination, identified as the source of non-

radiative voltage loss, and thus to an increased VOC. The anodic-C60 layer remains beneficial 

to device performance if it is thin enough not to compromise the extraction of majority (hole) 

charge carriers. A close investigation is performed not only on the conditions in which the 

C60-modified HEL provides a benefit to the device’s performance in low- and high-donor 

concentration systems, but also on the causes that lead to the observed results. Our work is 

important from a general point of view given the growing research in OPV voltage losses and 

popularity of the MoO3 for hole extraction in high-performance organic photovoltaic and LED 

devices.8,9,16-21 

 

RESULTS AND DISCUSSION 

Anodic-C60 Interlayer Improves PCE of PHJ Devices 

We investigate OPVs with an anodic fullerene layer deposited between the HEL, in this case 

MoO3, and the photoactive heterojunction layer, as shown in Figure 1a. In initial experiments, 

PHJs are built with TAPC as donor and C60 as acceptor. The thickness of the neat fullerene 

interlayer (tC60) deposited on MoO3 is gradually increased from tC60 = 0 nm to tC60 = 30 nm. In 

addition, the thickness of the TAPC donor layer is also varied from tTAPC = 0 to tTAPC = 8 nm. 

For any tTAPC, deposition of interfacial C60 layer up to ≈4 nm results in improved current-

voltage (J-V) characteristics,21 efficiency (Figure 1b) and, in particular, an increased VOC by 

~0.1V. The optimal TAPC donor layer thickness appears to be ~2 nm, see Figure 1b, and it is 

observed that the donor layer thickness does not significantly alter the effects caused by the 

anodic interlayer. The increase in VOC up to tC60 = 4 nm, see Figure 1c, is the result of 

decreased non-radiative voltage losses ΔVNR, measured by absolute electroluminescence (EL) 

and verified by sensitive-EQEPV spectra (see Figure S1 in the supporting information (SI)). 
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For tC60 > 6 nm, there is a sharp decline in PCE and also an increase in ΔVNR, as seen in Figure 

1b and Figure 1d. 

 

 

 

Figure 1. (a) Exemplary device stack illustrating the structure of devices herein investigated: 

pre-patterned ITO | MoO3 (2 nm) | anodic-C60 (tC60 nm) | active layer (40-50 nm) | BPhen (8 

nm) | Al (100 nm). The C60 acceptor in the active layer of bilayer devices is 40 nm thick. (b) 

PCE of PHJ (TAPC/C60) devices of differing donor layer thickness, as a function of anodic 

C60 interlayer thickness tC60. Ranges of tC60 lending most benefit and detriment are highlighted 

in green and red, respectively. (c) VOC and (d) ΔVNR from EQEEL measurements as a function 

of tC60 for the PHJ devices with tTAPC = 2 nm. The lines in (b, c, d) are only a guide to the 

eyes. 
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We term the fullerene interlayer thickness triggering the detrimental effects on PCE as the 

critical interlayer thickness tCRIT. Beyond tCRIT it seems that hole transport to the anode is 

hindered, potentially because the interlayer’s thickness exceeds a tunneling threshold for 

holes.22,23 This is suggested by the fact that at large interlayer thicknesses, the JV curves begin 

to exhibit an “S-shape”, which gets progressively stronger beyond tC60 = 8 nm (see SI Figure 

S1b). Temperature and light-intensity dependent JV measurements, shown in SI Figure S2, 

reveal that the S-kink is caused by an extraction barrier for holes formed by the HOMO of C60 

that is deeper than that of TAPC. The extraction barrier leads to non-geminate recombination 

processes and non-radiative voltage losses, and a drop in the JSC, manifesting in the S-

kink.24,25 Despite the enhanced voltage losses at tC60 > 8 nm and a constant Vrad, we observe an 

increase in VOC, as seen in Figure 1c. As tC60 increases further, VOC progressively becomes 

close to that of a C60-only device, seen again in SI Figure S1b. This observation suggests that 

for devices with very thick anodic interlayers, a portion of the recombination occurs possibly 

across the C60 singlet energy gap. The discrepancy of the VOC and ΔVNR trend for devices 

affected by the extraction barrier is detailed below Figure S1a in the SI. 

Dependence of Critical Interlayer Thickness on HOMO Level of The Donor 

In order to test the generality of the benefits of the anodic interlayer, we investigate different 

donor materials in the PHJ: TAPC, P4-Ph4-DIP, Spiro-MeO-TPD, and m-MTDATA, each 

with different ECT with C60 as acceptor.23, 26-30 Molecular structures of the different materials 

used in the investigated devices are shown in Table S1 in the SI. The donor layer thickness is 

fixed at an optimal 2 nm, based on earlier observations from Figure 1b, and the anodic tC60 

deposited on MoO3 is varied up to 30 nm. The previously observed performance enhancement 

for a thin anodic C60 layer is applicable to all the tested donor materials, as well as the 

appearance of an S-kink after tCRIT (see Figure S3 in the SI). Though a thick layer of anodic 

C60 results in an S-kink, tCRIT is, interestingly, dependent on the donor material. 
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Figure 2a shows that the behaviour of PCE as a function of the anodic-C60 is similar for the 

devices using different donor/C60 PHJ. The red squares on each donor’s PCE curve in Figure 

2a mark the values at which each PCE reaches 0.8 times its respective maximum PCE value. 

The interlayer thicknesses corresponding to 0.8*PCEMAX is treated as tCRIT for each donor, 

shown by colored squares along the tC60-axis in Figure 2a. It is observed that tCRIT increases 

with the ECT of that donor with C60 as acceptor, as seen in Figure 2b (see ECT values in Table 

S1 in the SI). In other words, tCRIT for a device employing a certain donor material scales with 

the depth of the HOMO level of that donor, i.e. with the height of the extraction barrier. At 

the optimum tC60 = 4 nm, an increased VOC and FF is observed for every case of a donor/C60 

PHJ, and ΔVNR, calculated from sensitively measured EQEPV spectra, reduces and reaches its 

minima, shown in Figure 2d.  
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Figure 2. (a) PCE of 4 different PHJs with different donor materials, as a function of tC60. The 

red-shaded region shows highly degraded values of PCE due to larger thicknesses of anodic 

C60. The colored squares indicate the tC60 at which 0.8*PCEMAX is observed for each donor, 

i.e. tCRIT. (b) Plotting tCRIT against the ECT of the donor interfaced with anodic-C60 reveals a 

linear dependence of tCRIT on the HOMO of the donor material. (c) Addition of the anodic C60 

interlayer up to tC60 = 4 nm increases VOC for each donor in PHJ devices. (d) Corresponding 

ΔVNR for the same devices, calculated from EQEPV spectra. We observe a decrease in non-

radiative losses upon adding C60 between the MoO3 HEL and the donor layer. 

 

Anodic-C60 Interlayer Reduces Surface Recombination 

The improved PCE shown for PHJ devices with a C60-modified HEL arises mainly from the 

decreased ΔVNR in these devices. We suspect the cause for the diminishing ΔVNR for tC60 ≤ 4 

nm in PHJ devices is reduced surface recombination at the MoO3/donor interface.31 To 

quantitatively analyze the surface recombination occurring at this interface, we test BHJs 

comprised of TAPC:C60, where the extent of contact between donor domains and MoO3 is 

tuned by varying the D:A mixing ratio between 6 mol%, 17 mol% and 50 mol% of TAPC 

donor in the C60 acceptor. This allows us to quantify the contribution of MoO3/donor 

interaction to the non-radiative voltage losses and attribute it to a surface phenomenon. For 

each donor-concentration, we quantify and compare the voltage losses of devices with a 

MoO3-only HEL and anodic-C60-modified HEL (tC60 = 5 nm deposited on MoO3). The results 

are illustrated in Figure 3.  

The higher donor concentration has a negligibly larger ECT than that of the low-donor content 

cases (0.01 eV difference), thus maintaining ECT at a constant value in all BHJ devices. This 

makes the voltage loss analysis of the investigated devices comparable, since ECT crucially 
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influences the magnitude of voltage losses.6 Although ECT does not vary significantly, the 

magnitude of voltage losses is much larger in the 50 mol% BHJ case, particularly for the 

MoO3-only HEL. This case exhibits a strong increase in ΔVNR (Figure 3, dashed blue line), 

with increasing donor concentration from 6 mol% to 50 mol% of donor content: ΔVNR 

increases from 0.32 V to 0.46 V. The radiative losses ΔVR (Figure 3, dashed orange line) 

increase marginally in comparison, from 0.21 V to 0.25 V, and thus, VOC reduces with 

increasing donor content. When the anodic tC60 = 5 nm is deposited on the MoO3 HEL, the 

ΔVNR increases much less with donor content: from 0.29 V to 0.31 V, while the radiative 

losses do not change significantly (solid orange line). In devices with a C60-modified HEL, 

the unchanged ΔVNR and ΔVR allows a significant benefit to VOC which grows larger with 

higher donor concentration, at constant ECT. Here, we would like to stress that the addition of 

anodic C60 results in VOC improved by 0.15 V for the high-donor concentration BHJ typically 

used in state-of-the-art OPVs. 

 

Figure 3. Voltage losses at a constant ECT (shown by grey circles) for BHJ devices using 

MoO3 HEL without (hollow symbols) and with tC60 = 5 nm (filled symbols), as a function of 

the TAPC donor concentration. In the case of MoO3-only HEL (dashed blue line), non-
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radiative losses scale with the donor concentration, such that the increase in ΔVNR is much 

larger than with C60. All lines are guides to the eye. 

 

As a result, two points are emphasized:  

1. The large increase of ΔVNR from low-donor to high-donor content BHJ devices 

without an anodic C60 interlayer proves a scaling of non-radiative recombination with the 

number of donor molecules present near the HEL interface. This is sound evidence for surface 

recombination occurring at the interface of MoO3 and TAPC donor molecules.  

2. In the presence of a C60 interlayer, an increasing donor concentration causes only a 

marginal increase in ΔVNR, which is a strong indication that the anodic C60 interlayer is 

responsible for suppression of the surface recombination at the MoO3-donor interface. 

The benefit of the fullerene interlayer is attributed more precisely to the reduction of surface 

recombination, rather than a general non-radiative recombination. This shows that surface 

recombination can contribute significantly to non-radiative losses in high-donor concentration 

devices, and that ΔVNR does not only arise from bulk recombination, as is usually considered 

to be the case. 

 

Anodic-C60 Interlayer Increases Built-In Voltage 

The fullerene interlayer acts as a passivation layer, reducing the extent of surface 

recombination and as a result, non-radiative losses. However, the underlying mechanism 

causing the reduction in surface recombination is still unclear. In principle, there are two 

possible ways whereby the surface recombination rate (of electrons at the anode) could be 

reduced: either by a reduction of the recombination coefficient or by a reduction in the 

electron density at the anode. The recombination coefficient is reduced if the C60-modified 
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anode is more blocking for electrons than just ITO/MoO3, whereas the density of electrons in 

the vicinity of the anode could be reduced if VBI is increased with the addition of C60. 

Provided that an efficient extraction of holes can be maintained, both mechanisms would lead 

to an overall improved performance.  

In order to uncover the main cause for the reduced surface recombination, we determine the 

surface recombination velocity for electrons at the anode in devices using the Metal-Insulator-

Semiconductor Charge Extraction by a Linearly Increasing Voltage (MIS-CELIV) 

technique.32-34 This measurement is performed on TAPC/C60 bilayer devices; although MIS-

CELIV is used here to study phenomena in the vicinity of a semiconductor-semiconductor 

interface, we leverage the fact that the donor layer possesses a much lower hole mobility than 

the acceptor's electron mobility, which allows us to treat the donor effectively as an insulating 

layer for injected charge carriers. An offset voltage VOFF is applied in forward bias by which 

electrons are injected from the Al cathode and driven towards the electron-blocking donor 

layer in the vicinity of the anode, where they accumulate to form a charge reservoir Qres, see 

Figure 4a. The electron reservoir is subsequently extracted using a linearly increasing voltage 

pulse in reverse bias. The corresponding transient extraction current consists of a time 

independent part J0, due to the charging of the geometric capacitance, and a time-dependent 

part ΔJ due to the extraction of the charge reservoir. Given the high electron mobility in C60, 

the measurements are performed at a temperature of T = 50 K to slow down electrons and 

ensure that their transient extraction time is greater than the RC time constant. Holes are 

further slowed down at 50°K compared to electrons. In the time frame of the measurement 

holes are effectively immobile, ensuring that MIS-CELIV conditions are fulfilled. This is not 

necessarily the case for measurement conducted at room temperature, where holes have time 

to travel till the interface with C60, e.g. for EQEEL. 
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The extracted charge carrier density Qext is obtained by integrating ΔJ and dividing by q. By 

plotting Qext as a function of VOFF, one can determine the onset voltage (VQ) at which Qres 

starts to build up. We can use VQ as a proxy for VBI, since this is the voltage at which 

electrons start to flow towards the anode. VQ is obtained by the intercept of a linear fit of Qext 

in the voltage range where Qext increases significantly from an initial rather constant value, 

see Figure 4b. Using Qext and the steady-state dark current from charges injected from the 

cathode prior to extraction (JD) at V > VBI, the surface recombination velocity SR for electrons 

can be obtained as: 

𝑆 =   𝐽 (𝑉)         (1) 

where k is the Boltzmann constant, and εε0 is the permittivity.   

 

 

 

Figure 4. (a) Schematic representation of charge carrier reservoir Qres formed by injecting 

electrons at a sufficiently large offset voltage, in TAPC (8nm)/C60 (40 nm) PHJ devices. (b) 

Density of extracted charge Qext as a function of VOFF for different thickness of anodic C60. 

The reference device for CELIV measurements is the one with tC60 = 0 nm. The onset 
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voltages VQ
n, used as a proxy for the built-in voltages, corresponding to tC60 = n nm are 

indicated by arrows. The lines are a guide to the eyes. 

 

For reference devices containing 8 nm TAPC donor layer deposited on a MoO3-only HEL, the 

transient extraction currents show that a charge reservoir starts to build up in the device when 

VOFF is larger than ~0.94V, see Figure S4a in the SI. We denote this voltage as VQ
0 (for tC60 = 

0 nm) in Figure 4b. In order to qualitatively show the effect of introducing a thin C60-layer at 

the anode, we choose a VOFF significantly above VQ
0 and compare the extraction current 

transients for devices with varying tC60. We observe that at VOFF = 1.1V there is effectively no 

charge build-up in the devices with anodic C60 of any thickness, see figure S4b in the SI. This 

can be due to two reasons: either VBI has increased, or the blocking properties of the TAPC-

layer has decreased to such an extent that a charge build-up is no longer possible. The 

corresponding Qext in Figure 4b reveal that VQ is clearly increasing for increasing thicknesses 

of anodic-C60, suggesting the same trend for VBI. However, it is also visible that the charge 

reservoirs become smaller for increasing tC60 (SI Figure S4b). This can be explained by the 

increasing SR for electrons for increasing C60 thickness; at VOFF = 1.2 V, the SR for electrons is 

determined to be 0.006 cm/s, 0.03 cm/s and 0.1 cm/s for tC60 = 0, 1 and 2 nm, respectively. At 

tC60> 2 nm the SR becomes comparable to the drift velocity of electrons in the thick C60-layer. 

Consequently, neither SR nor VBI can be determined for tC60> 2 nm. The authors stress that the 

presented values for SR are measured at 50°K and might be different (higher) at room 

temperature. 

The role of the built-in potential in charge carrier selectivity is a debated issue. While some 

argue a positive correlation between the two, there is also a view that VBI is irrelevant for 

selective charge carrier extraction in solar cells and that the latter is a consequence of 

differing conductivities across the active layer.36 In contrast to this, our in-device 
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determination of VBI shows that by causing an increase in this important device parameter 

across the device, the anodic-C60 interlayer successfully enhances charge selectivity at the 

respective anodes. The result is that there is a diminished presence of minority charge carriers 

(here, electrons) at the anode, which is followed by a lower surface recombination and ΔVNR. 

In principle, these results point out that non-radiative voltage losses can be minimized by 

carefully manipulating properties of the interfacial layer between the active- and the 

electrode/charge-transporting layers. 

 

CONCLUSION 

Our scrutiny on the voltage benefits of an anodic-C60 fullerene interlayer gives a different 

view on both the impact of surface recombination on voltage losses and the idea of charge 

extraction layers. Firstly, we experimentally prove that surface recombination is a 

considerable contributor to non-radiative voltage losses in the solar cell, which are otherwise 

commonly facilitated by CT states or energetic trap-states due to defects in the bulk. The 

generality of this conclusion finds ground in our expanded investigation of the benefits of a 

sufficiently thin anodic-C60 interlayer on MoO3 in conventional OPVs using multiple donor 

systems and active layer architectures. By quantifying the reduction of non-radiative 

recombination scaling with the extent of MoO3/donor contact in devices used with and 

without a C60-modified HEL, we are able to distinctly identify surface recombination as the 

cause for VOC improvement when inserting the anodic-C60 fullerene interlayer. Secondly, 

MIS-CELIV helps provide a new take on the principle of charge selectivity of interfacial 

layers. In our case, the counterintuitive use of an anodic-C60 layer not only tends to hinder 

hole extraction with an energetic barrier – it also does not block the minority electrons at the 

anode, as shown by surface recombination velocity data. The common belief that charge 

selective extraction layers facilitate efficient extraction by offering a low recombination 



 

15 

coefficient of minority charges carriers is shown not to be the case here. Instead, the thin-

anodic-C60 modified HEL interestingly enhances the built-in voltage, discouraging the 

presence of minority charge carriers at their “wrong” electrodes. This explains the reduction 

in surface recombination and consequent lowering of non-radiative voltage losses, with a 

direct implication on the VOC of the device. 

Our work shows that a potential benefit to VOC can be achieved by carefully engineering the 

interlayers between the active region and the transport layers, to enable a controlled and 

quantifiable investigation of voltage losses that occur due to interfacial layers. 

EXPERIMENTAL SECTION: 

Device Fabrication 

The layers in the organic solar cells are sequentially deposited by thermal evaporation of pure 

small-molecules in an ultra-high vacuum chamber (<10-7 mbar base pressure). The molecules 

are evaporated upward onto a glass substrate pre-patterned with an ITO contact (Corning 

EagleXG with 90 nm ITO, Thin Film Devices Inc.). The vacuum processing of all samples 

was carried out in a Lesker machine, manufactured by Kurt. J. Lesker Company Limited, with 

the help of organic masks. Sequential layer deposition is carried out in these areas to fabricate 

four solar cells on each substrate, each with a device area of 6.44mm2. The donor and 

acceptor materials in the active layer are either evaporated sequentially to form a PHJ, or co-

evaporated to form a BHJ. The sequence of deposition follows as: 2 nm of MoO3 HEL 

deposited at a rate of 0.2 Å/s, followed by the neat anodic-C60 layer at a rate of 0.3 Å/s. Then 

the active layer is deposited at a 0.4 Å/s rate for both the donor and acceptor, followed by 8 

nm of bathophenanthroline ETL (BPhen, Lumtec) at a 0.3 Å/s deposition rate. The top 

aluminum contact (Sigma Aldrich) is 100 nm thick and is deposited at a rate of 2 Å/s. The 

thickness of each layer is monitored in-situ using a calibrated quartz crystal monitor. After 
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deposition, the solar cells are covered by a glass encapsulant and a moisture getter (Dynic 

Ltd., Hong Kong) is placed within the encapsulation to ensure long lifetime of the devices. 

Temperature- and light-intensity dependent current-voltage measurements 

The solar cell is mounted in a vacuum chamber and is connected to a Peltier element (Peltron 

GmbH) which can regulate temperature based on the Peltier effect. A white LED (APG2C3-

NW, Roithner Lasertechnik GmbH) light source is placed close to the solar cell and its light is 

directed on the active area of the sample. The intensity of incident light is measured with a 

photodiode (818-UV, Newport Corporation) also placed within the chamber. A dual-channel 

SMU (Keithley 2602A) controls the current to the white LED through one channel and 

measures the response of a photodiode through the other channel. The latter measures the 

light intensity during a cycle of measurement. A second SMU (Keithley 2635A) measures the 

photocurrent from the solar cell for different applied voltages. The temperature within the 

measuring chamber is controlled by a temperature controller (BelektroniG GmbH). The 

measurement equipment as well the measurement itself is controlled and carried out using the 

software SweepMe! (https://sweep-me.net/). 

MIS-CELIV measurements 

MIS-CELIV measurements are carried out in a closed cycle cryostat (Oxford Instruments ITC 

503 with Cryodrive 1.5). A pulse generator (Stanford Research Systems DG 535) and a 

function generator (Stanford Research Systems DS 345), controlled with a LabView program, 

are used to apply voltage to the sample. The extraction current transients are displayed on an 

oscilloscope (Tektronix TDS 680 B) and saved using the LabView program. 

Details about other characterization methods such as current-voltage (JV), sensitive-EQEPV, 

electroluminescence measurements are available in SI ref. [6].   
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