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Abstract

Progress in organic photovoltaic (OPV) efficiency is key to low-cost energy

production. Device architectures comprising of the most effective materials,

morphology, and well-designed layouts sit alongside the strategy which targets

low-cost and high-performance devices. Here we report, an enhancement of

the short-circuit current density, a key performance parameter, by using a sil-

ver/aluminum composite electrode in OPVs with a regular architecture. The

use of the composite electrode in the inverted architecture results in a substan-

tially reduced silver electrode thickness and thus offers material cost reductions.

This work also highlights the importance of modeling the interference effects

for optimizing the layer thicknesses along with systematic optimization of ma-

terials, morphology, and interfaces to further the enhancements in the field.

For example, by simply reducing the thickness of the commonly used ZnO and

MoO3 interlayers in an inverted OPV it is possible to improve the short-circuit

density. The optical field intensity distributions and optical power confinement

within the active layer are exploited to reveal the origin of this enhancement.
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1. Introduction

The architecture of an organic photovoltaic (OPV) cell plays an important

role in the efficiency. Optimization of the architecture requires a systematic

approach and understanding of the optical and electrical behavior of the layers

of organic and inorganic materials. The selection of materials and thicknesses5

thereof should allow for an optimum electromagnetic field distribution, and thus

strong absorption of solar irradiation, accompanied by efficient exciton dissoci-

ation, charge transport and extraction. Work on enhanced energy harvesting

efficiency with the use of highly reflective electrodes has been reported [1, 2].

It is well-known that efficient charge separation in bulk heterojunction OPVs10

depends on the difference between the LUMOs and HOMOs for dissociation in

the donor and acceptor, respectively. Furthermore, the open circuit voltage

(VOC) is related to the difference between the HOMO of the donor and the

LUMO of the acceptor, and the metal work-function does not play a critical role

on the open circuit voltage for ohmic contacts [2–5]. The regular architecture15

employs indium tin oxide (ITO) and aluminum (Al) as the anode and cathode,

respectively. A low work-function metal such as calcium, barium, lithium, or

magnesium may be deposited prior to the aluminum, depending on the electron

acceptor material of interest, to ensure an ohmic contact [6–9]. However, this

is known to degrade the device stability due to the high reactivity of these20

metals [3]. Efforts towards replacing low work-function reactive metals with

air-stable transition metal oxides has led to the development of inverted organic

photovoltaic devices [3]. Furthermore, interlayers have been introduced into

both regular and inverted OPVs so as to perform specific functions such as

modifying the work-function of the electrodes and form Ohmic contacts for25

optimal charge extraction, forming electron or hole selective contacts, modifying

the optical field, and protecting the underlying active layer.

Effective charge collection in the organic solar cells predominately relies on

the hole and electron extraction layers, which reside between the photoactive
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layer and electrodes, as well as the formation of Ohmic contacts for effective30

charge extraction. Two examples of mostly used anode interlayers are poly(3,4

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and metal ox-

ides such as MoO3, WO3 and V2O5 [10–13]. In the past, the metal-oxides

suffered the disadvantage of requiring high temperature vacuum processing and

post-deposition annealing, being incompatible with the solution-processable,35

large-area, high-throughput, and cost-effective targets of OPVs. In this respect,

there is some promise in recent advancements in the development of solution-

processed metal-oxide films [14, 15]. Moreover, high refractive index metal ox-

ides such as MoO3 may cause parasitic reflection at the ITO interface [1] due

to the impedance mismatch [16, 17] between the ITO and metal-oxide. Opti-40

cal losses in metal-oxides are not limited to reflection; parasitic absorption in

these layers at short wavelengths can also be significant [1]. On the other hand,

OPVs fabricated using solution-processed MoO3 have demonstrated better sta-

bility than the devices with PEDOT:PSS [18], which may facilitate degradation

of OPV stability and lifetime. Recently, it has been demonstrated that, by using45

the anionic perfluorinated ionomer (PFI) as additives to PEDOT:PSS, both the

stability and lifetime can be improved [9].

Our interest in OPVs originates from low-cost high-throughput process-

ing. Materials and processing costs are influenced by the scale of production.

Krebs and co-workers demonstrated for current (kW regime), upscaled (100 MW50

regime) and industrial production, the use of Ag is an unacceptable cost [19]. In

summary, the cost of processing is about 15% of the overall cost to produce an

OPV today. This decreases as one scales up the production. For commercially

available P3HT:PCBM OPVs 33% of the cost is for Ag. The active layer con-

sisting of both donor and acceptor materials amounts to 13% of the total cost.55

The interlayers, adhesives, and solvents cost 12%. The remaining cost, which

makes majority of the total cost for this regime is for the barrier foil, i.e., 42%.

However, if production is upscaled or industrialized the cost of the barrier foil

decreases by half and the dominate cost is the Ag at 46 or 51%, respectively.

The cost of the active layer is 19% for upscaled and 11% for industrialized pro-60
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duction. There is almost no difference in the total cost of the other materials,

15% compared to 17%, respectively. In the study, a cost reduction of 77% for

the electrodes by using Al instead of Ag is reported. This makes sense as the

cost for a gram of Ag is around 30 times that of Al. Therefore, reducing the

thickness of Ag, maintaining all the advantages Ag has over Al, i.e., stability,65

reflectance, etc., is of interest.

In this paper, regular and inverted architectures are revisited with a fo-

cus on the choice of metal electrode, looking for a highly reflective, electri-

cally compatible, and cost-effective alternative. We note that the photoactive

blend poly(3-hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl es-70

ter (P3HT:PC61BM) is used for both regular and inverted architectures. The

optical field intensity distribution within the active layer, obtained using a trans-

fer matrix code [16, 20], is used to estimate the theoretical absorption of the

cell. We first investigate the use of the composite electrode, based on a thin

Ag film capped by Al, in comparison to the Al cathode in the regular archi-75

tecture, utilizing a stack of ITO/PEDOT:PSS/photoactive-blend/cathode. We

show that the use of composite metal electrode, along with optimized inter-

layer thicknesses, provides an opportunity of short circuit current density (JSC)

enhancement. It is worth to briefly mention that high VOC cells have been

demonstrated previously using a PCDTBT:PC70BM bulk heterojunction active80

layer and Ag electrode [21]; it was found that the devices with Ag, Ca, Ca/Ag,

and Ca/Al cathodes yielded similar VOC of around 0.85 V, despite the differ-

ences in the work-function. On the contrary, VOC obtained with the Al cathode

was limited to 0.78 V. The similarity of VOC obtained with different cathode

materials implies the formation of an ohmic contact as explained earlier. Given85

that the electron accepting fullerene in our study, as in [21], is PCBM, we an-

ticipate an ohmic contact to be formed between the P3HT:PC61BM and Ag/Al

composite cathode. In addition to enhancing the JSC, the composite Ag/Al elec-

trode provides an advantage with respect to the device stability by avoiding the

use of reactive metals such as Ca. In another study, using the regular architec-90

ture based on the P3HT:PC61BM blend and Ag cathode, it was shown that the
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removal of low work-function metal, such as Ca, did not compromise the VOC

or FF [1]. In the study, the efficiency determining parameter was thus mainly

JSC. Investigations with pentacene-C60 heterojunction solar cells yielded results

comparable to those obtained for the P3HT:PC61BM blend; similar VOC was95

obtained with Ag and Al cathodes, it being slightly higher for Ag [2]. Combined

with an enhanced JSC as indicated by our results, these suggest that the use of

Ag/Al composite electrode in a regular architecture may lead to high efficiency

heterojunction solar cells based on different photoactive layers.

We also focus on the exploitation of the composite electrode as a substi-100

tute for the Ag anode in the inverted architecture, where we consider commonly

favored MoO3 and ZnO as hole extraction and electron extraction layers, respec-

tively [3, 22–25]. For the case of an inverted OPV, where Ag is the commonly

favoured anode [22–25], the composite electrode offers significant cost reduction

as discussed above. Furthermore, we provide the results of modeling showing105

the device performance based on varying ZnO thickness in the inverted archi-

tecture. Our findings, as also suggested previously [1, 21], show the importance

of modeling the optical interference effects to determine the optimum thickness

of the layers in an OPV, presenting a case that should also be considered when

exploring new materials.110

2. Materials and methods

The power absorbed in a layer can be expressed by the equation A(ω) =

ω × Im(ε)
∫
V
|E|2 dV where ω is the angular frequency, Im(ε) is the imaginary

part of the dielectric constant, E is the local electric field, and the integration

volume is the volume of the layer [26]. The power confined in the layer is pro-115

portional to the integral term in this equation [27]. Thus, an architecture with

improved confinement within the photoactive blend would increase absorption

and hence the JSC. The optical electrical field distribution inside the multilayer

stack of an OPV, due to a normally incident plane wave, can be calculated as a

function of position using the transfer matrix method followed by Peumans et120
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al. [20]. We have applied the same formalism, to calculate the power absorbed

and JSC generated by an OPV device where the recombination losses are negli-

gible, by using the complex index of refraction for the materials; either obtained

from the literature [28, 29] or experimentally, as in the case of glass, Al, ITO,

PEDOT:PSS, and P3HT:PCBM, using a spectroscopic ellipsometer (M-2000125

from J.A. Woollam Co., Inc.). For the calculation of JSC, we assume lossless

diffusion, dissociation of excitons, and collection of the free charge carriers at

the electrodes.

3. Results and discussion

First, we model the Ag/Al composite electrode in the regular architecture,130

glass/ITO (100 nm)/PEDOT:PSS(40 nm)/P3HT:PCBM/cathode, varying the

P3HT:PCBM thickness between 40 and 100 nm. The dependence of JSC on

the thickness of Ag in a Ag/Al(200-nm-thick) composite is plotted in Fig. 1 for

different thicknesses of P3HT:PCBM. As seen from the figure, a 80-nm-thick

P3HT:PCBM provides the highest JSC for the entire Ag thickness range, in-135

cluding the case of an aluminum-only cathode. For this optimum P3HT:PCBM

thickness, a composite electrode of Ag(30-nm-thick)/Al(200-nm-thick) offers a

5% increase in JSC compared to a 200-nm-thick Al only contact, as presented

in the inlay of Fig. 1. The enhancement may be attributed to an electrode

with a reflectivity greater than that of Al at the wavelengths which the active140

layer absorbs. These results indicate that there is value in modeling the optical

interference effects when new materials are investigated to ensure the thickness

of the active layer is tuned for maximal absorption before other factors are

investigated.
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Figure 1: Dependence of JSC on the thickness of Ag in an Ag/Al composite electrode, plotted

for different thicknesses of P3HT:PCBM. The inlay shows the increase in JSC for the optimum

P3HT:PCBM thickness (80 nm) as a function of Ag thickness.

Next, we implement the Ag/Al composite electrode in an inverted architec-145

ture with a typical composition, that is, glass/ITO(100 nm)/ZnO/P3HT:PCBM

(80 nm)/MoO3/anode, where we, like so many others, assume an optimal 40-

nm- and 10-nm-thick ZnO and MoO3 film [24, 25], respectively, as well as a

200-nm-thick Ag anode for the baseline. Furthermore, we investigate the short-

circuit current density dependence on ZnO thickness. Figure 2 shows the JSC150

calculated for the inverted devices with varying ZnO thickness comprising the

Ag(30-nm-thick)/Al(200-nm-thick) electrode, in comparison to the baseline de-

vice modeled using an Ag only anode. The influence of the 10-nm-thick MoO3

interlayer is also presented for the two anode configurations. It is apparent

that the JSC drops as the ZnO thickness is increased beyond about 20 nm for155

each scenario. Moreover, for both anode configurations, i.e., conventional and

the composite, the JSC improves when the MoO3 is not used. Although the
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composite electrode produces similar levels of JSC as the conventional, with and

without the MoO3 interlayer, in the case of composite electrode it is possible to

reduce the cost of materials by reducing the amount of silver used in the anode160

to around 30 nm. To evaluate the performance of the optimized design, in com-

parison to the baseline structure defined above, we calculate the increase in JSC

as given in the right axis of Fig. 2. These results show that an OPV device with

the Ag(30-nm-thick)/Al(200-nm-thick) electrode and about 20-nm-thick ZnO

as the cathode interfacial layer, not comprising a MoO3 anode interfacial layer,165

offers about 9.5% increase in the JSC compared to the baseline architecture,

which represents a notable improvement.
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Figure 2: Left axis plots the dependence of JSC on the thickness of ZnO for the two cases of Ag-

only and Ag/Al composite anode, with (10-nm-thick) and without a MoO3 anode interfacial

layer. Right axis plots the increase in JSC with the Ag(30 nm)/Al(200 nm) electrode, in the

absence of the MoO3 layer, in comparison to the baseline device architecture.

To further elucidate the reasoning behind the above-mentioned 9.5% en-

hancement in JSC, we modeled the optical field intensity distribution |E|2 inside
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the photoactive P3HT:PCBM film for the associated architectures, which is plot-170

ted in Fig. 3(b)-(d) at three different wavelengths of λ=350, 450, and 550 nm.

The architectures labelled as A1 and A2 in Fig. 3 are glass/ITO(100 nm)/ZnO

(40 nm)/P3HT:PCBM(80 nm)/MoO3(10 nm)/Ag(200 nm) and glass/ITO(100

nm)/ZnO(20 nm)/P3HT:PCBM(80 nm)/Ag(30 nm)/Al(200 nm), respectively.

As depicted in Fig. 3(a), the power absorbed by the 80-nm-thick photoactive175

layer in architecture A2 supersedes the one in architecture A1 for the entire

spectrum from 300 to around 600 nm, thus leading to a notable increase in the

short-circuit current density for this architecture. Optical power confined in the

photoactive layer is proportional to the area under the optical field intensity

graph [27]. The areas under the field intensity graphs given in Fig. 3(b)-(d) are180

integrated along the active layer and plotted as a function of depth (cathode

interface is at x=0 and x=80 corresponds to the anode interface) in the layer in

Fig. 3(e)-(g). In agreement with the absorbance spectrum, the integrated area

is higher for architecture A2 at all three wavelengths, i.e., λ=350, 450, and 550

nm. Therefore, the increase in JSC with architecture A2 is due to the increased185

absorption by the photoactive layer resulting from an enhanced optical power

confinement inside this layer.
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Figure 3: Power absorbed by the 80-nm-thick photoactive (P3HT:PC61BM)

layer, along with the optical field intensity distribution |E|2 inside the layer

and the area under the field intensity plots integrated and plotted along the

layer. A1 and A2 represent the following device architectures respectively:

glass/ITO(100 nm)/ZnO(40 nm)/P3HT:PCBM(80 nm)/MoO3(10 nm)/Ag(200 nm) and

glass/ITO(100 nm)/ZnO(20 nm)/P3HT:PCBM(80 nm)/Ag(30 nm)/Al(200 nm). The wave-

length of the incident light is λ=350, 450, and 550 nm, respectively, in (b)/(e), (c)/(f), and

(d)/(g).

As we have demonstrated in Fig. 2, the JSC of an inverted OPV with 80-

nm-thick P3HT:PCBM improves notably with the removal of the MoO3. How-

ever, the use of an interlayer at the anode may be unavoidable for efficient190

carrier extraction. In the literature, it has been demonstrated that, by form-
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ing an ohmic contact at the organic and metal interface, the addition of a

2-nm-thick NiO improves the VOC and FF of an inverted cell based on the

P3HT:PCBM blend and Ag anode [30]. This provides the motivation for in-

vestigating how the absorbance of the photoactive layer would be influenced195

by depositing some of the mostly used interlayers [3] such as PEDOT:PSS

or NiO of less than 5 nm thickness prior to the Ag(30-nm-thick)/Al(200-nm-

thick) electrode. The absorbance calculated for the OPV structure of ITO(100

nm)/ZnO(20 nm)/P3HT:PCBM(80 nm)/interlayer/composite-electrode is pre-

sented in Fig. 4 for a wavelength range of 300-650 nm, where the interlayer is200

PEDOT:PSS, NiO, or MoO3. Modeling of an OPV with 10-nm-thick MoO3 and

without an interlayer have also been presented for comparison. As seen from

the figure, the absorbance remains almost the same with the addition of an in-

terlayer, for the materials and thicknesses considered, in the wavelengths above

400 nm, except for the 10-nm-thick MoO3. This explains the difference in JSC205

observed in Fig. 2 with and without the 10-nm-thick MoO3 interlayer. The loss

in the absorbance observed at the wavelengths below 400 nm can be considered

as insignificant due to the reduced photon flux in the Air Mass (AM)1.5G solar

spectrum for these wavelengths. Moreover, as it has been reported for an in-

verted architecture based on the P3HT:PCBM blend and Ag anode, a VOC of210

the same value can be attained with MoO3 anode interlayers with the thickness

ranging between 1 and 20 nm. The authors attributed the lower FF at MoO3

thicknesses less than 10 nm to a limited amount of damage associated with the

Ag electrode deposition. Therefore, if the damage during electrode deposition

can be prevented, by employing an interlayer of a few nanometers per se, it may215

be possible to achieve high performance with an improved FF and JSC.
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Figure 4: Power absorbed by the 80-nm-thick photoactive (P3HT:PCBM) layer, as calcu-

lated for an inverted OPV, considering various buffer materials atop the composite anode of

Ag(30 nm)/Al(200 nm) in comparison to the case where a buffer layer is omitted.

4. Conclusion

We propose a composite electrode based on two of the most widely used met-

als, that is, a thin film of Ag capped by Al, for enhanced performance and/or

reduced material costs in OPV. Through optical modeling of a regular OPV, we220

demonstrate that it offers an enhanced short-circuit current density compared

to an Al electrode when employing a P3HT:PC61BM photoactive layer. The

maximum improvement is around 5% and this is with a composite electrode

comprised of a 30-nm-thick Ag and 200-nm-thick Al. Though the enhancement

maybe considered small, it is worth mentioning that the onset of absorption225

for P3HT:PCBM is around 650 nm and that the improved reflectivity of Ag

over Al occurs at 500 nm. A considerable dip in reflectivity of Al is observed

between 650 and 900 nm, the minima at 800 nm. It may be possible to achieve

a greater than 5% enhancement with high performance OPV materials that ab-
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sorb in the near-infrared, provided that the light is not completely absorbed by230

the active layer during the first pass (see Supporting Information for results of

modeling based on the PTB7-Th(PCE10):IEICO-4F and PM6:Y6 blends). We

further show that the thickness of layers should be optimized in an OPV—the

photoactive layer thickness to begin with—in order to fully perceive the influ-

ence of a new concept and/or material. Our findings reveal that, in an inverted235

architecture based on the P3HT:PC61BM photoactive layer, the amount of Ag

used can be reduced by employing the composite electrode. As indicated by our

results, an inverted OPV with a 30-nm-thick Ag combined with a 200-nm-thick

Al can deliver a short-circuit current density similar to that of a device with

200-nm-thick Ag. Based on the above, it is clear that the composite electrode240

offers an advantage with regards to material costs. We have demonstrated that

the current density can be improved, both for the composite and the Ag-only

electrodes, by removing the MoO3 interlayer, i.e., 9.5%. But, this remains a sig-

nificant challenge considering the requirements for efficient carrier extraction.

Yet, the optical modeling conducted using some of the commonly preferred in-245

terlayers, including MoO3, reveals that the composite electrode performs equally

well with and without these interlayers when the interlayer thickness is limited

to less than around 5 nm. There is evidence of an improvement in the short-

circuit current density, with reduced thickness of ZnO at the cathode in a range

of 10 to 50 nm. The modeling of interference effects in an OPV is essential for250

driving enhanced performance – our findings on the optimized ZnO thickness

is a case in point. More work is clearly necessary to experimentally implement

the Ag/Al composite electrodes into the regular and inverted architectures, and

this work intends to present the potential offered by the composite electrode

and provide insights into the application thereof in bulk heterojunction organic255

solar cells.
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