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Effect of a zinc oxide, at the cathode interface, on the efficiency of
inverted organic photovoltaic cells based on the CuPc/C60 couple

Y. Lare, M. Banéto, L. Cattin, M. Morsli, K. Jondo, K. Napo, J. C. Bernède

Abstract The effect of ZnO buffer layer on the perfor-

mances of inverted multilayers organic solar cells has been

studied. ZnO:Al conductive films and insulating ZnO films

deposited by spin coating have been probed. The ZnO

buffer layer has been introduced between the ITO cathode

and the Organic acceptor. The cells are based on the mul-

tilayer junctions bathocuproine/fullerene/copper phthalo-

cyanine. The organic photovoltaic cells performances

improvement depends of the ZnO layer introduced. ZnO:Al

conductive layers decreases the potential barrier at the

interface cathode/organic. This allows decreasing the series

resistance which improves significantly the cell efficiency.

Insulating ZnO increases only slightly the solar cells per-

formance by increasing significantly the shunt resistance

and therefore the open circuit voltage of the cells.

1 Introduction

The active heart of organic photovoltaic cells (OPV cells)

consists either of two organic layers or an homogeneous

mixture of two organic materials [1, 2]. One of them, either

an organic dye or a semi conducting polymer, donates the

electrons. The other serves as electron acceptor. OPV cells

with power conversion efficiency (PCE) of 5–6% under

simulated AM1.5 illumination have been obtained [3–5].

Usually, in these devices, an indium tin oxide, (ITO),

coated glass substrate is used as transparent anode and an

aluminium thin film as cathode. The classical multi-het-

erojunction structures are based on ITO/anode buffer layer/

CuPc/C60/cathode buffer layer/Al devices where CuPc is

the copper phthalocyanine and C60 the fullerene. The

buffer layers (BF) are necessary in view of the difficulties

in organic optoelectronic devices of the charge carrier

transport between the organic materials and the electrodes.

In the case of the anode/electron donor contact, a common

solution is to introduce a thin anode buffer layer (ABL),

which adjusts the electronic behaviour of the adjacent

materials. We have shown that an ultra-thin metal film or a

thin oxide film deposited onto the conductive substrate,

whatever the transparent conductive oxide (TCO), can be

used to improve the interface TCO/donor and therefore the

devices performances [6–8].

It has been shown that, when a large band gap material,

such as bathocuproine (BCP) [9] or aluminium tris(8-

hydroxyquinoline) (Alq3) [10, 11], is introduced between

the cathode and the electron acceptor, there is a strong

improvement of the OPV cells performances. This layer is

called exciton blocking layer (EBL). It should be trans-

parent to the solar spectrum to act as a spacer between the

photoactive region and the metallic cathode. It must, also,

transport electrons to avoid high series resistance.

If the classical devices described above have given the

best performances, development of inverted solar cells

could allow more flexibility on designing tandem struc-

tures, which can be formed using a semitransparent cath-

ode. In an inverted device the TCO is the cathode and the

metal electrode is the anode. Up to now, the inverted
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organic solar cells studied are usually based on bulk het-

erojunctions and promising results have been obtained

[12–14], while no many works have been dedicated to

inverted multi-heterojunction PV cells [15]. The challenge

to reversing the layer sequence of multi-heterojunction PV

cells is achieving cathode and anode ohmic contacts. We

have already shown that the presence of a thin BCP layer at

the interface ITO cathode/C60 allows improving OPV cells

performances in the same way that in classical ones [16]. In

the present work we study the effect of a zinc oxide buffer

layer, at the cathode interface, on the efficiency of inverted

OPV cells based on the BCP/CuPc/C60 multi-heterojunc-

tion structure.

2 Experimental

The device structure used in this study is:

ITO=CBL=BCPð9nmÞ=C60ð40nmÞ=CuPcð35nmÞ=ABL=Al

Here CBL is a buffer layer which allows achieving a good

matching between the ITO cathode and the organic mate-

rial. The multi-layer heterojunction structure used in the

present work has ITO/CBL as bottom cathode and ABL/Al

as anode. The buffer layer ABL is used to achieve a good

matching between the work function of the anode and the

highest occupied molecular orbital (HOMO) of CuPc.

We have already shown that Au, MoO3 [6, 7] or, better,

MoO3/Au, allows achieving this goal [8], by simple vacuum

deposition of a thin (3.5 ± 1 nm) MoO3 film, of an ultra-

thin (0.5 nm) gold film or of MoO3/Au superposed films.

The best results were achieved with this last combination.

Therefore, we used MoO3/Au as ABL buffer layer.

The effect of the CBL on the properties of the inverted

organic solar cell is the subject of this work. Here, CBL is a

conductive or insulating ZnO film. Therefore, the struc-

tures probed were:

ITO=ZnO=BCPð9 nmÞ=C60ð40 nmÞ=CuPcð35 nmÞ=

ABL=Al;

the ZnO being conductive (ZnO:Al) or insulating (ZnOsc).

The ITO coated glass substrates used in this study were

commercially obtained from the SOLEMS. Since ITO

covered the whole glass substrates, some ITO must be

removed to obtain the bottom electrode. After masking a

broad band of 30 mm by 20 mm, the ITO was etched by

using Zn ? HCl. After carefully scrubbing, with alcohol

and then soap, these substrates were rinsed in running

deionised water. The substrates were dried and immedi-

ately loaded into a vacuum chamber (10-4 Pa) when the

ZnO films were obtained by rf magnetron sputtering

(ZnO:Al) or introduced into a hood, when they were

deposited by spin coating (ZnOsc).

The chemical products (CuPc, C60, BCP…Au, MoO3)

have been provided by Aldrich. All the thin films of the

structures have been deposited in the same run in a vacuum

of 10-4 Pa. The thin film deposition rates and thickness

were estimated in situ with a quartz monitor. The deposi-

tion rate and final thickness were 0.1 nm/s and 9 nm for

BCP, 0.05 nm/s and 35 nm in the case of CuPc and

0.05 nm/s and 40 nm in the case of C60. These thicknesses

have been chosen after optimisation.

In the case of the buffer layer ABL, the known optimum

thickness have been used, 3 nm for MoO3 [8] and 0.5 nm

for Au [6, 7]. For the CBL, the ZnO thickness probed were

0, 3 and 5 nm.

After ABL (MoO3/Au) deposition, the aluminium top

electrode was thermally evaporated, without breaking the

vacuum, through a mask with 2 9 8 mm active areas, and

following by 50 nm thick encapsulating layer of amor-

phous selenium (Se-a). The selenium protective coating

layer has been proved to be efficient to protect the under

layers from oxygen to water vapour contamination [17], at

least during the first hours of room air exposure [11].

The conductive ZnO films were deposited by ac mag-

netron sputtering on glass substrates at room temperature.

A cylindrical target of diameter 75 mm and thick of 5 mm

was prepared by sintering the mixture of ZnO powder

(purity of 99.99%) with 2wt% Al2O3 (purity 99.99%). Ar

(99.99%), source is used as sputtering gas for deposition of

the ZnO:Al films. The distance between target and sub-

strate was about 60 mm. The flow rate of Argon was

controlled by using flow meter. The sputtering pressure

was maintained at 0.13 Pa. The pressure of the sputtering

system before the deposition of the sample films was under

2 9 10-3 Pa. The films were deposited onto substrates

under 150 W. These deposition conditions were fixed in

order to achieve ZnO:Al conductive transparent films. The

conductivity of the obtained films has been checked, using

a ZnO:Al film thick of 100 nm, it is around

r = 2.32 9 103 (X cm)-1.

The insulating films were deposited by spin coating.

Appropriate amount of zinc nitrate (0.05 mol/l) and

ammoniac (0.1 mol/l) were mixed. The pH of the bath was

8.0. The solution was maintained at a temperature

60 �C\T\ 65 �C, while the bath was continuously stir-

red. 0.5 ml of this solution was deposited by spin coating

onto ITO glass coated substrate, the spin speed was

2,000 rpm and the spin time was 60 s. The coated films

were then annealed at 300 K for 1 h in order to change the

Zn(OH)2 into ZnO polycrystalline films. The thickness of

the ZnO films was estimated using an atomic force

microscope apparatus (AFM).
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The ZnO films have been characterized by different

techniques. The morphology was observed through scan-

ning electron microscopy (SEM) with a JEOL 6400F at

the ‘‘Centre de Microcaractérisation de l’Université de

Nantes’’. The crystalline structure of the films was analyzed

by X-ray diffraction (XRD) by a Siemens D 5000 diffrac-

tometer using Ka radiation from Cu (k = 0.15406 nm).

AFM images on different sites of the film were taken

ex-situ at atmospheric pressure and room temperature. All

measurements have been performed in tapping mode

(Nanoscope III, (Digital Instruments, Inc.). Classical SiN4

cantilevers were used (Ultrasharp, AXESSTECH, France).

The average force constant and resonance were approxi-

mately 14 N/m and 320 kHz, respectively. The cantilever

was excited at its resonance frequency.

Electrical characterizations were performed with an

automated I–V tester, in the dark and under one sun global

AM 1.5 simulated solar illumination. Performances of

photovoltaic cells were measured using a calibrated solar

simulator (Oriel 300 W) at 100 mW/cm2 light intensity

adjusted with a PV reference cell (0.5 cm2 CIGS solar cell,

calibrated at NREL, USA). Measurements were performed

at an ambient atmosphere. All devices were illuminated

through TCO electrodes.

3 Experimental results

XRD and microprobe analysis have been measured on

100 nm ZnO thick films, while the OPV cells have been

achieved with 3–7 nm thick films.

XRD patterns (not shown here) of ZnO:Al films show

that they crystallize in the hexagonal system with a

wurtzite structure. Their crystallites are preferentially ori-

ented along the c-axis (002) perpendicular to the substrate

surface [18]. The spin coated ZnO films (ZnOSC) are also

crystallized in the hexagonal wurtzite structure; however,

their crystallites are randomly oriented.

The measurements of films composition have been done

by EPMA analysis. This technique allows estimating

oxygen atomic concentration, however, the precision of the

measure decreases with the atomic weight of the element,

therefore, the results show that the films, whatever the

deposition technique used, are nearly stoichiometrics with

a slight oxygen deficiency (1–3 at.%). For ZnO:Al films 2

at.% of Al is measured.

The surface morphology of the ZnO thin films has been

studied by SEM and AFM. The SEM study shows that the

surface of the sputtered ZnO:Al is smooth (Fig. 1a), while

that of ZnOSC films is inhomogeneous (Fig. 1b). A high

density of clusters randomly distributed on the film surface

is clearly visible. However, the layer itself appears quite

smooth. These films have been submitted to the scotch tape

test. Such test is usually used to measure the adhesion of a

deposited film to the substrate. Here it is used to clean the

deposited film since the ZnO clusters at the surface of the

films are not good adhesion to the homogeneous layer of

ZnO. It is known that precipitation can take place either in

the bulk of the solution with the formation of colloids by an

homogeneous reaction or at the surface of the substrates

leading to the formation of an homogeneous film by an

heterogeneous reaction. A predominantly homogeneous

reaction often terminates the heterogeneous, and the film

grows by absorption of colloids, leading to superficial

heterogeneities. Therefore, the compact layer, which cor-

responds to the heterogeneous reaction, is covered during

the growth process by colloids formed by the homogeneous

reaction in the solution bulk (Fig. 1b).

The visualization, in Fig. 2 of the surface of a ZnOSC

film, in which half surface (right side) has been submitted

to this test, shows that the clusters have been removed by

the scotch tape. It allows seeing that the surface of the film

itself is smooth and homogeneous. These surfaces, before

and after the scotch tape cleaning, have been checked by

AFM study. Before cleaning, large ‘‘maximum roughness

peaks’’, out of scale, are present. After cleaning, one can

see in Fig. 3 that the ZnOSC buffer layers are quite

Fig. 1 Surface visualization of a ZnO:Al (a) and a ZnOsc film (b)
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homogeneous with a Root Means Square (RMS) surface

roughness of 1 nm. The averaged thickness estimated from

AFM is around 4 nm.

The conductivity of the ZnO:Al films is around

r = 2.32 9 103 (X cm)-1. As expected the ZnOsc films

are insulating, with r less than 10-5(X cm)-1. These values

have been measured on 100 nm thick film.

After characterization the different ZnO thin films have

been used as buffer layer in the inverted organic solar cells

ITO/ZnO/BCP/C60/CuPc/MoO3/Au/Al.

In a first time, we have optimized the ZnO thickness

using ZnO:Al films. The ZnO:Al film thickness was 0, 3

and 5 nm. The results are summarized in Table 1. It can be

seen that the optimum ZnO:Al thickness is 3 nm. For

thicker or thinner ZnO films all the characteristics are

degraded. The short circuit current and open circuit voltage

decreases significantly.

In the case of ZnOSC, the results depend strongly on the

morphology of the anode surface. Following the AFM

results, the mean thickness of the films used, was around

4 nm. When the ZnOSC cleaned film is used as buffer layer,

the J-V characteristics exhibit diode rectifying effect, while

they do not, when it is not cleaned. For such inhomoge-

neous films, the rectifying effect is destroyed. The clusters,

as visible in Fig. 1b, have mean diameter far higher than

the whole thickness of the organic active films and there-

fore they induce strong inhomogeneity in the growth of the

organic film with short path, pinholes…, which results in

high density of defaults in the organic thin films and small

shunt resistance. As a consequence, the J-V characteristics

are more or less ohmics.

After cleaning, the film surface is homogeneous and a

photovoltaic effect is obtained. Table 2 and Fig. 4 sum-

marize the effect of the nature of the ZnO film on the solar

cells performances, it can be seen that the best results are

achieved using the conductive ZnO:Al buffer layer. It

should be noted that the highest Voc value is obtained with

ZnOsc. The ZnOsc being nearly insulating it increases the

shunt resistance and therefore the Voc value. However, the

high resitivity of the ZnOsc induces also smaller short

circuit current and finally smaller efficiency that that

obtained with conductive ZnO:Al. From these results, if we

exclude the rough ZnOSC, it can be said that the presence of

a smooth ZnO film, conductor or not, improves the cells

performances even if the best results are achieved with the

conducting ZnO:Al.

4 Discussion

First of all, for classical multilayer heterojunction OPV

cells, it is known that one way for circumventing the dif-

fusion length limitation of the excitons is to use cells with

multiple interfaces. Peumans et al. [9] have shown that the

introduction of a thin large band gap organic material

allows improving significantly the device performances.

He called electron blocking layer (EBL) this thin film,

Fig. 2 Surface visualization of a ZnO film deposited by spin coating:

left side before scotch test and right side, after the scotch test

Fig. 3 TM-AFM images of thin films of FTOSP after scotch tape

cleaning

Table 1 Effect of the ZnO:Al thickness on the solar cells performances

OPV structure Jsc (mA/cm2) Voc (V) FF (%) g (%)

ITO/BCP/C60/CuPc/MoO3/Au/Al 3.50 0.355 36.1 0.44

ITO/ZnO:Al(3 nm)/BCP/C60/CuPc/MoO3/Au/Al 6.73 0.415 39.7 1.11

ITO/ZnO:Al(5 nm)/BCP/C60/CuPc/MoO3/Au/Al 3.11 0.335 38.3 0.40
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because its band gap is substantially larger than those of the

organic donor and acceptor, which blocks excitons in the

organic semiconducting layer far from the cathode avoid-

ing any quenching effect at the interface cathode/organic

The EBL confines the photogenerated excitons to the

domain near the interface where the dissociation takes

place and prevents parasitic exciton quenching at the

photosensitive organic/electrode interface. Also it limits

the volume over which excitons may diffuse. For these

reasons we have introduced a BCP EBL at the interface

ITO/electrode acceptor in our inverted OPV cells [16]. This

EBL should be transparent to the solar spectrum to act as a

spacer between the photoactive region and the metallic

cathode. It must, also, transport electrons to avoid high

series resistance. If the EBL block the excitons, it should

not block all charge carriers. Therefore, the EBL should be

chosen so that it allows electrons collection at the cathode.

However, the optimum EBL thickness is 8–9 nm, which is

too thick to allow high tunnelling current. So it has been

suggested that the charge transport in the EBL is due to

damage induced during deposition of the upper layers,

which introduces conducting levels below its LUMO and

explains the reason why the transport of electron is not

weakened. [19] (Fig. 5). Therefore, since it is admitted that

the EBL is transparent to electron, in a first approach, we

will discuss the behaviour of the contact with the cathode

as a simple contact ITO/ZnO/organic electron acceptor.

We have shown in a preceding paper [20] that, even if

some dipole effect is often present at the interface due to

interface states, in a first approach, the behaviour of the

contact electrode/organic material can be roughly antici-

pated using the Schottky–Mott model. Therefore, the dif-

ferent band scheme configurations of the interface anode/

CBL/C60, are presented in Fig. 6. The excitons are gener-

ated from irradiated CuPc, then they are dissociated by

Coulomb attraction to electrons and holes at the interface

CuPc/C60. The holes may be transported directly to the

anode through the ABL, which improves the hole collec-

tion efficiency [6–8]. At the same time, a good band

matching between the cathode work function and the

electron acceptor for achieving ohmic contact and good

electron collection is necessary.

The treatment of the ITO surface usually has strong

influence on the performances of the ITO devices. For

example, O2 plasma treatment increases the work function

of ITO, thus enhancing the hole collection in classical

organic solar cells. In the present work we have only

removed its surface contaminants. However, the work

Table 2 Performances of solar cells using different ZnO CBL layers

OPV structure Jsc (mA/cm2) Voc (V) FF (%) g (%) Rs(X) Rsh(X)

ITO/BCP/C60/CuPc/MoO3/Au/Al 3.55 0.350 35 0.40 787 4,096

ITO/ZnOSC/BCP/C60/CuPc/MoO3/Au/Al 2.67 0.485 38.2 0.49 375 7,325

ITO/ZnO:Al/BCP/C60/CuPc/MoO3/Au/Al 7.46 0.415 49.7 1.54 156 3,125
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function of cleaned ITO is still too high, around 4.7 eV, the

LUMO of C60 being 4.4 eV, an energy barrier exists for the

electron collection from C60 to ITO cathode (Fig. 6a). The

collection barrier for electrons from C60 to ITO corre-

sponds roughly [17] to the energy difference between the

work function of ITO and the LUMO of C60. The work

function of ZnO:Al being 4.3 eV, the electron collection

barrier decreased from 0.3 eV for cleaned ITO to nearly 0

for ZnO:Al capped cathode (Fig. 6b). Therefore, the

interfacial layer plays an important role in lowering the

potential barrier between ITO and C60 and consequently it

should increase the collected electron current and the solar

cells efficiency. The significant decrease of the potential

barrier between ITO and C60 is confirmed by the large

decrease of the series resistance (Table 2). This ZnO

positive effect is obtained only if ZnO is degenerated,

which is the case of ZnO:Al, in the case of the insulating

ZnOsc the behaviour of the contact is different. Effectively,

if we introduce an insulating film, (I), between the

degenerated semiconductor (ITO), and the semiconductor,

(S), the contact behaves like a MIS structure. It means that

there is not band alignment between the TCO, the insu-

lating layer and the organic semiconductor. However, an

electric field appears on the insulating layer, which con-

tributes to some decrease of the potential barrier [8]. This

results from the fact that the Fermi level must be constant

throughout the metal/insulating layer/semi-conductor. Here

also it can be seen Table 2 that there is some decrease of

the series resistance. However, the most significant infor-

mation in Table 2 for ZnOsc is the strong increase in the

shunt resistance which justifies the high Voc value.

5 Conclusion

As a conclusion, the improved inverted OPV cells perfor-

mances can be ascribed to the inserted ZnO interfacial

layer. When a conductive ZnO:Al buffer layer is intro-

duced between the ITO cathode and the organic layer it

allows a good band matching between the cathode and the

LUMO of the organic material, which decreases the

potential barrier at the interface cathode/organic material.

Such effect is corroborated by the large decrease of the

series resistance of these OPV cells. When an insulating

ZnOsc is used as buffer layer, its high resistivity increases

significantly the shunt resistance of the OPV cells, which

increases significantly the open circuit voltage of the OPV

cells.
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