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We present a comparison of the potential distribution along the cross section of bilayer poly

(3-hexylthiophene)/1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61 (P3HT/PCBM) solar cells,

which show normal and anomalous, S-shaped current-voltage (IV) characteristics. We expose the

cross sections of the devices with a focussed ion beam and measure them with scanning Kelvin

probe microscopy. We find that in the case of S-shaped IV-characteristics, there is a huge potential

drop at the PCBM/Al top contact, which does not occur in solar cells with normal IV-

characteristics. This behavior confirms the assumption that S-shaped curves are caused by hindered

charge transport at interfaces. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4846615]

As the demand for renewable energy sources increases

continuously, organic solar cells become more and more

interesting as cheap and lightweight energy suppliers. The

efficiency and lifetime increases incessantly and commercial

applications can already be found. In contrast to inorganic

semiconductors, the physics of organic electronic devices

still lack a closed description. The phenomenological specifi-

cations of the properties are step by step supported by funda-

mental research.

A major obstacle for both research and potential applica-

tions is the poor reproducibility of spin coated polymer solar

cells. A common phenomenon for these cells is so called S-

shaped current-voltage (IV) characteristics. The IV-curve

under illumination shows a kink between the first and the

fourth quadrant,1 which leads to a reduced fill factor and usu-

ally to a reduced open circuit voltage.2 Many experiments3,4

as well as simulations5 attributed this behavior to restricted

charge transport at the interfaces. Others suggested a vertical

phase separation of the fullerenes away from the cathode as

cause for S-shaped IV-curves.6 This unfavorable phase seg-

regation would hinder electron extraction at the cathode

from the PCBM component.6 For planar junctions, an imbal-

ance of the individual charge carrier mobilities has been pre-

sented as the culprit,7 but that does not appear to extend to

typical bulk heterojunctions (BHJs).5

We apply scanning Kelvin probe microscopy (SKPM)

to cross sections of bilayer poly(3-hexylthiophene)/1-(3-

methoxycarbonyl)propyl-1-phenyl[6,6]C61 (P3HT/PCBM)

solar cells with normal and S-shaped IV-characteristics to

measure the potential distribution in these devices along the

charge transport path and therefore gain a direct insight into

the dominating transport barriers. Using bilayer rather than

BHJ cells as model system enables us to clearly rule out con-

tributions from a random morphological distribution of the

active materials. We are able to directly observe an increased

transport barrier at the PCBM/cathode interface for solar

cells with S-shaped IV-characteristics, indicating a non ideal

cathode interface as the origin for the S-shaped IV-

characteristics.

The solar cells were prepared on indium-tin oxide (ITO)

coated and patterned glass substrates by spin coating of the

active materials. First, a poly(3,4-ethylenedioxythiophe-

ne):poly-(styrenesulfonate) (PEDOT:PSS) buffer layer was

spin coated on top of the ITO electrode. P3HT was solved in

chlorobenzene and spin coated with 1000 RPM for 90 s on

top of the PEDOT:PSS. As proposed by Ayzner et al.,8 the

PCBM was solved in dichloromethane to gain well separated

layers. It was spin coated with 4000 RPM for 10 s. From ana-

lytical transmission electron microscopy (TEM) measure-

ments9 on our samples, we certainly know that the P3HT and

PCBM form well separated layers. The whole preparation

was performed in a glove box under nitrogen atmosphere.

0.6 nm LiF and 100 nm Al were thermally evaporated to

form the top contact. Some of our solar cells showed

S-shaped IV-curves caused by a temporary iodine contami-

nation of our glove box, which we found out by XPS meas-

urements. We prepared four batches of bilayer solar cells.

The first and the third one were prepared in a clean glove

box and the second and fourth in a contaminated glove box.

In the first and the third batch, all solar cells showed normal

IV-characteristics; in the second and fourth batch, all solar

cells showed S-shaped IV-curves.

For further treatment and characterization, we use a

measurement setup, which consists of a combined crossbeam

scanning electron microscope (SEM) and a focused ion

beam (FIB) with an implemented scanning probe microscope

(SPM) (Zeiss/DME BRR, see Ref. 10 for details). We lay the

cross section of the samples open by milling micrometer

sized holes with the FIB. The obtained cross sections are

very smooth11 and feasible to address by SPM methods like

SKPM. We run the SKPM measurements in a one pass
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amplitude modulated manner. As the SPM is implemented

into the SEM/FIB system, preparation and analysis of the

cross sections can be performed in-situ. The Ga FIB is

known to change material properties due to Ga implantation

and destruction of molecules and can also dope organic

semiconductors.12 Therefore, we compared the IV curves of

our solar cells before and after FIB milling10 and observed

no altering. Furthermore, we prepared the cross sections by

cleaving and microtome cutting and compared the results.11

We gained similar potential distributions for all preparation

methods.11 The samples were electrically contacted in the

microscope and a light emitting diode was mounted below

the samples such that IV-curves in the dark and under (non

standard) illumination could be recorded.

Figure 1(a) shows the IV-curves captured in the dark

and under illumination of sample S (black solid line) and

sample N (red dashed line) in a logarithmic scale. The for-

ward current for sample S is three orders of magnitude lower

than that of sample N, already hinting to a hindered charge

transport in the case of S. Figure 1(b) zooms into the active

region of the solar cells to demonstrate the S-shaped charac-

ter of the IV-curves of sample S. Sample S refers to the left

(black) y-axis, sample N to the right (red) y-axis.

SKPM measurements of the samples have been per-

formed under bias voltages between �1 V and 1 V in the

dark and under illumination. For each bias voltage, a two

dimensional scan field of the topography and the surface

potential was captured. From these scans, profiles of the sur-

face potential were extracted (see Ref. 10 for details). Figure

2 shows an SKPM measurement of sample S without applied

bias voltage (both electrodes grounded) from which the 0 V

profile was extracted. The substrate, the ITO, the organic

layer, and the Al can be clearly identified. A differentiation

of the P3HT and the PCBM is not possible as their work

functions measured by Kelvin probe are very similar.13 As

expected, the measured work function of Al is smaller than

that of ITO. The difference amounts to ca. 0.5 V, which rea-

sonably corresponds to the open circuit voltage of the solar

cells.

In Figure 3, the surface potential distributions of (a)

sample S and (b) sample N are shown for bias voltages of

�1 V, �0.5 V, 0 V, 0.5 V, and 1 V. The data result from

measurements in the dark, illumination had no visible influ-

ence on the profiles under bias voltage. In the diagrams, the

regions of the ITO, the bilayer, and the aluminum are

marked. The measured surface potential is a superposition of

the work function difference between the SKPM cantilever

and the sample and the applied bias voltage. That means that

the 0 V profiles depict the work function of the samples plus

or minus a constant value, which is determined by the canti-

lever. The work function measurements were similar for all

measured devices, regardless if a normal or S-shaped IV-

characteristic was measured for the device. With an applied

bias voltage, the situation changes: In sample S, the potential

lines run parallel from the ITO through the bilayer to the alu-

minum and drop there to the ground potential value. In sam-

ple N, the potential lines already run together at the

ITO/P3HT contact and in the bilayer.

To gain a better view on the net voltage drop in the cell,

the work function (signal at 0 V bias voltage) can be sub-

tracted. In Figure 4, the net (relative) potential profile for

sample S (black solid line) and sample N (red dashed line) is

shown at bias voltages of �1 V and 1 V, respectively. The

layer thicknesses were not identical in both samples.

Furthermore, the absolute change of the measured potential

is always smaller than the applied voltage, which is a known

SKPM measurement artifact14 and not identical in both

measurements. To simplify the comparison, two different

coordinate systems were used. The lower x-axis and the left

y-axis (both in black) refer to sample S, and the upper x-axis

and the right y-axis (both in red) refer to sample N. Again

the regions of the ITO, the bilayer, and the aluminum are

drafted. In this presentation, it becomes clear that the poten-

tial distributions in the two devices are entirely different. In

sample N, the potential drops both at the interface between

FIG. 1. (a) IV-curves in the dark and

under non standard illumination on a

logarithmic scale of sample S (black

solid line) and sample N (red dashed

line). (b) Zoom into the active region of

the solar cells. Sample S refers to the left

(black) y-axis, sample N to the right

(red) y-axis. Sample S exhibits an S-

shaped characteristic under illumination.

FIG. 2. SKPM measurement of the cross section of sample S with both con-

tacts grounded. The cross section was milled with an FIB and the SKPM

measurement was performed directly afterwards within the same apparatus.

Note that the scale is different for x and y directions.
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the ITO contact and the P3HT and within the bilayer, point-

ing to a barrier at the ITO/P3HT interface and a non negligi-

ble series resistance within the P3HT/PCBM. In sample S,

on the other hand, there is a voltage drop at the interface

between PCBM and the aluminum exclusively. We can

therefore conclude that the lower forward current and the S-

shaped IV characteristics for sample S stem from a hindered

charge transport between PCBM and the top contact. This

result confirms the assumption of non ideal contacts being

responsible for S-shaped IV-curves.5,6 From Figures 3 and 4,

one can see that the layer thickness in sample S amounts to

about 200 nm and in sample N to about 400 nm. One could

argue that the S-shaped characteristic results from this thin

layer. However, we also fabricated bilayer solar cells with an

organic layer thickness of 400 nm (batch 4, mentioned in the

above paragraphs), which also showed S-shaped IV-curves

and a potential barrier at the Al interface.

In summary, we compared P3HT/PCBM bilayer solar

cells with normal and S-shaped IV-curves by in-situ SKPM

measurements on their cross sections and could show that

the S-shaped characteristic results from hindered charge

transport at the PCBM/cathode interface. Our results lend

additional credence to the importance of electrode interfaces

as cause for S-shaped IV-curves and solar cell performance

in general.
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FIG. 3. Profiles of the surface potential through (a) sample S and (b) sample

N for bias voltages between �1 V and 1 V. The positions of the ITO/P3HT

and PCBM/Al interfaces are marked with vertical dashed lines.

FIG. 4. Relative potential profiles for sample S (black solid line) and sample

N (red dashed line) for an applied bias voltage of 1 V and �1 V, respec-

tively. The lower x-axis and the left y-axis refer to sample S, the upper x-

axis and the right y-axis refer to sample N. The positions of the ITO/P3HT

and PCBM/Al interfaces are marked with vertical dashed lines.
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