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ABSTRACT: Using Kelvin probe force microscopy
(KFM), we have measured the electrochemical potentials
across indium tin oxide/organic and donor/acceptor hetero-
junctions in the dark and under illumination with white
light. We have found that the photovoltage generated across
these heterojunctions is strongly correlated with the differ-
ence between the respective HOMO and LUMO levels of
the donor and acceptor and also very closely approximates
measured open-circuit voltages in completed solar cells.
These results imply that KFM tracks the Fermi level
positions within the donor and acceptor layers under
photoexcitation. Overall, these results demonstrate the
utility of KFM for understanding potential profiles across
active layers in planar-heterojunction organic solar cells.

Understanding the spectrum of factors impacting the open-
circuit voltage (VOC) in organic photovoltaic (OPV) cells

remains an important goal in renewable energy research.1�3 It is
generally established that the positions of the HOMO of the
donor (D) and the LUMO of the acceptor (A) play a key role in
determining VOC: VOC = ELUMO

A � EHOMO
D � Δ, where Δ is an

empirically determined parameter often attributed to energetic
loss mechanisms.4�7 More precisely, VOC should reflect the
difference in quasi-Fermi levels (chemical potentials) for elec-
trons in the donor and acceptor layers under illumination.1,8,9 It
is therefore highly desirable to understand how the positions of
the quasi-Fermi levels at D/A heterojunctions depend on the
white-light illumination intensity and the choice of donor and
acceptor materials. The energetic offset between the donor and
acceptor quasi-Fermi levels under illumination represents the
maximum electrochemical potential that can be generated. In
operating OPV cells, however, the quasi-Fermi level positions at
the critical charge-separating interfaces are not accessible because
of the cell architecture, which involvesmultiple layers and contacts.

In this work, we employed Kelvin probe force microscopy
(KFM)10�13 to record potentials across D/A heterojunctions in
the dark and under illumination, as shown in Figure 1. The
heterojunctions were based on layers of well-known donors and
C60 as the acceptor (Figure 1c),and the transparent conductor
indium tin oxide (ITO) served as the contact to the donor layer;
the final structure can be described as ITO/donor/C60. The goal
was to measure the potential difference between the exposed
acceptor or donor layer and the underlying metal contact. The
structures can be viewed as photocapacitors, that is, the potential
difference across the stack is a function of light intensity and

donor type. We found that the photovoltage measured by KFM
depends linearly on the donor HOMO level position and also
that there is a direct correlation between the photovoltage and
the measured VOC for operational cells based on these materials.
The results indicate that KFM can measure the quasi-Fermi level
positions of the donor and acceptor layers under illumination. In
turn, knowledge of these positions reflects the magnitude of
VOC for a given D/A pair. Quasi-Fermi levels are also useful
for modeling of OPV devices. For example, if the electronic
density of states is known, the quasi-Fermi level positions
allow the carrier densities in the layers to be calculated. Overall,
our findings indicate that KFM will be a useful tool for under-
standing the generation of electrochemical potentials across
OPV heterojunctions.

Figure 1. (a) Schematic representation of the KFM setup to map the
potential of layered organic heterostructures in the dark and under
illumination. Donor/C60 (acceptor) layers were thermally evaporated
onto ITO in a staggered geometry to visualize the change in potential for
each layer individually. (b) Energy level diagram for ITO/NPD/C60. (c)
Chemical structures of commonNPD, pentacene, and CuPc donors and
C60 acceptor.
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Figure 1 depicts the experimental setup for the KFMmeasure-
ments, wherein a conductive probe scans across D/A layers that
have been vapor-deposited sequentially onto ITO. For irradia-
tion, an optical fiber was placed ∼3 mm away from the sample.
The fiber was connected to a halogen bulb with variable knob
positions calibrated to a measured white-light intensity curve
[see the Supporting Information (SI)].14 The model donor
materials NPD, CuPc, and pentacene and the model acceptor
C60 were chosen in part for their particularly low absorbance in
the IR in order to minimize optical pumping from the 900 nm IR
laser used to detect cantilever deflection in the atomic force
microscopy (AFM) apparatus (Figure 1a). The respective energy
levels for the NPD/C60 junction are shown in Figure 1b.15,16

ITO/donor/C60 samples were prepared by sequential thermal
deposition of the donor and C60 onto ozone-treated ITO17

inside an inert-atmosphere glovebox with oxygen levels of
<2 ppm. The samples were then immediately transferred via an
airtight, argon-filled container to a second glovebox that housed
the KFM instrument. All of the KFM measurements were
performed in under 4 h using a Veeco Instruments Nanoscope
IIIA multimode atomic force microscope with probes from
Mikromasch USA (NSC18, Pt-coated, resonant frequency
60�90 kHz, k = 2�5.5 N/m, RC = 25 nm). We performed
KFM in a two-pass noncontact lift mode.12 In the first pass,
topography was recorded; in the second pass, the probe was
held at a constant height of 100 nm above the sample surface,
and the sample potential was recorded. The KFM probe and
ITO substrate were electrically connected and thereby capac-
itively coupled. The electrostatic force between the tip and the
sample due to inherent Fermi level differences was nulled by
biasing the probe (Vtip) until its potential matched the sample
potential (ϕ).

Figure 2a shows a schematic illustration of the ITO/NPD/C60

heterostructure under illumination. In the absence of a cathode
(dashed box), the circuit is incomplete, and electrons cannot
leave the stack (i.e., no steady-state direct current flows). For this
incomplete circuit, exciton formation and splitting would be
expected to result in a steady-state buildup of space charge across
the device. Measuring ϕ in the dark and light allowed us to
observe and quantify this effect, as shown in Figure 2b for an
NPD (40 nm)/C60 (40 nm) junction on ITO. In the dark, ϕ for
C60 with respect to ITO was approximately �300 mV (black
curve). Similar measurements across the bare donor layer, ITO/
NPD, showed that ϕ for NPD with respect to ITO was approx-
imately�100 mV (data not shown). These potentials reflect the
dark-state contact potential differences (CPDs) across the ITO/
NPD and NPD/C60 interfaces and are consistent with previous
measurements of CPDs by photoelectron spectroscopy.18,19

Under ∼300 mW/cm2 illumination, ϕ for the top C60 layer
became significantly more negative (Figure 2b). A negative shift
across the NPD/C60 interface is expected due to exciton splitting
and donor-to-acceptor electron transfer (Figure 2a). This charge
transfer process produces negative space charge in the acceptor
layer and explains the negative sign of the C60 potential. The total
photovoltage across the illuminated bilayer wasΔϕITO/NPD/C60

=
ϕC60

� ϕITO = �0.83 V, the absolute value of which is strikingly
close to the VOC of 0.9 V measured for an operational solar cell
based on these materials (see the SI). This observation will be
discussed in more detail later.

ΔϕITO/NPD/C60
as a function of light intensity is shown in

Figure 2c. It is clear that ΔϕITO/NPD/C60
nearly saturates, similar

to the trend expected for VOC, which classically displays a

logarithmic dependence on light intensity (see the SI).20,21 Thus,
it is clear that KFM is sensitive to charge dissociation and charge
buildup across D/A interfaces, consistent with previous electric
force microscopy studies of spin-coated polymer D/A layers.22

To aid in the interpretation of ΔϕITO/NPD/C60
, we further

studied different D/A combinations in which the donormaterials
(pentacene, CuPc, NPD) were changed systematically while
keeping C60 as the acceptor. Important material properties are

Figure 2. (a) Profile of the bilayer OPV cell showing electrons and
holes after exciton splitting, where the carrier distribution reaches a
steady-state open-circuit value. (b) Potential line scan of a NPD
(40 nm)/C60 (40 nm) bilayer device in the dark (black curve) and
under ∼300 mW/cm2 illumination (red curve). (c) Photovoltage
ΔϕITO/NPD/C60

for the NPD/C60 bilayer as a function of light intensity.
ΔϕITO/NPD/C60

is the potential of the C60 layer relative to ITO. We note
that potential for the bilayer in (a) does not plateau for tens of μm from the
organic layer step-edge. This effect is primarily due to sample masking and
AFM cantilever-to-sample alignment issues at the interface (see the SI).
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summarized in Table 1. As can be seen in Figure 3a, for a set of
40 nm/40 nm bilayer heterostructures on ITO, the photovoltage
ΔϕITO/donor/C60

(left axis) increased monotonically with the
offset ΔEA�D = ELUMO

A � EHOMO
D . The absolute value of

ΔϕITO/donor/C60
also coincided extremely well with the measured

VOC values (right axis) for the respective OPV cells (see the SI).
We interpret these results to mean that ΔϕITO/donor/C60

reflects
the difference in quasi-Fermi levels (work functions) across the
heterojunctions. Previous KFM analysis of inorganic solar cells
also demonstrated that KFM is sensitive to quasi-Fermi level
positions.23 Our data also support the current understanding that
the D/A interface is the most prominent charge-separating
interface in an OPV cell and that VOC is well-correlated with
the position of the HOMO level.1

On the basis of these results, several conclusions can be made
about the Fermi level lineup across organic heterojunctions and
the information provided by KFM. As shown in Figure 3b, when
all of the materials in a bilayer stack are in contact, the Fermi
levels align, resulting in vacuum level shifts in the dark (more on
this below). In the light, carriers are generated when excitons split
at the D/A interface, and the organic layers, which are normally
insulating in the dark, become conductive. For example, illumi-
nation at∼300 mW/cm2 results in a conductivity increase in the
organic layers by roughly 7 orders of magnitude (see Figure S2d
in the SI). For the ITO/NPD/C60 heterostructure, accumulation
of electrons in the C60 layer raises the C60 quasi-Fermi level
toward the LUMO band edge (shown in red in Figure 3b). The
KFM probe detects the quasi-Fermi level of the illuminated C60

when the probe is positioned on top of the heterostructure, and
of course it also detects the ITO Fermi level when it is over
bare ITO (Figure 2b). Consequently, the potential difference
ΔϕITO/donor/C60

between the C60 layer and the ITO under
illumination (Figure 2c) can be understood as the position of the
C60 Fermi level relative to ITO. More explicitly, ΔϕITO/donor/C60

=
[EF,A(I) � EF,ITO]/e, where I is the light intensity, EF,ITO is the
ITO Fermi level, and EF,A(I) is the light-intensity-dependent
quasi-Fermi level of C60. It should be noted that in the ITO/
donor/C60 structure, the quasi-Fermi level of the donor is pinned
to EF,ITO because the donor is in direct contact with ITO.

Interpretation of the KFM data in the dark is a bit more subtle.
As mentioned above, the organic layers are insulating in the dark.
The KFM probe thus couples firmly to the conductive ITO
substrate, where the Fermi level is well-defined. That is, KFM
does not sense the work functions (Fermi levels) of the donor or
acceptor materials in the dark but rather detects the work
function of the ITO underneath the organic overlayers. Vacuum
level shifts due to the organic overlayers are detected as changes
in the work function of the underlying ITO. The importance of
this conclusion is that it means that the light and dark curves in
Figure 2b are fundamentally different. In the light, ϕmeasures the
Fermi level of C60, but in the dark, ϕ reflects EF,ITO. We believe

that ΔϕITO/donor/C60
as defined above reflects the photogener-

ated electrochemical potential, which is directly comparable to
VOC (i.e., we do not subtract the dark curve from the light curve).
This analysis is strongly supported by the one-to-one correlation
observed between ΔϕITO/donor/C60

and VOC in Figure 3a.
Thus, KFM measurements yield the quasi-Fermi level for the

exposed C60 layer under illumination. This Fermi level is

Table 1. Properties of Donor and Acceptor Materials

material EHOMO (eV)a ELUMO (eV)a ΔEA�D (eV)b VOC (V) c

pentacene 5.1 3.0 1.5 0.35

CuPc 5.2 3.2 1.6 0.57

NPD 5.5 1.7 1.9 0.9

C60 6.2 3.6 � �
aData taken from ref 1. bΔEA�D = ELUMO

A � EHOMO
D relative to the

donor C60 LUMO. c See the SI.

Figure 3. (a) C60 potentials at∼300 mW/cm2 illumination for a series
of donor (40 nm)/C60 (40 nm) heterostructures deposited on ITO.
Plotting the C60 potentialΔϕITO/donor/C60

(left axis) and the device VOC

(right axis) as functions of the HOMO/LUMO offset of the D/A
material reveals a monotonic increase in the photovoltage (solid line)
that is correlated with the increase in VOC (dashed line). The error bars
represent 95% confidence intervals [two standard deviations ((2σ)
from the mean]. (b) Energy level alignment diagram across an ITO/D/A
stack in the dark along with the KFM probe. In the dark, the Fermi
levels for all of the materials align, resulting in vacuum level shifts. Under
illumination, excitons split at the D/A interface with electron buildup in
C60. Under intense illumination, the free charge carriers split the D/A
Fermi levels into quasi-states (red dashed lines). The quasi-Fermi level
(EF,D) of the donor layer becomes pinned to the ITO Fermi level after
hole extraction, and electron accumulation in the acceptor layer shifts its
quasi-Fermi level (EF,A) upward. The Kelvin probe senses this as a shift
in the work function of the acceptor layer, allowing EF,A to be tracked
under illumination.
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measured relative to the donor quasi-Fermi level, which is pinned
to the grounded ITO contact. Because KFMmeasures EF,A� EF,
D, the splitting of the quasi-Fermi levels across the D/A interface,
it provides the maximum photopotential that a given D/A pair
can generate. That is, EF,A� EF,D represents how much the D/A
interface can energetically “pump” electrons (and holes) in an
OPV cell.

In conclusion, we have demonstrated a direct correlation
between VOC values for organic heterostructures and photovol-
tages measured by KFM. We have found that KFM can selec-
tively track the quasi-Fermi levels of organic layers for different
heterojunctions. Overall, these results demonstrate that KFM is a
useful tool for understanding photovoltaic effects in organic
heterostructures and may be used in conjunction with other
scanning probe microscopy techniques designed to probe OPV
materials.24�28 Future work will focus on understanding photo-
voltages for other D/A combinations, the influence of different
contact metals, the importance of dark-state (built-in) CPDs, the
effect of interfacial blocking layers, and the role of film morphol-
ogy, for example.
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