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Abstract

Organic bulk-heterojunction solar cells are being developed as
a low-cost alternative to inorganic photovoltaics. A key step to
producing high-efficiency bulk-heterojunction devices isfilm
curing using either heat or a solvent atmosphere. All of the
literature examining the curing process have assumed that im-
provement of the bulk-heterojunction morphology is the reason
for the increased filling factor, short-circuit current density, and
efficiency following heat or solvent treatment. We show in this
article that heat treatment causes the donor polymer (P3HT)
and polymer electrode (PEDOT:PSS) to mix physically to form
an interface layer. This interface layer is composed of a mixture
of P3HT and PSS in which the P3HT is oxidized to P3HT+.
This mixed layer affects the open-circuit voltage and compen-
sation voltage by limiting the dark current. This result implies
that a simplistic description of the P3HT/PEDOT:PSS contact
as a sharp interface between bulk P3HT and bulk PEDOT:PSS
cannot adequately capture its electrical characteristics.

1 Introduction

The study of organic photovoltaic (OPV) materials and devices
is a rapidly growing scientific field that is gaining increasing
technological relevance. A recent NREL cerified power conver-
sion efficiency (PCE) record of 8.13% was reported in 2010.[1]
Efficiency records such as these show that OPV technology
is increasingly capable of competing with other thin-film PV
technologies. However, many questions about basic device
physics still persist.

Polymer-based solar cells consist of several polymer, copoly-
mer, and mixed polymer/fullerene layers with thicknesses less
than 100 nm, as shown in Figure 1. Since the layers are so
thin, the properties of the interfaces dominate the electrical
function of the layers. For this reason, an understanding of
the interface morphologies of the polymers used in these de-
vices is needed. There are two types of interfaces in a bulk-
heterojunction (BHJ) OPV device. First and most studied are
the interfaces between the donor and acceptor materials in the
BHJ layer. The mixture of poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is the
most studied BHJ layer material. One of the main concerns
in recent years has been control of the layer morphology in
bulk-heterojunction (BHJ) mixtures of donor polymers with
fullerene acceptors. It has been shown that the use of ther-
mal treatment, solvent soaking, or solvent additives can greatly
improve the PCE by curing the BHJ morphology.[2–4] For a
BHJ layer composed of P3HT mixed with PCBM, curing the
BHJ layer results in increased domain size, hole mobility, and
crystallinity of the P3HT.[5–7] All articles describing the ef-
fects of curing the morphology have assumed that changes to
the BHJ morphology and resulting electronic changes are the
sole reason for changes to device properties.

The second type of interface is that between material layers,
such as electrode and BHJ layers and it is this type of interface
that will be the focus of this article. The BHJ layer is typically
coated onto a substrate of indium-tin oxide with a thin layer
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate))
(PEDOT:PSS) on top. PEDOT:PSS is used as the polymer
anode in virtually all organic light-emitting diodes (OLEDs)
and organic photovoltaics (OPV). This electrode material is
so widely used because it is insoluble in organic solvents, has
a well-defined work function (Φ) of around 5.1 eV,[8] is a
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Figure 1: Schematic of a typical polymer solar cell with (from
top to bottom) a Ca/Ag cathode, a polymer:fullerene active
layer consisting of a mixture of P3HT (electron donor) and
PCBM (electron acceptor), a PEDOT:PSS hole-transporting
layer, and an ITO anode on a glass substrate.

hole conductor, and forms an ionomer, so the dopant PSS−

does not separate from the PEDOT matrix due to Coulombic
attraction.[9] There is experimental evidence that, when spin
coated in air, PSS and PEDOT forms vertically segregated
layers with PSS at the top surface.[8] Further research in this
area has shown that PEDOT:PSS microdomains form that are
rich in PEDOT near the center and have little PEDOT at the
surface. Upon heating, the PEDOT-rich domains form lateral
(in plane) domains that are much more higly conductive than
perpendicular to the film surface.[10–12]

Several organic or inorganic material have been investi-
gated for use as ”hole only” replacements for PEDOT:PSS.[13]
The desired properties for this layer are an Ohmic contact
to the HOMO of the donor polymer in the BHJ layer, opti-
cal transparancy, ease of preparation and deposition, and se-
lectivity to hole transport, which can also be written as elec-
tron blocking. The use of a PEDOT:PSS replacement anode
composed of a blend of 4,4’-bis[(p-trichlorosilylpropylphenyl)-
phenylamino]biphenyl (TPDSi2) poly[9,9-dioctylfluorene-co-
N-[4-(3-methlypropyl)]-diphenylamine (TFB) has also been
shown to offer greater hole selectivity than PEDOT:PSS.[14]
The group of Karl Leo has published a number of articles that
detail the increase in electrode selectivity for mixtures of evap-
orated hole transport materials that form doped hole selective
layers.[15, 16] V2O5 and NiO have also been investigated for
use as PEDOT:PSS replacement electrodes.[17–19] Although
isolated results have been published using these other electrode
materials, PEDOT:PSS was used as the anode material for all
verified device records.

PEDOT:PSS is considered metallic because it has a contin-
uous density of the states at the Fermi level.[20, 21] Unlike
a typical metal, PEDOT:PSS does not have a large free elec-
tron density and so theΦ on PEDOT:PSS does not change
greatly with contact to other materials, i.e. large dipole layers
do not form.[22, 23] One interesting phenomenon with BHJ

OPV devices on PEDOT:PSS layers is that the PEDOT:PSS
is able to accept holes from nearly any polymer, regardless of
the highest occupied molecular orbital (HOMO) level of the
polymer. Scharber et. al. showe that the open circuit volt-
age (Voc) of BHJ OPV devices depends only on the energy
gap between the HOMO of the polymer and the lowest unoc-
cupied molecular orbital (LUMO) of the fullerene.[24] In or-
ganic light emitting diodes (OLEDs) a barrier for hole injection
from the PEDOT:PSS into a polymer layer is a well-established
phenomenon.[25] Recent work using ultraviolet photoelectron
spectroscopy has shown that the barrier for hole injection into
PEDOT:PSS is lower than expected in some devices.[26] For an
OPV device in which P3HT with aΦ of 4.7 eV has to inject a
hole into PEDOT:PSS with aΦ of 5.1 eV the contact appears to
be Ohmic and no net energy loss occurs. It has been suggested
that either the orientation of the polymer at the interface or the
formation of a surface dipole layer could change the injection
barrier.[27, 28]

We show in this article that theVoc also depends on the de-
gree of mixing between PEDOT:PSS and the BHJ polymer. We
also show that upon heating, P3HT in the mixed layer is oxi-
dized to P3HT+ by reaction with HPSS at the anode/BHJ in-
terface. This electrochemical reaction increases the selectivity
for hole transport of the cathode and ultimately leads to an in-
creased device PCE. Thus, we show that thermal treatment not
only impacts performance through its effect on the BHJ mor-
phology, as is traditionally assumed, but also through its effect
on the anode/BHJ interface.

2 Results and Discussion

In the following sections, we use contact angle (θc) mea-
surements, X-ray absorption near edge structure (XANES),
and neutron reflectometry (NR) to show that P3HT physi-
cally mixes with PEDOT:PSS upon heating. Then we use
UV/VIS/NIR and FTIR spectroscopy to show that P3HT is ox-
idized to P3HT+ in the mixed layer by reaction with excess
HPSS. Finally we use Kelvin force probe and current density
– voltage (J–V) measurements to show that formation of this
mixed interface layer increases theVoc of OPV devices. A com-
plete analysis of the J–V data is in preparation for a separate
publication.

The focus of this article is structural and chemical changes
at the active layer/PEDOT:PSS interface. Rather than char-
acterize the structure of complete devices, we focus on the
P3HT/PEDOT:PSS interface by preparing samples comprising
a layer of P3HT deposited on a layer of PEDOT:PSS on glass or
silicon substrates. Mixtures of P3HT/PCBM or pure P3HT on
PEDOT:PSS gave identical results for all of the tests relating
to formation of the interface layer, so for simplicity, onlythe
results for pure P3HT will be listed. Samples were subjected
to different heat-treatment temperatures and washed repeatedly
with chlorobenzene (CB), in which P3HT is soluble, in order to
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determine whether any sort of physical or chemical bonding be-
tween P3HT and PEDOT:PSS takes place upon heat treatment.
The formation of a mixed interface layer has been previously
studied with much less detail for hole injection layers on PE-
DOT:PSS surfaces for OLED applications.[29]

2.1 Layer Mixing

The large difference between the hydrophobicities of P3HT and
PEDOT:PSS makes contact angle (θc) measurements a sen-
sitive probe of the presence of these materials at a surface
that may consist of one or both of these two components. To
confirm the presence of an interlayer at the PEDOT:PSS/bulk-
heterojunction interface, a series of bilayer samples werefab-
ricated. These samples were heated to various temperatures
and then the P3HT was washed off using CB. Figure 2 shows
the θc of a water droplet on films of PEDOT:PSS, P3HT on
PEDOT:PSS, and P3HT on PEDOT:PSS washed with CB af-
ter heat treatment, versus the heat-treatment temperature. As
shown in Figure 2, theθc of P3HT (i.e. P3HT on PEDOT:PSS)
is the same (107◦) for heat treatment at room temperature and
180◦C. Thisθc was therefore assumed to be constant over the
temperature range studied. On the other hand, theθc of PE-
DOT:PSS decreases slightly from 15◦ to 5◦ with increasing
heat treatment temperature from room temperature to 180◦C.
This behavior could be due to an increasing predominance of
the more hydrophilic PSS at the surface as a result of ther-
mal annealing. For the heat-treated samples with P3HT on
PEDOT:PSS washed with CB,θc shows a distinct transition
around 150◦C from aθc similar to that of PEDOT:PSS to one
resembling that of P3HT, indicating the presence of a P3HT
surface layer for the washed samples heated above 150◦C.
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Figure 2: Contact angle (measured at room temperature) of a
water droplet on films of PEDOT:PSS, P3HT on PEDOT:PSS,
and P3HT on PEDOT:PSS washed with chlorobenzene after
heat treatment vs heat-treatment temperature. Also shown is
the fraction f of the surface covered by P3HT on the washed
samples estimated from Equation (1).[30]

To quantify the presence of P3HT at the interface, the frac-
tion f of the surface covered by P3HT on the washed samples
was calculated at each temperatureT using the Cassie–Baxter
equation [30],

cosθc = f cosθP3HT+(1− f )cosθPEDOT:PSS, (1)

whereθP3HT andθPEDOT:PSSare the measured contact angles of
water on P3HT and PEDOT:PSS respectively (assuming that
θP3HT is the same at all temperatures). The surface cover-
age of P3HT on washed samples was calculated to increase
from 0 to ∼5% at 150◦C and then to jump to over 80% at
180◦C and above, as shown in Figure 2. This result indicates
an almost monolayer coverage at these high temperatures and
clearly demonstrates that P3HT is tightly bound (either physi-
cally or chemically) to PEDOT:PSS upon heating to tempera-
tures of 150◦C and above, indicating the formation of an inter-
mixed layer between the two materials. Similarθc experiments
performed with PCBM on PEDOT:PSS showed that PCBM
does not form an interlayer with PEDOT:PSS, since the con-
tact angle was identical for PEDOT:PSS and for PEDOT:PSS
that had PCBM spin-coated then washed off of it.

We used X-ray absorption spectroscopy to determine the
chemical composition of the mixed layer because it is a sensi-
tive technique to measure the element-specific bonding struc-
ture. For samples much thicker than the X-ray absorption
length, the absorption can be recorded by monitoring either
the total electron yield (TEY) or the partial fluorescence yield
(PFY) emitted from the sample in response to the core hole
excitation. Since the electron escape depth of several nm is
much shorter than the 1µm escape depth for soft X-rays, TEY
measurements of the X-ray absorption provide information on
surface chemistry, while PFY measurements provide comple-
mentary information about bulk chemistry.

We have taken X-ray absorption spectra of PEDOT:PSS and
P3HT samples, with and without P3HT on top, before and after
heating, on the carbon K absorption edge. Figure 3 shows the
surface-sensitive TEY data, while the PFY data are shown in
the supporting material in Figure S1. The TEY spectra show
five peaks that have been assigned as follows: 283.6 eV to the
π∗ transition of carbon reduced by either Na+ or H+, 284.8 eV
to the π∗ transition that corresponds to aromatic carbon and
is broadened by the C–S bond,[31, 32] 287 eV to the C–H
bonds associated with the alkane chain[31] with possible con-
tributions from the C–O bonding group[32], 288.2 eV to the
π∗ transition from C–H bonds associated with an aromatic ring
[31], and finally transitions >290 eV toσ∗ transitions.

To differentiate between signals coming from the PEDOT
and PSS polymers, we compared samples of Na+PSS− to
untreated PEDOT:PSS and heated PEDOT:PSS films. The
Na+PSS− spectrum has strong features at 284.7 eV and 288.5
eV which indicate the presence of aromatic carbon and aro-
matic carbon hydrogen bonds, respectively. While all samples
will have aromatic carbon, only PSS has a lot of C–H bonds
to aromatic carbons. The heated PEDOT:PSS film also has
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higher intensity features at 284.7 eV and 288.5 eV than the
unheated PEDOT:PSS sample. We take this as confirmation
of previously reported data that shows that upon heating, the
PSS moiety moves to the sample surface.[8] Supporting this
conclusion is a reduction of intensity for the 287 eV peak for
heated PEDOT:PSS, which indicates reduced C–O bond and
C–H (non-aromatic) character at the surface, indicating the ab-
sence of PEDOT. A XANES spectrum of P3HT (dotted line)
shows greatly reduced intensity for theπ∗ peak at 284.7 eV
and a high-intensity peak at 287 eV indicating the presence of
alkane chains. There is no discernable peak at 288.5 eV.

Next a sample of PEDOT:PSS that had P3HT washed off af-
ter heating to a temperature of 150◦C was measured. For sim-
plicity, this sample will be refered to as “washed”. The washed
sample shows peak intensity both at 287 eV and 288.5 eV. Since
the 287 eV peak is associated with P3HT alkane chains and the
288.5 eV peak with the aromatic C–H bonds of PSS, it can be
concluded that both P3HT and PSS are present in the top sev-
eral nm of the sample surface. The peak at 284.7 eV is larger
in the washed sample than for either the unheated PEDOT:PSS
or P3HT. This is further confirmation of increased PSS as the
surface.

The washed data was fit by numerically averaging the
Na+PSS− and pure P3HT spectra with a 6:5 ratio. Note that
this data cannot be directly compared to the surface coverage
calculated using the Cassie-Baxter equation andθc data be-
cause the XANES experiment has a sensitivity to a greater pen-
etration depth at the sample surface. The fit spectra exactly
reproduce the line shape and suggest that only P3HT and PSS
are present at the surface and that PEDOT is not within several
nm of the surface. That a numerical average of two separate
spectra can be used to reproduce the washed-sample data indi-
cates that the PSS and P3HT are forming a mixed layer. It also
indicates that the bonding structure of both polymers remains
intact. There is no indication of bond breaking or bond for-
mation between PSS and P3HT. A change in bonding structure
would cause a shift of electron density around the atoms and
therefore a shift in the XANES spectrum or formation of new
peaks.

The PFY spectra (Supporting Information Figure S1) show
nearly identical spectra for PEDOT:PSS with and without heat-
ing and P3HT washing. This indicates that the change in the
surface has very little effect on the bulk of the film.

Neutron reflectivity measurements provide information of
film composition as a function of depth. Neutron reflectivity
data for selected samples are shown in Figure 4a, along with fits
to the data using a slab model for the scattering length density
(SLD) profile of the film. The SLD profiles near the top (air) in-
terface obtained from the model fitting are shown in Figure 4b
for selected samples. (The neutron reflectivity data and fitsand
modeled SLD distributions for all measured samples are given
in Figures S2 and S3, respectively, of the Supporting Informa-
tion.) The SLDs of PEDOT:PSS,ρPEDOT:PSS, and P3HT,ρP3HT,
were obtained from the fits of the neutron reflectivity data for
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Figure 3: X-ray absorption near edge structure (XANES)
spectra of the carbon K edge of Na+PSS−, untreated PE-
DOT:PSS, PEDOT:PSS heated to 150◦C, P3HT, and P3HT on
PEDOT:PSS that was heated to 150◦C and then washed with
chlorobenzene. The points are a numerical average of the
curves for the heated PEDOT:PSS film and the P3HT film with
a weighting of 6:5.

the samples with only PEDOT:PSS and only P3HT, respec-
tively, on silicon. The values ofρPEDOT:PSS= 1.80×10−6 Å−2

andρP3HT= 0.786×10−6 Å−2 are consistent with those calcu-
lated using the NIST SLD Calculator[33] from the molecular
formulas of PEDOT, PSS, and P3HT and approximate den-
sities of 1.1 g/cm3 for these polymers of 1.68× 10−6 Å−2

(assuming a 1:6 mixture of PEDOT and PSS with SLDs of
1.85×10−6 Å−2 and 1.49×10−6 Å−2) and 0.68×10−6 Å−2,
respectively.

Figure 4b shows that SLD profiles of the untreated PE-
DOT:PSS film and the film in which P3HT was spin-coated
on to PEDOT:PSS and then washed with CB without heat
treatment are virtually indistinguishable, indicating the absence
of P3HT on the latter film, which is consistent withθc and
XANES results. For the films that were heat treated after depo-
sition of P3HT on to PEDOT:PSS but before washing with CB,
the interface width (twice the "roughness"σ) is larger than that
of the untreated PEDOT:PSS film and increases with tempera-
ture, from 3.4 nm for the film heated to 150◦C to 6.4 nm and
7.0 nm respectively for the films heated to 180◦C and 210◦. The
increased interface width could be due to (1) increased rough-
ness of the interface, (2) vertical segregation of PSS and PE-
DOT (with PSS nearer the surface), or (3) the presence of P3HT
on the surface, which could also be intermixed with PEDOT
and PSS. Unfortunately, the ordering of the magnitudes of the
SLDs,ρP3HT< ρPSS< ρPEDOT, makes it difficult to distinguish
between these three cases. However, the absence of an increase
in the measured surface roughness measured by AFM with heat
treatment (not shown) allows us to rule out case (1). We also
find that the fit to the neutron reflectivity data for the 210◦C-
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a)

b)

Figure 4: (a) Neutron reflectivity data and model fits for an un-
treated PEDOT:PSS film and for P3HT on PEDOT:PSS heated
to 210◦C then washed with chlorobenzene (both on silicon
wafer substrates). (b) Scattering length density (SLD) profiles
vs distance from the top surface of the film from fits to reflec-
tivity data for untreated PEDOT:PSS, unannealed P3HT on PE-
DOT:PSS washed with chlorobenzene, and heat-treated P3HT
on PEDOT:PSS washed with chlorobenzene, heated to 150◦C,
180◦C, and 210◦C. Only the region close to the top (air) inter-
face is shown.

heated film is noticeably improved when a several-nanometer
layer of P3HT is assumed to exist on top of the PEDOT:PSS
layer (as shown in Figure 4) instead of simply assuming a rough
PEDOT:PSS interface. The 150◦C- and 180◦C-heated samples
do not seem do have a distinct P3HT layer, but a thin layer with
lower SLD is clearly present. When analyzed in the context
of the other measurements, the neutron reflectivity resultsindi-
cate that the bi-layer samples heated above 150◦C form a few
nanometers of P3HT intermixed PEDOT:PSS, with a predom-
inance of PSS over PEDOT near the interface. After washing
with a good solvent for P3HT this intermixed layer remains.

The neutron reflectivity results also show that heating to higher
temperatures increases the thickness of the intermixed layer.

2.2 Mixing Mechanism

We showed in section 2.1 that with heating, P3HT mixes with
PEDOT:PSS at the interface and that the PEDOT:PSS vertically
segregates so that the interface layer is composed almost en-
tirely of PSS and P3HT. Further, we showed that the P3HT
in this layer becomes insoluble. There are three mechanisms
that can be imagined to explain the formation of this insoluble
P3HT/PSS layer:

1. P3HT chemically reacts with PSS upon heating leading to
the breaking of some conjugated bonds and the formation
of new P3HT/PSS chemical bonds;

2. P3HT physically mixes with PSS upon heating and be-
comes trapped in a mixed layer, but remains uncharged;

3. P3HT physically mixes with PSS upon heating and elec-
trochemically reacts to form P3HT+ and PSS−.

Mechanism (1) is unlikely because there is no evidence of
the formation of new bond types in the XANES data (Figure 3).
We further tested whether new bonds form by comparing FTIR
plots (Supporting Information Figure S4) of ground powder
mixtures of PEDOT:PSS and P3HT before and after heating
to 180◦C for one hour. Comparison of the two spectra show
essentially identical peak ratios for all bond types. We expect
that the most likely possible reaction is an acidic attack ofthe
thiophene ring of P3HT by the HSO3 group of PSS. If this re-
action occured a new peak at 2535 cm−1 would appear for a
S–H bond.[34] Since this peak is absent, we conclude that no
bond forming or bond breaking reaction occurs between P3HT
and PSS upon heating.

Mechanism (2) and (3) can be distinguished by whether
the P3HT becomes oxidized by the PSS or whether it is sim-
ple mixing of neutral species. Presented in Figure 5 are
UV/VIS/NIR difference spectra for a PEDOT:PSS/P3HT film
that has been treated to increasing heating temperatures. Fig-
ure 5a shows the spectra of the heated films subtracted by the
spectrum of the room temperature (RT) film in the visible and
Figure. 5b shows the same data on a different scale in the near
infrared (NIR). The spectra are displayed in this manner be-
cause separate diffraction gratings are required to cover the two
measurement ranges and because P3HT+ has a much lower ab-
sorbance than P3HT.

Figure 5a (visible wavelengths) shows that mild heating (up
to 120◦C) increases the P3HT absorption, probably due to in-
creased ordering in the film.[35] However at higher temper-
atures, visible absorption increasingly bleaches. Figure5b
(NIR) shows the growth of an absorption peak centered at
∼ 900 nm.[36] This NIR peak has been assigned previously to
P3HT+.[37, 38] The fact that P3HT+ is formed with increased
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Figure 5: UV/VIS/NIR difference spectra of bi-layer samples
of PEDOT:PSS/P3HT heated to 90◦C, 120◦C, 150◦C, 180◦C,
and 210◦C.

heating is proof that the mixing is accompanied by oxidation
of P3HT in the mixed layer. The PEDOT:PSS used for hole-
only layers in OPV devices has a PEDOT:PSS ratio of 1:6. The
much larger PSS content means that most of the PSS is present
as either HPSS or Na+PSS−. Earlier work showed that both
HPSS and NaPSS are present in commercial solutions of PE-
DOT:PSS with NaPSS being the minority product.[8] We as-
sign the following mechanism for the oxidation of P3HT:

2 P3HT+2 HPSS⇄ 2 P3HT+ +2 PSS− +H2 , (2)

This mechanism indicates that the P3HT is oxidized by
HPSS to P3HT+ and HPSS is reduced to PSS−, which makes
sense considering that the proton is very loosely bound in
HPSS, which has a pKa of 1.2. We verified this mechanism
by mechanically mixing a pellet of powdered HPSS and P3HT
in a sealed container and then heating to 180◦C for 10 min and
then injecting the gas above the pellet into a gas chromatograph
mass spectrometer (GCMS). As seen in Figure S5 in the Sup-
porting Information, H2 is detected in the case where P3HT and
HPSS are heated. This is most likely a multi-step reaction, the
details of which are beyond the scope of this publication.

Since we see no clear difference in the FTIR spectrum, we
believe that only a fraction of the HPSS in the thin mixed layer

is reduced. We are not able to quantify the extent of the elec-
trochemical reaction from the NIR spectra in Figure 5b because
the (1) conjugation length of P3HT, (2) the mixing ratio of the
PSS and P3HT, (3) the exact thickness of the intermixed layer,
and (4) the absorption coefficient of P3HT+ cannot be mea-
sured to sufficient accuracy. The bleaching of P3HT in Fig-
ure 5a cannot be used to determine the reaction extent because
the intermixed layer represents such a small fraction of theto-
tal absorbance and some absorbance change also occurs due to
changes in the BHJ morphology.

2.3 Electrical Effects of Interlayer Formation

Both HPSS and PSS− are unconjugated and so do not transport
charges. This means that the oxidized P3HT at the interface
is the only charge carrier. The presence of an oxidized P3HT
layer suggests the Fermi level in the intermixed layer is much
closer to the HOMO of P3HT than the LUMO. We used Kelvin
force probe measurements to determine the Fermi level at the
interface and then current-voltage measurements to determine
the effect that this electronic change has on the OPV device
performance.

Kelvin force probe measurements make a direct measure-
ment of the Fermi energy of a surface.[39] The work function
(Φ) of the surface, defined as the minimum energy required
to remove an electron from the surface.[40] We prepared two
sets of PEDOT:PSS samples with and without P3HT coated on
top. The samples were heated at temperatures ranging from
room temparature to 210◦C for 5 minutes. The samples were
then all washed multiple times with CB. Then the Fermi en-
ergy of the samples was measured. The samples that were pure
PEDOT:PSS all have continuous and partially filled density of
states (DOS) at the Fermi energy, soΦ is directly measured
and shows values near the literature reported value of -5.2 eV
(Figure 6).Φ increases slightly with increasing heat treatment,
which means that more PSS on the surface makes it more dif-
ficult to remove an electron from the surface. For the P3HT
washed samples, the measured Fermi energy decreases with
increasing heat treatment temperature. This result is alsoex-
pected. The reported value of the oxidation potential of the
P3HT HOMO level is -4.74 eV with respect to vacuum mea-
sured using cyclic voltametery[41] and∼4.5 eV measured us-
ing ultraviolet photoelectron spectroscopy.[42, 43] As P3HT
mixes with PSS the most easily removed electron comes from
the HOMO of P3HT and soΦ of the surface is reduced. This
change in theΦ shows that no vacuum level shift occurs at the
interface between P3HT and PEDOT:PSS, as has been previ-
ously reported.[42]

TheΦ measurements allow us to make several conclusions.
First, theΦ of the mixed P3HT/PSS layer is set by the P3HT
within the layer. Second,Φ is the same for mixtures of
P3HT/PSS as for pure P3HT. Finally, sinceΦ is the same for
150◦C, 180◦C, and 210◦C P3HT washed samples, very little
or extensive material mixing between P3HT and PSS does not
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Figure 6: Work function measurements performed by Kelvin
probe force microscopy of PEDOT:PSS layers that have or have
not been coated with P3HT.

significantly change the work function.

PEDOT:PSS is known as a good hole conductor and hole
only layer. The Kelvin force probe data indicates that the
Fermi level is reduced at the interface to the BHJ layer which,
in principle, reduces the total electric field across the BHJ
layer and thereby the probability for separation of photogener-
ated electron-hole pairs.[44] However the presence of oxidized
P3HT in the intermixed layer is highly selective for hole only
transport, which should reduce the dark current and improve
the fill factor (FF) of the OPV device. We have compared the
temperature dependence of current-voltage (J–V) characteris-
tics for devices cast from CB and CB/nitrobenzene (NB)[45] to
separate the electronic effects due to BHJ morphology changes
and mixed interface layer formation. The solvent additive NB
has been shown to cause aggregation of the P3HT, which leads
to an improved short-circuit current density (Jsc) and FF com-
pared with as-cast devices that are solution cast from solvents
such as CB and o-xylene. We have shown[46] that the NB addi-
tive does not evaporate out of the BHJ film, even upon heating
to >150◦C and that the presence of NB increases the onset of
melting of the P3HT/PCBM blend by over 50◦C. These results
mean that, in effect, the morphology of bulk-heterojunction
films with NB added does not change significantly upon heat-
ing. UV/Vis and fluorescence spectra of films heated to 180◦C
are identical to those of as-cast films, which shows that the mor-
phology of the film is maintained by the presence of the NB.

Figure 7a showsJ–V curves for P3HT:PCBM OPV devices
cast from CB and CB/NB. The devices were measured directly

after spin coating and after heating to 180◦C. It can be seen
that theJsc and fill factor (FF) of the CB/NB-cast devices are
nearly identical in the as-cast and heated devices, but thatboth
of these characteristics increase greatly upon heating forthe
CB-cast device. We have already noted that the morphology of
the CB/NB-cast devices does not change upon heating. The
only clear change in the CB/NBJ–V data is an increase of
theVoc from 0.6 V to 0.66 V. By comparison, theVoc of the
CB-cast device drops from 0.72 V to 0.66 V upon heating, as
has been previously reported for increased order in P3HT.[47]
Comparison of the two device types shows that the BHJ mor-
phlogy controls theJsc and FF while theVoc also depends on
the charge extraction potential at each electrode. Since the pro-
cess of heating these devices causes the formation of a doped
hole conducting interface, theVoc also depends on the interface
layer formation.
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Figure 7: (a) Current–voltage curves of 3:2 w/w P3HT:PCBM
devices spin cast from chlorobenzene (CB) and from
chlorobenzene/nitrobenzene (CB/NB) that were as-cast or heat
treated at 180◦C. (b) Voc andV0 for devices cast from CB or
CB/NB vs heat-treatment temperature.

Figure 7b shows a plot ofVoc versus heat-treatment tempera-
ture for a series of CB- and CB/NB-cast devices, in which it can
be seen thatVoc for both device types varies non-monotonically.
Voc shows a minimum at 120◦C and is the same for heat-
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treatment temperatures above 180◦C, but there is no obvious
trend. A plot of the compensation voltageV0 (the voltage at
which the current–voltage curves in the dark and under illumi-
nation cross) versus heat-treatment temperature is also shown
on the same axis. Heating the device up to temperatures of
180◦C clearly increasesV0 for both device types. Interestingly,
V0 is nearly identical for both device types in Figure 7b as a
function of the heat-treatment temperature. The value ofV0

in BHJ solar cells is the applied voltage required to compen-
sate for the work function difference between the HOMO of
the donor at the anode and the LUMO of the acceptor at the
cathode.[48] Since the two device types have very different
morphologies and very differentJ–V curves for most of these
temperatures, we must conclude that something in addition to
the bulk-heterojunction layer controlsV0. We recently reported
that the onset of melting for P3HT samples with NB present is
increased to over 180◦C,[46] which indicates that for BHJ lay-
ers heated below 180◦C the morphology with or without NB
present is different.V0 can be changed by the effects of band
bending, formation of an interface dipole layer, or doping of
the material at the interface. Correlation of the heat-treatment
temperature dependence of theV0 for both samples with the
temperature dependence for the formation of P3HT/PSS inter-
layer (reported above) indicates that the increase inV0 with in-
creased heat treatmnt temperature is due to the formation of
a PSS/P3HT interlayer with doped P3HT present. For a heat
treatment temperature of 210◦C theV0 is reduced for both sam-
ple types. This is due to increased thickness of the interlayer
that also increases the device series resistance. A separate de-
tailed article that discusses the how morphology and mixed in-
terface layer separately affect the current-voltage characteris-
tics of OPV devices is in preparation.

The electrical properties of the device change because of the
interlayer formation. HPSS and PSS are insulators. It can be
assumed that the charge transport through the∼3–7 nm thick
interlayer occurs through the P3HT. Small-molecule OPV de-
vices are fabricated with a donor/mixed/acceptor layer structure
in order to increase the selectivity of charge transport to the two
electrodes.[49] The increased compensation voltageV0 with the
formation of the interlayer, shown in Figure 7a, is indirectevi-
dence of increased electrode selectivity for holes.

3 Conclusions

In conclusion, we have shown that heat treatment of
P3HT/PCBM bulk-heterojunction layers that are deposited
onto PEDOT:PSS hole transport layers leads to material mixing
of the layers. Specifically, at temperatures at and above 150◦C
the P3HT forms an interlayer with PSS from the PEDOT:PSS.
This mixed interlayer forms a 3-5 nm thick layer and is com-
posed of a mixture of P3HT+ and PSS−. After formation, the
mixed interlayer is insoluble to both organic solvents and to
H2O. The oxidized P3HT is the charge carrier, and since it is

doped, it is very selective to hole transport. The work function
of the mixed interlayer is nearly identical to the HOMO level
of the P3HT, which indicates p-doping of the P3HT. Exami-
nation of the heat treatment temperature dependence of devices
that were fabricated with differing morphologies shows that the
formation of the mixed interlayer affects the open circuit volt-
age and increases the compensation voltage.

4 Experimental

Materials and Device Fabrication:All devices were fabricated
on indium tin oxide (ITO) glass slides that had been etched
with acid to a specified shape using a mask. The substrates
were then cleaned in an ultrasonic bath with chloroform, ace-
tone, mucasol, and deionized water. Prior to spin coating
a ∼40 nm polyethylenedioxythiophene:polystyrenesulphonate
(PEDOT:PSS; H.C. Starck) layer, the ITO substrates were
placed in an ozone plasma for 30 min. The PEDOT:PSS-
coated films were dried at 110◦C for 3 min and then
immediately taken into an N2 glovebox. Mixtures of
3:2 w/w poly(3-hexylthiophene) (P3HT; Reike Metals):phenyl-
C61-butyric acid methyl ester (PCBM; Nano-C) were dissolved
into chlorobenzene and then spin-coated onto the PEDOT:PSS
surfaces to create film layers of 80 nm, as measured using a
calibrated Dektak surface profilometer. For some of the de-
vices, nitrobenzene was added to the spin-coating mixture di-
rectly before spin coating. Next, the samples were moved to a
high vacuum chamber, where Ca/Ag electrodes were thermally
evaporated through a shadow mask. All subsequent heating and
measurement using the solar simulator were performed in the
glovebox.

Samples for the washing experiments and reflectometry ex-
periments were prepared on either cleaned glass slides or onsil-
icon wafers with a native oxide layer. The cleaning steps were
the same as described above. PEDOT:PSS was spin-coated on
to the substrate followed by either P3HT or a mixture of P3HT
and PCBM. The layered films were heated in the glovebox us-
ing a calibrated hot plate. The washing was performed by cov-
ering the entire film with chlorobenzene and then spinning the
film. This process was repeated three to five times to ensure that
any polymer not physically or chemically bound to the surface
was washed away. Washing by soaking in an ultrasonic bath of
chlorobenzene was also carried out, but gave the same contact
angle results as those presented in this paper for the samples
washed by spin-coating.

Device Measurements:AM1.5 light was provided by a fil-
tered Xe lamp. The light intensity was calibrated using a Si
photodiode but no mismatch factor was applied to the measure-
ments. TheJ–V measurements were performed using a Keith-
ley 2420 source measurement unit.

Contact Angle Measurements:Contact angle measurements
were performed on a leveled goniometer stage. A droplet of
H2O was placed on the sample surface and then the contact an-
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gle was measured using a height-adjusted microscope camera
and angle-determination software.

XANES Measurements:X-ray absorption near edge structure
(XANES) data were taken at beam line 4.0.2 of the Advanced
Light Source synchrotron at the Lawrence Berkeley National
Laboratory. The incident beam energy was scanned in incre-
ments of 0.5 eV in the energy range below the carbon K-edge
from 250 to 275 eV, in 0.1 eV increments over the near-edge re-
gion from 275.1 to 300 eV, in increments of 0.2 eV from 300.2
to 330 eV and in increments of 0.5 eV in the featureless region
from 330.5 to 360 eV. The slit settings were reduced to 20µm
/ 20 µm and the incident beam was defocused to a spot size of
roughly 1 mm2 to avoid radiation damage to the film samples.
The incident beam intensity I0 was measured with a 95% trans-
missive gold grid after the refocusing mirror, and the totalelec-
tron yield (TEY) was measured with a Photonis Channeltron
Electron Multiplier (model CEM 4716). A custom-designed
superconducting tunnel junction X-ray spectrometer[50] was
used to simultaneously record the X-ray fluorescence from the
sample for each incident energy, and the intensity of the car-
bon K line used as a measure of the partial fluorescence yield
(PFY). Both TEY and PFY signals were normalized by I0 and
set to unity in the flat region of 350 to 360 eV above the ab-
sorption features. Offset voltages were carefully zeroed so that
the spectra not contain any of the structure in I0 due to a small
carbon contamination of the monochromator.

Neutron Scattering Measurements: Neutron Reflectometry
Measurements:The properties of the thin-film layers of sam-
ples of PEDOT:PSS and/or P3HT spin-coated onto silicon
wafer substrates and subjected to various heat and solvent treat-
ments were determined by neutron reflectometry. The neutron
reflectometry measurements were carried out using the Sur-
face Profile Analysis Reflectometer (SPEAR) at the Manuel
Lujan Jr. Neutron Scattering Center at the Los Alamos Na-
tional Laboratory. A collimated neutron beam was directed
at a sample at an incident angle ofθ. The reflectivityR, de-
fined as the ratio of the intensity of the specularly reflected
neutron beam to that of the incident beam, was measured as
a function of the momentum change perpendicular to the sur-
face,Qz = (4πsinθ)/λ, also known as the momentum transfer
vector. Hereλ is the wavelength of the neutrons. The measured
reflectivity was fit to a slab model, in which the sample film was
assumed to consist of a series ofn parallel layers, where layeri
has a thicknessdi and constant scattering length density (SLD)
ρi , sandwiched between super- (air) and subphases (silicon) of
infinite extent. Interlayer "roughness"σi,i+1 , which could in-
clude contributions from actual roughness between layers or
from interlayer mixing, was accounted for by an error func-
tion SLD profile centered at the interface connecting the SLDs
of the adjacent layersi and(i + 1). Model fitting to the mea-
sured data for logR vs Qz was carried out with the Levenberg-
Marquardt nonlinear least-squares method using theMOTOFIT
program[51], in which the reflectivity profile is calculatedus-
ing the Abeles matrix method[52]. The scattering length den-

sities of air, the silicon substrate, and native oxide layeron the

substrate were taken to beρair = 0, ρSi = 2.07×10−6 Å
−2

, and

ρSiO2 = 3.47×10−6 Å
−2

, respectively.[51] For simplicity, the
roughnesses above the Si and SiO2 layers were assumed to be
zero.
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and P3HT on PEDOT:PSS heated then washed with chlorobenzene, with heat treatment temperature of (d)
room temperature, (e) 150◦C, (f) 180◦C, and (g) 210◦C.
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Figure S4: FTIR spectra of mixed P3HT/PEDOT:PSS before (line) and after (dotted line) heat treatment at
180◦C. The P3HT and dried PEDOT:PSS were mixed as powder samples in a mortar and pestle with KBr.
Half of the samples was subsequently heated to 180◦C. Then both samples were mechanically pressed and
measured in transmission in the FTIR. The differences in thespectra come from sample geometry. There
is no evidence of new peak formation or a change in the peak ratios. Assignments of the peaks were taken
from Chen et. al.[1]
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Figure S5: Gas chromatograph mass spectometry of a gaseous sample taken from a vial with a mixture of
HPSS and P3HT that had left at room temperature (upper) and that had been heated to 180◦C for 10 min.
The vial that had been heated has a H2 peak, indicating that the proposed mechansim is correct.
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