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The Consequences of Interface Mixing on Organic PhotonadRavice
Characteristics

By David M. Huang, Scott A. Mauget, Stephan Friedrich
Simon J. Geordk Daniela Dumitriu-LaGrande Sook Yoord, and Adam J. MouR&

[a] Prof. A. J. Moulé, Scott A. Mauger, Dr. D. D. LaGrangel. I ntroduction
Dr. Sook Yoon
Chemical Engineering and Materials Science Department The study of organic photovoltaic (OPV) materials and desic

University of California, Davis, CA 95616, USA is a rapidly growing scientific field that is gaining increasi
E-mail: amoule@ucdavis.edu technological relevance. A recent NREL cerified power conve
[b] Dr. David M. Huang sion efficiency (PCE) record of 8.13% was reported in 2030.[1
School of Chemistry & Physics Efficiency records such as these show that OPV technology
The University of Adelaide is increasingly capable of competing with other thin-film PV
SA 5005, Australia technologies. However, many questions about basic device
[c] Dr. Stephan Friedrich physics still persist.
Lawrence Livermore National Laboratory Polymer-based solar cells consist of several polymer,lgepo
7000 East Ave., L-188 mer, and mixed polymer/fullerene layers with thicknessss |
Livermore, CA 94550, USA than 100 nm, as shown in Figure 1. Since the layers are so
[d] Dr. Simon J. George thin, the properties of the interfaces dominate the eleitri
Advanced Biological and Environmental X-ray Facility function of the layers. For this reason, an understanding of
Lawrence Berkeley National Lab the interface morphologies of the polymers used in these de-
1 Cyclotron Road Mail Stop 6R2100 vices is needed. There are two types of interfaces in a bulk-
Berkeley, CA 94720, USA heterojunction (BHJ) OPV device. First and most studied are
[*] Prof. A. J. Moulé - To whom correspondence should bihe interfaces between the donor and acceptor materiatein t
addressed BHJ layer. The mixture of poly(3-hexylthiophene) (P3HT)
Keywords: Photovoltaic Devices, Solar Cells, Conductirand [6,6]-phenyl-G-butyric acid methyl ester (PCBM) is the
Polymers, Organic Electronics, Charge Transport 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
Abstract fullerene acceptors. It has been shown that the use of ther-

mal treatment, solvent soaking, or solvent additives caaty
Organic bulk-heterojunction solar cells are being devetbgs improve the PCE by curing the BHJ morphology.[2-4] For a
a low-cost alternative to inorganic photovoltaics. A kegpsto BHJ layer composed of P3HT mixed with PCBM, curing the
producing high-efficiency bulk-heterojunction devicediim BHJ layer results in increased domain size, hole mobilitg a
curing using either heat or a solvent atmosphere. All of theystallinity of the P3HT.[5-7] All articles describing éhef-
literature examining the curing process have assumedrthat fects of curing the morphology have assumed that changes to
provement of the bulk-heterojunction morphology is thesoga the BHJ morphology and resulting electronic changes are the
for the increased filling factor, short-circuit current dép, and sole reason for changes to device properties.
efficiency following heat or solvent treatment. We show iisth The second type of interface is that between material layers
article that heat treatment causes the donor polymer (P3I8Uigh as electrode and BHJ layers and it is this type of interfa
and polymer electrode (PEDOT:PSS) to mix physically to forthat will be the focus of this article. The BHJ layer is tygiga
an interface layer. This interface layer is composed of duné coated onto a substrate of indium-tin oxide with a thin layer
of P3HT and PSS in which the P3HT is oxidized to P3HT of poly(3,4-ethylenedioxythiophene):poly(styrenesalite))
This mixed layer affects the open-circuit voltage and compgPEDOT:PSS) on top. PEDOT:PSS is used as the polymer
sation voltage by limiting the dark current. This result ll|mp anode in virtually all organic light-emitting diodes (OLEPD
that a simplistic description of the P3HT/PEDOT:PSS cantand organic photovoltaics (OPV). This electrode matesal i
as a sharp interface between bulk P3HT and bulk PEDOT:P&#Swidely used because it is insoluble in organic solverds, h
cannot adequately capture its electrical characteristics a well-defined work function®) of around 5.1 eV,[8] is a



OPV devices on PEDOT:PSS layers is that the PEDOT:PSS
is able to accept holes from nearly any polymer, regardléss o
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
it i =N gap between the HOMO of the polymer and the lowest unoc-
: 5 cupied molecular orbital (LUMO) of the fullerene.[24] In-or
ganic light emitting diodes (OLEDS) a barrier for hole irjea
from the PEDOT:PSS into a polymer layer is a well-estabtishe
phenomenon.[25] Recent work using ultraviolet photoetect
spectroscopy has shown that the barrier for hole injectibm i
PEDOT:PSS is lower than expected in some devices.[26] For an
Figure 1: Schematic of a typical polymer solar cell with (fro OPV device in which P3HT with & of 4.7 eV has to inject a
top to bottom) a Ca/Ag cathode, a polymer:fullerene actil@le into PEDOT:PSS with@ of 5.1 eV the contact appears to
layer consisting of a mixture of P3HT (electron donor) arfge Ohmic and no net energy loss occurs. It has been suggested
PCBM (electron acceptor), a PEDOT:PSS hole-transportifigt either the orientation of the polymer at the interfacthe
layer, and an ITO anode on a glass substrate. formation of a surface dipole layer could change the injecti
barrier.[27, 28]

We show in this article that thé,; also depends on the de-
hole conductor, and forms an ionomer, so the dopantPS®ee of mixing between PEDOT:PSS and the BHJ polymer. We
does not separate from the PEDOT matrix due to Coulomhiso show that upon heating, P3HT in the mixed layer is oxi-
attraction.[9] There is experimental evidence that, whein sdized to P3HT by reaction with HPSS at the anode/BHJ in-
coated in air, PSS and PEDOT forms vertically segregatedface. This electrochemical reaction increases thetbaty
layers with PSS at the top surface.[8] Further researchign tfor hole transport of the cathode and ultimately leads tanan i
area has shown that PEDOT:PSS microdomains form that ereased device PCE. Thus, we show that thermal treatment not
rich in PEDOT near the center and have little PEDOT at tlaaly impacts performance through its effect on the BHJ mor-
surface. Upon heating, the PEDOT-rich domains form lategdiology, as is traditionally assumed, but also throughfftsce
(in plane) domains that are much more higly conductive than the anode/BHJ interface.
perpendicular to the film surface.[10-12]

Several organic or inorganic material have been investi-
gated for use as "hole only” replacements for PEDOT:PS$.[B Results and Discussion
The desired properties for this layer are an Ohmic contact
to the HOMO of the donor polymer in the BHJ layer, optin the following sections, we use contact ang&)(mea-
cal transparancy, ease of preparation and deposition, @ndsarements, X-ray absorption near edge structure (XANES),
lectivity to hole transport, which can also be written asceleand neutron reflectometry (NR) to show that P3HT physi-
tron blocking. The use of a PEDOT:PSS replacement anadély mixes with PEDOT:PSS upon heating. Then we use
composed of a blend of 4,4’-bis[(p-trichlorosilylpropkignyl)- UV/VIS/NIR and FTIR spectroscopy to show that P3HT is ox-
phenylamino]biphenyl (TPDg) poly[9,9-dioctylfluorene-co- idized to P3HT in the mixed layer by reaction with excess
N-[4-(3-methlypropyl)]-diphenylamine (TFB) has also heeHPSS. Finally we use Kelvin force probe and current density
shown to offer greater hole selectivity than PEDOT:PS$.[14 voltage (J-V) measurements to show that formation of this
The group of Karl Leo has published a number of articles thaixed interface layer increases ¥g of OPV devices. A com-
detail the increase in electrode selectivity for mixtureevap- plete analysis of the J-V data is in preparation for a separat
orated hole transport materials that form doped hole setecfpublication.
layers.[15, 16] V2@ and NiO have also been investigated for The focus of this article is structural and chemical changes
use as PEDOT:PSS replacement electrodes.[17-19] Althodghhe active layer/PEDOT:PSS interface. Rather than char-
isolated results have been published using these othéradec acterize the structure of complete devices, we focus on the
materials, PEDOT:PSS was used as the anode material fopgiHT/PEDOT:PSS interface by preparing samples comprising
verified device records. alayer of P3HT deposited on a layer of PEDOT:PSS on glass or

PEDOT:PSS is considered metallic because it has a consificon substrates. Mixtures of P3HT/PCBM or pure P3HT on
uous density of the states at the Fermi level.[20, 21] UnliREDOT:PSS gave identical results for all of the tests mdati
a typical metal, PEDOT:PSS does not have a large free elecformation of the interface layer, so for simplicity, ortlye
tron density and so thé@ on PEDOT:PSS does not changeesults for pure P3HT will be listed. Samples were subjected
greatly with contact to other materials, i.e. large dipalgers to different heat-treatment temperatures and washedtegtiga
do not form.[22, 23] One interesting phenomenon with BHWith chlorobenzene (CB), in which P3HT is soluble, in order t

Cala,




determine whether any sort of physical or chemical bondaagb To quantify the presence of P3HT at the interface, the frac-
tween P3HT and PEDOT:PSS takes place upon heat treatmtgom. f of the surface covered by P3HT on the washed samples
The formation of a mixed interface layer has been previousias calculated at each temperatliresing the Cassie—Baxter
studied with much less detail for hole injection layers on PEquation [30],

DOT:PSS surfaces for OLED applications.[29]
cosh; = f coBpant+ (1— ) coBpepot.pss ()

2.1 Layer Mixing wherebpsHT andBpepoT-pssare the measured contact angles of
. . water on P3HT and PEDOT:PSS respectively (assuming that
The large difference between the hydrophobicities of P3hatT pa7 is the same at all temperatures). The surface cover-

PEDOT:PSS makes contact anglg)(measurements a seNyqe of P3HT on washed samples was calculated to increase
sitive probe of the presence of these materials at a surfaegn o to ~5% at 150C and then to jump to over 80% at
that may consist of one or both of these two components. 18y c and above, as shown in Figure 2. This result indicates
confirm the presence of an interlayer at the PEDOT:PSS/bully aimost monolayer coverage at these high temperatures and
heterojunction interface, a series of bilayer samples V&€ ¢|early demonstrates that P3HT is tightly bound (eithergphy
ricated. These samples were heated.to various temperategm or chemically) to PEDOT:PSS upon heating to tempera-
and then the P3HT was washed off using CB. Figure 2 shoysas of 150C and above, indicating the formation of an inter-
the 8¢ of a water droplet on films of PEDOT:PSS, P3HT op,iyeq layer between the two materials. SimBaexperiments
PEDOT:PSS, and P3HT on PEDOT-PSS washed with CB glsformed with PCBM on PEDOT:PSS showed that PCBM
ter heat treatment, versus the heat-treatment temperatsre e not form an interlayer with PEDOT:PSS, since the con-
shown in Figure 2, th@; of P3HT (i.e. P3HT on PEDOT:PSS)act angle was identical for PEDOT:PSS and for PEDOT:PSS
is the same (107 for heat treatment at room temperature anfst had PCBM spin-coated then washed off of it.
180°C. This6; was therefore assumed to be constant over thgpe 1sed X-ray absorption spectroscopy to determine the
temperature range studied. On the other handf¢hef PE-  chemical composition of the mixed layer because it is a sensi
DOT:PSS decreases slightly from“1& 5° with increasing yjye technique to measure the element-specific bonding-stru
heat treatment temperature from room temperature t6a80y,re  For samples much thicker than the X-ray absorption
This behavior could be due to an increasing predominancqQfyih, the absorption can be recorded by monitoring either
the more hydrophilic PSS at the surface as a result of thgfa tal electron yield (TEY) or the partial fluorescenceli
mal annealing. For the heat-treated samples with P3HT @fv) emitted from the sample in response to the core hole
PEDOT:PSS washed with CB; shows a distinct transition gy citation. Since the electron escape depth of several nm is
around 150C from a8 similar to that of PEDOT:PSS to 0néy,ch shorter than the 1im escape depth for soft X-rays, TEY
resembling that of P3HT, indicating the presence of & P3kfeasurements of the X-ray absorption provide information o
surface layer for the washed samples heated abovi&150  grface chemistry, while PFY measurements provide comple-
mentary information about bulk chemistry.

1207 ‘ ‘ ! We have taken X-ray absorption spectra of PEDOT:PSS and
100~ i .  P3HTsamples, with and without P3HT on top, before and after
$ | [e-@PEDOTPSSQ) ’O'S_g heating, on the carbon K absorption edge. Figure 3 shows the
L gol |m-mP3HTON PEDOT:PSS, hedl § surface-sensitive TEY data, while the PFY data are shown in
@ | [A—APSHTOonPEDOTPSS, heat, was) 106,  the supporting material in Figure S1. The TEY spectra show
g 601~ [% % P3HT on PEDOT:PSS, heat, wasf] () é five peaks that have been assigned as follows: 283.6 eV to the

5 104 3 Tt transition of carbon reduced by eitherNar H*, 284.8 eV
g 40 £ to the 1t* transition that corresponds to aromatic carbon and
8 1028 is broadened by the C-S bond,[31, 32] 287 eV to the C-H
20? bonds associated with the alkane chain[31] with possibie co
o e e ge= ™ 0 tributions from the C—O bonding group[32], 288.2 eV to the
0 30 60 90 120 150 180 210 240 T transition from C—H bonds associated with an aromatic ring
heat treatment temperature/°C [31], and finally transitions >290 eV t0* transitions.

To differentiate between signals coming from the PEDOT
and PSS polymers, we compared samples of R&S to

Figure 2: Contact angle (measured at room temperature) Qfrgreated PEDOT:PSS and heated PEDOT:PSS films. The
water droplet on films of PEDOT:PSS, P3HT on PEDOT:PS§at PSS spectrum has strong features at 284.7 eV and 288.5
and P3HT on PEDOT:PSS washed with chlorobenzene afi&r which indicate the presence of aromatic carbon and aro-
heat treatment vs heat-treatment temperature. Also sh®Whtic carbon hydrogen bonds, respectively. While all sasp!

the fractionf of the surface covered by P3HT on the washgg| have aromatic carbon, only PSS has a lot of C—H bonds
samples estimated from Equation (1).[30] to aromatic carbons. The heated PEDOT:PSS film also has



higher intensity features at 284.7 eV and 288.5 eV than the ‘ oo

unheated PEDOT:PSS sample. We take this as confirmation 3 - Séé’%?;pss, untreated H

of previously reported data that shows that upon heatirgy, th ' \|: 7.7 PEDOTPSS, 150°C

PSS moiety moves to the sample surface.[8] Supporting this = | -—-- PEDOT:PSS+P3HT, 150°C, wash ||

conclusion is a reduction of intensity for the 287 eV peak for <, O PEDOTPSS+PSHT, 150°C, wash (i)

heated PEDOT:PSS, which indicates reduced C-O bond and ‘%

C-H (non-aromatic) character at the surface, indicatiegpth- 5

sence of PEDOT. A XANES spectrum of P3HT (dotted line) =,

shows greatly reduced intensity for tm& peak at 284.7 eV

and a high-intensity peak at 287 eV indicating the presefice o

alkane chains. There is no discernable peak at 288.5 eV. 0 e ‘ ‘ ‘ ‘
Next a sample of PEDOT:PSS that had P3HT washed off af- 282 284 286 288 290 2

ter heating to a temperature of P&8)was measured. For sim- Energy /eV

plicity, this sample will be refered to as “washed”. The wadh

sample shows peak intensity both at 287 eV and 288.5 eV. Since

the 287 eV peak is associated with P3HT alkane chains andfif@ire 3: X-ray absorption near edge structure (XANES)
288.5 eV peak with the aromatic C—H bonds of PSS, it can $iéctra of the carbon K edge of NaSS', untreated PE-
concluded that both P3HT and PSS are present in the top $T:PSS, PEDOT:PSS heated to 160P3HT, and P3HT on
eral nm of the sample surface. The peak at 284.7 eV is lar§&POT:PSS that was heated to 160and then washed with

in the washed sample than for either the unheated PEDOT:fe8lgrobenzene. The points are a numerical average of the

or P3HT. This is further confirmation of increased PSS as tfi@ves for the heated PEDOT:PSS film and the P3HT film with
surface. a weighting of 6:5.

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 coeertite samples with only PEDOT:PSS and only P3HT, respec-
calculated using the Cassie-Baxter equation 8adlata be- tively, on silicon. The values @pepot-pss= 1.80x 1076 A2
cause the XANES experiment has a sensitivity to a greater pandppsit = 0.786x 10-6 A=2 are consistent with those calcu-
etration depth at the sample surface. The fit spectra exatalgd using the NIST SLD Calculator[33] from the molecular
reproduce the line shape and suggest that only P3HT and f@&wulas of PEDOT, PSS, and P3HT and approximate den-
are present at the surface and that PEDOT is not within seveities of 1.1 g/cr for these polymers of .68 x 1076 A2
nm of the surface. That a numerical average of two separ@esuming a 1:6 mixture of PEDOT and PSS with SLDs of
spectra can be used to reproduce the washed-sample data 1n8% x 1076 A2 and 149x 107% A~2) and 068 x 107% A~2,
cates that the PSS and P3HT are forming a mixed layer. It alespectively.

indicates that the bonding structure of both polymers remai Figure 4b shows that SLD profiles of the untreated PE-
intact. There is no indication of bond breaking or bond fopOT:-PSS film and the film in which P3HT was spin-coated
mation between PSS and P3HT. A change in bonding structyfeto PEDOT:PSS and then washed with CB without heat
would cause a shift of electron density around the atoms apghtment are virtually indistinguishable, indicating #bsence
therefore a shift in the XANES spectrum or formation of newf p3HT on the latter film, which is consistent wiflz and
peaks. XANES results. For the films that were heat treated after depo
The PFY spectra (Supporting Information Figure S1) shasition of P3HT on to PEDOT:PSS but before washing with CB,
nearly identical spectra for PEDOT:PSS with and withoutheghe interface width (twice the "roughnessy'is larger than that
ing and P3HT washing. This indicates that the change in ifthe untreated PEDOT:PSS film and increases with tempera-
surface has very little effect on the bulk of the film. ture, from 3.4 nm for the film heated to 18D to 6.4 nm and
Neutron reflectivity measurements provide information @0 nm respectively for the films heated to 18Gand 210. The
film composition as a function of depth. Neutron reflectivitincreased interface width could be due to (1) increasedhoug
data for selected samples are shown in Figure 4a, along véthifiess of the interface, (2) vertical segregation of PSS and PE
to the data using a slab model for the scattering length §en&OT (with PSS nearer the surface), or (3) the presence of P3HT
(SLD) profile of the film. The SLD profiles near the top (air) inen the surface, which could also be intermixed with PEDOT
terface obtained from the model fitting are shown in Figure 4ind PSS. Unfortunately, the ordering of the magnitudese®f th
for selected samples. (The neutron reflectivity data andfits SLDs,ppsnT < Ppss< Ppepot, Makes it difficult to distinguish
modeled SLD distributions for all measured samples arengiieetween these three cases. However, the absence of arsimcrea
in Figures S2 and S3, respectively, of the Supporting Infernin the measured surface roughness measured by AFM with heat
tion.) The SLDs of PEDOT:PS$pepoT-pssand P3HTppsnT, treatment (not shown) allows us to rule out case (1). We also
were obtained from the fits of the neutron reflectivity data ffind that the fit to the neutron reflectivity data for the 2C0



The neutron reflectivity results also show that heating ¢dhér
temperatures increases the thickness of the intermixed.lay

2.2 Mixing Mechanism

We showed in section 2.1 that with heating, P3HT mixes with
PEDOT:PSS, untreated PEDOT:PSS at the interface and that the PEDOT:PSS veyticall
segregates so that the interface layer is composed almest en

© tirely of PSS and P3HT. Further, we showed that the P3HT
in this layer becomes insoluble. There are three mechanisms
3 that can be imagined to explain the formation of this instdub
P3HT on PEDOT:PSS, 210 °C, wash . P3HT/PSS layer:
PR T S TRN SR SO NN SO SO S N SR T
0 0.04 0.08 0.12 0.16 1. P3HT chemically reacts with PSS upon heating leading to
Q /A" the breaking of some conjugated bonds and the formation
z of new P3HT/PSS chemical bonds;
S
— PEDOTPSS unteated b) 2. P3HT physwally mixes with PSS upon heatlng and be-
SR P P3HT on PEDOT:PSS, RT, wash . comes trapped in a mixed layer, but remains uncharged;
~ — = P3HT on PEDOT:PSS, 150 °C, wash
?: 2 b L T o EDOTPes 210G woenl 3. P3HT physically mixes with PSS upon heating and elec-
© trochemically reacts to form P3HTand PSS.
o - = .
= ,'/// ! Mechanism (1) is unlikely because there is no evidence of
9 T ! ,:' n the formation of new bond types in the XANES data (Figure 3).
7] f ‘,.~—" We further tested whether new bonds form by comparing FTIR
I i ] plots (Supporting Information Figure S4) of ground powder
N i mixtures of PEDOT:PSS and P3HT before and after heating
20 10 0 10 20 to 180°C for one hour. Comparison of the two spectra show
S /nm essentially identical peak ratios for all bond types. Weeetp

that the most likely possible reaction is an acidic attackhef
thiophene ring of P3HT by the HS@roup of PSS. If this re-

Figure 4: (a) Neutron reflectivity data and model fits for an uACtion occured a new peak at _253579”W0U|d appear for a
treated PEDOT:PSS film and for P3HT on PEDOT:PSS heafed bond.[34] Since this peak is absent, we conclude that no
to 210°C then washed with chlorobenzene (both on silicd¥pnd forming or boqd breaking reaction occurs between P3HT
wafer substrates). (b) Scattering length density (SLDjilee @nd PSS upon heating. o

vs distance from the top surface of the film from fits to reflec- Mechanism (2) and (3) can be distinguished by whether
tivity data for untreated PEDOT:PSS, unannealed P3HT on B¢ P3HT becomes oxidized by the PSS or whether it is sim-
DOT:PSS washed with chlorobenzene, and heat-treated PHer mixing of neutral species. Presented in Figure 5 are
on PEDOT:PSS washed with chlorobenzene, heated tm&;dJVNIS/NIR difference spectra for a PEDOT:PSS/P3HT film

180°C, and 216C. Only the region close to the top (air) interihat has been treated to increasing heating temperatuigs. F
face is shown. 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
heated film is noticeably improved when a several-nanomédtdrared (NIR). The spectra are displayed in this manner be-
layer of P3HT is assumed to exist on top of the PEDOT:P88use separate diffraction gratings are required to chegmo
layer (as shown in Figure 4) instead of simply assuming almougeasurement ranges and because P3kHS a much lower ab-
PEDOT:PSS interface. The 180 and 180C-heated samplessorbance than P3HT.
do not seem do have a distinct P3HT layer, but a thin layer withFigure 5a (visible wavelengths) shows that mild heating (up
lower SLD is clearly present. When analyzed in the contewt120°C) increases the P3HT absorption, probably due to in-
of the other measurements, the neutron reflectivity regudis creased ordering in the film.[35] However at higher temper-
cate that the bi-layer samples heated above @56rm a few atures, visible absorption increasingly bleaches. Fidibre
nanometers of P3HT intermixed PEDOT:PSS, with a predothR) shows the growth of an absorption peak centered at
inance of PSS over PEDOT near the interface. After washing@00 nm.[36] This NIR peak has been assigned previously to
with a good solvent for P3HT this intermixed layer remainB3HT".[37, 38] The fact that P3HTis formed with increased



Bleach in Visible Polaron in NIR is reduced. We are not able to quantify the extent of the elec-

trochemical reaction from the NIR spectrain Figure 5b beeau

the (1) conjugation length of P3HT, (2) the mixing ratio oéth

PSS and P3HT, (3) the exact thickness of the intermixed layer

and (4) the absorption coefficient of P3HTannot be mea-

sured to sufficient accuracy. The bleaching of P3HT in Fig-

ure 5a cannot be used to determine the reaction extent keecaus

the intermixed layer represents such a small fraction ofdhe

0.003 tal absorbance and some absorbance change also occurs due to
changes in the BHJ morphology.

- 0.006

o
o
S
N

-0.02 4

2.3 Electrical Effects of Interlayer Formation

0.04 0.000 Both HPSS and PSSare 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

Absorbance change compared to RT sample

—s—HT 9 C layer suggests the Fermi level in the intermixed layer ismuc
—4—HT 120C closer to the HOMO of P3HT than the LUMO. We used Kelvin
-0.06 :;: m 1283 force probe measurements to determine the Fermi level at the
—e—HT 210C -0.003 interface and then current-voltage measurements to dieterm
the effect that this electronic change has on the OPV device
— T T T T 1 performance.
400 500 600 700 750 900 1050 1200 Kelvin force probe measurements make a direct measure-
Wavelength [nm] ment of the Fermi energy of a surface.[39] The work function

(P) of the surface, defined as the minimum energy required
. ) . to remove an electron from the surface.[40] We prepared two
Figure 5: UV/VISINIR difference spectra of bi-layer samplegets of PEDOT:PSS samples with and without P3HT coated on
of PEDOT:PSS/P3HT heated to'®) 120C, 150C, 180C, 4, The samples were heated at temperatures ranging from
and 210C. room temparature to 21Q for 5 minutes. The samples were
then all washed multiple times with CB. Then the Fermi en-

heating is proof that the mixing is accompanied by oxidati®gy of the samples was measured. The samples that were pure
of P3HT in the mixed layer. The PEDOT:PSS used for holeEDOT:PSS all have continuous and partially filled density o
only layers in OPV devices has a PEDOT:PSS ratio of 1:6. TH@tes (DOS) at the Fermi energy, ®ois directly measured
much larger PSS content means that most of the PSS is pre8Bftshows values near the literature reported value of 6.2 e
as either HPSS or N®SS'. Earlier work showed that both(Figure 6).® increases slightly with increasing heat treatment,
HPSS and NaPSS are present in commercial solutions of Bich means that more PSS on the surface makes it more dif-
DOT:PSS with NaPSS being the minority product.[8] We aficult to remove an electron from the surface. For the P3HT
sign the following mechanism for the oxidation of P3HT: ~ Washed samples, the measured Fermi energy decreases with
increasing heat treatment temperature. This result ise{so
2 P3HT+2 HPSS= 2 P3HT" + 2 PSS + Ho, (2) pected. The reported value of the oxidation potential of the
P3HT HOMO level is -4.74 eV with respect to vacuum mea-
This mechanism indicates that the P3HT is oxidized Isyred using cyclic voltametery[41] ane4.5 eV measured us-
HPSS to P3HT and HPSS is reduced to PSSvhich makes ing ultraviolet photoelectron spectroscopy.[42, 43] AHF3
sense considering that the proton is very loosely boundniixes with PSS the most easily removed electron comes from
HPSS, which has a pKa of 1.2. We verified this mechanishe HOMO of P3HT and s@ of the surface is reduced. This
by mechanically mixing a pellet of powdered HPSS and P3Hhange in theb shows that no vacuum level shift occurs at the
in a sealed container and then heating to°@fbr 10 min and interface between P3HT and PEDOT:PSS, as has been previ-
then injecting the gas above the pelletinto a gas chromapdgrously reported.[42]
mass spectrometer (GCMS). As seen in Figure S5 in the Supfhe ® measurements allow us to make several conclusions.
porting Information, H is detected in the case where P3HT arférst, the® of the mixed P3HT/PSS layer is set by the P3HT
HPSS are heated. This is most likely a multi-step reacttos, tvithin the layer. Second® is the same for mixtures of
details of which are beyond the scope of this publication. P3HT/PSS as for pure P3HT. Finally, sindeis the same for
Since we see no clear difference in the FTIR spectrum, W&0°C, 180°C, and 210C P3HT washed samples, very little
believe that only a fraction of the HPSS in the thin mixed tayer extensive material mixing between P3HT and PSS does not



after spin coating and after heating to 180 It can be seen

- that theJsc and fill factor (FF) of the CB/NB-cast devices are
56 P3HT Washed nearly identical in the as-cast and heated devices, bubtiht
—@— CIB Washed of these characteristics increase greatly upon heatinghtor
L 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/NB-V data is an increase of
the Voc from 0.6 V to 0.66 V. By comparison, thé,. 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 P3H[T.[4
Comparison of the two device types shows that the BHJ mor-
phlogy controls thelsc and FF while thé/,c also depends on
the charge extraction potential at each electrode. Sirecpritr
cess of heating these devices causes the formation of a doped
hole conducting interface, thg also depends on the interface
layer formation.
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Figure 6: Work function measurements performed by Kelvin
probe force microscopy of PEDOT:PSS layers that have or hav
not been coated with P3HT.
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significantly change the work function. s Ol

PEDOT:PSS is known as a good hole conductor and hole 04 -02 0 02 04 06 08
only layer. The Kelvin force probe data indicates that the
Fermi level is reduced at the interface to the BHJ layer which

1
=
N

applied voltagd/ /V

in principle, reduces the total electric field across the BHJ l_ -9 . (CB L ()
layer and thereby the probability for separation of photege m—m V, (CB/INB)

ated electron-hole pairs.[44] However the presence ofipxt > 0'9__ GO VY, (CB) __
P3HT in the intermixed layer is highly selective for hole ynl \O o.gL|EE V, (CBINB) _ £ "5\ i
transport, which should reduce the dark current and improve = - —==== e~ A

the fill factor (FF) of the OPV device. We have compared the 5 0 7'_ = o _
temperature dependence of current-voltay&/§ characteris- g | |
tics for devices cast from CB and CB/nitrobenzene (NB)[45]t >

separate the electronic effects due to BHJ morphology asang 0.6~ ]
and mixed interface layer formation. The solvent additi& N 0 5' N |
has been shown to cause aggregation of the P3HT, which leac ~“0 30 60 90 120150 180 210 240
to an improved short-circuit current densitid) and FF com- heat treatment temperatuFe/°C

pared with as-cast devices that are solution cast from stdve
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 heatifigre 7: (a) Current—voltage curves of 3:2 wiw P3HT:PCBM
to >150°C and that the presence of NB increases the onseyg{ices spin cast from chlorobenzene (CB) and from
melting of the P3HT/PCBM blend by over 3. These results chjorobenzene/nitrobenzene (CB/NB) that were as-castat h

mean that, in effect, the morphology of bulk-heterojunttiqreated at 180C. (b) Vo andVy for devices cast from CB or
films with NB added does not change significantly upon hegig/NB vs heat-treatment temperature.

ing. UV/Vis and fluorescence spectra of films heated t6°C80

are identical to those of as-cast ﬁlmS, which shows that thie m Figure 7b shows a p|0t MOC versus heat-treatment tempera_

phology of the film is maintained by the presence of the NB.tyre for a series of CB- and CB/NB-cast devices, in whichiit ca
Figure 7a shows-V curves for P3HT:PCBM OPV devicesbe seen that, for both device types varies non-monotonically.

cast from CB and CB/NB. The devices were measured diredflyy shows a minimum at 12C€ and is the same for heat-



treatment temperatures above 180but there is no obviousdoped, it is very selective to hole transport. The work fiorct
trend. A plot of the compensation voltalyg (the voltage at of the mixed interlayer is nearly identical to the HOMO level
which the current—voltage curves in the dark and under iHunof the P3HT, which indicates p-doping of the P3HT. Exami-
nation cross) versus heat-treatment temperature is asenshnation of the heat treatment temperature dependence afetevi
on the same axis. Heating the device up to temperatureghadt were fabricated with differing morphologies shows tha
180°C clearly increase¥, for both device types. Interestinglyformation of the mixed interlayer affects the open circuitty
\p is nearly identical for both device types in Figure 7b asage and increases the compensation voltage.

function of the heat-treatment temperature. The valugpof

in BHJ solar cells is the applied voltage required to compen-

sate for the work function difference between the HOMO ¢&f Experimenta|

the donor at the anode and the LUMO of the acceptor at the

cathode.[48] Since the two device types have very differehterials and Device FabricationAll devices were fabricated
morphologies and very differedtV curves for most of thesegn indjum tin oxide (ITO) glass slides that had been etched
temperatures, we must conclude that something in addiionyfith acid to a specified shape using a mask. The substrates
the bulk-heterojunction layer controls. We recently reported yere then cleaned in an ultrasonic bath with chloroform; ace
that the onset of melting for P3HT samples with NB presentisne, mucasol, and deionized water. Prior to spin coating
increased to over 18C,[46] which indicates that for BHJ lay-5 .40 nm polyethylenedioxythiophene:polystyrenesulphenat
ers heated below 18C the morphology with or without NB (PEDOT:PSS; H.C. Starck) layer, the ITO substrates were
present is differentVp can be changed by the effects of banglaced in an ozone plasma for 30 min. The PEDOT:PSS-
bending, formation of an interface dipole layer, or dopirig @oated films were dried at 110 for 3 min and then

the material at the interface. Correlation of the heatttneat jmmediately taken into an N glovebox.  Mixtures of
temperature dependence of tig for both samples with the 3:5 wjw poly(3-hexylthiophene) (P3HT; Reike Metals):pfien
temperature dependence for the formation of P3HT/PSS intgf; -hutyric acid methyl ester (PCBM; Nano-C) were dissolved
layer (reported above) indicates that the increasg wvith in- - into chlorobenzene and then spin-coated onto the PEDOT:PSS
creased heat treatmnt temperature is due to the formatio@kaces to create film layers of 80 nm, as measured using a
a PSS/P3HT interlayer with doped P3HT present. For a hggfibrated Dektak surface profilometer. For some of the de-
treatment temperature of 2XDtheVo is reduced for both sam-yices, nitrobenzene was added to the spin-coating mixtire d
ple types. This is due to increased thickness of the interlayectly before spin coating. Next, the samples were moved to a
that also increases the device series resistance. A sefi#rathigh vacuum chamber, where Ca/Ag electrodes were thermally
tailed article that discusses the how morphology and miked gyaporated through a shadow mask. All subsequent heating an
terface layer separately affect the current-voltage afters- measurement using the solar simulator were performed in the
tics of OPV devices is in preparation. glovebox.

The electrical properties of the device change becauseof thgamples for the washing experiments and reflectometry ex-
interlayer formation. HPSS and PSS are insulators. It can®&iments were prepared on either cleaned glass slidessilF on
assumed that the charge transport through~tBe7 nm thick jcon wafers with a native oxide layer. The cleaning stepsewer
interlayer occurs through the P3HT. Small-molecule OPV dgre same as described above. PEDOT:PSS was spin-coated on
vices are fabricated with a donor/mixed/acceptor layeicsire  tg the substrate followed by either P3HT or a mixture of P3HT
in order to increase the selectivity of charge transpoftédWwo and PCBM. The layered films were heated in the glovebox us-
electrodes.[49] The increased compensation voNagéth the  ing a calibrated hot plate. The washing was performed by cov-
formation of the interlayer, shown in Figure 7a, is indireet-  ering the entire film with chlorobenzene and then spinnireg th
dence of increased electrode selectivity for holes. film. This process was repeated three to five times to ensate th

any polymer not physically or chemically bound to the sugfac
was washed away. Washing by soaking in an ultrasonic bath of
3 Conclusions chlorobenzene was also carried out, but gave the same tontac
angle results as those presented in this paper for the sample
In conclusion, we have shown that heat treatment \Wfshed by spin-coating.
P3HT/PCBM bulk-heterojunction layers that are depositedDevice MeasurementsAM1.5 light was provided by a fil-
onto PEDOT:PSS hole transport layers leads to materiahmixtered Xe lamp. The light intensity was calibrated using a Si
of the layers. Specifically, at temperatures at and aboved 5@hotodiode but no mismatch factor was applied to the measure
the P3HT forms an interlayer with PSS from the PEDOT:PS8ents. Thel-V measurements were performed using a Keith-
This mixed interlayer forms a 3-5 nm thick layer and is contey 2420 source measurement unit.
posed of a mixture of P3HTand PSS. After formation, the  Contact Angle Measurement€ontact angle measurements
mixed interlayer is insoluble to both organic solvents amd were performed on a leveled goniometer stage. A droplet of
H>0. The oxidized P3HT is the charge carrier, and since ithsO was placed on the sample surface and then the contact an-



gle was measured using a height-adjusted microscope camséias of air, the silicon substrate, and native oxide layethe
and angle-determination software. substrate were taken to pgy = 0, psi = 2.07x 108 A~ and

XANES MeasurementX-ray absorption near edge structurgg;o, = 3.47 x 106 A*Z, respectively.[51] For simplicity, the

(XANES) data were taken at beam line 4.0.2 of the AdvanCﬁﬂJghnesses above the Si and Sl@yers were assumed to be
Light Source synchrotron at the Lawrence Berkeley Nationgro.

Laboratory. The incident beam energy was scanned in incre-

ments of 0.5 eV in the energy range below the carbon K-edge

from 250to 275 eV, in 0.1 eV increments over the near-edge /& ck nowl edgem ents

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 regidhis work was supported by the US Department of Energy
from 330.5 to 360 eV. The slit settings were reduced tu20 EERE Solar America Initiative under Contract No. DE-FG36-

/ 20 um and the incident beam was defocused to a spot siz&9g8G018018. The thank LANL for neutron reflectometry mea-
roughly 1 mn? to avoid radiation damage to the film samplesurement time at the LANSCE-SPEAR facility and measure-
The incident beam intensity ivas measured with a 95% transment help obtained from Erik Watkins and Jarek Majewski. We
missive gold grid after the refocusing mirror, and the tetat- thank the ALS for providing beam time. Part of this work was

tron yield (TEY) was measured with a Photonis Channeltrperformed under the auspices of the U.S. Department of En
Electron Multiplier (model CEM 4716). A custom-designedrgy by Lawrence Livermore National Laboratory under Con-
superconducting tunnel junction X-ray spectrometer[58swtract DE-AC52-07NA27344.

used to simultaneously record the X-ray fluorescence fram th

sample for each incident energy, and the intensity of the car

bon K line used as a measure of the partial fluorescence yiR&fer ences

(PFY). Both TEY and PFY signals were normalized pyhd

set to unity in the flat region of 350 to 360 eV above the abfl] M. Osborn,New polymers push Solarmers OPV efficiency

sorption features. Offset voltages were carefully zeraetthat to record 8.13 percentvww.pv-tech.org2010.
the spectra not contain any of the structuregiddie to a small o
carbon contamination of the monochromator. [2] H. Hoppe, N. S. Sariciftci). Mater. Chem2006, 16, 45—

Neutron Scattering Measurements: Neutron Reflectometry 61.

MeasurementsThe properties of the thin-film layers of sam- 3] G.Li, V. Shrotriya, Y. Yao, J. S. Huang, Y. Yand, Mater.
ples of PEDOT:PSS and/or P3HT spin-coated onto silicon Chem 2007, 17, 3126-3140.

wafer substrates and subjected to various heat and soteatt t

ments were determined by neutron reflectometry. The neutrg A. J. Moulé, K. Meerholz Adv. Funct. Mater2009, 19,
reflectometry measurements were carried out using the Sur- 3028-3036.

face Profile Analysis Reflectometer (SPEAR) at the Manuel

Lujan Jr. Neutron Scattering Center at the Los Alamos Nd5] T. Erb, U. Zhokhavets, G. Gobsch, S. Raleva, B. Stuhn,
tional Laboratory. A collimated neutron beam was directed P. Schilinsky, C. Waldauf, C. J. Brabéeedv. Funct. Mater.

at a sample at an incident angle &f The reflectivityR, de- 2005, 15, 1193-1196.

fined as the ratio of the intensity of the specularly reflected

neutron beam to that of the incident beam, was measured 3 V. D. Mihailetchi, H. X. Xie, B. de Boer, L. J. A. Koster,

a function of the momentum change perpendicular to the sur- P- W. M. Blom,Adv. Funct. Mater2006, 16, 699-708.
face,Q; = (4msinB) /A, also known as the momentum transfer
vector. Hegé\ is thg/wavelength of the neutrons. The measureg] X.N. Yaf‘g’ J. Loos, S. C. Veenstra, W J. H. Verhees,
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Figure S1: X-ray absorption near edge structure (XANESEspef the carbon K edge of untreated PE-
DOT:PSS (solid line), PEDOT:PSS heated tokBQdotted line), untreated P3HT on PEDOT:PSS (dashed
line). and P3HT on PEDOT:PSS that was heated t6C&hd then washed with chlorobenzene (dot-dashed

line).
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Figure S3: Scattering length density SLD vs distance frommttp surface of samples from fits to the
measured reflectivity data in Figure S2: (a) PEDOT:PSS, 8T (c) unwashed P3HT on PEDOT:PSS,
and P3HT on PEDOT:PSS heated then washed with chlorobenzéhdeat treatment temperature of (d)
room temperature, (e) 150, (f) 180°C, and (g) 210C.
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Figure S4: FTIR spectra of mixed PS3HT/PEDOT:PSS before)land after (dotted line) heat treatment at
180°C. The P3HT and dried PEDOT:PSS were mixed as powder sanmpéesiortar and pestle with KBr.
Half of the samples was subsequently heated td@8WThen both samples were mechanically pressed and
measured in transmission in the FTIR. The differences irspgeetra come from sample geometry. There
Is no evidence of new peak formation or a change in the peaisraassignments of the peaks were taken
from Chen et. al.[1]
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Figure S5: Gas chromatograph mass spectometry of a gasmopsestaken from a vial with a mixture of
HPSS and P3HT that had left at room temperature (upper) atdhéd been heated to 1&for 10 min.
The vial that had been heated hasagdak, indicating that the proposed mechansim is correct.



