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The development of printed and flexible (opto)electronics requires specific materials for the device’s
electrodes. Those materials must satisfy a combination of properties. They must be electrically conducting,
transparent, printable, and flexible. The conducting polymer poly(3,4-ethylenedioxythiophpob)
(styrenesulfonate) (PEDOGIPSS) is known as a promising candidate. Its conductivity can be increased
by 3 orders of magnitude by the secondary dopant diethylene glycol (DEG). This “secondary doping”
phenomenon is clarified in a combined photoelectron spectroscopy and scanning probe microscopy
investigation. PEDOFPSS appears to form a three-dimensional conducting network explaining the
improvement of its electrical property upon addition of DEG. Polymer light emitting diodes are successfully
fabricated using the transparent plastic PEDPES electrodes instead of the traditionally used indium
tin oxide.

1. Introduction (DMSO), N,N-dimethylformamide, and tetrahydrofuréh,
undergo a conductivity increase of 3 orders of magnitudes

Due to the developments in the area of flexible electronic .
b to reach up to 80 S/cm. For the sake of comparison, the

systems, novel daily life applications are expected to emerge, . T o i . .
for instance, sensors or timers printed on goods, electronicconducuvIty of optimized indium tin oxide (ITO) thin films

13a i
newspapers, and wearable electronic devices and displaysgﬁar::t:iz(ftol;% tgt.fgsﬁr?ﬁ.s t'?:r(]asf Sa?gr?tn((:joar% %?ﬁng’olthrier
Many of those forthcoming applications require low-cost ! uctivity : P ucting poly

production and flexible electrodes. Promising candidates forE sufﬁme(;lt to l(ste I a}[s.an electrode mﬂo r%‘?‘”'ct,,e Iecttr)othcs.
electrodes are conducting polymers, such as poly(3,4- secondary dopant 1S an apparently inert: substance,

ethylenedioxythiophene), or PEDOT. PEDOT was found to including a further increase in .conductivity of a primarily
be almost transparent and highly stable in thin oxidized QOped conjugated polymer. It differs from a primary dopant

films.1* EDOT can be chemically polymerized in a poly- in that the newly enhanced properties may persi_st even upon
(styrenesulfonic acid) (PSS) solution to give a PEDOT complete removal of the secondary dopant. This effect has

) . . been first observed with polyaniline derivativ8.The
PSS water emulsiohThe conjugated polymer PEDOT is . i
positively doped, and the sulfonate anionic groups of PSS improved performance of PEDOTPSS together with pat-

. - . 6 .
are the counterions used to balance the doping charges?emmg and printing technique's™> have been successively

PEDOT-PSS films after secondary doping with some inert used in the design of field-effect transistéfs;® light-
solvents, such as sorbitdl, N-methylpyrrolidoné® (poly)-
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emitting diodes!?° and photovoltaic cell$-?> Nowadays, be used as a transparent plastic electrode for flexible
the use of solvent to improve the conductivity of PEDOT  electronics.

PSS electrodes is an important issue for ink-jet printed

electrodes for plastic field effect transistgfg? 2. Experimental Section

Although many studies reported and used the conductivity

increase of PEDOFPSS, the origin of the conductivity . . -

. . . emulsion, sodium free<{0.5 ppm), provided by Agfa Gevaert N.
increase by those sepondary _dopants is still unclear. Afterv_ The PSS-to-PEDOT ratio of this particular emulsion is equal to
checking that the doping level is not changed upon addition 5 5 The PEDOTPSS emulsion contains 1.1 wt % PEDOFSS.

of DMSO and other solvents, Kim et al. have shown that A defined amount of DEG is added into the emulsion.

the PEDOF-PSS sample with DMSO is aimost in the criical 2 5. nstrumentation. X-ray photoelectron spectroscopy, orig-
regime of electrical conduction, which is at the boundary inally known as electron spectroscopy for chemical application
between metallic and insulating states, while the pristine (ESCA), is carried out using a Scienta ESCA200 spectrometer with
PEDOT/PSS sample is in the insulating regithélhey a base pressure of % 10710 mbar (ultrahigh vacuum) and
attributed the increase in conductivity to a reduction of the monochromatized Al K radiation fw = 1486.6 eV). The binding
Coulombic interaction between the charge carriers trans-energy of the gold Au(4f) line is calibrated to 83.9 eV. The
ported on the PEDOT chains and the negative PSS coun-experimental conditions are such that the full width at half-

terions by a screening effect of the polar solvéatgsing maximum (fwhm) of the gold Au(4h) line is 0.65 eV. The S(2p)

Raman spectroscopy, Ouyang et al. proposed that thesignal of PEDT/PSS is a doublet S/, due to the spirrorbit

. ) coupling. The ultraviolet photoelectron spectroscopy (UPS) mea-
conductivity enhan_cement of PEDGPSS with ethyle_ne surements are carried out with a spectrometer of our own design
glycol, m_eseerythrltol, tetrahydroxybutane, and 2-nitro- and construction, with a base pressure less than 110-° mbar.
enthanol is due to the conformational change of the PEDOT The yps spectra are recorded using monochromatized Hel (21.2

chains. The driving force is the interaction between the ev) and Hell (40.8 eV) radiations from a helium discharge lamp.
dipoles of the secondary solvent and dipoles or charges onon the basis of the width of the gold Fermi edge, the energy
the PEDOT chain&t Our preliminary X-ray photolelectron  resolution is about-0.1 eV.
spectroscopy (XPS) studies indicated that sorbitol and Tapping mode and simultaneously acquired phase images are
diethylene glycol induce a morphology change at the surfaceobtained with a DI-Multimode AFM (Veeco Instr.), connected to
of PEDOT-PSS. This was tentatively interpreted as a a Nanoscope IV controller (Veeco) in combination with a SAMIII
segregation of the excess P&3However no clear connec- (Signal_ Access Module, Veeco). TAP300A AFM tips with an
tion was done between the topography of the film and XPS apprommatg resonant frequency of 300 kHz (Lot-Oriel) are used
measurements. Timpanaro ef &iave shown with scanning ~ [© the tapping-mode measurements. -
tunneling microscopy that the addition of sorbitol leads to _2-3 Polymer Diodes.Polymer-based light emitting diodes (p-
an increase in the apparent size of the PEDOT-rich particles,“.EDS) are fabricated with the anode consisting of PEB®'ES
S . . - . with or without DEG spin cast on glass slides. To prevent
which is associated with the increase of conductivity. Hence

o ' aggregations, the PEDGAPSS suspension is first treated in an
the morphology change within the PEDOPSS appears to ultrasonic bath at 50C for 15 min. To further reduce the number

b.e. another plausible mechanism to explain the high conduc-of aggregates, the solution is filtered in a Ju membrane filter.
tivity of PEDOT—PSS. To ensure proper adhesion, a layer of PEB@BS with 0.2 wt

Here, we present tapping mode atomic force microscopy % Silquest (Bayer A-187) and zonyl (Fluka FS-300) is firgt spin-
(AFM) and X-ray and ultraviolet photoelectron spectroscopy coated at 2000 rpm for 30 s on top of the clean glass slides. On
measurements performed on thin PEDERASS fims to top of t‘hIS adhesion Iaygr, e!ther pure PEDEHASS or PEDOF
understand the electrical conductivity increase following the PSS With 5wt % DEG is spin-coated at 2000 rpm for 30 s. Each
addition of diethylene glycol (DEG) in the conducting layer is dried in an oven at 12@ for 5 min prior to deposition of

. D . - . the next layer. Devices are defined by patterning the PEBOT

polymer emulsion. Organic light emitting diodes are fabri-

. PSS layers using NaOCI for 10 s following copious rinsing in DI
cated to demonstrate that DEG-modified PEDESS can water and drying in an oven at 12€ for 5 min. The conjugated

polymer poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevi-
(15) Eéanll\;mtd, Tz.;cjgla/blezrgz,gg.: Roman, L. S.; Svensson, M.; Ifigata nylene], so-called MeHPPV, is dissolved in CHGI(7.5 mg/mL)
(16) StZizmi\r?rr{, N.; Terv’oort, 'T. A.; Broer, D. J.; Sirringhaus, H.; Friend, and §p|n-coated at 1000 rpm for 15 s (.)n top of PED@BS. with

R. H.: Smith, P Ady. Funct. Mater.2002 12, 105. or without DEG. To complete the device structure, aluminum top
(17) Sirringhaus, H.; Kawase, T.; Friend, R. H.; Shimoda, T.; Inbasekaran, electrodes are deposited through a shadow mask using vacuum
as8) l\lflu \;/|\_/-u|'3i¥1\{'c; V’:I/Of]’ Eﬂ-a‘zngicfg?q&zggpflgﬁyszooz 92 6033, deposition at a pressure of5 1076 Torr. To ensure low contact
(19) Wénd, 3. Z.;‘Zhen‘g, Z. H.: Li, H. W.: Huck, W. T. S. Sirrinyghaus, H. resistance between the probe and the PEBBSS layer, contacts

Nat. Mater.2004 3, 171. are painted onto the bare PEDOPSS using silver paste.
(20) Kim, W. H.; M&inen, A. J.; Nikolov, N.; Shashidhar, R.; Kim, H.;

Kafafi, Z. H. Appl. Phys. Lett2002 80, 3844.

2.1. Materials. The chemically prepared PEDG'PSS is a water

(21) Avrias, A. C.; Granstmm, M.; Pertritsch, K.; Friend, R. HSynth. Met. 3. Results and Discussion
1999 102, 953. . o . .

(22) Kushto, G. P.; Kim, W. H.; Kafafi, Z. HAppl. Phys. Lett2005 86, 3.1. Electrical Conductivity. The evolution of the film
093502. conductivity (measured by four-point probe techniques)

23) Xue, F.; Su, Y.; Varahramyan, KEEE Trans. Electron Deces200 . .
( )52, 1982. Y 5 versus the percentage in weight of DEG added to the
(24) kimi Jbﬁ'; Cro,g- H.; Park, ;(i%: Kim, D. H.; Hwang, M.; Cho, K. PEDOT-PSS emulsion (41 wt % of a 1.1 wt % PEDOT
(25) Leb, C. s, 0 B O8O v K. Joo. 1 Han. S Beag, PSS dispersion free of sodium,-4B8 wt % water, and €10

Y. W.; Koh, S. K. Synth. Met2003 135, 13. wt % DEG) is reported in Figure 1. The films have been



4356 Chem. Mater., Vol. 18, No. 18, 2006 Crispin et al.

100

= 10 4 .
E [
9
2
2>
=
=
S o014
he)
c
[e]
O 0014
[ ]
0.001 . : :
0.01 0.1 1 10
Wt% (DEG)

Figure 1. log of the electrical conductivity (four-point probe measurements)
in thin films versus the amount of DEG (wt %) introduced in the PEBOT
PSS water emulsion.

spin-coated on quartz substrates and dried at room temper:
ature. The film thickness estimated from profilometer (De- L

ktak) measurements is about 100 nm. The logarithm of the 50 nm
conductivity,o, is reported versus the logarithm of the weight Figure 2. Topography (A, C) and phase images (B, D) of a pure PEBOT
percent of DEG added in the emulsion. lop(isplays a PSS film (without added solventsg obtained with tapping-mode AFM at a
sigmoid evolution. The conductivity of pristine PEDOT ~ Scae of 1x 1 and 0.25< 0.25um=

PSS is about 0.006 S cthand suddenly increases to 10 S o
cm ! at a specific concentration of DEG=0.3 wt %). The %
sharp conductivity increase strongly indicates that the origin
is not a screening effect of the interaction between ions and
charge carriers by the solvent, which would be progressive,
but rather a phase separation.

To investigate if and how phase separation occurs, several
techniques are used to characterize the film surface. We
characterize the morphology of the surface rather than the
bulk morphology because bulk techniques are not very
sensitive to disorder polymer blends composed of two :
materials close in nature, the two polymers PEDOT and PSS.k=

3.2. Surface Morphology.The morphology of PEDOF
PSS films without DEG and with 5 wt % of DEG is
characterized with tapping-mode AFM. The polymer films
are cast on gold substrates. Figure 2A shows the topography
of a 1 x 1 um? area of the PEDOFPSS film without DEG.
Grains and some elongated structures of a dimension of abou
20—30 nm are observed on the surface of these films (see
Figure 2A,C). In the corresponding tapping-mode phase 50 nm
images (Figure 2B,D), the low contrast in the phase image rigure 3. Topography (A, C) and phase images (B, D) of a PED®BS
(full scale equals 19 is likely induced by the topographic  film with 5 wt % added DEG obtained with tapping-mode AFM at a scale
variations. Figure 3A shows the topography of the PEBOT  ©f 1 x 1 and 0.20x 0.20m?

PSS film with DEG. Particles can be observed on the film . . . . .
surface, as well as some elongated features. The simulta—Of d|ﬁer§nt materials _from tapplng-m_ode AFM 'Mages 15
neously acquired phase image (see Figure 3B) displays brightnc?t straightforward, since the phase image signal is _dete_r-
and dark regions. After enlarging the image, the dark regions m|ned by several factors such as the amphtuQe setp0|r.1t,. tip
in Figure 3D (phase image) correspond to small islands in mdentanop,_ surface forces, and bulk properues (elgsucny/
Figure 3C (topography image), which are irregular in shape, viscoelasticity). For polymer sy_stems, V\_n_th phas_e images
seldom circular, and mostly elongated. Their typical dimen- ca@Ptured under moderate tapping conditions, bright areas
sion is on the order of 20 nm. The strong contrast at the IN the phase image can be assigned to a relatively hard
border of the small islands in the phase image (full scale Phas€?® This means that the regions showing a lower phase
equals 45; see Figure 3D) is associated with a different S|gnal in Figure 3D correspo_nd toa relatlv_ely soft.matena_l
chemical composition of the small islands compared to the With respect to the surroundings. The regions or islands in
surrounding matrix. For polymer systems, a lower phase Figure 3C are attributed to excess PSS material. Surface areas
angle means a softer material, whereas a higher phase angle
can be identified with a harder material. In general, attribution (26) Wang, Y.; Song, R.; Li, Y.; Shen, $urf. Sci.2003 530, 136.
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Noomal Emission ) eV) due to the three electronegative oxygen atoms withdraw-
ing the electron density of the sulfur atom. The S(2p) doublet
e at 164.2 eV comes from PEDOT. The XPS S(2p) spectra of

l PEDOT-PSS films gives directly the surface sulfonate

thiophene ratioRs/r) equivalent to the surface PSS/PEDOT
ratio. Figure 4A shows the S(2p) signal for PEDOFSS
films with (gray line) and without (black line) DEG. In this
experiment, the photoelectrons are collected normal to the
surface. The probing depth of the spectroscopy is defined
by the inelastic mean free path of the S(2p) photoelectrons,
i.e. about 140 A for a kinetic energy of 1320 é/Upon
adding DEG, the amount of PEDOT probed increases by
less than 10%. For this probing depth, the average surface
SRt -2 composition is almost not changed. Note that similar
172 170 _ 168 _ 166 164 162 160 negligible changes in the S(2p) spectra of PED&BS upon
SidigEne R VI vais the addition of a secondary dopant have also been observed

by otherst012

To shed light on the relationship between the composition
and the morphology of PEDGAPSS, the geometry of the
XPS experiment is modified. The polymer films are char-
acterized at higher electron-emission angle=(80°) defined
with respect to the surface normal (Figure 4B). Collecting
the photoelectrons at this grazing angle strongly increases
the surface sensitivity of the experiment. The addition of
DEG is accompanied with an increase of 45% of the PEDOT
S(2p) signal due to the morphology and surface composition
change. The correlation between the XPS data and the AFM
phase and topography images (Figures 2 and 3) is a priori
not obvious and requires a closer look. Therefore some cross-
sectional profiles of the AFM topography and phase images,
172v 170 168 _ 166 164~ 162 160 together with the (calculated) XPS probing depth at each

Binding Energy (eV) vs. E¢ - din Fi 5 The full l in Fi
osition, are presented In Figure 5. e tull lines In Figure
Figure 4. XPS S(2p) spectra of PEDGPSS films with 5 wt % DEG P P 9 9

and without DEG in “normal emission” (A) and in “grazing emission” (B). 5A,B illustrate typical topography prOﬁIeS along a line

In the grazing emission mode, electrons are collected at a grazing anglemeasured on the sample without DEG and with DEG,
relative to the sample surface. This mode is more sensitive to the surface respectively. The dotted lines represent the value of the phase
ggénﬁanngSEG.The observed PEDOT-to-PSS ratio increases upon theg, 1y ih samples. On the basis of the observed topography

profile, in combination with the known probing depth defined
rich in this hygroscopic polyelectrolyte are expected to swell by the inelastic mean free path of the S(2p) photoelectrons,
and soften due to ambient humidity and/or the added DEG. it is possible to calculate the XPS probing depth at each
The added secondary dopant DEG thus induces a phas&oordinate. The dashed lines define the depth profile probed
separation on the nanometer scale characterized by awith XPS (@ = 80°). The difference between the topography
segregation of the excess PSS in domains surrounded by #@rofile (full line) and the XPS depth profile (dashed line)
PEDOT-PSS phase. defines the depth probed with XPS, which is illustrated by
3.3. Surface Composition via XPSTo strengthen the  the full line in Figure 5C. Negative regions for the sample

interpretation of the AFM images, XPS measurements are With DEG represent invisible regions for XPS. Without DEG,
performed on these films. XPS is a surface-sensitive tech-the surface is flatter and the overall surface area contributes

nique, but with no lateral resolution, since the size of the to the XPS signal. A number of observations can be made
analyzed spot is about a few MinHence XPS appears Upon close examination of typical profiles displayed in Figure
complementary to AFM techniques. Both PEDOT and PSS 5A,B. First of all, in Figure 5A, the topography and the phase
contain one sulfur atom per repeat unit. The sulfur atom in profile show a one-to-one correspondence. The top of each
PEDOT is within the thiophene ring, whereas in PSS it is Small bump or grain is associated with a higher value of the
included in the sulfonate moiety. Due to those different phase, meaning that the (rather small) variations of the phase
chemical environments, the S(2p) electrons of PEDOT and signal are induced by the small topographic variations. This
PSS have different binding energies so that the compositionis in contrast with the phase signal of the sample with the
of PEDOT-PSS can be analyzed by XPSThe S(2p) XPS added DEG, where this one-to-one correspondence of sample
spectrum displays two contributions (see Figure 4). The topography and phase signal has clearly diminished and is

sulfur signal for PSS appears at higher binding energy (168.8absent in some parts of the profile. On top of the small islands
visible in Figure 3C, the phase signal is much lower than

With DEG
Without DEG

Normalized Intensity (arbitrary units)

Grazing Emission (B)

MNormalized Intensity (arbitrary units)

(27) Zotti, G.; Zecchin, S.; Schiavon, G.; Louwet, F.; Groenendaal, L.;
Crispin, X.; Osikowicz, W.; Salaneck, W.; Fahlman, Macromol- (28) Cartier, E.; Pfuger, P.; Pireaux, J.-J.; Vilar, M. Appl. Phys.1987,
ecules2003 36, 3337. A 44 43.
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Figure 5. AFM topography profile (full line), AFM tapping-mode phase profile (dotted line), and the calculated XPS probing profile for grazingangle (
= 80°) XPS experiments on PEDGIPSS films without (A) and with (B) added DEG. (C) Profile of the quan@tydotted line), defined by the product
of the XPS probing depth (full line) and the phase angle (dotted line in B).

the surrounding regions, although the topographic variationsangle is large (Figure 5A); thu® is also large, meaning
associated with these islands are minor. As stated above, thighat this position is more visible with the XPS at grazing
is due to the occurrence of a phase separation on the samplangle and it is related to a white spot in the phase image.
surface. The average value @ over a long line (xm) on the sample

The calculated XPS probing depth profiles explain well 1S @bout 5 for the sample with DEG, while it is equal to
the overall XPS spectra. For the sample without DEG, the Zero without DEG. Hence, with DEG, the rigid domains
topographic variations are shallow and XPS probes the entire(larger phase angle) should contribute more to the XPS signal
surface of the sample in both bulk (normal emission) and (Figure 4B). The correlation between XPS and AFM
surface sensitive (grazing emission; see Figure 5A) XPS |nd|cat¢s that the @mams with a large phase angle in the
detection mode. The photoelectrons detected at grazing angléhase image are rich in PEDOT; consequently they are the
emission originate from the material present between the PEDOT-PSS domains, while the negative phase angle are
surface defined by the topography profile (solid line) and @ssociated with the demixed PSS phase.
the XPS depth profile (dashed line). For the sample with ~ 3.4. Valence Electronic Levels at the SurfacdJPS (w
DEG (Figure 5B), it can be clearly seen that, due to the larger = 21.2 eV) is a very sensitive technique with a probing depth
height variations in topography, in some regions the XPS of just a few angstroms. This is a complementary technique
probing depth is minimal or even equals zero. This means to XPS to characterize the surface composition of PEBOT
that photoelectrons from some regions cannot reach thePSS films. The UPS spectra of PEDOPSS with and
detector due the scattering in neighboring grains. Thesewithout DEG, as well as two reference materials, PEDOT
regions can be identified as the PSS regions possessing &0sylate (PEDO¥Tos) and PSS, are reported in Figure 6.
low phase signal. This corroborates well with the XPS PEDOT—-Tos, synthesized by vapor-phase polymerizatfon,
spectrum since the overall PEDOT-to-PSS ratio increaseshas a high content of PEDOR¢r = 0.28 estimated from
upon the addition of DEG. A quantit®) can be defined, ~ XPS). The high density of conducting polymer explains the
which is given by the product of the phase angle and the high electrical conductivity{800 S/cm) measured for those
depth probed by XPS. A good indication for the composition films. Consequently, most of the signal in the UPS spectrum
is given by the phase angle, since low-phase regions can bedf PEDOT-Tos (dashed line) arises from the electronic
identified with PSS and the higher phase regions with levels of positively doped PEDOT. Compared to the UPS
PEDOT-PSS. Hence, the quantit illustrates if XPS at  spectrum of PSS (full line), an insulating material, PEDOT
grazing angle sees more of the phase of the blend with aTos has a significant density of state in the low binding
high phase angle or the opposite. The profile of that quantity €nergy region (56 eV vs vacuum level) that originates from
(in nm deg) is displayed as the dotted line in Figure 5C. For doping levels of the PEDOT chains; PSS has no density of
instance, at 310 nm, XPS probes the sample within a depth
of 7 nm under the surface. At the same position, the phase(29) winther-Jensen, B.; West, iKlacromolecule2004 37, 4538.
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domains, while highly conducting PEDGPSS grains
merge together to form a three-dimensional conducting
network. Note that the conductivity of PEDGPSS with

DEG (10 S cm?), with a large excess of PS84t ~ 4), is
1 of the same order of magnitude as the conductivity of
% x50 electropolymerized PEDOTPSS films (80 S cmt) contain-

3 ing more PEDOT than PSRt = 0.7)2” This suggests
that the chemical composition of PEDGPSS in the three-
dimensional network, obtained upon adding DEG, might be
close to the electropolymerized PEDOPSS.

Our XPS and AFM analyses appear complementary to

Raman spectroscopy investigation by Ouyang ét lal their
study, the authors associate the conductivity enhancement

Figure 6. UPS valence band spectra (Hel radiation) of PEDOT/PSS without - :
and with 5 wt % DEG (black and white dots, respectively). The zoom (times of PEDOT-PSS to the conformational change of the PEDOT

50) of the low binding energy area is displayed on the right-hand side. Chains. This explains at a microscopic level what happens
Solid lines in black and gray shows reference measurements on PSS ando the PEDOT chains after phase separation. It is indeed

PEDOT-Tos, respectively. The binding energy is relative to the vacuum likely that the PEDOT chains in the formed three-dimen-
level determined from the work function of the samples. The work function . . . . .
of PSS is 5.5 eV, PEDOTTos is 4.4 eV, and PEDOTPSS with and sional conducting network reorganize at the microscopic level
without DEG is 5.0 eV. either by changing shape, such as that found with polya-
niline,*33132and/or improving the interchain packing thanks
state in that region. The reference sample PEB®3s has  to z—ux interaction stabilizing the system (such as that found
8 times more PEDOT than in a PEDGPSS film with in PEDOT-Tos®3). 7—x stacking between conjugated
DEG. Interestingly the density of states at low binding polymer chains is known to lead to charge mobility improve-
energies (56 eV) in PEDOTF-Tos is also 8 times higher  ment3s
than in the sample with DEG. This low binding energy region  Although, the reason for the large conductivity of PE-
reveals the surface content in PEDOT and appears as alpOT—PSS with DEG seems clear from our study, the
essential feature to understand the surface compositionmechanism leading to this phase separation is still unknown.
change when DEG is added in the PEDEASS emulsion.  we propose the following explanation. During the polym-
PEDOT-PSS with or without DEG have the same work erization of EDOT monomers with an oxidant in a PSS
function (WF= 5.0 eV). PEDOTF-PSS, with or without  \ater solution, PEDOT chains are form&d.However, a
DEG, behave like metals in terms of electrical contact since stable PEDOTPSS emulsion is only obtained upon vigorous
their Fermi levels align with that of the spectrometer. In the shaking of the reaction vessel to increase the contact area
UPS spectrum using the vacuum level as a reference levelpetween two phases, PS@ater solution and PEDOTPSS
the density of state drops at 5.0 eV (WF), corresponding to assemblies, and lead to PEDOFSS particles in the water
the Fermi level of the polymer layers. In the range between pSS solution. In this process the mechanical energy is
5 and 6 eV, PEDOTPSS films with DEG (white circles)  transformed into interfacial energy between the two phases,
have three times larger density of state at low binding energy such that the stable emulsion is characterized by a positive
compared to the film without DEG (black circles). This  Gibbs energy (including entropic and enthalpic variations).
supports the AFM phase image, which indicates that the top Spin coating such an emulsion on a substrate would lead to
surface of PEDOFPSS without DEG contains more PSS a film Composed of PEDOF¥PSS partic|es surrounded by
as indicated by the narrow range in phase angle (see Figurahe excess PSB8The particles are barely touching each other
3). In contrast, the presence of DEG is such that the excesssuch that the overall electrical conductivity is relatively low.
of PSS is phase-segregated in domains leaving doped e believe that part of the positive Gibbs energy, stored
PEDOT-rich domains visible at low binding energies in the jn the emulsion, can be released upon the addition of DEG,
UPS spectrum. According to that model, the morphology thus leading to a phase separation between the excess PSS
change due to presence of DEG does not only increase by 3nd PEDOT-PSS (doped PEDOT and PSS chains are
orders of magnitude the conductivity, but it also increases electrostatically bound). The phase separation is expected
the effective area, rich in PEDOT, for Charge injeCtion for a to occur during the dry|ng process and not direct|y in the
PEDOT-PSS electrode in a device. emulsion. Indeed, when adding a few weight percent of the
3.5. Proposed Mechanism for the Secondary Dopant  hjghly soluble DEG in the water emulsion (Henry's law
Effect in PEDOT—-PSS. The relationShip between the constanky = 4 x 106 M/atm)' most of the DEG molecules
conductivity, the surface composition, and the morphology stay in water. However, upon water evaporation, the high
can be explained from the distribution of the PSS in excess
in the films. Without DEG, the conducting PEDGPSS (31) Joo, J.; Chung, Y. C.; Song, H. G.; Baeck, J. S.; Lee, W. P.; Epstein,
grains are covered with a very thin layer of the insulating A. J.; MacDiarmid, A. G.; Jeong, S. K.; Oh, E. Synth. Met1997
PSS materia}®® such that the polymer blends look like ) ?éﬁfu', P.; A.Pron; Nechtschein, Bynth. Met1999 101, 827.
conducting grains in a PSS matrix. Upon addition of DEG, (33) Aasmundtveit, K. E.; Samuelsen, E. J.; Pettersson, L. A. A.; liigana

the excess PSS is phase-segregated into PSS-rich, insulating, = O: Johansson, T.; Feidenhans, $ynth. Met1999 101, 561.
4) Kim, T. Y.; Park, C. M.; Kim, J. E.; Suh, K. SSynth. Met.2005
149 1609.
(30) Greczynski, G.; Kugler, T.; Keil, M.; Osikowicz, W.; Fahlman, M.;  (35) Brdas, J. L.; Calbert, J. P.; Filho, D. A. d. S.; Cornil Rioc. Natl.
Salaneck, W. RJ. Electron Spectrosc., Relat. Phend2f01 121, 1. Acad. Sci. U.S.A2002 99, 5804.
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Figure 7. Current densityvoltage characteristics of polymer diodes using
PEDOT-PSS with 5 wt % DEG (full line) and without DEG (dashed line)

as an electrode. The polymer light emitting diode has the following
structure: PEDOFPSS/MEH-PPV/AL

boiling point solvent DEG Tyoiing = 244 °C) evaporates

Crispin et al.

the devices without DEG do not show any light within the
voltage range in this experiment. We believe this is because
the hole current from the PEDGIPSS electrode never
reaches a high enough level.

4. Conclusions

We have employed noncontact AFM, XPS, and EFM to
investigate the origin of the conductivity increase of PE-
DOT—PSS when adding diethylene glycol to the emulsion.
The conductivity of pristine PEDOFPSS films increases
from 0.006 to 10 S cmt. The secondary dopant effect of
DEG is associated with the phase separation observed with
AFM. Small islands with a very distinct contrast in the non-
contact AFM phase signal are attributed to phase-separated
PSS. Since the excess PSS is (partly) phase-separated, the
effective insulation of the conducting PEDOGPSS particles
by the excess PSS is considerably reduced, leading to better

much more slowly such that it reaches a higher concentrationPathways for conduction and an interconnected three-dimen-

in the remaining PEDOFPSS wet films. DEG can eventu-

sional network of conducting PEDGIPSS. XPS measure-

ally swell PSS-rich regions and screen the long-range Ments reveal an increased PEDOT-to-PSS ratio at grazing
electrostatic interactions, holding the excess PSS attachedingle, which is associated with the morphology and com-

to the PEDOTF-PSS. For a specific threshold of concentra-
tion (see Figure 1), the amount of DEG in the wet film is

position change at the surface of the film in agreement with
the AFM analysis. A mechanism is proposed for the phase

enough to lead to a phase separation of the excess PSS chairgeparation of the excess PSS from the PEB®SS regions,

from the PEDOTF-PSS chain assemblies, thus creating the

according to which solvents need to have high solubility in

three-dimensional conducting network. This proposed hy- water, high boiling point, and high dielectric constant, to

pothesis explains the conductivity data by Kim et al., which
reveal that the highest conductivity for PEDOPSS is
obtained with the solvent of highest dielectric constant
(electrostatic interactions inversely proportional to the di-
electric constant)? In summary, several properties are
required for the secondary dopants for PEDEPSS: high
solubility in water, high boiling point, and high dielectric
constant.

3.6. PEDOT—PSS Electrodes in a Polymer Light
Emitting Diode. Polymer light emitting diodes (p-LEDS)
are fabricated with the anode consisting of PEDOPISS
with or without DEG spin cast on glass slides. The

constitute a good secondary dopant for PEDPES.

The morphology change due to the presence of DEG does
not only increase by 3 orders of magnitude the conductivity,
but it also increases the effective area, rich in PEDOT, for
charge injection for a PEDOTPSS electrode in a device.
This is additionally confirmed by UPS measurements indi-
cating a higher density of states at the Fermi level when
adding DEG in the plastic electrode. Polymer diodes, using
PEDOT-PSS as plastic electrode, clearly show the impact
of DEG on the current densityvoltage characteristics. The
improvement of the PEDOFPSS conductivity with DEG
allows reaching high current in MEHPPV, such that

transparent plastic electrodes are coated with the emittingelectroluminescence is observed. Those results show the

polymer MEH-PPV. Aluminum(oxide) is used as electron
injecting electrode. Figure 7 shows the current denrsity
voltage (—V) characteristics of the p-LED’s with or without
DEG in the PEDOTPSS bottom electrode. Both types of
devices show a very clear injection behavior, with an

potential of DEG-modified PEDOTPSS electrodes for
flexible electronics including plastic solar cells and light
emitting diodes.
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