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Doped conducting-polymersemiconducting-polymer interfaces:
Their use in organic photovoltaic devices
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We report a study of the interface between gpiphenylene vinylene(PPV) and polyethylene diox-
ythiopheng doped with polystyrene sulfonic aciPEDOT:PS$ We find from measurements of optical
absorption and conductivity that PSS dopes PPV during the sample preparation. In addition, the photolumi-
nescence efficiency of PPV is strongly affected by the presence of PSS which we attribute to the effect of
chemical doping. We further studied the interaction between PSS and PPV by measurements of the photovol-
taic response, spectrally resolved, of a number of diode structures. By forming the interface between a layer of
PEDOT:PSS and a layer of PPV precursor prior to the thermal conversion we obtained an interpenetrating
interface with large surface area between the photoresponsive and the charge collecting polymers. For devices
made with PEDOT:PSS as top electrode and aluminum as the bottom electrode the short-circuit external
guantum efficiency is 494.50163-18209)11327-4

I. INTRODUCTION with polystyrene sulfonic acid, PEDOT:PS8om here on
referred to as PEDOT in two different configurations. In the
In the field of organic photovoltaic devices, the separatiorfirst configuration, films of PEDOTcommercially available
of charges following a photoexcitation and the balance befrom Bayer AG, Leverkusen, Germanyere deposited by
tween the transport of holes and electrons is crucial for thépPin coating from a water solutiof1.2% onto a glass sub-
device performance. Therefore, the properties of the interStrate. Subsequently PPV films were prepared via the sulfo-
face between the materials are very important. Organic op?ium salt precursor routé, by spin coating films of the pre-
toelectronic devices are commonly built using a sandwictfUrser_polymer from a methanol solution on top of the
architecture, starting from a glass substrate covered with EDOT film. Conversion to PPV was achieved by heating

transparent, electrically conducting indium-tin oxid&0), ne sa_mples;n vacuoat 220 °C for 10 h. In the second con-

and then forming the active layéor layers either by subli- figuration, we spin coated PPV precursor on top of the glass
. ning th ay Yers Y, substrate and subsequently PEDOT on top of the PPV pre-

mation or spin-coating techniques. The final step is the for'cursor before the thermal conversion of the precursor to

mation of a sec_:ond eIect_rtYJde, usually an evapora}ted ﬁlm.Of PPV. We spin the PEDOT film on top of the precursor rather
low work-function metal™" However, using organic materi- 4 the converted PPV film for an entirely practical reason.
als we have a large freedom of choice when it comes 1q is very difficult to spin from a water solution on top of the
fabrication methods and device designs. For instance, it ha@ydrophobic PPV surface, compared to on the more hydro-
been shown for polymer light-emitting diodes that crucial philic surface of the precursor. In addition, conductivity and
properties such as luminous efficiency and lifetime haveyork-function measurements show that the PEDOT film is
been improved when the ITO is coated with doped conductyery stable to the heat treatment, since the conductivity and
ing polymers such as doped pyiline) or poly(ethylene  the work function remain virtually unaffecté.We would
dioxythiopheng (PEDOT) prior to the formation of the lu- like to [:7)0int out that in contrast to a previous report from our
minescent layet® For polymeric photovoltaic devices, the groupl’ we used the PEDOT solution as received from
open-circuit voltage and fill factor improve when PEDOT is Bayer, without any modifications. Optical absorption was
used as electrod®and the external quantum efficiency in- measured with a Perkin-EImek9 spectrometer and a
creases when using PEDOT as an intermediate layer betweétewlett Packard 8453 UV-Vis spectrophotometer. The mor-
a semiconducting polymer layer and It®Using a polymer  phology was investigated using two techniques: scanning
electrode it is possible to envision flexible photodidde¥'  force microscopySFM) and optical microscopy. SFM im-
and to change the fabrication sequence, allowing for differages were taken using a NanoScope llla Dimension 3100
ent types of interfaces to be created and studied. This ha®igital Instruments Inc., Santa Barbara, Crn in tapping
been the background for the present work, where we haveode. Optical imaging of the films was done with a fluores-
compared devices made the conventional way with devicesence microscopéVickers Photoplan M4JL Photolumines-

in which the metal contact is evaporated on the glass sulsence(PL) efficiency measurements were performed in an

strate and a polymer electrode is used as top contact. integrating sphere coupled via a liquid light-guide to an Oriel
InstaSpec IV spectrograpf.The excitation source was the
Il. EXPERIMENTAL METHODS 488-nm line from an argon ion laser.

Photothermal deflection spectroscai®DS spectra were
measured using a setup similar to that described by Jackson
We have studied the interface between polphenylene et all® The sample was illuminated using a combination of a

vinylene, (PPV) and polyethylene dioxythiophenedoped Light Support MKII 100 W Xenon arc source and a CVI

A. Fabrication and characterization of the interfaces
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FIG. 1. Schematic sandwich structure of the photodiodes used and chemical structure of PPV, PEDOT, and PSS. PPV is the photore-
sponsive material, Al is the electron-collecting electrode, and PEDOT is the hole-collecting electrode.

DK240 monochromator. The probe beam was supplied by &y thermal evaporation, under vacuum at a pressure of
Point Source 670-nm fiber coupled diode laser with temperat0 ® mbar. PEDOT and PPV films were prepared as de-
ture stabilizer for reduced beam pointing noise. Beam deflecscribed above. In order to measure the photocurrent spectra,
tions were measured using a differentially amplified quadranthe devices were illuminated by a tungsten lamp, dispersed
photodiode and a Stanford Research SR830 lock-in ampliby a Bentham M300 single-grating monochromator. To cor-
fier. Throughout the measurement, the samples were held iect for the optical throughput of the illumination system, the
a hermetically sealed fused silica cuvette filled with Fluori-setup was calibrated using a silicon photodiédlamamatsu
nert FC-104(3M Corporation, St. Paul, MNas a deflection S5106. Open circuit voltages were measured at or close to
medium. the peak of the PPV photocurrent output, and with an illu-
mination intensity of 40uW/cn?. The devices were mea-
sured in air and under vacuum, and had an active area of 16
mn?. In all experiments, the thickness of the polymer layers

In order to investigate the photoresponse of these materiyere 150 and 200 nm for PPV and PEDOT, respectively.
als, three different types of photovoltaic devices were fabri-

cated all using a single layer of PR¥50-nm thick as pho-
toresponsive material. The first type of device is the standard
device made with the usual sandwich structure: glass/ITO/ We found the PL efficiency of PPV converted on glass to
PPV/AL In the second type, the same structure is used, bdte 0.30, which is similar to values reported by Greenham
ITO is replaced by PEDOT. In the third type of device, PE-et al** We also found that when PPV is converted on top of
DOT was used as the top contact and Al as the bottom corlTO, the PL efficiency is reduced to 0.15 and when PPV is
tact, forming an inverted structure, which we refer to asconverted on top of PEDOT, the PL efficiency is 0.06. How-
“upside-down” structure?® The structures of these devices ever, when PPV is converted with PEDOT on top, the
are shown in Fig. 1 together with the chemical structures ofjuenching of the photoluminescence is even stronger, down
the conjugated polymers. Aluminum contacts were depositetb about 0.02.

B. Fabrication and characterization of photovoltaic devices

Ill. RESULTS
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10 T . —r devices are in agreement with the results reported previously
for 150-nm-thick single layer PPV photodiodemd the de-
vices exhibit an open circuit voltage of 0.8 V and a fill factor
of 0.23. The fill factor gives an indication of how well a
device is suited as a current source and is defined as the
maximum electrical power{) ., divided by the product of

the short-circuit currentg; and maximum open-circuit volt-
ageV:

Absorbance (A.U.)

(V)
F ISCVOC

. 1)

1 1.5 2 2.5 3 Replacing the ITO contact by PEDOT results in similar
Energy (eV) efficiencies, but the shape of the EQE action spectrum is

different. Figure 5 shows that when the device is illuminated

FIG. 2. Photothermal deflection spectroscopy spectra of PP\hrough the PEDOT contact, the external quantum efficiency
(solid line) and PPV converted on top of P$fll circles). increases rapidly at the onset of the PPV absorption, and as
the absorption coefficient increases, the EQE remains con-

. stant. When the device is illuminated through the Al elec-
, Fouet al. suggest that PSS can dopg PPV 'f, present ,durfrode, the EQE reaches higher values than when illuminated
ing the conversion or during the operation of light-emitting y,.5,,gh the anode and follows the shape of the absorption

diodes, reducing the luminescence of these devit€mi- ¢ ve in a similar fashion to the ITO samples. The open

larly, it could be expected that the presence of the PSS at thg, it voltage of these devices is 1.0 V and the fill factor
PEDOT/PPV interface could lead to a partial doping of theiS 0.23.

PPV layer, thereby quenching the photoluminescence. Figure Using upside-down devicelass/Al/PPV/PEDOT, we

2 shows the PDS spectra of PPV, and of PPV converted Ofyice an increased photocurrent and an improvement of the

top of a PSS film. It can be seen that the presence of PSSng The photocurrent spectra of upside-down devices, ex-
causes the appearance of an absorption band in the subgaR.cceq as EQE, are shown in Fig. 6. The absorption spec-
region of the PPV absorption spectrum. This can be assoc,m of ppV is shown for comparison. Both curves in Fig. 6
ated with the presence of charged species such as polaronsv%re obtained when illuminating through the PEDOT con-
bipolarons resulting in a peak near 1.6 Ve also found

i : tact. When the device is measured in air, the EQE response
that PPV films converted on top of PSS show higher conducsyiows the absorption very closely. However, when the
tivities (about 104 S/cm than PPV converted on top of

same device is measured under vacuum, the maximum of the
glass. _ , , _ EQE drops reversibly from 4% to less than 0.5%, and the
Figure 3a) is an optical microscopy image of a PPV/

T . ) peak shifts to lower energies where the absorption is smaller.
PEDOT film in which PEDOT was deposited on top of the ynqer reverse bias, the quantum efficiency rises rapidly,

PPV precursor, taken from the PPV side. It clearly Showsreaching 12% when-1 V is applied and 16% at-1.5 V.
spots in which the PEDOTdarke) reaches or approaches the device is rectifying both in the dark and when illumi-
the interface between the PPV and substrate. Fig@ea%0  nateq, but under illumination the current increases under

suggests that in some areas the PPV is thinner, showing MofgRyih forward (PEDOT is the positive contacand reverse

of th_e darker color of the PEDOT. bias, and an open-circuit voltage of 0.6 V is observed. The
_ Figures &) and 3c) show topography and phase SFM g tactor calculated for these devices is about 0.23, which is
images of the surface of the PPV side from a PPV/PEDOT,

) . : , similar to other single layer PPV devicés.

film. The phase detection mode of the SFM is particularly

useful to detect where there are different materials present,

for instance in a polymer blend. Here we see that there are

domains of a second materi@EDOT) reaching the surface IV. DISCUSSION

(mainly PP\j. Both optical and SFM images show that these

domains are about 2.5-4m in size. Figure @&l) shows a

schematic representation of the interface, inferred from the The use of a doped conjugated polymer as the hole-

SFM images. injecting layer in polymer light-emitting diodes is widely
The short-circuit photocurrent action spectrum of ITO/reported, and is considered to give important improvements

PPV/AI devices, under illumination through the ITO, con- in performance, both efficiency of operation and durability.

sists of a very narrow peak located at the low-energy tail ofThis is reported for devices made with directly soluble poly-

the PPV absorption spectrum. This response is shown in Figner semiconductors, such as soluble dialkoxy-PP\and

4, where the external quantum efficien&QE) of the device  also with precursor-route PPY.The reasons for its effec-

is plotted together with the absorption spectrum. Howevertiveness are not well understood, although it is certainly de-

when the device is illuminated through a semitransparent Asirable to use electrodes with very high work functions for

electrode, the spectral response is broader and follows theole injection, in order to match the position of the valence-

basic shape of the absorption. Our results for ITO/PPV/Alband edge in the semiconducting polymer, and doped poly-

A. Electronic properties of PPV in contact with PSS
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FIG. 3. (a) Optical microscopy image of PPV/PEDOT film, taken from the PPV side. The darker contrast comes from the PEDOT.
Scanning force microscopy topography image of a film prepared in the same wayaasTiapping mode, scan size 00 um (c) Phase
detection mode image of the scan(l), clearly showing the two different phaséd) Sketch of possible cross section.

mers such as PEDOT:PSS do show work functions above &lear evidence for such interactions for the case of PEDOT-
eV. It is also generally desirable to separate the underlyingPSS in contact with PPV formed via the sulfonium precur-
ITO from the semiconducting layer since ITO is not a well- sor route. The virtue of using this polymer is that the high
controlled material, exhibiting a work function that varies temperatures involved in the conversion of the precursor
considerably with surface treatmént. polymer allow interactions with the PEDOT:PSS to proceed
We note, however, that doped conducting polymer layersowards completiofiin contrast to the use of directly soluble

can interact with semiconducting polymer layers in complexpolymers such as the p@B;5-dialkoxy-PPV’s that are pro-
ways, and the results that we have presented here providessed at room temperatlire
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FIG. 6. Short-circuit external quantum efficiency spectrum of an
Al/PPV/PEDOT device, with illumination through the PEDOT con-
tact. The full circles represent measurement in air and the open
diamonds represent measurement under vacuum.

FIG. 4. Short-circuit external quantum efficiency spectrum of
ITO/PPV/AI device, with illumination through ITGfull circles),
and through a semitransparent @ben diamonds The absorption
coefficient of PPV film is shown for comparisdgolid line).

nd that this introduces a net chargmle). Values of con-
. . ) " ., ductivity are generally lower for doping of this type than for
semiconducting polymer is the movement of the “dopant oxidative doping, as we find here for the case of PPV. The

from the former to the latter, giving rise to partial doping of ) L . .
the semiconducting polymer. This may be very desirable forclearest evidence for doping is from the optical absorption

the purpose of hole injection, since it may be possible tspectrum shown in Fig. 2 measured for PPV formed on a

form a “graded” dopant region, which allows easy passagqayer of PSS. We note that the subgap absorption band at-

of holes from highly doped to undoped polymer. We havgtrlbuted to polaron or bipolaron formation has a peak inten-

. . o .~ “sity near 1.6 eV about 1% of the-#* absorption band.
used PEDOT:PSS hef‘e smce”thls is a favored pombmaﬂoq,his indicates that the level of doping is relatively low, of
and we note that the “dopant” is a stror{grotonio poly-

0, i 1 1 -
meric acid, PSS. Since it is a polymer its ability to diffuse the order of 1%, and is consistent with the level of dc con

. . - 4 . . -
between layers is limited, and we would expect interactionsdm:tlvIty achieved (10"S/cm). This level of doping is

i . uch lower than for the PEDOT, and is presumably attrib-
to be confined to the surface layers at the interfaces formeEIn}able to the higher value of ionization potential for PPV.

?ne:évﬁaer:;ge goﬁid‘%%d ﬁ]er’r,mr:gggttijoc:?gv%?¢¥?e[séT;§ da(i:;ua We have also found that the integrity of the layer structure
ping 9 is disrupted by the interactions between PPV and PEDOT-

not as clearly understood as is the case fo_r doping usmgjss’ and we discuss below how this alters the photoconduc-
oxidizing agents. Han and Elsenbaufiérave discussed the . . . .
tive and photovoltaic behavior of a range of diode structures.

possible mechanisms and consider that there is protonation e note that it is in principle very desirable to be able to

a carbon site involved in the delocalizedelectron system, .

process a transparent electrode on top of the semiconductor
layers, allowing the fabrication of device on nontransparent
substrates. This has been achieved by direct deposition of
ITO onto PPV It would be very useful to use a polymer

The most direct interaction between doped polymer an

: —— 4 N
1'2: system such as PEDOT:PPS in this role, and we have there-
1L 4 3.5 § fore examined such “upside down” structures here. As dis-
i3 8 cussed below, we find that the layer structure is heavily dis-
R 0.8f P rupted by the processes involved in forming this structure.
2 e ] 9
W 0.6 12 @
e} =
w 04: - 115 = B. Photovoltaic results
4r 2
A EE T In order to study the influence of different types of inter-
0.2} 105 :a; faces in exciton dissociation and current generation in pho-
E R tovoltaic devices, we use the EQE action spectra of the dif-
0 o 10 ferent types of devices as our main evaluation tool. The
22 2.4 26 2.8 3

shape of the EQE action spectrum provides information
about which parts of a photovoltaic device are active and
where the dominating exciton dissociation takes place.
FIG. 5. Short-circuit external quantum efficiency spectrum of When an ITO/PPV/Al device is illuminated through the ITO
PEDOT/PPV/Al device, with illumination through PEDO{ull ~ contact, in the range where the absorption coefficient is
circles, and through a semitransparent @lpen diamonds The  small, the incident light penetrates deep in the device and can
solid line is the absorption coefficient of PPV. reach the Al/PPV interface. Since PPV transports holes bet-

Energy(eV)
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ter than electron$ 2" the excitons dissociated at this inter- close to the aluminum contact, resulting in a very thin PPV
face contribute efficiently to the current because the electrongyer, whereas in other parts the PEDOT does not penetrate
are close to the Al contact and holes are transported througsp much, which gives a thicker layer of PPV. We also ob-
the PPV film to the ITO contact. In Fig. 4, we can see thatserved a stronger quenching of the PL efficiency of PPV
the EQE has a peak at the onset of the absorption spectruyhen converted with PEDOT on top, than when PPV is con-
In the energy range where the absorption coefficient igverted on top of PEDOT. This effect is in agreement with the
higher, most of the incident light is absorbed close to thdncreased interfacial area between PPV and PEDOT leading
ITO/PPV interface and by the bulk of the polymer. If exci- 1 @ larger portion of the PPV film being exposed to PSS.
tons are dissociated near the ITO/PPV interface, holes arkn€ large interpenetrating interface between PPV and PE-
easily collected by the ITO contact, but electrons have tdPOT is likely to improve the collection of _electrons, which
travel through the PPV film to be collected by the aluminumneed to be transported through the PPV film to reach the Al

electrode. Because PPV is a poor electron transport materiaefleCtrOde' As In some parts of this device the PPV layer is

the probability that electrons are trapped and undergo recon’Y—éry th'.n’ the probab|l|ty.of an electron to be trapped or to
bination before collection is very high. As Fig. 4 shows, therecomblne before collection is smaller compared to the stan-

EQE falls in this range to a low value. Such behavior iSdard devices. The increased doping also improves the trans-

known as filter effect, because the bulk of the film acts as at qrt t?r?]l:gh the f”mH I\tAhoreXI\//g:D,\\;vhetre fthe PPV Iayerhls Vfﬁy
optical filter?® However, when the device is illuminated "1™ 'ldht can reach the intérface, even wnen the

through the semitransparent Al contact, the filter effect is no psorptlon coefﬁcu_ant IS falrly _h|gh, and both interfaces con-
observed, since the EQE spectrum follows the absorption. | ibute to the exciton dissociation. Consequently, devices

this case, most of the incident light is absorbed close to th@q"’.‘d.e W!th this structure show !mprgved extgrnal quantum
efficiencies of up to 4% when illuminated with a light of

Al/PPV interface and excitons are dissociated near this inter: . P
face contributing to the current. When the absorption coe1°fi—'ntens_"[y of 4.0'“W/C - These yalues are almost an order of
: : H@gmtude higher than for the first two types of devices made
der the same conditions, which show a peak EQE of 0.5%.
omparing the results obtained in air and under vacuum, we
; - ; can conclude that the presence of oxygen increases the exci-

On replacing ITO with PEDOT we observe a different ton dissociation. The PEDOT/PPYV interface is the least pro-

shape of the EQHEsee Fig. 5 When the device is illumi- ;
nated through the PEDOT, we observe that the EQE in'_[ected mter_face and most vulnerable to attacks from oxygen
nd water in the ambient atmosphere.

creases rapidly at the onset of the absorption. Howevel‘e,l . o .
when the absorption coefficient increases the EQE remai}s) Another fact to note is that the open circuit voltage is

same interface resulting in a larger current and consequent
higher quantum efficiency.

constant and the filter effect observed in devices made wit O\F’)V\?/r;f)(; th_e ugsgd\e;—down de\é'(;e i:%m\;)ared to tt_hel PEDOT/
ITO does not occur. In this context, we also note that whe evice(0. compared to 1.0 V, respectivélyOne

PPV is converted on top of PEDOT, the photoluminescenc@ossmle reason for this could be that the conversion of PPV
efficiency of PPV is quenched more than when PPV is conPrecursor to PPV involves the release of hydrochloric acid,
which conceivably could etch the aluminum electrode and

verted on top of ITO. The strong reduction in the photolu- . . X
minescence indicates that interfacial reactions between Ppt\pereby change its work function. However, Kelvin Probe

and PEDOT are occurring during the PPV conversion Thdneasurements show that this is not the case, and that the
fact that the PPV layer is dopdslee Fig. 2 corresponds wéll work function of the aluminum remains the same after con-
with the photoluminescence measurements. It is well knowrf€rston and subsequent remoyal .Of the polymer film. Rea-
that either introducing charges in the form of dopant ions orOns for the decreased open-circuit volta_ge thgrefore have to
using field effect devices strongly quenches the?Pt! be sought elsewhere, such as the formation of interfacial lay-

Apart from quenching the PL, the doping also results in arf'’s and possibly also a different interaction between the

increased conductivity of the polymer. Compared to the ITO/metal and the polymer depending on the fabrication se-

PPV devices where the electrons have to be transporte P‘i;]ce'PlltDCas Ib(taedn sh?wnlth?t alumlnlljm tet\)/apgratt(ra]d ogto
through the poorly conducting film to the aluminum elec- or -refated materials form covaient bonds, thereby

trode, even a slight doping of the PPV facilitates this trans-mOdIfyIng 2t3hse w—glectron structure of - the 'conjugat'ed
port in the PEDOT/PPV devices. We also believe that thénOIeCUIeS?' " The interface formed when PPV is deposited
doping could improve exciton dissociation in these devices>" top of aluminum remains to be investigated and under-

Therefore, when the device is illuminated through the PE-StOOd'

DOT electrode, charges are collected independently of where
in the device the incident light is absorbed, resulting in a flat

EQE action spectrum, as obse_rved in Fig._5. The absence of ACKNOWLEDGMENTS
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