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The research performed during the three years of the grant (DE-FG02-04ER46165) was a
broad investigation of the electronic and chemical structure of organic semiconductor
interfaces, and polymer interfaces in particular. The goal of this work was to achieve control
of these interfaces in order to optimize injection, extraction and transport of charge carriers
into, from and across, respectively, all (opto)electronic devices made of these
semiconductors. The team assembled for this work included Prof. Jean-Luc Brédas at the
Georgia Institute of Technology, Prof. George Malliaras at Cornell University, Dr. Anil
Duggal at General Electric, and Prof. Antoine Kahn (lead PI) at Princeton University.
During the last year of the grant, Prof. Bernard Kippelen at the Georgia Institute of
Technology replaced Prof. Malliaras, who moved to Europe.

The first two years of the grant were mainly devoted to (i) determining the electronic
structure of polymer (F8 and TFB) interfaces and related charge carrier injection/extraction
efficiency; (i1) modify electrode surfaces with self-assembled monolayers or ultra-thin layers
of poly-styrene morpholine to enhance charge injection in polymer films; (iii) the
experimental and theoretical investigations of polymer interfaces with the widely used hole-
injection doped polymer PEDOT:PSS; and (iv) the p-doping of polymers (TFB) with
molecular dopants to enhance carrier injection. Highlights of this research are summarized in
the first two Progress Reports, which were submitted in February 2009 and 2010,
respectively, and which are appended at the end of this 3™ year / final report.

Scientific Achievements of Year 3 (March 2010 — February 2011)

The last year of the grant was devoted predominantly to three topics:
* The p-doping of organic semiconductors
* The formation of polymer interfaces via soft-contact lamination
* The determination of the electronic structure of buried interfaces in polymer blends

1. p-doping of organic semiconductors

Following the development of the high electron affinity p-dopant molybdenum tris[1,2-
bis(trifluoromethyl) ethane-1,2-dithiolene] (Mo(tfd)s), reported in year 2009-2010 (see
below), we investigated the p-doping of molecular hole transport materials (HTM) like N, N'-
di[(1-naphthyl)-N,N'-diphenyl]-1,1'-biphenyl-4,4'-diamine (a-NPD). The reason for this
temporary shift away from polymers was to be able to co-evaporate host and dopant and
investigate the confinement of the dopants in a specific region of the film. Indeed, interface
doping is a well-known technique to create low barrier contacts without changing the nature
of the bulk of the active layer of a device. The second topic outlined below emphasizes soft-
contact lamination of polymer films on top of each others, which eventually opens the way to
interface doping in polymer systems.

Work on p-doping of a-NPD included a complete determination of the ionization energy and
electron affinity (IE, EA) of both host and dopant materials; verification of the Fermi level
shift toward the highest occupied molecular orbital (HOMO) of the host upon p-doping;
conductivity measurements as a function of dopant concentrations; determination of the hole-
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Figure I: {n) Strocture of the three device types. (b) J-F choractenstics of the three Aw'o-NPI¥Au devices. The
bias polarity cormesponds to holes injected from the bul:l.ﬂl:‘l conlact The green dashed corve represents the
SCLC limit calcatuted using a hole mobility of 6.1 x 107 em™{(V 5)

2. Formalion of polx mer interfaces vim sof-contacl lmminmion

We invesligalad the fommahion of palymerpolymer hame- and hetomjunelions via sofi-
conlace laminetion, a8 Techowus by which a polbymer layer spin-coaled scpamaichy on a
gubsirate is ranslerred 1o & sofi PDMS stamp, then brought ino physical conacy, and is
avenmuelly wansferrsd o, the lop of enouvwr polymer layer (Fig. 2l=fi). One of the key
quesrions perlmined 1o lhe clectronie struclure f cleciricel behavior of such en interface.
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Fugure 2: [1efl) rof-coamect lamnaon scheme, soeving e de-laminenan [bom the (sl subcirmle aod dhe
deposilad o b bt pobymer [ilme [Bght} Y characednies of hole injeoumn moas PIHT dewice made
al o [l pelymer layer or Frg @minead kyer sandwichad botweaen PEDOT. P55 and AL The overlsp
hetweoen ciod sl blach corve demnatrabe than che [amonaced imlerface 9 clevineslby wsnless
Lnorgenic counderparls weuld be entirely dominmed by dangling-bond-releed electronic map
suies Brud recombinaion cenwers, leading wo very poor (opialelecronic behevior. We uzed a
combinalion of elecion spectroscopy (ulte-viokl photoemisson), scenmng Kelvin probe



force microscopy (KPFM) and current-voltage measurements on single and laminated films,
and demonstrated that these interfaces are electrically and electronically “seamless” (Fig.
2right) [3]. This work was extended to two polymers, P3HT and F8BT.

The important result illustrate in Fig. 2 eventually opened the way to more recent
investigations (not supported by this DOE grant) of interface doping of polymer devices.
The fact that the laminated junctions were electronically and electrically “transparent”, or
“seamless” led to the idea of doping one of the two layers prior to lamination, and producing
a doped interface/contact with spatially confined dopants good carrier injection/extraction
characteristics.

In collaboration with the group of L. Loo at Princeton Univ., the lamination and de-
lamination process was extended to two additional systems. In the first one P3HT and PCBM
were laminated in different order and incorporated in planar heterojunction solar cells, in
order to test ideas of electron or hole blocking. In the P3HT:PCBM blend device, the usually
observed segregation of the polymer to the surface of the film renders the evaluation of these
processes more difficult [4]. The ability to laminate organic semiconductors and establish
effective and efficient charge transfer interfaces enabled the fabrication of model planar-
heterojunction devices in which the processing of the constituent organic semiconductors can
be systematically varied. Thermal annealing after lamination was intentionally avoided to
eliminate constituent interdiffusion and maintain the pristine charge transfer interface. In that
study, the effective decoupling of the contributions of constituent crystallization to devices
characteristics was demonstrated.

In the second process, Au contacts were laminated and delaminated from the active blend
layer before and after critical annealing sequences [5]. This ability to laminate and
delaminate top metal contacts led us to uncover the peculiar dependence of the open-circuit
voltage of the cell (Voc ) on the annealing sequence. Specifically, thermally annealing
inverted polymer solar cells having bulk-heterojunction photoactive layers after top electrode
deposition above 100 °C leads to lower V,. compared to analogous devices with unannealed
photoactive layers or photoactive layers that have been annealed prior to metal electrode
deposition. This reduction in V.., however, can be reversed when the top electrodes are
replaced. These observations strongly link changes in V,. with annealing sequence to
changes at the top electrode/active layer interface, and not structural changes in the bulk of
the photoactive layer. Electronic characterization conducted on the active layers and metal
contacts after dissection of the polymer solar cells via delamination suggests the role of an
interfacial chemical reaction between the active layers and the metal electrodes. This
chemically generated interfacial layer is removed upon electrode delamination, effectively
reverting the V. to its original value prior to thermal annealing when the top electrodes are
replaced.

3. Determination of the electronic structure of buried interfaces in polymer blends

The relationship between the open circuit voltage V.. produced by a polymer bulk
heterojunction (BHJ) solar cell and the electronic structure of the donor/acceptor interface
has been a difficult one to establish over the past decade [6]. The reason is that the latter, i.e.
the photovoltaic gap or real energy gap between the LUMO of the acceptor and the HOMO
of the donor, is rarely experimentally determined, and is generally assumed to be simply the
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Sciemilic nchievemems

With Ihe slart ¢f the second DOE grant i the Spring of 2008, in acedard with the goals staied
in the propoesal aubmined in the Fall of 2007, dwe 12am of Teur Pls {Proll Jean-1 e Brexdas at
Creorgia Tech, Proll George Malliaras ;o Cornell Wniv. Dr. Anil Duggal m GE and Prol
Antcine Kehn al Princeton Univ.} cstablished severl research dircclions simed Bl

«  [Understanding the fundemenial limits of engineering of pobymer/tlectrode interlrocs, n
particular with respeet 1o redue ing camier injection bartiers

»  Devising new methods, including elecorade surlace modilicaiion and chemical doping, o
ciccumvyemn the limitelions on conventional berrier enginearing,

«  [nvestigaling the technique of physical mminmlion of polymer films as § new parsdigm
for bunlding devices with mdependently opdimized mjection contrets and hetermjunctions.

This progress epdrT focwses speoifelly on ool woark done on (i} underslanding the
limiwlion of hole injection ime our Juorene-based model polymers - e [Quorene bomao-
polymer polydioctyl-Mucrene (FA) and the Nuorens-risrylamire copolymer poby{diccoyl-
Muorerse-co-M-{ 4-barty [pheny 1 dipheny lamine) (TFBY; end {ii} the cleciron injection side rend
the moedificelion of cethodes W mimimize clectron barrers.

Limitutinos ol hnle-lojecling chernmdes

Revenl developments in synthesis and purilicaion have vielded conjugared polymers with
high hole mobilivies. Essential w harvesting the potemial of these mewerials in orgenic lign
emining dindes (GLEDs) is the idemnilicalion of suneble chmic comeas, As slresdy reponed
in two publicatons suppored by this grant [1.2], the Comell group demonsimeted hole
mabililics in cucess of
0.81 em*¥-sec and non-

04 0B

fiald (MViem)

dispersive hole wanspon
in cur model [luorene
copolymer TFB. TU'sing
thic high performance
material, they demoms-
maied  that  elecimdes
commonly usad ES
anodes in JLEDs arc

Em‘
0.0 0.2
Electric .
very poor hoke impeclors

Figara 1. [lefl) Cwrrerl density versws clacordc licld of deviars with differem jn TFB. Figl.ll‘E 1 {lef

pnodey, The welid line epresents 1he spoce chorge bmied cument (SCLC),
{rgh} Tnjeciion eMewny verse slecitn field for e differend awsdea [3] ﬂ;mﬁm Hd;: E:Pm

(SCLC) celculuied using the expenmentzlly determined hole mebility, which constilates the
thermelical meximum cument densiry thal ¢an be injected in the malenials, and the cutrenis
inpmed Trom three elecrrodes  Injection froon Au and indivm fin oxide {1TO} anodes is
limived by energy barriers of 0.75 and 0.585 eV, respeciively, and ihe injected curram is [ound
ho be Eemperelure independent — B prediciion thal wes nod reproduced by the l=ading injection
model for disordered organie semiconduciors. The hole inpection bammer from pob(3.4-
eihy kenedioxythiophene) doped with pobr(syrencsulfonete} (PEDOT:PSS), on the alher



hend. is 0.5 e¥. Figure | (rAght) shows the hole injection elMiciency [or Au. [TO and
PEDOT:PSS. All three ere Jow, even wilh the lener clectrode, Funhermaore, mpection from
PEDOT:PSS 1 found o beveome =5 ellikient with increasing eleeine field [2], & behavior
which s currently not unsdersiood. In thinner TFB (ilms, which are of rmlevance o OLEDs,
chmic loszes on e PEDOT:PSS layer are fourd w limii the Mow of currem. Figure 2
compares he resistance A erca in hwo TFB lilms (besed on SCLC) end in owo dillerend
PEDXIT:P5S f[ilms. These resubs illustrele the opporuniner o Rurlbher improve Lhe
periormance af OLEDs as well as the challenge posed by high mabiliny conjugated poly mers
[ow the design ol hale injeciion layers.

Eleciron injeciion in Nuorene-based model poly mers

Following the successful demonsmaion of sluminum as the bohom comect cathode by whe
GE group in the previous funding period [1], the Georgin Tech and Princeion groups began
o invesligaic using the oxidized surfsce of Al end modified vemmions of i, as a bottom
cathode for clecron ingection mie TFB. Using elummum as the boflom conlacl cathode
metal and & lamination siep 1o assernble components inbe a high-performance OLED provides
many advantages over the convenlional 1op
conleci metal  deposiiion.  Well-defined
clectrede surfeces oller en opponunity R
only 1o betlier wndersiend orgenic—mets]
inerfaces b alas w modify and improve
charge injecrion ard asdheswon a1 e
imerfeces. The Georgia Tech and Princeion
groups  invcaigaied the stuclve  and
encrgelies of oxdized eluminum surleces
and imerfaces wsing density  Runcliemsl
. . theary (DFT) mehods and elecuon

00 0.2 04 0.6 spectroscopy,  respectively. The main
Elaciric fisid {Myiom) objeclive wes Lo bener understand their

Figure 1: Resinance 1 area 8 cboric feld for o 6 reltlionship 0 the jmproved electron

am duck PEDOUT,FSS (C118000) film (open circley,  'ECTion The siudy wes then exiended to
gnd a #0 nm thick PEDOT:PRS (AKMD) film (opm U workfunclion  modificaiion  via
trangl=). The lnea indicals e roivmre « woe tat phosphenic ecid szll-assembled monolay ers

coireapand we SCTC flow n TFA Mikma (et are 10 mm {SJILME]‘ md s il‘l‘lplcl on  clecuen
tuek (300d) and 1i0am thick {deshed]. [2] injﬁ:ti':l‘l.

The work Runciion (WF) of AIOx surfaces was investipated vie nlua-vioker pholoemission
apecirascopy {UPS) on lilms al Al deposited on Ma Si amd exposed o ambient abmoasphers
(no specific oxidaion procedure). The thickness ol the nalive oxide resuliing from his
cxposure 15 m the order of 1~1.% nm. The WF ol the sub-oxide A1Ox on the 25-loaded sample
13 found o vary betweon 3.3 and 3.7 eV [4]. This velug 15 aleady 0.5-0.7 eV smaller than
that al clean Al, advantapecus in the contex. of elecrron injeclion.

The A zurfecz wes then sysiematically moadiled with SAMs of alkyl pbosphonaies
IPOHCeH=gc1, n=4, 6, 8,10, 18). The inninl invesnigmion focused on the Cy molecule (4], The
5AM wes found 1o lower the AlOx WF by ~ 0.4 c¥. o J.1-3.3 e¥. The otiginal essumplion
was thay the polar P<Cy bond a1 the SAMYAKR interface introdeces & dipole 1hal lowers Lhe

10



sysem WF. The SAM wes also found w survive the spin-coming of TFB, and 10 reduce the
electron injechon bamet from 1,14 eV o 0,72 eV, i aceord with the WF lowenng.

Mosr imporiantly, ¢lattran injeclion was (esied in AIDSAMTFB/Hg strucrures, and found
e increase by nearly rwo orders af magniusde with respeat o the current obaired withow
the 8AMs (Figurz 1) [4]. A series of 5AM:s with differem length {C,, n= 4,6,5,10,18) was
also  invcaligated to  evelusted he
impact of chain length and molecular
orientasn on eleewon injeclion inlo the
: palymer film. The preliminary resulis
| . mgwen in Figur:?-.ﬂl:ﬂmandﬂ.;
show a decressz in current w.r.l 1o Ca,
8 rsull that can be etmbuled 1o the
lerger lunneling gep.  Howwgver, evén
though C; and C, are shoner and
prduce the same WF on AlOm than
their longer coumerpans, the cumem
density oblained with these malecules
13 gither the same (Cu) or smaller (Cy)
than with bare AKOx This rezuly, which
remains under investigalwn, could be
relared to a dilTfersmn morphology ol the
palymer Nilm, cg. polymer chein
alignment, on Lhe shot, =55 omenied
mokecules. NEXAFS, AFM and corian angle measuremenis are being appleed 1o his
problem [3].
A koy sspoct of Lthe analysia of electron injeetien is the understanding of elcciron transpon
and mobihty, a tapic thel hes remeined largely untouched for these polymers. The Comell
group 15 curvently wsing the time=ol-Might method o obiain electimn mobility &5 a lunction of
eleewric field and 1ermnpermure. Linfonunarely the cransienis have been highly dispersive. The
glecron mobiliy obwined from whe inllection point in & log-log plol appeers o be aboul bwo
orders of magniude lawer than 1he hole mobiliy. The Cormell group is conduciing thickness
dependenl mersurements W cslablish whether this dispersive tanspon 15 intnnsic or cavsed
by maps. They then plen 1o evaluate the mpechon efficency by measuring mim bebveen the
ingclion eleciron currem and the space charge limiled one caleulmed by e bulk elecuron
mobiliy, as was done (or bole injeciion [2].

The Georgin Tech group modeled the oxidized aluminum surfaces by combining slabs of
AlfLLLY (7 etemic layers) end a-AlOx 001 ) (12 O layers), cach consimimg of two surfaee
umit cells. Figure 4 shows the oplimized AlxOk with different sudace anerres The ‘e’
oMide suriace comains o Al atams {or one Al momic layer] and s the most smable bul onby
in H-free environments [8]. The "0OH+H" surfecs has one OH group ahached to g surface Al
awm and ane H atom adached w en O stom in the second layer, and comesponds o a
salurated hydroxyl coverage afier mom temperalore waiet exposure [7]. The "H' surfece 15
hisined &fter emeval ef the OH group [rem the "OH+H" surface, On the "50OHs" surfas,
the O layer is the Llopmost layer and all six O mioms have a H apown, comresponding w &
coverage afler an acidic wemmemn {8]. The ‘PA' surfece has three mabhylphosphonic ecid

Carrar Dty | mAden ')
g

Figare J: Curreol densily messgred with & Hy probe o
A O EARTE B ) 1l
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molecules with 2 corresponding experimenial packing density for phosphonic acid 5AMs [9].

Figure 3 shirws the 1omizatiom energics of the aluminum oxide »lub with varving hydroxyl
coverage, The vecuurn level of Lhe bare oxide surlace is shown on the lefl and thoss of W
hydroxyl-coversd surfaces are on the nght, Surece hydroxyls modify the konization coerm
free of  hydromyls  unless
o br very sensiive 1o the history

.

greatly, and can also cleyale
- " it e Flsata the vacuum level. Whareas the
annealed ar =HH K [7]- Cur
resulis, therelore, indieae the

Fgure 4 Opimized structures off Al:Dy with different Fih ] paration.
e Lnaclures (e b for detilk) 0% Thie samplE pre o

Al-wepped surface is e mom

E E ﬁ % stable, oxide surfices are noil
. g 5 2 the experimemal work funaien
Camrrape 2 e’ S o of the oxidized aluminum can
The calculaled work fwlions of the combined Al and Al;O, slabs are shown in Figure 6.
The AVALOs inerface adds an olz=1 of 1.1 ¥ 10 the spectrum of energy levels olmained [or
the dickectric oxides in Figure 3. Interealingly, @ 2 hydroxyl coverage berween the *H' and
‘OH+H" sorfeccs, the modificaiion v the oxpde leyer of the Al work function can be

compenzated by the presence of surlace hydroxylz, resulling in 2 work funclion equivalent 1o
thay of the Al meiel withow any oxide layer [18]. This is consisenl with the experimentsl

o chservaion ol no

;_r,:'"“ i change in  work

bl 1 RancTion after

i e prowing a thin

e oxide overlayer

According w our

CICIEY level

diagrams, rhe

downshifl of 0.4

e%' reported by e

w Princeton  greup

(9] supmcsis thet

Fgre % Cooimed  Figare & Colulmd  oorkhmtions of L Coc Surfuse

wmuaian erenges of @ AKIIMo-AKOH000L) for dfieront wrers  TOY b covered

ARCHDDOL] Inr  different {see Fig. 3 for the Labels), with &  small

surfaces (e Fig. 1 for number ol
' hydroxy| groups.

The Georpia Tech group also investigated the impact of deposition of e SAM made of alkyl
phusphonie wids. They lirst consudered jusi the oxide. In that cese, the SAM 15 calculuied o
madily the surface siricture grearly, owéver, the combined effects of the molecular dipolkes
of 1he 3AM medecules and the strocivmal relakations within the omide layer, mesult 10 mo
sipnificant changs of the iomi2etion energy with respect o the bare otide (s=2 Fipune 5),
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When considering the aluminum/aluminum oxide system, the SAM leads to a calculated
reduction of the work function by some 1.5 eV (see Figure 6). This decrease is consistent
with—although larger than—that observed experimentally by the Princeton group (0.8 eV
with respect to Al metal) with PA molecules containing longer alkyl tails [4].

In a parallel effort to understand cathodes and electron injection, the Cornell group developed
a photovoltaic measurement technique to extract the built-in potential of a diode made from
TFB sandwiched between different electrodes. Al and CsF/Al were chosen as cathodes. The
device had a ITO/PEDOT:PSS/TFB (100nm)/cathode structure. The TFB film was spin-
coated from p-xylene to achieve a thickness of ~ 100nm. Prior to cathode deposition, the
films were baked at 130C for 15min in a nitrogen environment. The cathodes were then
thermally deposited under high vacuum.

The photovoltaic measurement was performed using a Xenon lamp with a light intensity of
100mW/cm? in a nitrogen environment. The open circuit voltage (Voc) was extracted from
the standard current-voltage characteristics. This Voc, when corrected for a short arising
from the dark current, represents the built-in potential (Vbi) of the device [11].

According to the UPS study shown in [11], ITO which is exposed to chlorinated solvent has
a work function of 4.85eV. The CsF buffer layer reduces the effective work function of the
Al cathode by ~1eV. Hence, the effective work function of Al and CsF/Al cathode is found
to be 4.25¢V and 3.25eV, respectively. Since the LUMO of TFB is 2.5¢V, it is then
suggested that the electron injection barrier of Al/CsF/TFB and AlI/TFB is 0.75eV and
1.75eV, respectively.

Device Anode Cathode Vbi (V)
1 ITO CsF/Al 1.66
2 PEDOT:PSS (CH8000) CsF/Al 1.7
3 ITO Al 0.6
4 PEDOT:PSS (CH8000) Al 0.76

Table 1: Summary of built-in-potential (Vbi) measured for different anode/polymer/cathode configurations.

PEDOT:PSS has a work function of 5.15eV. The Vbi’s of devices 2 and 4 are therefore
expected to be 1.9e¢V and 0.9eV, respectively, if band bending or surface dipole effects do
not occur at the anode interface. The 0.2 and 0.14eV discrepancies are tentatively attributed
to band bending (~0.25¢V) at the PEDOT:PSS/TFB interface, consistent with the UPS
observations [12].

Model Polymers

Our joint efforts have so far utilized two polymers — the homopolymer of polyfluorene and
the copolymer TFB that have proven high performance capability in OLEDs at GE and
elsewhere in the world. These polyfluorenes are obtained by coupling suitably functionalized
fluorene monomers at the 2 and 7 positions. Recently, GE discovered a process that yields
substantial quantities of an isomeric fluorene monomer that enables coupling at the 2 and 5-
positions (see chemical structures below). These materials are of great interest within the
context of this program because in contrast to the typical linearly coupled 2,7 materials, the
aryl linkage joined at the hindered S-position cannot achieve co-planarity with the adjacent
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[Muorene rmg. AL the same lime, these isomeric monomers can be funcuionalized o the 9-
posilons cnabling control of physicel propetties {solubihty, chame mobility, morphology ) in
the same Wway s siandand poly Muoréns matersls,

This subile change in strocrure is likely ra lead b noticeable changes in the single polymer
elecirical properiies because it causes the dizsrupion of conjugmion al the linkege siies.
Hence, this should resukt in a larger charge tanspon gap which, in trmn, should yield
dilferemt clectnical inetlace propenucs.  Similardy, the change in sieric packing duc to the
non-coplanariry should yield diffevent electrical mansporT propenes.

The GE 12am is now exploring the symhesis of thesz mmeriale with the aim of crearing the
2,5 analogues of the rwo model polymers tha have been invesmigeed w dae. These
maierials are of praclical interes. because Lheir higher bend gap makes them compatible with
phosphotescen! dopants,  More importantly Fromn the scientilc sspect, they will provide a
uséful contmst (O the modé| metenals sinae ther chemmaal identiny will be (dénheal bul their
elecronic behavier will Hlaly be different lence they will provide a rest of the prediclive
powers of the models and understanding that we have built up to date.

RO OrR RO OR RO OR

3 GO GO GO

?{ﬁﬁ: Br BIOR), Br
S o B(oR), BIOR)
1 2 3

An interesing [fature of incorpomaning an unsymmetncal monomer into @ polyfMuorence cham
15 thel the longest conjumition length cbiained from homo couplng an the 2 and 3-positions
depends an 1the method of coupling  For example, self~coupling of manamer 1 either dirzoby
vid Yamamoa coupling or with reaciion with the bis-bome, 2, via & Suzuki coupling
profocal afTords a3 polymer in which some segmems will be derived from 22" coupling. The
expected singler and triplel energica for these meierials should be whe same as thee of a
flugreret dhimer.  Howewver, homo aouphing of & monomer eanng 4 brommde and boraie et
esach of the nen-auivalent positions should alford & polymer having anly 2 5-linkages in the
chain henca a higher singler and (rplel energy than those jusl dezcribed.  We have been eble
o obein such 8 manamer, 3. Indead, (he polymer derived frem homo coupling of 3 exhibits
r wider hand gap than the derived from ooupling 1 with 2.

To this poinl, we have nd been sble to obtam high mokeeular weight polymers from coupling
I with 2 ar by home coupling of 3. This is likely duee w remrdation in the e of coupling ar
the 5-position due w hindrance. This enables side reaciions w compele kineically wich
chain-growih end limits the ulimale molecular weight obainable. We are cumemly
cplimizing the poly merizalion conditions in an efforl 1o overcom® Lhis problem.
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Planned activities for the following year

The remainder of the first period (through 3/31/09) and the second year of the grant will be
devoted, in large part, to the investigation of electron injection into, and transport through,
our model polymers. The promising work on SAM-modified oxide (AlOx) surfaces outlined
above will be continued to:

. investigate the origin of the difference in energy level offsets between the dielectric
oxide and the oxide-covered metal of Al.

. establish the optimal SAM structure (length, termination) for minimizing electron
barrier and maximizing injection

. determine the interfacial structure of SAMs with longer alkyl groups, and examine
the effects of different tail groups on the work function

. examine the excitation energies (singlet and triplet energies) of F8 and TFB as a
function of linkage position using time-dependent DFT

. measure electron mobility in our model polymers, and determine the real injection
efficiency of SAM-modified oxide electrodes

We will begin the investigation of new polymers synthesized at GE and evaluate
performance in terms of carrier mobility and injection.

We will investigate the use of alternate hole-injection layers that present lower ohmic losses
than the widely used PEDOT:PSS [2], and we will revisit the (p-)doping of polymer layers
with strongly oxidizing agents to circumvent the problem of Fermi level pinning reported in
our earlier work on TFB [12].

Finally, with a handle on both electron and hole injection, we will begin to investigate the
performance of simple PLED devices built by lamination of two sides for which injection has
been optimized.

Interactions between institutions
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The four institutions kept a tight level of interaction with frequent consultations during the
first year of this grant. In addition to frequent bi-lateral interactions, the four groups met on
October 14, 2008 at Princeton University. The four groups will hold a conference-call later
in February 2009, and will meet again before the summer. These frequent full-group
discussions have proven extremely useful for Pls, post-docs and students, and have allowed a
high level of coherence in the research. The groups also meet more informally on regular
basis at various meetings around the country, e.g. MRS or APS.

Personnel (partially or totally) supported by the DOE Grant (other than summer
support for PIs)

Hon Hang Fong: Post-doctoral fellow, Cornell University

Zelei Guan: Post-doctoral fellow, Princeton University

Eung-Gun Kim: Post-doctoral fellow, Georgia Institute of Technology
Alexis Papadimitratos: Graduate student, Cornell University

Publications supported by the grant
(since May 2008)

I. Modification of the FElectronic Properties of Aluminum Oxide Surfaces by
Octylphosphonate Self-Assembled Monolayer Deposition, Yana Vaynzof, Joseph T. Dennes,
Jeffrey Schwartz and Antoine Kahn, Appl. Phys. Lett. 93, 103305 (2008)

2. Hole injection in a model fluorene-triarylamine copolymer, Hon Hang Fong, Alexis
Papadimitratos, Jachyung Hwang, Antoine Kahn and George G. Malliaras Adv. Funct.
Mater. 19, 304 (2009)

3. LElectron injection properties of low work function electrodes: limitation by Fermi
level pinning, Y. Vaynzof, J.T. Dennes, J. Schwartz and A. Kahn (to be submitted)

4. Electron injection and transport in a fluorene-triarylamine copolymer, H.H. Fong, A.
Kahn, and G.G. Malliaras (in preparation).
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Sciemilic nchievemenis

Dhming the sevond penod of the currend granl, Metch 2008 — February 20100, the term ol four
Pls (Prof. Jean-Lug Brides sl Geanga Tech, Prof. Oeorge Melllams al Comell Univ., Dr.
Anil Cuggal a &E and Proll Anpvine Kahn a1 Princeten Univ. ) conlinwed their inveqigalions
ol polymer imerfaces and relaied issues of chemical and elecronic sunschures. charge cerrier
injection, mansport knd chemical doping.

This progress report locuscs specifically on reoent work dene on (i micrfeces between the
hale  inpsliom  layer PEDOT:PSS  and  the Moortne-triwcylamine copalymer
polyd dwery [Nuorene~ce-4- 4 -bury iphenyl 3iphenylamine) (TFRY; {ii} the poype doping of
TFD o enhance carrier injeclion and conductiviey; amd {iii} the molke of PS-morpholine in
enhancing eleciron injecuon from e Al cathode imo TFB.

Acid=hese inleractions al TFRPEDOT PSS inlerfaces

Among eonjugeted polymers, polyluorcne and i copalymers eshibnt bigh Turminous
eMeiency and low dnving voliege. Recently, the Camell and Princeton groups roparted 4
syRematic shudy of hole rranspon in TEB and eveluated hole injeclion using v conducting
polymer PEDOT:PSS a: a hale injection zlecmade.[1] 1L has been widely suggzsted rhat upon
thermal posi-anncaling of the PEDOT . PS54npheny imine conisel, en imerlayer (hai can lead
to cnhanced deviee lifclime is formed.[2] Previows reporls show ther the enhancement of
device lifetime arises Trom bener polymer packing and reduced imerface roughness due 1o
the anrealing of the light-emnining polymer above s glase mnsiion lempersiore. However,
there is nm yet conclusive evidence to explein the improved elecrrical performance of
OLEDs ihe wnilize this comaa,

.E[ ; During this seopnd penad, the
W A@\ n Comell group consulered & new
CHi™ Gy effect m e PEDOT.FSSTFA
5 imerface. Resules shaw tha this
{a) TFB PEDOT:PSS SOH

widely used CcOntacl

m-:li - (PEDOT-PSS and

(5S-G Methanesulfonic acid (M5A) wriphenylamine) s subjen w0 the

OH [ormation of & salied-sare organic

{b] ecid-basez junclion, where PS5H
- ECIE B 2 Mrong orgmnic ecid

while Iriphenylaming compound
sich as TFB arts ms » weak
organic base. The omgenic =all
“inierlayer™ therelore eppears in
between PEDOT.PSS and TFB
and thiz interlayer tegion 15 able
] e be adjusied according o the

3. Je¥ 35V “efMiciency” of prowon difusion

TTOTPRexthede g T, PES/T P s Fig. l{a) shows the molecular

Flgura 1: (&) Moleruler souclors of TFR and PET PSS, eml  sructure ol TFB and
hemical fommuls of methancsulfonic =cid. (b Energy dimgrem off . previ
ITOVTFRtcathade and 1T/ PEDOT PSSTF el nde PEDOT:PSS. Cur jous study

4 A5V
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[1] shows thalt when PEDMOT:PSS is inseried in berween the ITO and (e TFB laver, o
downward surfece band bending of 0.2% ¢V woril, PEDOTPSS ocers {Fig. (b)), Our
previols wma-vipket photoemmission spectrosadpy (LTFS) study of PEDOT:P35 shows that g
3.5 nm thick PS5511 layer fomms on the awrlace of the PEDOT-PSS film upon dvermal
ennealing.[1] We alsa obzerved thar thermal baking ol PEDOT:PSS ia able w0 liberme
protons, which them diffuse 10 the overlaver polymer Alm.[4] A direci exemple is thet the
eroas-linkable highi-cmining palyfluorene 15 responsive to the proien end forms v JO om
thiek insaluble cross-linked Glm upon thammal baking of the PEDOT PS5 undedayer.

e llere, we (unher investigme the
J  inlluence of the preton diffusion

TFB w TFB. In order w funher
understand the cngn of band

MSA0.1% bepding, we ﬁﬁlmnlltmpl o
41 evalume the effect of PSSI 1o

A TFB by replacing the PSSH with
a simple mode] orgenic ecid,
namchr methencsullomic  eeid
(MSA) {Fig. 1{a)} Note thai
PEXII iz soluble in waler b nm
miscible with organic sclvenis
while M34 15 relaivelr mizcible
wilh non-poler organic solvenls

300 400 500 600 700 800 such as chiarofarm, xyleme, and

Wavelangth {nm) tolusne up 1a cenain exeent.

Figure 4: Opimal sbeoipiion speston of TFB sobwdon (01 mgml. FIg. 2 shows  the  opmical
w pxyvlenct thlack), TFB solunon mived with 00% W5A (red),  absorpuon speeme of the pristine
and TFH splution mixed wilh 1% M5A TFB =clulicn and the TFBR

solitiom mixed with M5A m
dilferent concenlrations. h is clearly shawn thal an addiliensl absarpicn near the band edge
gppears when the M5A concenmalion resches 1%. This new sbsorplion shoulder suggests
thar the omical band gep of TFB afler M3A doping is reduced from 2.8 eV o 2.2 £V,
Therefore, the TFB:MSA solution hums to & pele yellow color, Fig. 3 further illusirates the
opl ] imags of the pnghme TFB salutian {Fig. 3akh and the TFB solution mised with an
excess amounl of MSA {weigh mlio of TFE:MSA = 1:24.5) (Fig. J{b}). An inscluble
brownizh precipitne is formed upon an excezss amounl of MSA doped imo TEB. This
TFB:MSA mixture shows g weak Nuorcscencee under 365 nm excitlion, indicevng the. »
smell poriion of the TFB remains undoped while the large pottion of TFB convens (o mn
organic TFB sah die o prownalion. The lolkowing eelon pathway genemlizes e
irter{ace imereclion berween TFB and PSS

TFB + H' 50, R ——= TFBH' iorowmi+ SOWR,
4~
wherz R represents an alky | chain

To conlimm that the protonalion occurs e the riphenylamine univ of TFB ban nol & whe
[Muworeree wnil, we further amdy the resclion between MS3A and @ mphenylemine molecule
(TPA). Fig. Xec) shows (he oplicel mages of » pristine TPA soluhon (dissolved in

1.0

— g —

0.0
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chlorolorm; 200 mg/mL) end the corresponding TPA solution mixed with MS8A (weigh revio
of TPA:MSA = | ; 0.7d), Thhe solution of TPA doped with M5A hums 1o green color =1 such
& low coneentmalion of M3A, This direct evidence indiceles thet the TSA reacls with the
nirogen aom in e teniary amine of TFB and redhces the oplical band gap of TFB.

Therelore, we experimenally demonstraie thal Uve provon is able o co-ordinae 1o the weriiary
eminz in the TFB polymer thet leads 1o formation of an inscluble intedeyer slong Lhe
PEDIT:PSSTFD imcrfece. This study suggesis that the miie of PEDOT w0 P55 crn cause

dilferent degrees of proton
diffusion imo the overlayer
polymer. Furthermorz, whe
raio of Leriiary emine of
the Fluoreme-
iriphényleminé ¢opolymer
can causs dilferem degrees

of prowonalion. In

vl lusion, Lhe

H inipheny lamine and
.5.6 sul fomic acid moieties foom

OH L ?panii_‘m m_lid-st_!u.e
I :I O organic acid-baze junciion
pair thar resuls in an

nscluble oTganmic interlayer
in the PEDOT:PS5TFB

Figare . (8] TFB dowslmd in paylere {13mpml) (kA) and TFB  Merface. This principle
i omn Sllmnated by 165 om (nghi). (b} TFB dmaolved ;v paylens (15 can be gametally applied 1o
mp'mL} mixed with M3A {lef} ond TFH soluion mixed with M54 explain the imeriece
illumunawd by 363 mm (righn) (¢} TRA dimnlved i chlomoform (fl)and  pehewi betwee

TPA saluion mined with MSA (righ), e, Mokecular sinuctues of  pprainee .
triphemy lamive mebecule (TFA) and methamesad e acid (RASA ). -

T fuiy arvilh [T} [

and  other
wipheny lam ine
coplymers.

The theoreticel espect of the imersciions belween TFB and protons released from PSSH was
investigated by Lhe Georpia Tech group. The theorelical methodology was basad on uhe
[allbwing. Density fnctional teary (DFT) caleulaions were performed on madel aligomer s
al TFB. Oligomers of FTFTFTF {F for Quorene and T (or wripheny lamine) were used 1o
represent TFB. The alky] side greups on bedh Muorene and ripheny lamine unis. which
would nm allect the properics of interes, signilicanily, were replaced with & hydrogen stom
o rduce the computeton lime, Three dilferent levels of protonarion, A3 (n denoles fhe
number nf prdonared amine groups and 3 the wial number of amine groups in the oligomer),
wearz modelzd by adding a proton wo e amine nitrogen; twe cemiral riphenylamine unie was
pretonaied Bl 173 and the oo petiplveral miphenylaming uniws were used @ 273, Mo couner
13 were considersd,

The ground-siale molecular geomeiry was ohigined al the BILYPAS-31GId,p) level. Time-
dependent DFT (TDDFT) was then used on the ground-sale peomerry 10 celeulme singler
excited slmes (up w 20 staes).  Transivon energies and oscillawor surenmbs were
subsequenily convolved wilth a8 Gauszian function of FWHM (full width ex hall maximum) =
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0.3 eV 1o simulate OB'I.it-ﬂl absormicn spectra.  All calculalions were performed using whe
Cavssan O3 package I

T ' T o ' Fig. 4 shows e simulaed opficel
absorpion spectra of TFR a1 dillerem
procnation kevels ohained from TDDET-
calculared singlel exciied mates.  Cur
simulalion rproduces the experimental
spectral leatures of pristine (73) TFB very
well. Both the srrong-inlensity peak (ar
412 nm) end ihe shoulder are slighly red-
shifted with respect 10 experimem.
Subsequen!  protcnelion ted-shifis  the
lowesl  encry  peuk, bul the rad-ihift
decreases  with funher proonaion o
uhimaiely become negmive m  full
protonation (the shill with rc=pect to the
: : : : : : prizime atete 15 266, 152, and —22 om et
N LoD SN B T AN 143, 213, and 3/1, respeelively). It is now

Tranginon Energy (nmj strmightforward o repraduce 1he

Flgurs &: Simulaled icn e af TFB av experimemal ahsurpu?n SPETE n_{.
l.IlH':r:m muhnﬂmﬂﬁmahmh protovaied TFB_ featuring he “in-gep
of prodonaied amine groups, o, ol of ibe lowl number,  band, by combming the simulsted 33 and
3. of amive grovpa in the TFB oligomer. 2} spetire (pote thet rhe experiments]

specira concain concibulions from boah e
pristire and provonaed pomions ol TFB). Ouwr DFT celculations are consistem with an
imerfeeial Lewis acid—baze reaciion berween the emine of TEB and the prolon dissociated
from P55H end furlhermore suggesi thai the level of pretonetion 15 mther high with on the
arder of every ather amine group probomaced

The dependence of the ) — 3
pbaorphion speclum e
tm the  prortomelcm
level A b ¥
undersixxd  Tom  the

molecular orbital A | I LLwAG ;

picure. In prislinc 1 . T‘J i

TFB, boh the highes | 200 ‘ 1" f
; ' i

ks

<ﬁ*
I

wccupied {HOMOY) and
Iz uncccupicd
(LURACY molecular .
crbicals are deloealized
over both Muorene and
imphenylemine  unils
{sce Fig. 5. Ich); al the -
HOMO lcvel,  Flgure 7: Caloulated mokecular orhisa] energy levels of TFB befare (3 and
viphenylamine  units  =her 1273) protonaliom

arc more populawed

"]
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than Nuorens unils wher=as it is opposite & the LUMO level (the riphenylemine phenyl tha
15 noo direcily hinked 1o » fluorene umil 15 cven barcly populeted). When an emine group 15
pridimeted, the posinve chargs 15 [9ealized over the hesting fnphenylaming wnil and sbmLn
hall a Mworene unil on each side; the wrsion aw the T—F bond changes by only & Few degrees
[rom -34°. Sharing the lome pair electrons with a (posilively charged} provon stabilizes
focadly both the accupicd snd uncocupied energy levels. The new LUMO is bocelized over
the prolonated tnphenylamine unil wherens the HOMO remains delocalized rlong the cham
with an interrupred comjugalion only a1 A protonated site (Fig. 5, right); as a resull, the
HOMO is less impamed by the protonation than the very kocal LUMO. With the rransilion 1o
the lirs singl=1 exciied stae being from the HOMO o the LUMO (in ell excepl for the 1/3
case), Lthe opical bandgap narrowsa, producing the in-gap band in the absorplion specim.

p-doping uf TFB via co-splulion

Chemicel doping 16 being implemented 10 ongame thin [ilms for increasing bulk canduetivity
and enhancing carier inpeaion via mnneling through narow depletion regiona. The
Princeion group iniisied an inveslipation of p-rype doping in TFB via co-zolnion of ue
polymer with the songly oxidalive mokcule molybdenum  triz[ ], 2-bis{ miNuoromethyl )
clhane-12-dithiolenc] (Mofifd),) (insct Fig, &). This mokcuk had been previcusly [ound o
exhibil an eleciron affinity (EA) of 5.6 eV, which is 8.1 eV Larger than the TFB ionizaion
energy (IE} |6,7] Severel groups have sudied and ceporied daping small molecule films by
conrolled co-evaporation of host end dopant meolecules, However, only & few repoms are
evailable for the [ermation of doped polymer films by co-soluion.[8]

Doped films were prepared by dssolving TFB in enhydrous p-xylene at 63 °C, and edding
either 2, 10 ar 12 wt Mo{ild};, apd $pin-céanmng upder eontra] ked simasphere on 5i o [TO,
depending on the specilic experiment. Films were then wansponed {under conuolled
amospherz} o the UHY chamber for phooemiszion experimenis, or 10 & marcury probe

He I o Doped TFB
3 =5 ' EA=2.137 ¥
7
2 = ) UMD
£ WF = 4.53 eV
£ |
0 ud :ﬂ-l"-i-ﬂ-- e m il
i i i § » § o g & L u_nd?pe.d IE - 5 q? !'v
TR SR TRE S N IR TR HOMQ

Ewrl E, (V)

Figure 8: [Leh) He Il UPS specm of die froooer s ebonce swres of undoped and doped TFB Dilms., The
doymng oo et id [0 v Tneet: cheovical stricnes of the bl L rodecule (Right) ey diagram
of the doped TFB Fim show ing icnieatgon soergy §[E), checoon aiomy {EA) and work [wcon {WF),
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suition for elecrical messurementa. Fig. 6 (lefl) shows the TFB velence siaes closes o the
Fermm kevel (relerence al O eV for the undoped and doped (10%) [ims. The valence sistcs
cléarly shift toward Er, indicative of p-déping. ¥el the shif 13 smeller then expected bosed om
the electronic levels of the consinenls and on previous experience with poly(3.9'-
diccry IMuworensz} {F8) dopad with F4-TCN.[B] The posiien ol Er in the gap of the doped
polymer is zhown on Lhe ight of Fig. 6.

Elecirical chamctenstics oblained en the ITOVTFB( 1000 AvHg probe ere shown in Fig. 7.
The {hole-mly ) cumonl eomrcspomids o hales ingeeted from 1TO {1g probe bissed negalive)
or from the g comas {llg probe biased posinive). TFB i either undoped, or doped o 2 or
12 wi*s. The firn significem resull i3 el doping incresses the Milm comduclivity, The
conduciiviy of the undeped [lm iz very low, amd the low-field cumment density {chmic
conduction} 15 10 the noise of cur experimenta] sel-up, The 2% doped [m exhibils seversl
orjers Of megnibude Jarger cuprml, in padkular mothe shmic epme, which indicalss a
signilican boog of the film conductiviry. This boea in doped films is due be: (i} preleremial
filling of deep raps by camriers releasad by e dopants, which reduces nclivalion ensrgy [or
hopping, transpon; end (i) aveilebihior of more | free™ camiers. The conductivity of the [2%
doped [ilm increases by anciher | 12 orders of megnitude. Doping cilickeney momains umder

iny et .

1000 ——r——vry——r—rrr—v—rrr—v—vvr—r The wecond imeresing resull is
—— Hol# Injection from ITO { the large increes= in bebom
10k — Hole injection from Hg 4 inpeaien, which uansleiss into
the rl||:|1d tum-en Jusd below 10
Vem''. This ansef 5 beheved
e be due o higher doping a1 the
TFBATO inerface, ns has been
seen specilically in inerfece-
doped  systems, 1. where
dopants are spatially rearicied
w one of e MWwo organic
imerfeces.[9] Injeclion ai the
undoped interfece is ..normel,
i.¢. the hamet belween the meml
Férmi level end the TFH 11080

Eleciric Field (V/em) covurols injection. Injecion @

Flgare ®: ] v5. k charwcterisucs of [TONTE B IOO0A VHE. The the doped imerface is enhanced

_ ! by hole tunncling through the
I filrm Ehr th 2 or [T
polymer film (s either wndoped of doped with 2 o Mufrrd), doping-induced deplelion

region. A very cimilar resul was obtained om & Si subsime. The above explanation, bowever,
pre-supposes thal doping is highly inhomogeneous in the TFB [ilm, with signilicant
segregalion Al the bodom imerfece. This point is currenlly being investigated via Ruherfond
back-scanering analysis of element (2.g. Mo) depah dismribudicn in the polymer [lm.

Role af PS-marphuline in gnhancing elecirun injecfion from Al to TFA

The GE group recently shawed thet & thip ley<r of nalkylamme fupcliona] pobymers, such g4
paly | -methy l-N-ethy amimome by ayrene (PS-morpholing} (Fig. 8}, insened berween an
EL polymer, e.g. THB, end an elecirde (Al Au} enhances eleciron injeciion. e Princewm

LAY

Current Density (mA/cm’)
&
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group investigeed the elecironic smucture of P5-morpholine and is inverface with TEB and

Al
il PS-morpholine ;o sa '|' — |
T {1.31 &V
' s :
ups i LA eV || lunMO
ﬁr Bl i |
= ‘IPES ) | )
= ' Ul A : wwmo |
g T L. | 4.2 eV
g |L x'a | . 5.50 eV | 677ev
J R | B !
i, : 5
| . |
A~ Wl | =
o o | e B L HomG
i c ma _—
EwrilEf(av) -

Flgure 18: {Lefl) IPSPES (rom a8 1 nen P5-morpholine film on 5 The edees of due [hed and ermpry
stafes, JIORO sl LUMO, are indicated, me wel] na the vecvum Tevel, The chemioml sincture of’ PS-
morpholine: 1A shosm n s {Righi) Evcrgy dicgram shors mg, e fromiier arkdaials of PS-morpholie
adogeed weith thoae o TFH. The Fermi level of Al 15 shown on the righl

A 1 nm of PS-morpholine was spin-coated on n'-5i and anudied by TUPS and inverse

photoemission specmascopy

{IPES} 10 derermnine [illed and empty staiz energies. Fig. 8

zhows the combined UPS and 1PES spectrn {leR) and the relevant electronic levels (HOMD,
LUMO) deduced from these measurements. The TFB HOMO and LUMO levels (determimed
in previous audies under 1his grant) clearly fio in the lage PS-mopholine gap.

. IE-.H
‘ I Nam

4 Do

1l dm

il",hll: bbe Illll..ll.r._lnPLlh | I:.I}
LT'E oo Si, and (b FS-movphelioe on

TN

APS investigaiions of imerfaces between Al and An
end PS-morpholime do no show any evidence of
chemizry thel could kead to the lormation of gap
states that, in wm, could eaplain the enhancement in
elecon injection. One possibility is therelore tha the
PS-morpholine Lyer plays the role of & wnneling
barrier, whereby pan of the bias drops acroas it This
proccss would shift the clectrede Fermi level closer o
the TFB LUMO, enhancing injechon. However, Fig. &
shows Lhal the Al Fermi level is abo 1.8 eV below
the TFB LUMO. A signilicam increase in injection
would require thm berween (L5 snd 1 Y be dropped
across Lhe FS-morpholine leyer. Given thal the GE
experiment was done with 3 nm thick P5S-morpholine
film, this would imply an exrremely high Neld in e
insulalor. Another possibility is himed by an AFM
sudy ol e 5 nm P3-morpheline on TEB. Fig. %a shows
the micropgraph ol the TFB surfece, which cn!iibhs an
RMS roughness of aboul 0.3 nmoon e 1K pm© area. A
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similar area exhibits a 9 nm RMS roughness for PS-morpholine on TFB (Fig. 9b). This type
of morphology could introduce considerable inhomogeneity in the contact structure, leading
for example to high field contact areas. These preliminary results will be followed up in the
next few months.

8.
9.
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Planned activities for the following year

The remainder of the second period (through 3/31/10) and the third year of the grant will be
devoted to the investigation of key polymer interfaces, polymer doping and charge carrier
injection.

The Cornell and Georgia Tech groups will continue their investigation of the TFB (and
other polymer)/PEDOT:PSS interface. Raman and FTIR techniques will be used to
further investigate the origin of the chemical bonding in the protonation of
triphenylamine units and extend our studies to different fluorene-triphenylamine
copolymers. Experimental results will be compared with computational studies using
quantum mechanical calculations to understand the influence on the energy levels of TFB
upon protonation of tertiary amines and explain the consequence on the band alignment
of the PEDOT:PSS/triphenylamine interface.

The Princeton and Georgia Tech groups will continue to pursue the experimental and
theoretical investigation of the role of an interlayer for electron injection including
polystyrene-morpholines.

The Princeton group, in collaboration with the Cornell group, will investigate carrier
transport in polymer films doped by co-solution, in particular with respect to the role of
the dopants in filling deep traps and enhancing carrier mobility. The impact of doping on
carrier injection will be studied as well. Theoretical support on the nature of new p- and
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n-dopants will be provided by the Georgia Tech group.

* Finally, the Princeton group will continue a study of the electronic structure of polymer
blend bulk heterojunctions with applications to photovoltaic cells. A recent study by this
group of the P3BHT:PCBM system shows that measurements of the LUMO(acceptor) —
HOMO(donor) is possible in the blend. (see # 8 in Publications from this Grant).

Interactions between institutions

During this past year, the four groups have kept in close contact, via bi-lateral interactions
and two conference calls of the four PIs. Members of the team have met on various
occasions at conferences (Spring and Fall MRS, ESPMI-V in Japan). A conference call of the
groups will be organized in February 2010 to plan for the next year.

Personnel (partially or totally) supported by the DOE Grant (other than summer
support for PIs)

Hon Hang Fong: Post-doctoral fellow, Cornell University

Zelei Guan: Post-doctoral fellow, Princeton University

Eung-Gun Kim: Research scientist, Georgia Institute of Technology
Alexis Papadimitratos: Graduate student, Cornell University

Publications supported by the grant (since April 2009)

1. Hole Injection in a Model Fluorene-Triarylamine Copolymer, H. H. Fong, A.
Papadimitratos, J. Hwang, A. Kahn and G. G. Malliaras, Adv. Funct. Mater. 19, 304
(2009).

Use of a High Electron-Affinity Molybdenum Dithiolene Complex to p-Dope
Hole-Transport Layers, Y. Qi, T. Sajoto, S. Barlow, E.-G. Kim, J.-L. Brédas,
S.R. Marder, and A. Kahn, J. Am. Chem. Soc. 131, 12530 (2009).

Energetics of Metal-Organic Interfaces: New FExperiments and Assessment of
the Field, J. Hwang, A. Wan, and A. Kahn, Mater. Sci. Eng. R 64, 1-31 (2009)

4. A Molybdenum Dithiolene Complex as p-Dopant for Hole-Transport Materials: A
Multitechnique Fxperimental and Theoretical Investigation, Y. Qi, T. Sajoto, M.
Kroger, A.M. Kandabarow, W. Park, S. Barlow, E.-G. Kim, L. Wielunski, L.C.
Feldman, R.A. Bartynski, J.-L. Brédas, S.R. Marder, and A. Kahn, Chem. Mater. 22,
524 (2010).

5. Degradation of Hole Injection at the Interface between PEDOT:PSS and a Fluorene-
Triarylamine Copolymer, HH. Fong, A. Batra, and G.G. Malliaras (submitted)

6. Acid—Base Interactions at TFB/PEDOT:PSS Interfaces, HH. Fong, E.-G. Kim, J.-L.
Brédas, and G.G. Malliaras (in preparation)

7. Hole transport in TIF'B p-Doped by Co-solution with the Strongly Oxidizing Molecule
Mo(ifd);, Y. Qi, T. Sajoto, S. R. Marder and A. Kahn (in preparation)

8. LEnergy Level Alignment of Organic-Organic Bulk Heterojunction: The Case of the Poly(3-
hexylthiophene) Phenyl-[6,6]-C61 Butyric Acid Methyl Ester Blend, Z. Guan, J. Kim, Y.-L.
Loo, and A. Kahn (to be submitted)

26



