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Two mutually exclusive mechanisms have been proposed to explain the improved electron in-
jection by the insertion of a LiF layer between the metal cathode and the active organic
layer of organic photoelectronic devices: the dipole and the doping mechanism. The possibility
of the doping mechanism was studied by investigating the interface of2snigthoxy-5¢3',7'-
dimethyl-octyloxyl) -1, 4-phenylenevinylene  (MDMO-PPV) or 1-(3-(methoxycarbony)l
propy)-1-phenyl6,6]Cg; (PCBM) with Al, LiF, or Al/LiF. In this mechanism, Li dopes the organic
layer, after liberation via the reaction ABLiIF—AIF;+3Li. If this reaction takes place, AfF
should be detectable at the surface. However, SIMS measurements showed thatnblFpresent

at the Al/LIF/MDMO-PPV and Al/LiF/PCBM interfaces. This is evidence that the proposed reaction
does not occur. Other evidence that the doping mechanism cannot be the general mechanism to
explain the enhanced electron injection comes from the presence of LiF on both organic surfaces.
XPS measurements indicate that there is a reaction of Al with the carboxylic oxygen of PCBM, and
that a LiF layer between PCBM and Al prevents this reaction. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1498473

I. INTRODUCTION Several mechanisms to explain the beneficial effect of a
thin layer of LiF on the electron injection at the cathode have
Improving the electron injection into the active layer of been suggested: The formation of a *polymer or
polymer electronic devices, such as organic light emittingLi *moleculé charge transfer complex after the reaction of
diodes and polymer solar cells, is one of the critical issues iniF with Al to AIF; and liberated L7** tunneling
their development. One way to improve the electron injec-injection’® formation of a dipolar layet? and the protec-
tion is to insert a thin layer of LiF between for example tion of the organic layer from reaction with alumindtfy>*3
tris-(8-hydroxyquinolingaluminum (Alg) and the metal The mechanism of electron injection enhancement by
cathode! Such a layer is already effective at the equivalentthe formation of radical anions or charge transfer complexes,
layer thickness of 1 &;layers of seven nanometers or more, which could be responsible for the higher device efficiencies,
however, become detrimental to the electron injecidimie  was first suggested by Kidet al** They showed that an
same beneficial effect of an inserted LiF layer was noted foorganic layer at the cathode interface shows electron injec-
several other devices, containing organic compounds sudfion improvement upon the co-evaporation of a low-work-
as  4-4-bis(2,2-diphenylviny)-1,1'-biphenyl (DPVBI),*  function metal and the organic layer, which suggests that
poly[ 2-methoxy-5{ 2'-ethylhexyloxy) -1, 4-phenyleneviny- doping takes place. However, when kg¢al. used LiF in-
lengl (MEH-PPV)® and molecularly mixed layers of stead of Li, they found that LiF alone does not decompose on
poly[ 2-methoxy-5{ 3'-7'-dimethyloctyloxy)1, 4-phenylene- Alq,, although a LiF layer also enhances the electron
vinylene (MDMO-PPV) and 1f3-(methoxycarbonyl injection® Hence, they suggested that Li is liberated in the
propyl]-1-pheny] 6,6]Cs, (PCBM).° presence of Al and reacts with Ajtp form the radical anion,
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FIG. 1. Compounds used for semiconductiidDMO-PPV:PCBM and conductivi PEDOT:PS$ organic layers.

although they proposed no reaction scheme. Pirome¢ah  thermal movement, a better lifetime is expecttdaldo
claimed that Al reacts with CsF on MEH-PPV to form AIF et al.remarked that an abrupt shift of approximately 1 eV in
and free Cs, which subsequently doped MEH-BP@thers  the vacuum level is observed at all metal cathode/Adter-
claimed the same mechanism for LiF on Al AI/ICsF on  faces studied to date with photoelectron spectroscopy. This is
poly(9,9-dioctylfluoreng (PFO follows the same reaction evidence for charge separation near the metal, which results
scheme according to Greczynskiall® However, these au- in dipoles at its interface with the underlying organic semi-
thors did not observe this for Al/LiF on PFO, which suggestsconductor. They suggested that LiF/Al cathodes improve in-
that the proposed reaction scheme is not generally appljection by raising the Fermi energy and shifting the effective
cable. Also, Yanget al. noted that significant photolumines- injection interface deeper into the organic film where the
cence quenching should be expected if alkali metal ions difdistribution of organic states is narrower and the hopping
fuse into the active organic layer. However, when thesebarrier to injection is reducetf.
authors measured the photoluminescence quantum efficiency Another mechanism is that LiF protects the active or-
of devices with and without an inserted LiF on MEH-PPV, ganic layet®°3from the hot impinging metal atoms. Sev-
they found essentially the same photoluminescence quantueral authors reported on chemical damage to the Alger
efficiencies for both device$. upon deposition of the cathode mateffahot only with Al 2

The tunneling injection mechanism explains the im-but also with Mg?! although according to Masoet al. no
proved electron injection only in terms of the backflow cur- bond breaking is caused by Mg, Na, Li, or’HNevertheless,
rent reduction, caused by the reduction of the electrode metalccording to Baldet al'? chemical damage may explain the
image force on the organic molecules by the insulating layenew gap states observed in ultraviolet photoelectron spec-
of LiF. This mechanism was investigated by Yaefjal. troscopy (UPS in several studies upon deposition of the
when they studied devices with LiF, CsF, Galnd Bak  metal cathode. However, all authors seem to agree that this is
layers stacked between different metal cathodes and a MEHx secondary reason.
PPV layer. They found that tunneling through an insulating  Obviously the two most likely mechanisms for electron
metal fluoride layer cannot be the correct mechanism beinjection enhancement, dubbed the doping and dipole
cause of the electron injection independence of the metahechanism, are mutually exclusive, but conclusive evidence
fluoride layer thickness and the strong performance deperfer any of these two models is hard to find, because of the
dence on the capping metals on top of the metal fluorifies. complexity of the interface and because spectroscopic meth-
Masenelliet al,'” numerically modeling experimental data ods such as XPfRef. 22 and UPS(Ref. 23 cannot always
from StdRelet al.,*® confirmed that the reduction of the back- give unequivocal information on this problem.
flow current alone cannot explain the action of LiF, although ~ Knowledge about the presence or absence of the ele-
it enhances the injection somewhat. ments and compounds around the interface enables us to

The aligned dipole mechanism explains the improveddiscriminate between the dipole and the doping model. Just
electron injection by the formation of a dipole in the LiF as for the mixture of MDMO-PPV and PCBM, the same
layer, which then lowers the work function of the metal cath-beneficial effect of LiF/Al has been observed for the pure
ode. Greczynsket al. showed that LiF deposited on a clean compounds. Therefore, SIMS spectra were measured at the
Al substrate shows weak dipole formatibhMasenelliet al.  interface of the organic and the LiF layers to determine the
demonstrated good agreement between simulations of a dthemical state of the LiF layer on the surfaces of MDMO-
polar LiF layer and experimental dataYang et al. found PPV and PCBM substratéig. 1 shows the molecular for-
that devices with heavier metal fluorides exhibit less tem-mulag, taking into account the possible influence of alumi-
perature dependence of the device lifetime. At an elevatedum. These spectra show that LiF does not dissociate or
temperature, thermal movement at the interface creates diseact with aluminum to Alg on both substrates, excluding
order, decreasing the orientation of the dipoles. Their interthe doping model for the explanation of enhanced electron
pretation was that since heavier metal fluorides show slowenjection in these substrates. Note that the validity of the
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dipole mechanism has not been proved, but that the validity Al' AF AIF,
of the doping model has been disproved. 10°3 | . AVLIF/PCBM
Furthermore, to study possible interactions between de- : :
posited aluminum and the underlying organic layer, x-ray 1074
photoelectron spectroscogXPS measurements were per- | | | | I :
formed using only relative shifts which indicated a reaction ot UL 1, | If:1 .I | I I ERTER
between aluminum and the carboxylic oxygen of PCBM. F10° | : .
MDMO-PPV is resistant to a reaction with aluminum. § : AVLIF/PPV o
1l thl ol
c . .
Il. EXPERIMENT .‘%101 | | I I | || | | II ||| | I
The materials used were pfRmethoxy-5¢3',7'- < 107 ; E :
dimethyloctyloxy-1,4-phenylenevinylede (MDMO-PPV) 0] L AR
synthesized via the Gilch-routé, 1{3-(methoxy- :
carbony)propyl]-1-phenyl 6,6]Cs; (PCBM) generously pro- 10°3 || | |
vided by Rispens and Hummeléh, polyethylenediox- 10" I 3!;' '“|| | I

40 50 60 70
m/z

ythiophene:polystyrenesulfonattEDOT:PS$ from Bayer
AG, LiF from Aldrich, Al from Engelhard-Clal, and anhy-
drous AlF; from Aldrich. A glass plate covered with a 160
nm thick layer of indium tin oxidgITO) was used as the
substrate.

All samples were transported in a dry nitrogen atmo-
sphere to a VG lonex system equipped with a VG Clam Il 5 A layer of LiF on top of either MDMO-PPV or PCBM
analyzer, Mg/AlK« dual anode x-ray source, VG MIG-102 as the top layer of prepared-as-normal devices.

Ga' and VG FABS61 ion source, LEG 31F electron flood gun

and M12-2s(<800 amu quadrupole. The XPS measure- All samples were prepared in duplo, so that separate samples
ments were carried out using the Al anode. All €deaks could be used for the SSIMS and XPS measurements.
corresponding to hydrocarbon were calibrated at a binding

energy of 285.0 eV to correct for the energy shift caused byll. RESULTS AND DISCUSSION

charging. The static SIMS measurements were performed
with the electron impact gufFAB 61) using Xe at 5 keV,

FIG. 2. AlFR; reference comparison with Al/LIF/MDMO-PPV or Al/LiF/
PCBM. Note the logarithmic scale of the ion intensity axis.

A popular explanation of the improved electron injection
. ) . by LiF is the doping of the active polymer by Li liberated by
while taking care to keep the total ion dose for each Mea3 reaction between LiF and Al deposited on top of this. Al-

surement within the static limit. . though the Gibbs free energy required to liberate Li was
All samples were prepared as regular devices, excep

) ) . éstimated at 112.8 kJ/mol, making it an endothermic and
where mentioned otherwise. For this purpose the glass su ience unfavorable reaction, Masenal. suggested that this
strates were first cleaned by ultrasonic treatment in aceton% only the case for bulk Lil‘l and that the reaction might be
rubbipg With soap, rinsing \.Nith demineralized water, re}clux'exothermic in the case of small isolated clusters of LiF.
ing with isopropanol, and finally UV ozone treatment. Sub- Because the reaction would give rise to A the sur-
sequently, a Iaygr of PEDOT'P.SS was spin coated from athce of the organic layer, we have investigated the presence
aqueous dispersion under ambient conditions on the cleane

substrates and the layer was dried by annealing the substrag AlF5. Figure 2 shows the comparison between the SIMS
Then a layer of either MDMO-PPV or PCBM was spin Ebectra of a pure AlFreference sample and of the Al/LiF/

. DMO-PPV Al/LIF/PCBM interf . Th ks of in-
coated from a chlorobenzene solution on top of the PEDO‘IJ'VI © and AlILIF/PC Interfaces. The peaks of in

terest of the Al reference samples are Al AIF*, and
PSS layer and the sample was transferred tg athlosphere - e ny/7 values of 27, 46, and 65 D. The AlFand
glove box. Finally, for some samples LiF and/or aluminum

3 .
layers were deposited by thermal evaporation under vacuué":2 peaks should be present for the AILIF/MDMO-PPV

5 ~and AI/LIF/PCBM samples, but they either have very low
i(r?gxslaomplr;sbz\?vrérleppegnpg}e%r']d<1 ppm HO). The follow intensity or are completely missing. The low intensity of the

AIF* and AIF, signals that are present are background sig-
(1) Two reference samples of a 60 nm thick layer of Al or nals caused by the underlying layers of MDMO-PPV and

LiF deposited on a previously cleaned 0 wafer; PCBM. Note that the drop in intensity for these peaks cannot
(2) one reference sample of AJppowder pressed into in- be explained with the matrix effect, because then all signal
dium foil; intensities should drop by more or less the same amount, but
(3) two reference samples of pure MDMO-PPV or PCBM asthe decrease in the Al ion signal is much less dramatic than
the top layer of prepared-as-normal devices; that of the AIF" and AIF, signals.
(4) four samples wh a 5 Alayer of Al or LiF deposited on Hence, the absence of Alffelated signals in the SIMS
top of either MDMO-PPV or PCBM as the top layer of spectra of the Al/LIFFMDMO-PPV and Al/LiF/PCBM
prepared-as-normal devices; samples is strong evidence that the proposed reaction be-

(5) two samples wh a 5 Alayer of Al deposited on top of a tween LiF and Al does not occur on MDMO-PPV or PCBM.
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L together with Greczynsket al’s, that the proposed LiF/Al
' reaction to AlR is not that general mechanism.

However, the reaction to AFwas only proposed as a
possible mechanism to obtain free Li atoms, which could
subsequently dope the organic material. Kidal. showed*

: that a Li-doped Alg layer exhibited a luminance an order of
LiIFPPV magnitude higher than an AJdayer without Li, suggesting
: that Li-doping of the organic layer may also occur for alkali
0% I and alkaline earth metal fluoride containing devices.
1 ||. .l

10°5

107+

A

-
(=)
w
J

If Li is liberated on the surface of the organic material,
by reaction with Al or in any other conceivable way, then LiF

lon intensity [counts] -

' LiF : should no longer be visible on the surface of the organic
i material. Figure 3 shows a comparison between SSIMS spec-
l tra from a LiF reference sample, and of LiF on MDMO-PPV,
N .
0 10 20

with and without Al on top. The LiF panel at the top of Fig.
30 40 50 60 3 shows a clear ion cluster series o_f]IE;Ll, although only _
miz a small part is shown here. The LiIF/MDMO-PPV panel in
the middle clearly shows the same ion pattern for LiF. Un-
fortunately, an Al layer on top of the LiF layer attenuates the

FIG. 3. Comparison of a LiF reference sample, a LIFFMDMO-PPV, and an
Al/LIF/MDMO-PPV sample shows that LiF stays intact on the surface of

MDMO-PPV, regardless of the presence of Al. LiF cluster ion signals, as shown in the Al/LIF/MDMO-PPV
panel. Identical results have been obtained for the PCBM
samples.

Greczynskiet al*® claimed that CsF decomposes on PFO,  Because of the small amount of LiF deposited, the pres-
based upon the ratio of CsF to the amount of Al needed t@nce of LiF on top of the organic layers indicates that no
completely decompose CsF, and others have made the superation of Li takes place in any way, as the ion cluster
gestion for LiF on Alg based on rather indirect methods. series of LjF,_, can only be formed if there are large clus-
However, Greczynsket al. showed with XPS that for the ters of LiF on the surface, which is a rather unlikely occur-
case of LiF on PFO no evidence can be found that LiF derence if most of the LiF has reacted. Hence, a mechanism in
composes in the presence of Al. which Li dopes the underlying organic layer is unlikely.

Because all studied alkali and alkaline earth metal fluo-  As mentioned before, one reaction that has been shown
rides seem to improve the electron injection of the catl8de, to occur is the reaction between Al and the underlying or-
a general mechanism is likely to exist. Our results indicateganic layer, for example with Alg(Refs. 8 and 9 and

AULIF/PPY
e ALIF/PPV
AVPPY
 LIF/PPV

PPV

XPS intensity [A.U]

Al/PPV

S5
<
Z | AILIF/PCBM
N e AULIF/PCBM
E
» AVPCBM
g o

s LiF/PCBM

AVPCBM .
PCBM

85 80 75 70 540 535 530 525

Al2p binding energy [eV] O1s binding energy [eV]

FIG. 4. Comparison of the Al2and O s regions of MDMO-PPV and PCBM samples suggests that PCBM reacts with Al upon adsorption if the PCBM
layer is not protected by a thin layer of LiF. MDMO-PPV is insensitive to this reaction.
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PFO® In the case of Alg Le etal® calculated, using Although MDMO-PPV seems to be stable towards the

density-functional theory, that the first four angstroofiin-  deposition of aluminum by evaporation, XPS data give evi-
coming aluminum will bond directly to oxygen atoms on two dence of a reaction between aluminum and PCBM at the
of the three quinolate rings in the Alqnolecule. Greczynski carboxylic group present in PCBM, as shown by the shift of
et al*® showed that only relatively small amounts of Al were the O I carboxylic oxygen peak upon aluminum deposition.
needed in order to cause near Comp|ete degradation of thethin Iayer of LiF is enough to undo this shift, evidence that
valence band, which suggests that AI-C complexes arthe LiF layer protects the underlying PCBM from the alumi-
formed, although the authors did not claim any specific sitehum atoms.
of reaction on PFO.

To investigate the possibility of a reaction of Al with
MDMO-PPV and PCBM, XPS was used to systematically ACKNOWLEDGMENTS
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