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Communications

ADVANCED

Molecular Rectification in Oriented Polymer
Structures™*

By Carole Sentein, * Céline Fiorini, André Lorin,
and Jean-Michel Nunzi

Polymeric semiconductor devices are receiving increasing
atication in view of potential applications requiring low-
cost processing over large arcas!'? Tn this respect, unlike
with evaporated molecules, the wei-pracessing capability of
polymers otfers total compatibility with other complemen-
lary lechnologies. The concepts from which organic-semi-
conductor devices are designed are mostly derived from in-
organic-semiconductor physics and technalogy.l

In order to build efficient organic-scmiconductor devices
such as electroluminescent or photovoltaic solar cells, a
rectifying junction is required. Such junction can be of twa
main types:*! Schottky junctions betwcen an organic semi-
conductor and a metai, and p-n junctions between two p-
and n-type orpanic-semiconductors. The Schottky junctions
olten sulfer from degradation problems orniginating from
electrochemical potential differences al the rectilying con-
tacts, which induce diffusion of electrode material into the
polymer.®) Such a drawback is corrected with p-n junctions
in which metal to polymer contacts are ohmic. However,
p-n junctions require the use of two polymer layers with
wel-processing compatibililty. Morcover n-type organic-
semiconductors are fess commaon than p-type ones owing 1o
their lower stability under oxygen which is a consequence
of their reductive behavior.

We report here a different approach in which oriented
diode-like molecules. the so-called push—pull molccules
used in nonlinear optics!®! are contained inside a polymer
binder. Oricnted molecules induce a reclilying cffect, be-
having as a distributed homojunction within a single poly-
mer thin film. In order to demonstrale the principle, we
start with an initially symmetric structurc: the polymer film
is sandwiched between (wo identical electrodes. The cur-
rent-vollage characleristics ol the device are also symme-
trical. By application of a static electric [icld through the
polymer film, while heating near the plass transition tem-
peraturc (7T,,) dopant molccules are oriented in the feld
with an order parameter {(cos).l The current-voltage
characteristics then become strongly asymmelric.

Experimentally, molecular order is controlled using sec-
ond harmonic generation (SHG): it appears that SHG-in-
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tensity is related (o the induced rectification behavior. The
principle we demonstrate relies on the intrinsic polar na-
ture of organic molccules. Tt cannot be readily applied to
inorganic serniconductors which are buill from spherical
atoms; polarity being a crystal-cell property. Time ol [light
(TOF) experiments reveal an unipolar increase of the elec-
tron mobility through orientation, thus contirming the mo-
leeular-diode organization effect. This new 1ype of junction
1s expected io improve signilicantly the efficiency of poly-
meric semiconductor devices.

Figure 1 presents the current-voltage characicristics of
the symmetric-electrode device monitored before and
afler oricntation under different strengths ol orientation-
ficld. The rectifying effect induced by molecular orienta-
tion in the symmetric-clectrode device is clearly seen in
Figure 1, for orientation vollages larger than 10V, Tt
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Fig 1. Current—voltage characteristics of the Alcopolymer/Al symmelric
device before and alter orientation by diflerent voltages. Data markers are
used as a guide to the eve, The insert is the absolute value uf measured cur-
rent in a logarithmie scale. In the insert continucus lines show lils of the
Schotiky model tor the positive parts of I-V carves.

carrespords 1o an orientalion field close o 100 V/ipm.
The insert in a logarithmic scale clearly shows that there
15 no initial rectification in the non-oriented device. The
same effect was observed using symmelric-ITO elec-
irodes inslead of aluminum. This proves that rectifica-
tion is not due to some interfacial ellect occurring be-
tween polymer and cleetrodes, such as aluminum oxida-
tion.

Tn conlrast, no rectification is induced using a single
PVK-polymer film. This proves that rectification is not re-
lated to charge trapping effects. No more vectification is in-
duced in a 30 wt.-% non-polar phthalocyanine-PMMA
blend. On the other hand, we rvepluced Pisperse Red
(DR1) by N-dibutyl-4-amino-4™-nitrostilbene (I2BANS),
another push-pull polar maolecule, in a PVK-polymer blend.
The induced rectification is then qualitalively the same as
for DR1. This proves thal internal rectification is typical of
the orientation of polar molecules.

@ VCH Verlagsgesellschift mbli, D-69469 Weinhein, 1997 0U35-9648/97/1008-0809 § 17.504.5040 509




Communications

— ADVANCED
MATERIALS

The positive parl of the current-voltage curves can be
fitted using standard charge injection models.! Tn order 1o
estimate the rectificution behavior, we chose the Schottky
diode model which describes suceessfully the vast majority
of single layer organic-semiconductor devices probed un-
der fields up to around 100 V/um,”'" where I is the meas-
urced currenl, /, the saturation current, V' the applied field,
n the so-called idealily laclor, g the electron charge, & the
Boltzmann constant and 7 the absolute temperature.

-
4

=1 [exp (n—q}:—;) — 1] (L

For each device orientation-ficld valuc, we get the sa-
turation current. Using the usval analogy with inorganic
semiconductors)”  we  then  caleslate  the  eguivalent
barrier height @, between metal and polymer in the
frame of the thermionic emission maodel, where A is
the diode arca and R* is the so-called Richardson con-
stant usually approximated to its free electron value of
120Acm K.

I = AR*T exp (g—;)b) (2)

In arder to get a measurement of the molecular order
{cosf!) the average polar orientation along the field direc-
lion, we performed sccond-harmonic generation experi-
ments.l" Initially, polar molecules are distributed isotropi-
cally, the material is centrosymmettic, and no SHG signal
is detected. During the orientation step, we manitored the
increase ol the SHG signal, which is proportional to the
square of the molecular order {cosiy (insert in Fig, 2).1%7)
SHG-monitoring permits optimization of the sample orien-
lation paramclers, 1.c., orentation ficld, sample tempera-
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Fig. 2. Variation of the cquivalent harrier height beiween Al and DRI-
MMA-30/50 copolymer with respact o the DR1-molecules erientation or-
der in the PMMA malrix. Moelecular order is given as the squarc root of
SHG-signal. Barricr height @y, is deduced from current—voltage churacteris-
tivs. Insert depicts SHG-growth with time at 130°C under diflerent orienta-
tion-ficld valoes.

ture, poling duration, and cooling conditions, in order to
achieve the largest stable orientation.

Experiments were performed using a  picosecond
NAYAG laser. Using the same symmetrical device (AY
DR1-MMA-50/50 copolymer/Al) as the one used for the
determination of the current—voltage characteristics in Fig-
ure 1, SHG was measured for each orientation field value.
SHG was monitored before and after I-V-characleristic re-
cording, without any change, indicating that molecular or-
der is frozen despite the large fields achicved. Morcover,
we performed SHG at ambient temperature in fields up to
220 Vium, without any permancnt SHG variation.

The relationship between the equivalent harrier height
¢y, and molecular order {cost!y is shown in Figure 2.
Through molecular orientation, we achieve a 0.2 eV reduc-
tion in the eguivalent barrier height, @y, which is a measure
of the induced internal rectification, exhibits a4 quasi-linear
experimental dependence with molecular order. This phe-
nomenoclogical dependence may be attribuled 1o the stor-
age of an internal polarization field proportional to {cosf).

Together with the asymmelry ol the [~V curve induced
upon orientation in Figure 1, molecular-diode organization
may affect charge mobility. In order {0 address this poinl,
we perlormed time of flight (TOF) cxperimentsPY Sam-
ples used for TOF were 1.5 um-thick films sandwiched be-
tween a transparcnt ITO-clectrode and an Al-clectrode. A
typical TOF transicnt obtained with the strongly absorbed
frequency-doubled output of a pulsed Nd: YAG-laser is giv-
cn in the insert of Figure 3. Majority carriers in the DRI1-
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1ig. 3. [ield dependence of the clectron drifi-mobility in the DR1-MMA-50/
50 copalymer hefore orientation (upen triungles), alter direct orientation un-
der 100 ¥ (full squares). and after reverse arientation under —100 V (Iull cir-
cles). Insert depicts a typical TOF transient for the unoriented sample:.

MMA-30/50 copotymer appear experimentally to be elec-
trons, Field-dependence of the electron drift-mobility is
given in Figure 3, before orientation and affer orientation
with twa opposite orientation-field values, The mobility cx-
hibits a Poole-Frenkel-lype ficld dependence 'Y

The increase of the electron mobility is signilicant when
molcecules are oriented under reverse bias with respect to
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the measurement ficld; thal is to say with the acceptor
group oriented towards the Al-electrode. On the other
hand, mobility 15 weakly changed when moleeules arc or-
iented under direct bias. By extrapolation to its zero-field
limit using the Poole-Frenkel dependence, mobility in the
sample oriented under reverse bias is increased by a factor
of 4 with respect ta the unoriented sample. According to
Figure 2, the internal field resulting from molecular orien-
tation is close to 2 V/ium (Ady, = 0.2eV in a 130 nm thick
device): it is negligible compared to the field applied [or
mobility measurements (Fig. 3). As a consequence, unipo-
lar enhancement of the mobilily reveals the molecular-
diode organization effect through orientation.

In conclusion, we have given experimental evidence [or
molecular rectification in an ariented amorphous polymer
incorporating polar chromophores. Reclification mmplies
storage of an internal [ield, thus reducing potential barriers
for charge injection or extraction at both clectrodes. Re-
duction of polential barriers may slow down oxidation-re-
duction reactions occwrring spontaneously at non-ohmic
metal-polymer junctions. thus slowing down device degra-
dation. Additionally, using engineered asymmetric elec-
trodes, this rectification cffect may improve significantly
the efficiency of polymeric semiconductor devices such as
photovoltaic cclls and clectroluminescent diodes. Polar or-
ganization of molecular diodes is equivalent to the build-up
of a distribuicd p-n homojunclion within a single polymer
fitm. Tn addition to the ease of processing of such devices,
our solution ollers 4 crucial advanlage over usual p-n junc-
tions. The efficiency of organic-semiconductor p-n junction
devices is usually limited by the weak extension of the de-
pletion zone (typically 10 to 50 nm). in which the major-
ily of charge separalion or recombinatlion processes take
ptace. Our solution provides a depletion zone extending
over the whole polymer film thickness. Moreover, diode-
like molecules orientation results in an enhancement of
charge mobility. This may also improve organic-device effi-
ciency which suffer from low charge mobilities.

The materials used in this study have not been optimized
for device efficiency, but rather they were designed in order
to demonstrale rectification induced through orientation of
diode-like molecules. An optimization route with respect to
long-term stability would consist in designing a high-T,
scmiconducling polymer. Additionally, the poling tech-
nique may be greatly improved by using the corona-poling
technique!® which permits the achievement of larger orien-
tatien arders over large areas. Experiments are now in pro-
gress Lo apply this principle to photovoltaic solar cells.

Experimental

As an active pofar molccule, we used Disperse Red 1 (DRIj 4-(N-(2-hy-
drosyethyl)-N-ethyl)-amino-4 -nitroazobenzene. It is a typical push-pull
molecule with a donorftransmitter/acceptor structurg and it possesses a
large ground state dipole moment i which s necessary for ellicient DC-Nicld
orienlation. 1 is attached onto polymethylmethacrylate (PMMA) which is
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used as an isotropic polymer binder. The resulling copolymer DR1-MMA-
30i30 contains 30 %-molar chromephore concentration [8]. Ls glass transi-
tion femperature is T, = 132°C.

Test devices were realized on top of standard glass slides. They consisted
of a vacuum-evaporated 12 nm-semi-transpareni aluminum bottom-elec-
trode, coverad by a 130 nm DR1-MMA-50/50 copolvmer film spin-coated
from a 1,1 2-trichloroethane solution, and fioally recovered by a second
identieal sewi-transparent aluminum top-glectrode. The aclive surlace of
the device was 26 mm?®.

Oricntation of the polar molecules was achieved by applicution ol a 3 o
20 ¥ voltage between the electrodes [or 10 min while the device was heated
at 130°C. The sample is then cooled down 1o room lemperalure with Lhe
voltage siill applied, in order to (reeze-in the molecular order. 80 % of the
molecutes remain oriented after more than two moaths, Owing (0 the small
potymer-film thickness, some samples prepared in this way inilially exhib-
ited short circuits, These shurt-circuits were readily cured during monitoring
of the very first currenl vollage characteristics. Aller curing, all the sumples
from the sarme baich gave identical wnd reproducible results. The prep-
aration technique also was reproducible.
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Mesoporous Silica with Micrometer-Scale
Designs**

By Hong Yang, Neil Coombs, and Geoffrey A. Ozin*

The decoration of surfaces by ultraviolet and X-radia-
tion, ion and electron beams,!'! microcontact printing, mi-
cromachining and lithographic molding technologies,™
provides patterned structures of sub-micrometer dimen-
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