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Organic molecular films on gold versus conducting polymer: Influence
of injection barrier height and morphology on
current—voltage characteristics
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The current—voltage characteristicHVV) of model organic devices are studied under
ultra-high-vacuum conditions. Active materials are N,bis-(1-nhaphthyl)-N,N-diphen-
yl1-1,1-biphenyll-4,4-diamine(a-NPD) and pentacene, electrode materials are polycrystalline Au
and the conductive polymer pd@B;4-ethylenedioxythiophegoly(styrenesulfonate (PEDOT/

PSS. Despite a similar work function of electrode material surface$ €V), hole injection from
PEDOT/PSS is significantly more efficient than from Au, due to a smaller hole injection barrier.
Hole injection characteristics from Au electrodes for devices made &aW®D are independent of
deposition sequence and substrate used. Pentacene devices exhibit serious asymmetries in that
respect. These are caused by a strong dependence of morphology and preferred molecular
orientation on the substrate for the crystalline material2@3 American Institute of Physics.
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The performance of organic-based electronic and optofrom Au into a-NPD and pentacene are 1.4 and 0.85 eV,
electronic devices depends in a very direct way on the eleaespectively, whereas these barriers are reduced to 0.4 and
tronic structure of metal/organic interfaces and the charg®.25 eV when PEDOT/PSS is used, despite the nearly iden-
carrier injection efficiency at these interfaces. Up to a fewtical work functions of the two electrode material surfaces
years ago, a widespread misconception was the assumpti¢n-5 eV). The principal reason behind this difference is be-
of a linear relationship between the work function of thelieved to be the way in which the organic molecules depos-
electrode material and the charge injection barrier to the orited on the metallic substrate modify the work function of
ganic material. From 1997 on, a considerable amount ofnat substrate. The work function of Au has a strong surface
work done by several groups' started to dispel this notion  electronic component corresponding to electrons tailing into
by demonstrating the existence of large dipole barriers age vacuum. The compression of this tail by deposited mol-
metal/organic interfaces. The origin of these dipoles hagcyles leads to an abrupt decrease of the work function and
since been traced to various mechanisms, such as charggthe interface dipole, or vacuum level shift 0.5—1 eV)
transfer witd and without interface chemistry, or modifica- penween the two materials. The work function of the con-
tion of the metal substrate work function by the organicqycting polymer, on the other hand, does not have such a
molecules:® Recently, photoemission experiments on INter-|arge surface electronic component, and the deposition of
face,s formed betvveen, the hole — transport m,ate”abrganic molecules introduces only a modest dipole between
N,N’-bis-(1-naphthy]-N,N’-dphenyl1-1,1-biphenyll-4,4 = y,o o materials. Note that a charge transfer reaction be-

d|an;|ne(a-NPD) _ar|1d pentaci(ejne anddtwo Iarr]ge work fL(’ant'_()ntween PSS and the deposited organic material cannot be en-
anode materials, go an the con uct|vetirely ruled out at this point,

polymer poly3.4-ethylenedioxythiophepieoly(styrene An important aspect of the work on interfaces is the

7,8 H
sulfonatg (PEDOT/PSH" have shown that the magnitude verification that the electronic structure derived from surface/

of the interface dipole may depend in a substantial way on . .
) S interface spectroscopy actually translates into device behav-
the physical nature of the anode material, i.e., metal versus

. . . ior. In this letter, we demonstrate that the lowering of the
conducting polymer, rather than on its work function aléne. g

L . hole injection barriers when PEDOT/PSS is used instead of
In Ref. 9, we demonstrate that the hole injection barriers, . " . . o
Au is directly manifested in current—voltage characteristics

I (V) of hole-only devices comprised of the molecular or-
dpresent address: Humboldt-Univétsiai Berlin, Institut fu Physik, In- ganic materials and Au or PEDOT/PSS electrodes. While
validenstrasse 110, D-10115 Berlin, Germany. . . ’
YAuthor to whom correspondence should be addressed; electronic mail:(V) data obtained for amorphous films afNPD on both )
kahn@ee.princeton.edu types of substrate, Au and the polymer, are consistent with
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FIG. 1. I(V) curves for ITO(PEDOT/PSgorgani€150 nm/Au(45 nm)
(type 1) devices, and ITGQPEDOT/PSFAuU(80 nm)/organi¢150 nm)/
Au(45 nm) (type 2 devices:(a) a-NPD; (b) pentacene.

expectations, data for crystalline pentacene on the two sub-
strates films exhibit significant divergence. An atomic forceFIG. 2. AFM micrograph of 150-nm-thicke-NPD films on PEDOT/PSS
microscopy(AFM) study of the organic films reveals pro- (left half) and on Au(right half). The height scale is 10 nm.
nounced differences in film morphology and molecular pre-
ferred orientation, which accounts for the observed variaAu electrode in a type 1 device, or from the bottom Au or top
tions in1(V) curves. Au electrode in a type 2 device. The key result is the differ-
PEDOT/PSSBaytron P Al 4083, H.C. Stargkvas spin  ence of several orders of magnitude in hole current density
cast from aqueous solution onto commercial ITO coveredj) injected from PEDOT/PSS versus the Au electrodes. This
glass slidegMerck) following standard procedures. After an- difference can be directly linked to the 1 eV lowering of the
nealing (120°C) in air these substrates were loaded into hole barrier at thea-NPD interface with PEDOT/PSS as
custom-made multichamber ultra-high-vacuum systease  compared to AJ. The |(V) curves for thea-NPD type 2,
pressure lower than>210 8 mbar during experiments with also shown in Fig. (), show nearly identical hole injection
PEDOT/PSS electrodes, and lower thar 0~ ° mbar dur-  from top and bottom Au contacts, demonstrating that there is
ing experiments with Au electrode$or device fabrication no asymmetry in thé(V) characteristics for contacts made
and analysisa-NPD and pentacen@oth from Aldrich Co) by evaporation of Au onto tha-NPD film or by evaporation
were evaporated from resistively heated aluminum oxideof the organic onto a Au surface. Note that the@é) curves
crucibles, gold from a tungsten coil. The deposition ratesare also nearly identical to those obtained for hole injection
were ~0.2 nm/s for all materials, as monitored by a quartzfrom the top Au contact in type 1 devices.
crystal microbalance placed next to the substrate. For devices The | (V) curves obtained for the similar series of de-
with Au as substrate, the freshly evaporated Au filfosto  vices made with pentacene are shown in Fidp).1The hole
PEDOT/PS$were sputtered with Ar ions. Au surfaces pre- current injected from PEDOT/PSS is higher by more than
pared under such conditions were confirmed to have a workwo orders of magnitude than that injected from the top Au
function of 5.2£0.2 eV by ultraviolet photoelectron spec- contact in type 1 devices. As above, the more efficient hole
troscopy. A shadow mask with arrays of holes was used tinjection from PEDOT/PSS can be attributed to the smaller
prepare the top Au contacts(V) curves were measured injection barrier(by 0.6 e\).° However, in contrast to the
situ with a semiconductor parameter analyzer 4155Ba-NPD case, type 2 devices made from pentacene exhibit a
(Hewlett Packard After bringing the samples to air, mor- pronounced asymmetry for hole injection from the bottom
phology analysis was performed with a multimode AFM versus top Au contact. As seen in Figbllabove~4 V bias,
(Digital Instrument$ operated in tapping mode. The entire j for hole injection from top Au electrodes is typically one
sample preparation and analysis was done at room temperarder of magnitude higher than from bottom Au. Moreover,
ture. the current in either direction is 2—3 orders of magnitude
Two types of devices were prepared with each organiemaller than for hole injection from the top Au contact in
material: type 1 with the structuréottom to top ITO/  type 1 devices.
(PEDOT/PS%organic150 nm/Au(45 nm), and type 2 with This behavior is, at first glance, inconsistent with a
ITO/(PEDOT/PSFAU(80 nm/organi¢150 nm/Au(45 nm. simple change in organic materials, i.e., pentacene versus
Type 2 devices were prepared with an intermediatea-NPD, and with the hole barriers reported above. However,
PEDOT/PSS layer to assure identical ITO-surface smoothit is explained by considering the different structural nature
ing. No additional energy barriers are introduced, as the coref the two materials: vacuum evaporateeNPD films are
ducting polythiophene layer forms Ohmic contacts to bothamorphous, whereas pentacene films @rely)crystalline.
ITO and Au. Thel (V) curves obtainedn situ for devices  Figure 2 shows AFM micrographs of 150-nm-thiekNPD
made witha-NPD are shown in Fig.(®). The curves corre- films evaporated on PEDOT/PSIgft half) and on Au(right

spond to holes injected from the bottom PEDOT/PSS or toghalf). The height scale for both images is 10 nm. Although
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ence in morphology and preferred molecular orientation of
pentacene on the two different substrateEDOT/PSS ver-
sus Ay leads to the discrepancies seen in L(¥) charac-
teristics for hole injection from Au in types 1 and 2 devices
[Fig. 1(b)]. However, the simultaneous variation of typical
crystallite size, density of grain boundaries, fraction of thin-
ner film areas, and preferred molecular orientation when
switching from PEDOT/PSS to Au as substrate makes it vir-
tually impossible to differentiate between these individual
parameters. Moreover, the offsetjirfor hole injection from
the top versus the bottom Au contdéor type 2 may have
FIG. 3. (a) AFM micrograph of a 150-nm-thick pentacene film on PEDOT/ its origin in a still different preferred molecular orientation
PSS, height scale is 100 nm; the inset is 26600 nn? amplitude image. ~ fOr Molecules close to the Au substrate and those pentacene
(b) AFM micrograph of a 150-nm-thick pentacene film on Au, height scale molecules on top of the organic film. Consequently, one has
is 150 nm; the inset is ax11 um? zoom, with a height scale of 100 nm. to take great care when trying to evaluaty/) curves of
devices comprised of crystalline organic solids; especially
the root-mean-square roughness ®NPD is larger when when the influence of film thickness or different substrate

deposited on AY1.8 nn than on PEDOT/PSEL.1 nny, the ~ Materials is to be studied. o
maximum corrugation o& 10 nm is still small for both films We have shown that hole injection from PEDOT/PSS

(<7% of the nominal film thicknegsThus, thel (V) curves ~ CONActs into organic materialg-NPD and pentacefes
obtained for hole injection from Au are identical for type 1 much more efficient than from Au contacts, albeit the similar
and 2 device§Fig. 1(a)]. work function of both electrode surfaces. This is due to the

AFM micrographs from a nominally 150-nm-thick pen- significantly Ipwer hole injection _barriers between the mo-
tacene film on PEDOT/PSS are shown in Figa)3 The lecular materials and the copductlng p_onmer. Furtherm.ore, it
height scale in this case is 100 nm. The inset shows was demonstrated that the interpretatior (3f) characteris-
close-up image of a 600600 nn? area. The morphology is tics becomes: impracticgl if the exact §arr_1p|e mo.rpholog.y is
very similar to that of pentacene films grown on silicon unknown. This is most important for thin film device studies

oxide2®1! with nearly um-size pyramid-like islands with performed on crystalline organic materials, such as penta-
cene.

monomolecular steps of 1.4 nm. Additional AFM analysis
of thinner pentacene filmgnominal thickness: 6 nimon Support by the NSRDMR-0097133 and the New Jer-
PEDOT/PSS confirms that molecules in the first few monoey center for Organic OptoElectronics is gratefully ac-
layers are already aligned with their long axis almost Perpengnowledged.

dicular to the substrate surfagdaot shown here On the

thick films shown here, needle-like-shaped crystallites with

random orientation can be observed in addition to the pyra-4y_ |shji and K. Seki, IEEE Trans. Electron Devicé4, 1295(1997).

midal islands. The corrugation of these pentacene films iSI. G. Hill, A. Rajagopal, A. Kahn, and Y. Hu, Appl. Phys. Le#t3, 662
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ferent morphology is observed for pentacene films deposited I('zc?dQH”L A. J. Makinen, and Z. H. Kafafi, Appl. Phys. Lett7, 1825
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