7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Cathode dependence of the open-circuit voltage of polymer
Mihailetchi, V. D.; Blom, P. W. M.; Hummelen, J. C.; Rispens, M. T.

Published in:
Journal of Applied Physics

DOI:
10.1063/1.1620683

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2003

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Mihailetchi, V. D., Blom, P. W. M., Hummelen, J. C., & Rispens, M. T. (2003). Cathode dependence of the
open-circuit voltage of polymer: fullerene bulk heterojunction solar cells. Journal of Applied Physics, 94(10),
6849-6854. https://doi.org/10.1063/1.1620683

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-08-2022


https://doi.org/10.1063/1.1620683
https://research.rug.nl/en/publications/f8a57775-8776-46ce-8fb5-1020be15db14
https://doi.org/10.1063/1.1620683

JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 10 15 NOVEMBER 2003

Cathode dependence of the open-circuit voltage of polymer:fullerene
bulk heterojunction solar cells

V. D. Mihailetchi,¥ P. W. M. Blom, J. C. Hummelen, and M. T. Rispens
Molecular Electronics, Materials Science Cehtt& University of Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

(Received 3 July 2003; accepted 28 August 2003

The open-circuit voltageMy) of bulk-heterojunction solar cells based [@6]-phenyl G;-butyric

acid methyl ester (PCBM) as electron acceptor and  p[ymethoxy-5-
(3',7'-dimethyloctyloxy-p-phenylene vinyleng (OC,C,;PPV) as an electron donor has been
investigated. In contrast to the present understanding, it is now demonstrated that for non-ohmic
contacts the experiment®lyc is determined by the work function difference of the electrodes. A
total variation of more than 0.5 V of thé,c was observed by variation of the negative electrode
(cathode work function. For ohmic contacts thé,c is governed by the LUMO and HOMO levels

of the acceptor and donor, respectively, which pin the Fermi levels of the cathode and anode. The
band bending created by accumulated charges at an ohmic contact produce a considerable loss in
Voc of 0.2 V at room temperature. The experimentally observed voltage 10égdmf 0.38 V due

to the presence of ohmic contacts at both interfaces strongly limits the maximum open-circuit
voltage of OGC,,-PPV/PCBM solar cells. €2003 American Institute of Physics.

[DOI: 10.1063/1.1620683

I. INTRODUCTION carriers to the electrodes due to the low charge carrier mo-
bility in organic materials.

Photovoltaic devices prepared from blends of conjugated  On the other hand, organic solar cells produce quite re-
polymers and fullerene derivatives are promising candidategpectable open-circuit voltages. It has been demonstrated
for solar energy conversion due to their mechanical flexibil-that for a photodiode, based on a single layer of a conjugated
ity, lightweight, and potential low cost of fabrication of polymer, theVc scales with the work function difference
large areas.The efficient photoresponse of these devicesyetween electrodes, and thus follows the metal-insulator-
originates from the ultrafast electron transfer from the conmetal (MIM) model? In bilayer devices made by electron-
jugated polymer(donop to fullerene (acceptor.” Over the  and hole-accepting polymers, thé also scales linearly
last few years, a sustained effort has been made to improvgith the work function difference, however, with an addi-
the device performance of organic solar cells based Ofonal contribution depending on the light intengitihis
methanofullerene [6,6]-phenyl - G-butyric acid methyl  ¢contribution is due to the accumulation of charge carriers at
ester (PCBM) ~as  electron  acceptor  and the organic/organic interface, giving rise to a diffusion cur-
poly[2-methoxy-5(3',7'-dimethyloctyloxy-p-phenylene Vi-  rent which must be compensated by a drift current at open
nyleng (OC,Cy-PPV) as an electron donor. The develop-gircyit. In BHJ solar cells, a linear correlation of théc
ment of the bulk-heterojunctiofBHJ) concept, as well as ity the reduction potential of the acceptor has been
improving the solid state morphology of the components andeported The fact that a slope unity was obtained indicates
that of the blend, has lead to power conversion efficiencie, sirong coupling oV to the reduction strength of the
up to 2.5% under AMLS5 illumination for this specific acceptors. In case of ohmic contacts, meaning that the nega-
donor—acceptor tandefn. _ _ tive and positive electrodes match the lowest unoccupied

~ Essential parameters which determine the power convegs,giacyiar orbital(LUMO) of the acceptor and the highest
sion efficiency of thin film photovoltaic devices are the occupied(HOMO) level of the donor, respectively, such a
short-circuit current Jsg, the open-circuit voltageMod),  correlation is expected. The maximuiyc for this case is
and the fiI_I factor. It has been shown that the. is sensiti\_/e_ schematically indicated by oc, in Fig. 1 and is thus gov-
to the film morphology, solvent type, or deposition greq py the bulk material properties. In case of non-ohmic
method® Formation of a bulk heterojunction by mixing the .sntacts. as is depicted in Fig. 1, a redudsk with mag-
polymer (donop and the fullerendacceptoy lead to an en- nitudevc;cz is expected, according; to the MIM model. How-
hancement oflgc due to an increased interface area forever, a very weak variation of thésc of only 160 meV has
charge separation. However, it is still much lower than they.an observed when varying the work function of the nega-
Jsc reported for inorganic devices. This lower photocurrent;; o electrode from 5.1 eVAU) to 2.9 eV(Ca).” This devia-

is mainly due tq the spectral mismatch between the sunlight from the MIM model has been explained by pinning of
and the absorption spectrum of the polyménsd fullerenes  yhe glectrode Fermi level to the reduction potential of the
used, as well as the limited transport of the separated charggierene. For the design of future solar cells it is important
to understand whether th¥oc of BHJ devices can be
dElectronic mail: v.d.mihailetchi@phys.rug.nl adapted by the choice of the electrodes and whetheY the
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FIG. 1. Schematic variation 0¥, with acceptor strengtlisolid double
headed arrowy ;) or/and electrode work functiofdotted arrowV o), in
a donor/acceptor BHJ solar cell. The electron transfer, occurring at the
donor/acceptor interface after light excitation, is indicated by the bent arrow. a) b)

FIG. 2. Schematic band diagram of a metal-insulator-m@tdM ) device

. bulk h b lid in Fia) D with non-ohmic contact for electrons and hol@s, and electron ohmic
IS a bu property(as shown by solid arrow In 'g') ran contact(b). Before metal contadupper imaggand after contact and under

electrode propertyshown by dotted line in Fig.)L or @  short-circuit condition(lower image. The ¢, andAV,, are injection barrier
combination of both. In the present study we first study theheight for electrons at a non-ohmic contact and the voltage loss at an ohmic
electronic properties of various negative top electrodes of°ntact, respectivelyy, andey, are the metal work functions.
PCBM-only devices. The information regarding the

alignment of the Fermi level of the various electrodes on

PCBM is then applied to the experimental data onposition of the PCBM LUMO level with respect to vacuum
OC,C,-PPV:PCBM based solar cells. We demonstrate that3.7 eV), respectively. Equatiofil) indicates that for a given
the V¢ of the cells can be varied over more than 0.5 eV bybottom electrode work functiofin this case PEDOT:PSS

changing the work function of the top electrode. the sum of electron barrier height aiMb¢ is constant for
different top electrodes. It is important to note that in our
Il. RESULTS AND DISCUSSION PCBM devices both the barrier height{) andVgc can be

independently determined frodd—V measurements. The
barrier heights for electrons going from Ag and Au into the
In order to study a possible pinning of the Fermi level of LUMO level of PCBM have been determined by investiga-
the negative top electrode on PCBM, devices consisting of &on of the injection limited electron curretLC).™ It was
single layer of PCBM were investigated as a reference. Theecently demonstrated that the injection limited current is
devices were produced on top of a glass substrate, coveraell described by hopping of charge carriers from the Fermi
by indium-tin-oxide (ITO). As a bottom electrode, a hole level of the metal into energetically disordered localized
transport layer of PEDOT:PS@ayer AG was spin-coated states of the organic semiconductdf. According to this
under ambient condition, then the layer was dried in théhopping-based model, the ILC is determined by four
oven. Subsequently, PCBM was spin cast from a chloroberparameters;'® the energy width of the density of localized
zene solution. Finally, goldAu) (50 nm), silver (Ag) (80  stateso, the nearest hopping distanagthe dielectric con-
nm), or lithium fluoride (LiF) (1 nm/aluminum(Al) (100 stante,, and finally the energy distance from the Fermi level
nm) were thermally evaporated (pressdart) ®mbar) as of the electrode to the center of the Gaussian DOS of the
the top electrode. PCBM transport state@.e., the barrier heighp,). From the
When a metal is making intimate contact with a semi-field and temperature dependence of the electron mobility of
conductor or insulator, at equilibrium, the Fermi levels inPCBM ¢=0.073 eV and a=3.4=0.1nm have been
two materials will coincide. If the work function of the metal extracted-? Also, the dielectric constant af,=3.9 has been
is higher then the LUMO level of the semiconductor, anfound from impedance measurement. In Fig. 3, the calcu-
interface barriekp,, for electrons will be formedFig. 2@].  lated ILC of PCBM, according to the hopping based model,
As indicated in Fig. 2a) for two of these blocking contacts, is plotted, together with experimental data, obtained at dif-
the V¢ of the device is given by difference between theferent temperatures. Using a barrier heigitsof 0.65 and
metals work functions. For the PCBM devices a schemati®.76 eV for Ag and Au, respectively, without any other free
diagram is shown in Fig.(2), whereM?2 is the bottom elec- parameter, the calculated ILC is in a good agreement with
trode(PEDOT:PSS¢,,=5.2eV) andV 1 is the evaporated the experimental results. Apparently, the injection barrier of
top electrodgAg,Au,LiF/Al). From Fig. Za) it appears that the Au/PCBM contact is strongly reduced as compared to the
band offset, from which a barrier of about 1.4 eV was ex-
¢nTdVoc= euz~ LUMO, @ pected. It has been demonstrated by ultraviolet photoemis-
whereq is electric chargeg,, is electron barrier heightpy» sion spectroscopfJPS that at the Au/G, a strong interface
is PEDOT:PSS work functiorf5.2 eV), and LUMO is the dipole exists, which lowers the Auginterface barrier by

A. Open-circuit voltage of PCBM only device
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FIG. 4. J-V of ITO/PEDOT:PSS/PCBM/cathode devices, illuminated with
a white light halogen lamg80 mW/cn?). The cathodes are silvédashed
line) and gold(dotted ling. The device was illuminated through the glass
substrate.

J [A/m?]

level is achieved by charge transfer of electrons from the
00 05 10 15 20 25 30 35 metal into the semiconductor, and an ohmic contact is
V-V [V] formed. As a result, the electrode work function becomes
bi pinned close to the LUMO level of the semiconductor, as
N . shown in Fig. 2b).}* Furthermore, the accumulated charges
FIG. 3. Injection limited electron curredtLC) J vs V as a function of he i " il band bendi hich lead
temperaturésymbols for an ITO/PEDOT:PSS/PCBM/top electrode device at the _mter ace wi Cr_eat_e a ; and bending, whic ) eads to a
with thicknessL =110 nm. The top electrode {8) Ag or (b) Au. TheJ-V reduction of the electric field in the bulk of the deviteThe
characteristics, calculated according to the hopping model, are plotted aesulting voltage loss, indicated W, in Fig. 2(b), can be
solid lines. The estimated built-in voltadg,; has been subtracted from the numerically calculated as a function of the barrier height
applied bias. . . . .
using a model by Simmonrt§.In Fig. 5 the result is shown
for a device with thicknesk =95 nm, at room temperature.

0.64 eV With the band offset of 1.4 eV this would give rise It appears that for a barrier heigpt,>0.25eV the voltage

to an injection barrier of 0.76 eV, which exactly equals theloss is negligible, since the barrier prevents the flow of elec-
barrier as extracted from the=V measurements. This inter- trons from the metal into the semiconductor. However, for
face dipole is then responsible for the relatively large®»<0.25e€V the contact becomes ohmic and for zero barrier,
injection-limited electron current of the Au/PCBM contact, s shown in Fig. @), a voltage loss of typically 0.2 V has to
indicating that the Au work function is pinned at about 4.46be taken into account. Thus, for an ohmic contact @gis

eV, in contact with PCBM. The Ag electrode is in the posi- modified to:

tion (4.35 eV} where is expected from its work function, as
was also demonstrated by UPS measuremeénts. i - .

As a further control experiment, thle-V characteristics 0.20F 3
under illumination for ITO/PEDOT:PSS/PCBM/cathode de- !
vices with silver and gold cathodes were determined. These
data are shown in Fig. 4. The relatively low photocurrent
exhibited by the pure PCBM device is due to the poor light ]
absorption in visible range. The obtain®g for Ag (0.84 - 010} .
V) and Au(0.74 V) were measured in the saturation regime 4 r ]
(by checking at different light intensitiesFor both elec-
trodes the sum of the barrier heigitC measuremenjsand
Voc (photocurrent equals 1.5 V, which in turn equals the ]
energy distance between the Fermi level of the PEDOT:PSS 0.00 ~8-a-a-u-u-u-a
(5.2 eV) and the LUMO of PCBM(3.7 eV), as predicted by Lttt ba et o Lissss Lttt btttas Lo
Eqg. (1). Thus the position of the metal Fermi level with re- 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.4
spect to the LUMO level of PCBM is confirmed by two ? [eV]
independent measurements.

The next issue to address is the situation in which th&!G: 5. Calculated voltage losa¥,) due to the band banding, as a func-
metal work functiong,; is reduced to such an extent that it tion of the barrier _heightgéb)| for an ohmic contact. The paramet_ers used in
. . calculation are thicknesls=95 nm, temperaturd =295 K, effective den-
is even below the LUMO level of the semiconduclas sity of states in the conduction bamt,=3x10?°cm 2 and the dielectric
shown in Fig. 2b)]. In this case, alignment of the Fermi constante,=3.9.

0.15

0.05F ]
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5 TABLE I. PCBM characteristics fop,, AV, , andV for different cath-
10° o e T T T T T ) ; X
3 odes together with calculation values according to &y.
r
10° § @b Voc AV, @bt VoctAVy
E Cathode (eV) (V) V) (eV)
3
& 101 i LiF/Al 0 1.2¢8
£ 4 S Ag 0.65 0.84 0 1.49
< 3 J aexp(qV/k,T) ¢ Au 0.76 0.74 0 15
el 1 F o
- 10 I' pé V ~1.28V 1 a/alue estimated from the built-in fielFig. 6).
b 1
. JaVIL £ 7 L
10 M 1
. r ° ¢ 1 rier height and thé/o¢ of the device is constant, being the
[ 000y | PP LY  EPE AT $ 0000 Lo s a2 1 s o | ]

10 difference between work function of the bottom electrode
10 05 00 05 10 15 20 25 and the LUMO level of PCBM. In the case of an ohmic
ViVl contact theV o is reduced due to band bending as a result of
FIG. 6. DarkJ-V characteristicqcircles of a PCBM-only device with accumUk_ited charges. Thes_e re?SUItS are relevant for the un-
thicknessL = 140 nm, together with calculated exponential currettted ~ d€rstanding of the open-circuit voltage of the polymer/
line) and SCLC(solid line), at room temperature. fullerene BHJ solar cells, which will be addressed in the next

section.

¢ptqVoctgAVy= @y, —LUMO, (2

whereAV,, is the voltage loss due to the band banding a8 OPen-circuit voltage of the OC  ,C,o-PPV:PCBM
the ohmic contact. blend device

The electron current injected from LiF/Al contacts was  With the position of the Fermi level of the Ag, Au, and
shown to be space-charge limit¢8CL),*? indicating that  LiF contact known, with regard to the LUMO of PCBM, the
LiF/Al forms an ohmic contact for electron injection into the influence of the metal work function on thé,c of conju-
LUMO level of PCBM®'?As a result, the current is limited gated polymer:fullerence BHJ solar cells is investigated. The
by the bulk properties of the PCBM layer and no informationactive layer consists of a blend of conjugated polymer
about the contact, like a barrier height, can be obtained fronpoly[2-methoxy-5¢3’,7"  dimethyloctyloxy-phenylene vi-
the J-V measurements. Furthermore, direct measurement afylend (OC,C,,PPV) used as the electron donor d6¢b]-
the V¢ by using the photocurrent of an ITO/PEDOT:PSS/phenyl G;-butyric acid methyl estefPCBM) as the electron
PCBMI/LIF/Al device was not possible due to the poor light acceptor. The PPV and PCBM was used in a ratio of 1:4 by
absorption of the PCBM, leading to an unsaturaigg for  weight and it was spin coated from a chlorobenzene solution
this device. Thus the experimental methods used on the Agn glass/ITO/PEDOT:PSS substrates. For the solar cells gold
and Au devices do not apply to the PCBM devices with(Au), silver (Ag), palladium(Pd), or lithium fluoride(LiIF=1
LiF/Al contacts. However, it is possible to determine the nm/aluminum(Al=100 nm were thermally evaporated as a
built-in potential in the device directly from th&-V mea- top electrode. The work function of PEDOT:PS$\(,
surements. It should be noted thégc is an accurate esti- =5.2eV) matches the HOMO level of QC,,-PPV (5.3
mate for the built-in potential at low temperatures, but at+0.1eV), resulting in an ohmic contact for holes in the BHJ
room temperature it might underestimate the built-insolar cell, under forward bias condition. On the other side,
potential’ In Fig. 6 the darkl-V characteristics of an ITO/  LiF/Al makes an ohmic contact for electron injection into the
PEDOT:PSS/PCBMI/LIF/Al device is shown. It can be ob- LUMO level of PCBM (3.7 eV). It should be stressed that
served from Fig. 6 that the dark—V characteristic of a for the PCBM-only devices with Au and Ag contacts, there is
PCBM device has three distinct regimes: At low voltd@e  no band bending at either electrode, whereas for the solar
0.8 V), the measured current is dominated by local leakageells with the same contacts there is additional band bending
currents due to weak spots in the film, giving rise to ohmicat the PEDOT/OQC,,-PPV interface. Furthermore, in the
behavior, which is symmetric for reverse bias. In the rangeBHJ solar cell with a LiF/Al contact band banding occurs at
0.8-1.3V, the current increases exponentially with voltageboth interfaces. For this particular device E2). modifies to:
In this regime the current is diffusion dominated, since the
built-in electric field opposes the direction of the current. A(Voc+ AVp) =HOMOdonor~ LUMO accepror )
When the flat band condition is reached, the current becomeashereAV,, is the sum of the voltage losses at each contact
space charge limiteddrift dominated.'? Consequently, the due to the band bending. Equatié®) shows that for two
built-in voltage can be read at the cross point between thehmic contacts th&/ is given by the difference between
exponential and SCLC regime, which amounts/ip=1.28 the HOMO level of the donor (O&L,;PPV) and the
+0.02V. This value can be taken as an upper limit¥gz  LUMO level of the acceptoPCBM), minus the voltage
in this device, but does not provide accurate informationosses at these contacts due to the band banding. Following
about the band bending at the LiF/AI-PCBM contact. the same approach as in PCBM only devices, we started with

The results of the PCBM-only devices are summarizedhe investigation of th&/ - dependence on the metal work
in Table I. For non-ohmic contact®\g,Au) the sum of bar- function with non-ohmic contacts.
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FIG. 8. V¢ as a function of temperatuteymbolg for a device with active
layer of OGC,y-PPV:PCBM. The solid line represents the linear extrapo-
lation to T=0 K.

VM

FIG. 7. J-V curves of ITO/PEDOT:PSS/QC,,PPV:PCBM(1:4 wt %)/
cathode BHJ photovoltaic devices under illumination, with different metal
electrodegsymbols. The device was illuminated with a halogen lamp with
a power intensity of 80 mWi/cfn The V¢ was found to be in saturation
regime in all cases.

band bending are suppressed, aWgd: approaches its

maximum value. In Fig. 8 the temperature dependence of
Voc is shown, and extrapolation t6=0 K gives aVg¢ of

four typical ITO/PEDOT:PSS/OC, - PPV:PCBM/electrode  1-3 V. in agreement with an earlier reported resliHow-
BHJ devices using either LiF/Al, Ag, Au, and or Pd as the€ver, from the HOMO-LUMO difference between
negative electrode. The measurég. values are summa- OCiCig-PPV (5.3eV) and PCBM3.7 eV) an upper limit of
rized in Table I1, together with values for the respective elec1.6 V for Voc would be expected. The question is why
tron barrier heights ¢,). As stated above, in the BHJ solar this maximumVecamounts to only 1.3 V. It should be noted
cells with Au and Ag contacts, there is additional band bendthat the band diagrams as drawn in Fig. 2 assume a well
ing at the anode as compared to the PCBM-only devices. Adefined band edge. However, both (- PPV and PCBM
a result, the difference iNc between the PCBM-only de- aré disordered semiconductors, in which the charge transport
vices and the BHJ solar cells equals the voltage oggdue IS characterized by hopping in an energetically broadened
to band bending at the ohmic hole contact. For both Au andaussian density of stat€®OS). The widths of the Gauss-
Ag this difference amounts to 0.39.02 V, which is the 1an DOS o for OC,C,-PPV and PCBM amount to 0.11
voltage loss due to band bending at the anode. This demoind 0.072 eV, respectively. The transport levels in the Gauss-
strates that the solar cells with Ag and Au electrodes, whei@n DOS are located at-5/9* o/kT from the centet?
corrected for the band bending at the anode, behave as ekoplying that for OGC,-PPV and PCBM the transport
pected from the results of the PCBM only devices. Further/evels are located 0.25 and 0.1 eV from the center
more, the position of the Ag and Au electrode with regard toof ~ the  DOS,  respectively. ~ Consequently,  the
the LUMO of the PCBM is not modified by the presence of HOMO(OC,C,,-PPV)-LUMO(PCBM) distance of 1.6 eV,
the polymer in the blend. deduced from the maxim of the Gaussian DOS, is effectively
For the LiF/Al contact the situation is more complicated: feduced to about 1.25 eV, which corresponds closely to the
the upper limit for theV in a solar cell can be determined Maximum obtainablé/qc in the solar cells. Correcting the
from the temperature dependence\gic.’” At T=0K the upper-limit of V,.=1.3V for the band bending at ambient

diffusion of charges into the semiconductor and resulting@mperature for two Ohmic contacts reduces \thgfurther
to 0.9 V, which is in close agreement with the experimentally

observed value.

In an earlier studyusing Ca, Ag, Al, and Au as cath-
odes, it has been demonstrated that the obtained variation in
Voc was less than 200 mV. Pinning of the Fermi level at
PCBM surface states was suggested as a possible explana-
tion. Also in our study the variation between LiF/Al, Ag, and

Figure 7 shows thé—V curves under illumination, of

TABLE Il. OC,C,-PPV:PCBM BHJ solar cells characteristicéyc; total
voltage loss due to ohmic contacAYb) as a function of different top
electrodes; electron barrier heightg,j are taken from the PCBM-only
characteristics from Table bpy;=LUMOpcput ¢y, is the estimated effec-
tive metal work function, taking the barrier height into accdunt

®b Voc AV, oML Au is rather small. However, it is important to realize that the
Cathode (ev) V) V) (ev) Voc of cells with Al and Ag cathodes behave in correspon-
LiF/Al 0 0.902 3.7 dence with the MIM model, without an additional contribu-
Ag 0.65 0.674 0.158 4.35 tion by pinning. As we have shown, Ag is exactly at the
Au 0.76 0.59 0.158 4.46 position where it is expected from its work function. Further-
Pd 0.944 0.398 0.158 4.644

more, the Fermi level of LiF is pinned close to that of the
LUMO of PCBM [shown in Fig. 2b)] due to the accumu-
lated charge carriers. Because of this pinning, g will

/alue calculated from Eq2): the measure®¥/ ¢ from Fig. 7, taking into
account the average voltage losses at the Ag and Au interfaces.
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16— T T ™ the expected values. In this cadg, is determined by the
141 ] work function differences of the electrodes. However, for the
L o LiF/Al ] ohmic contact the measured value of 0.9 V is lower than the
12 o Ag 1 predicted value of around 1.1V, possibly due to the energetic
E 1.0 A Au ] disorder of the charge transport levels.
) v Pd
g 08¢ j Ill. CONCLUSIONS
> o6t ] In conclusion we have shown that by variation of the
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