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1. Introduction

Most present-day semiconductor devices use inorganic
crystalline materials, with single-crystalline silicon dominat-
ing other materials like GaAs by about a factor of 1000.
Despite the advantages of single-crystalline inorganic semi-
conductors like high room-temperature mobility (up to 2000
cn?/(V s)) and high stability, these materials are less suitable
for low-cost and large-area applications. Additionally, silicon
is an indirect semiconductor and therefore is not well suited
for optoelectronic applications like light-emitting diodes.
Solar cells from silicon are expensive and require a large
amount of energy for their fabrication, leading to a long
energy payback time.

As an alternative, organic semiconductors have recently
gained much attention (for review articles, see refs31
(OLEDS), ref 4 (organic electronics in general), and refs 5
and 6 (organic solar cells)). Originally, much of the research
concentrated on single crystals, which can have mobilities
of a few cn#/(V s) at room temperature and even much
higher values at low temperature, as shown in the pioneering
work of Karl et al” However, for practical applications, thin-
film organic semiconductors with disordered morphology,
such as evaporated small-molecule compounds or polymers
processed from solution, are prevailing. Organic semicon-
ductors are already broadly applied as photoconductors for
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red-shifted to their absorption. Thus, there are almost no
reabsorption losses in organic light-emitting dio8&gich,
Organic semiconductors have several unique physicaltogether with the low indices of refraction, circumvents the
properties, which offer many advantages compared with key problems of inorganic LEDs. (iii) Since organic semi-
inorganic semiconductors: (i) The extremely high absorption conductors consist of molecular structures with saturated
coefficients of some organic dyes in the visible range offer electron systems, the number of intrinsic defects in disordered
the possibility to prepare very thin photodetectors and systems is much lower than that in inorganic amorphous
photovoltaic cell$.(ii) Many fluorescent dyes emit strongly ~ semiconductors having a large number of dangling bonds.
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Organic LED in a nominally undoped form. However, controlled and stable
doping is desirable for the realization and the efficiency of
1. many organic-based devices. If one succeeds in shifting the
Fermi level toward the transport states, this could reduce
Ohmic losses, ease carrier injection from contacts, and
increase the built-in potential of Schottky ofp junctions.

2.

Here, we review recent work on doping of organic
W = semiconductors, both on fundamental principles and on
transparent reflective device applications. In our own work, we have concentrated
anode HTL ETL cathode ; :
on evaporated layers, which were doped by coevaporation

e with a molecular dopant. The advantage of the molecular
arge injection

1: ) .
2. Charge transport doping approach compared with the use of other substances,
3. Exciton formation o such as metals and gases, is the high stability that can be
L i e reached with molecular dopants. First, we will discuss the

basic physics of doping, both for p-tyfe'®* and for

Organic Solar Cell n-type~17 materials.
In both cases, the conductivity can be raised many orders

_f' of magnitude, well above the intrinsic conductivity of pure
materials or the arbitrary conductivity caused by background
2 impurities. While p-type doping is rather straightforward for
II 3. most of the interesting materials (e.g., for the typical hole
y ; transport materials in OLEDs and organic solar cells), the
5 4. molecular n-type doping has turned out to be a challenge
transparent reflective due to the energetic position of the orbitals required for
anode HTL ETL |cathode n-type doplng
W TP We will also review some elementary model devices to
2. Exciton generation understand basic device principles, particularly the first
i. Eﬁciton separation / charge generation organic p-n homojunctions, which have recently been
s cn::gz ekl realized!® showing extremely large built-in voltages. How-

ever, these organic homojunctions also show the limits of
solar cell in comparison. For simplicity, we show two-layer devices. the tll’?dltlonal lse(rjnlcpr;dufctor q{ﬁscgﬁtloﬂls: Thedexlperlr:nehn.tal
In the field of small molecule organic electronics, usually additional '€SUILS Strongly deviate irom the Shockiey model, which 1s

layers are used to improve the efficiency of the devices. Neverthe- generally used for inorganic semiconductors.
less, all these devices follow the general layout as sketched here. Finally, we discuss the application of electrically doped
organic layers in devices. In particular, we discuss organic
(iv) A nearly unlimited number of chemical compounds is light-emitting diodes where the introduction of doped
available, and it is possible to prepare tailor-made materials.transport layers leads to several improvements:
(v) Organic semiconductors can usually be deposited on As a first important step, the Ohmic resistance of the
room-temperature substrates and are very well compatibletransport layers is reduced, so that the transport layers are
with flexible substrates. nearly field-free under operation (see Figure 2). In the top
Currently, a large part of the work on organic semiconduc- part, the band structure of a typical inorganic LED is schown
tor devices is addressing organic light-emitting diodes schematically. In such a device, the emitter layer (center,
(OLEDs) and organic solar cells (OSCs). Although light with lower band gap) is sandwiched between two highly n-
emission and photovoltaic effects have been observed inand p-doped transport layers. Due the high conductivity of
organic materials long ago, the breakthrough came with the these layers, the Ohmic losses are very small and the band
realization of thin film devices based on a double layer edges are nearly flat since there is nearly no voltage drop.
structure by Tang and van SlyR&.The basic working  The operating voltage of the device is then close to the
principle is that in both cases, an organic double layer is photon energy of the light emitted.
sandwiched between two contacts acting as anode and In organic light-emitting diodes with undoped transport
cathode (see Figure 1). layers, the carrier concentration is lower, leading to Ohmic
In both types of device, charge carrier transport in the thin losses and a higher field to drive the currents. In the extreme
films to the active zone (OLED) or away from it (OSC) is case, as shown in the bottom part of Figure 2, there is a
crucial. To make this transport as efficient as possible (i.e., large field needed across the device to drive the carriers, so
with a low Ohmic loss), highly conductive transport layers that the operating voltage might be a multiple of the photon
are useful. Also, in both kinds of devices, carriers need to energy emitted.
be either injected from inorganic contacts (OLED) or  While a low voltage drop may also be achieved by using
extracted to such contacts (OSC). Here, an efficient injection very thin layers, there exist at least three major reasons to
or extraction requires low energetic barriers or thin space use somewhat thicker doped layers: Thick layers reduce the
charge layers, which can be tunneled through, or both. probability of short cuts, allow higher stability during the
It is important to emphasize that the breakthrough of the preparation process, and allow tuning of the optical micro-
classical silicon technology came in the very moment the cavity in layered optoelectronic devices for an optimized field
conduction type was no longer determined by impurities but distribution.
could be controlled by doping. Unlike inorganic semiconduc-  Another very important fact is that doped transport layers
tors, up to now, organic semiconductors are usually preparedlead to very narrow space charge regions at the contacts,

Figure 1. General operation principle of an OLED and an organic
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(HOMO) states to generate holes (p-type doping) (Figure
4). However, there are a number of differences between
organics and classical semiconductors, which have to be
taken into account when a detailed understanding is desired:

e The transport mechanism in organics is usually

hopping, in contrast to band transport in classical

semiconductors.

e The correlation energies in organics are much

higher; for example, the exciton binding energy is on

the order of 0.2-0.5 e\*° compared with 4 meV in

GaAs?°
Polaronic effects are important in organic materials.

It was previously reported that high conductivities can be
achieved when organic dyes with a weak donor character
like the phthalocyanines are exposed to strongly oxidizing
gases, such as iodine or bromfdiowever, this technique
is not suitable to prepare thermally stable bipolar devices
like p—n or p—i—n junctions, since such small dopants can
easily diffuse in the layers. Similar considerations hold for
doping by other small atoms like lithium, cesium, or
strontiunt?23 or small molecules like Lewis acid$.

As an example for the doping effect, we refer to Figure

tunneling through thin space charge layers) and an undoped organic, where Parthasarathy and co-workers showed by ultraviolet

LED (bottom), in which due to the low charge carrier concentration,

photoemission spectroscopy (UPS) how the Fermi level in

the energy levels are no longer flat but rather possess a slope needegp organic semiconductor, in this case the well-known

to drive the lower number of injected carriers.

thin enough to allow the carriers to tunnel through, as
schematically shown in the top part of Figure 2. Thus, it is

electron transporter bathocuproine (BCP), shifts upward upon
doping with lithium. The lithium ions fill gap states in the
BCP band gap.

A better approach toward electrical doping for stable

possible to realize Ohmic contacts even when there are larg&yeyices is to use larger aromatic molecules, which are strong
energetic barriers between the transport layer and the contact,;_g|ectron donors or acceptors. Several results on molecular
This is very advantageous, since in OLEDs with undoped qning have been reported in literature in the last decades.
transport layers, t_he optimization of the barriers requires g, instance, phthalocyanines have been doped by adding
additional processing effort, the use of rather unstable low organic acceptor molecules like orthochlor&hiletracyano-
work function contact materials, or both. OLEDs with doped quinodimethane (TCNQ), or dicyano-dichloroquinone

transport layers are therefore much more flexible in terms (DDQ) 2527 Covalently bound stacked phthalocyanit$esd

of contact _m_aterial_s choice. This is particular adva”tageous0Iigothiophene§’ have been doped by DDQ.

for top-emitting or '”Ve”_ed OLEDs. N However, until recently systematic investigations of the
A second class of devices where doping is very advanta- j,q ence of doping on fundamental semiconductor param-

geous is organic solar cells. There are a number of iSsU€Sytes fike the Fermi level or the carrier density have still

where doped ]ayers can improve these d’?"'ces- . been rare. A proper thermodynamic description of the doping

Doped window Iayers_ W.'th nearly arbltrary th'_Ck' process is still a challenge. Apart from that, only a few

ness can be used to optimize the optical properties of  Zyemnts have been described in the literature to apply

the devices, that is, locate the maximum optical field molecularly doped dye layers in semiconductor devié&s.

near the absorber layers. ; ; :
: . . . In our group, we have systematically studied the physics
Doping can help to achieve Ohmic contacts, which of molecular doping of organics for several yetrs1430

Sef\/?gwmv(gliaezsserw&g Z?]larvgigs'gvgr'gh (C)gﬁg?éift In particular, we have successfully applied electrically doped
abl)): reduces ?he 'performanc):/e 9 P transport layers to both QLEI§§1‘34 and solar cellé?v3‘fln

Finally, doping plays a cruéial role in achieving the following, we will discuss the approach of doping by
efficient c’harge recombination contacts for stacked coevaporation of dopants with the organic matrix. We first
cell structures phscus; p-type d(_)plng, where we havg performed extensive

: investigations with both polycrystalline and amorphous

Cmatrix materials, and then some selected results on n-type
doping, which is challenging since it is difficult to find
suitable stable molecules that can deliver an electron at an
energy that is high enough to reach the LUMO of typical
organic semiconductors.

been proven in organic solar cell devices.
To conclude the introductory section, we now list the key
materials discussed in the review (see Figure 3).

2. Doping Fundamentals

The basic principles of doping in organic semiconductors 2-1. p-Type Doping
are similar to those in inorganic materials: Mobile carriers
are generated by electron donors or acceptors. In organics,z'l'l' Fundamentals
one has to add constituents, which either donate electrons Phthalocyanines are well suited as as model systems for
to the lowest unoccupied orbital (LUMO) states (n-type p-type doping since they are known as a stable organic semi-
doping) or remove electrons from the highest occupied orbital conductors and have a comparatively high lying HOMO; it
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Figure 3. Key materials used in this paper: (a) 1-TNATA, 44-tris(1-naphthylphenylamino) triphenylamine; (b) 2-TNATA, 444-
tris(2-naphthylphenylamino) triphenylamine; (c) 4P-TPD,"-4i-(N,N-diphenylamino)-quaterphenyl; (d)-NPD, N,N'-di(naphthalen-2-
yI)-N,N'-diphenyl-benzidine; (e) [Cr(bpylf (bpy = 2,2-bipyridyl); (f) [Cr(TMB)3]° (TMB = tetramethylbenzidine); (g) di-NPDN,N'-
diphenyIN,N'-bis(4-(N,N-bis(haphth-1-yl)-amino)-biphenyl-4-yl)-benzidine; () FCNQ, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane;
(i) MeO-TPD, N,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine; ) MTDATA, 4,4',4"-tris(3-methylphenylphenylamino) triphenylamine;
(k) [Ru(terpy}]® (I) spiro-TAD, 2,2,7,7-tetrakis(N,N-diphenylamino)-9,9spirobifluorene; (m) spiro-TTB, 22,7 -tetrakis(N,N'-di-p-
methylphenylamino)-9;9pirobifluorene; (n) TCTA, 4,44"-tris(N-carbazolyl)triphenylamine; (o) TPD, 4;8is(3-methylphenylphenylamino)
biphenyl; (p) ZnPC, zinc phthalocyanine.
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Figure 4. Doping mechanisms of molecular p-type (top) and n-type
doping (bottom). In p-type doping the molecular dopant acts as
acceptor and in n-type doping as donor. A sufficient energetic
overlap of matrix and dopant energy levels is required for efficient
doping.

BCP Li doped BCP
Undoped DopewithLi  E_pushed to LUMO
S ———

Gap states below E

LUMO
t B e
0.6eV
---------------------------- EF v
BCP:Li Gap states
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Figure 5. Proposed energy level scheme of undoped (left) and
Li-doped (right) BCP thin films. The lowest unoccupied and highest
occupied molecular orbitals are labeled LUMO and HOMO,

respectively. Reused with permission from G. Parthasarathy, C.

Shen, A. Kahn, and S. R. Forresgurnal of Applied Physi¢s9,
4986 (2001). Copyright 2001, American Institute of Physics.

is thus rather easy to find acceptor-like molecules that lead

to the generation of mobile holes in the organic matrix. In
our study, we have used the strong acceptpT ENQ
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Figure 6. Conductivity of two different sample series of ZnPc
doped with B-TCNQ as a function of molar doping ratio. For both
samples, the conductivity is reproducibly increased by the doping.
The dashed line symbolizes a linear relationship between doping
ratio and conductivity. Obviously, the experimental data show a
superlinear relationship.

The dashed line in Figure 6 shows that the conductivity
rises much faster than linearly with the doping ratio, which
is explained within a percolation model by a subtle interplay
between charge carrier release by doping and a filling of a
distribution of more or less localized statéDetails will
be discussed below (see section 2.1.3).

We have performed measurements of the thermoelectric
effect (Seebeck effect) in these matefi&ald to better
understand the energetics of the transport in these doped
materials. The Seebeck effect is a useful and simple tool to
measure the distance between the transport states (which we
denoteE, here) and the Fermi levelEr. In a simple analysis,
it turns out that the Seebeck coefficie8{]), as the relation
between thermovoltage and temperature difference between
the contacts can be expressed’by

_ kB EF(T) - Ey
=7 (T

whereA is a numerical factor that accounts for the kinetic
energy of the charge carriers and can therefore be assumed
to be negligible in low mobility organic materials.

Figure 7a shows the position of the Fermi level in ZnPc
as a function of molecular doping concentration. It is obvious
that the Fermi level shows the typical behavior of a doped
semiconductor. With increasing doping, the Fermi level
moves toward the transport states. These conclusions still
hold in the framework of a more elaborate percolation
modelt3 even if such a model implies that not only the Fermi
level but also the dominant transport le#lslightly moves
with temperature and doping level (see Figure 7).

It is also important to note that in this case, the Seebeck
measurements are a proof that the conduction mechanism
in our doped samples is not by hopping from dopant to

+A (1)

(see Figure 3) and have applied a number of characteriza-dopant but indeed takes place in the valence states of the
tion techniques to obtain a comprehensive understanding oforganic semiconducting matrix: if the carrier would move
the doping mechanisms, which shall be described in the by hopping from dopant to dopant molecule, the Seebeck

following.

Figure 6 shows the conductivity of two different sample
series of ZnPc doped with,fACNQ as a function of the
molecular doping ratio. The two most important points are
that (i) the conductivity can be reproducibly controlled over

coefficient would be very small or even negative. Also,
together with the conductivity results as a function of doping,
the thermovoltage data make it highly unlikely that the
conductivities result from the motion of ion impurities.

We have investigated p-type doping usingT’CNQ with

more than 2 orders of magnitude by the doping ratio and a variety of hole transport matrices. It turned out that doping

(i) the conductivity is many orders of magnitude higher than
the background conductivity of nominally undoped ZnPc
(1071 S/cmin vacug.

is a general effect that works for a large number of materials.
For applications of doped layers in optoelectronic devices
like OLEDs and solar cells, it is especially important that
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a) T = T around 5 eV, which is close to the electron affinity of F
1 TCNQ34°When TCNQ instead of FTCNQ is used as a
C dopant, the degree of charge transfer is low even in Z@Pc (
06 1020 = 0.2), and consequently, the conductivity at 2% doping is
—_ " . T=40C ] 0.15 = only in the order of 1x 107® S/cm for TCNQ instead of 1
§ 0.4l | m x 1072 S/cm for R-TCNQ in ZnPc. It is thus obvious that
c . do10 ’62 only the enhancement of electron affinity by about 0.5 eV
e " ] by fluorination of TCNQ was the crucial step to achieve an
0.2F . {005 efficient molecular doping?
ELT)-E,7eTS(T) 1 On the other hand, we observe an only partial charge
0.0 NNV Py transfer for -TCNQ in TPD ¢ = 0.64) due to its higher
0.1 1 10 ' ionization energy of around 5.4 eV¥.Accordingly, the
molar doping ratio (%) conductivity for a given doping ratio of 2 mol % is lower
for TPD (1 x 107 S/cm) than fom-MTDATA (3 x 1077
b) Q28T T T T T T T T S/cm) even though the intrinsic hole mobilitynmMTDATA
' vy (3 x 1075 cn?/(V s))*?is more than 1 order of magnitude
0,24 Yy . lower than that in TPD (& 1073 cn?/(V s)).3 By attaching
A M one electron-pushing methoxy group to each of the four outer
02071 o4ga T benzene rings of TPD, its ionization energy can be reduced.
2 0,164 °\3§:\A\ _ This materialN,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine
= "agg \0\: (MeO-TPD) seems to have similarly high hole mobility as
4 0,124 \-\_\_ e TPD but a higher degree of charge trans# 0.73) and
u 0.08.] | mo'ar doping ratio: TR, 1 thus yields a high conductivity (5 106 S/cm at 2% doping)
’ :::g'gf for the amorphous hole transport materials, which is well
0,044 | —a—0.005 . suitable for OLEDs and organic solar cells. When doped by
—v—0002 2% F-TCNQ, the hole mobility of MeO-TPD is k 10*
0,00 +———————— c?/(V s).24
2,8 30 32 34 36 38 4,0 42 44 46 48

Obviously, the conductivity drops very quickly if the

_ temperature [1000/K] _ _ charge-transfer ratiaZ, falls below unity. Here, it should
Figure 7. (a) Seebeck coefficien§ (left axis), and distance (right  he noted thaf is not a probability for a complete charge
axis) between the Fermi energy levil, and the dominant transport  yransfer but rather has to be understood in terms of mixing

energy level E,, at 40°C, calculated according to the equation - . - .
given in the inset, for ZnPc layers doped with-FCNQ as a l(;oeff|C|entsbfor an eI?ctgon that OCle_F:ﬁ/Isgn Oéb'thal belng a
function of the doping concentration. The Fermi level behaves in /IN€ar combination of the acceptor and the matrix
close agreement with inorganic semiconductors; that is, it moves HOMO.

toward the transport state with increasing qloping c_onc_:entration. To summarize, these results show that the doping effect
Reprinted from ref 38, Copyright 2003, with permission from s rather general provided that the energy alignment of the

Elsevier. (b) Shift of Fermi level with temperature. For experimental . : e
details, see refs 10 and 38. ?rggnasr;lecr matrix and the dopant allows an efficient electron

amorphous wide gap hole transport materials such 4¢'4,4 ; ;
tris-N,N-diphenyl-amino-triphenylamine (TDATA) can be ﬁﬂé'tg'riggmp arison of Amoiphous and Polycrystaline

doped as welf? The resulting conductivities for TDATA
are on the order of k 1077 to 1 x 10°° S/cm at a doping Morphology is a crucial parameter for the conductive
level of 2% R-TCNQ32 that is, much lower than that for ~ properties of any solid. Organic semiconductors used in
the polycrystalline phthalocyanine as shown in Figure 6. The devices are typically prepared by vapor deposition in high
reason for the lower conductivity is the much lower mobility vacuum or by spin-coating from solution and have a
of the amorphous material; the carrier concentrations arepolycrystalline or amorphous morphology. As shown in the
comparable: for the highest doping concentrations (a few previous section, the doping process in polycrystalline dyes
percent dopant), they are arounc?a6m3. It is important can largely be described by the standard description used
to note that in inorganic semiconductors, such doping levels for crystalline inorganic semiconductofs*® Amorphous
would lead to metallic behavior due to the long-range materials are in particular popular for OLEDs, mainly
coupling of the dopant atom. In organic materials, such high because they form smooth layers and do not degrade by
doping levels still lead to semiconducting properties due to crystallization (if the glass transition temperature is high
the high density of states in the LUMO level and the weak enough). Also, amorphous materials are simpler model
coupling of the dopant energy levels. systems and allow, for example, the exclusion of effects
Using infrared spectroscopy, it is possible to follow the caused by grain boundaries. It is thus very interesting to
charge transfer from the matrix molecules to the acceptor clarify how the doping process depends on the morphology
dopant!® The precise frequency of the stretching mode of of the organic layers.
the C—N triple bond in the cyano groups is sensitive to the  In the following, we discuss our investigations of the
degree of charge transfer from the organic matrix to the semiconducting behavior of polycrystalline and amorphous
acceptor molecule and thus provides direct information on vacuum-deposited layetéWe have used again zinc phtha-
the degree of charge transfeér, The results for a number of  locyanine (ZnPc) as a model matrix material and tetrafluoro-
materials are listed in Table 1. A complete charge transfer tetracyanoquinodimethane,{FCNQ) as dopant because the
(2=1) is found for matrix materials like the phthalocyanines doping process is quite efficient for these two materials, as
and TDATA derivatives. They have ionization energies discussed above. Polycrystalline and amorphous ZnPc films
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Table 1. p-Doping of Various Hole Transport Materials by TCNQ Derivativest

matrix/dopant ZnPclFTCNQ ZnPc/TCNQ M-MTDATA/F 4~ TCNQ TPD/R-TCNQ MeO-TPD/B-TCNQ
Is (eV) 5.112 5.1 5.15 5.41
z 1 0.2 1 0.64 0.74
o (S/cm) 1x 10°3 1x 106 3x 107 1x 107 1x10°

aThe table shows the solid-state ionization enelgypf the matrix materials, the degree of charge transfer from the matrix to the dopant,
derived from the position of theif1s mode of the TCNQ derivatives, and the conductivity at a doping level of 2 mol % for a series of matrix/
dopant combinations.
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Figure 8. Differentiated electron diffraction images of two ZnPc T T T T T T y
layers (50 nm thick) on a carbon foil. The layers were prepared at 400 500 600 700 800 900 1000

a substrate temperature of (a) 25 and {{)50 °C. The numbers wavelength (nm)

in panel a denote the distance in nanometers of the correspondingrigure 9. Absorption spectra of ZnPc layers (50 nm thick). The
crystallographic planes. Note that we display differentiated images RT polycrystalline sample was prepared at 26 substrate
since the original diffraction images are difficult to analyze because temperature and the LT amorphous sample-450 °C substrate

of the very low intensity. Reprinted Figure 2 with permission from temperature. Reprinted Figure 3 with permission from Maennig,
Maennig, B.; Pfeiffer, M.; Nollau, A.; Zhou, X.; Leo, K.; Simon,  B_; Pfeiffer, M.; Nollau, A.; Zhou, X.; Leo, K.; Simon, FRhys.
P.Phys. Re. B, 64, 195208, 2001 (http://link.aps.org/abstract/PRB/ Rey. B, 64, 195208, 2001 (http://link.aps.org/abstract/PRB/V64/
v64/€195208). Copyright 2001 by the American Physical Society. e195208). Copyright 2001 by the American Physical Society.

were prepared by variation of the substrate temperatureto the (2 0 0), (4 0-2), and (3 1—2) lattice planes, indicating
during layer growth. The films were electrically characterized the low-temperaturex-phase crystalline modification of
by temperature-dependent measurements of the conductivity ZnPc. The crystalline domains had an average size of about
the thermopower (Seebeck effect), and the field-effect 20—30 nm. In the diffraction pattern of the LT sample, the
mobility. From the Seebeck coefficient, we can calculate the Debye-Scherrer rings are missing, and only amorphous
hole densityp. In combination with the measured conductiv- halos corresponding to 1.26, 5.80, and 0.35 nm were

ity, o, we obtain the hole mobilityyn, assumingr = epun. observed. The amorphous phase was stable up to a temper-
The field-effect measurements allow direct determination of ature of 50°C. The absorption spectra of the RT and LT
the hole mobility and comparison to the calculated values. samples are shown in Figure 9.
The results fop, obtained from the different measurements 1o absorption spectrum of ZnPc in solution shows only
are largely consistent. We will then show that a compre- 5nq peak at 679 nm in the depicted energy rafige.the
hensive description requires a percolation model both for gojigf state, this electronic excitation splits up in two parts
polycrystalline and for amorphous materials. because of molecular interactioffsThe positions of the

To vary the morphology of the films, we used the well- peaks are 625 and 710 nm for the polycrystalline sample
known substrate temperature dependéhgepolycrystalline and 635 and 688 nm for the amorphous sample, respectively.
film (a-phase) grew when the substrate was held at room The separation of the peaks is smaller for the amorphous
temperature (28C, RT samples), and an almost amorphous than for the polycrystalline phase, which is a strong hint at
film grew when the substrate was cooled to bele®00°C a lower interaction of the molecules of the LT sample,

(here—150°C, LT samples). This behavior is observed for corresponding well with the lower degree of order.
different substrate materials like silica, KBr, and carbon foil. We now discuss the results of the conductivity and

Details of the sample preparation and the conductivity and ggepeck studies. The conductivity of undoped ZnPc is below
Seebeck measurements are described in ref 35. The field-;5-10 g/cm 13| Figure 10a, the conductivity is plotted versus
effect mobility was determined with a thin film transistor yhe veciprocal temperature for the doped samples grown at
arrangement using either a silicon oxide gate layer thermally jigterent substrate temperature. The molar dopant concentra-
grown on a highly doped n-type silicon wafer or a polymeric jon s 194 in both samples. At room temperature, the
gate insulator on indium tin oxide (ITO). conductivity is 6 orders of magnitude higher than that in the

First, the structural characterization of the Samples was undoped Samp|es_ The Conductivity shows a therma”y
done by X-ray diffraction. Differentiated diffraction patterns  activated behavior in the measured temperature range. For
of the RT and LT samples are shown in Figure 8. the polycrystalline sample, the activation energyEis; =

The RT sample shows Deby&cherrer rings and some  0.18 eV. In comparison, the activation energ¥is = 0.24
discrete diffraction spots due to the polycrystalline morphol- eV for a molar dopant concentration of 0.2%; that is the
ogy of the phthalocyanine (Figure 8a). The rings correspond activation energy slightly decreases with increasing dopant
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Figure 10. Conductivity of ZnPc layers (30 nm thick) doped with . .
1% F-TCNQ: (a) Arrhenius plot for a RT polycrystalline and LT molar doping ratio F,-TCNQ / ZnPc

amorphous samples; (b) conductivity vs molar doping ratio for the Figure 11. (a) Seebeck coefficien§, vs molar doping ratio for
RT polycrystalline and LT amorphous samples. The conductivity znpc layers (30 nm thick) doped withfFCNQ. The values of
of the LT amorphous samples is about 1 order of magnitude lower the LT amorphous samples are about-002 mV/K higher than
compared with that of the RT samples. Reprinted Figure 4 with those for the RT polycrystalline samples. The inset shows the
permission from Maennig, B.; Pfeiffer, M.; Nollau, A.; Zhou, X.;  Seebeck coefficient vs temperature for a RT and LT sample with
Leo, K.; Simon, P.Phys. Re. B, 64, 195208, 2001 (http://  a molar doping ratio of 2% and a 400 nm thick LT sample with a
link.aps.org/abstract/PRB/v64/e195208). Copyright 2001 by the molar doping ratio of 1.2%. Here, the slight increas&efith 1/T
American Physical Society. for the thin LT sample®) is due to problems of the measurement
because of the low current in the thin film. For the thicker layer
concentration. For the amorphous sample, the activation(a), S stays constant. (b) Hole density vs molar doping ratio.
energy is 0.23 eV. Again, the activation energy is higher '\R/lep'f\ilgtf; FiA%JUfghi wig? Pl_eégni?(siog.g%r: MgﬁngigéeB-éF’éedfiffer,
i 0, o u, A.; u, A, , K. ol y YS. . B, .
for':%mglairogogﬁ g\}vg?ﬂgeggnaélg c?ti\?ift)? 'st/zh(g .?ngol?’:l\r/) d oping 195208, 2001 (http://link.aps.org/abstract/PRB/v64/€195208). Copy-
. g A right 2001 by the American Physical Society.
ratio. Surprisingly, the conductivity increases strongly su-
perlinearly with the concentration of-FCNQ for both types For the further evaluation of the Seebeck measurements,
of samples. Generally, the conductivity of the amorphous it was assumed that the effective density of statgsat the
samples is about 1 order of magnitude lower than that for transport leveE, is comparable to the density of molecules,
the polycrystalline samples. N This is equivalent to the assumption that every molecule
To further characterize the samples, thermovoltage mea-contributes one transport state. FoZnPc, the density of
surements were performed to determine the Seebeck coefmolecules is aboull, = 1.7 x 10% cm 3. The density of
ficient, YT). For a first analysis, the simplest model of only holes,p, in the transport state is then given by
one relevant transport level can be used. It will be later seen
that this model cannot completely explain the measurements. EL(T) — E, e
As discussed above, for unipolar charge carrier transport at p=N,exg— IS S N, exp — K @
one transport leve,, Sreveals the transport type (n or p)
from its sign and the energetic difference between the Fermiwith k as the Boltzmann constant. The Maxweloltzmann
level, Er, and the relevant transport levél,, from its value approximation can be used since the distance between Fermi
(see eq 1)). It is important to mention that this holds level and transport states is much larger than the thermal
regardless of the details of the transport mechanism. Forenergy. However, we already note here that the effective
instance, it applies to band transport (as long as the density of stated\,, is not known in our materials and that
bandwidth is small compared witkT) and to hopping for a comprehensive understanding of the measurements, one
transporf” All Seebeck coefficient§ measured for ZnPc/  has to go beyond the assumption of only one relevant
F4,-TCNQ are positive (see Figure 11a). transport level, which is discussed in the percolation model
The Seebeck coefficier of the LT amorphous samples below. Therefore, the values of the hole density determined
is about 0.2-0.3 mV/K higher than that for the RT samples. this way from the Seebeck coefficient are an upper limit
For all samplesSis basically temperature independent (see because the effective density of states will always be lower
inset of Figure 11a). than the density of molecules.
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The hole density obtained ranges from3® 10 cm™3
(Figure 11b). They show the same characteristic behavior
upon doping as the conductivity: the hole density increases
strongly superlinearly with the concentration of the dopant,
and the values for the LT amorphous samples are about 1
order of magnitude lower than those for the RT samples.

The combination of the Seebeck measurements with the
conductivity results allows then deduction of the hole
mobility by application of the equation

0= €y 3)

The resulting hole mobility is independent of the doping
density and has the same value of about 503 cn?/(V s)

at room temperature for both the polycrystalline and amor-
phous samples.

Altogether, we obtain qualitatively the same behavior for
the polycrystalline and the amorphous samples upon doping.
It is therefore very unlikely that the superlinear increase of
the conductivity with doping is caused by structural effects
like high conductance paths or an accumulation of the dopant
molecules at grain boundaries: such structural effects are
not expected in an amorphous phase. Accordingly, they
should be much more pronounced in the polycrystalline RT
samples than in the LT samples, which are largely amor-
phous.

The (free) hole density appears to be temperature inde-
pendent because the Seebeck coefficient is temperature
independent. To explain this temperature behavior in the
standard semiconductor statistics, we would have to assume
that the acceptors form shallow states, that is, all acceptors
are ionized, and that there are only shallow traps (or n
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Figure 12. (a) Transfer characteristics of a thin film transistor (type

1) using a 30 nm polycrystalline ZnPc layer as active semiconductor
(doping ratio 0.7%) and (b) field-effect mobility and Seebeck

conductivity should increase linearly with the doping density, mobility vs molar doping ratio. The field-effect mobility increases
which is in clear contradiction to our measurements. To with increasing dopant concentration and the Seebeck mobility
understand this phenomenon, we now consider the evolutionseems to be independent of the doping concentration (within

of the field-effect mobility upon doping.

It is common to use the basic equations of the silicon-
based metatinsulator-semiconductor field-effect transistor
(MISFET) to describe the organic-based thin film transistor
(TFT) although the device structure of the organic TFTs
differs from that of the conventional MISFE?%5' The drain

current,lp, is then given by

W

lp = fﬂFECi (Vo = Vi)Vp —

for Vp < Vg — Vi Here,W is the width of the source and

experimental error). Reprinted Figure 6 with permission from
Maennig, B.; Pfeiffer, M.; Nollau, A.; Zhou, X.; Leo, K.; Simon,
P. Phys. Re. B, 64, 195208, 2001 (http://link.aps.org/abstract/
PRB/v64/e195208). Copyright 2001 by the American Physical
Society.

950 nA by variation of the gate voltage betweed0 and

—10 V. The output characteristics are completely in the linear
regime. The drain current cannot be reduced to zero because
the density of the induced charge carriers is small compared
with the charge density due to doping. Additionally, the
depletion width (approximately 8 nm) is smaller than the
thickness of the ZnPc layer so that the layer cannot be

drain electrodesl. is the channel lengthyee is the field-
effect mobility, C; is the capacitance per unit area of the
insulating layer,Vs andVp are the applied gate and drain
voltage, andVy, is the threshold voltage. The field-effect
mobility is an effective mobility, which is related to the
mobility, un, of the holes by

_ p
Upe ﬂhp+ ) (5)

completely depleted.
Since the threshold voltag®,, is unknown, the field-

effect mobility can be best calculated from the slope of the

curves in the transfer characteristics:

dip

VA

w
T #eeGVp (6)

in the model of only one relevant transport level for a p-type
semiconductor. Herep is the free hole densityy; is the
density of trapped holes, apd is the mobility of free holes.
The transfer characteristics of the thin film transistor
measured at 67C are given in Figure 12a for a polycrys-

For a drain voltage of-5 V, we obtainuge = 7 x 107
cm~3 at 20°C, which is a typical value for ZnPc and other
polycrystalline organic materiaf.The values of the field-
effect mobility for the polycrystalline samples determined
for thin film transistors of type | and type Il are given in
Figure 12b. No FET data could be obtained for the LT

talline sample. The drain current changes between 700 andsamples. For the thin film transistors of type | and type Il,
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the values are in the same range with a deviation of 50%,  g)
which is probably due to the different growth behavior of
ZnPc on different substrates, different interface trap densities,
or both. The field-effect mobility increases with increasing
dopant concentration, which is explained as follows: The
measured field-effect mobility is the mobility of the charge
carriers additionally induced by the gate voltage. With
increasing doping concentration, the traps in the material
become gradually filled. As a result, the additionally induced 1200
charge carriers have a lower probability to be trapped. The . 1:500
effective mobility thus increases according to eq 5 because 360320 280 240 200

the ratio ofp andp, increases. temperature (K)

0.01+ 1
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The field-effect mobility shows a thermally activated b
behavior with the same activation energy as the conductiv-
ity.13 This is again a strong hint for shallow acceptor states, 0014 A~ J1E3
because it implies that the total hole density;+ p: = ‘\\

ol(ure€), is temperature independent. For comparison, the 1E-3] \ ‘\

mobility derived from the combination of the Seebeck and

conductivity measurements, which will be denoted as See- \\ :

beck mobility,usg, in the following, is also given in Figure 163 <_‘\ T Fiss

12b. The Seebeck mobility seems to be independent of the T

doping concentration (within the experimental error) and is 1E-55 \ A {1E-6

about a factor of 5 higher than the field-effect mobility at e

high doping ratios. The Seebeck mobility and the field-effect 1E-6 4 A {1ET

mobility are thus in the same order of magnitude. The LTS g v . v

assumption that the effective hole densiy, is equal to 500920 260 249 200 100

the density of molecules appears therefore realistic. The temperature (K)

Seebeck mobility is equal to the mobility of free holes (eq Figure 13. (a) Conductivity of the RT polycrystalline samples vs
5) and therefore must be higher than the field-effect mobility. temperature. The solid lines are the fit curves. (b) Conductivity
A comparison of Seebeck and field-effect mobility allows gggi;'gldr;{:)e% %zg)”:g ‘z; ripga{)uorgcnlése}gpiwtz dsalg?glﬂere(t%p?/v:t’h
ggﬁﬁfgtmatf Of_the hole grapﬁgiensﬂ_y from €q 5, we can permission from Maennig, B.; Pfeiffer, M.; Nollau, A.; Zhou, X;
: & = (1-3) x 10" cm? for high doping concentra- | o, K; Simon, P.Phys. Re. B, 64, 195208, 2001 (http://
tions. link.aps.org/abstract/PRB/v64/€195208). Copyright 2001 by the
American Physical Society.

2.1.3. Explanation of Transport Results with a Percolation o _ _
Model distribution, that is, the density of states, at least for the

. ) _ . . doping ratios considered here. We investigated the influence

The previous section has given a qualitative explanation of doping on the morphology for the system ZnPc doped
for the superlinear behavior of the conductivity as a function i F,-TCNQ by electron diffraction. Here, for doping levels
of doping: With increasing doping density, the traps (or yp to 5%, no indication for a new crystallographic phase
lower lying low mobility states) are filled and the effective appear?
mobility rises. Together with the shallow and thus fully " Among the given materials, ZnPc displays the best doping
ionized acceptor states, this causes a superlinear increasefficiencies. We can explain this in the following way: The

To explain our findings more comprehensively, we have higher value ofa! is due to a larger overlap of the
developed a more detailed percolation mddetigure 13 wavefunctions. Therefore, the tunneling process is easier and
shows the measured conductivity of the RT samples togetherthe conductivity higher. In the amorphous samples, the
with the theoretical curves. In the model, three fit paramters molecules are less ordered, which results in a smaller overlap
are used:og is a constant prefactor of the conductivitis of the wavefunctions compared with the polycrystalline
describes the width of the exponential distribution of the samples. For the different materials, the activation energy
localized transport states, awndis the Bohr radius of the  of the conductivity increases with decreasing. The reason
localized wavefunctions, which are assumed to be s-like. for this is that for a lower value ai 2, tunneling over wide

In agreement with the results given in ref 53 for pentacene distances is rather improbable, so the charge transport can
and poly(thienylene vinylene), the main difference between only take place in an energetic region where the density of
the materials appears notdg nor in the width of the expo-  states is high, that is, far away froEy. Accordingly, the
nential distributionTy, but in the fit parametew. (Table 2). activation energy of the critical hop is high. For each
Its value increases from 0.37-Afor polycrystalline ZnPc material, the activation energy of the conductivity decreases
up to 1.39 A1 for TDATA. The activation energy of the  with increasing dopant concentration, which is to be expected
conductivity also increases in this order. Because the valuebecause doping shifts: closer to an energetic region with
of alis <3 A, that is, smaller than the size of one molecule, high density of states.
one cannot interpret ! simply as the Bohr radius but as an In the meantime, Schmechel has shown that the experi-
overlap parameter determining the tunneling proéesimte mental values as mentioned above can also be described
that the conductivity data of one material at different doping quantitatively by a semiconductor modép® Here, the
levels can be modeled with the same valuesSoand a. description is based on the MilleAbrahams model for
This is a strong indication that the molecular doping does hopping transport in a disordered material and utilizes the
not lead to changes in the layer structure or in the energy so-called transport energy concept.
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Table 2. Conductivity at 40 °C, Activation Energy of the Conductivity (Dopant Density 1% for Both), and Fit Parameters gy, To, and o
for Polycrystalline ZnPc, Amorphous ZnPc (Both 30 nm Thick Layers), VOPc (Vanadyl Phthalocyanine, Polycrystalline, 500 nm), and
TDATA (4,4',4"-Tris(N,N-diphenylamino)-triphenylamine, Amorphous, 500 nm}

material o (Slcm) Eact(€V) 00 (10 S/m) To (K) a (A
ZnPc (polycrystalline, RT) 5.& 1078 0.18 12+ 3 485+ 15 0.37+£0.01
ZnPc (amorphous, LT) 410 0.23 11+ 6 455+ 15 0.64+ 0.02
VOPc (polycrystalline) 2.% 10° 0.32 6+ 1 485+ 15 1.00+0.04
TDATA (amorphous) 5.9% 1077 0.34 3£1 515+ 15 1.39+0.03

aHere,o0 is a prefactorT, describes the width of the exponential distribution of localized statespas@n overlap parameter determining the
tunneling process. Reprinted Table 1 with permission from Maennig, B.; Pfeiffer, M.; Nollau, A.; Zhou, X.; Leo, K.; Sinfonys$? Re. B, 64,
195208, 2001 (http://link.aps.org/abstract/PRB/v64/€195208). Copyright 2001 by the American Physical Society.
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Figure 14. n-Type doping of molecular materials relevant for OLED and organic solar cells requires different electron affinities. While
organic solar cells may be doped with donors having a HOMO around 4.0 eV, OLEDs require stronger donors with a HOMO at about 3.0
eV. Such materials are increasingly unstable in air, which requires handling under protective atmosphere only. The “staircase” shows
typical host materials for OLEDs and OSCs.

2.2. n-Type Doping  Asecond approach is the search for new molecular
compounds that have extremely high-lying HOMOs
In contrast to p-type doping, n-type molecular doping is  but are thus not air-stable.
intrinsically more difficult due to the following fact (see « Finally, we discuss a novel approach with cationic

Figure 14): For efficient doping, the HOMO level of the  gajts which circumvents the use of materials that are
dopant must be energetically above the LUMO level of the ot air-stable.

matrix material (inset), which makes such materials unstable

against oxygen. With increasing LUMO energy, the difficulty 2.2.1. n-Type Doping Using Alkali Metals
to find suitable materials is increased.

For materials with low-lying LUMO level, that is, high In the 1970s, alkali metals have been reported for n-doping

- . 2. . of organics® followed by several experimentaland theo-
electron affinity, we have achieved reasonable conductivities retical studies. The first reports of a Li doping for OLED

using the dopant bis(ethylenedithio)tetrathiafulvalene (BEDT- cathode interfaces date back to the 19968 For this
TTF).* For solar cells, where the electron transporters have . '

X . interface doping, lithium is often deposited as a monolayer
_suph a Iow-ly_mg LUMO, th.'s dopant could work. However, film of Li, Li 2O, or LiF between the organics and the metal
it is not applicable for typical OLED electron-transporting cathode
materials, which have a rather low electron affinity of around h. ionis th . Lt di
3.0 eV. For efficient doping by an organic material, this _ Another optionis the coevaporation of Li from a dispenser

would require strong donors with a HOMO in this range source together with an organic material forming electrically
which consequently causes rapid oxidation by air " doped bulk material of desired thickness. In most cases, the

i ) : metal cathode is deposited afterward, such that there is a
In the following, we discuss three different approaches to high energy input into the device, which causes the Li atoms
obtain efficient n-type doping, even for materials with a " giffuse into the organic layers, resulting in an n-doped
comparatively high-lying LUMO: organic film of usually unknown thickness, see below. The
o Afirst approach is the use of alkali metals, which most widely used system is tris(8-hydroxyquinoline)alumi-
has frequently been used to improve electron injection num (Alg)/Li(F)/Al, where (F) shall describe the decom-
in OLEDs. position of LiF leading to chemical doping. Such devices
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Evac—__Iql_:oeV Evac— v —I' However, the same effect is also a drawback: In long-
e f " 1800 term studies, one finds often a short lifetime for Li-doped
S Evac OLEDs, which is attributed to Li diffusion into other layers

where Li is not desired. For example, Li may act as
luminescence quencher when it diffuses into the emission
layer?3
Similar to lithium, cesium (Cs) acts as an efficient electron
donor in organic films. Cs is often directly coevaporated with
an organic material. A mixed layer of 1:1 Cs atoms/organic
molecules is usually prepared. As lithium, Cs may be also
deposited either from a salt by thermal evaporation or from
Al Alagg Vacuum Al LIF  Algg Vacuum a dispenser source containing a Cs salt or alloy. The main
(a) (b) advantage of Cs doping compared with Li is the lower
Figure 15. Energy diagrams of (a) the undoped 4 interface diffusivity of Cs because of its atomic dimensions, which
and (b) the doped AMILIF/Al interface. Reused with permission ~Makes the devices less sensitive to temperature and which
from T. Mori, H. Fujikawa, S. Tokito, and Y. TagApplied Physics helps to isolate Cs in the charge-transport layers only. This
Letters 73, 2763 (1998). Copyright 1998, American Institute of is important with respect to the above-mentioned emission
Physics. guenching caused by alkali metal ions in the emission &yer.

LUMO

possess a good electron injection and normally low driving 2.2.2. n-Type Doping by Organic Materials with a
voltages. An example for an OLED comprising a Li-doped High-Lying HOMO
Alqs layer is shown in Figure 28 (see section 4.2.3), where . L
the Kodak group studied the influence of LiF on the OLED A first study of controlled n-type doping in molecular
performance. Here, it should be noted that not the deposition®"9anic semiconductors was presented by Nollau €titley
of LiF itself on, for example, Algleads to a doping effect: ~ doPed naphthalene tetracarboxylic dianhydride (NTCDA) by
Hung et al. could show by X-ray photoelectron spectroscopy cosubl_lmatlon with the donor molecule bls(eth_ylenedlthlo)-
(XPS) that LiF remains undissociated upon sublimation and tetrathiafulvalene. It was shown that the Fermi Ieve_l shifted
deposition on Alg18 However, as shown in a later study toward the transport level and that the magnitude of
by the same group, the deposition of Al onto the AliF con_ductlwty was increased. However, the conductivities
stack leads to a dissociation of LiF by an exothermic reaction 2chieved were rather low and only-2 orders above the
of LiF with Al under the presence of Algwhich may release ~ Packground conductivity of nominally undoped NTCDA.
free Li* ions into the organic layer underne&ftHowever, More recently, the n-type doping of the two organic semi-
no Li* ions could be detected during these experiments. conductors, hexadecafluorophthalocyaninatozineZfiPc)
Other groups investigated the same interface also by XPS,and tris(8-hydroxyquinoline)aluminum (Ady by the dopant
such as Grozea et al., who lifted off the organic from its molecule tetrathianaphthacene (TTN) was investigated by
metal interfacé? In these experiments, they found both- UPS® The dependence of the UPS spectra on the doping
bonds and € F bonds indicating a reaction that may release Suggested that TTN acts as an efficient donor iZRPc;
Li. the doping effect for Algwas almost zero. The results could

The energetics of the AMLIF/Al interface has been  Dbe explained by the energetic position of the energy levels,
studied in detail, for example, by Mori using UBSThey ~ Which allow an energy transfer from the dopant to the
showed nicely the Fermi level shift caused by Li doping for Phthalocyanine LUMO but not to the higher lying Alg
this frequently used electron injection system, see Figure 15.LUMO

In 1998, Kido reported efficient OLEDs with an electron ~ Another spectroscopic study of n-type doping was reported
transport layer consisting of bathophenanthroline (BPhen) by the Kahn group: They investigated the n-doping of an
with Li doping of the bulké® Parthasarathy et al. studied the €electron-transport material, a tris(thieno)hexaazatriphenylene
Li doping of organic material in detai®. For Li-doped BCP, derivative, with the strongly reducing molecule bis(cyclo-
they found a conductivityg, of 3 x 107> S/cm for a 100 pentadienyl)-cobalt(ll) (cobaltocene, CofipAs techniques,
nm thick Li/BCP film, which is a suitable value for OLED ultraviolet, X-ray, and inverse photoemission spectroscopies
applications. The sample setup for this experiment was ITO/ and currentvoltage measurements were uSe@obaltocene
organics (16-640 nm)/Li (0.5-1 nm)/Al, where the organics ~ was chosen because condensed Gdips have an ioniza-
were BCP, Alg, and copper phthalocyanine (CuPc). An tion energy of 4 eV, being unusually low for vacuum-
analysis of Li diffusion into the organics by secondary ion deposited molecular material. This makes cobaltocene a
mass spectrometry (SIMS) depth profiling showed a strong promising material for molecular n-doping. A doping effect
Li diffusion up to 80 nm into the organic material. In on the tris(thieno)hexaazatriphenylene derivative by cobal-
contradiction to these findings are data of D’Andrkdéor tocene was indicated by a 0.56 eV shift of the Fermi level
the penetration depth of Li into BPhen, as determined by toward the unoccupied states of the host. Additionally, a 3
ellipsometry. They found a penetration depth of only 10 nm orders of magnitude current increase in devices where the
into BPhen from a 0.8 nm thick Li layer. The difference compound was interfacially doped with cobaltocene was
between both experiments was the metal deposition: Parthasademonstrated.
rathy coated the organics/Li stack with metal, whereas Other examples for materials with high-lying LUMO are
D’Andrade did not. This indicates that bulk doping can be the compounds proposed by Elliott etf&khown in Figure
reached by Li deposition on top of the organics layers, if it 16. Unfortunately, these materials are still not strong enough
is followed by metal deposition. The high temperature during donors to obtain sufficient n-type conductivity in typical
metal deposition may cause the Li ions to diffuse into the OLED electron transport materials. Recently, a proprietary
organics. material was released by Novaled ARGwhich was suc-
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cessfully used for n—type.doplng of OLEDS' The main Figure 18. Electrical properties of doped NTCDA thin films: (a)
advantag_es of such materials c_o_mpared with r_netal dOpIngconductivity of doped NTCDA layers vs doping concentration; (b)
are the higher temperature stability and the easier control offie|d-effect mobility of a 1:91 doped NTCDA layer (inset, typical
the evaporation. field-effect signal); (c) electron density derived from field-effect
We now briefly discuss some n-type doping experiments measurement. Reused with permission from A. G. Werner, F. Li,
that we have used in the quest to realize-momojunction. K. Harada, M. Pfeiffer, T. Fritz, and K. LeoApplied Physics
To obtain a suitable n-dopant, we used the results of Bloom :;f]“zirgssz' 4495 (2003). Copyright 2003, American Institute of
et al.® who have demonstrated that the electrochemically YSICS.
reduced form of the transition metal complex bis(terpy-
ridine)ruthenium, [Ru(terpy)®, can be a promising electron-
injecting cathode material in OLEDs due to its low work
function. The oxidation potential of [Ru(terp}) is as low
as —1.7 V vs Ag/Agh.688° We have chosen ZnPc as the
matrix because its reduction potential of approximately93
V vs SCE (approximately-0.9 V vs Ag/Ag") " should allow
an electron transfer from the donor [Ru(ter}¥) Further-
more, the properties of p-type ZnPc (p-ZnPc) layers doped
with tetrafluoro-tetracyanoquinodimethane,-{FCNQ) are
well investigated.
The donor compound [Ru(terpyj was synthesized in its

fims as a function of doping ratio.

oxidation potentials. An approach for n-doping by organic
molecules with a fixed positive charge in a nonconjugated
side group has recently been presented by Gregg et al. and
yields very high conductivities: However, this approach is
unfortunately limited to solution-processed films, because
these dopants cannot be evaporated.

Recently, we have developed an alternative novel doping
method using salts of cationic dyes like rhodamine B as
stable precursors for strong molecular dorté¢$:17In this
approach, the volatile donor was createditu from a stable
precursor compound. As an example, we show data for the
o X . n-doping of NTCDA with pyronin B chloride (see ref 15).
2" oxidation state and electrochemically redué%N/l'atrlx . It is obvious that the coevaporation of the dopant increases
and dopant were coevaporated from ceramic crucibles in any, o o nquctivity of NTCDA by several orders of magnitude
uItrahlgrg vacuum (UHV) chamber. All handling of [Ru- e 18) The doping effects of the system NTCDA/
(terpy]® was carr!ed OUF In an inert atmosphere. pyronin B have also been investigated by the Kahn group.

For a molar doping ratio of 1:35 of [Ru(terp})in ZnPc,  gyherimental techniques applied were ultraviolet photoelec-

we achieved conductivities of 2.% 107 S/cm at room 01 spectroscopy (UPS), inverse photoelectron spectroscopy
temperature (Figure 17). The conductivity increases SUPer-(|pes), and currentvoltage (—V) measurement&. The

linearly with the doping ratio, indicating shallow donor states  5,iors demonstrated that the deposition of small amounts
aCCOrd|ng to the m0d9| of Maennlg _et 13| Field-effect ) of pyronin B (PyB) on NTCDA films leads to a shift of all
measurements confirm n-type conduction for a molar doping yhe molecular levels away from the Fermi level by nearly
ratio of 1:41. From the conductivity a_nd field-effect mobility, (o eV, indicating the n-type doping effect. Similarly, the
one obtains an electron concentration ok 710" cm™. interface and bulk energy levels of coevaporated layers show
. . I efficient n-doping. Additionally, electrical measurements
2.2.3. n-Type Doping with Cationic Salts proved a 4 orders of magnitude increase in current in doped
As discussed above, the conventional approach requiredilms. The data showed that both the leuco and neutral radical
donor molecules with high-lying HOMOs, namely, low forms are present in the condensed phase, with the leuco
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PyB having a higher concentration. The neutral radical form )

was identified by the authors as the species mainly respon- LCV (a)
sible for doping.
C

In another study, combined FT-IR, UV/vis/NIR, and mass light 60
spectroscopic measurements suggested the formation of leuco s

bases of the cationic dyes during the sublimations of xanthene 14
cationic dyes (pyronin B and rhodamine B) and triphenyl- vl @ I%
methane cationic dyes (malachite green and crystal vio-

let) 16171t was observed that the leuco forms are transformed @

back to the dye cation upon oxidation. Consequently, cationic
dyes and their bases give a similar doping effect in organic
electron transport materials with low-lying LUMOs. The e
availability of the leuco base of cationic dyes, such as leuco LCV (b)
crystal violet (LCV) and leuco malachite green allowed direct C60-°
testing of the proposed role of the leuco base as an

intermediate species in the course of n-type doping. The ‘F‘:T:'
leuco base itself is not a strong electron donor and cannot ¢t ?
directly donate electrons to matrices because of its higher i . |$
oxidation potential. Electron transfer between donors and

acceptors, accompanied by a hydride transfer, leads to an @

n-type doping effect. We have also observed that for

moderate electron acceptors such gsdoped with cationic

dyes or their bases, an irreversible electron-transfer reaction ﬁ'
leading to a stable n-doping effect can only be induced by LCVe (c)
illumination or heating. C..-

To discuss this observation, we select LCV ang &5 &
samples to illustrate the process of light-induced electron
transfer between leuco bases of cationic dyes and electron
transport materials with low-lying LUMOs, as shown in =l+‘ ‘:H:'
Figure 19. When LCV is excited by light, an electron is lifted
from the HOMO to the LUMO. Subsequently, this electron - ] )
moves to thelowerying LUMO of the acjaceruatFigure Fte 15, Iuseien ot s poposes sl procineee
19a) to reach an energetically mor_e favorable statg. In this permanent by the stabilization of the positive charge on the dopant
way, two radical ions, LCV* and G *, are formed (Figure  py hydride transfer to &,
19b). Now, the radical electron in the LUMO ofgcould
return to the HOMO of LCV, which would not correspond  gpmjc josses in a 50 nm thick electron transport layer of an
to a permanent doping process. However, at this stage ther%rganic solar cell.
is obviously a competing, nonreversible reaction channel,
namely, a hydride transfer reaction of LEMo Cso. By this
hydride transfer, the unstable LCV radical cation with a half-
filled HOMO is transformed into the stable, nonradical CV
cation with a fully occupied HOMO (Figure 19c); that is,
back transfer of the electron ons€ds no longer possible
and a permanent doping effect with an enhanced equilibrium
electron density on & is achieved. Such transfer reactions . .
have been observed when LCV meets stronger oxidants sucf‘?'& Contacts with Doped Semiconductors
as DDQ or TCNQ. LCV can be oxidized directly to a CV a5 argued above, doping leads to higher conductivities,
cation by the hydride transfer accompanied by electron which reduce the operating voltages of devices due a lower
transfer’®>~"> For weaker acceptors likee6; the combined  notential drop in the transport layers. A second effect, which
hydride and eIectron—tr_ans_fer reaction obw_ously has to be actually might be even more important for device applica-
supported by outer activation (light or heating). tions has been outlined in the comparison with inorganic

Conductivity studies of organic electron transport materials LEDs in the introduction: The energetic alignment at the
(with low-lying LUMOSs) doped with the cationic dyes contact plays a crucial role when making Ohmic contacts
have been carried out as wé&t” All dopants used in the  with metals (or highly doped transparent oxides, as frequently
study give rise to an increase of several orders of magni- used in OLEDs). Ideally, one would choose the contact
tude in conductivity with dopant concentration compared materials such that the work function of the metals or
with undoped organic thin flms. Table 3 gives conductivity conductive oxides aligns with the LUMO level at the electron
and activation energy results for doped and undoped thininjection contact or with the HOMO at the hole injection
flms. contact.

The novel cationic doping method has already been However, due to constraints in materials choices, this is
successfully applied for solar cells where materials with rarely possible. For instance, the typical OLED electron
lower lying LUMOs are used for electron transp&ts transporting materials have electron affinities around 3 eV,
Already at a doping level of 0.2%, the conductivity was well which would require very reactive materials for Ohmic
above 10° S/cm, which is high enough to achieve negligible contacts. On the hole side, the typical conductive oxides have

However, cationic dyes and their bases have not allowed
achievement of a significant n-type doping effect for electron
transport materials used in OLEDs. The electron transport
materials such as Algpr 3-(4-biphenylyl)-4-phenyl-5-tert-
butylphenyl-1,2,4-triazole (Bphen) obviously require dopants
with even lower oxidation potential.
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Table 3. Conductivity and Activation Energy of Several Matrices Using Various Cationic Dyes as Doparits

doping ratio conductivity activation

matrix dopant (mol %) (Slcm) enegy (eV)
C60 undoped 0 3.88 1078 0.64
pyronin B 2.90 1.3% 1073 0.27
crystal violet 3.52 7.96 1073 0.14
FieZnPc undoped 0 5.68 1071 (50°C) 0.91
pyronin B 2.06 3.70< 10°° 0.34
malachite green 3.00 1.1910°6 0.39
NTCDA undoped 0 6.2 10711 (40°C) 0.54
pyronin B 2.06 9.2% 104 0.22
malachite green 2.00 1.94104 0.21
crystal violet 3.38 6.6% 104 0.29

a All conductivity data are measured at 30 unless specified differently in the table.

work functions that are too small for hole injection. In most vacuum | /Anterface dipole eD = - 0.13 eV
contact systems for inorganic semiconductors, these problems -~ It
are solved by introduction of highly doped space charge
layers. Many contact materials for inorganic devices are appr. -
compounds consisting of a noble metal with an admixture 4.4%V 75nm || Er ?;g‘;’
of another metal that produces a doping effect. After
deposition, the contacts are then annealed at a temperature E; - 0.79eV (£0.2)
where the admixture diffuses into the semiconductor and NV, — HoMo
forms a highly doped space charge region. This region leads > v,=-04ev(+0.149)
to a thin barrier where the carriers can easily tunnel through. ITO-

We have shown in a spectroscopic study that there is an substrate ZnPc
exactly corresponding effect for organic contdétsThe eD =-0.26 eV
experiments used X-ray and ultraviolet photoemission to vaculm / X
study the energetic levels of contact materials and organic E—
semiconductors close to the interface. As model system for Ejy= 5.53eV
the organic semiconductor, zinc phthalocyanine and F 4,660V (£0.05)
TCNQ was chosen. As substrates, both ITO and polycrys- ' <5nm
talline gold were used. The organic layers were evaporated 0.23eV(+0.03)
in steps on the substrates; after each step, spectra were taken E: r HOMO
to follow the energy levels as a function of the thickness of +1.13eVAN A
the organic layers. The work function and the HOMO levels T V,=-0.9eV (£ 0.15)
were determined using well-established methods of photo- ITO-
electron spectroscopy. substrate ~ ZnPc:F,-TCNQ

Figure 20 shows the results for nominally undoped ZnPc Figure 20. Energy diagram as derived from UPS/XPS spectroscopy
(top) and 1:30 doped ZnPc (bottom) on an ITO substrate. In for the organic semiconductor ZnPc on ITO: top, undoped ZnPc
both cases, a rather large energy barrier for holes of about? ITO: bottom, ZnPc doped with,AACNQ. Reprinted from ref
1.2 eV is visible; also, both cases show a small interface 12, Copyright 2001, with permission from Elsevier.
dipole, which is probably caused by a local charge transfer 30
at the interface. For the undoped samples, there is a weak
level bending observable in the organic semiconductor, [ [ o ITO/ZnPc(20)/C60(40)/BPhen(5)/AI(100) s
leading to a space charge region of approximately 15 nm. 20 |.L__®_TO/pZnPc(5)/ZnPc(20)/C60(40)/BPhen(5)/AI(100)
The HOMO level of the ZnPc is about 0.8 eV away from
the Fermi level, which is consistent with an undoped
semiconductor where the Fermi level is in the band gap
center. There is a weak level bending on spatial dimensions
of tens of nanometers for which we have no definite
explanation. Possibilities are impurities or oxygen released
from the ITO surface.

For the doped semiconductor, there is a much stronger
level bending of 0.9 eV. The Fermi level is now only 0.23 10 . - ) .
eV away from the HOMO level, which is consistent with -1.0 0.5 0.0 0.5 1.0
the data presented in section 2.1. The space charge layer is voltage [V]

now very thin, below the experimental resolution of 5 nm. Figure 21. Comparison of—V characteristics of two samples with

A calculqtion usjng the Poisson eq_uation yield_s 2.5 nm. ITO/p-doped ZnPc@) and ITO/undoped ZnP&Y) contacts. The
Most interesting are the electrical properties of such |atter sample shows clear evidence of a contact barrier.
contacts: Undoped phthalocyanines on ITO form blocking

contacts, as is expected for the energetic alignment in Figurethin tunnel barriers works as well as in inorganic semicon-
20, top. Contacts with doped phthalocyanines, however, areductors. In Figure 21, the difference in the device perfor-
Ohmic despite the rather large barrier. One can thus concludemance for the different contacts of ITO/ZnPc and ITO/p-
that the basic mechanism of forming an Ohmic contact by ZnPc is shown.

10

current density [mA/cm’]
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Another issue of comparable importance is the influence Ru(terpy) F,TCNQ
of electrical doping on organieorganic heterojunctions. The _ 2 MO Ne N
first study to investigate this issue was reported in ref 77. — 7
The authors studied the interface molecular level alignment r N F
at organic-organic h_eterojunctions using photoemission HOMO
spectroscopy. Specifically, the interfaces between hole donor I
transport layers (HTLs) and electron transport layers (ETLS) H ~ Oy
were investigated as a function of p-doping of the HTLs. It 5 — LUMO— acceptor

was shown that doping induced the formation of an interface
dipole with corresponding shift in the relative position of
molecular levels across the interface, which was explained
by the presence of doping-induced excess holes at the
interface.

We would like to mention here that in the past few years

(
g/ N"-- h} \é

LUMO

many groups have improved the understanding of contacts ™_ *. N t

between organics and metals by spectroscopic experifiefits. & /':b acceptor

In particular, our work on the interface of doped organics N

of metals was extended to many other systé4rfs. ZnPc —H_
HOMO

Figure 22. Energy level scheme of n-type (a) and p-type (b) doping

of an organic material, shown at the example of ZnPc. Reprinted

Figure 1 with permission from Harada, K.; Werner, A. G.; Pfeiffer,

M.; Bloom, C. J.; Elliott, C. M.; Leo, K.Phys. Re. Lett, 94,

036601, 2005 (http://link.aps.org/abstract/PRL/v94/e036601). Copy-
' right 2005 by the American Physical Society.

3. p—n Homojunctions

3.1. Background

The archetype of any semiconductor device is a diode
using the same matrix material in p- and n-doped form.
Despite the fact that organic semiconductors have been invesTable 4. Doping Parameters and Layer Structures of the
tigated for decades and have been used in commercialHomojunctions
products for some years, a reproducible and stabta p
homojunction had not been presented until recelitijhe

doping ratio/thickness of layer (nm)

. . o . type of junction p-ZnPc i-ZnPc n-ZnPc
main challenge to be solved in realizing such a device was , . .
to find a set of materials that allows the simultaneous p- P11 homo 1:38/15 0 e

and n-type doping with a suitable device design: since organ-
ic semiconductors have to be highly doped to overcome the
typically rather high impurity concentrations, it is necessary properties of a junction where the effect of the heterojunction
to use a p-i—n junction design to achieve blocking behavior. is not superimposed.

In previous work, despite some attempts with less well-
defined system¥;88no stable and reproducible-m homo-
junction could be achieved, and no detailed study of the
junction formation and properties was carried out. In

3.2. Experiments

As reported above, efficient p-type doping of various
organic hole transport materials, including zinc phthalocya-

particular, it was not possible to investigate whether such
an organic p-n junction follows the standard Shockley
modef? for p—n junctions. This is an interesting question
since, for example, for semiconductor junctions based on
amorphous silicon, deviations from the Shockley model due
to recombination at defects in the intrinsic layer distributed

nine (ZnPc), has been obtained previod8l§2 achieving
rather high carrier concentrations of up to®16m=2. Due

to the high carrier concentrations mentioned above, the space
charge regions of organic semiconductors are comparatively
narrow and typically in the range of a few nanometérs.
Thus, the space charge layer of an intimatengunction

in energy and spaé®® have been reported. would be easily tunneled through by charge carriers so that
The main problem connected with simultaneous n- and a clear rectification effect is probably not observed. There-
p-type doping is the energetics of the dopant molecules: Forfore, the diodes require an undopettinsic layer between
p-type doping, molecules are needed with the lowest unoc-the p- and n-layers to enable good rectification characteristics.
cupied orbital (LUMO) energetically located near or below The p-i—n homojunction is thus formed by three ZnPc
the highest occupied molecular orbital (HOMO) of the |ayers: p-ZnPc/i-ZnPc/n-ZnPc.
organic semiconductor host. For the case of n-type doping, We have also realized for comparison a metgmicon-
the HOMO of the dopant has to be near or above the LUMO ductor (Schottky) junction: The Mi—n diode consists of
of the host semiconductor (see Figure 22 for a scheme). |TO/i-znPc/n-ZnPc, where ITO plays the role of the metal.
It is thus clear that for doping the same matrix with both The layer structures and doping parameters of these junctions
n- and p-type dopants, one has to obtain dopant moleculesare given in Table 4; the schematics of the diode structures
that have very high and low lying orbitals, respectively. Thus, are shown as insets in Figure 23a. We use impedance
a p—n heterojunction is much easier to realize: the two spectroscopy and curreftoltage (—V) characteristics to
different host materials can be chosen in a way that the study our diodes, as discussed in the following.
energy difference between the LUMO of the n-host and the  We have used capacitaneeoltage C—V) spectroscopy
HOMO of the p-host is small. However, it is also obvious to determine the built-in potential/y, of the diodes. The
that the open-circuit voltage of such an arrangement is capacitance of a diode is mainly controlled by the width of
limited, compared with a true homojunction. Furthermore, the depletion layer, being a function of the applied bias
from a scientific point of view, it is interesting to study the voltage, V. Forward bias reduces the width of the space
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-15 10 -05 00 05 10 15 influence of the metal work function of the Ohmic contacts
7 ' |_AI—|' 19 : can be excluded for the-V characteristics. Therefore, the
2x10 . built-in potentials of our homojunctions are due to the

difference in the Fermi levels of the doped ZnPc layers, rather
than to the work function differences of the metal electrodes.
The work function of ITO is similar to i-ZnP& Therefore,
almost no built-in potential is expected between the ITO and
the i-ZnPc layer. Consequently, n-doping of ZnPc with [Ru-
(terpy)]° quite efficiently moves the Fermi energy of the
matrix to the conduction states of the LUMO.

The general diode equation,

exp (r?_lx') - 1] (7

describes thé—V characteristics of both-pn junctions and
Schottky diodes. Herel, is the saturation currenY, is the
applied voltage,k is the Boltzmann constanfl is the
temperature, andis the so-called ideality factor. This factor
n is unity in the Shockley theory for-pn junctions in the
absence of recombination, as well as for thermionic emission
theory and diffusion theory for Schottky diodes. The
parameters ideality factor and the saturation current can be
obtained from the slope and the intercept, respectively, of
the linear part (approximately in the interval from 0.5 to 0.8
V) of the semilogarithmic plot od vs V. Figure 23b displays
the temperature dependencelefV plots from the p-i—n
: homojunctions and the Mi—n junction. Both types of
7 junction show blocking behavior. In the forward direction,
K

Capacitance ( F/cm ?)

I=J

Current Density (A/lcm?)

the I-V curves below 0.5 V are dominated by excessive
currents due to shunt resistances. Between 0.5 and about 0.8
V, the curves are determined by the junction properties and
accordingly show an exponential increase. Above the built-
in voltage of 0.8 V, the currents level off.

= 297K o 231K E10°

o 271K e 215K ?«“10‘5:;"
: A 247K 2 190K 10% ® 30nm

| , 2 B | The data in Figure 23b illustrate that the standard diode
-15 -10 -05 00 05 10 15 equation with a temperature-independardoes not agree
Voltage (V) with our data since the slopes of the linear parts of the

_ o semilogarithmid —V plots only weakly depend on temper-
Eﬁ;; dz?f.]e(l?/?— F_}\Lgﬁqeégﬁcggg gé;;‘ulrlégcgfg kﬂi?isnusr:g SESict ature; that isn increases when the temperatilrdecreases.
the schematics of bothi—n and M—i—n samples) and (d)-V The n-factors of our p-i—n and M-i—n samples at room
characteristics of the Mi—n junction and p-i—n homojunction ~ temperature are = 1.8-2.0, which can be observed for
(i thickness 30 nm) at various temperatures. The linear part betweeninorganic semiconductors as well if the current is strongly
0.5 and 0.8 V reflects the junction properties, while the character- influenced by recombination at traps. However, for decreas-
istics are controlled by an inevitable shunt resistance below 0.5 V. ing temperature, the value pfstrongly increases up to values
e 38 o e ek gure0 2DOUL 4 35 1 isible I Figure 24a. Such behavir i not
2 with permission from Harada, K.; Werner, A. G.; Pfeiffer, M.; obse_rved n crystalline inorganic sg—:mlconductors af’d IS not
Bloom, C. J.; Elliott, C. M.; Leo, KPhys. Re. Lett, 94, 036601,  xplicable in the Shockley model, if the case of theipn
2005 (http://link.aps.org/abstract/PRLAV94/e036601). Copyright 2005 diode is considered.
by the American Physical Society. The deviation from the Schottky theory for the-W—n

is also obvious from another experimental finding. The

charge region, and the space charge region finally vanishesSchottky barrier heightpg, of the M—i—n diode can be
whenV reachesvy,. estimated by fits to the saturation currents at various

Figure 23a displays th€—V spectra of the two types of temperatures, see Figure 24b. The best fit is obtained for
junctions. The capacitance collapses for both samples for®g = 0.34 V, that is, surprisingly much lower than tiig
applied voltages exceeding 0.8 V; that is, theipn and obtained from theC—V plot. For the p-i—n diode, the
M—i—n diodes have a built-in potential of approximately saturation current exhibits a temperature dependence similar
0.8 V at room temperature. This is, for example, considerably to the M—i—n junctions, Figure 24b. In Shockley theory,
larger than that for doped organic heterojunction solar®ells the temperature dependence is determined by the band gap
consisting of ZnPc and fullerenes& Additionally, we of the semiconductor. For ZnPc, we estimate the gap to be
prepared another ZnPc—p—n homojunction with a Au at least 1.6 eV from the energy of the lowest absorption
contact (ITO/Au contact couple), instead of the Al top band!® This value again exceeds the value obtained by the
contact. The ITO/Au sample yields a similarV curve and saturation current by a large factor.
a comparable built-in potential to the ITO/Al sample. Since  Before proceeding further, we here summarize the argu-
only a negligible, or even negative, work function difference ments above and the perspective for the following discussion.
is expected between ITO and Au, it is clear that a significant Eachl—V curve of our diodes can be described either by
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s LT T T T p', nanose et al. discovered the AC electroluminescence of

£ e acridine orange and quinacrif&? However, it remained a

£ 3@ Lol ] scientific curiosity until 1987, when Tang and Van Slfke

% 24 oo P O pin 4 in a pioneering work developed the first thin-film hetero-

B 10° " ' 0 Minj junction organic light-emitting diode (OLED) based on a
R ' T T fully organic heterojunction of a hole-transporting and an
% 10° :I\-.\' mobility ] electron-transporting material, the latter being at the same
< 3(b) 3 time the light-emitting layer. The organic stack was embed-
z 10°3 o J pin : ded between two suitable Ohmic electrodes. An OLED of
CR MN\D\DO\J" Min this type relies on a transparent, high work function anode
< 10" 3 \Q\Q\D\D\D\Do\m ] (usually glass coated with electrically conductive indium tin
2 10° ] 3 oxide (ITO)), an organic hole injection and transport layer,
E 40 50 60 70 an organic emission and electron transport layer, and a reflec-
- 1/KT (eV) tive cathode with low work function, like MgAg or Al.

Figure 24. Temperature dependence of (a) the ideality factars, Since then, the field of OLEDs has undergone tremendous

and (b) the saturation currerdk, of p—i—n and M—i—n samples. development, leading not only to scientific breakthroughs,
For comparison, in panel b, the field-effect mobility of a [Ru- but also to first commercial devices. With the introduction
(terpyy]%/ZnPc (1:41) layer is given. Reprinted Figure 3 with  of light emitting polymers by the group of Friend in 1990,
permission from Harada, K., Werner, A. G.; Pfeiffer, M.; Bloom, 6 “fielq of OLEDS split into two branches, dealing with
C. J.; Elliott, C. M.; Leo, K.Phys. Re. Lett, 94, 036601, 2005 ith I | le OLED I lled SM-OLED
(http://link.aps.org/abstract/PRL/V94/e036601). Copyright 2005 by E!ther smail molecule s (also calle - s) or
the American Physical Society. polymeric OLEDs (or PLEDs). In 1997, the Japanese

company Pioneer introduced a car stereo with an OLED

the Shockley theory or by the diffusion theory. However, display. Nowadays, a large number of academic research
the temperature dependence of the diode parameters is no8"0ups and companies develop OLEDs, following both the
described by the classical models: that is, the ideality factor Polymeric and the small molecule routes. Commercially, up
n does not follow the 1KT) rule, and the saturation current, 0 NOw mostly passive matrix displays with display diagonals
Jo, does not depend in the expected way on the built-in up to 3.8 in. have been'add'ressed..However, meanvx{hlle also
potential. The Shockley theory of-m junctions neglects larger demonstrators with display diagonals up to 40in. have
the presence of the local field for the derivation of the current been presented. As a new branch, OLED lighting and
equation. In the following, we discuss a diffusion model for Signage is currently developing, using the OLED not in a
the M—i—n characteristics taking into account the local field Patterned high-value, small-size device but in a low-cost,
in the intrinsic layerThis diffusion theory had to be modified  large-area arrangement to obtain a novel source for general
in order to explain the experimental results. The behavior lighting. Due to these differences, the challenges of OLED
of the p-i—n sample with thick intrinsic layer could be lighting are unique from those in OLED display develop-
described in nearly the same way as the-iMn sample ment, such that OLED lighting requires independent solu-

using the diffusion theory, which is also indicated by the UONS.

nearly identical behavior ofh and J,. In principle, the -~ o

diffusion theory seems to be most applicable to describe theéiEZD? Few Remarks on the Efficiency Limitation of

M—i—n diode characteristics because the very low charge

carrier mobility in organic solids is included. The efficiency of an OLED may approximately be
We have shown that the temperature dependence of thecalculated by

ideality factor and the low barrier height obtained from the

|-V plot can be explained by considering deviations from h

14
the Einstein relation in disordered systeth3his approach Nexterna— B} eU "TrecomBloptical (8)
suggests that first, the ideality factor should scale with 1/

as is indeed obtained for our diodes (see Figure 24). Secondwherenextema.is the total power efficiency of the devich,
the thermal activation afy is solely given by the temperature 5 the carrier balance) is the operating voltagejecoms is
dependence of the mobility;. Field-effect measurements  yne quantum efficiency of carrier recombination, afaghica
of a doped n-ZnPc layer (doping ratio 1:41) yield an g he efficiency of the optical outcoupling from the device.
activation energy of 0.34 eV for the mobility, which is |, §\_OLEDs, due to their multilayer structure, the charge
comparable to the slopes ofJgvs 1/T for both diodes (0.34  ;5rier palancey, may be adjusted rather simply by choosing
eV). The evident similarities of the parameters for-i-n suitable blocking layers, which confine the carriers inside

and p-i—n diOd.;S 'indilc':at.e thﬁt the I;\tterh is Iil;‘ewli(se the emission zone and force them to recombine with their
described by a diffusion-limited theof§rather than Shock- counterpart within the emission layer.

ley theory. The second issue is driving voltage. Ideally, it should

approximately correspond to the energy of the emitted

4. Organic Light-Emitting Diodes (OLEDs) with photons. Initially, organic light-emitting diodes had rather

Doped Transport Layers high operating voltages, since the injection at the contacts
i . was characterized by rather large barriers, and the carrier

4.1. OLEDs: A Brief Introduction transport in the nominally undoped layers caused further

. . voltage drops. As we show in this work, doping the charge
4.1.1. General Considerations transport layers reduces their internal electrical losses, leading
Electrically stimulated light emission from organic mo- to drive voltages in the range of the energy of the emitted

lecular crystals was observed already in 1953, when Ber- light plus the exciton binding energy. A detailed description
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of the voltage limits of OLEDs has been discussed recently of top-emitting OLEDs.%® Common to all these methods are
by Meerheim et at® unfortunately also undesirable attributes such as an angle-
The third factor that defines the efficiency of an OLED is dependent electroluminescence (EL) spectrum and angular

the ratio of radiative recombination of excitons to the total variations of emission intensity. Such problems are less
number of excitons. When examined more closly, it is severe or even fully circumvented by the use of rough, sand-
composed of two factors: blasted glass substrates to improve outcoupling by scattering,

the use of microlensés? or even millimeter-sized lensék.

7,
Trecomb™ IST (3 500 © 4.hZ. Dofped Layers and Simple OLEDs Made
Thereo

Here,nstis the ratio of singlet and triplet excitons contribut-

ing to the radiative recombination and 4.2.1. Influence of p-Type Doping on Carrier Injection at

Contacts

M (10) The injection of carriers at the contacts is a basic process
0, + 1) for any LED. In first approximation, the injection of, for
example, holes into organics may be carried out by matching

is the ratio of radiative recombination of excitons versus the the metal work function with the highest molecular orbital
total number of excitons. The latter ratio can be assigned to (HOMO) of the molecules within the organic layer. The same
the photoluminescent (PL) quantum yield, which is a IS true for the matching of metal work function and lowest

Substance_speciﬁc quantity_ For some Substancesy such agnoccupied molecular IeVeI (LUMO) f0r electron injection.

the moleculefac-tris-(2-phenylpyridine) iridium [Ir(ppy, Therefore, a large work function metallic anode may be taken
rated in an appropriate solid matrix matefél. films. For a better matching of the work function, often also

triplet excitons, should bgsr = 0.25, since parallel spin  transport layer and the _vvork function of th_e anode is used.
pairs will recombine to triplet excitons while antiparallel spin  Frequently, phthalocyanines are used for this purpose, as well
pairs will recombine to singlet and triplet excitons. Thus, @& thin conducting polymer layers, such as poly(3,4-ethylene
for fluorescent emitters, we fingst = 0.25, which is a severe  dioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS). While
limitation of quantum efficiency of an OLED. It was shown the first may cause problems due to the crystallinity of the
in the pioneering work of Thompson and Forrest that this Phthalocyanine film and thus show a tendency of short circuit
limitation can be overcome when phosphorescent emittersformation, the application of a polymeric hole injection layer
are used®-192|n the presence of strong spinrbit coupling, requires wet-chemical processing in an otherwise vacuum-
the quantum mechanical selection rules are relaxed, leading?@sed series of processes. All this may be circumvented by
to 7st Up to unity. Such a strong spirorbit coupling requires the use of electrically doped molecular charge transport
a heavy metal central atom inside the fluorophore. Most layers, as we will describe next.
commonly, iridium is chosen for this purpose, but also other  The effect of doping on the injection behavior is demon-
heavy atoms such as Pt, Os, or Pd may be used. Emitterstrated in Figure 25 for two samples based oni,4,4tris-
using both singlet and triplet excitons are called triplet (3-methylphenylphenylamino) triphenylamine+(MTDA-
emitters or phosphorescent molecules. One of the mostTA), a typical hole transport material for OLEDs. As opposed
efficient triplet emitters is the above-mentioned molecule Ir- to the phthalocyanines such as ZnPc or VOPc, its molecular
(ppy). Kawamura showed for this molecule a PL efficiency structure favors the formation of very smooth glassy layers.
of 97% when dissolved at 1.5% MN-bis(carbazolyl)-4,4 Thus, it becomes possible to make interlayers of well-defined
biphenyl (CBP)* which is a combined effect of efficient thickness and conductivity. The samples shown in Figure
exciton recombination and perfect use of both singlet and 25 compare two hole-transporting samples of the layer
triplet excitons. For a deeper understanding of the mecha-sequence ITOAMTDATA (undoped, thickness/)/m-MT-
nisms underlying the excitonic processes in triplet emitters, DATA (p-doped with 2 mol % ETCNQ, 100 nm)/Au. The
we refer to a review giving insight to the energetic pathways device with doped MTDATA only W = 0) acts as a good
in triplet emitterst®? hole conductor, with nearly symmetijie-V characteristics,
The last critical factor for an efficient OLED is the optical as the energetic barrier for hole injection from ITO or Au
outcoupling efficiencyyopicar A Simple estimation regarding  into doped MTDATA is nearly the same. In case of the
the OLED as classical optics device shows that a flat device device with additional undoped MTDATA layew(= 50
with typical refractive index of the organics layers of 1.7, nm), thej—V characteristics becomes asymmetric. Here, the
deposited on ITO/glass, achieves approximately 20% out-gold top contact is generally Ohmic, while there is a
coupling®* A large number of methods have been studied considerable injection barrier for holes from ITO o
since to improve light outcoupling, where typically the MTDATA. Accordingly, devices with an undoped interlayer
improvement was on the order of 280% for highly (w > 0) behave as metaintrinsic—p-type (“M—i—p-type”)
efficient devices and up to 100% for devices of low internal diodes!!? having a built-in field due to Fermi level adjust-
efficiency. Among these methods for improving light out- ment between the ITO and the dopeeMTDATA across
coupling are, for example, the use of a resonant ca%ty, the undoped interlayer. While the forward currents of these
the excitation of surface plasmott§jnsertion of a thin layer  diodes are only weakly affected by the thicknessf the
of very low refractive index such as silica aero¢félthe undoped interlayer, currents at reverse bias increase system-
use of periodic structures placed in the optically active layer atically with decreasingv. With w = 50 nm, we observe a
to introduce Bragg scattering normal to the substrate gfne, rather high rectification ratio in excess of 1000:14st V.
and the addition of an organic outcoupling capping layer atop The barrier for hole injection from ITO intaxMTDATA
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10° . . . . . study, since also undesired chemical species may act as
~ 10°} ] dopants. Gradient sublimation purification has also become
e 10’ %N AM a well-proven way to obtain highly efficient organic de-

2 . of /_ ! vices!13 Still, the overall device efficiency of the OLED

| o 1 reported in ref 31 was rather low compared with today’s

= 107F " 1 devices, which can be explained by the simple device

2 107} al 1 structure and by the less suitable electronic and structural

S 10° ; = 1 properties of phthalocyanines with respect to the demands

‘g 10—4[ = : of an OLED.

% 10°F A without undoped interlayer 1 It should be noted here that at the same time as the first
10°f ®  with undoped interlayer ] electrically doped small molecule OLED was reported,
107 Ly similar experiments were carried out with polymeric materi-

-2 - 0 1 2 als as well, showing the same trend of decreased driving
voltage (V) voltage and increased power efficierié§ Since polymeric
devices are not the topic of this review, we will not discuss
HeC this in more detail.
(; Q Nowadays, molecular glasses with a HOMO around 5 eV

N oH, have proven to be well-suited materials for hole transport
@’ \Q\ /@A\O’ layers in OLEDs, which is due to their ability to make
N smooth layers, which prevent shunts. Typical materials are
N . F N triphenylamines, such abl,N'-bis(3-methylphenylN,N'-
\\ // diphenyl-benzidine (TPD)N,N,N',N'-tetrakis(4-methoxy-
phenyl)-benzidine (MeO-TPD), ant,N'-di(naphth-1-yl)-
N N,N'-diphenyl-benzidine-NPD), or starburst-like substances,
\O // \\ such as 4,44"-tris(N,N-diphenylamino)triphenylamine (TDA-
N F - N TA),115 4,4 4"-tris(3-methylphenylphenylamino) triphenyl-
s amine MMTDATA), 4,4',4"-tris(1-naphthylphenylamino)
m-MTDATA F,-TCNQ triphenylamine (1-TNATA), and 4,4'"'-tris(2-naphthylphen-
ylamino) triphenylamine (2-TNATA). For the molecular
Figure 25. Current-voltage characteristics for junctions between Structure of such materials, see Figure 26. Many of the

ITO and p-dopedn-MTDATA (100 nm, doped with 2 mol % F materials have also been used successfully as hole injection
TCNQ), with and without an interlayer of 50 nm undoped and transport layers in undoped devices; for an overview
MMTDATA. Gold is used as a nearly Ohmic contact to the p-doped gee for example, the work of Shirdtg

layer. ' T ) L
Zhou et alt'” studied the enhancement of hole injection
is obviously high for untreated ITO. On the other hand, the @nd transport in OLEDs using doped hole transport layers

device without an undoped interlayer has basically symmetric Tom_this group of materials. In these devices, the host
|-V characteristics demonstrating the improved hole injec- TDATA was doped with =TCNQ at different concentra-

tion from ITO into dopedn-MTDATA. tions. The device structure and correspondiny curves
are shown in Figure 27. The data show that at a given
4.2.2. Simple OLEDs with Doped p-Layer voltage, the currents for the doped samples are several orders

of magnitude higher than those for the undoped device. This
finding is in agreement with the data from model devices,
which show an improvement of the carrier injection into the
ransport layer. The very low currents for the undoped device

The ability to dope organic semiconductor materials with
strong donor or acceptor molecules for creating a significant
amount of excess charge carriers, as it was described in th
D e B o, 22" arbecaus te 10 s ot been et by oxygen pasina
19983 OLEDs of the TangVan Slyke type may be or 9Z°“e to increase its wor . unction.
improved by the use of p-type doped organic layers. They Figure 27a shows the luminaneeoltage curves of the
employed vanadyl phthalocyanine (VOPc) as the host andsamples. Due to the much higher currents, the samples with
tetrafluoro-tetracyanoquinodimethane ,{FCNQ) as the  doped transport layers reach higher luminance at a given
dopant. The experiments showed that already a rather smalioltage. Note that the doping level is not very critical both
concentration of FTCNQ, well below 0.5 wt %, may lead  for current density and for luminance. However, the current
to a significant decrease in driving voltage and, thus, to an efficiency of these devices is still very low<{ cd/A) and
increase in power efficiency at a given luminance. For a even decreases with increased doping. We qualitatively
device consisting of glass/ITO/hole transport layer (200 nm)/ explain this behavior by the formation of an interface
Algs (100 nm)/Al (100 nm) with various doping content of ~exciplex between the TDATA HOMO and the AlgUMO,
F4-TCNQ in VOPc (from=<0.5 to 3 wt %) as hole transport which leads to an inefficient, red-shifted fluorescence.
layer, it was found that with increasing doping levels, the Further, due to the p-doped transport layer, these interface
light output started at correspondingly lower driving voltages. excitons are close to a high concentration of holes, which
Today, a doping level of 24 wt % is established as the leads to a high probability for nonradiative recombination.
most suitable value for efficient devices. Furthermore, the This causes high recombination currents in the device without
use of vacuum gradient sublimation for purification of the generation of light at the Algemission wavelength. A
organic substances beyond the purity obtained by chemicalsolution to this problem is the insertion of blocking layers,
methods was a significant prerequisite for the success of thisas we will discuss below.
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Figure 26. Molecular structures of typical hole transport materials with high glass transition temperature.

4.2.3. Simple OLEDs with n-Doped Transport Layers

The most common and simple OLED structure using
n-type doping is the widely used electron injection system
Al/LiF/Alg 5. Often, this system is not called a doped structure
but a charge injection layer, since it is very difficult to prove
the Li* ion distribution in the organic stack. As we have
described earlier in this review, in the case of Al deposition
onto a thin layer of LiF atop Alg Li* ions are released such

transport layers and the emission zone has been established
as a concept to reach devices of high stability. This leads
directly to a five-layer p-i—n OLED design, consisting of

two doped transport layers, two undoped blocking layers,
and an emitter laye2 An example for such an OLED is
shown in Figure 29. Here, the hole transport layer consists
of F4-TCNQ-dopedm-MTDATA, followed by an electron
blocking layer of TPD, Alg as emission layer, BPhen as
hole blocking layer, and a Li-doped BPhen layer as electron

that one can really speak about doping. In a detailed study,ransport layer. To enhance electron injection, an additional

Hung et al. showed quite nicely the influendeadl nmthick
LiF interlayer between the organics stack of an OLED and
the metal cathod¥8 The Li doping leads to an improved

LiF interlayer has been deposited underneath the cathode.
This device displays excellent currentoltage curves with
exponential behavior up to current densities of a few tens of

charge injection and transport and thus to higher current den-ma/cn2. The luminancevoltage curve (Figure 29b) is

sity at low operating voltage (Figure 28). The OLEDs in this
work comprised the well-known stack of ITO/CuPc/NPD/
Algs/(LiF)/cathode and are therefore a good reference.

4.3. Highly Efficient OLEDs with Doped Transport
Layers

4.3.1. p—i—n Devices: Monochromic OLEDs

exponential well up to a brightness of about 1000 C¢d/m
100 Cd/n% are reached at 2.55 V, which approximately
corresponds to the photon energy of this green-emitting
device. The peak current efficiency is more than 5 Cd/A,
which is a remarkable value for bulk Adlgas emitter. For
comparison, the same device has been made without n-
doping. One may clearly see the significantly increased
voltage to reach the same luminance as with thé-m

Combining the knowledge about p- and n-doped charge device. This is caused by the insufficient electron transport

transport layers, the next step is the design of a p-type
intrinsic—n-type (p—i—n) structure, that is, an OLED with

doped transport layers for both kinds of charges. The result

is a three-layer OLED with an electrically intrinsic emission
layer (EML) between a hole transport layer (HTL) and an
electron transport layer (ETL). Although this three-layer
concept works rather well, one often faces problems with

in the p—i—i device.

4.3.2. p—i-n OLEDs Comprising Triplet Emitters

In collaboration between the groups of Dresden and
Princeton, the pi—n architecture has been extended to
phosphorescent OLEDs. Using CBP/Ir(ppg}k the emitter
system, green electrophosphorescent OLEDs with extremely

lacking charge balance, interface exciplexes, or exciton low operating voltages and high quantum efficiency were
quenching by excess charge carriers. For this reason, thedemonstrated'® These p-i—n-type devices attain a bright-
introduction of additional blocking layers between the charge ness of 1000 cd/fat only 3 V, with an external quantum
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Figure 27. (a) Current-voltage characteristics for a series of
OLEDs with the layer sequence ITQ/FCNQ—TDATA (200 nm)/
Algs (65 nm)/LiF (1 nm)/Al and (b) luminancevoltage charac-
teristics for the same series of OLEDs. Reprinted with permission
from ref 117. Copyright 2001 Wiley-VCH.

1000
AVLIF  MgosAgor Al

o 100 TiF (0.5 nm) “y

g ) 10V 13V 17V
2 LiF (1.0 am)

£

zZ

o 10

b5

=

g

£

=

Qg ///

0.1 t
0 5 10 15 20
Drive voltage (V)

Figure 28. Comparison of OLEDs with Algias emission and hole
transport layer, with and without Li doping. Reused with permission
from L. S. Hung, C. W. Tang, and M. G. Masofpplied Physics
Letters 70, 152 (1997). Copyright 1997, American Institute of
Physics. Note the significantly lower driving voltages needed when
Li doping is employed.

efficiency of 9% and a power efficiency of 28 Im/W, see
Figure 30. At 4.0 V, the devices already reach 10 000 cd/
m?, and the external guantum efficiency is 7% at a luminous
power efficiency of 22 Im/W.

Remarkable for these OLEDs is their low driving voltage
for bright electrophosphorescence: 100 ctere reached
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Figure 29. Panel (a) shows a layer stack of aip-n OLED with
Alg; emitter. In panel (b), we show the luminareeltage
characteristics of this OLED with and without Li doping in the
BPhen layer. Thepi—n doped device needs a significantly reduced
driving voltage.
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Figure 30. EL and efficiency data of three differentip—n OLEDs
with doped transport layers comprising triplet emitters, compared
with a reference device without doped transport lay&rs Re-
printed with permission from ref 119. Copyright 2002 Wiley-VCH.

at 2.6 V, which is close to the equivalent of the photon energy
(2.4 eV, corresponding to the triplet energy in Ir(ppyThis

is particularly remarkable, given that the generation of a
triplet exciton from a pair of free carriers should involve a
substantial energy loss. The Ir(ppgjnglet energy is around

3 eV (estimated from the absorption edge), which implies
that the energy of a free electrehole pair, that is, the
electrical gap of Ir(ppyy) is at least 3.5 eV. Therefore, one
can conclude that the electroluminescence process must
involve a direct generation of triplet excitons on the emitter
from a pair of carriers on different molecules A and B. Only
in that case the energy of the free carrier pair can be in
resonance with the triplet exciton energy.
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For CBP/Ir(ppy)-based devices, the process may be a)

explained as follows: CBP has a much higher ionization Ir(ppY)

o ToeV PRYls LUMO Level
energy than Ir(ppy)*® such that holes are injected from the 248V
HTL directly into the HOMO of neutral Ir(ppy)molecules 24V 7] 26ev
where they can move by hopping from dopant to dopant. | p-Meo-TPD 30V 30ev
On the other hand, electrons are injected from the ETL into Spiro-TAD retl 1Az
the LUMO of CBP, the latter being lower than the LUMO 516V BPhen n-BPhen
of Ir(ppy)s. In other words, Ir(ppy) forms an antitrap for S4ev 548V
electrons in CBP and electrons do not enter the LUMO of —

- HOMO Level 666V 64 eV 646V

neutral Ir(ppy} molecules. However, once the Ir(ppgarries

a hole, the LUMO is shifted downward by reduced electron

electron repulsion and the molecule becomes accessible for b) 20 e aes oo~y :
electrons from CBP, at least if the electron and the hole have / ‘w\
the same spin, and the electron can directly enter the triplet

state of Ir(ppy3.

Comparing doped® and undopet? OLEDs of similar
device setup from different research groups, which employ
the same CBP/Ir(ppygemitter system and appropriate charge
transport and blocking layers, one finds similar quantum
efficiencies in the range 0f-810% but a reduction in driving o, _ : ,
voltage by several volts using doped transport layers. 10 wooow
Assuming the same emission spectrum and quantum ef- current density (mAfem’)

ficiency, this means that the doping of the transport layers rigyre 31. (a) Device structure of a double emission layer OLED.

Quantum efficiency (%)

significantly increases the power efficiency. While the TCTA host is preferably hole transporting, 3-(4-biphen-
o ) ) ylyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole (TAZ) conducts
4.3.3. Optimized Monochromic p—i—n OLEDs mainly electrons, such that a flat exciton creation profile leads to

. . . a wide emission zone. (b) Quantum efficiency data of the device
Electrically doped OLEDs in the three basic colors, shown in panel (a). Reprinted with permission from ref 129.
red?8120 greent?:-124 and blue (RGB}Y?® as well as other  Copyright 2004 the International Society for Optical Engineering
colors!?® have been investigated. Some papers from industry (SPIE).
r 2

summarize recent results of the commercial development of
.\.\‘
/ \'\\;

RGB p—i—n OLEDs!?7128

140

~
=3

The p—i—n OLEDs described in the previous chapters may
be improved in different ways:

(1) By using more appropriate charge blockers, the driving
voltage may be reduced further, while the charge carrier
balance inside the emission layer is improved. Also, the
leakage of excitons or the formation of exciplexes may be
suppressed further.

(2) Triplet emitters may be used exclusively for harvesting
all excitons created in the emission zone. Until now, this o o oo Toh00
has been realized for red and green devices, while for deep Luminance / cdim®
blue, an efficient and stable triplet emitter is still missing. o

(3) The emission zone can be improved. By a widened Figure 32. Performance data of a green bottom-emittingi pn

. . ; - OLED comprising the phosphorescent emitter Ir(g@y)d Novaled
emission zone with ambipolar character, the agglomeration o ietary charge carrier transport materials and dopants (p-dopant,

of excitons at the interfaces to the blockers may be NDP-2; n-dopant, NDN-1). At 100 cdAna power efficiency of
suppressed, leading to a lower exciton density and thus to amore than 130 Im/W was measured. Even at 1000 &d{a6 Im/W
reduced excitorexciton quenching. To achieve this, Zhou is obtained, which is a remarably small efficiency roll-off. Reprinted
et al. introduced a double emission layer into thei-pn from ref 130. Permission for Reprint, courtesy Society for Informa-
OLED, using Ir(ppy) as emitte#2! This concept uses a  tion Display.

preferably hole-transporting host on the hole injection side ) . i

of the EML and a preferably electron-transporting host at  (4) Another way to improve the-pi—n OLEDs described

the electron injection side. While Zhou used only a LiF before is the use of more eff_|C|ent and more stable dopants.
interlayer for improved electron injection in an otherwise For example, the evaporation temperature and the glass
p—i—i-type OLED, G. He and co-workers introduced a fully transition temperature ofH'CNQ is too low for applications
doped p-i—n OLED with MeO-TPD/E-TCNQ on the hole under higher temperatures than room temperature. However,
side and BPhen/Cs for the electron sl&e2312%For device because this field was until now mainly of commercial
structure and efficiency improvement by the double emission interest and most of the improved dopants are proprietary
current density/high brightness applications, the double readers, we refer to refs 127 and 128.

emission layer principle is beneficial. Due to the broad local Novaled reported a green OLED with a—p-n-type
distribution of excitons, the exciterexciton annihilation by ~ structure and Ir(ppy)as emitter, reaching well above 100
high exciton densities is reduced. Further, the D-EML OLED Im/W, see Figure 323 The device contained optimized
reaches nearly 20% external quantum efficiency, correspond-molecular p- and n-type dopants with high stability developed
ing to internal quantum efficiency close to unity. by the company.

=3
1=
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o
=3
L

Green emitting Novaled PIN OLED™:
HTL: NHT-5 doped with NDP-2
EML: phosphorescent dopant Ir(ppy),

ETL: NET-5 doped with NDN-1
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In early 2007, the group of Kido reported similarly high peculiarity of this device is the device type. They made a
efficiencies of a green phosphorescent OLED, using a white top-emitting OLED with a structure Ni/NPD/Ir(ppz)
somewhat different approach for the charge transport lay- CBP—IrPQ/UGH2-Ir(46dfppyy/BPhen/BPhenLi/ITO. This
ers®¥1 They rely on a p-type doped polymer as hole injection device possesses a transparent top contact and a metal
layer atop the ITO comprising a TPD-like polymeric host substrate, a structure that may be applicable in a light fixture.
and a molecular salt as dopant. CBP/Ir(ppgerves as  In this work, the authors made a reference device without
emitter. For hole injection, they used a Li-doped electron Lidoping as well. The doped OLED reached 9.8 Im/W, while
transport layer from a new material having a very high the undoped device only showed 3.5 Im/W in an otherwise
electron mobility. The device reached 107 Im/W at 1000 cd/ identical setup. A comparison to a conventional bottom-
m? and an external quantum efficiency as high as 26%. emitting OLED comprising a LiF interlayer beneath the top
Unfortunately, the authors did not comment on the stability Al contact showed that the top emission device was on par
of their device, which most probably may be limited by Li regarding power efficiency. This is remarkable, because it

diffusion. is known that top-emitting devices with ITO top contacts
_ , , tend to show lower efficiencies, which is mainly due to
4.3.4. p—i=n Devices: White OLEDs sputter damages caused by top contact deposition.

White OLEDs may be used in displays, signage, and In 2003, D’Andra}de showed the first p- and n-doped white
lighting. In displays, white OLEDs may be used as liquid OLED.**¥ The devices followed a layer structure of ITO/
crystal display (LCD) backlights or for OLED displays using MTDATA —F,-TCNQ/electron blocker/emission layer/hole
color filters (color-by-white). The key challenges for OLEDs blocker/BPherLi/Al. The devices were compared with
in the field of lighting are high efficiency to save energy similar ones without doped transport Iayers.' It was found
and, at the same, low cost to be competitive with existing that the internal quantum efficiency was higher for the
lighting technologies. u_ndoped devices due to lower charge leakage to the undesired

Doped charge transport layers may be an important d|rept|on. In contrast, the Iowqdnvmg voltage for the doped
ingredient in OLEDs fulfiling these target applications. devices lead to a power efficiency equal to the one found
Doping mainly addresses the topic of high efficiency but fOr the undoped devices (11 Im/W). This means that the
may also be beneficial for the cost-effectiveness, since it [0Wer drive voltage was just compensating the losses caused

allows the use of a broader choice of substrates. The actuaP¥ chargehlealr(]age. On dthe qtherbr;anlii_, if gnﬁ may fl;rtﬂer
work function of the substrate is of less importance in doped wpprove t %ﬁ ?rgbel aE_ ercnon ocking ehaV|c;]r Od t ed
than in undoped devices. Therefore, also cheaper and roughef €Ctron and hole blocking layers, we expect that the dope
substrates may be used for OLED lighting. devices should give higher power efficiency.

Over the past few years, significant work was carried out  Very recently, Schwartz et &t=**showed efficient white
in the field of white OLEDs, following many different ~P_i—N OLEDS, comprising a quite complex emitter system
approaches. Due to the high activity in this field, we will of red and green triplet emitters combined with a blue singlet
cite only a few, mainly early, works here: giving a complete emitter. The peculiarity of this system is an exciton blocking
list of references would require an extra review. As in all nterlayer between the blue singlet and red/green triplet
previous sections, there are competing activities for polymers €Mitting zones, which prevents triplet exciton quenching of
and small molecules. Only the latter will be addressed here. e excitons created in the triplet emitter zone by the lower

White OLEDs may be distinguished, for example, by the lying, _nonradlatlve triplet gap of the bl_ue.smglet emitter. The
number of dyes they contain, that is, as t#é2 1 or three-  'esuling layer structure is the following: ITO/MeO-TPD
color**21%5pased devices, or by the type of emitters used, F4- TCNQ/spiro-TAD/NPD-iridium(lll)bis(2-methyldibenzo-
that is, singlet emitter§2135136triplet emitterst®” 4% or a [f,h]qL,J|noxalme)(acelylacetpnate)/ TCHAr(ppy)/TCTA—
combination of botH#:-14 Further techniques, such as the 222 (1.3.5-benzenetriy)tris-(1-phenyl-1H-benzimidazole)/
exploitation of exciplexé4>46or down-conversion from a 2,2,7,7-tetrakis(2,2diphenylyinyl)spiro-9,9bifluorene/
blue OLED by inorganic phosphot4] have been reported BPhen/BP_heﬁCs/AI. e ) .
as well. A review on white OLEDs by D’Andrade sum- The_ dewc_e che}racte_nstlcs of two different sample series
marizes the different approaches as of 280Aso for white ~ following this white p-i—n OLED concept are shown in
OLEDs, the doping of transport layers is beneficial in Figure 33a,b. Depending on the layer thickness of the green
reaching high efficiency. Still, it is amazing how few groups €mission layer and the triplet exciton k_)locklng mter_layer
report on white OLEDs with doped transport layers, espe- between.the blue and the green emission Iaygrs, different
cially, because power efficiency is one of the key parameters €0lor points may be chosen (e.g., warm white standard
of white OLED devices. The only exception is the use of a illuminant A at CIE-1931 color coordln_ates of (0.44; _0.40)
Li-doped charge injection layer, which is meanwhile rather ©F cold white point E of equal energy with color coordinates
common both for RGB and white OLE [3&8140,143,149151 p of (0.33; 0.33)). The emission color determines significantly
paper from the Forrest groi shows that very high power also the' power efﬂmgncy of the device, see Figure 33. The
efficiencies of white OLEDs may be achieved using the LiF €0ld white sample (circles) reaches 8.8 Im/W at 100 éd/m
interlayer doping method, with a power efficiency as high While the warm white device reaches 17.4 Im/W.
OLED appiications. cd/fna brightness relevant for white 435 Sabily Isses of OLEDS with Doped

Also, CsF-based injection layers have been reported, WhiChC arge-Transport Layers
follow the same principle of operation as the LiF-based A very important issue for the relevance of a doping
layers'®2 Another option is the use of Li-doped bulk organic technology is the question of stability and lifetime. It is
layers, made by coevaporation of Li and an organic material. directly connected with the question under which circum-
Kanno reported on a two-color white OLED with a Li-doped stances dopants may diffuse in the device and what damage
BPhen layer as electron injection and transport 1&3%Fhe occurs to the device by dopant diffusion. In the section on
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Figure 33. (a) Currentvoltage and luminancevoltage curves
for a white p-i—n OLED. A brightness of 1000 cdis reached ) o ; .
below 4 V. (b) Power efficiencies reached by whiteip-n OLEDs. Figure 34. (a) Lifetime of red NPD/Ir(picg (piq = 1-(phenyl)-
Reused with permission from Gregor Schwarz, Karsten Fehse,isoquinoline) p-i—n OLEDs with different hole blockers at
Martin Pfeiffer, Karsten Walzer, and Karl Ledpplied Physics different current densities (5, 10, 20, or 30 mA&nreferring to
Letters 89, 083509 (2006). Copyright 2006, American Institute of  different initial luminance. By exchanging the hole blocker to BAlg,
Physics. a considerable stability enhancement is obtained. (b) Lifetime
extrapolation for the OLEDs shown in panel a using the stretched
Li doping, we already mentioned that the induced Li exponential decay model. For 100 cd/nwve reach extrapolated
diffusion takes place upon metal deposition onto it. Thus, lifetimes well above one million hours for different red devices.
Li is a rather volatile material inside the OLED stack, such Reused with permission from Rico Meerheim, Karsten Walzer,

that special care must be taken when it is used. Further,Martin Pfeiffer, and Karl LeoApplied Physics Letter89, 061111

T . . 2006). C ight 2006, A i Institute of Physics.
applications that require storage or operation temperatures( )- Copyrig » American Insttute of Fhysics

above room temperature are not appropriate for Li-doped at 100 cd/m at room temperature, see Figure 34. The higher
devices. Another topic is the low glass transition and stability as compared with the samples of ref 154 is explained
evaporation temperatures of typical dopants, such.as F py the significantly lower mobility of Cs as compared with
TCNQ. For this reason, D’Andrade studied the operational |j due to its larger size, which prevents destruction of the
stability of green phosphorescent OLEDs with CBP/Ir(gpy) emission layer, and the use of very stable materials for the
as emission layer with and withoutp—n-doped structur? emitter and blocker system.
They used FTCNQ-doped MTDATA and Li-doped BPhen A further step to go is the stabilization against heat. All
BAlg (BAlg = aluminum(lil) bis(2-methyl-8-quinolinate)-  dopants discussed so far will not allow operation under
4-phenylphenolate) as doped charge transport layers and aglevated temperatures. However, Novaled developed its
undoped charge transport layers CuPc/NPD for the p-sidep-dopant NDP-227 which has significantly higher glass
and BPhenrBAlg/BPhen/Li for the n-side. In this work,  transition and evaporation temperatures than conventional
OLED lifetimes of 18 000 h for the doped and 60 000h for p-dopants like FTCNQ. In a recent study’ it was shown
the undoped device were reported, both extrapolated to 100that high-temperature stability can be obtained even for a
cd/n?. Compared with the undoped device, the Li-doped molecularly doped electron transport systéfnin this
device had a significantly reduced lifetime. Using Cs for this material system, both the glass transition temperature of the
purpose can overcome the problem, as we will show next. host and that of the dopant are significantly increased. Such
Recently, Meerheim et al. proved that doped OLEDs with an electron transport system could be driven up to temper-
very high stability are possibfé® In red OLEDs containing  atures of 160°C without losing its electrical properties.
MeO-TPD/R-TCNQ as hole and BPhen/Cs as electron
transporter, it could be shown that the lifetime limitation 4.4. Top-Emitting and Transparent OLEDs
came mostly from the choice of emitter host and charge "
blockers, instead of from the electrically doped transport 4.4.1. Top-Emitting OLEDs
layers. The most stable devices in this study reached Standard OLED structures emit through the transparent
extrapolated lifetimes of several million hours when driven substrate. However, for many applications, it would be useful

absolute initial luminance Lo"bsf cdfm®



Devices Based on Electrically Doped Transport Layers Chemical Reviews, 2007, Vol. 107, No. 4 1259

Table 5. Lifetime Overview of Top-Emitting p—i—n OLEDs Forming a RGB System as Reported by Novaled in 200%

color coordinates CIE-1931 lifetime

phosphorescent greer-p—n 0.28/0.64 1300 h @ 500 cd/rh

phosphorescent red4i—n 0.69/0.31 3000h @ 500 cd/rh

fluorescent blue pi—n 0.15/0.24 500 h @ 500 cd/rh
if the emission was away from the substrate (top emitters). (&) 80 ' e R
In principle, this can be achieved with a transparent cathode. /,//‘”' e e N
This is most relevant for active matrix displays, where the . 70- " “»;Q‘ g
active matrix control electronics is opaque and therefore % - v,
requires a top emission OLED setup. For this reason, top- % 604 ‘.\"“‘w \‘
emitting OLEDs have been recently studied by many 2 ""'! %
researchers, both as conventional, undoped OLEDs and a: 8 R S :’:%,
doped p-i—n OLEDs, with the latter now reaching similar % 507 4/ e i _'“"ﬁ-f_‘f:“
values of efficiency and lifetime as for bottom-emitting 5 e Te,
devices®”127 One of the main challenges of top-emitting 5 40- ~ % 0um: -5 tham "
OLEDs in general is the damage-free deposition of a © —4—90 nm —¥y— 100 nm
transparent top contact onto the OLED stack. Two main paths 5, OO B i

have been followed to solve this problem: the sputter 1 10 100 1000 10000 100000
deposition of ITO onto the organics and the deposition of
very thin, and thus transparent, metal contacts.

The use of doped charge transport layers is beneficial for (b)
both kinds of contacts. One reason is the wider choice of
contact materials, since the work function of the top contact
does not need to match the energy levels of the organics as
precisely. This opens the way to select contact materials with
respect to their optical and charge transport properties.

On the other hand, thick charge transport layers may act -
as sacrificial layer for ITO sputter deposition, such that the
sensitive emitterblocker system of the OLED remains
undisturbed by sputtering. Meanwhile, top-emittingip-n
OLEDs are well established and are beginning to show
technologically relevant lifetimes as well, see Table 5. As
Kanno et al. showed, top-emitting white-p—n OLEDs can
be made as welf3 In case of white emission, it is not the
underlying driver electronics that makes top-emitting devices
interesting but the fact that untransparent substrates lessigure 35. (a) Dependence of the external current efficiency of a
expensive than glass may be used. top-emitting green pi—n OLED on the thickness of the doped hole

A very promising aspect of doped OLEDs, especially for transport layer and (b) model calculation for the dependence of

top-emitting devices with their strong microcavity effects, {ir%rr]ntttrr;r?ssp;gir?f;?/grtgrnoduﬁghtthc?uiggucﬁgtglc;;enr tg%b@ggr\‘;tsﬁgg%?sc_'
is the opportunity to select thlcknesges for the 'charge sion from Qiang Huang, Karsten Walzer, Martin Pfeiffer, Vadim
transport layers that allow for resonant light outcoupling. To | yssenko, Gufeng He, and Karl Leapplied Physics Letters8,

achieve this, an optimized layer thickness for both the hole 113515 (2006). Copyright 2006, American Institute of Physics.

and the electron transport layers must be found. Further, we

showed that an additional light outcoupling layer may

improve the light extraction from a top-emitting OLEF. 44.2. Transparent OLEDs

Combining this finding W|th.0pt|m|zed layer thicknesses, one  Transparent OLEDs with doped charge transport layers

could enhance the transmittance of the top contact, leading,,are demonstrated for the first time in 2082The model

to top-emitting OLEDs with 78 cd/A current efficiency (See  yoyices were inverted top emitters deposited on ITO as

Z;)gp%zc?;?)\}v;g']sa\l’l\gﬁeg?z Igngltaliik?ésgscl)g%r;[]?zealtﬁ)rrll and cathode using semitransparent gold as anode. Both voltage
! : : : : and quantum efficiency were comparable to a substrate

at the same time the choice of an optically matching top =~ . . .

metal contact, independent of its work function. emitting device. The low voltage drop over t.he doped chafge

transport layers allows the use of rather thick layers, which

In a recent series of papers, the group of Wu from Taiwan i
reported on outcoupling efficiency enhancements, which May Protect the rest of the OLED against sputter damages
from the ITO deposition. Using this approach, Pfeiffer et

became possible by tuning the optical microcavity with help " = -
of electrically doped transport layef&:15 They used the al. rgported a fully transparent and metal-free OLED,
established materials,sTCNQ/MTDATA and BPhen/Cs, ~ comprising a p-i—n OLED between two ITO layers (see
for enhancing the light outcoupling by microoptics optimiza- Figure 36). As usual for doped devices, high luminance is
tion and made stacked tandem OLEDs with optimized reached at low driving voltage; for example, 100 ctlare
microcavity. As a stacked microcavity device, a green tandem reached at 3 V. Further, the device achieved a peak power
OLED with 200 cd/A and 10 V operation voltage for 1000 efficiency of 23 Im/W at a remarkably high brightness of
cd/m? was demonstrated, underlining the high device ef- 500 cd/nf, whereas most conventional undoped OLEDs
ficiency that may be reached by doped devités. reach their peak efficiencies well below 1 cd/m

Luminance (cdlmz)

ckness (nm)

Spacer1 Th

Capping layer thickness {nm)
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Figure 36. Electroluminescence (EL) intensity versus applied — —— T r 10*
voltage for CBP/Ir(ppy) based electrophosphorescent OLEDS) ( < 60 |- e _D
transparent fii—p OLED measured as the sum of the light emitted 3 [ 002 —0—0_¢ ﬁx“ -
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emission OLED reference sample with undoped transport layers 3 40 [ e T J10° 3
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4.5. Application Examples = 20 s {10° £
. g - E
4.5.1. Example I: Doped p—i—n OLED on Low-Cost 5 0 ! / ] 3
Substrates © 0 4 et bretederderndeet

26 28 30 32 34 36 38 4.0
For the yield of an OLED manufacturing process, an impor- Voltage (V)

tant benefit of the doping technique is the fact that the thick- .

ness of the doped transport layers does not significantly influ- Figure 37. Performance of a green OLED, based on the triplet

: : emitter Ir(ppy}, with an anode made of ITGX(O) and PEDOT/
ehnc% the doperauon \foltageg,. S'ncl? the voIIIta;Ige dro_p 0V(?rPSS @ W). Reprinted with permission from ref 159. Copyright 2006
the doped transport layers is small, a small fluctuation of e nternational Society for Optical Engineering (SPIE). Note that

organic layer thickness, for example, due to a rough sub- the device with the polymeric anode is improved both with respect
strate, does not significantly influence the electrical prop- to driving voltage and efficiency, as compared with the “standard”
erties of the OLED. Thus, doped transport layers are very device on ITO. This_is o_lue to improved light outcoupling causc_ad
reproducible because the performance is less dependent oRY _the lower refractive index of PEDOT/PSS as compared with
the actual state and uniformity of the substrate surface. This!TO- For details, see ref 160.

makes p-i—n OLEDs very promising for the integration with ) ) .

low-cost substrates of a certain roughness. More important!S Only increased for blue and green devices, while for red
than the roughness are the sealing properties of the substratl "€mains nearly unchanged when changing the anode.
againstwater and gas penetration, such that metal substrates ; , zyam e - Doped OLED for Silicon Microdisplays
may be used without special gas barrier layers, while plastic

substrates will require an elaborate gas barrier system. Thus, Another OLED application is microdisplays on silicon
metal substrates may be a promising alternative to the-glass substrates. By combining silicon active matrix (AM) driver
ITO system. electronics and highly efficient-pi—n OLEDs, the group

Further issues regarding replacement of ITO as a conduc-at Fraunhofer IPMS reported recently an active matfix-pn
tive transparent electrode need to be addressed, since ITGPLED microdisplay, see Figure 38: The device needs a
has become a very costly electrode due to a severe increas@iving voltage of 3.2 V to reach a luminance of 100 c8/m
of the indium price on the world market: from 2002 to 2005, Which is well compatible with complementary metal-oxide-
there has been an increase by a factor of 10 due to theSemiconductor (CMOS) technology. Since microdisplays are
increased demand of the flat panel display industry. For used in near-eye applications, the typical operating luminance
conductive polymer PEDOT/PSS is possibie!®°Indeed,
a special high-conductivity grade PEDOT could be even used 4.5.3. Stacked OLEDs
to make OLEDs with superior performance. The significantly = Doping may further be used for efficiently stacking
lower refractive index of the polymer as compared with ITO OLEDs (Figure 39). The doped charge transport layers are
leads to improved light outcoupling, which may compensate by several means beneficial for stacked devices. First, they
the electrical losses. The highest conductivities possible soallow putting the emission layers at such positions where
far for PEDOT/PSS layers are 500 S/cm, which is an order they may lead to improved light outcoupling by the optical
of magnitude less than that in standard ITO (6000 S/cm). In mircoresonator effect. In this case, the doping leads only to
Figure 37, we compare two greefrjp-n OLEDSs of identical low voltage losses when the thickness of the charge transport
setup, but on different anodes. Due to the improved light layers is increased. Second, it is possible to directly stack
outcoupling, the device on PEDOT/PSS reaches even higheran ETL and a HTL on top of each other, which acts as charge
efficiency than the one on ITO. Similar results were found converter. Following these ideas and incorporating a stack
also for blue and red devicé®. However, because of the as reported by H&3Cho et al. showed stacked green OLEDs
stronger absorption of PEDOT/PSS in the red, the efficiency with up to 200 cd/AL%?
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Sun light

transport layer

transport layer

[ transparent conductor [_] electron transport layer
[] hole transport layer [l metal electrode

B photoactive layer B substrate
_Cathode Figure 40. Basic layer sequence of an organic solar cell.

(b)

Finally, we want to mention that we have tried to
TiN summarize the most important results. There are still many
(without Oxide) more papers in the literature that cannot be discussed here
due to lack of spack8-164168

Figure 38. (a) Photograph of a green-emitting ANp—i—n OLED 5. Organic Solar Cells with Doped Transport
microdisplay test chip with screen diagonal of 0.7 in. and a chip Layers

size of 0.85x 0.85 in? and (b) p-i—n OLED layer stack and
interface to the CMOS substrate of the microdisplay test structure

with TiN Al electrodes. Reprinted from ref 161. Permission for 5.1. Introduction: Basics of Organlc Solar Cells
Reprint, courtesy Society for Information Display. Organic solar cells are a promising way toward large-area
and low-price photovoltaic systems. The main advantages
are the easy preparation, the low process temperatures, the
low-cost materials and processing technology, and the
S possibility of producing flexible devices on plastic substrates.
—Cathode s Organic solar cells are made of thin layers of organic

K materials with thickness in the 100 nm range (i.e., only about
one tenth of a gram of organic material is needed for a square

Cathode
ETL2
BEEEH =T 'R O

HTLE % ¢

meter of solar cell). Such solar cells with acceptable power

Anode fnede efficiency were first prepared by Tang at the Kodak Research
Substrate ke Laboratories in 1986 The motivation for using organic dyes

(@) (b) is to replace the expensive silicon in conventional photo-

. ~voltaics and to apply simple production techniques. Ad-
Figure 39. Standard OLED (a) and stacked OLED (b) in djtionally, organic solar cells can be prepared on plastic foil
comparison. Doped charge transport layers allow putting the 54 are’ideal candidates for flexible and portable systems.

emission layers to optically beneficial positions within the micro- . S . .
cavity formed from anode and cathode. Reused with permission In Figure 40, the principle architecture of an organic solar

from Ting-Yi Cho, Chun-Liang Lin, and Chung-Chih Wipplied cell is shown. Organic solar cells basically comprise the

Physics Letters88, 111106 (2006). Copyright 2006, American following layers: cathode, electron transport layer, photo-

Institute of Physics. active layer, hole transport layer, and anode. In general, a

4.6. Summary: OLEDs with Doped Transport ﬁollar c;ell absorrt])s Iir?ht, separalt'es thehcre?ted.eltlactrons and

Layers oles from each other, and delivers the electrical power at
the contacts.

Since its introduction in the late 1990s, the field of OLEDs  There is a fundamental difference between the working
with doped charge transport layers has undergone a signifi-principle of organic and inorganic solar cells. In a silicon
cant development. It has been shown that doped transporisolar cell, the light directly generates free charge carriers.
layers can lead to superior power efficiency, regardless of In organic materials, the light absorption is followed by the
the detailed structure of color of the OLED device. While creation of excitons. Excitons are quasi-particles consisting
devices without a completefp—n structure have shown very  of an electron and a hole that attract each other through
high efficiencies as well by using very thin transport layéfs,  Coulomb interaction. The binding energy of these excitons
the advantages of doped transport layers are obvious. Theis typically 0.2-0.5 eV° Because the necessary electric field
devices with the highest power efficiencies reported so far strength ¢10° V/cm) to overcome this binding energy is
rely on a p-i—n-type structuré313°Since power efficiency  not available in organic solar cells, excitons are normally
is the key for many applications, such as mobile devices, separated at the interface between two different organic layers
energy saving lighting technology, or environmentally (heterojunction). As shown in Figure 41, the energy align-
friendly TV screens, the route of implementing doping ment of these two materials has to be optimized so that on
technology into the transport layers of OLEDs will help the one hand the excitons are efficiently separated but on the
OLED technology to its technological breakthrough. other hand no excess energy is lost in this process.
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Figure 41. Exciton separation between two different organic
materials with suitable charge carrier energy levels.

Nowadays, all efficient organic solar cells are based on the
exciton separation at an interfacial heterojunction or a bulk
heterojunction (mixed layer).

Three different types of organic solar cells are known. The

Walzer et al.

that a further increase of the power efficiencies of polymer
solar cells is possibl&s

For organic solar cells consisting of small molecules, the
bulk heterojunction concept was also successfully ap-
plied187-1%0|n 2000, Meissner et al. showed that by using a
mixed layer of a fullerene (§g) and a phthalocyanine (ZnPc),
power efficiencies of 1% can be reaché&tin this cell, the
photoactive mixed layer was embedded between a phthalo-
cyanine layer on one side and a perylene derivative on the
other side. Additionally to the bulk heterojunction concept,
small molecule solar cells containing bilayers were devel-
oped¥?19% A high power efficiency of 3.6% was reached
by Peumans et al. using a bilayer of a fullerengg@nd
again a phthalocyanine (CuP€}:1°*These cells contain an
additional thin layer of neat BCP below the metal contact.

organic semiconducting material can be comprised of either The BCP layer acts as a very efficient exciton blocking layer.

so-called small molecules (SM solar cells) or polymers
(polymer solar cells)®®-172 A third type of organic solar cells

is called the dye-sensitized solar cell (also called th&zéta
cell), which contains a highly porous layer of titanium
dioxide as the electron transport layét.Small molecule
solar cells are processed in vacuum by physical vapor

The first organic tandem cells were presented from Hiramoto
et al. in 1990 Hiramoto used a thin gold interstitial layer
as recombination zone in the tandem cells. In 2004, Forrest
et al. presented a small molecule tandem solar cell with the
highest efficiency up to now of 5.7%, using a combination
of a bilayer and bulk heterojunction structure with the

deposition, whereas polymer solar cells are processed bymaterials CuPc and §g197:198

spin-coating or ink-jet printing (vacuum deposition is still
necessary for metal deposition). @&l cells are processed
by printing of titanium dioxide with subsequent sintering and
dying. In this review, we concentrate on small molecule solar
cells.

5.1.1. Short History of Small Molecule Solar Cells

The first organic solar cells consisted of simple Schottky
diodes!’In these structures, only a single organic layer was
located between the metal electrod®s!’” The devices
mainly suffered from inefficient charge carrier generation,
and the achieved power efficiencies were below 0t19/817°

The general problem of using Schottky diodes is that the
charge generation is efficient neither in the bulk nor at the
interface to the metals, because at the metal contacts th
charge carriers are not only separated but also efficiently

quenched. In 1986, Tang reached a breakthrough in the

efficiency of organic solar celfsThe cells were composed
of a bilayer of a perylene derivative and a phthalocyanine

The first organic solar cells with doped layers contained
small molecules like @and Bp as dopant$?-2°°However,
this causes problems since these small molecules rapidly
diffuse through organic film&?2201.292|n 2000, Pfeiffer et
al. presented an organic solar cell containing a transport layer
that was doped with a larger molecule, namely, the strong
acceptor molecule FTCNQ (tetrafluoro-tetracyanoquin-
odimethane¥® By using a doped transport layer, the series
resistance of the device was significantly lowered and the
photocurrent was increased. This solar cell containedia-p
structure and was the first step toward an organié¢-n
structure containing a photoactive intrinsic region embedded
between a p- and a n-doped transport layer. In 2004/2005,
Maennig et al. demonstrated the-ip-n concept with

gontrolled doping in more detail and showed that the power

efficiency of the devices can be strongly increased by using
doped wide-gap transport layef£%3The best organic solar
cell currently®” with a 5.7% efficiency contains a wide-gap
transport layerfr-MTDATA) doped with F-TCNQ.

and reached a power efficiency of around 1%. The advantage . .
compared with Schottky diodes is that organic heterojunc- 2-2. Organic p —i-n Solar Cells

tions create efficient interfaces for charge separation. How-
ever, the small exciton diffusion length in organic polycrys-
talline and amorphous layers remains as a problem.

Solar cells consisting of polymer/polymer bilayé#18t
of polymer mixed layer&®? and of polymer/fullerene bilayers
were also investigateld® In 1995, Yu et al. published results
about an organic solar cell containing a polymer/fullerene
mixed layer as the photoactive regi8.The breakthrough
for polymer solar cells appeared in the year 2060927017

5.2.1. Basic Concept of Organic p—i—n Solar Cells with
Doped Wide-Gap Transport Materials

Most non-polymeric organic solar cells are based on a
heterojunction between two highly light-absorbing materials.
This heterojunction is needed to separate the excitons, which
are rather strongly bound in organic semiconductors. Due
to the small diffusion lengths in most of the organic
semiconductors, the photoactive region of such cells is only

Shaheen et al. reached a power efficiency of 2.5% using a@ harrow layer at both sides of the hetero interface. However,
mixed layer (following the bulk heterojunction concept) of the cells have to be much thicker than the active region to

the polymer MDMO-PPV (poly(2-methoxy-5-(3,7-dimethyl- ~avoid shorts and recombination at the metallic contacts; that
octyloxy)-1,4-phenylene vinylene)) and the fullerene deriva- IS, there are strongly absorbing regions that do not contribute
tive PCBM (1-(3-methoxycarbonyl)-propyl-1-1-phenyl-(6,6)- to the photocurrent.

Csy1). A further increase of the efficiency of polymer solar One concept is to replace these regions by transparent
cells was obtained by a postproduction treatment (heating materials (wide-gap transport materials, see Figure 42). The
and simultaneous applying voltage) of the devitéshe layer sequence is therefore electrode, transparent layer,
best polymer devices were presented by Heeger et al. andohotoactive layer(s), second transparent layer, and electrode.
contained the polymer P3HT (poly(3-hexylthiophe#®))  The benefit of this concept is that the solar cells only absorb

reaching a power efficiency of 5%. Model calculations show the light in the photoactive region and achieve very high
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Figure 42. Comparison of the heterojunction solar cell first
introduced by C. Tang in 1986 and the-ip-n solar cell structure
with wide-gap transport materials. The arrows indicate incoming
and reflected light.

Figure 44. Schematic illustration of the optical field distribution
within the device. The photoactive layer is placed at the maximum
of the light intensity.
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Figure 43. Schematic illustration and energy diagram of an ideal 8 -6 e _..--l"'. 4
p—i—n solar cell containing a bulk heterojunction as photoactive " |-.-I‘IAI'I'.'."'.l.‘.T 100mW/em"2
region. a) 06 04 02 00 02 04 06
internal quantum efficiencies. The latter fact is crucial for voltage (V)
preparing stacked cells (see below). 50 —
The second key technology for the organieip-n solar ZnPe 10nm i
cell concept is the controlled doping of the wide-gap transport _
layers. In the first part of this review, we have shown that 407 - MeO-TPD 11100 Sim i
stable and reproducible doping in organic systems is possible ZaPoC60 11 30mm -
and leads to comparatively high conductivities. For example, ~301 €60 _L0nm -
when matrix materials such asd®r MeO-TPD are used, S, L0 LA s
conductivity values of higher than 19S/cm are reached, W 20_' = I i
which is already high enough to make Ohmic losses in doped o
transport layers of organic solar cells negligibly small. = )
Figure 43 shows the energy diagram of theipn 107 |
concept. Displayed is an ideakp—n-heterostructure for an
organic solar cell. In such a cell, only the intrinsic layer 0 —TT7— T
absorbs visible light. This layer can be a bilayer of two highly b 400 500 600 700 800 900
absorbing materials or a bulk heterojunction (blended layer). ) wavelength (nm)

The p- and n-layers are realized by doped wide-gap materials Figure 45. (a) Current-voltage characteristics of two—n solar
The interfaces at the photoactive layers play an essential rolecells with the same active layer (ZnPg#Cl:1, 30 nm) either with
in this concept. The transition of photogenerated charge wide-gap transport layers (n-dopedo@nd p-doped MeO-TPD)
carriers from the photoactive region to the respective OF with low-gap transport layers (n-doped Me-PTCDI and p-doped
transport layer must be barrier-free, and it should take placeZNP¢): By using wide-gap layers, the short circuit current is

ithout | in f A d I I ali i increased from 3.7 to 6.1 mA/éaompared with the low-gap cell.
without loss In free energy. A good energy level alignment ) eyternal quantum efficiency of the wide-gap cell. Reprinted

is necessary to achieve this goal including the challenge tofrom ref 76, Copyright 2004, with kind permission of Springer
find suitable materials. Additionally, the injection of pho- Science and Business Media.

togenerated carriers into the transport layers as minority
carriers should be suppressed by high barriers. Thus, thedistribution within the device, leading to increased absorp-
interfaces act as membranes allowing only the “correct” type tion.
of charge carriers to pass and to leave the photoactive layer. . .

A major benefit of doped wide-gap materials is the 5.2.2. |-V Characteristics of p—i—-n Solar Cells
freedom to optimize the cells in terms of thin-film optics We constructed the-pi—n structure using a photoactive
(see Figure 44). The cells do not suffer losses by parasitic donor—acceptor blend of ZnPc anddCAs electron transport
absorption when the incident light passes the first organic layer (ETL), we useN,N'-dimethylperylene-3,4,9,10-dicar-
layer toward the photoactive region. Furthermore, the light boxyimide (Me-PTCDI); as hole transport layer (HTL), we
reflected at the back contact can be efficiently used. The use ZnPc. This is similar to a device reported by Rostalski
thickness of the photoactive layer can be varied so that aand Meissnet?* Since the n-type Me-PTCDI layer is the
high internal efficiency can easily be reached. Varying the first layer on the ITO substrate in this device, we discuss
thicknesses of the wide-gap layers allows the placement ofhere an r-i—p structure (Figure 45a). The Me-PTCDI layer
the photoactive layer at the maximum of the optical field is doped with rhodamine B and the ZnPc layer with
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F,-TCNQ. This structure acts as a reference cell with low-
gap transport layers. For the wide-gap structure, we have
tested NTCDA (1,4,5,8-naphthalene-tetracarboxylic-dianhy- —=— measurement T0mW/em®
dride), Me-NTCDI (,N'-dimethyl-3,4,7,8-naphthalene-tet- :::‘:mmm’m’
racarboxylic-diimide), and § for the ETL andn-MTDATA —o— simulation 127mWicm?
and MeO-TPD for the HTL. It turns out that among these

materials, Go and MeO-TPD are the best choice, giving the
best solar cell performances. Accordingly, the layer sequence

Q
N’

-
[3,]
)

-
o
)

current (mA/cm?)
i

of the n—i—p-type device is ITO/n-6/Cesd/ZNPc—Cso/p- B z" '
MeO-TPD/p-ZnPc/Au. The reason for using a thin ZnPc RO 4

layer under the gold electrode is again to obtain a better a .c,o“"

Ohmic contact behavior. Because this additional ZnPc layer 10 CROBOICRCRORCIORCTE]

absorbs light but does not contribute to the photocurrent, 12 08 -04 0.0 0.4 0.8
we have to avoid it in a further optimization step. voltage (V)

Figure 45a shows the currentoltage characteristics of
the two n-i—p cells with low-gap and wide-gap transport
layers, respectively. The characteristic parameters for the
low-gap sample are an open circuit voltage of 0.45 V, a short
circuit current density of 3.7 mA/cta fill factor of 45%,
and a power efficiency of 0.75%, which are comparable to
literature?®* For the wide-gap cell, we observe a nearly
doubled short circuit current, which is mainly attributed to
lower parasitic absorption losses. The corresponding perfor-
mance values of this cell are 0.46 V, 6.1 mAk#7%, and
1.32%, respectively. We therefore achieve an almost 2-fold
enhancement of the device performance without any change
in the active layer. A linear dependence of the short circuit
current on the illumination intensity in the range from 1 to 0] : : : : : —
100 mW/cn? confirms the sufficient transport properties of 0 20 40 60 80 100 120 140
the donof-acceptor blend without direct bimolecular re- illuminations (mWIcmz)
com.blnatlon losses. Figure 45b ShO.WS the external quamumFigure 46. (a)l—V characteristics of a photovoltaic cell consisting
efficiency spectrum (IPCE) of the wide-gap cell. It peaks at ot |70/p-MeO-TPD/ZnPe-Csy/n-Co/Al under illumination with
40% in the first absorption band of ZnPc between 640 and 127 mw/cm. The empty symbols describe the simulation results;
700 nm. A second peak appears at 380 nm with a value ofthe filled symbols represent the measured data. (b) Linear depen-
17%, which is attributed to an additional smaller contribution dence of short circuit current vs illumination for the same cell. The
from the QU in the blended |ayer To av0|d parasr“c line with empty squares describes the S|mu|at|0n I‘esultS; the full
absorption in this range, it is obviously not ideal to usg C équares represent the measured data. Reprinted from ref 76,

. . opyright 2004, with kind permission of Springer Science and
also for the electron transport layer. An integration of the g\ siness Media.
IPCE spectrum over the AM 1.5 spectrum yields a photo-
current of 5.1 mA/crafor a light intensity of 100 mW/cri
which is a bit below the measured short circuit current of
6.1 mA/cn?. Because the IPCE measurements are carried
out in ambient atmosphere, we attribute the difference mainly
to a degradation of the sample, which is not encapsulated.

o
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MeO-TPD interface is low so that interference effects that
depend on the MeO-TPD thickness play a minor réleor
a Gy thickness of 40 nm, the active region is placed at the
maximum of the optical field distribution and the photocur-
rent has a maximal value of 8.75 mA/&n€omparing model
: . : and experiments, we can derive an internal quantum ef-
5.2.3. Modeling of the Optical Properties ficiency of around 82%° We want to emphasize that this
To model the optical properties of our multilayer system, value of 82% is not the efficiency at one suitable wavelength
a transfer matrix formalism (TMF) is appli¢é2 More but the internal efficiency averaged over the complete
details on the modeling can be found in Hoppe éf%For absorption range of ZnPc and
the modeling, we chose a device with the layer sequence . . .
ITO/p-MeO-TPD/ZnPe-Cey/Ceo/n-Ce/Al: that is, we have 5.2.4. Modeling of the Electrical Properties
a p—i—n arrangement, in contrast to the previousifip In order to obtain a deeper physical insight into the critical
arrangement. The benefit is that we avoid the additional parameters of the device, we have set up a numerical model
contact layer (ZnPc) under the metal electrode. The contactsfor the electrical properties of the4i—n-type heterojunction
ITO/p-MeO-TPD and n-g/Al are close to Ohmic. Here,  solar cells’® The numerical simulation is based on a quasi-
we see another advantage of the wide-gajn concept,  one-dimensional iteration algorithm proposed initially by
namely, that we can freely choose the stacking direction. Staudigel et al. to calculate the field distribution in organic
To find out the best position of the active region with light-emitting diodeg°
respect to the maximum of the optical field distribution, we  As model solar cell, the ITO/p-MeO-TPD/ZnPEqy/Cso/
vary in the simulation the thicknesses of both transport layers, n-Cso/Al structure is simulated. To get an optimum agreement
keeping the active layer unchanged. The thickness of thebetween the simulated and experimental curre@oitage
MeO-TPD layer has hardly any influence on the device characteristics, we adjust the recombination rates, the trap
performance because (i) its absorption in the visible range density, and the resistance of ITO. Figure 46 presents the
is negligible and (ii) the reflection coefficient at the ITO/ fitting of -V curves for an illumination of 127 and 70 mW/
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cn? white light. Here, the main limitations for the forward cells requires an efficient recombination of charge carriers
current are from ITO with about 15Q for the given contact ~ with low energetic losses at the interface between the
geometry and of the photoactive blend layer, while the doped individual cells. This requirement could be met by depositing
transport layers hardly play any role. To obtain quantitative an ultrathin interfacial layer of silver clusters to create
results from the simulation, it will be necessary to have recombination centers. It is probable that these clusters also
reliable independent measurements of the carrier mobility induce a favorable interface dipole. Otherwise, a pair of
in the blend layer because, in a certain range, one can achievearriers would dissipate energy equal to the difference in
equally good fits with either high mobility values and fast the quasi-Fermi levels between the PTCBI and the CuPc
recombination or lower mobility and slower recombination. upon recombination, which is exactly the energy stored in a

A striking feature of the experimental curves is the slope Photogenerated carrier pair. However, within this approach,
of thel—V curves at reverse bias, which cannot be interpreted thin film optics limits the application of stacking.
in terms of a shunt resistance becausel the curves show In our approach, we use the basieip-n cell, explained
very low reverse currents in the dark. Therefore, this slope in the previous sections, as an optimized building block that
is rather a hint for field-dependent recombination losses. At can be introduced into a final stacked solar cell structure.
high fields, the carriers have a higher probability to leave The advantage compared with the investigation of Yakimov
the blend layer before recombination. This recombination et al?'! are the spacer layers between each photoactive layer
affects both the short circuit photocurrent and the fill factor. sequence, namely, the wide-gap transport layers. The active
However, the probability for direct bimolecular recombina- layers of each single cell can thus be placed at the position
tion of free carriers should increase with the illumination of maximum optical field strength. With high doping of those
level, that is, the concentration of photogenerated charges transport layers, low Ohmic losses are expected. In Yaki-
which is in contradiction to our finding that the short circuit mov’s studies, it turned out that stacking more than two
photocurrent scales exactly linearly with illumination. Con- junctions does not yield a further increase in power ef-
sequently, we have to introduce deep trap states that mediatdiciency. The reason is probably that they cannot avoid
recombination and provide the dominant recombination path. placing one of the cells in a minimum of the optical field
One might as well account for the observed behavior by distribution. This is a severe drawback for the overall
assuming a field-dependent geminate recombination. How- performance because it is always the cell with the lowest
ever, the assumption of trap-induced recombination agreesphotocurrent generation that limits the overall photocurrent
better with the empirical finding that the slope of the reverse because several cells are connected in series. As explained
characteristics under illumination depends sensitively on the before, Forrest et al. have also used doped transport layers
purity of the used materials. As shown in Figure 46, good (m-MTDATA), resulting in a tandem cell with 5.7% power
agreement between experiment and simulation for different efficiency!®’ In this cell, both photoactive layers are placed
illumination levels was obtained assuming discrete levels of close to each other to profit from the same maximum of
traps with concentration about 8:510'” cm 3. Figure 46b optical field.
shows the linear dependence of a short circuit current on  Qur approach of using-pi—n cells as a building block

illumination in the range from 8 to 127 mWi/énboth in  for stacking has the advantage that the recombination zone
experiment and in simulation and confirms the good agree- petween the individual cells is placed between wide-gap

ment. transport layers so that they are hidden from excitons in the
i active layers. After all, within Yakimov’s approach, one can
5.2.5. Stacked p—i-n Cells hardly avoid that recombination centers for charge carriers

The single p-i—n devices shown in the previous sections act as recombination centers for excitons as well.
feature good device characteristics with high fill factor and ~ Figure 47 depicts the device structure for twofold stacked
high internal quantum efficiencies (IQE). However, to P—i—n cells. A schematic energy level diagram is given as
achieve high power efficiencies, both IQE and absolute Well. The individual cells are built up similarly to the{p—n
absorption need to be high. The singleip-n cells suffer cells described above. Between these cells, we introduce an
from too low absorption in two respects. At first, the ultrathin gold layer. It has been shown that metal layers as
absorption spectrum of the active layer of ZnPc aggddes  thin as a few nanometers grow in discontinuous lay&r3?
not cover the complete visible range. The main absorption In fact, the metal forms clusters that act as defects and
bands of the two materials rather leave a gap in the spectramprove interface recombination and generation dynamics
between 420 and 600 nm where we observe only little at reverse and forward bias voltage, respectively.
absorption by weakly forbidden transitions iRoCSecond, To study the recombination and generation behavior at
the photoactive blend layers have to be very thin to avoid interfaces between highly p- and n-doped wide-gap layers,
recombination losses and space charge limitation of the we use a somewhat simpler test structure that comprises one
current flow. Therefore, they are optically thin even at the p—i—n cell and, instead of an Ohmic top contact on the
absorption maxima. n-layer, an additional p-layer with an Ohmic top contact to

An approach to overcome these problems is to stack the p-layer. We call this arrangement aip-n cell with an
several junctions with either identical or complementary €lectron-to-hole conversion contact.
absorption spectra on top of each other. This concept has Although such cells with conversion contact comprise a
been demonstrated by Yakimov and Forrest who used singlep—n junction with the opposite polarity with respect to the
donor-acceptor heterojunctions of CuPc and a perylene dye p—i—n junction, they may behave just as-p-n junctions
(PTCBI) for the individual cell$! A maximum power with Ohmic contacts if the doping level is high enough and
conversion efficiency of 2.5% for the double stacked cell carriers can tunnel through the-p junction barrier. How-
was reached. The open-circuit voltagkd can, in principle, ever, we have found that despite the high doping levels used
be equal to the sum of the open-circuit voltages of the here (2-4%), the contact performance improves significantly
individual cells. The flow of photocurrent in stacked junction when an additional ultrathin metal layer is introduced
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Figure 47. Organic solar cells based on multiple stacked pn
structures, each of them comprising a photoactive layer sandwiched
between p- and n-type wide-gap transport layers: (a) layer sequence
for a double p-i—n cell based on photoactive ZnP€s, blend
layers; (b) schematic energy level diagram for the cell shown in
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tunneling. Reprinted from ref 76, Copyright 2004, with kind 0.2 0.0 0.2 0.4
permission of Springer Science and Business Media.
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Figure 48. The influence of an ultrathin metal interlayer and of

between the p- and the n-layer of the conversion contact.
Thls_effec_t IS demonstrat_ed in Figure 48a where we Comparedoping on “electron-to-hole conversion” contacts. The two samples
two identical samples with the layer sequence ITO/50 NM gshown here have the layer sequence ITO/50 nm p-doped MeO-
p-doped MeO-TPD/30 nm blend ZnPCeq (1:1)/30 nm TPD/30 nm ZnPe Cy (1:1)/30 nm n-doped £&/1 nm Au (only
n-doped G/l nm Au (only sample B)/30 nm p-doped MeO-  sample B)/30 nm p-doped MeO-TPD/10 nm p-doped ZnPc/40 nm
TPD/10 nm p-doped ZnPc/40 nm Au, that is, two samples Au (see inset of panel a): (a) currentoltage characteristics in
that differ only by the thin gold interlayer of 1 nm. The 10 the dark and under 125 mWi/énwhite light illumination for

nm p-doped ZnPc layer ensures in all cases good Ohmicsamples with an interlayer of 1 nm gold (sample A) and without

this layer (sample B); (b) curreavoltage characteristics in the dark
contact to the metal electrod¥’.Both samples are prepared ;4 ynder 9 mwi/ciwhite light for samples with p- and n-doping

SimultaneOUS|y on the same substrate so that thicknessp the layers adjacent to the conversion contagt vith p-doping
variations can be excluded. The reverse currents underonly (d), and with n-doping onlyM). The solar cell performance
illumination coincide for both samples, which shows that parameters are given as an inset. Only samples with p- and n-doping
the 1 nm gold |ayer hardly causes any absorpt|0n |Ossesand with the gold interlayer show smooth (?haracteristics_ Wlth h|gh
However, sample B with gold interlayer features a smooth fill factor. R?p””t.ed from ref 76, dCOPV.”ght 200;'.' with kind
curve with a high fill factor (FF= 0.45), whereas sample A permission of Springer Science and Business Media.

is s-shaped leading to a lower fill factor (FF0.32). Also, recombination and generation at the interface are efficient
the forward currents are strongly decreased for sample A,and do not create relevant losses. On the other hand, the
which indicates limited generation of charge carriers at the cells with one undoped layer suffer from low forward
interface at forward bias voltage. The gold interlayer provides currents. In contrast to Yakimov’s stacked cells, the metal
gap states that assist tunneling through then gunction interlayer alone is not sufficient, here, to ensure easy
barrier. Therefore, we conclude that the function of the metal recombination and generation at the interface. We rather have
interlayer is somewhat different from those used in stacked to provide very thin depletion layers on both sides of the
undoped heterojunction cefi&: interface to allow for easy tunneling.

Next, we will show that the doping of the transport layers  Finally, we discuss the preparation of a complete tandem
is indeed necessary within our approach: In Figure 48b, we cell. The optimum tandem cell configuration was found with
compare again two samples with the device structure givenan optical simulation based on the optical constants of the
in Figure 48a. However, we here dope either only one side layers’® Thel—V characteristics of an optimized tandem cell
of the conversion contact or both sides. All samples contain are given in Figure 49, together with the characteristics of
the interfacial layer of 1 nm of gold. As expected, only the the first single cell. The tandem cell exhibits a significantly
characteristics of the cell doped on both sides of the higher power efficiency of 3.8%: 0.2% compared with the
interfacial metal layer indicates quasi-Ohmic behavior with single p-i—n cell (2.1% + 0.2%) under 130 mW/ctn
high forward currents and a good fill factor. Obviously, simulated AM 1.5 illumination. The open-circuit voltage of
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Figure 49. |-V characteristics of single and tandemip-n solar
cells under 130 mW/cAsimulated AM 1.5 solar illumination. The . . . .
tandem cell has an optimized device structure according to the Figure 50. Power efficiencies for pi—n tandem cells plotted vs
distance of the two blend layers (see Figure 50), and the single the distance between the centers of the photoactive layers. The
cell is identical to the bottom cell in the tandem configuration device structure has been kept constant except for the separating
prepared simultaneously. The performance parameters are given}Ole transport layer between the active layers of the tandem cell.
Reused with permission from J. Drechsel, Birvi, F. Kozlowski, ~ 1he dashed line represents a guide for the eyes. Reused with
M. Pfeiffer, K. Leo, and H. HoppeApplied Physics Letters36, permission from J. Drechsel, B.'Maig, F. Kozlowski, M. Pfeiffer,

244102 (2005). Copyright 2005, American Institute of Physics. K. Leo, and H. Hoppef\pplied Physics Letter86, 244102 (2005).
Copyright 2005, American Institute of Physics.

Voc = 0.99 V is doubled as compared with the singteipn a

L )
cell (Vo = 0.50 V). The short circuit current of the tandem Bu  Bu By  pu
cell is reduced but still clearly exceeds one-half of the value =~ 5o\ so [\ Sox oy
of the single cell. We also note a remarkably improved fill WA YA G WS

factor of 0.47 for the tandem cell, as compared with 0.36

for the single cell, which we attribute mainly to the reduced b)

impact of the series resistance. Additionally, the smaller

thickness of the active blend layer (50 nm) in the tandem [~ ]

cell lowers the overall recombination losses of the complete

device. 060
The |-V characteristics of the tandem cell show a

ITO hole transp. DCVST ~ C_| BPhen Al

BPhen layer
~2

reasonable saturation of the photocurrent with negative ooveT 33 55 P9
voltage. As both geminate and nongeminate recombination hole transport layer 46 42
losses should be field dependent, we suggest that this - A

saturation current corresponds to a recombination-free situ- I IT0 | 5154 L

ation, that is, close to 100% internal quantum efficiency. If glass substrate 56

we compare the saturation value of 12.5 mAJ@n130 mwW/ 62 g4

cn? illumination with the simulated maximum photocurrents  gigyre 51. (a) Chemical structure of DCV5T and (b) structure
of 9.8 mA/cnt (exclusively blend layer) and 12.0 mA/€m  and energy level alignment of the photovoltaic cells using a p-doped
(blend layer and adjacent}, we conclude that indeed the hole transport layer, an intrinsic layer of DCV5T angh@n exciton
neat Go contributes to the photocurrent. The reasonable blocking layer, and an aluminum contact (data from refs 123 and
agreement between experiment and calculation confirms the215-217; DCVST, HOMO level determined with UPS, LUMO
model. level determined with cyclic voltammetry in GBL,). Reprinted

. - . . with permission from ref 214. Copyright 2006 the International

In Figure 50, the power efficiencies of a series of stacked gqciety of Optical Engineering (SPIE).

p—i—n cells are depicted as a function of the distance of

the centers of the photoactive blend Iayers of the two cells. To achieve an Optimum coverage of the visible Spectrum’
Except for the thickness of the hole transport layer of cell B one should therefore integrate an additional photoactive
(doped MeO-TPD), all thicknesses of transport layers and material into the device architecture that fills this gap.
photoactive layers have been kept constant. A maximum perylene-based dyes such as Me-PTCDI having an absorption
shows up around the proposed optimized configuration, maximum at around 530 nm can be a proper choice.
which confirms the optical model. Recently, we have introduced a new oligothiophene'-
bis-(2,2-dicyanovinyl)-quinquethiophene (DCVS5T; Figure
51a) comprising fivea-conjugated thiophene rings (5T),
substituted with two electron-withdrawing dicyanovinylene
(DCV) groups at the terminal positid#: This material shows
Finally, we discuss an example for a solar cell where the an absorption maximum at 573 nm and acts as donor in
importance of the Fermi level control by doping for solar heterojunctions in combination with the fullereng,.CThe
cells is demonstrated. In the cells mentioned above, theoligothiophene carries electron-withdrawing substituents,
photoactive materials used are mostly ZnPc ang. C which increase the ionization energy and even more strongly
However, the combined absorption spectra of these two the electron affinity. In thin films, the absorption is signifi-
materials show a pronounced minimum at around 530 nm. cantly broadened compared with solution, and the optical

5.2.6. Efficient Heterojunction Organic Solar Cells with
High Photovoltage Containing a Low-Gap Oligothiophene
Derivative
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gap is reduced to 1.77 eV. Nevertheless, the material showshrough a thin barrier formed by space charge layers, an
strong fluorescence with low Stokes shift (peak at 1.71 eV), effect which works in organic semiconductors very well. This
that is, low energy loss upon reorganization in the excited is particularly important for OLED devices where the
state. nominally undoped transport layers have required extensive
The charge separation process at the interface of DCV5T measures to achieve low barriers at the interfaces and have
and Gy involves only low energetic losses since both the made the devices very sensitive to the contact properties. It
HOMO and the LUMO offset of the two materials are below has been demonstrated that doped transport layers allow
0.6 eV, close to the expected exciton binding energy. We realization of very efficient inverted top-emitting and trans-
can thus reach high open-circuit voltages of up to 1.0 V. parent OLED devices.
The most efficient solar cells are obtained when the photo- The application of doped transport layers to organic solar
active heterojunction is embedded between a p-doped holecells has progressed much less than that for OLEDs. Again,
transport layer on the anode side and a combination of aone key advantage is the decoupling of the electrical and
thin exciton blocking layer and aluminum on the cathode optical optimization, which allows the placement of the active
side (Figure 51). Here, it is important to emphasize that the region of the solar cells at the regions where the optical field
FF sensitively depends on the work function of the p-doped is the largest. Other points are that the use of doped window
hole transport layer, which can be influenced by the doping layers allows the extension of the quasi-Fermi level splitting
ratio of the hole transport layét? The highly doped HTL from the active layers in the most efficient way toward the
increases the hole injection behavior because a higher amountontacts, thus allowing maximum open-circuit voltage in-
of dopant molecules lowers the Fermi level of the hole dependent of the detailed nature of the contact materials.
transport layer. In that way, holes lose less free energy when Many of the aspects of doped organic layers that we have
they leave the DCV5T toward the hole transport layer, and discussed here are directly taken from inorganic semiconduc-
on the other hand, they can be injected more easily into thetors. It is thus easily predictable that the multitude of device
oligothiophene, which leads to better aligned forward current principles that have developed over decades in the field of
characteristics. inorganic semiconductors can be explored as well for organic
With these photovoltaic cells, open-circuit voltages of up semiconductors, with some modifications. We thus believe
to 1 V could be reached. Unfortunately, due to the high that in the future, there will be ample space for further
energetic barrier between the HOMO of the hole transport investigations of organic devices with doped layers.
layer and the oligothiophene, thie-V curve shows a From a materials perspective, the progress on new organic
characteristic S-shape, which lowers the fill factor. Especially semiconductors is rather rapid since the commercial applica-
a higher doping of the hole transport layer increases the holetion in devices like OLEDs has spurred large interest from
injection and leads to FF of up to 4994.After taking the industry, and a systematic search for new materials with
spectral mismatch between the sun simulator used in theimproved properties has begun. Part of these investigations
work and the AM 1.5 sun into account, solar cells with a should also address new dopants, since the experiments and
power efficiency of 3.4%t 0.3% at 118 mW/crhsimulated materials being reported here are still a very small part of
sunlight could be fabricated? what is possible.
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