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ABSTRACT

The invennion relates 1o a doped organic semiconductor matenal with increased
charge camier density and more effective charge carner mobility, which may be obrained by
doping an organic semiconductor material with a chemical compound compnsing one or several
organic molecutar groups (A) and at least one further compound partner (B). The desired doping
effect 1s achieved after cleavage of at least one organic molecular group (A) from the chemical
compound by means of at least one organic molecular group (A) or by means of the product of a

reaction of at least one molecular group (A) with another atom or molecule.
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DOPED SEMICONDUCTQR MATERIAL AND PROCESS FOR PRODUCTION THEREQOF

DESCRIFTION

The invention relates to doped organic semiconducior matenal having enhanced
charge carricr density and effective charge carrier mobility according to Claim 1, a pracess

according 1o Claim 48 for producton of the doped organic semiconductor material, and use of

the semiconductor material.

Since the demonstration of organic light-emitting diodes and salar cells in 1989
[C.W. Tang etal,, Appl Phys, Lert 51 (1987, no. 12), 913], components made up of organic thin
layers have been the subject of intensive research. Such layers possess advantageous propernes
for the applications mentioned, as for exarnple efficient electroluminescence for organic hight-
emirting diodes, high absorption coefficients in the range of visible light for organic solar vells,
aconomical production of materials and fabrication of components for very simple elcctronic
curcuits, et alia. Commercial significance has already been attained by the use of organic hipght-
emitting diodes in display applications.

The performance features of (opto-)electronic multiiayer components are
determined among other things by the ability of the layers 1o transport the charge carriers. In the
case of light-emunting diodes the ohmic losses i the charge ransport layers are related in
operation 1o the conductivity, which firstly influences the necessary operatng veltage directly,
and secondly determines the heat loading of the compoenent as well. Furthermore, depending on
the charge carrier concentration of the organic layers, there will be a band deflection in the
neighborhood ot a metal contact, facilirating the injection of charge carmiers and hence capable of

reducing the contact resistance. S:milar consideranons lead (o the conclusion, for organic solar
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cells as well, that their etficiency is also determined by the ransport properties of charge
carmers.

By daping hole transport luyers with a suitable acceptor material (p-dope) and/or
electron mransport layers with a donor material (n-dope), the charge carner density in organic
solids (and hence the conductvily) can be enhanced considerably. Furthermore, in analogy 1o
experience with organic semiconductors, applications are to be expecied that depend precisely on
the use of p- and n-doped layers in a component, and would not be conceivable otherwise. US
5,093,698 describes the use of doped chaege carrier transport layers (p-doping of the hole
rransport layer by admixture of acceptor-like molecules, n-doping of the electron transport layer
by admixture of donor-like molecules) in orgamc light-emirting diodes.

The following approaches are so far known for improving the conducnvity of
organic vapor-deposited layers:

1  Enhancement of charge carrier mobility by
(a) Use of electron wansport Jayers consisnng of organic radicals (LS 5,811,833)
(b) Production of high-order layers permitiing an opumal overlap of the pi-orbirals of the
molecules
2  Enhancement of density of moving charge carriers by
(a) Cleaning and conservative treatment of matenials 1o avord the formarion of charge carmier
sticking points
(b) Doping of organic layers with
az)  Inorganic matenals (gases, alkali metal atoms, US Patent 0,013,384

(1. Kido et al.); I. Kido et al., Appl. Phys. Letr. 73 (1998), 2866)
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bb)  Orgunic materiais (TNCQ (M. Maitror et al., J Appl. Phys, 60 (1986,
no, 7), 2396-2400); FATCNQ (M. Pfeiffer et al., App! Phys. Letr. 73 (1998, no. 22), 3202);
BEDT-TTF (A. Nollau et al., J. Appl. Phys. 87 (2000, no. 9), 4340)

Doped organic charge transport layers have been used successfully 10 improve
organic hight-emithing diodes. By doping the hole transport layer with the acceptor material
FATCNQ, a drastic reduction of the operating voltage of the light-emitting diode is achieved (X.
Zhou et al., Appl Phys. Letr. 78 (2001, no. 4), 410). A sumilar success is achicved by doping the
electron transporting layer with Cs or Ly (J. Kido et al., Appl. Phys. Letr. 73 (1998, no. 20), 2866,

}.-S. Ruang et al, Appl. Phys. Let, 80 (2002), 139).

Electrical Qoping with inarganic materials sutfers from the disadvantage that the
atoms oT molecules used, owing 1o their small size, may easily diffuse in the component, thus
rendering more difficult a defined production e.g. of sharp wansitions from p-doped to n-doped
regons. Ditfusion plays a subordinate role by comparison, using large organic molecules as
donors. However, their use is limited by the circumstance thar poteatial donor molecules must
disunguish themselves by extreme values of electronic affinity for p-doping or ionization
potennial for n-doping. This 1s attended by a decreasing chemical stability of the molecules.

Now the object of the invention consists in specifying & solution to overcome the
said chemical msiability of efficient dope molecules and 10 specify the production of layers

doped therewith.

According 10 the invention, the object is accomplished by the features named in
Claim 1. Advantageous embodiments are the subject of subsidiary claims,
The object is accomplished further by a method having the features named in

Claim 48. Advantageous modifications of the method are the subject of subsidiary claims.
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The invention employs organic molecules which, while unstable i the neurral
state, yet are present stable as charged canion or anion in connection with a covalent pariner.
These charged molecules are produced in setu from a predecessor compound, which, during or
after the process of vapor deposition, is converted 1nto the deswred charged molecule. Without
himitauon thereto, such a compound may for example be an organic salt or a metal complex. The
unstable dopant also can be produced in situ from a stable predecessor subsrance.

Heretofore, the donor molecule used was introduced into the laver to be doped in
the neurral state, being then present as anion or cation on the martrix after a charge wransfer. The
use of the neurral molecule 1s here only an intermediate step to bring about the charge wansier.
The associated stability problems already described may be avoided according 1o the invention
by use of an already iomzed stable molecule as dopant.

If necessary, use 1s made of further methods to support the dissociation of the
predecessor compound. These contribute the necessary enerygy to split the compound, or bring
about 2 chemical reaction with the unwanted remainder of the predecessor compound, so that it
does not arnve in the layer, or is more easily removed theretrom, or does not impair the electrical
properties of that layer. An advantageous selution according to the invention 1s the use, for
example, of a laser to evapaorate thodamine B chloride, leading 1o predominant producrion of
rhadamine B cations.

Even though the foregoing description aims ar sphitting off an already charged
molecular group according 1o Claim 1, the purpose of the invention may also be achieved if a
neutral radical is first produced from the compound according to Claim 1, sufficiently stable
in sirw 10 be Incorporated m the layer, and this is subject in the layer lo a transfer of the radical

¢lectron 10 the marnx, or acceptance of an additional electron from the martnx.
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US 5,811,833 describes an electron transport layer consisting of free radicals, in
parucular pentaphenyl cyclopentadienyl, for use in organic lighr-emitting diodes. US 5,922,396
shows that such a layer can be prepared from metal-organic compounds, in parricular decaphenyl
germanocene or decaphenyl plumbocenc (see also M.). Heeg, J. Organometallic Chem. 346
(1988), 321). US 5,811,833 and US 5,922,396 lead w layers with enhanced microscopic charge
carrier mobility (transfer rates in the hopping process), since a negatively charged pentapheényl
cyclopentadienyl molecule possesscs an aromatic character, and so the electron transfer 1o a
neighboning neutral pentaphenyl cyclopentadienyl molecule 1s improved by the overlap of the pi-
clectron orbitals of the participating molecules. The enhancement of conductivity is achieved by
an enhancement of the microscopic charge carrier mobility (or of the wanster rates in the
hopping process). Contrariwise, according 1o the invention the equilibrium charge carrier
densiry is enhanced, 1o increase the conductivity Discrimination is possible for example by
"ume-of-flight" (measurement of charge camer mobility), using the Seebeck effect or the field
effect (measurement of charge carrier density).

I'he invention relates further to the use of doping molecules 1n mixed layers
addinionally containing materials 1o accomplish some other purpose. These purposes may for
example pertain 1o alteration of layer growth, production of interpenelrating netwaorks (C.J.
Brabec et al., Adv. Mater 11 (2001, no. 1) 15), or, in arganic light-emirting diodes, improvement
of quantum etficiency of emission or change of color of emined light by addition of a
lununescence dye.

Further, in the spint of the mvention, suiable choice of the doping molecule used

can achieve such purposes simply by addition of the doping molecule 10 the layer. For example,
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cationic dyes such as thodamine B often have a high quantum yield of luminescence, making
possible their use as luminescence dyes in organic LEDs.

Finally, the invenuon embraces the use of molecules according w Claim 1 10 dope
polymer layers. Such layers are {ypically produced by a "spin coating” process, by deposition
trom the solution. Contrary 10 the known ¢lectrochemucal doping, in which the amons and
cations of a salt are drawn to the respective contacts by the applied voliage and therefore are
mabile, the present invention, according to Claim 1, allows the doping of polymer layers with
large, non-mobile molecuies.

An embodiment 1llustrating the invention by way of example consists in usc of
the dye molecule rhodamine B chlonde as dope. If a mixed layer of naphthalenc tetracarboxylic
acid dianhydride (NTCDA) and thodamine B in proportions (150:1) is produced, a conductivity
of 1x10™ S/cm is obtained at room temperature, corresponding 1o an increase by 4 orders of
magnitude over a pure NTCDA layer. The physical explanation of this is that rhodamine B
chioride molecules during hearting in the cell decompose into positively charged rhodamine B
molecules and negauvely charged chioride ions. The charged rhodamine B molecules are
incorperated in the mixed layer. The electrons required 1o mamiain charge neutrality of the layer
as 3 whole remain on the NTCDA molecules, since the electronic affinity of NTCDA is higher
than that of rhodamine B (3.2 eV, H. Meier, Organic Semiconductors, Verlag Chemie Weinheim
1974, p. 425). These elecirens f1ll the lowest unoccupied orbitals of NTCDA and so increase the
conductivity. The enhanced density of the charge carriers may for example be established by
measurements of the Seebeck coetficient and of the field effect. Field effect measurements on a
sample of NTCDA doped with pyromine B (50:1) confirm the presence of electrons as majority

charge carriers in a concentration of 10'” em™. Secbeck measurements on this system likewise
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show n-conduction, with a Seebeck coefficient of -1.1 mV/K and hence a higher charge carmrier
concentranion than attainable heretofore with doped NTCDA (A. Nollau et al., J Appl. Phys. 87
(2000, no. 9), 4340).

If a layer doped with thodamine B is prepared from C60 (fullerene) (50:1) with
elevated subsirate temperature a conductivity of 6x107 S/cm is obtained. This is two orders of
magnitude greater than for 2 specimen produced at room temperature (5x107 S/cm). The hear
supplied dunng vapor deposition leads 10 an intensified detachment of rhodamine B.

The doping effect of thodamine B was also ventied for matrices of MePTCDI
{perylene 3.4.9,10-tetracarboxylic acid N,N'-dimethyl-dumide) and PTCDA (3,4,9,10-perylene
rerracarboxylic acid dianhydnde), and so is independent of the concrete chemical structure of the
matnx.

A strong known organic donor, temrathiafulvalene (TTF), has an oxidation
potennial of +0.35 V against SCE (Y. Misski et al., Adv. Mater. 8 (1996), 804). Stronger donors,
i.e. dopes having a lower oxidation potenual, are unstable m air (G.C. Papavassiliou, A. Terzis,
P. Delhaes, in H.S. Nalwa (cd.), Handbouok of Conductive Molecules and Polymers, vol. 1,
"Charge-ransfer salts, fullerenes and photoconductors,” John Wiley & Sons, Chichester 1997).
Rhodamine B has a reduction poiential of -0.545 V against NHE (M.S. Chan, J.R. Bolton, Solar
Energy 24 (1980), 561), 1.e. -0.79 V against SCE. The reduction potential of the organic salt
rhodamine B is derermined by the reduction paotential of the thodamine B cation. This valuc is
equal 1o the oxidation potential of the neutral thodamine B radical. Consequently the thodamine
B radical is a stronger donor than TTF. Bur in the chemical compound rhodamine B chionde,
this strong donor thodam:ne B is stable  So while it has been possible heretofore 1o employ

donors having an oxidation potential greater than +0.35 V against SCE, the invention here
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described allows doping with donors whose oxidarion potential is smaller than +0.35 V against
SCE.

Chemically stable compounds in the sense of Claim 1 are for example ionic dyes.
These are employed in photography 10 sensitize AgBr for example. The clecironic affinity of
AgBris 3.5 eV. Dvyes able to sensitize AgBr by electron wansfer are also suitable as chemically
stable compounds for use to dope arganic serniconductor materials in the spirit of Claim 1.

A subclass of the 1onic dyes are the di- and wiphenylmerthane dyes and their
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where X CR?, SiR7, GeR®, SnR*, PbRY, N, P and R1, R2, R3 and R* are suitable
known subsutuents, e.g. in each instance one or several hydrogens; oxygens; halogens, e.u.
fluorine, chlonne, bromine or 10dine; hydroxyl; aminyl, e.g. diphenylaminyl, diethylaminyl;
aliphatics having 1 10 20 carbon atoms, e.g. methyl, ethyl, carboxyl; alkoxyl, e.g. methoxy;
cyano; miro; sulfonic acid and s salts; aryls having 3 10 25 carbon atoms, e.g. phenyl, pyridyl or
naphthyl, or those ‘atums which form a condensed ring.

Often one or more p-located substtutions of the phenyl groups are encountered

(13 10 T6)
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where X CRS, SiR8, GeR8, SnR8, PbRS, N, P and R1 10 R7 and R8 are suitable
known subsntuents, €.8. 1n ¢ach instance one or more hydrogens; oxygens; halogens, e.g.
fluornine, chlorine, bromine or 10dine; hydroxyls; aminyl, e.g. diphenyl aminyl; diethyl aminyl;
aliphatics having I to 20 carbon atoms, e.g. methyl, ethyl, carboxyl; alkoxyl, e.g. methoxy;

cyano; nitro; sulfonic acid and its salts; aryl having 3 to 25 carbon atoms, ¢.g. phenyl, pyndyl or
naphthyl, or those atoms which form a condensed ring.

. Ny
,—'- N N }
&= —a D
L N . - \1

75 S
Examples of diphenylmethane dyes are auramine O (C1 655) or auramne G (C1

656).

Examples of miphenylmethane dyes are malachite green (CI 657), turquoise blue

(CT 661), fluoresceine (CI 4535Q) or patent blue V (CI 712).

The mmphenylmethane representative malachite green chloride, in an NTCDA.

matrix at 4 dope ratio of 1:122 produces a conductivity of 4x10™ S/cm. Thus malachite green, as
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a compound in the sense of Claim 11 and particularly in the sense of subsidiary Claims 12 10 22,
1s suitable for producing a dopant molecule 2 sau. This property is evoked by the valence
structure of the central carbon atom (4th main group). Other known compounds of this Structural
type with atoms of the 4th main group as central atom (marylsilyl, germyl, stannyl, plumbyl) are
accordingly likewise suitable as compounds in the sense of Claims 1, 12 to 22. Compounds in
which there is a direct bond between 2 carbon atoms each of a phenyl ring of the di- or

rmphenylamines are contained in Claims 23 to 25.

1he doping effect also occurs using the leuko torms (T7, T8) of the ionic dyes.

Rhodamine B base acts to dope a PTCDA marrix, e.g. can produce a conducnvity of 7-10%° S/em

v n
ERESUe
"L Ji}” . g
.. ) g
- T7 .

T8

tfor 1:70 doping.

Another group of :oni¢ dyes are the xanthene dyes.

The above-mentioned thodamine B is a representarive of this class. Pyronine B,
rhodamine 110 and rhodamine 3B as additional representatives of this class of materials likewise
have a dopung effect. Similar 1o the xanthene dyes are among others the pyrane, thiopyrane,

mdamine, acriding, azine, oxazine and thiazine dyes, which are distinguished by substitutions in
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the mulunuclear heterocycle. On the basis of their otherwise like structure, these dye classes

(T9) are ikewise suitable compounds in the sense of Claims 1, 23 10 26.

X3

Dyes based on a polymethine structure

rodol -
Rr3 ox

also act as dopes.

N,N'-diethylcyanine and N,N'-diethylthiacarbocyanine in an NTCDA marrix
cause an cnhancement of conductivity 1o 3107 S/cm (dope ratio 1:114) and 5-10” S/em (dope
ratio 1:47) respectively. These two dyes each represent the polymethine dye with g centain
choice of X and Z. .

The leuko bases of ionic dyes are likewise suirable compounds in the sense of
Claims 1, 12 10 26. For example, rhodamine B base in NTCDA yields a conductivity of 3107
S/cm (1:70 dope ratio).

Since the doping effect does nor Iink To the jonmic dye property, but rather 1o the

character of the dyes as organic salts, other organic salts also will act as compound in the sense
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of Claim 11. Organic salts are often based on suitable heterocycles (e.2. pyndinium, pyrrolium,
pyrylium, thiazolium, diazzinium, thininium, drazolium, thiadiazolium or dithiohum etc., singly
or a5 part of a multinuclear heteracycle), or suitable groups {€.g. ammonium, sulfonium,
phosphonium, icdonium etc.).

Mass spectrometry studies in the case of pyronine B chloride show that in the
evaporation of pyronine B, among other things HCI and a protonized form of pyronine B of mass

number 324 is formed. Evidently the chlonne radicals produced by derachment of pyronine B

chlonde and neutral pyronine B radicals are saturated by a proton. These protons are supplied by
other pyronine B molecules in the evaporatng subsfance. A vapor-deposited layer of pyronine B
chloride i1s colorless in the first instance. Thas is shown by the formation of neutral pyronine B.
Under the influence of oxygen, the vapor-deposited layer becomes red in color again,
corresponding to the formation of the pyronine B cation, i.€. the evaporated substance is oxidized
under the influence of oxygen. This process takes place likewise in a mixed layer of mamx and
dope. Vapor-deposited mixed layers of pyronine B chlonde and retracyanoquinodimethane are
colored red immediately, and the presence of tetracyanoquinodimerthane anion can be evidenced

by UV/VIS and FTIR spectroscopy.
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Claims
. Doped organic semiconductor matenal having enhanced charge carrier
density and effective charge camer mobility, obtainable by doping an organic semiconductor
matenial with a chemieal compound consisting of one or more organic molecular groups A
having art least ane additional combining parmer B, the desired doping effect being obtained afier
loss of 4t least one organic molecular group A from the chemical compound or by the product of

a reaction of ar least one molecular group A with another atom or molecule.

2. Doped orgunic semiconductor material according 1o claim 1, in which at
least one of the combiming parmers B 1s the same molecalar group as A.

3. Doped organic semiconductor matenal according to either of claims | 10
2, in which the additional combining parmer B 1s a molecular group, an atom or an ion.

. Doped organic semiconductor material according 1o any of ¢laims 1 10 3,
in which the molecular group A is present in the chemical compound as a singly or multiply
charged canon or anion.

3. Doped organic semiconductor material according to any of claims 1 10 4,
in which the molecular group A is based on one or more pyridinium units.

6. Doped organic sermconductor marerial according 1o claim 3, in which one
or more pynidinium units occuar as part of one or more multinuclear heterocycles.

7. Doped organic semiconductor material according 10 either of claims 5 and

0 in which the molecular group A is based on the structure

NY02 3777901 -13-
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where R1, R2, R3 and R4 tor example are cach one or more hydrogen; oxygen;
halogen, e.g. fluorine, chlorine, bromine or iodine; hydroxyl; aminyl, e.g. diphenylaminyl,
diethylaminyl; aliphatics having 1 to 20 carbon atoms. £.2. methyl, athyl, carboxyl; alkoxyl, e.g.
merthoxy; ¢ yano; sulfonic acid and its salts; ary] having 3 to 25 carbon groms, e.g. phenyl, pynidyl
or naphthyl or those atoms which form a condensed ning.

8. Daped organic semiconductor material according 10 any of claims | to 4,
in which the molecular group A is based on one or more pyrrolium, pyrylium, thiazolium,
diazinimium, thinium, diazolium, thiadiazohum, tetrazolium or dithiolium units.,

9. Doped orgamic semiconductor material according to claim 3, in which one
or more pyrrolium, pyrylium, diazinium, thininium, diazolium, thiazolium, thisdiazolhum,
retrazolium or dithiolium units occur as part of one or more multinuclear heterocycles.

10. Doped organic sepuconductor material according 1o any of claims 1 to 4,
it which the malecular group A is based on one or more borate benzene umis.

11. Doped organic semiconductor material according to claim 10, in which
one or more borate benzene units occur as part of one or more multinuclear heterocycles.

12.  Daoped organic sermiconductor matenal according to any of claims 1 1o 11,
in which the molecular group A is a cationic dye, an anionic dye or some other organic salr,

13.  Doped organic semiconductor material according to any of claims 1 to 12,

in which the molecular group A 18 based on the structure Al or the corresponding leuko base A2
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where X CRY, SiR*, GeR", SnR", PbR®, N, P and R1, R2, R3 and R” e.g. are each one or
more hydrogen, oxygen; halogens, e.g. tluonne, chlerine, bromine or iodine; hydroxyl; aminyi,
¢.g. diphenylaminyl, diethylaminyl; alipharics having 1 to 20 carbon atoms, e.g2. methyl, ethyl,
cafboxylg alkoxyl, e.g. methoxy; cyano; miro; sulfonic acid and irs salts; ary! having 3 10 25
carbon aroms, e.g. phenyl, pyridyl or naphthyl or those atoms which form a condensed ring.
14.  Doped organic semiconductor material according to any of ¢laims 1 to 13,

in which the molecular group A is based on the siructure A3 or the corresponding leuko base A4

' RS
N |
‘Fi‘ Rls m’j \O\ O/ \RS
N N RY =5 ’ i
R3 N RS R
R‘:"Q /@fm ?
N x # R7 ‘
Al A,

4

where X CR® SiR®, GeR, SnR", PbRY, N, Pund R1, R2, R3, R4, R5, R6, R7, R%, ez are
cach one or more hydrogen; oxygen; halogens, ¢.g. fluorine, chlorine, bromine or iodine;
hydroxyl; aminyl, e.g. diphenylaminyl, diethylaminyl; aliphatics having 1 to 20 carbon aroms,

c.g methyl, ethyl, carboxyl; alkoxyl, e.g. methoxy; cyano; nuro; sulfonic acid and its salis; aryl
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having 3 1o 25 carbon atoms, e.g. phenyl, pyndy! or naphthyl] or those aroms which form a
condensed rng.
15. Doped organic semiconductor matenal according to any of claims 1 to 14,

in which the molecular group A is based on the siructure AS or the corresponding leuko basc Ab

RN g’ ~F S
N " X
| - AS ' o .

Ab

where X CRY, SiR*, GeR?, SnR*, PbR* N, P, Sand R1, R2, R3, R* e.g. are each one or
more hydrogen; oxygen; halogens, e.g. fluorine, chlorne, bromine or iodine; hydroxyl; aminyl,
e.g. diphenylammyl, diethylaminyl; alipharics having 1 1o 20 carbon atoms, e.g. methyl, ethyl,
carboxyl; alkoxyl, ¢.g. mcthoxy; cyano; nitro; sulfonic acid and 11s salis; aryl having 3 10 25
carbon atoms, e.g. phenyl, pyridyl or naphthyl or those atoms which form a condensed ring.

16,  Doped organic semiconductor matenal according 1o any of claims 1 ta 15,

in which the molecular group A 1s based on the structure A7 or the corresponding leuko base A8
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where X C, 51, Ge, Sn, Pb, Sand R1, R2, R3 and R4 e.g. are each one or more hydrogen,;
oxygen; halogens, e.g. fluonine, chlonne, bromine or 1odine; hydroxyl; aminyl, e.g.
diphenylaminyl, diethylaminyl; aliphatics having 1 10 20 carbon atoms, e.£. methyl, ethyl,
carboxyl; alkoxyl, e g. methoxy; cyano; nitro; sulfonic acid and its salts; aryl having 3 to 25
carbon atoms, c.g. phenyl, pyridyl or naphthyl or those atoms which form a condensed ring.
17.  Doped arganic semiconductor material according to any of claims 1 to 16,

in which the molecular group A 1s based on the structure A9 or the corresponding leuko base

AlD

. sZ ~
1 - - “‘um
81/ \” . R - -
- s 1K 2 R P . )
X - - ] - .

A9 A10
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where X C, 51, Ge, Sn, Pb and R1, R2, R3, R4, RS, R6, R7 and R8 e.g. arc each une or
more hydrogen; oxygen; halogens, e.g. fluorine, chlorine, bromine or iodine; hydroxyl; aminyl,
¢.g. diphenylaminyl, diethylaminyl; aliphatics having 1 10 20 carbon atoms, e.g. methyl, ethyl,
carboxyl; alkoxyl, e.g. methoxy; c¢yano; nitro; sulfonic acid and its salts; aryl having 3 10 25
carbon atoms, .. phenyl, pyndy! or naphthyl or those atoms which form a condensed ring,
18.  Doped organic semiconductor matenal according 1o any of claims 1 10 17,

in which the molecular group A 13 based on the sttucture A11 or the corresponding leuko base

Al2

QE | | oor

Al AL ?

where X C, 81, Ge, Sn, Pband R1, R2, R3, R4 c.g. are cach one or more
hydrogen; oxygen: halogens, ¢.g. fluonine, chlorine, bromine or iodine; hydroxyl; aminyl, e.g.
diphenylaminyl, diethylaminyl; aliphatics having 1 to 20 carbon atoms, e.g. methyl, ethyl,
carboxyl; alkoxyl, e.g. methoxy; cyano; nitro; sulfonic acid and its salts; aryl having 3 to 25
carbon atoms, e.g. phenyl, pyridyl or naphthyl or those aioms which form a condensed nne.

19. Doped organic semiconductor material according 1o any of claims 11 to
18, in which the chemically stable compound is C.1. Basic Yellow 37 (C.1. 41001) or some other

diphenylmethane dye with known opposed anion.
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20.  Doped organic semiconductor material according to any of claims 11 to
18, in which the chemically stable compound is C.1. Basic Green 4 (C.1. 42000) or some other
diamino derivanve of the iriphenylmethane dyes with known opposed amon.

21. Doped organic semiconductor material according to any of claims 11 1o
18, in which the chemically stable compound is C.1. Basic Red 9 (C.1. 42500) or some other
tnamino derivative of the triphenylmethane dyes with known opposed anion.

22. Doped organic semiconductor material according to any of claims 11 10

18, in which the chemically stable compound is Phenylene Blue (C.1. 49400) or some other

indamine dye with known opposed anion.

23.  Doped organi¢ semiconductor materal according to any of claims 11 1o

18, in which the molecular group A is based on the srructure Al3 or the corresponding leuko

v O43f - R'l3
SSOR NSO
i
RQ/ 4 . N ‘}i‘i R x = \R'J
Ald Al4

basc Al4

where X and Z arc cach CR*, O, S, N, NR’ or a direct bond between the two phenyl rings of the
compound without an addirional atom, and R1, R2, R3, R* and R’ e.2. are each one or more
hydrogen; oxygen; halogens, e.g. fluorineg, chlorine, bromine or iodine; hydroxyl; aminyl, e.g.

diphenylarminyl, diethylaminyl; alipharics having 1 to 20 carbon atoms, e.g. methyl, ethyl,
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carboxyl; alkoxyl, e.g. methoxy; cyano, mtro; sulfonic acid and its salts; aryl having 3 to 25
carbon aroms, e.z. phenyl, pyridyl or naphihyl or those atoms which form a condensed ring.
24 Doped organic semiconductor material according to any of claims 11 to

23, in which the molecular group A is based on the structure AlS5 or the corresponding leuko

Tt [ T
e ] Pepat

where X and Z are each Cr*, O, S, N, NR” or a direct bond between the two phenyl' nings ot the

base Al6

compound without an additional atom, and R1, R2, R3, R4, RS, R6, R7, R® and R’ e.g. are each
one or more hydrogen; oxygen; halogens, e.g. fluorine, chlorine, bromine or 10dine; hydroxyl;
aminyl, e.g. diphenylaminyl, diethylamunyl; aliphantcs having 1 to 20 carbon atoms, e.g. methyl,
ethyl, carboxyl; alkoxyl, c.g. methoxy; ¢cvano; nitro; sulfonic acid and its salts; aryl having 3 to
25 carbon atoms, e.g. phenyl, pyridyl or naphthyl or those atoms which form a condensed ring.
25.  Doped organic semiconductor material according to any of claims 11 1o
24, m which the molecular group A is based on the structure A17 or the correspending leuko

base A18
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oy | | B

A 17 A 18

where X and Z are each Cr°, Q, S, N, NR® or a direct bond berween the two phenyl nngs of the
compound without an additional atom, and R1, R2, R3, R, R’ ¢.g. are each one or more
hydrogen; oxygen, halogens, e.g. fluorine, chlorine, bromine or iodine; hydroxyl; aminyl, e.g.
diphenylaminyl, diethylaminyl; aliphatics having 1 to 20 carbon aroms, €.g. methyl, ethyl,
carboxyl; altkoxyl, e.g. methoxy; cyano; miro; sulfonic acid and its salts; aryl having 3 to 25
carbon atoms, e.g. phenyl, pyridyl or naphthyl or those atoms which form a condensed ning.
20. Doped organic semiconductor material according to any of claims 11 to

22, in which the molecular group A 1s based on the siructure A19 or the corresponding leuko

oo | [P
AL : A 20

base AZ2(

-

where X and Z are each Cr%, O, S. N, NR’ and R1, R2, R3, R4, R5, R°and R’ e.fr. areé ¢ach one
or more hydrogen; oxygen; halogens, ¢.g. fluorine, chlonne, bromine or iodine; hydroxyl;

aminyl, e.g. diphenylaminyl, diethylaminyl; aliphatics having 1 10 20 carbon aroms, e.g. methyl,
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ethyl, carboxyl; alkoxyl, e.g. methoxy; ¢yano; mitro; sulfonic acid and its salts; aryl having 3 10
25 carbon atoms, e.g. phenyl, pyndyl or naphthyl or those atoms which form a condensed ring.
27.  Doped organic semiconductor material according to any of claims 23 10 26

in which X 1s

where R 1s hydrogen; exygen; halogens, e.g. fluorine, chlorine, bromine or iodine; hydroxyl;

aminyl, ¢.g. diphenylaminyl, diethylaminyl; aliphatics having 1 1o 20 carbon atoms, e.g. methyl,
ethyl, carboxyl; alkoxyl, e.g. methoxy; cyano; nimo; sulfonic acid and its salts; aryl having 3 to
25 curbon atoms, e.g. phenyl, pyridyl or naphihy! or those atoms which form a condensed ring.

28.  Doped organic scmiconductor material according 1o any of claims 11 10
27, 1n which the chemically stable compound is pyronine B (C.I. 45010), C.1. Basic Red 11 (C.L
45050), sacchareme (C.1. 45070), rosamine (C.1. 45090), thodamine B (C.I. 45175) or some
other diamino derivative of the xanthene dyes with known opposed anion.

29, Doped organic semiconductor material according to any of claims 11 to
27, m which the chemically stable compound 1s coeruleine B (C.1. 45500) or some other
dihydroxy derivatve of the xanthene dyes with known opposed ion.

30.  Doped organic semiconductor material according to any of claims 11 10
27, m which the chemically stable compound is acriflavine (C.1. 46000) or some other diamino

derivative of acridine with known opposed ion,
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31.  Doped organic semiconductor material according 10 any of claims 11 to
27, in which the chemically stable compound is phenosafranine (C.1. 50200) or some other azine
dye with known oppased jon.

32,  Doped organic semiconductor material according 1o any of claims 11 wo
27, 1n which rthe chemically stable compound is C.1. Basic Blue 3 (C.1. 51004) or some other
oxazineé dye with known opposed ion.

33. Doped organic semiconductor material according 1o any of claims 11 10
27, m which the chemically stable compound 1s Lauth's Violet (C.1. 52000) or some other
thi1azine dye with known opposed ion.

34. Doped organic semiconductor material according to either of claims 11
and 12, in which the molecular group A is based on the structure

+ Dol -
oL

where n is a natural number, X and Z are in each instance NR', S or BR? as hetero ajom in a
mono- or multinuclear heterocycle, Xn is in each instance N or CR?, and R', R®>, R* Rn e.g. are
each one or more hydrogen; oxygen; halogens, e.g. tluorine, chlorine, bromine or iodine;
hydroxyl; aminyl, e.g. diphenylaminyl, diethylaminyl; aliphatics having 1 to 20 carbon atoms,
¢.g. methyl, ethyl, carboxyl; alkoxyl, ¢.g. methoxy; cyano; nitro; sulfonic acid and its salrs; aryl
having 3 10 25 carbon atoms, e.g. phenyl, pyridyl or naphthyl or those atoms which form a

condensed ring.
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35.  Daoped organic semmconductor matenal according to claim 34, 1in which X

and Z are cach singly based on an clement of the group
R3 R &3
OOy O
. - u) (
N \ N
| f l
il K1

where X1 is in each instance CR*R>, NR®, O or S and R1, R2, R3, R*, R?, R® e.g. are in each
instance one or more hydrogen; oxygen; halogens, ¢.g. fluonne, chlonzne, bromine or wdmne;
hydroxyl; aminyl, e.g. diphenylamnyi, diethylaminyl; aliphatics having 1 to 20 carbon atoms,
e.¢. methyl, ethyl, carboxyl; alkoxyl, e.g. methoxy; cyano; nitro; sulfonic acid and its salts; aryl
having 3 to 25 carbon atoms, ¢.g. phenyl, pyridyl or naphthyl] or those atoms which form a

condensed ring.

36.  Doped organic semiconducior material according to any of claims 11 1o
35, 1n which the chemically stable compound is N,N"-dialkylcyanine or N,N'-
dialkylthiacarbacyanine or some other methine or polymethine dye with known opposed ion.

37.  Doped organmc semmconductor material according to either of claims 11

and 12, in which the molecular group A is based on the structure
E | ]
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where n is a natural number, X and Z are in each instance O, C(CN)>, N-CN and Rn is in each
imstance one or more known elecuwon-attracung groups, hydrogen; oxygen; halogens, e.g.
fluonne, chlorine, bromine or iodine; hydroxyl; aminyl, e.g. diphenylaminyl, dicthylamnyl;
aliphatics having 1 10 20 carbon atoms, c g. methyl, ethyl, carboxyl; alkoxyl, e.g. methoxy;
cyano; nitro; sulfonic acid and its salts; aryl having 3 10 25 carbon atoms, ¢.g. phenyl, pyridyl or
naphthyl or thosc atoms which form a condensed ring.

38.  Doped organic semiconductor matenal according 1o €ither of ¢laims 11

and 12, in which the molecular group A is based on the structure

4
X3 X
€3

where X, X1, Z and Z1 in each instance are S or Se and R e.g. in each instance is one or more
known electron-repelling groups, hydrogen; oxygen; halogens, ¢.g. fluorine, chlorine, bromine or
10dine; hydroxyl; aminyl, e.g. diphenylaminyl, diethylaminyl; aliphatics having 1 to 20 carbon
atoms, e.g. methyl, ethyl, carboxyl; alkoxyl, ¢.g. methoxy; ¢yano; nitro; sulfonic acid and 118
salts; aryl having 3 to 25 carbon atoms, e.g. phenyl, pyridy! or naphrhy] or thase atoms which
torm a condensed ring.

39.  Doped organic semmiconductor material according to any of claims 1 10 4,

in which the organic molecular group A is based on the structure
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n

where X equals C, N, SiorPandnisequalto3 for X=CorSiandn=2 for X =N or P.
40. Doped organic semiconductor material according 10 any of claims 1 to 4,

in which the organic molecular group A is based on the structures A21 or A22

F

A 2] A2

41.  Doped orgamc semiconductor material according 1o any of claims 1 1o 40,
in which the compound of tormally positively charged nitrogen (azonia, ammonium) coniains
oxygen (oxoma, oxonivm), phosphorus (phosphonia, phosphomum), sulfur (thionia, sulfonium)
and/or formally negatively charged boron (boranuida, boraie).

42.  Doped organic semiconductor material according to any of claims 40 to
41, in which the compound is a metal complex compound.

43.  Doped organic semiconductor material according 1o any of ¢claims 1 10 42,

m which one or more molecular groups A are connected to one or more ~ dlazo

+
) p—

groups.
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44.  Doped organic semiconductor matenial according to any of claims 1 10 43,
in which one or more molecular groups A contain one or more -SQ3- groups.

45.  Doped organic sermcanductor marerial according 1o any ot claims 1 to 43,
in which one or more molecular groups A contain one Or more ammeonium, immonium,
sulfonium, hydrazinium or thiouronium groups.

46.  Doped organic semiconductor material according 10 any of claims 1 to 42,
in which the complex of an organic moiecule A and a molelcule B is of such nature that B does

nort form a "Trap" in the marrix M 10 be doped.

47.  Doped organic semiconductor material according 10 any of claims 1 10 46,
in which the semiconductor marenal to be doped is itself’ a mixture of marenials.

48. Process for production of doped organic senmuconductor marenals having
enhanced charge carrier density and enhanced effective charge carrier mobility, characterized in
that a chermical compound of one or more organic molecular groups A 1s deposited with at Jeast
one other combining parmer B by vaponzation under vacuum or in an iner7 attnosphere, either by
simultancous evaporation with the organic semiconductor marerial or by successive evaporalion
and subsequent indittusion of the dope, the desired doping effect being produced by splitting off
at least one organic molecular group A from the chemical compound produced by at least one
molecular group A or by the product of a reaction of the combining partner A with another atom
or molecule.

49.  Process according to claim 48, characterized in thar the splitting of the
chemical compound into the consntuents A and B takes place only atter incorporarion in the

semiconductor matenal 1o be doped.
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50. Process according 10 either of claims 48 and 49, charactrenzed in that the
splinting of the chemical compound in the prepared layer and/or the removal of the constituent B
from the prepared layer 1s supported.

51.  Process according o any of claims 48 10 50, charactenzed in that the
splhiting of the chemical compound and/or the removal of the constituent B is supporied by
supplying hear.

52.  Process according to any of claims 48 10 50, characterized in thar the
sphitting of the chemical compound and/or the removal of the consutuent B is supported by
uptical excitanon in the absorption range of the layer.

33.  Process according 1o any of claims 48 1o 50, characterized in that the
sphiting of the chemical compound and/or the removal of the constituent B is supported by

exposure of the layer 1o molecular or atomic hydrogen or hydrogen ions or molecular or gromic

OXYyf{fen or OXygen 10ns,

24, Process according to any of claims 48 to 50, characterized in that the
sphtuing of the chemical compound and/or the removal of the constituent B is supported by
supplying another reagent reacting with constituent B in the layer in such manner thar the
regcrion product 15 more volatile.

35.  Process according to claim 48 to 50, characterized in that the constituent B
reacts in the layer with a third substance or a molecule of the martrix in such manner thar the
reaction product forms an antitrap for the desired majority charge carriers or is readily removable

from the layer.
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56.  Process according 1o claim 48, characterized in that the sphitting of the
chemical compound and/or the remaval of the constitueént B 1s supported by treatment of the
chemical compound in the gaseous phase during evaporation.

57. Process according to either of claims 48 and 56, charactenized in that the
splitting of the chemical compound and/or the removal of the consrituent B is supported by

oprical excianon.

58. Process according 1o either of claims 48 and 56, charactenzed n that the
splitting of the chemical compound and/or the removal of the constituent B is accomplished by

deflection of a charged constituent B or of the charged constituent B by an electrical or magnetic

field.

°9,  Process according to either of claims 48 and 56, characienzed in that the
splitiing of the chemical compound and/or the removal of the constituent B is accomplished by a
strong electric field during the process of evaporation.

60 Pracess accordiny 1o claim 48, characterized in that the splitting of the
chemucal compound and/or the removal of the constituent B is supported in the solid phase art the
source of vapor deposirion.

61.  Process according to any of claims 48, 56 and 60, characrerized in thar the
sphitting of the chemical compound and/or the removal of the constituent B is supported with
heat supplied during the process of vapor deposition, the heat being supplied in either the solid or
the hquid state of the chemical compound and/or in the gaseous phase.

62.  Process according to either of the claims 48 and 60, characterized in that
the splitting of the chemical compound and/or the removal of the consntuent B 1s supported by

optical excitation.
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63.  Process according to any of claims 48, 56 and 60, characterized in that the
splitting of the chemical compound and/or the removal of the constituent B is supported by
adsorption of the vapor at a reactive surface and subsequent renewed desorprion.

64. Process according 10 any of claims 48, 56 and 60, charactenized in that the
splitting of the chemical compound and/or the removal of the constituent B 1akes place by

adsorption of the vapor at a catalytic surface and subsequent renewed desorption.

65.  Process according to either of claims 48 and 60, characterized in that the
splitting of the chemical compound and/or the removal of the constituent B is supported by
Hluminating the compound with intense laser light.

66. Process according 10 any of claims 48, 56 and 60, characterized in thar the
spluning of the chemical compound and/or the removal of the constituent B is supported by the
action of a plasma dunng the process of vapor deposinon.

67.  Process according 1o either ot the claims 48 and 60, characterized in that
the chemical compound reacts with a third substance in an evaporator source and one or more of
the reacrion products are used for doping.

68. Process according Lo either of the claims 48 and 60, characterized in that
the chemucal compound is brought into intcraction with a catalyst in an evaporator source.

69.  Process according to cither of claims 48 and 60, characterized 1n that the
splitting ot the chemical compound in an evapurator source is supported by an electrochemical
Process al a suitable electrode.

70. Use of a doped organic semiconductor material comprising enhanced
charge carrier density and effective charge carrier mobility, obtained by doping an organic

semiconductor material with a chemical compound of one or more organic molecular groups A
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with at least one additional combining parmer B, the desired doping effect being achieved by
detachment of ar least one organic motecular group A from the chemical compound, produced by
the molecular group A or by the product of a reaction of the combining partner A with another
atom or molecule, characienized in that the organic semiconductor material is employed as a
functional layer in organic solar cells, in organic light-emimng diodes, in organic field-effect

transistors, in integrated organic circuits and in organic lasers.
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