

View

Online


Export
Citation

RESEARCH ARTICLE |  JUNE 23 2003

Pyronin B as a donor for n-type doping of organic thin films 

A. G. Werner; F. Li; K. Harada; M. Pfeiffer; T. Fritz; K. Leo

Appl. Phys. Lett. 82, 4495–4497 (2003)
https://doi.org/10.1063/1.1583872

 27 June 2024 04:34:49

SDC EX. 1031 - 1/4

https://pubs.aip.org/aip/apl/article/82/25/4495/509876/Pyronin-B-as-a-donor-for-n-type-doping-of-organic
https://pubs.aip.org/aip/apl/article/82/25/4495/509876/Pyronin-B-as-a-donor-for-n-type-doping-of-organic?pdfCoverIconEvent=cite
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://crossmark.crossref.org/dialog/?doi=10.1063/1.1583872&domain=pdf&date_stamp=2003-06-23
https://doi.org/10.1063/1.1583872
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2299795&setID=592934&channelID=0&CID=838669&banID=521606143&PID=0&textadID=0&tc=1&rnd=3197878730&scheduleID=2219889&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fapl%22%5D&mt=1719462889527240&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fapl%2Farticle-pdf%2F82%2F25%2F4495%2F18579249%2F4495_1_online.pdf&hc=6bb427e2970e8d0ab88d77d0341b5db011114890&location=


APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 25 23 JUNE 2003
Pyronin B as a donor for n-type doping of organic thin films
A. G. Werner,a) F. Li, K. Harada, M. Pfeiffer, T. Fritz, and K. Leo
Institut für Angewandte Photophysik, Technische Universita¨t Dresden, 01062 Dresden, Germany

~Received 21 February 2003; accepted 28 April 2003!

We present an approach to stablen-type doping of organic matrices using organic dopands. To
circumvent stability limitations inherent in strong organic donors, we produce the donor from a
stable precursor compoundin situ. As an example, pyronin B chloride is studied as a dopant in a
1,4,5,8-naphthalene tetracarboxylic dianhydride matrix. Conductivities up to 231024 S/cm are
obtained, which is two orders of magnitude higher than obtained previously using
bis~ethylenedithio!-tetrathiafulvalene as a dopant@A. Nollau, M. Pfeiffer, T. Fritz, and K. Leo, J.
Appl. Phys.87, 4340~2000!#. Field-effect measurements are used to proven-type conduction. Other
matrices which can be doped are N,N8-dimethyl-perylene-3,4,9,10-tetracarboxylic diimide and
fullerene C60, frequently used in organic solar cells. Visible light and Fourier-transform infrared
spectroscopy confirm the donor properties of pyronin B. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1583872#
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In contrast to classical silicon technology,n- andp-type
doping of organic semiconductors for device applications
rarely been studied. We have recently shown1,2 that two key
effects of doping, the reduction of ohmic losses in transp
layers and the creation of ohmic contacts by tunnel
through thin space charge layers, can be achieved in org
semiconductors as well. Hole transport layers doped w
tetrafluoro-tetracyanoquinodimethane (F4– TCNQ), a strong
acceptor molecule, and alkali-metal-doped electron trans
layers incorporated in an optimized organic light-emitti
diode ~OLED! yield outstanding performance in terms
operation voltage and efficiency.3,4 Recently, we have also
shown that doped transport layers allowed us to realize
cient inverted OLEDs, which are, for example, a key requi
ment for OLEDs with opaque substrates.5,6

For n-type doping of electron transport layers in OLED
the use of alkali metals such as Li or Cs is currently the o
available approach.3,4 However, it suffers from the high dop
ing ratios on the order of 1:1 needed for high conductivit7

thus completely changing the matrix properties as well. F
thermore, metal ions tend to diffuse in the device dur
growth and operation.8 Therefore, it is not possible to pre
pare well-defined doping profiles; rather thick undop
buffer layers are needed to protect the emission region f
the dopants that act as quenching sites, and the device
bility is compromized.

Unfortunately, an organic donor that can be us
for typical electron transport materials is not yet availab
These materials are only weakly electron accepti
imposing requirements on the position of the highest oc
pied molecular orbital~HOMO! of the donor which are dif-
ficult to meet. In fact, one of the strongest know
organic donor, bis~ethylenedithio!-tetrathiafulvalene~BEDT-
TTF! has been reported9 to form deep donor states alread
in 1,4,2,8-naphthalene tetracarboxylic dianhydri
~NTCDA!, which has a lowest unoccupied molecular orbi
~LUMO! of about 1 eV deeper than for exampl

a!Electronic mail: werner@iapp.de
4490003-6951/2003/82(25)/4495/3/$20.00
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tris ~8-hydroxy-quinolinato!-aluminum.9,10 Stronger donors
are not easily synthesized and handled due to their chem
instability. Hence, finding an organic donor material with t
ability to dope electron transport layers of typical OLEDs
still a challenging task.

Here, we present an approach to circumvent the stab
problems of strong donor molecules. In conventional dopi
the neutral donor molecules are mixed into the matrix ma
rial by coevaporation. A charge transfer then occurs, leav
the donor positively charged. In our approach the vola
donor ~or the corresponding cation itself! is createdin situ
from a stable precursor compound.11 For example, one can
form a radical that has to be stable enough to be incorpor
on the layer. There, a charge transfer occurs, forming
donor cation. The latter, in fact, can be much more sta
~e.g., in a salt!, since the condition for successful doping n
is that the LUMO of the donor cation is above the LUMO
the~neutral!matrix molecule. In this case, electrons will sta
on the matrix molecules because these are the more stro
electron accepting species. There is no restriction for
HOMO energy of the donor cation.

For our study, we consider cationic dyes, because th
molecules already consist of an organic cationic part. T
intention is to separate the cationic structure from the co
pound and use it as the dopant.

After initial experiments with rhodamine B~RhB! chlo-
ride, we have investigated the closely related compound
ronin B ~PyB! chloride @see inset of Fig. 1~c!#because its
molecular structure is less complicated and thus facilita
conclusions concerning the doping mechanisms. NTC
was chosen as a matrix material to compare with previ
results.9

PyB chloride~Acros! and NTCDA~Aldrich! ~see insets
of Fig. 1! are available commercially. The dopant materia
have been used as delivered, and NTCDA has been pur
twice by gradient sublimation. Substrates have been clea
by ultrasonic treatment in acetone and ethanol and rinsin
deionized water. Silver contacts~0.2 mm spacing!have been
evaporated on fused silica substrates. For field-effect m
5 © 2003 American Institute of PhysicsSDC EX. 1031 - 2/4
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surements, a silicon substrate with interdigitated gold c
tacts having spacings of 0.01 mm, and 90 nm SiO2 as gate
insulation has been employed. Sample preparation has
carried out in a high vacuum chamber (p,431024 Pa).
After heating the substrates at 130 °C, layers of 30 nm th
ness with different doping ratios have been deposited
coevaporation.12 The evaporation rate has been 2 Å/s f
NTCDA. The electrical measurements have been carried
after stabilization of the sample, achieved by heating
70 °C. Occasionally, an increase in conductivity after pre
ration over several hours has been observed; however
samples always reached a steady state.

Figure 1~a!shows the conductivity of NTCDA layer
doped with PyB. With increasing dopant concentration
systematic increase up to four orders of magnitude comp
to undoped NTCDA (s53.331028 S/cm) is observed, ac
companied by a drop in activation energy from 0.40 to 0
eV. The highest conductivity reached in the series is
31024 S/cm at room temperature for the 1:42 dop
sample. This is about two orders of magnitude higher th
using BEDT-TTF as a dopant.9

The doped layers are stable up to 120 °C, where des
tion of the NTCDA matrix occurs. In a PTCDA matrix, sta
bility of the doping effect has been observed up to 160 °
When the samples are exposed to air, the conductivity v

FIG. 1. Electrical properties of doped NTCDA thin films.~a! Conductivity
of doped NTCDA layers vs doping concentration.~b! Field-effect mobility
of a 1:91 doped NTCDA layer. Inset: Typical field effect signal.~c! Electron
density derived from field-effect measurement.
-

en

-
y

ut
o
-
he

a
ed

5
2

n

p-

.
n-

ishes, indicating compensation by oxygen in an-type semi-
conductor. The effect of air is reversible.

We have performed field-effect measurements to pr
the conduction type and to measure the charge carrier
sity. Figures 1~b!and 1~c!show the results for a 1:91 dope
sample. The inset of Fig. 1~b! gives a typical dependence o
drain currentI D from gate voltageVG . The positive sign of
the field effect confirmsn-type conduction. Figure 1~b!
shows the field-effect mobilities calculated from a linear
using formula13

I d5
Z

L
mCi S Vg2Vt2

Vd

2 DVd , ~1!

whereL andZ are the separation and the length of the co
tacts, respectively,m is the ~field-effect! mobility, Ci is the
capacity per square of the insulating layer, andVg ,Vd , and
Vt are gate, drain, and threshold voltages, respectively.
order of magnitude of the mobility is in good agreement w
the findings of Laquindanumet al.14

We calculate the charge carrier densities@Fig. 1~c!# by
combination with conductivity data. We find a thermally a
tivated electron density with an activation energy of 1
meV. Hence, deep donor states are formed in NTCDA
doping. The electron concentration is 3.331017 cm23 at
room temperature, which is about two orders of magnitu
lower than the nominal concentration of evaporated dop
molecules.

To study the origin of the doping effect, we have carri
out visible light ~VIS! spectroscopic investigations of pur
and mixed thin films. In Fig. 2~b!, the absorption of a thin
film of 26 nm PyB made by vapor deposition is compared
the spectrum of a PyB coating made by evaporating the

FIG. 2. VIS spectroscopy~a! PyB chloride thin film prepared from propano
solution,~b! PyB thin film prepared by vapor deposition@Time delay in~b!:
no sign-shortly after break of vacuum; triangle- 35 min; circle- 18 h, star-
h#, ~c! mixed layer PyB: TCNQ 1:10. Spectra are offset for clarity.
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vent of a propanol solution@Fig. 2~a!#. In contrast to the
pristine material, vapor-deposited PyB is colorless. Howe
when exposed to air, the absorption in the spectral rang
PyB is increased, as also shown in Fig. 2~b!. We theref
assume that PyB is reduced before it goes into the va
phase. In air, the molecule is oxidized again to give the c
ored cationic form.

When PyB is used as a dopant, it is oxidized by t
matrix molecules in order to provide free electrons in t
matrix. We therefore investigated mixed films of PyB a
TCNQ, a strong organic acceptor, made by coevapora
~doping ratio 1:10!. The result is shown in Fig. 2~c!. The tw
absorption peaks at about 540 and 360 nm are clearly vis
confirming an immediate oxidation of the reduced form
PyB in the TCNQ matrix. In accordance with Ref. 15, t
small peak at 869 nm is assigned to the TCNQ anion.

The oxidation state of TCNQ can also be determin
clearly from Fourier-transform infrared~FTIR! measure-
ments. Depending on the negative charge stored on
TCNQ molecules, the cyano group stretching modes exh
a shift.16 In the 1:10 sample, we observe modes for the n
tral TCNQ and its anion~see Fig. 3!. The peak heights are
expected from the doping ratio. Thus, the reduced P
formed upon evaporation, reduces TCNQ to its anion.
have carried out similar experiment using NTCDA as a m
trix. In this case, we did not observe the PyB cation. This
probably due to the low ionization degree in that matr
where reduced PyB forms deep donor states.

In order to prove the doping effect to be independent
the chemical structure of the matrix, we performed compa
tive doping experiments with the fullereneC60, perylene-
3,4,9,10-tetracarboxylic dianhydride ~PTCDA! and
N,N8-dimethyl-perylene-3,4,9,10-tetracarboxylic diimid
~MePTCDI!as matrices. For these materials, we also find
enhanced conductivity for samples doped with RhB~see
Table I!. The results could be immediately used to impro
the performance of organic solar cells employing these
terial as electron transport layers.17–19

In summary, we have presented an approach ton-type
doping of organic semiconductors. Cationic dyes are effic

FIG. 3. FTIR spectrum of PyB: TCNQ 1:10. The two peaks correspond
neutral TCNQ and TCNQ anion, respectively.
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donors for n-type doping of organic evaporated matrixe
Studies of the doping effect in a NTCDA matrix proves p
ronin B to be a better dopant than the strong organic do
BEDT-TTF. Spectroscopic investigations reveal that from
stable precursor compound PyB chloride, a reduced form
PyB, probably the neutral radical, is formedin situ. Electron
transfer from the reduced Pyronin B to the matrix gives r
to n-type doping. The strong donor character of the reduc
colorless form of PyB is attributed to the energetic stabiliz
tion of its oxidized cationic form by a more favorable res
nance structure that also leads to the deep color of the
ionic form.

We acknowledge support from the Graduiertenkoll
‘‘Sensorik,’’ funded by the Deutsche Forschungsgeme
schaft.
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TABLE I. Conductivities of several matrices in the doped and undop
state.

Matrix Dopant
Doping

ratio

Conductivity

Undoped@S/cm# Doped@S/cm#

NTCDA PyB 1:42 3.331028 1.931024

C60 RhB 1:15 131026 3.631024

PTCDA RhB 1:50 3.531026 731025

Me-PTCDI RhB 1:143 331026 631025
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