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Pyronin B as a donor for n-type doping of organic thin films

A. G. Werner,? F. Li, K. Harada, M. Pfeiffer, T. Fritz, and K. Leo
Institut fr Angewandte Photophysik, Technische Univetditeesden, 01062 Dresden, Germany

(Received 21 February 2003; accepted 28 April 2003

We present an approach to stalléype doping of organic matrices using organic dopands. To
circumvent stability limitations inherent in strong organic donors, we produce the donor from a
stable precursor compournd situ. As an example, pyronin B chloride is studied as a dopant in a
1,4,5,8-naphthalene tetracarboxylic dianhydride matrix. Conductivities upxt@02* S/cm are
obtained, which is two orders of magnitude higher than obtained previously using
bis(ethylenedithio)-tetrathiafulvalene as a dopight Nollau, M. Pfeiffer, T. Fritz, and K. Leo, J.
Appl. Phys.87, 4340(2000)]. Field-effect measurements are used to pnetyge conduction. Other
matrices which can be doped are N;Nimethyl-perylene-3,4,9,10-tetracarboxylic diimide and
fullerene G, frequently used in organic solar cells. Visible light and Fourier-transform infrared
spectroscopy confirm the donor properties of pyronin B2@3 American Institute of Physics.
[DOI: 10.1063/1.1583872

In contrast to classical silicon technology, andp-type  tris (8-hydroxy-quinolinatp-aluminum®° Stronger donors
doping of organic semiconductors for device applications hasare not easily synthesized and handled due to their chemical
rarely been studied. We have recently shbfvhat two key  instability. Hence, finding an organic donor material with the
effects of doping, the reduction of ohmic losses in transportbility to dope electron transport layers of typical OLEDs is
layers and the creation of ohmic contacts by tunnelingstill a challenging task.
through thin space charge layers, can be achieved in organic Here, we present an approach to circumvent the stability
semiconductors as well. Hole transport layers doped wittproblems of strong donor molecules. In conventional doping,
tetrafluoro-tetracyanoquinodimethang,{H CNQ), a strong the neutral donor molecules are mixed into the matrix mate-
acceptor molecule, and alkali-metal-doped electron transporfal by coevaporation. A charge transfer then occurs, leaving
layers incorporated in an optimized organic light-emittingthe donor positively charged. In our approach the volatile
diode (OLED) yield outstanding performance in terms of donor (or the corresponding cation itsgifs createdin situ
operation voltage and efficiendy. Recently, we have also from a stable precursor compoutidEor example, one can
shown that doped transport layers allowed us to realize effiform a radical that has to be stable enough to be incorporated
cient inverted OLEDs, which are, for example, a key requireon the layer. There, a charge transfer occurs, forming the
ment for OLEDs with opaque substrafes. donor cation. The latter, in fact, can be much more stable

For n-type doping of electron transport layers in OLEDs, (e.g., in a salt), since the condition for successful doping now
the use of alkali metals such as Li or Cs is currently the onlyis that the LUMO of the donor cation is above the LUMO of
available approach? However, it suffers from the high dop- the (neutral)matrix molecule. In this case, electrons will stay
ing ratios on the order of 1:1 needed for high conductility, on the matrix molecules because these are the more strongly
thus completely changing the matrix properties as well. Furelectron accepting species. There is no restriction for the
thermore, metal ions tend to diffuse in the device duringHOMO energy of the donor cation.
growth and operatiofi.Therefore, it is not possible to pre- For our study, we consider cationic dyes, because these
pare well-defined doping profiles; rather thick undopedmolecules already consist of an organic cationic part. The
buffer layers are needed to protect the emission region froffhtention is to separate the cationic structure from the com-
the dopants that act as quenching sites, and the device st§ound and use it as the dopant.
bility is compromized. After initial experiments with rhodamine BRhB) chlo-

Unfortunately, an organic donor that can be usedide, we have investigated the closely related compound py-
for typical electron transport materials is not yet available..gnin B (PyB) chloride [see inset of Fig. 1(c)because its
These materials are only weakly electron acceptingmolecular structure is less complicated and thus facilitates
imposing requirements on the position of the highest occuggnclusions concerning the doping mechanisms. NTCDA
pied molecular orbitalHOMO) of the donor which are dif- \yas chosen as a matrix material to compare with previous
ficult to meet. In fact, one of the strongest known  ogts?
organic donor, bis(ethylenedithio)-tetrathiafulvaldB&DT- PyB chloride(Acros) and NTCDA (Aldrich) (see insets
TTF) has been reportédo form deep donor states already of Fig. 1) are available commercially. The dopant materials
in  14,2.8-naphthalene  tetracarboxylic  dianhydridepaye peen used as delivered, and NTCDA has been purified
(NTCDA), which has a lowest unoccupied molecular orbitalyyice py gradient sublimation. Substrates have been cleaned
(LUMO) of about 1 eV deeper than for example, jy ytrasonic treatment in acetone and ethanol and rinsing in
deionized water. Silver contact8.2 mm spacinghave been
2Electronic mail: werner@iapp.de evaporated on fused silica substrates. For field-effect mea-
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We have performed field-effect measurements to prove
FIG. 1. Electrical properties of doped NTCDA thin filmg) Conductivity the conduction type and to measure the charge carrier den-
of doped NTCDA layers vs doping concentratigh) Field-effect mobility . . .
of a 1:91 doped NTCDA layer. Inset: Typical field effect sigriia).Electron sity. Flgures :!'(bhnd 1(_C)ShOV\{ the reSUl_tS fora 1:91 dopEd
density derived from field-effect measurement. sample. The inset of Fig.(h) gives a typical dependence of
drain currenti; from gate voltage/s. The positive sign of

N o o the field effect confirmsn-type conduction. Figure (h)
surements, a silicon substrate with interdigitated gold conghos the field-effect mobilities calculated from a linear fit
tacts having spacings of 0.01 mm, and 90 nm . S&9 gate using formuld®

insulation has been employed. Sample preparation has been

carried out in a high vacuum chambep<t4x 10 * Pa). z Vyq
After heating the substrates at 130 °C, layers of 30 nm thick- 'd:[MCi(Vg_Vt_ 2
ness with different doping ratios have been deposited by

coevaporatiort? The evaporation rate has been 2 A/s forwhereL andZ are the separation and the length of the con-
NTCDA. The electrical measurements have been carried ouacts, respectivelyu is the (field-effect) mobility, C; is the

after stabilization of the sample, achieved by heating tacapacity per square of the insulating layer, ahdVy, and
70°C. Occasionally, an increase in conductivity after prepaV, are gate, drain, and threshold voltages, respectively. The
ration over several hours has been observed; however, tteder of magnitude of the mobility is in good agreement with
samples always reached a steady state. the findings of Laquindanurat al*

Figure 1(a)shows the conductivity of NTCDA layers We calculate the charge carrier densitiesg. 1(c)] by
doped with PyB. With increasing dopant concentration, acombination with conductivity data. We find a thermally ac-
systematic increase up to four orders of magnitude compareilated electron density with an activation energy of 115
to undoped NTCDA ¢=3.3x10"8 S/cm) is observed, ac- meV. Hence, deep donor states are formed in NTCDA by
companied by a drop in activation energy from 0.40 to 0.25doping. The electron concentration is 8.80'" cm 2 at
eV. The highest conductivity reached in the series is 2room temperature, which is about two orders of magnitude
X10 # S/cm at room temperature for the 1:42 dopedlower than the nominal concentration of evaporated dopant
sample. This is about two orders of magnitude higher thamolecules.
using BEDT-TTF as a dopafit. To study the origin of the doping effect, we have carried

The doped layers are stable up to 120 °C, where desormut visible light (VIS) spectroscopic investigations of pure
tion of the NTCDA matrix occurs. In a PTCDA matrix, sta- and mixed thin films. In Fig. &), the absorption of a thin
bility of the doping effect has been observed up to 160 °Cfilm of 26 nm PyB made by vapor deposition is compared to
When the samples are exposed to air, the conductivity varthe spectrum of a PyB coating made bg@@@;@_tiq@w _5@74

Vd ’ (1)
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T T T T T v T T TABLE I. Conductivities of several matrices in the doped and undoped
—~ 1 state.
3
<7 ] . Conductivity
[V} — Doping
Q TNCQ ] Matrix Dopant  ratio Undoped[S/cm]  Doped[S/cm]
_‘g“ NTCDA PyB 1:42 3.%10°8 1.9x1074
= 7 Ceo RhB 1:15 X108 3.6x10°4
2 PTCDA RhB 1:50 3.5%10°° 7x1075
g i TNCQ ] Me-PTCDI RhB 1:143 X106 6x107°

I I I ' I '

2160 2180 2200 2_1220 2240 donors forn-type doping of organic evaporated matrixes.

wave number (cm’) Studies of the doping effect in a NTCDA matrix proves py-
FIG. 3. FTIR spectrum of PyB: TCNQ 1:10. The two peaks correspond 1o/ ONIN B to be a better dgpant th?'n t.he strong organic donor
neutral TCNQ and TCNQ anion, respectively. BEDT-TTF. Spectroscopic investigations reveal that from the
stable precursor compound PyB chloride, a reduced form of

vent of a propanol solutiofiFig. 2(a)]. In contrast to the PyB, probably the neutral radlca_l, Is formasitu. .Ele_ctron_

I1ransfer from the reduced Pyronin B to the matrix gives rise

pristine material, vapor-deposited PyB is colorless. However, dobina. Th d h f the reduced
when exposed to air, the absorption in the spectral range dp n-type doping. The §trong onor character o t. € reduced,
olorless form of PyB is attributed to the energetic stabiliza-

PyB is increased, as also shown in Fig. 2(b). We therefor&

assume that PyB is reduced before it goes into the vapotf’On of |tts O)i'd'ziﬂ ctat||on|<i focrim tbyt;'l n;ore faV(I)rabI]?tLeso-t
phase. In air, the molecule is oxidized again to give the colf1ance structure that aiso leads to the deep color of the cat-

ored cationic form. ionic form.

When PyB is used as a dopant, it is oxidized by the  \we acknowledge support from the Graduiertenkolleg

matrix molecules in order to provide free electrons in the«gensorik,” funded by the Deutsche Forschungsgemein-
matrix. We therefore investigated mixed films of PyB andgcpaft.

TCNQ, a strong organic acceptor, made by coevaporation

(dopmg_ratlo 1:10). The result is shown in Fig. 2(c). The.two 1B. Maennig, M. Pfeiffer, A. Nollau, X. Zhou, P. Simon, and K. Leo, Phys.
absorption peaks at about 540 and 360 nm are clearly visible,Rev. B64, 1952082001).

confirming an immediate oxidation of the reduced form of ?J. Blochwitz, T. Fritz, M. Pfeiffer, K. Leo, D. M. Alloway, P. A. Lee, and

: : : N. R. Amstrong, Org. Elect2, 97 (2001).
PyB in the TCNQ matrix. In accordance with Ref. 15, the 33. Kido and T. Matsumoto, Appl. Phys. Lel3, 2866(1998).

small peak_at 8_69 nm is assigned to the TCNQ anion. ) 4J. Huang, M. Pfeiffer, A. Werner, J. Blochwitz, Sh. Liu, and K. Leo, Appl.

The oxidation state of TCNQ can also be determined Phys. Lett.80, 139(2002).
C|ear|y from Fourier-transform infrare(ﬂFT”:Q) measure- 5X. Zhou, M. Pfeiffer, J. S. Hua_ng, J. Blochwitz-Nimoth, D. S. Qin, A.
ments. Depending on the negative charge stored on the!Vermer J. Drechsel, B. Maennig, and K. Leo, Appl. Phys. L&1(. 922
TCNQ molecules, the cyano group stretching modes exhibitsy preifer, S. R. Forrest, K. Leo, and M. E. Thompson, Adv. Maief,
a shift1® In the 1:10 sample, we observe modes for the neu- 1633(2002).
tral TCNQ and its aniorisee Fig. 3). The peak heights are as ;A. Nollau, PhD thesis, University of Technology Dresden, 2002.
expected from the doping ratio. Thus. the reduced PyB G. Parthasarathy, C. Shen, A. Kahn, and S. R. Forrest, J. Appl. Bays.

, ' ' . . ' 4986(2001).
formed upon evaporation, reduces TCNQ to its anion. Wesa. Nollau, M. Pfeiffer, T. Fritz, and K. Leo, J. Appl. Phy§7, 4340
have carried out similar experiment using NTCDA as a ma- (2000).
trix. In this case, we did not observe the PyB cation. This is X— Hlargﬁdav J.ttsflnoésg.s F(Ll’lgé;()- Nishio, H. Takahashi, and K. Shibata,
S . . ppl. Phys. Lett.71, .

probably due to the low ionization degree in that matrix, G. Werner, M. Pfeiffer, T. Fritz, and K. Leo, Patent application DE
where reduced PyB forms deep donor states. 2661977, 2002.

In order to prove the doping effect to be independent of**M. Maitrot, G. Guillaud, B. Boudjema, J. J. Andrand J. Simon, J. Appl.
the chemical structure of the matrix, we performed comparaIsghﬁc"?g\;vﬁjgiglvgs'\%ter10 365(1998)
tive doping experlmepts Wlt_h the m”erer@ﬁo' perylene- 143, G. Laquindanum, H. E. Katz, A. Dodabalapur, and A. J. Lovinger, J.
3,4,9,10-tetracarboxylic ~ dianhydride (PTCDA) and Am. Chem. Soc118 11331(1996).
N,N’-dimethyl-perylene-3,4,9,10-tetracarboxylic  diimide *°L. R. Melby, R. J. Harder, and W. R. Hertler, J. Am. Chem. $5.3374

; ; : (1962).
(e“:ﬁapgcizl)cisn;nﬁg\?;;fl(:)(r)rstgrenspelerga;igﬂj’ vai?halé(;ﬂ];réd aQGJ. S. Chappell, A. N. Bloch, W. A. Bryden, Mi Maxfield, T. O. Poehler,
and D. O. Cowan, J. Am. Chem. Sd03, 2442(1981).

Table I). The results could be immediately used to improve’p. Meissner and J. Rostalski, Synth. M&21, 1551(2001).

the performance of organic solar cells employing these maMm. ‘Pfeiffer, A Beyer, B. P'I_qnigs, A. Nollau, T. Fritz, K. Leo, D. Schlett-
terial as electron transport Iayér73‘19 wein, S. Hiller, and D. Whrle, Sol. Energy Mater. Sol. Cell§3, 83
: (2000).
_|n summary, we haVe presented an approaCh-tpr?  °D. Gebeyehu, B. Maennig, J. Drechsel, K. Leo, and M. Pfeiffer, Sol.
doping of organic semiconductors. Cationic dyes are efficient Energy Mater. Sol. Cell§in press).
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