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Dye doping is a promising way to increase the spectral purity of polymer light-emitting diodes
(LEDs). Here we analyze the frequency and field dependence of the complex admittance of
Al-Ba—PPV-poly3,4-ethylenedioxythiophene:polystyrene sulphonic )ditdium tin oxide

LEDs with and without dye. We compare the charge carrier mobilities of pristine and dye-doped
double-carrier and hole-onlAu replacing Al-Ba devices. Dye doping is shown to significantly
influence the electron mobilities while the hole mobilities are left unchanged and thereby changing
the carrier balance in a double carrier device towards that of a hole only device. The minimum in
the LED capacitance as a function of voltage appears to be an excellent probe for the electron
trapping phenomenon underlying the reduction of the mobility2@3 American Institute of
Physics. [DOI: 10.1063/1.1600850

Although an obvious route for true full-color light emit- that on the time scale of our measurement dye doping in
ting diodes(LEDs) is employing three different polymers for these devices effectively changes the device from a double
the primary colors, there are several other approaches cuearrier towards an electron deficient device.
rently being examined. A particular appealing solution is en-  All samples were prepared in a glove box underat-
ergy or charge transfer from a host polymer to emissive gueghosphere. A polymer/toluene solution containing 4.5 mg/ml
molecules. This process can be optimized to virtually a hunPolymer is stirred at room temperature over night and heated
dred percent efficiency already at low guest concentrationgt 70 °C for 1 h before the dye is added from a stock solution
which should leave the macroscopic properties of the pon@n toluene(4 mg/m). After stirring again for 1 h, the mixture
mer, such as viscosity, unchanged. The latter is particularl

I filtered over a 5um filter. The glass substrates, covered
important for the efficient production of pixelated devices by

with a 120 nm transparent and patterned indium tin oxide
ink-jet printing because the printing process has to be optingo) layer (<204/LJ), were exposed to ultraviolet radia-
mized only for one ink instead of three. For these applica-

tion in an ozone atmosphere for 10 min prior to spin coating.
tions detailed knowledge about the changes of the char Igemalmng dust particles were blow_n away with ionized ni-

. . . ogen before 1585 nm of a conducting polymepoly(3,4-
carrier properties upon adding guest molecules to a hos{

thylenedioxythiophene:polyst Iphoni (PE-
polymer is desired. Low-frequency admittance data of LEDngYF?;SeSI?;gm Iggyi?irg Z;grsgteg) il:np O?n; éhr(ri?ssive
have been proven to give valuable information about th '

. ) - eponmer were spin coated on the substrates. The diode struc-
mobility of charge carrier$.Here we measure the diode ad- tures consist of Al-Ba—PPV—PEDOT:PSS—ITO for the DC

mittance as a function of bias voltage at low frequencies angayjice and Au—PPV—PEDOT:PSS—ITO for the HO device.
compare devices with and without an emissive guege A devices have a surface area of 100 Aypically and are
dopant in the active polymer layer. When we increase thegncapsulated. The yellow emitting PPV-based polymer was
bias voltageV above the built-in voltag®y,, the diode ca- prepared via the Gilch polymerization rouit&@he synthesis
pacitanceC, shows a minimum thaf) is markedly different  of the red dye will be published elsewhere and its structure
for hole-only (HO) and double-carrie(DC) devices andii)  can be found in Fig. 2. From ultraviolet photoemission spec-
is strongly dependent on the doping concentration. In pristingroscopy (UPS [highest occupied molecular orbital
samples and at low doping concentrations a formally negatHOMO) of the polymef and cyclovoltammetry measure-
tive C,, is measured at low frequencié®y comparing ad- ments [HOMO and lowest unoccupied molecular orbital
mittance data for DC and HO devices, the capacitance miniLUMO) of dye and polymérthe LUMO-HOMO levels
mum at a voltage just abowé,; proves to be an excellent have been determined for both host and dye. For the yellow
probe for electron trapping and mobility. It will be shown PPV the HOMO is at 5.2 eV below the vacuum level and the
LUMO at 2.9 eV. For the dye, the HOMO is at 5.4 eV and
the LUMO at 3.5 eV. The levels for PEDOT-PSS and

dAlso at: the Dutch Polymer Institute, Eindhoven; electronic mail:

hulea@phys leidenuniv.nl Al-Ba are at 5 and 2.3-2.6 eV, respectively.
YAlso at: the Eindhoven University of Technology. In impedance measurements a LED can be seen as a
0003-6951/2003/83(6)/1246/3/$20.00 1246 © 2003 American Institute of Physics

Downloaded 20 Dec 2007 to 131.155.109.134. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 Hulea et al. 1247

2/ I it
@ ) & 10 o , e E-643Vium
1 o 1 gj o , & E=7.14Vipm
L] ¢ L]
Q9 o Qo ¢ nodye o
(8] 20Hz o [4) v 0.25% v,
<
Ao peo Sogl e 050% 'Ki &
2+ HoD Wf | gl 4 250% o = 10°
i 2 O N <
de-bias voltage (V) de-bias voltage (V)

FIG. 1. (8 C,/Cq4 vs bias voltage for a HO and DC devi¢BlOD resp.
DCD) at 20 Hz. The HOD curve is shifted by 1.50 V towards more positive

bias to overlapVy;. (b) C,/Cq4 vs bias voltage for different dye-doping 10° 5 - > 3 7 s
concentrations in a DCD. 10 10 10 10 10 10
Frequency (Hz)

voltage _ and frequency _deF)endent capacitah@g(w,_V)] FIG. 2. Determination oft, anduy, from —AB= — w(C—Cg) Vs w/27 for
and resistancgR,(w,V)] in parallel, so that the admittance the 2.5% dye-doped sample. Inset shows the molecular structure of the dye.

(Y) can be written as the sum of the conductatce 1/R,

and the susceptande=wC,: Y=G+iB. Y was measured ,,(0),=1.12+0.1x10 "' m¥Vs with an activation field

with an Agilent 4284a RCL meter. The amplitude of the acfgctor y=7.12+0.7<10"* (m/V)Y2 The electron mobility

voltage applied on top of the dc bias @—5V) was 50 mV.  in the pristine DC device is found to be nearly two orders of
Figure Xa) showsC,/Cq as a function of dc bias for a magnitude loweru(0),=5.7+0.9x10 B m?/V's with y

DC and HO device without dye at 20 Hz. The geometrical—g 9+1.2x 10 4 (m/V)'2

capacitance, is measured in the fully depleted state of the  For dye-doped samplas, hardly changeswithin 10%)

device at negative voltages. Especially the region just abovgjith the dye concentration. This is not a surprising result

Vyp; will be shown to contain valuable information about the since it was established before by current—voltage scans of

changes in the device as a function of dye doping. For a D&o devices that the dye does not influence the current den-

device C,(V)/Cq4 decreases very rapidly to a minimum of sty of such devices. Furthermore, if the HOMO of a dopant

—2, while R, decreases continuously. When the dc bias iss situated energetically below the HOMO of the host, as is

increased further, the capacitance increases again. The ifhe case in our system, the hole transport is not expected to

crease in capacitance beldXy; has been observed before for pe affected. However, the situation is considerably different

thermally converted precursor PP&nd will be dealt with in for the electron mobilities. For 2.5% dyg,(0), is reduced

a separate contributiorC(V) andR,(V) of a HO device  from 5.7+0.9x10° ¥ m¥Vs to 3.8-0.6x10 “m?/Vs

can be described analogous to a DC device, see F&). 1 and the activation field factor is increased frope8.9
Due to the differences in the built-in voltages the position of+ 1 2x 1074 (m/V)¥2to y=13.9+2x10"* (m/V)"2 For a

the maximum ofC,(V)/C, is at 0.45-0.05 V for the HO field of 7.5 V/jum w, will be 1.7x 1072 m?/V s, about three
device and at 1.950.05 V for the DC device. In F|g(ﬁ) times |ower than in the pristine Samp|e_

the HO curve has been shifted by 1.50 V so that its maxi-  The influence of the dye dopant on the total current of a
mum coincides with that of the DC curve. Both curves havepc device is calculated at the fixed measurement frequency
a (local) minimum in Cp,(V)/C4 above the built-in voltage  of 20 Hz using the replacement circuit in Fig. 3. The circuit
Vi In Fig. 1(b) the effect of dye doping on the capacitanceinciudes explicitly the experimental values determined for
of a DC device is shown. The minimum capacitance abovgnhe HO device(dashed boxto which in parallel theR.—L.

the built-in voltage gradually increases upon increasing thgyranch is added to account for the electron current and the
dopant concentration and already for a concentration of 2.5%,crease in hole current compared to the HO device due to

its value approaches that of a HO device. the changed charge distribution and the recombination in a
Since the obvious difference between DC devices and

HO devices is the presence of electrons, it is tempting to 3
associate the changes of the capacitance minimum above the
built-in voltage upon dye doping to the response of the elec-
trons participating in the current transport. In order to sub-
stantiate this assumption the charge transport properties of
positive and negative charge carriers have to be evaluated
and brought into relation t€,. Frequency scahprovide a
simple way to derive the mobilityw) by plotting —AB vs
/27, see Fig. 2. The characteristic timg=1/o, (at », the 0 2 4 6
maximum inAB appearsis related to the transit time, of ¢ (%)
the charge Car.rlers Vla'r=0.29rt.l This n.qn.deStrUCtlve FIG. 3. The dye concentrationc) dependence ofu, and R, at E
measurement gives electron and hole mobilities at the samey s v;/,m using the replacement circuit 20 Ha shown in the inset. All
time and is done on the device as used in applications.  values are normalized to those in the DC device without dye dopirig at
If the electrical field E) dependence of the carrier mo- =7.5 V/ium: R;=1.7 K2 andu.=4.9x10"** m?/V's. L, ~0.4 H depends
hardly onc, but decreases with increasitg (for c=0 from 0.4 H atE

bility w in these disordered organic semiconductors is de-=7.5 Vium 0 0.13 H atE— 10.5 V/um), while R, decreases from 1.7 to

scribed byu= 1(0)exp(/E), we obtain for the zero field g4 0. Cho andRy,, are as measured for the HO devic,,=58.6 nF and

hole mobilities in the pristine HO and DC devices a value 0fR,,=1.4 k2 for E=7.5 V/um.
Downloaded 20 Dec 2007 to 131.155.109.134. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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DC device. As mentioned earlier, the hole current in the HOcreasingu, and, hence, the lower., the higherR;, as
device is independent on dye doping. BpandL . take into  observed in Fig. 3. In both scenarios the reductiop ofvith
account all the changes in the device related to the presenclye doping can be seen as a natural consequence of the elec-
of electrons. The inductande, is needed to account for the tron trapping ability of the molecular dopant and will govern
delay in the current in its response to the ac flebviously, the device properties of all devices having a similar energy
the combination of the unknowR. andL . together with the landscape as our model system.
measured values of the HO have to give the right total cur-  Summarizing, the data show that upon dye doping the
rent in a DC at 20 Hz. This model is particularly suited to DC devices become electron deficient. The change€jn
show thetrendsupon dye doping and to present them in aturn out to be very sensitive for this phenomenon and can be
structured way. used as a probe for the carrier balance and charge carrier
The dependence d®; and u. on c is shown in Fig. 3, trapping behavior in polymeric LEDs.

where the absolute values of these parameters are given in ) ) ) )
the caption. The total current through the device is mainly  1he authors acknowledge discussions with Hans Huib-

determined by the values &, andR.. In the DC device ©rts(Philips, Thijs Michels(TUE), Paul Blom(RUG), Her-
without dye doping the current is about two times larger tharf"@n Schoo and Jolanda Bastiaand@NO), and Hubert

in the HO device(at voltages<3 V). Upon dye dopingR. Martens(Philips), who suggested the connection betweggn

increases by a factor of 3. The shallower minimum of the2nd the hole current, and thank Dr. Helga Humitiilips)

capacitance in Fig. 2 with dye doping is mainly caused byand Dr. Volker van Elsberge(Philips) for the cyclovoltam-
this increase of the resistan& in the R,—L. branch.R, metry resp. UPS measurements. The work forms part of the

reduces the current through the branch and, hence, the rel£Search program of the Dutch Polymer Instit(B®1).

tive importance oL .. The changes in the capacitance mini- ) _

mum therefore are a sensitive probe for the changexira Téscé ('Z-o'\ggrtens' J. N. Huiberts, and P. W. M. Blom, Appl. Phys. L&#1.

Condl*!Ctance and ar? influenced by the introduction of thezNegative capacitances have been reported before, eri-n structures

negative charge carriers and the presence of dye dopants. py F. Lemmi and N. M. Johnson, Appl. Phys. Let4, 251 (1999;

When translating this macroscopic result into a micro- Schottky diodes by J. Werner, A. F. J. Levi, R. T. Tung, M. Anzlowar, and

SCOpiC picture, in principle two borderline cases can be dis- M. Pinto, Phys. Rev. Lett60, 53 (1988; metal-semiconductor contacts

ti ished. First. th t td it iaht b domi by X. Wu, E. S. Yang, and H. L. Evans, J. Appl. Phg8, 2845(1990;
Inguished. FIrst, the extra current density mig _e pr_e OMI~ and carbon nanotubes by Y. P. Zhao, B. Q. Wei, P. M. Ajayan, G. Ra-

nantly due to electrons. If so, the decreaseup with manath, T. M. Lu, G. C. Wang, A. Rubio, and S. Roche, Phys. Ré4,B

increasing dye dopant will already explain the increase in3201402(2001)- _

R.. This possibility is not likely, because in our devi H. Becker, H. Spreitzer, W. Kreuder, E. Kluge, H. Schenk, I. D. Parker,
¢ P . Y Y Ges and Y. Cao, Adv. Mater(Weinheim, Ge). 12, 42 (2000.

<pup, see Fig. 2 and the number qf glectrons and holes are); Meier, S. Karg, and W. Riess, J. Appl. Ph@2, 1961 (1997).

about equal. The most likely scenario is that the excess cur- 5N. von Malm, R. Schmechel, and H. von Seggern, Synth. NI26 87

rent is mainly carried by hole&he other extreme This is 6(2002)- ,

expected, when the space charge clouds compensate eac@‘ C. F. Martens, W. F. Pasveer, H. B. Brom, J. N. Huiberts, and P. W. M.

.. L. . om, Phys. Rev. B33, 125328(2001).
other and allow for additional positive charge carriers to be7p \w M. Blom and M. J. M. de Jong, IEEE J. Sel. Top. Quantum Electron.

injected. The region of this compensation grows with in- 4, 105(1998.
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