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Determination of trapping parameters in poly  (p-phenylenevinylene )
light-emitting devices using thermally stimulated currents

M. Meier, S. Karg,® K. Zuleeg, W. Britting,” and M. Schwoerer
Experimental Physics I, University of Bayreuth, 95440 Bayreuth, Germany

(Received 13 October 1997; accepted for publication 25 March)1998

Employing thermally stimulated curre(fSC) technique, the existence of distinct trap distributions

in poly(p-phenylenevinylengPPV) light-emitting devices has been established. In devices with an
indium tin-oxide(ITO) anode two TSC peaks in the temperature range between 100 and 150 K are
observed. They correspond to trap levels with a depth of 0.03-0.06 eV and 0.13-0.18 eV,
respectively. The total density of these trap species is of the order'®ta0 ® which is in good
agreement with the dopant concentration obtained from capacitance-voltage measurements. The
investigated peaks in the TSC spectrum do not occur if a Au electrode is used instead of ITO.
Hence, the reaction of ITO with the elimination produgtsinly HCI) during the conversion of the

PPV precursor leads to the formation of these shallow traps. Deeper trap states with energies
between 0.6 and 1 eV have been detected, too. The latter trapping levels appear independently of the
anode substrate material and are due to the influence of ail998 American Institute of Physics.
[S0021-897€98)02313-3

I. INTRODUCTION characterization of PPV LEDs, we investigate the influence
of different anode substrates and conversion conditions of
The electronic conductivity of polp-phenylene- the PPV precursor as well as of the environmental conditions
vinylene (PPV) prepared by the precursor route changes byon the trap states.
numerou; 2orders of magnitude when doped with electron
acceptors: Already the exposure to air increases the con-
ductivity o of PPV (converted at 300 °C in vacuyrwithin Il. EXPERIMENTAL DETAILS
seconds from less than 18 S/cm to about 102 S/cm at Thermally stimulated current measurements were per-
room temperaturd The activation energ¥, obtained from  formed in a continuous flow cryostaOxford Instruments
the temperature dependenceadfT) also changes from 0.9 CF1200 using liquid helium or nitrogen. Two samples could
eV of pristine PPV to 0.5 eV of PPV exposed to 3frThe  be measured simultaneously using two independent elec-
adsorbed oxygen can be removed by annealing unddrometers(Keithley 617 for better comparison of different
vacuum indicating a reversible doping process. device configurations and fabrication procedures. The tem-
PPV prepared by the precursor route on an indium-tinperature was measured with an Au-Fe/Chromel thermo-
oxide (ITO) substrate, a technique often used for the prepaeouple placed close to the samples and controlled with a
ration of polymer light-emitting deviced.EDs), is subjectto  temperature controller. The temperature range of the setup is
additional chemical reactions of the precursor PPV leavindg to 350 K and constant heating rates up to 10 K/min are
groups with the ITO substrate. Especially, the reaction ofichievable. After mounting the samples into the cryostat, the
HCI with indium (or indium oxide leads to the formation of Sample chamber was evacuated t6 Afnbar and filled with
the oxidizing agent InGI® This reaction leads to doping of He contact gas. The cryostat was cooled down to ®K80
the PPV film, which has been proven and investigated by in the case of liquid nitrogen as coolant this tempera-
current—voltage characteristics and capacitance—voltagere, traps were filled by applying a constant current or volt-
measurement on LEBZ as well as with analytical methods age to the sample for a certain tirftgpically 5 min). After
such as secondary ion mass spectroscopy, scanning electrie trap filling procedure, the TSC measurements were per-
microscopy, and energy dispersive x-ray analysidhe p- formed in short circuit mode in a two-probe configuration.
type doping causes in A/PPV/ITO LEDs the formation of a The measurement limit of the setup was less than*4@.
Schottky barrier at the Al/PPV interface and an ohmic con-The samples were heated with a constant heating fate
tact with low impedance at the PPV/ITO interface. =dT/dt between 3 and 10 K/min. In preliminary measure-
The subject of this article is to gain more information ments we ensured that the observed peaks in the TSC spectra
about the dopant and trap species, especially their energyf samples with PPV originate from thermally induced de-
levels, by means of thermally stimulated currefit§C). Af- trapping of carriers. If the peak position at a given heating

ter carefully testing whether this method can be used for theéate reflects the depth of a certain trap species it will not

depend on external parameters like filling conditions, starting
dpresent address: Electronic Materials, Darmstadt University of Technolitemperature-r0 or sample thICkn(.BSS. We Careff,u”y checked
ogy, Petersenstr. 23, 64287 Darmstadt, Germany. the spectra under several experimental conditions and could

PElectronic mail: wolfgang.bruetting@uni-bayreuth.de demonstrate the demanded independence.
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PPV was synthesized via the precursor route as de- The essential idea of the TSC technique can be under-
scribed by Heroldet all° Films were cast with a draw bar stood by considering the simplest case of unipolar carrier
technique onto the anode substrates which consisted either sipping in one discrete trap levE® The following de-
commercial indium-tin-oxide substrates or of glass substratescription is valid for electron traps but can be transferred to
coated with Au. The PPV precursor was converted onto théole traps, too. The probability; * for detrapping an elec-
anode substrates at about 165 °C in vacuuni ¢Ifibap or  tron from a trapping state is related to the trap dejpth
under argon atmosphere. On top of the devices, an Al cath=E-—E; by
ode was evaporated at 19 mbar. While the samples were 1
mounted into the cryostat, they were exposed to air for less "t ~ 7 exd —(AB)/kT], @)

than 1 h. All devices investigated here had an active area Qfhere v is the “attempt-to-escape” frequenc§ the con-
0.25 cnf. duction band edge arff, the trap energy. After the charging
process the densities of free carria(s) and trapped carriers

Ill. ANALYSIS OF TSC SPECTRA ny(t) are given by

The method of TSC has been widely used to determine @: _dn_n )

the density and energy distribution of trap states in inorganic dt 7

semiconductors, organic molecular crystals, and polymerig a spatial variation of, is neglected. The first term on the
photoconductors:** The experiment consists of filling the right hand side represents the rate of change of the trapped
trap states at low temperature either by passing a curreRflectron density, and the second term the recombination of
through the sample or by photoexcitation, then heating thgree charge carriers whereis the average lifetime of a free

sample in the dark at a constant rate with or without externagarrier until recombination. The variation of the trapped car-
field. As th traps are released, a current is measured anfér densitydn,/dt can be expressed as
characteristic peaks are observed. By integrating the released
current over time, the amount of trapped charges is obtained dn, _
. ) ——=——+n(N;—ny)Sw, 3
and knowing the volume of the sample one can estimate the dt Ty
average trap density. . .
The origin of the detected peaks depends on the transy hereu is the thermal velocity S .the trap qapture cross
g . : . section and\,; the total concentration of available traps. If
port properties of the investigated material. In the conven: e
. . . one assumes that the free electron lifetirrie small as com-
tional semiconductor model, the TSC peaks arise from the . . .
. . . ared to the residence time of the trapped charge carrier,
increased number of free carriers which are released theP>. : :
i hich means that detrapped electrons recombine almost im-
mally by detrapping. So, the temperature where a curren . O -
. : mediately and retrapping is negligible, E¢8) and (3) re-
peak occurs is correlated to the energetic depth of the corre; . ;
X . ._duce in the so-called case of slow retrapping to
sponding trap state. In hopping transport systems, carriers
move by thermally assisted tunneling from one localized n dn, n,
state to another without ever moving in extended band states. =~ 4y = ; (4)
According to a model proposed by Chetthe detected TSC _ o _
peak is interpreted as thermally induced time-of-flight of car-Finally, the thermally stimulated conductivity is obtained as
riers. This approach allows one to derive information on the d
thermally activated mobility of charge carriers in the solid. oc=eun=—eur—— (5)

As a consequence of this interpretation the peak position on dt
the temperature scale is field and thickness dependent. FLUVheree is the e|ementary Charge and a constant mob“hty
thermore, hopping of one type of carriers should give rise tqs assumed. If the specimen is heated at a constant rate

only a single-peak TSC curve, except for charge carrielg=dT/dt, integration of Eq(4) givesn,(T) and finally,
groups with significantly different mobilities. This theory has

been successfully applied to polyvinylcarbazole as model AE Ty AE )
system for hopping transport. ‘T(T):ntoTe“”eXF{ kT L Eexp( - F) dT ]

The transport process of PPV should be polardhithe °
measured charge carrier mobilities are relatively low ) . e
(1075 cm?/V satF=10° V/cm and 300 K7 and thus in a where Ny, denotes the density of filled traps at the initial
range typical for materials with predominating hopping temperatureT,. Cowell and Woods have shown that re-
transport. However, for our data analysis we followed thepeated integration by parts of the integral in E8). leads to
classical approach from Haering and Adatisnd Cowell ~a convergent infinite series. SindeE/kT>1 is valid in all
and Woods?? since our measurements indicate no significaniractical cases, a good approximation &(T) can be ob-
thickness dependence of the TSC peak position. Furthetained then by skipping all but the first term in the series.
more, we detected several peaks which are partially enEquation(6) then becomes?
hanced while storing the sample in air. These are strong hints o @ -2
that the measured peaks arise from detrapping of carriers o=Aexi-0-Bexu~0)0 7] ™
from distinct trap levels and not from thermally induced with A=n.reuv, B=vAE/Bk and ®=AE/KT. B is ob-
time-of-flight. tained through differentiation of Eq7):
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FIG. 1. Comparison of capacitance—voltage characteristics of an ITO

PPV/Al and a Au/PPV/AI device. The inset shows thé:sz/pl_ot for the  jeyice. Both samples were measured simultaneously after identical trap fill-
ITO/PPV/AI device together with a linear fit yielding the ionized acceptor ing. The spectrum of the ITO device can be fitted after Cowell and Woods
density. Measurements were performed with a Hewlett Packard 4194A im(see Ref. 19by a superposition of two peaks.

pedance analyzer at a test frequency of 111(fde details see Ref.)7

{:IG. 2. Comparison of TSC spectra of an ITO/PPV/Al and a Au/PPV/AI

B=exn0,)02 ®) fabricated on ITO substrates show the behavior of a doped
mi=m organic semiconductor with a strongly voltage dependent ca-
whereT,, represents the temperature at the peak maximurpacitanceC(V). The linear dependency of@? vs voltage
and®,,=AE/kT,,. Equationg7) and(8) were used for nu- (for V<1.3V) shown in the inset of Fig. 1 suggests that the
merical curve fitting with three fitting parametéfs,, A and  device capacitance can be described in analogy to conven-
AE. In our evaluation we concentrate only on the energeti¢ional semiconductor Schottky junctiof:
depth of the observed trap states, since we do not have suf-
ficient information on the capture cross section and carrier - ﬂ
C=An/ , 9
lifetimes in PPV. 2(Vp—V)
In the above model, the rate equati@®) was solved in  \hereA is the device areas, the vacuum permittivitye the
the limit of slow retrapping 7~ *>(N—ny)Sw] which is  high frequency dielectric constarii, the ionized acceptor
appropriate for fast electron-hole recombination. In the limitconcentration an,, the diffusion voltage. Using this equa-
of fast retrapping 7~ *<(N;—n;)Sw], the solution of the  tjon the data shown in Fig. 1 yield an ionized acceptor den-
rate equation leads to expressions for the thermally stimusity of N,=2.3x10'® cm 3. Evaluation of a series of
lated conductivity which are very similar to Eq&) and  samples from different polymer batches gives dopant con-
(7).19 Only the peak width is Sl|ght|y influenced but not the centrations typ|ca”y in the range of :H_%_ 1017 Cm73.7'8 Re-
position of the peak. As expected, a test of fitting the meagent temperature dependent studies of impedance spectra
sured data with equations for both retrapping kinetics gavave furthermore revealed that the temperature dependence

no significant differences for the obtained parameters. of the acceptor density can be described with an acceptor
energy between 0.16 and 0.2 eV relative to the valence
IV. EXPERIMENTAL RESULTS AND DISCUSSION band?

In order to get independent information about the density
and energy levels of states created by the chemical reaction

Our investigations on light-emitting diodes based on pre-of the PPV precursor leaving groups with the substrate, we
cursor PPV applying electrical methods as well as analyticaperformed TSC measurements on devices with different an-
techniques have shown that chemical reactions of the precuodes. Figure 2 shows a comparison of TSC spectra of ITO/
sor leaving groupsespecially HCJ with the underlying sub- PPV/AlI and Au/PPV/AI devices in the temperature range
strate can occur during the thermal conversiotDepending  from 40 to 200 K. Both samples had a PPV layer thickness
on the reactivity of the substrate material, device characteref about 600 nm and the trap filling was performed identi-
istics can vary between a Schottky diode and a metaleally, passing a current of 10A at 10 K for 5 min through
insulator-metal device. This indicates that the density of ionthe device. The curves were recorded at a heating rate of
izable states within the band gap depends on the devicabout 5 K/min. While there is no TSC signal detectable
preparation conditions. The most direct evidence for dopingvithin our experimental resolution (16°A) when Au is
of PPV during the thermal conversion process comes fronused as anode, the sample with ITO clearly shows a peak at
capacitance—voltage measurements in reverse-bias directichout 122 K. Thus, the elimination of PPV on ITO substrates
which are shown in Fig. 1 for ITO and Au substrates. Thecreates at least one trap state in the polymer which can be
fabrication on Au substrates leads to insulating material wittdetected with TSC. The TSC spectrum of the ITO sample
a voltage independent capacitance corresponding to the divas analyzed by the method of Cowell and Woods. A suit-
electric constant of the polymer. In contrast, PPV devicesable fit can be obtained by a superposition of two TSC peaks

A. Doping of PPV by the ITO substrate
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FIG. 4. TSC spectra of ITO/PPV/AI devices for different conversion con-
FIG. 3. TSC spectra of an ITO/PPV/AI device for different trap filling ditions. Both samples were measured simultaneously after identical trap
currents. The inset shows the dependence of the released amount of charggg.
on the fill current.

LEDs in the configuration ITO/PPV/AI which differ from

as shown by the solid line in Fig. 2. The least-squares fikach other only by the conversion conditions of the PPV
gives a trap depth oAE=0.18 eV (=122 K) for the  precursor. One sampleircles was converted under vacuum
narrow peak 1. For the second Underlying broader peak 2, @_072 mbar) and the second OmEiang|e3 in argon atmo-
trap depth of abouAE = 0.03 eV is obtained. The values sphere, both at 165 °C for 2 h. The TSC curve of the sample
vary from sample to sample typically between 0.03 and 0.0%|iminated under vacuum is already described in Fig. 2. In
eV for peak 2 and for peak 1 between 0.13 and 0.18 eV. contrast, the TSC spectrum of the device with PPV con-

The integral of the TSC curret(t) over timet yields  verted in Ar atmosphere reveals two clearly separated peaks

the amount of detrapped charg@s. If all traps are filled at  at about 105 and 130 K. The curve fit leads to corresponding
low temperature, the integral gives the density of releasablgap energies ofAE=0.06 eV (T,.,=105 K) and AE
traps. Hence, the peak height of the thermally stimulated-0.13 ev (T,,,=130 K). The fact that these peaks are
current depends on the degree of trap filling as well, as it ihroadened as compared to the TSC spectrum of the vacuum
shown in Fig. 3. All spectra therein were obtained from agjiminated sample is a hint for a broader energetic distribu-
single ITO/PPV/Al sample where trap filling was performedtjon of trap states in the material converted in argon. The
with different currentdy . The fill current was applied for 5 amount of released charge carriers and therefore the esti-
min and the heating rate was 5 K/min in all cases. The pealnated trap densities are nearly the same in both devices.
heightl sy increases with increasing fill current from about Thys it is not astonishing that the PPV devices fabricated
10 pA atlfy =1 nAto 58 pA atl =50 uA. At afill current  ynder different conversion conditions do not show significant
of I =200 A | may dropped to 45 pA. In the insert of Fig. differences in their electrical behavi¢current—voltage and
3 the released Charg@t:fl (t)dt is drawn as a function of Capacitance_vo'tage measuremkﬁfs
the fill currently, on a logarithmic scaleQ, saturates at a
level of 25<10™° C which corresponds to an average den-c. Environmentally induced traps
sity of releasable traps of,=1.2x 10'6 cm™3. This is about o _
the same density as the dopant concentralignwhich we In the TSC spectra shown so far in this article data were
have obtained from the capacitance—voltage measuremerff8ly Plotted up to a temperature of 200 K. Between 200 and
shown in Fig. 1 and reported previoudl§ These numbers 300 K further peaks appear in the spectra mdependept of_ the
suggest that the ITO related trap states are responsible for tff80Sen anode substrates. As an example, we show in Fig. 5
p-type doping of PPV and hence for the observed Schottkyth® complete TSC spectrum of an ITO/PPV/Al devie®V
diode behavior of ITO/PPV/metal LEDs. In the case of theconverted in Ar atmospheréetween 5 and 250 K. In addi-
Au devices, no such peak structure is observable in this tenflon t0 the already discussed peaks originating from the re-
perature range, which correlates well with the absence of Ction with the ITO substratgpeaks 1 and )2 there are two
voltage dependent capacitance and an increased bulk resRaTOW peaks in the temperature range above 200 K. The
tance of the LEDs with Au anode. The dopant concentratio?O"esponding trap energies are about 0.9 and 1.0 eV for
in PPV converted on Au is estimated to be belowP€aks 3 .and 4, _respectlvely. .V_Ve have found that the relative
10%5 cm 3.8 peak height, width and position can vary from sample to
sample and also depend on the device history. For the trap
energies values between 0.6 and 0.9 eV for peak 3 and be-
tween 0.9 and 1.0 eV for peak 4 have been obtained. These
The method of thermally stimulated currents is even senenergies are similar to the activation energy obtained from
sitive enough to detect differences in the elimination conditemperature  dependent conductivity and  mobility
tions of PPV. Figure 4 depicts the TSC curves of two PPVmeasurement$:!’ The small width of the TSC peaks 3 and

B. Influence of the conversion conditions
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those in Fig. 5. The density of releasable traps has increased

3 while the device was stored in air up to<40'” cm 3. This
40 ITO/PPV/AI H 1 density is roughly an order of magnitude higher than the
density obtained for the ITO induced peaks discussed before.
.30} i After this experiment, the sample was exposed to vacuum
< (104 mbap for 1 h. In the succeedingly measured TSC
~ S spectra, the peaks had disappeared below the measurement
z 2r e i limit. By exposing the sample to pure oxygen the formation
o e 4 . . .
= L AN of the peak structure could be observed again. This experi-
O 10} 1 i e ment illustrates the reversibility of the reaction with oxygen.
2 U Thus the major amount of traps caused by oxidation are due
0 . ] to loosely bound agents instead of covalent bonds. The large
Y — ' ' trap density of the order of 16cm™2 explains the conduc-
0 50 100 150 200 250

tivity increase when pristine PPV is exposed tocair.
Temperature (K)

FIG. 5. Complete TSC spectrum of an ITO/PPV/Al devig®V converted ~D. Comparison with other TSC measurements on PPV

in Ar atmospher;
phere Earlier TSC measurements on PPV have been reported

by Onodaet al,??> who investigated the influence of film

4 in Fig. 5 indicates the existence of rather distinct trap lev-stretching on trap states. Nguyenal?® used this method to
els. Nevertheless, a distribution of trap states cannot be fullgtudy the conduction mechanism in PPV films and interfacial
excluded. However, the data analysis used here does not affects at PPV-metal contacts. Both groups performed their
low to make a quantitative estimate of the width of the dis-investigations on device structures which were different to
tribution. the ones investigated in this publication. Onadal. found

Motivated by the fact that the electrical conductivity of two TSC peaks in free standing films corresponding to trap
PPV is very sensitive to oxygen exposuges discussed in energies of about 0.36 and 0.55 eV. The origin of the peaks
the introduction, we have studied the influence of air on the is explained by impurities caused by the precursor route and
deep trap states. In Fi® a series of TSC spectra of a Au/ by structural disorder of the PPV. Nguyen al. fabricated
PPV/AI sample are shown as the device was exposed to difnetal/PPV/metal decives to measure TSC spectra. They de-
ferent environmental conditions. After preparatiin air) tected up to three peaks with energies of about 0.36, 0.68 and
the thermally stimulated current showed at least two distincD.82 eV which they attributed to interface states at the PPV/
peaks at around 230 and 240 K. After the device had beemetal electrode and a bulk trap level which is responsible for
kept at ambient atmosphere for one day, one broad peake charge transport in PPV.
structure with an increase of current by about a factor of 6 A direct comparison with our results is difficult since it
was measured. The individual peaks cannot be resolveds known that the electrical properties of PPV films and de-
however, weak shoulders indicate still a superposition oWices depend on the details of the precursor synthesis and the
several TSC peaks. A quantitative analysis of these TS@onversion conditions. The measured trap energies are com-
peaks is difficult and not very accurate because of the supeparable to the deep traps determined in this work although
position of several peaks and dynamical changes during thie microscopic origin seems to be different. The absence of
experiment. Approximations give values for the trap depthsshallow traps in the literature is understandable because ITO
of these environmentally induced traps in the same range agas not used as substrate material.

r T . ; V. SUMMARY

500 AwWPPV/AI
I —=— pristine sample

400 | —o— after 1 day in air

| —v— after 1 h evacuation

Our results show that the method of thermally stimulated
currents can be usefully applied to LEDs based on PPV. In
samples prepared from precursor PPV two kinds of traps

< 300 could be detected. Trapping sites with deep levels between
e 0.6 and 1 eV and densities up to*1@m™2 could be attrib-

‘g 200 uted to the oxidizing effect of air, i.e., most likely oxygen.

S The second group of traps consisting of two trap states with

O 100 an average trap depth of about 0.03—0.06 and 0.13-0.18 eV

is caused by a chemical reaction of the ITO substrate with
HCI developing during the thermal elimination reaction of
the PPV precursor. The estimated trap density is comparable
to the value measured by the capacitance—voltage analysis.
Temperature (K) Carriers in these states are easy to ionize which leads to a
FIG. 6. TSC spectra of a Au/PPV/Al device obtained as prepared, after onia:iepletlon layer at ,the polymer-metda, Al mterf_ace simi-
day storage in air and aftd h evacuation. Data of the sample stored in air 1ar t0 @ Schottky diode. In contrast, Au/PPV devices show no
(O) are divided by a factor of 5 for better visualization. peak structures in this energy range indicating that there is

175
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no doping by the substrate and therefore no significant®s. Karg, M. Meier, and W. RieR, J. Appl. Phy82, 1951(1997.
capacitance—voltage dependence. As a consequence Au/PPW- Meier, S. Karg, W. RieR, J. Appl. Phy82, 1961(1997.

. . . . SW. Britting, M. Meier, M. Herold, S. Karg, and M. Schwoerer, Chem.
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