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Frequency-dependent electrical response of holes in pdly-phenylene vinyleng
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Transport of holes in poly(-phenylene vinylenehas been studied as a function of frequency, temperature,
dc bias, and polymer thickness. For such a low mobility material we demonstrate that the specific frequency
dependence of the response reflects the wide distribution in transit times of the injected carriers due to
dispersive transport. The dc mobility is shown to correspond to the average of this dispersion and follows the
empirical In(ugd < VE law. [S0163-182609)51736-(

The discovery of electroluminescence in pgy( regionst'~**In these studies no frequency dependence of the
phenylene vinylene(PPV) has triggered present interest in constituting elements was reportedlhe bias dependence of
the optical and electronic properties of this conjugated polythe PLED capacitance was interpreted in terms of charge-
mer. The combination of easy processing and mechanic@arrier trapping* and Schottky behavid?*®Here we dem-
flexibility makes this material a suitable candidate for large-onstrate that the PLED admittance exhibits a very specific
area applications, based on polymer light-emitting diodesrequency dependence, which is governed by the transit of
(PLED’s).}2 One of the key parameters governing PLED injected charge carriers. The dispersive charge transport
performance is transport of charge carriers. leads to a broad distribution of transit times of individual

Recent dc electrical studies have pointed out that chargearriers, which can be obtained from the ac response. It is
transport in PPV-based LED's is bulk space-charge limited. shown that the average of this distribution corresponds to the
Current-density-voltage characterization of PPV devices unelc mobility [with T andE dependence in agreement with Eq.
der high bias conditions revealed that the dc hole mobility(1)], while the transit of the fastest carriers can be described

g is described b within the framework of SM theory.
The polymer used to fabricate the studied devices is
B A 1 1 JE OC,C,-PPV1® the chemical structure is shown in the inset
Feae™ HoEXH — kB_TJFB ksT KgTo : @D o Fig. 3. The soluble OQZ,-PPV is spin coated on top of

a patterned Au contact on a glass substrate. The work func-

The canonical technique to measure charge-carrier maion of Au lies close to the valence band of the conjugated
bilities is the time-of-flight(TOF) experiment. In the case of polymer and thus can serve as a hole injector while prevent-
nondispersive transport, the transit timg of the injected ing electron injection. As a top electrode evaporated Au or
charge carriers is directly related to the dc mobility, = Cu contacts are used. Impedance measurements in the range
=L2/(uqV). By monitoring the emissive response of 5 Hz-13 MHz were performed with a Hewlett Packard
PLED’s (L~100 nm) to an applied voltage pulse, Blom 4192A impedance analyzer. The analyzer can superimpose a
et al. have been able to determine hole transit times in PPV.dc voltageV,;,sup to 35 V on the ac signal. Measurements at
The derived hole mobilities were found to be thickness dedifferent oscillator levelsy{,.=10—-250 mV) showed no de-
pendent, indicative of dispersive transport. According to thependence ow 4
stochastic transport model by Scher and Mont@W),° in Figure 1 gives the room temperature ac response of a
the case of a long-tailed distribution of waiting times be-Au/PPV/Cu device at different bias voltages. The device
tween successive hops of individual charge carriers, only theonductance and capacitance, taken, respectivelyGas
fastest carriers determine the response time. The thicknessRe(Y) andC=Im(Y/w) after correction for a contact re-
dependence of the derived “mobility” stems from the slow- sistance R,~10 ), exhibit a pronounced frequency de-
ing down of the injected carriers. For sufficiently thick pendence, in contrast to the assumption & @-circuit de-
samples (~1 um) the mobility derived from TOF be- scription. The respective capacitance traces are off-set by 0.5
comesL independent and agrees well with Ed).”® nF for clarity. The solid lines represent fits to a space-charge-

Impedance spectroscopy is a powerful technique to invedimited current (SCLCO model for the ac response. The
tigate charge transport kinetics and relaxation processes iN,;,=0 V ac response is characteristic for that of a disor-
volved in solid state device$.In the present study the com- dered insulator. The slow decrease®nd strong increase
plex admittanceY=i,./v,. Of hole-only PPV devices is of G with frequency reflect the relaxation of permanent di-
examined as a function of frequenéy w/27r, bias voltage poles present in the material. The disordered nature of the
Vypias, temperaturel, and polymer thicknesk. Previous ac  polymer material gives rise to a distribution of dipolar relax-
studies performed on PLED’s have been analyzed in terms aftion times; the dielectric repsonse can be accurately de-
equivalentR C-circuit models representing bulk and contact scribed by the empirical Cole-Cole equatibn
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with p(x,t) the time dependent local hole density anthe

dielectric constant of the polymer. The mobility is taken

time dependent; this is a result of the dispersive transport as

discussed below Ed4). An ideal (Ohmig injecting contact

is modeled by the boundary conditi&{0,t) =0. In the case

of a field-independent mobility the steady-state solution of

the above equations is given by the famous Mott-Gurny

square law,)=9/8e u4V2/L3. The steady-state and time de-

- A " pendent contributions are separated by introdudi{g,t)

10' 10° 10° 10 10° 10° 10" 10° 10° 10* 10° 10° =Eqdx)+e(x,t), p(x,t)=pqX)+eo(x,t) and J(t)=Jg4
Frequency [Hz] Frequency [Hz] +j(x,t). For small time-dependent signals the resulting

equations may be linearized, giving

FIG. 1. (a) Frequency dependent conducta@end(b) capaci-
tanceC as function of applied bias voltage of a Au/PPV/Cu device; de(x,t) de(x,t)
the respective capacitance traces are off-set by 0.5 nF for clarity. qu(t)pge(X,t) +eu(t)Eqye X e T
The drawn lines are fits to a SCLC model incorporating the transit ®)
time dispersion. The dashed line shows the result when this disper-
sion is omitted. Three contributions tg(t) can be identified. The first term
on the left-hand side of E¢3) describes the response of the
e(w) £ Ex “background” charge density in the device. The second
oo T TH(lorg TP (2)  term gives the current due to the additional time-dependent
0 0 injected charge-carrier density, the last contribution stems
The data &80 V shown in Fig. 1 are directly fitted to E¢qg) ~ from the dielectric displacement. After Fourier-transforming,
giving e.=2.11, £..—1.88, 7,=8.6 us, and3=0.60. Ap- the above equation can be solved analytically in the case of
plication of a bias voltage leads to a measurale con- field-independent mobility and the complex admittancé

ductance and a decrease of the capacitance at low frequefiac/Vac IS Obtained as
cies, see Fig. 1. Apparently, at low frequencies, a negative

3
contribution to the device capacitance appears. The charac-y()= eA _ : ~Q _ ,
teristic frequency at which this contribution disappears, Tk 2iu(Q)[1—e ¥ N4+ 2(0) Q-1 02
shifts to higher values with increasing bias voltage. The dis- 4

appearance of the negative contributiorCtoorresponds to a
small depression o6 followed by a strong increase with =~ ~ )
increasing frequency. bility ,u(Q)z,us(Q)/,udc. For Q<1, we obt{;un G
In a SCLC devicev .. probes the existing space charge in ~ 9¢#acVA/(4L7) (=9J/9V) and C=3eA/(4L), indeed
the device and injects new carriers. The time scale for thfSS than the geometrical capacitaeeg/L. Note that at low
build up of additional space-charge is given by the transit? the inductive contribution is independent ef. At O
time 7, of injected carriers. At frequencies< ; * the extra > 1» C becomessA/L. , , ,
carriers lead to an additional current, which lags behind th% In the sense _Of SM theory, d|sp_ers_|ve _transport 1S modeled
ac stimulus. Sinc& =i,/v,, the phase olf decreases re- yi?lrla?lgebralcally decaying _cﬁstnbuﬂon functioi (t)
sulting in an apparently inductivnegative contribution to ~ *! (0<a<1), for the waiting time t_)_etweeg succes-
the capacitance. At high frequencies, the period of the ap2'V® hops’ At short times, the average positigh«t* of an
plied ac field is too short to redistribute the space-charge iffiected charge-carrier packet is sublinear in time; the mobil-
the device. Consequently, the inductive contribution to thdty #>d(!)/dt decreases with time. At long times, when the
admittance disappears and the measured capacitance eq riers have attained _equnlbrlum, the drlf'g velocity is gov-
the geometrical valueC=sA/L. Due to disorder, the transit €M€d bYuqe The slowing down of the carriers corresponds
times of individual carriers in PPV are strongly disper&ed. {0 @ frequency-dependent mobility of the fdttn
As the finite transit time of injected carriers gives rise to an ~ Cla
inductive contribution to the admittance, the distribution of w( Q)= p(Q) pge=1+M(IQ)"4, ®)
transi_t times will be reflecteq in the frequency dependentyith M a proportionality constant. Using Eqe), (4), and
electrical response of the device. . (5), the admittance data can be fitted, see the dashed lines in
In order to describe the ac response of a biased PLED Wejg, 1. Both at low and highw the fit is in good agreement
resort to the basic equations for time dependent injection ofyith the data, however fow~ 7, * a large discrepancy re-

with the normalized frequend = w7;, and normalized mo-

space-charge-limited currett: mains. Although the qualitative behavior is reproduced, the
E(xD) fit gives an inductive contribution t€ with too sharp onset
JE(X, and too large value. The reason is that dispersive transport
+ = " .
A Dr(OEXD+e ot I, not only causes a time dependeut but also results in a

broad distribution of transit times of individual carriérthat
and will “smear out” the inductive contribution arounds
~r(1. The transit time distributiorP(7;), which must be
taken into account, is related t(t). To our knowledge no
tractable relation between these two functions is available

JE(X,1) B
ax

(elq) p(x,t)
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FIG. 2. (a) Normalized capacitanc€/C,, of Au/PPV/Cu de- E" [(V/um)*?]

vices as a function of the polymer layer thickness fitted to the SCLC
model.(b) Derived “mobility” of the fastest holesu;, as a func-
tion of E/L. The drawn line represents the SM scaling law
o (E/L) A=« with a=0.45.

study withR;=CHz; andR,=C;gHo; .

yet, which leads us to make the following simplification. The
underlying mechanism of dispersive transport is the expo-
nential dependence of the hopping probabilityn hopping
distance and hopping ener&y° As a result not only[", but

FIG. 3. Derived mobilities of several Au/PPV/A®pen sym-
bols) and Au/PPV/Cuclosed symbolsdevices with different thick-
nessL as a function oEY2 The inset shows the PPV used in this

In Fig. 3 the derived room temperature average mobilities
of several Au/PPV/Au(180, 250, and 330 nmand Au/
PPV/Cu(145, 200, and 300 njrdevices are shown. Clearly,

also the mobility and transit times of the carriers will expe-the obtained mobilities are independent of the material used
rience a broad distribution. A simple distribution function for the cathode and and thus represent a genuine material

which takes this behavior into account iB[In(7)]
=1[In(n)—In(7x)]=1MW for n=m=<m, and P[In(r)]=0

elsewhere. Here, corresponds to the transit of the fastestSIVe transport.

carriers, while in the sense of SM theory—, due to the
finite probability of a carrier to encounter a transport site
with an infinitely long waiting time. In reality,
carriers can transit the device anglis finite. Since for high
and low frequencie€(w) is independent of, the disper-
sion in 7, only affects the behavior in the range
~7, =7, 1. IncorporatingP[In(7)] in the analysis allows
an accurate fit of the ac response of the devi¢dgom the
fitting procedure we now obtain three transport parameteré{
the “mobility” of the fastest carriergs;, the average mobil- <
ity uqc, and the dispersion parameter From the fits shown
in Fig. 1 a~0.5 at allV,;,s is obtained.

Figure 2a) displays the normalized capacitancéC,, as
a function of the thicknest of the polymer layer, in all
cases the applied field/L~15 V/um. Upon increasind-
the negative contribution t&€ becomes more pronounced,
reflecting that for thicker devices thg distribution (~W)
narrows. This demonstrates the relaxation of the dispersive
transport towards equilibrium. For short transit times, when
carriers have only made few hops, a broad distribution of
charge carrier velocities exists. For long, i.e., after many
hopping events, on average all carriers drift at velocity
Eurq.. ConsequentlyWW decreases with. Figure Zb) shows
the derived mobility of the fastest holes verdtd . Fitting
to the SM scaling lawu; (E/L)~ 9@ gives an indepen-
dent estimate ofvr=0.45+0.05. The agreement between the
a values determined from tHe/L andw response with each
other and with the results of Ref. 5, support the validity of
the simplified expression foP(7;). The average mobility
derived from the data in Fig.(8) is 2x 10" 1° m?/Vs, inde-
pendent ol.. Extrapolating the. dependence gk;, at room

ields

parameter. The independenceloproves that the dc mobil-
ity indeed corresponds to tleeveragebehavior of the disper-

From theT dependence of (not shown it follows that
with lowering T the strength of the inductive contribution to
all injected C strongly decreases, corresponding to a broadening of the
transit time dispersion. Such behavior is in agreement with
numerical simulationé? and reflects the growing influence
of disorder at low temperatures. The resulting hole mobilities
Mae and us are plotted in Fig. 4 for a device witth
=200 nm. A simultaneous fit of the,. data to Eq.(1)
A=0.45 eV, wuo=8.0x10"* m?/Vs,
10°°% eV(m/V)¥2, and T,=500 K, in good agreement
with dc experiment§. The mobility of the fastest holes is
fitted to the SM scaling law

B=3.0

e[ (EYL]E™ ' ex — At/ (kgT)],

10°®

10°

315K a7
e 298K -
1 Oowere 285K O]

E [V/pm]

30

FIG. 4. Averagedc) hole mobilities(closed symbolsand mo-
bility of the fastest holegsopen symbolsas a function of electric

temperature around~800 nm a crossover from dispersive field and temperature of a Au/PPV/Au device with=200 nm.
to nondispersive transport is expected, as was indeed olFhe drawn lines are a simultaneous fit of flag, data to Eq(1), the

served in Ref. 9.

dashed lines represent a fit @t to the SM scaling lawsee text
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using the empirical expressioi{E)=sinHeER (2kgT)]>, (Hz—MH2) in conventional semiconductorgwhere u
with @=0.5, A;=0.24 eV andR=3 nm. R can be inter- ~10° cm?/Vs), device dimensions must be of the order of
preted as the length scale above which structural disordedm’s or more; in practice, commdRC models suffice. -
appears homogeneous. Sinke<A, the “fastest” carriers In summary, we have shown that the transit of injected

move along a path which circumvents the higher potentiaFamerS leads to an inductive contribution to the device ad-

barriers, but with more structural disorder as is apparent frona:'ttta{r‘]ce' l;rom t?e spech frer(]quen(t:y _depc)jegdetrr]]cecl_t follows
the strongeE dependence. at the charge transport is characterized by the dispersion

The effects of finite transit times are not only relevant forparargetteramo.g.hTh(?[hobtalneld %erzge m(;)b'“ty corre-
PPV-LED’s, but also for devices of other low mobility ma- sponds tougc and has the usual expk) dependence.

terials like most polymers, organic conductors, ionic conduc- vgjuable discussions with J.A. Reedijk, O. Hilt, and
tors and amorphous semiconductors. To havg'  M.C.J.M. Vissenberg are gratefully acknowledged. This
~ ugV/L? within the range of impedance spectroscopywork was financially supported by Stichting FOM.
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