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Analysis of the turn-off dynamics in polymer light-emitting diodes
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We present experimental techniques to analyze the electroluminesc&hgeof polymer
light-emitting diodes following the removal of an applied voltage pulse. We explain the fast
modulation of the EL intensity at turn-off in terms of the sudden reduction of the Langevin
recombination rate, and extract the time evolution the device’s internal electric field at the
recombination zone during the application of a voltage pulse. The results are compared to, and
found to be consistent with, those of simple numerical modeling. The subsequent long-lived EL tail
is analyzed to give the time evolution of the carrier distributions at the recombination zone once the
voltage pulse has been removed. 2000 American Institute of Physics.
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Excitation of polymer light-emitting diode@.EDs) us- t(—Vp) =RCIN{V,0/ (Vp)}, (1)
ing electrical pulses has been used by several authors to
; ; 1-10
e e 00 10 OIS i O WA e Galoated(~Vo) 0.7, 02, and 0.C
P P ' prop for Vapp=4, 10, and 40 V, respectively. We, therefore, con-

related the turr_1-_0n characteristics of the EL tq the field- clude that the charging of the device includes charge injec-
dependent moblllty- of holes and electrons. In trh|s letter, W&ion into the bulk of the LED.
analyze the behavior of the EL after “wrn-off{i.e., once Once injection begins, the hole carrier packet propagates
the voltage ha_s been remoyed ) towards a quasistationary sheet of electrons at the caffrode
We describe two LED structures: device ATO/ most organic materialsi(,<u;,) (Ref. 6]. EL turn-on oc-
PEDOT:P,SS(S,O nm)/PP_V copolymer(75 nm/Ca), as Was  cyrs at timet=t4 (see Fig. 1 insgtwhen the leading edge of
characterized in Ref. 6 in terms of EL turn-on, and device Bye 1ole packet reaches the electrons confined close to the
[ITO/PPV (220 nm/Ag]. PEDOT:PSS stands for doped q4ihade. The EL then rises rapidly for a further titae(see
polyethylene dioxythiophene/polystyrene sulphone®efs. g 1 inset as the main body of the hole packet arrives at
11 and 12 and PPV for polyp-phenylenevinylene Further  {he cathode. See Ref. 6 for details of the methodology used
experimental details may be found in Refs. 6 and 9. to determinety andt;. On a longer time scale, electrons

The behavior of the LED after turn-off is dependent onpropagate into the device, resulting in a slower rise in the
the density distributions of electrons and holesand p, g

respectively, and on the internal electric fielg,, remaining
inside the device. In a previous publicatidt’ we presented
details of a numerical model used to simulate the transient
response of LEDs to voltage pulses. Figure 1 shows the nu-
merically simulated internal electric field for several differ-
ent times, as a function of distance from the cathofier a
device of thickness=100 nm in response to 1&s pulses of
applied voltageV,,,=7 V. The inset of Fig. 1 shows the
calculated transient EL intensity. Before the pulse applica-
tion (t<0), the electric field in the bulk of the polymer is
largely determined by the built-in fiel,;=Vy,;i/l, whereVy,
is the built-in voltage[~—1.9 V for device A(Ref. 10].
Upon application of the voltage pulsetat 0, the polymer— 05
electrode interfaces become charged within R@time of
the experimental setufhere,RC~1-10 n3. Significant in-
jection of charge into the bulk of the device, however, does
not commence until flatband conditions have been achievedG. 1. Calculated electric-field distribution for five different points in time:
within the device, i.e., unt¥V/, gp+ V=0, whereV, gp is the (1) t<0 (dashed ling before the applied puls¢?) t=0 (dotted ling just
voltage at the LED. Assuming a simple serRsnd C cir- f‘rﬂter the applied pulse and before the buildup of space chaByd:= 1

. . . " , (open upside-down trianglesnce the holes have propagated through
cuit, the time taken to achieve the flatband condition,ihe structurei4) t=tgs (unbroken ling at quasisteady state where space

t=t(—Vy), is given by charge is due to both electrons and holes; &)dt=to+1 ns (open

circles just after voltage is turned off. The inset shows the simulated re-

sponse of the EL intensity for a PPV-like devitgmilar to device A to a

dCurrent address: EE Dept. Technion, Haifa 32000, Israel; electronic mailsquare voltage pulse/(p=7 V, w=10 us). The assumptions used for this
nir@ee.technion.ac.il simulation can be found in Ref. 6.
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. The space ch_arge that builds_up_throggh_out the charge > holes __T_"__ electrons | 100%
injection process induces an electric-field distributiogy(z) ‘@ _ ['dominate dominate 175 %
such thatF (z) = Fappt Frit Fsd(2), where F app=Vap/1, £3 e 1s &
Fpi=Vi/l, andF;,(2) is the toFaI internal electric field. We 3 /7\ s =)
see fromF;(2) att=ty+t; (Fig. 1) that the space charge w t=tot, 1o ot
reduces the electric field near the contacts and increase the T 06 — + + w
electric field in the bulk of the device. The recombination S 05l oo
zone was found to be located approximately at the position < 04 Y R 10_3 ]

of the electric-field maximurfij.e., close to the cathode. The Sosf ™ " d“: |

EL for t>t4+1, is dominated by the slower migration of the ool 10 |
electron packet into the device until the electron’s density 2 0.1 } Fsc(zrz) o --.0__0_00_0010'5 25 50
distribution reaches steady statet attgg. The maximum in 3 0 : . Time, ' (us)
Fin(z) att=tgg, having both moved further away from the W07 108 105 104 100

cathode and reduced in magnitude, shows how the additional Time, t (s)

electrons further screen the electric field close to the c:athod('e:.IG 5 Plot of the i ! and o duced electic field
- . 2. Plot of the internal and space-charge-induced electric fields as a
Uponngtemovgl of the gpplled V,0|tage &t lopr, both function of pulse application timecalculated for device A from the ratio of
experimentand simulatior(inset of Fig. 2 show that the EL  he EL before and immediately after voltage turn-off. Also shown is the
undergoes a fast modulation to a small but nonzero valueansient EL of device A in response & 5 V step voltage showing how the

followed by a long-lived EL tail. To analyze this further, we maximum in the calculated space-charge-induced field coincides with the
time at which there exists the greatest imbalance between the number of

W“_te down th_e expresswn fdrT’ the total Langevin exci- holes and electrons in the device. The inset shows théoBla logarithmic
tation generation in the device, scalé after the removal ba 5 V 200 us pulse.

| |

LT:AJ L(Z)dZZAJ Buer(z)n(z)p(z)dz, (2)  wheret’ =t—topr. Equation(4) can be used to calculated

0 0 Fsdzrz), the value of the space-charge-induced electric
field at the position of the recombination zone. By doing this
for pulses of different widths, we may determine the time
evolution of the space-charge-induced electric field at the
position of the recombination zone as a function of time
ffluring the applied pulse. The inset of Fig. 2 shows the EL
response at turn-off for device A in response to 2805 V

be approximated t& (zry) AZg,A, Wherez=zg, is the posi- pulses as a func_tion qf. The value of EL {' = 6t') is taken
as the point of inflexion on the downward slope of the EL

tion of the center of the recombination zone. The large mis o F - _ )
match between the hole and electron mobilities also implie&ftert’=0. (Note that in practicét’>1 ns due to the reso-

that pe~pun, Where wp, is field dependent through the Iutio? of th,e systerh Figure 2 shows the ratio EL{(
equatiort® =6t")/EL(t'=0) and the calculated values Bk zgz,t),

Fappt Foi» andFin(zgz,t) as a function of time (nott’).
A Also shown is the measured EL response of device Ato a5
ﬂh(z):Mh,oeXP( - k_T) exp(y| VFind2)]), (3)  V step voltage to illustrate the correlation between the cal-
culated electric fields and the measured EL. At this relatively
whereuy, o is a constant is the activation energy is the low applied biasksc(zr7) is found to be in the same direc-
Boltzmann constant,T is the temperature,y=b(1kT tion as the applied fieldas predicted in Fig.)land it rises

—1kT,), andb and T, are material constants. For the ITo/ fom 0 MV/cm att=0 to a maximum value 0#~0.13

PEDOT/PPV copolymer/Ca device used in this work, weMV/cm at t~tq+t; (~5 us), after which it decreases to
previously measurédy= 1.0x 102 (cm/V)“2 at room tem- attain a steady-state value €0.09 MV/cm. This behavior is

perature. consistent with the simulation model, which shows that the
The fast EL modulation has previously been sh#to peak value of the electric field reaches a maximum value at
result from the instantaneous reduction of the internal field = ta+ 1 before attaining a steady-state valseeF sd(zr)
from Fip(2) =F apgt Foit Fs(2) t0 Fin(2) =F i+ Fedz) at N Fig- 1]. Comparing this with the measured EL, we see that
t=torr and, therefore, also to the Langevin recombinationN® maximum inFs(zgz) occurs as the EL response
rate(and EL). Computer simulatiofd®indicate that the time changes from being dominated by hole to electron transport,
for this EL modulation is determined by the singlet decayi'e" the time at which there is the greatest difference between
time (~1 n9, after which time the carrier density distribu- the densities o_f_ holes a_m_d electrons in the device.tPdr
tions n andp are effectively unchanged, as was experimen-“l’ the additionally injected electrons then reduce the

tally verified in Ref. 10. Combining this point with Eqg) ~ Value 0fFsd(zr2). . _
and (3), the ratio of the EL immediately before and after ~ 1he amount of space charge in the device may also be
turn-off is given by controlled by applying pulses of identical widths but differ-
ent voltages. Figure 3 shows the turn-off behavior of the EL
P n LE)12 of device B(ITO/PPV/Ag to 700 ns pulses of applied volt-
ELU"=0) _ expy(|Fappt FsdZra) * Fui) (4)  ages 30, 35, and 40 V. The inset of Fig. 3 shows both the

== - 12 ; —
EL(t'=1 n9 expy(|FsdZrz) + Fuil) values of Fg{zg,) [calculated using y=6x103
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whereA is the area of the LEDL.(2) is the Langevin exci-
tation generation rate per unit volume at distamdsom the
cathodeB is a constant, ang . is the effective mobility of
the electrons and holes. Since numerical simulafithef
device A show that the spatial extent of the recombinatio
zoneAzg,, is very small with respect th L1 in Eq. (2) may
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10" . — . lombic attraction between holes and electrons due to the
§ 600 greater electron densities present at higher voltages. In other
Do >03 F ds, the residence time of the charges seems not to be due
3 107 =3 . 4003 Worgs, e : 9 .
S eoa % f[o extr|nS|c.traps in the polymer but rathe_r to the low mobil-
S s L 200 ity, at low fields, and the Coulomb attraction between oppo-
§ 10 W 30 35 40 il sitely charged carriers.
= Vaps (V) In summary, we have presented methods of investigating
m 10* H . the carrier dynamics in polymer LEDs after the removal of
an electrical pulse, the results of which are in agreement with
10° i ] our numerical modéi'° We have shown how the fast modu-

500 0 500 1000 1500 lation of_ the EL may b_e a_malyzed to tlm_e_ resolve the space-
Time, f (ns) charge-induced electric field at the position of the recombi-
nation zone. This method may be contrasted with

FIG. 3. EL intensity on a logarithmic scale for device B in response to 700electroabsorption techniques, which yield average values of
ns pulses of 30 Mdotted ling, 35 V (unbroken ling, and 40 V(open  ha glectric field, and which are hard to interpret in the pres-
diamonds. t'=0 corresponds to the time at which the voltage pulse was fch We h | h h he | lived EL
removed. The inset shows the space-charge-induced electric field at theer?ce Of charges. Ve "fwe also s an OV\{t e_ OI’.Ig- 'Ye

position of the recombination zone immediately after turn-off calculatedtail can be used to monitor the carrier density distributions as

from the transient data, as a function of the applied voltage. Also shown i function of time after turn-off.
the time constant associated with the Efand charge distributiondecay.
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