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Transient electroluminescence of polymer light emitting diodes
using electrical pulses

D. J. Pinner, R. H. Friend, and N. Tesslera)

Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 14 May 1999; accepted for publication 3 August 1999!

Detailed experimental and theoretical analysis of the pulsed excitation of polymer light emitting
diodes is presented. We find a set of universal transient features for a variety of device
configurations~different polymers/cathodes! which can be reproduced using our phenomenological
numerical model. We find that the temporal evolution of the electroluminescence in response to a
step voltage pulse is characterized by:~i! a delay followed by;~ii ! a fast initial rise at turn-on
followed by; ~iii ! a slow rise~slower by at least one order of magnitude!. The large mobility
mismatch between holes and electrons in conjugated polymers allows us to separately time resolve
the motion of holes and electrons. We suggest a method for extracting mobility values that takes into
account the possible field-induced broadening of carrier fronts, and which is found to be compatible
with mobilities determined from constant wave measurements. By using appropriate device
configurations it is possible to determine the mobilities of both holes and electrons from a single
device. Mobilities for holes and electrons are extracted for a poly~p-phenylenevinylene! copolymer
and poly~di-octyl fluorene!. © 1999 American Institute of Physics.@S0021-8979~99!07621-5#
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I. INTRODUCTION

The pulsed electrical excitation of polymer light emittin
diodes~LEDs! has been widely reported upon1–10since mea-
surements of transient electroluminescence~EL! provide in-
formation on charge transport processes in the device. S
duration, low duty-cycle electrical pulses minimize the Jo
heating effects6–11 often associated with device failure i
constant wave~CW! conditions, and allow access to high
field regimes (.107 V cm21).6,7 The high peak brightnesse
(5 – 203106 cd m22),12 peak current densities~kA cm22!,7,13

and fast EL modulation achieved under pulsed operation
show promise for the future realization of polymer laser
odes and multiplexed displays.

There is, however, a need for systematic experime
studies using electrical pulses due to the complicated in
play of injection, space charge build up, charge transp
recombination, and extrinsic heating effects in the dev
Moreover, mobility values obtained using pulsed measu
ments have been found inconsistent with the interpretatio
CW current density–voltage (J–V) measurements and/o
time of flight ~TOF! techniques.9 In this article we examine
the experimental procedure for time-resolved pulsed m
surements of LEDs and compare it to CW operation. Usin
phenomenological model we provide a framework for t
interpretation of pulsed data. Our method relies on sev
features of the transient EL, which we find to be general t
wide variety of systems~single, double layer devices, differ
ent polymers, and different cathodes!. In particular, we find
two distinct components in the EL turn-on, after the applic
tion of a step voltage, which we attribute to the motion
different charge carriers species~electrons and holes!. The

a!Present address: EE Dept., Technion, Haifa 32000, Israel; electronic
nir@ee.technion.ac.il
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time-resolved method is used to determine both the hole
bility, mh , and the electron mobility,me , for two different
polymers as a function of the applied voltage.

II. EXPERIMENT

A. Device fabrication

The LEDs investigated were fabricated on indium
oxide ~ITO! coated glass substrates as the hole-inject
electrode. The ITO substrates were metallized with 100-n
thick aluminum strips~covered with an insulating layer o
aluminum oxide! to reduce the resistance of the ITO she
between the pulse generator and the active area, as rep
in Ref. 13, and plasma etched to improve hole injection14

The active area of the diodes was 1 mm2 and the residual
resistance was less than 3V. The polymers used in the de
vices were: doped polyethylene dioxythiophene/polystyre
sulphonate~PEDOT:PSS!15,16 ~used as an anode layer!;
poly~p-phenylenevinylene! ~PPV!; a copolymer of PPV con-
sisting of conjugated PPV segments and nonconjuga
acetylene-p-xylylene units~PPV copolymer!13,15~see Fig. 3!,
and poly~di-octyl fluorene! ~PFO! ~see Fig. 8!. The PFO had
a molecular weight,Mw , of ;90 000 and was prepared as
1.6% weight per volume of solution in mixed xylenes.

The five LEDs structures investigated were: device
@ITO/PPV ~220 nm!/Ag#; device B@ITO/PPV ~220 nm!/Au#;
device C @ITO/PEDOT:PSS~50 nm!/PPV copolymer~75
nm!/Ca#; device D @ITO/PFO ~100 nm!/Ca#; and device E
@ITO/PEDOT:PSS~50 nm!/PFO ~75 nm!/Ca# ~see Table I!.
For devices C and E the water-soluble PEDOT:PSS la
was spun in air and baked in nitrogen at 200 °C for 1 h.
further fabrication processes~spin casting, thermal conver
sion, contact evaporation! were performed in a nitrogen
glove box. The remaining devices were fabricated entirely
the nitrogen glove box. The fabrication procedure of the
vices was consistent with devices that have previou
il:
6 © 1999 American Institute of Physics

AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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TABLE I. Summary of the injection characteristics of devices A–E and of the specific design purposes
devices.

Device Device structure
De

~eV!
DhMAX

~eV!

Electron-
injection
limited?

Hole-
injection
limited? Design purpose

A ITO/PPV/Ag ;1.8 ;0.3 Yes No ~1! Transient EL features in
electron-injection-
limited system

B ITO/PPV/Au ;2.4 ;0.3 Yes No ~1! Low voltageJ–V ~;flat
band atV50 V!

C ITO/PPV
copolymer/Ca

;0.2 ;0.2 No No ~1! CW vs pulsedJ–V
~current heating effects!
~2! Extractingmh ~& me at
low V!

D ITO/PFO/Ca ;0.1 ;1.0 No Yes ~1! Transient EL features in
hole-injection-limited
system
~2! Extractingme & mh

E ITO/PEDOT:PSS/
PFO/Ca

;0.1 ;0.9 No Yes ~1! Charge storage effects of
PEDOT:PSS layer
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shown good performances. For example, structures simila
device C, using the PPV copolymer, have previously p
duced peak brightnesses of 5 – 203106 cd m22.7,12,13

The PPV films were prepared by thermal conversion
the spun precursor polymer film in a dynamic vacuum
1025 mbar with an inert base atmosphere. Seve
authors17–19have addressed the problem of PPV doping fr
the ITO during thermal conversion. To minimize this effe
the PPV was converted by ramping up the tempera
slowly ~1 °C min21! from room temperature to 250 °C. Th
temperature of 250 °C was then maintained for 10 h bef
allowing the sample to cool under vacuum. The slow ra
rate serves both to reduce the interaction effects of trap
chlorine with the ITO and to improve conversion uniformi
throughout the film. The PPV copolymer was prepared vi
similar precursor polymer route using a conversion tempe
ture of 200 °C for 4 h.13 It has been shown20 that PPV can be
chemically doped by PEDOT:PSS when converted on top
the PEDOT:PSS layer from the PPV precursor. For t
work, however, the PEDOT:PSS was used in conjunct
with a different PPV~requiring different conversion condi
tions!, and no evidence of chemical doping was found dur
device testing.

Figure 1 shows the current density,J, plotted versus the
applied voltage,V, on a double logarithmic scale for devic
B @ITO/PPV ~220 nm!/Au# for voltages from 0.01 to 2 V.
We can clearly identify two types of current-density beha
ior from the plot, namely:~i! ohmic,J}V, for V,0.4 V and
~ii ! space charge limited current~SCLC!, J}V2 for 0.4 V
,V,2 V. The equations defining ohmic and SCLC beha
ior, respectively, are

Johmic5n0qmeff

V

L
~1!

JSCLC5
9

8
e re0meff

V2

L3 , ~2!

wheren0 is the extrinsic carrier density~i.e., the density of
noninjected charge present in the PPV film!, q is the elec-
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tronic charge,meff is the effective mobility21 which for mh

@me reduces tomeff>mh , L is the device thickness,e0 is the
permitivity of free space, ande r is the relative permitivity of
the polymer. Assuming that the ohmic and SCLC descr
tions are valid for this system, these equations may then
used to calculaten0 and meff from the current-density,JV ,
and the voltage,VV , at the crossover from ohmic to SCLC
behavior~see Fig. 1!. These are measured here by the int
section of the first and second gradients fitted to the low
and higher voltage regimes respectively, as shown in Fig
~The V2 regime has previously been shown to extend
higher voltages before the field dependent mobility start
significantly influenceJ!.22 Neglecting the built-in voltage,
Vbi , between ITO and gold, and using Fig. 1 we find th
VV50.4 V. Since for most organic materials the hole mob
ity, mh , is found to be much greater than the electron m
bility, me , we may assume thatmeff>mh(mh@me), Eqs. ~1!
and~2!, allow us to calculate the hole mobility for the poly
mer ~this assumption is justified later in the article!. In this
manner~and assuminge r53 for PPV! we estimate the den
sity of extrinsic charge,n0 , in the PPV film of device B

FIG. 1. Current density as a function of the applied voltage for device
@ITO/PPV ~200 nm/Au# for the voltage range 0.01–2 V.JV andVV are the
current density and voltage~respectively! at the crossover from ohmic
(J}V) to SCLC (J}V2) behavior.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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upon completion of all processing steps to be;1.4
31015cm23, and the hole mobility, mh , to be ;2
31027 cm2 V21 s21 for electric fields in the range betwee
500 V cm21 and 0.1 MV cm21.

A similar procedure can be performed from theJ–V
curve ~not shown! for device A @ITO/PPV ~220 nm!/Ag#
from which we calculaten0;431014cm23 and mh;1.4
31026 cm22 V21 s21, these values being approximate
three times smaller and seven times bigger than thos
device B, respectively. It is likely that these differences
an indication of the errors in eitherVbi or VV , rather than of
the different systems’ individual properties. We may the
fore conclude that for our PPV LEDs we haven0

,1015cm23 and mh;1027– 1026 cm2 V21 s21. These lev-
els of background charge are one to two orders of magnit
lower than those values quoted in the literature for therm
converted PPV on ITO.1,18 Moreover, in a device structur
such as ITO/PPV/Au, the bands are almost flat at zero b
Equilibrium between the contacts and the polymer will res
in charge diffusion into the polymer and an apparent dop
effect. Assuming a density of states of 1021cm23 the charge
concentrations at the interface for metal/polymer inject
barriers ~Df! of 0.2 and 0.3 eV are @P051021

3exp(2Df/KT)#;1017 and 1016cm23, respectively. This
suggests that 1015cm23 is probably an upper limit for chemi
cal doping. We attribute these low background charge lev
to both the device fabrication technique and the careful s
thesis of the PPV precursor.

B. Electrical excitation of LEDs

The LEDs were electrically excited by means of a hom
made pulse generator with a 10 ns rise time and opera
frequencies from 10 mHz to 100 kHz. Unless explicit
stated the repeat frequency used was 1 Hz. The voltage
across the LED was measured with a voltage probe~;10 ns
rise time! and the current was monitored with an inducti
current probe23 ~;5 ns rise time!. The temporal evolution of
the light output was measured using a photomultiplier tu
~PMT! with a 50 ns delay time and a 15 ns rise time. T
overall response time of the system is 15–20 ns. Volta
current, and light signals were measured using a Hew
Packard 400 MHz bandwidth digitizing oscilloscope~HP
54502A!. CW current voltage characteristics were measu
using the Keithley 230 and Keithley 195, respectively.

C. Device design

Figure 2 shows a schematic of the band diagrams for
five devices investigated, showing the relevant levels for
injection and transport of carriers. The values for the high
occupied molecular orbital~HOMO! and the lowest unoccu
pied molecular orbital~LUMO! were estimated from cyclic
voltametry measurements, Kelvin probe measurements,
from the literature.24 The metal workfunctions,wm , are
from25 and the workfunction of plasma etched ITO,w ITO , is
from Ref. 14. The barrier to electron injection,De , and the
largest barrier to hole injection,DhMAX , ~between the etched
ITO and the emitter interface! are annotated on the ban
diagram for device A, and listed for all five devices in Tab
Downloaded 01 Jan 2001  to 132.68.48.7.  Redistribution subject to 
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I. It should be noted that the interaction between the polym
and the electrodes may result in smaller barrier heights
electron injection and larger values for hole injection th
quoted here.26–28 However, the analysis presented later do
not depend on these values being accurate.

It has been postulated that the current density is injec
limited if the injection barrier is larger than 0.3–0.4 eV.29,30

Using this criterion devices A and B are electron-injecti
limited, device C is neither electron nor hole-injection lim
ited, and devices D and E are hole-injection limited. Tabl
also shows how the different properties of the polymers a
electrodes were used to design devices for specific purpo
In particular, the device designs make use of the differ
combinations ofDe and Dh MAX to facilitate or inhibit the
injection of particular carriers.

Since for most organic materialsmh@me , it is generally
considered that in structures such as these five devices
holes will be transported faster than electrons under an
plied electric field once they have been successfully injec
For devices that are not hole-injection limited~devices A, B,
and C! the average hole density will be much greater than
electron density, such that hole transport dominates theJ–V
characteristics. In this case the recombination zone is
tially located close to the cathode. For cases where the
vice is hole-injection limited but not electron-injection lim
ited ~devices D and E!, the average electron density will b
much greater than the average hole density, but the elec
mobility remains much smaller than the hole mobility. Th
combination of these mismatches makes the carrier dynam
of the hole-injection limited device more complicated th
that of the electron injection limited device.

We will later use device C, which is neither hole- n
electron-injection limited, to measure the hole mobility~and
the electron mobility in the low field regime! of the PPV
copolymer. The high current densities achieved in device
preclude us from extracting the electron mobility in the hi
field regime due to heating effects. Similarly, device D~hole-
injection limited! will be used to measure both the electro
and hole mobility of PFO. The low light levels produce
from the highly electron-injection-limited devices A and B
however, make these devices unsuitable for hole mob
determination, as the voltages required to produce mea
able light are so large as to make the EL response time r

FIG. 2. Schematic representation of the band diagrams for devices A
Shown relative to the vacuum level for device A are the work function
ITO, f ITO , the work function of the metal cathode,fm , the HOMO of the
polymer, the LUMO of the polymer, the maximum energy barrier to ho
injection between the ITO and the emitting polymer,DhMAX and the energy
barrier to electron injection,Dc . The values for the injection energy barrie
are listed in Table I.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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lution limited. As discussed earlier, device B was designed
obtain reliable low voltageJ–V characteristics by virtue o
its low built-in voltage. Finally, device F was designed
investigate the effect of the inclusion of the PEDOT:P
anode layer on the charge storage effects of the ITO/PFO
system.

D. Current heating effects

1. CW versus pulsed J – V characteristics

At the low voltages and current densities shown in F
1, the effects of heating due to the dissipated power in
device are negligible. This may no longer hold at high vo

FIG. 3. Current density as a function of the applied voltage minus
built-in voltage for device C@ITO/PEDOT ~50 nm!/PPV copolymer~75
nm!/Ca# in both CW ~filled diamonds! and pulsed~empty squares! modes.
The inset shows detail of the region where the CW and pulsed mode cu
densities diverge. The structure of the PPV copolymer is also shown.
Downloaded 01 Jan 2001  to 132.68.48.7.  Redistribution subject to 
o

a

.
e

-

ages when the current densities become much larger.
measurements therefore have the inherent problem tha
device temperature increases even whilst the voltage is
constant during a typical CWJ–V measurement because
Joule heating.6 It is known that for a given voltage, the cur
rent increases with increasing temperature~attributed to en-
hanced thermally assisted hopping!.22,31–37 Figure 3 shows
the current density as a function of the applied voltage mi
the built-in voltage (V2Vbi) for device C in both CW and
pulsed mode. A 10 Hz repetition frequency was used for
pulsed measurements and the current densities were
from the quasisteady-state region of the pulse. We see th

e
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FIG. 4. Numerical simulation of the current density as a function of volta
for a 1 mm2 device in the CW drive scheme by taking into considerati
current-induced heating effects. The full line is calculated forRT50 K/W,
the dashed-dotted line forRT5160 K/W, and the dashed line forRT

51600 K/W. The bottom curve shows the calculated current density
THS5200 K.
V-like
TABLE II. Summary of the parameter values used in the phenomenological simulation model for a PP
polymer device similar to device C~col. 2!, and a PFO polymer device similar to device D~col. 3!.

Quantity
Parameters used for PPV-like

polymer device
Parameters used for PFO-like

polymer device

Device thickness,z 100 nm 75 nm
Device area,A 1 mm2 1 mm2

Electron injection barrier,De 0.2 eV 0.1 eV
Hole injection barrier,Dh 0.3 eV 1.0 eV
Hole mobility, mh mh5mh,0e

2D/kTegAE ~Ref. 9! mh51024 cm2 V21 s21

~from Sec. VI A!
Electron mobility,me me50.1mh

~assumption!
me5me,0e

2D/kTegAE

Zero field mobility,m0 mh,0535 cm2 V21 s21 ~Ref. 9!
mh,0e

2D/kT53.431027 cm2 V21 s21
me,0e

2D/kT57.5310210 cm2 V21 s21

~from Sec. VI B!
Thermal activation energy,D 0.48 eV~Ref. 9! ¯

B 2.931025 eV ~Ref. 9! ¯

T0 600 K ~Ref. 9! ¯

T 300 K 300 K
g 5.631023 cm1/2 V21/2 ~Ref. 9! 4.431023 cm1/2 V21/2

~from Sec. VI B!
Relative permitivity of polymer,e r 3
Fraction of excitons formed as

singlets,F
1/4

Exciton lifetime,t 1 ns
Exciton diffusion length,LD 10 nm ~Ref. 46!
Exciton diffusion coefficient,D D51023 cm2 s21 ~given byD5LD

2 /t!
DOS,N0 N05density of conjugated units51021 cm23 ~Ref. 37!
Richardson constant,A 120 A cm22 K22 ~Ref. 57!
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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low voltages there is a good agreement between pulsed
CW data, and that at;V2Vbi56 V ~corresponding toV
57.9 V and J>50 mA cm22, assuming thatVbi>1.9 V!38

the CW measured current starts to increase faster than
pulsed current~see inset!. The ratio of the CW current den
sity, j CW, to the pulsed current density,j pulsed, at the highest
CW voltage applied here (V2Vbi57.2 V) is given by
JCW/Jpulsed53.

2. Numerical simulation of current heating

To test if heating is a plausible explanation for the d
ferences seen between CW and pulsedJ–V measurements
we have numerically simulated theJ–V behavior by analyz-
ing the commonly used equations assuming~i! a space
charge limited current,39 ~ii ! single carrier transport, and~iii !
a field and temperature dependent mobility,m.22 To make
our simulation more realistic we add an equation describ
current-induced heating6 for the CW drive scheme. The
equations are

J5
9

8
e re0mV2L23 ~A cm22! ~3!

m5m0 expS 2
D

kTD exp~gAE! ~cm2 V21 s21! ~4!

g5BS 1

kT
2

1

kT0
D ~V21/2cm1/2! ~5!

T5THS1IVRT ~K!. ~6!

Herem0 is the zero-field mobility,E is the electric field,T is
the device temperature,THS is the heat sink temperature,I is
the current, andRT is the thermal resistance. Table II lists th
values used for the parameters,m0 , D, B, and T0 , which
were taken from the work done by Blom and Vissenberg
PPV diodes.9

Figure 4 shows theJ–V characteristic derived by solv
ing Eqs.~3!–~6! self-consistently for a 1 mm2 device. The
full line is calculated forRT50 K/W, the dashed-dotted line
for RT5160 K/W, and the dashed line forRT51600 K/W.
For completeness we have also included a calculation
THS5200 K ~bottom curve!. RT5160 K/W was calculated
for a relatively good heat sinking procedure.6 Since the re-
sistance of a 1 mm3 volume of glass isRT5110 K/W values
exceeding 1000 K/W may be encountered. Moreover, it w
found for CW drive,41 that the temperature is not uniform
even in a 1 mm2 device, the center of the pixel being hott
than the edges. We note from Fig. 4 that when the devic
not properly heat sinked, there is a specific current den
~100–1000 mA cm22! beyond which the current-induce
heating raises the device temperature, which in turn enha
both the mobility and current. In this manner a positive fee
back loop is established, and the current starts to incre
steeply. In a real device one would not expect the curren
increase so abruptly, but rather to become limited by ot
factors~e.g., contacts!. We therefore suggest that the diffe
ence in slopes and magnitudes described in Fig. 3 is lar
attributed to heating under CW drive conditions. Using t
temperature dependence of the mobility shown above,
;3 times increase seen in the CW current of device C~Fig.
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3! would correspond to a temperature rise of;20 K. Based
on the earlier studies we have used pulsed-mode meas
ments for the analysis ofJ–V data.

E. Charge storage between pulses

The presence of charge storage effects in polymer LE
must be taken into account when performing pulsed m
surements, as it is important not to use pulse repetition
quencies that cause significant interference effects betw
successive pulses. We find that charge storage effects w
a device may be easily investigated by the variation of
repetition frequency. In LEDs which have been prepared
described in Sec. II A, one does not expect a predomina
of real traps~e.g., induced by oxygen, metal diffusion, do
ing of PPV from thermal conversion on ITO!. The tail of the
gaussian density of states~DOS!, however, may cause effect
similar to traps, something which has been considered
several authors.26,31,37,42,43Moreover, the presence of interfa
cial layers at the electrodes, and between polymer layers
enhance the storage of charge in the device.44

Figure 5 shows the EL response as a function of
pulse repetition frequency,f, for device D using 10 V 1ms
pulses. We see that there is a threshold repetition freque
f 0 , above which the integrated EL intensity of a given pu
is seen to rise. For devices C, D, and E,f 0 is found to be
;100 Hz, ;100 mHz, and,10 mHz, respectively. This
implies that the charge ‘‘memory’’ effects in devices C, D
and E are;0.01,.10 and.100 s for fields of 0.4, 1.0, and
0.6 MV cm21, respectively. In accord with these findings, th
inset of Fig. 5 shows the EL within a given pulse as a fun
tion of repetition frequency, EL(f ), normalized to the EL at
the threshold repetition frequency, EL(f 0). We see that de-
vice E is the most frequency sensitive, with EL(f )/EL( f 0)
;30 for f 5100 Hz, and that device C is least frequen
sensitive with EL(f )/EL( f 0);1.3 for f 510 kHz. Compari-
son of the EL responses of devices D and E shows that
inclusion of the PEDOT:PSS anodic polymer layer is resp
sible for the increased charge storage effects seen for de
E. This is probably because the PEDOT:PSS layer is serv

FIG. 5. EL and current-density response of device D to 10 V 1ms pulses of
varying repetition frequency. Repetition frequencies are: 100 mHz~solid
line!; 1 ~dashed line!; 10 ~open circles!; 100 Hz ~open squares!; 1 ~filled
circles!, and 10 kHz~filled square!. The inset shows the amplification of th
EL as a function of the repetition frequency for devices C, D, and E.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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as an electron blocker. This shows that the PEDOT:P
layer should not purely be though of as a conducting ano
Note that elsewhere in this article we use repetition frequ
cies which are sufficiently low to avoid interference effec
between pulses.

III. TRANSIENT RESPONSE OF LEDS

We now consider the transient response of the LED
vices under pulsed operation, with the aim of extracting
charge transport properties and comparing them to theJ–V
characteristics. We start by carefully examining the exp
mental procedure using a range of experimental conditi
as well as device configurations. By identifying univers
features we are able to draw guidelines for the determina
of parameters.

A. Transient features: Device C

Figure 6~a! shows the EL and current response for d
vice C to 200ms 5 V pulses. As discussed earlier this is
PPV copolymer device with the injection of both charge c
riers being bulk limited. The EL time evolution is characte
ized by the following five features listed here in chronolo
cal order:~i! a delay time,td , before light is detected;~ii ! a
fast initial rise time,t1 , at EL turn-on;~iii ! a second slower
rise time,t2 ; ~iv! fast turn-off modulation~of characteristic

FIG. 6. ~a! EL and current-density response of device C to 5 V 200 ms
pulses. Inset A shows detail of the EL turn-on period and the current ch
ing spike. The delay time,td , is the delay between the application of th
voltage pulse~corresponding to the onset of the current spike! and the onset
of EL (td;750 ns). Inset A also shows the fast rise time,t1;4.76ms. Inset
B shows the detail of EL at turn-off on a logarithmic scale showing the
modulation (t3,15 ns) of the EL when the step voltage is removed, and
exponential EL decay of characteristic time,t4;70ms. ~b! EL response of
device C to 5 V 10 mspulses showing the second and slower rise time in
EL, t2;5 ms. The inset shows detail of an EL ‘‘satellite’’;0.5 ms after
turn-off.
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time t3! to a nonzero EL value followed by~v! a long-lived
exponential tail~of characteristic timet4!. The timestd , t1 ,
and t2 will be interpreted and defined in Sec. V when w
present the phenomenological simulation model used for
work. Inset A of Fig. 6~a! shows detail of the turn-on perio
from which we can resolve bothtd and t1 . Inset B of Fig.
6~a! shows detail of the turn-off period. Being of order 15 n
t3 , we consider that this is limited by the response of t
PMT. Plotted on a logarithmic scale we see that after a
modulation of the EL, for times less than 100ms, the time
constantt4 of the EL decay can be fitted to a single exp
nential. Figure 6~b! shows the EL response of device C to 1
ms pulses at 5 V, from which we see that the time scale
the second EL rise is several orders of magnitude longer t
that of the first EL rise. The inset of Fig. 6~b!, however,
shows that on longer time scales there is a further featur
‘‘bump’’ occurring approximately 500ms after turn-off, fol-
lowed by a further decay.

For device C at 5 V the delay time,td , is ;750 ns, the
fast and slow rise times aret1;4.75ms @inset of Fig. 6~a!#
andt2;5 ms@Fig. 6~b!#, respectively. At voltage turn-off the
EL drops to;1/30 of its previous value@inset B of Fig. 6~a!#
within 15 ns and then exponentially decays with a time co
stantt4;20ms. The bump then occurs at;500 ms and de-
cays with a time constant of;200 ms. Experiments show
that the bump is only present if the product of the volta
and pulse width is above a certain threshold value sugges
that there is a threshold charge density necessary to pro
this feature. We propose an explanation for this feature
Sec. V C. The transient response of the current densit
characterized by a sharp charging spike~due to the capaci-
tance of the device! followed by a quasisteady state of;13
mA cm22. At turn-off there is a sharp discharging spike fo
lowed by a long-lived decay.

B. Universality of transient features

To illustrate that the transient EL features discussed
far are general to other systems Fig. 7 shows the transien
and current density of device A@ITO/PPV ~200 nm!/Ag#
under 600 ns 41 V pulses, and the inset shows the EL fr
200 ms 25 V pulses. Figure 8 shows the transient EL a
current density of device D@ITO/PFO ~100 nm!/Ca# under

g-

t
e

FIG. 7. EL and current-density response of device A to 41 V 600 ns pul
The inset shows the EL response of the same device to 25 V 200ms pulses.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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100ms 16 V pulses. These figures all show a fast initial r
followed by a slower rise, fast modulation in the turn-o
and a long-lived exponential tail. The delay in EL turn-o
td , is hard to discern for device A at the high voltage~41 V!
necessary to achieve current densities of order 1 mA cm22.
Similarly, at 41 V the fast rise time recorded by the PMT f
device A is;20 ns, and is therefore likely to be limited b
the overall response of the system~15–20 ns!. For device D
at 16 V td;35 ns, t1;60 ns ~inset A of Fig. 8! and t2

;50ms. At voltage turn-off the EL drops to;1/40 of its
previous value~inset B of Fig. 8! and then exponentially
decays witht4;25ms. Also partly shown in Fig. 7 is the EL
spike present on the downward slope of the fast EL mod
tion ~;100 ns after voltage turn-off!. A spike is also seen fo
device D;65 ns after voltage turn-off~Fig. 5!.

The current spikes seen at the turn-on and turn-off of
voltage pulse are due to the charging and discharging of
device. In the case of device A~see Fig. 7! the capacitance
C, of the device was calculated from the integrated cha
Q;1.131028 C, at 41 V to be 260 pF~using C5Q/V!.
This compares to 120 pF calculated for the geometric cap
tance of the device@assuming e r53 and using C
5e0e r A/L, where A is the device area~1 nm2! and L is the
device thickness~220 nm!#. Comparison of the integrate
charge for the two spikes of device A shows that the ini
spike contains a 0.05 A component of quasi-dc current, eq
to the magnitude of the quasi-dc current in the device a
charging. This implies that dc current is present during
vice charging. Close inspection of the charging spike reve
that the real rise/fall times of charging~recorded as;10–15
ns! are probably limited by the apparatus rise/fall tim
~;10–15 ns!, and therefore that the charging process
much faster than recorded~as would be expected for a ca
pacitor!. For further discussion see Ref. 52.

C. Calculation of temperature rise during a pulse

As previously discussed, the presence of signific
Joule heating in a device causes the current to increase

FIG. 8. EL and current-density response of device D to 16 V 100ms pulses.
Inset A shows detail of EL turn-on period and the current charging sp
The delay time,td , is the delay between the application of the voltage pu
~corresponding to the onset of the current spike! and the onset of EL (td

;35 ns). Inset A also shows the fast rise time,t1;60 ns. The main figure
shows the second and slower rise time in the EL,t2;50ms. Inset B shows
the detail of EL at turn-off on a logarithmic scale. The structure of PFO
also shown.
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time. In attempting to analyze the temporal response of
LED in terms of the charge carrier dynamics we must, the
fore, first ensure that the heating is not significantly contr
uting to the observed transient responses. We can calcu
the temperature rise in the device due to the application o
electrical voltage pulse by referring to the equivalent h
circuit of the device as previously discussed in Ref. 6.
first order, the power dissipated within the device due
Joule heating causes the temperature to rise linearly w
time throughout the duration of the pulse. Using the eva
rated contact thicknesses for device C~200 nm of calcium,
capped with 250 nm of aluminum!, the temperature rise pe
unit time, per unit of power dissipated is calculated to
;331024 K ~ms!21 ~mW)21. This translates to a maximum
temperature rise,DTmax of 0.4 K in the case of device C fo
a 5 V 0.05 mA pulse of 5 ms. In addition to this we note th
the current does not rise significantly over the duration of
pulse, and that both the current and light flatten off to
steady value. We may therefore say, for this particular ca
that the heating effects are unlikely to be a major contrib
tion to the slower rise time of EL,t2 . Care must be taken
however, when interpretingt2 with pulses of higher power to
ensure thatDTmax is not the dominant contributor to the ris
ing EL. The presence of a final steady state rather tha
continuously increasing current serves as a good diagno
that Joule heating effects are negligible. For the cases w
DTmax is not expected to be significant, however, the pr
ence of a rising current prior to the final steady state, is lik
to be attributable to changing injection conditions rather th
heating.

IV. PHENOMENOLOGICAL MODEL

A. The model

Having established our experimental method we now
scribe the framework within which we interpret these resu
In the following we provide a theoretical analysis of th
properties of polymer LEDs. The method used relies hea
on models developed for inorganic semiconductors, such
the unique properties of organic polymers enter only into
expression for the field and temperature dependence of
mobility. The microscopic morphology~e.g., disorder! is not
fully accounted for, neither for the transport nor for the i
jection processes. With this limitation in mind, we consid
our model to be phenomenological and aim only to estab
guidelines for the interpretation of our measurements.
start by writing the equations that are considered to gov
the operation of an electrically pumped LED, assuming t
the exciton generation is a Langevin process22,45,40,38

mh5mh,0 expS 2
D

kTD exp~gAE! ~7!

]

]t
ne~z,t !5

]

]z FDe

]

]z
ne~z,t !1me~E!ne~z,t !E~z,t !G

2Re~z,t !ne~z,t ! ~8a!

.

s
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]

]t
nh~z,t !5

]

]z FDh

]

]z
nh~z,t !2mh~E!nh~z,t !E~z,t !G

2Rh~z,t !nh~z,t ! ~8b!

d

dz
E5

q

e
@nh~z!2ne~z!# ~9!

]

]t
S~z,t !5FRe~z,t !ne~z,t !1

]

]z FDs

]

]z
S~z,t !G2

S

t
~10!

Re5
q

e r .e0
meff nh . ~11!

Herene , nh , andSare the electron, hole, and singlet excit
density, respectively.De and Dh are the electron and hol
diffusion coefficients, which are given byDe5mekT/e and
Dh5mhkT/e ~wheree is the unit of electrical charge! assum-
ing that the Einstein diffusion relation holds for these s
tems.z is the distance from the cathode,meff is the effective
mobility ~for mh@me meff[mh!, andRe is the Langevin re-
combination rate for electrons, which is field depend
through the field dependence of the mobility.45 Note that the
Langevin recombination rate for holes,Rh , and electrons are
related throughRh3nh5Re3ne . The diffusion coefficient
for the excitons is derived assuming a diffusion length
LD'10 nm46 and a lifetime oft51 ns (DS5LD

2 /t). For sim-
plicity we do not account for nonradiative channels intr
duced by defects, charges, or other excitons which
shorten the lifetime and may even change the mo
molecular nature of the decay.

Equations~8a! and ~8b! describe the electron and ho
dynamics respectively, whilst Eq.~9! is the Poisson equation
Equation~10! describes the dynamics of the singlet excit
density, which is generated through the Langevin recom
nation rate@Eq. ~11!#. F is the fraction of singlet excitons
generated~we assume thatF follows the spins statistics ar
gument,F51/4!, and t is the exciton lifetime~not to be
mistaken for the radiative lifetime!.

B. Boundary conditions

The boundary conditions for the charge carriers are
culated using thermionic emission~including back flow, but
ignoring tunneling! as outlined in Ref. 30. We write dow
the equations for one carrier type~holes! at the anode (z
5L)

nh,eqm@E~L !#5N0 expS 2
Db

kTD ~12!

Jh5v@nh~L !2nh,eqm@E~L !## ~13!

v5
AT2

N0
~14!

Db5Dh2eAeuE~L !u
e r

, ~15!

wherenh,eqm@E(L)# is the quasi-equilibrium hole density a
the anode,N0 is the density of conjugated chain segmen
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1/v is the time constant associated with the time it takes
establish equilibrium in the vicinity of the polymer/anod
interface, andA is the Richardson constant.Db is the inter-
facial energy barrier, which is lowered from the zero fie
value,Dh , by the image force effect. There are three mo
analogous sets of equations describing the hole current a
cathode and the electron currents at both electrodes. The
sets of equations thus formed define the boundary conditi
For the excitons we assume infinitely fast recombination
the contact interface. The extended effect of the con
through coupling of the radiation field to plasmon modes
not included.47,48The boundary conditions at time (t50) are
derived by solving the equations forV2Vbi52Vbi at steady
state. Such boundary conditions are shown in the inse
Fig. 10 which demonstrates how the polymer is partia
filled ~‘‘doped’’ ! with carriers even for zero applied bia
(V50).

C. Parameters used in the model

The values of the parameters used in the modeling w
for a PPV-like polymer and a PFO-like polymer device a
listed in Table II. The mobility parameters,mh,0 , B, T0 , and
g, for a PPV-like polymer were taken from Ref. 9, and w
additionally assume thatme50.1mh .

D. Simulation results

The inset to Fig. 9 shows the response of the aver
exciton density to a square voltage pulse (V2Vbi55 V). The
parameters used correspond to an ITO/PPV-like polymer
device, which in the context of our model corresponds
ohmic contacts. We notice the same features as were ex
mentally observed, namely: at turn-on, a delay followed b
fast and slow rise, at turn-off, an instantaneous decay,
lowed by an exponential decay. The same type of respo
was calculated for various contact barriers and applied v
ages. We focus first on the turn-on dynamics and plot

FIG. 9. Plot of the simulated final magnitude of the~normalized! EL minus
the EL at time t, @EL(t→`)2EL(t)#/EL(t→`), as a function of time
density for a PPV-like device~similar to device C!, showing howtd and t1

are determined. The assumptions used for this simulation are listed in T
II, col. 2. The inset shows the simulated response of the exciton density
a PPV-like device~similar to device C! to a square voltage pulse (V
2Vbi55 V). The assumptions used for this simulation are listed in Table
col. 2.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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TABLE III. Definitions of characteristic timestd , t1 , andt2 . The curve shown here is from the phenomenological model.
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magnitude of the EL at timet, EL(t) shown in the inset of
Fig. 9, subtracted from its final value, EL(t→`), i.e., EL(t
→`)2EL(t), as shown in Fig. 9. This plot clearly revea
the presence of two distinct regions where loge@EL(t→`)
2EL(t)# varies linearly with time. As we show later thes
two regions are associated with the hole and electron dyn
ics, which are clearly resolved here due to the assumed o
of magnitude difference in mobility, and which can be d
scribed by the two time constants,t1 and t2 . The character-
istic times td , td1t1 and t2 are obtained from the plots o
loge@EL(t→`)2EL(t)# versus time and EL versus time a
described by Table III.

We wish to find a characteristic time in the device r
sponse, which will define the fast carrier~hole! mobility. To
do this we plot the hole and electron density adjacent to
electron injecting contact for several time delays. We ha
chosen the time delays, based on Fig. 9, ast5td50.85ms,
t5td1t151.2ms, t51.7ms and steady-state conditionst
@t2). Figure 10 shows that at time delays beyondt5td

1t1 the profile of the hole density is almost constant, w
only the electron density still moving into the device. Usi

FIG. 10. Simulated electron and hole charge densities as a function o
distance from the cathode density for a PPV-like device~similar to device
C! for the timest5td50.85ms ~dashed line!, t5td1t151.2ms ~solid line!,
t51.7ms ~dashed line with large spacings! and for steady-state condition
(t@t2) ~dashed-dotted line!. The inset describes the boundary conditions
t50.
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this observation we associate the second time cons
~slope! in Fig. 9 with the motion of the slow carriers~elec-
trons!. Figure 10 also shows that beforet5td1t1 , the hole
density distribution is not yet at its quasistationary state, a
that at t5td it is still changing relatively fast. It has bee
discussed by several authors9,32–34,49that the determination
of mobility values is sensitive to the method used, and
Ref. 9 it was shown that the analysis oftd from pulsed mea-
surements does not give agreement with the mobility val
extracted from the CWJ–V characteristics. Since our simu
lations suggest that only aftert5td1t1 does the hole density
becomes quasistationary, we conclude that the use oft5td

1t1 is more appropriate than usingt5td if the deduced mo-
bility is to be compared with other LED characteristics. W
find that this method is somewhat similar to the distincti
for TOF measurements made between the arrival of
broadened front of the carrier packet and the arrival of
packet’s central part. In this context we note that since
simulations do not take account of electrical field-induc
broadening found in disordered structures,50 t1 is relatively
small compared totd1t1 .

Using the methodology developed for the TO
technique50 we examine the ratio@0.5t1 /(td10.5t1)# which
is found here to be equal to;0.17 at 5 V. This is similar but
somewhat larger than the 0.1 deduced from the expressio~2
kT/eV!1/2 described in Ref. 50 for an ideal case under co
stant electric field. Our simulated system is not ideal in
sense that there is a space charge~varying field! and a field-
dependent mobility. As we will show, real devices are ev
less ideal, and this ratio is larger still. We also note that
our method to hold, one must observe the two slopes~time
constants! in the experimental turn-on dynamics. If the fir
time constant is not resolved, due for example to a m
extended quenching zone, it is not possible to unambi
ously determine the mobility of the fast carriers, as has b
discussed in.32,51 In the experimental curve this will manifes
itself whent1@td or (0.5t1 /(td10.5t1))'1.

We have repeated the simulation for a configurat
similar to the PFO device~see Table II! where there is a
large imbalance in electron-hole mobility and injection ba
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riers. The shape described in Fig. 9 was reproduced allow
reliable determination of the hole mobility. We also foun
that the large hole barrier results in low light levels~at low
voltages!, such that it may be experimentally difficult to re
solve the arrival of holes (t1). The three orders of magnitud
lower electron mobility effectively mean that no electro
are injected within the transit time of the holes. Since we
not assume the structure to be empty att50 ~see boundary
conditions! there will always be electrons to recombine wi
the arriving front of the hole distribution. However, this ma
sometimes be too weak to detect. The signature of this ef
may be found in@0.5t1 /(td10.5t1)# which is significantly
larger than the one calculated earlier for the PPV-like dev
at the same applied voltage.

The determination of the electron transit time from t
EL turn-on is a more complicated process than it is for ho
The motion of electrons into the device gradually increa
the overlap of the electron density profile with the hole de
sity profile, giving rise to an increase of the EL intensity. T
EL in the electron dominated region therefore does not n
essarily follow a single exponential law. Moreover, the d
tance across which the electrons travel is not as uniqu
defined as for the holes~see Figs. 10 and 11!. The penetra-
tion distance of the electrons,Le , is limited by recombina-
tion with holes, and hence, depends on the actual dens
within a given device. The lower limit for this distanc
would be the size of the quenching zone,Lqz, and the upper
limit would be the length of the device,L. To be consistent
with the deduction of hole mobility the electron transit tim
needs to be defined as the point where this overlap is clos
its maximum value~i.e., steady state!. To avoid any ambigu-
ities we define it as the point the EL reaches 0.95 of its fi
value. Varying this value by60.02 results in only a factor o

FIG. 11. Calculated distribution of exciton density.~a! The density gener-
ated through electron-hole recombination.~b! The same as in~a! but includ-
ing the effect of excition diffusion and quenching at the electrode interfa
The inset shows the factor by which the exciton density is quenched by
interface, as a function of time.
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two difference to the electron transit time. We will return
these two sources of error when calculating the electron
bility in PFO ~Sec. VI B!.

To illustrate the role of the exciton-quenching interfa
and the electron penetration depth,Le , we plot, in Fig. 11,
the distribution of the exciton density. Figure 11~a! shows
the exciton distribution neglecting the diffusion term in E
~10!, and hence, reflects the distribution of charge recom
nation rate. Figure 11~b! describes the effect introduced b
exciton diffusion and quenching at the electrode~note the
different y axis!. The times for which those quantities a
plotted are consistent with previous figures. The differen
between the distribution in the two subfigures demonstra
the effect due to quenching at the interface. We also note
when holes start to arrive at the cathode (t5td) there is
already substantial electron density outside the quenched
gion so that a non-negligible density of excitons is genera
~light can be detected!. By calculating the integral under th
different curves we can calculate the factor by which t
exciton density is reduced due to quenching. This is sho
in the inset to Fig. 11 where we note that at longer times
quenching becomes less pronounced, due to the motio
electrons away from the quenching cathode.

For the mobility calculations one also needs to know
electric field throughout the device. A value ofE5(V
2Vbi)/L is normally used, which is based on the assumpt
that the carrier front is not affected by the space charge
creating. Our simulations show that, since the space charg
created mainly by holes next to the anode, the front of
hole space charge density propagates within a field wh
increases with time~when the space charge is mainly due
holes!. This effect is illustrated in Fig. 12 where the electr
field distribution is plotted fort;0 ~no space charge!,
t5td1t1 ~mainly hole induced space charge!, t5tss ~steady
state, which includes both electron and hole space cha
plus a small mutual cancellation!. Also shown in this figure
is the field distribution when the pulse is turned off andV
2Vbi52Vbi : we come back to this distribution in the tex
later. For the present discussion we only note that the m

.
he

FIG. 12. Calculated electric field distribution for four different points
time. ~1! t5tON , just after the applied pulse and before the build up of sp
charge.~2! t5td1t151.2ms holes propagated through the structure,~3! t
5tss is at quasisteady state where space charge is due to both electron
holes.~4! t5tOFF just after voltage is turned off and only the field is on
internal ~including space charge!.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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Downloaded 0
TABLE IV. Summary of the experimental procedure for extracting carrier mobilities including the ch
necessary to exclude extraneous effects.

Experimental check Reason

1 Avoid impurities associated with oxygen,
water or others. Use inert glove box and/or
place devices for a long time under vacuum.

Traps or dopants may be introduced and
make the intrinsic properties inaccessible.

2 Construct simple heat circuit and make sure
DT,1 K for the given pulse width, voltage,
current.

Device characteristics are temperature depende

3 Avoid interfacial~current blocking! layers
next to electrodes~Al2O3 for Al electrode will
affect hole dynamics, and PEDOT:PSS on
ITO will affect electron dynamics!.

To ensure the measured quantity is charge
transport and not charge accumulation~at
interfaces! ~see Ref. 4!.

4 Ohmic contacts usually involve less
ambiguities.

~1! If the injected density is field dependent
then, it may be significantly affected by
the injection of the other carrier type.
~2! If the injected density is low it may be
difficult to detect emission due to only
the arriving front of the distribution. A
large dynamic range in the detection
becomes an essential but not necessarily
a satisfactory condition.

5 When measuring very slow-carrier mobility,
reduce the current due to the fast carrier~i.e., a
high barrier!. Note the effect on the extraction
of the fast carrier mobility~4 earlier!.

To ensure that the required long pulse will
not result in a temperature rise which in turn
will enhance the mobility.

6 Check the frequency dependence of light
intensity and operate below the threshold
frequency.

Avoid pulse to pulse interference through
charge accumulation.

7 Identify the regimes denotedtd , t1 , t2 , and
quasisteady state.

To ensure that the two carrier dynamics are
separable.

8 If in doubt regarding 4, a larget1 /td ratio ~.10!
may be indicative of a problem.

If the dynamics of the two carriers intermix
through 4, then the apparentt1 will increase
significantly.
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mum value of the field does not increase significantly in su
a device. This implies that by calculating the mobility usi
E5(V2Vbi)/L may result in only a slight overestimation.

E. Additional EL features after turn-off

The turn-off dynamics have been discussed in Ref.
where the instantaneous decay was found to be assoc
with the instantaneous reduction of the internal field in
device as the voltage is turned off, and not to fast car
extraction.38 This is illustrated in Fig. 12 fort5tOFF. A re-
duced field, in the bulk, results in a lower mobility, an
hence, a reduced exciton generation rate. The following
ponential decay is due to the extraction of carriers throu
the respective contacts. Further experimental results
analysis of the turn-off dynamics will be publishe
elsewhere.52 We find that in some device configurations tw
additional features may appear~not necessarily together!.
The first is a positive spike in the light as the voltage
turned off, and is associated with the increase of the abso
value of the field next to the electrode~see Fig. 12!. The
second is a delayed bump or a satellite which has the form
a delayed EL feature. The two features are generally ass
ated with high electron density near the cathode, an
quenching zone that is of thickness<10 nm. In our simula-
tions the high electron density is achieved by using a l
energy barriers at the cathode/polymer interface, but we
pect that similar effects will be caused by electrons accum
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lated in trap-like states. The first effect of high electron de
sity is to create a space charge density next to the cath
and hence a reduced field at the recombination zone. W
the applied voltage is removed, the field due to the sp
charge is still present, resulting in an increase in the mag
tude of the electric field next to the cathode. Using the sa
logic as for the instantaneous drop,38 we can expect a spike
to be generated very close to the cathode. The second e
of a high electron density near the cathode is to pull ho
towards it ~see Fig. 10! and to have a relatively high hol
density in the exciton quenching region. When the voltage
turned off and the internal field changes direction, this exc
density is pulled away from the quenching zone resulting
a satellite in the light response. This is somewhat similar
the mechanism proposed by Ref. 53 for double layer devi

V. USE OF METHOD: DETERMINATION OF
MOBILITIES

We now apply our mobility determination technique
two devices made of two very different polymers~PPV and
PFO!. The steps and checks involved in the experimen
procedure are highlighted in Table IV. Again we emphas
that we use a sufficiently low repetition rate, 10 Hz for d
vice C and 0.1 Hz for device D. We now consider the var
tion of the transient behavior of the LEDs with voltage
an attempt to determine the transport properties as a func
of the electric field. Figure 13 shows the magnitude of t
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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~normalized! EL subtracted from its long-time value,@EL(t
→`)2EL(t)#/EL(t→`) for device C in response to 10 V
ms pulses using a 10 Hz repetition frequency. The fig
shows how the method used to deducetd and t1 from the
modeled data~as shown in Fig. 9! can be applied to deduc
td and t1 from the experimental data. Linear variations
loge$@EL(t→`)2EL(t)#/EL(t→`)% versus time,t, are ob-
served, and these give the periodst1 and t2 , as was found
from the phenomenological model~Fig. 9!.

A. PPV copolymer mobility

Figure 14 shows qualitatively howtd and t1 vary as a
function of applied voltage for device C, which, as pre
ously discussed, is not injection limited in this voltage ran
Note the differences in time scale of the responses at 3~in-
set! and 16 V. The data has been normalized to the valu
the EL at the transition between the first and second
times, EL(t5td1t1), and shows that the initial rise tim
decreases sharply with increasing voltage. It is interestin
note ~i! that td and t1 decrease by three to four orders
magnitude over the given field range, and~ii ! that the ratio of
0.5t1 to (td10.5t1) is a function of voltage~inset to Fig. 15!.

FIG. 13. Plot of the final magnitude of the~normalized! EL minus the EL at
time t, @EL(t→`)2EL(t)#/EL(t→`), and the current density as a func
tion of time for device C under 10 V 2ms pulses with 10 Hz repetition
frequency.J denotes the current density for the mobility calculated from
SCLC theory.

FIG. 14. EL response of device C as a function of time for different app
voltages~7, 10, and 16 V! showing the behavior oftd and t1 . The electric
field has been normalized to its value att5td1t1 . The inset shows the EL
response of the device to 3 V pulses for comparison.
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This ratio is indicative of the degree of broadening of t
hole packet in the device, and its value~;0.5 at V
2Vbi55 V! is found to be larger than that deduced from o
simulations~0.17 atV2Vbi55 V!. This may be due to the
disorder and field-induced broadening discussed in Ref.

We now calculate hole mobility from thetd and t1 data
from device C. Figure 15 shows the hole mobility as a fun
tion of the square root of the internal electric field calculat
for device C by three different methods. These methods
be summarized by the following three equations:

m15
L2

~V2Vbi!td

m25
L2

~V2Vbi!~ td1t1!
~16!

m35
8

9

JL3

e0e r~V2Vbi!
2 , ~17!

whereVbi is the built-in voltage in the device which is as
sumed, from the difference between the workfunctions
ITO and Ca, to be 1.9 V for devices C and D.m1 is calcu-
lated fromtd alone and does not take into account the var
tion of the electric field across the device due to the sp
charge.m2 is calculated fromtd1t1 , and uses the same av
erage electric field as used form1 . Finally, m3 is calculated
entirely independently oftd andt1 by using the quasisteady
state current density,J, and rearranging the SCLC equatio
@Eq. ~2!# to give the mobility.

From Fig. 15 we see that the hole mobility,m1 , calcu-
lated fromtd alone result in mobility values that are approx
mately one order of magnitude higher than those predic
by SCLC theory (m3). This is in contrast to the good agree
ment we see between the mobility deduced usingtd

1t1(m2) and the hole mobility,m3 , calculated using the
J–V data and Eq.~17! for space charge limited conduction
This agreement implies~i!, that the method presented to d
termine the hole mobility from transient data is reliable,~ii !
that the device is dominated by SCLC over this field ran
and ~iii ! that our assumption that the doped PEDOT lay

d

FIG. 15. Calculated hole mobility as a function of the square root of
electric field for device C using different definitions of the carrier tran
time, tT , and the electric field,E, in the device:tT5td , Eint5V/L ~open
diamonds!; tT5td1t1 , Eint5V/L ~open circles!. Also shown is the mobility
calculated from the SCLC theory~filled triangles! from the current density
vs voltage data in pulsed mode~see Fig. 3!. The inset shows (t1 /td1t1) as
a function of the square root of the electric field.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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acts as an injection contact is valid. The actual shape of
curve is also of interest. At fields below;0.65 MV cm21,
corresponding to @(V2Vbi)/L#1/25800 V1/2cm21/2, the
logarithm of the hole mobility increases with voltage and
approximately proportional to the square root of the elec
field as has been measured before.22,31,54–56In this field re-
gime we can therefore describe the hole mobility by

mh5mh,0 expS 2
D

kTD exp~ghAE! ~18!

from which we find that mh,0 exp(2D/kT)53.5
31029 cm2 V21 s21 and gh51.031022 cm1/2V21/2. We
also attempted to use the longer time-scale transient da
determine the electron mobility for the PPV copolymer a
function of voltage, from the values oft2 . This proved pos-
sible for applied voltages of 3–5 V, from which electro
mobilities of ;531029– 131028cm2 V21 s21 were ob-
tained. These values for corresponding voltages are foun
be ;100 times less than the calculated hole mobility.~This
compares to the value of;10 that was used in the mode
which represents the lower limit such that the hole and e
tron motions can be separately time resolved!. For this de-
vice, however, it was not possible to use this method at
nificantly higher voltages due to the current-induced hea
effects, as discussed earlier. For example, at 10 V the cur
is seen to increase before the EL has reached steady
This in turn causes the EL to increase, making the deter
nation of t2 impossible. For a 1 ms 10 V pulse, the devi
current is;1000 mA cm22 and the temperature rise is ca
culated to be;5 K. The method of obtaining the electro
mobility from values oft2 is therefore limited to low volt-
ages for high current density devices~within the present
heat-sinking scheme!. We should also note that in this de
vices structure the PEDOT layer may also be serving as
electron blocking layer thus making the measured elec
dynamics a mixture of electron transport and electron ac
mulation due to that interface.

B. PFO mobility

As a final demonstration of our method we analyze
parameters for the PFO polymer which was recently cha
terized using a TOF technique.24 As discussed earlier, devic
D/~ITO/PFO/Ca! is hole-injection limited, so we expect th
density of electrons in the device to be much greater t
that for holes. It is still likely, however, thatmh@me , and
therefore that once injected, the holes will quickly mo
across the device, and that the device is space-charge lim
with respect to electrons. The hole mobility can therefore
extracted fromt1 data just as for device C~see discussion in
the phenomenological-model section!. Due to the predomi-
nance of the low mobility electrons compared to the hig
mobility holes, we therefore find that significantly less cu
rent flows in device D than in device C. For a given voltag
the Joule heating effects are thus considerably reduce
device D. Device D therefore represents an ideal system
obtaining the electron mobility fromt2 data using the follow-
ing equation:
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LeL

~V2Vbi!t2
, ~19!

wheret2 is defined here as the time at which the magnitu
of the EL reaches 0.95~of its final value~see Sec. IV C!. L is
the device thickness andLe is the penetration distance of th
electrons into the device~see Sec. IV C!. As Le could vary
from the thickness of the quenching zone~;20 nm! to the
total thickness of the device~100 nm!, the electron mobility
could be up to five times smaller than it would be assum
that electrons penetrate the entire thickness of the device~i.e.
Le5L!. Figure 16 shows the longer EL time response
device D to pulses of 5, 6, and 8 V to illustrate howt2

changes with voltage. The inset compares the response o
device to 8 and 16 V pulses~note the differing time scales o
the figure and the inset!. For example, at 5 Vt2;5 ms,
whereas at 16 Vt2;50ms. By referring back to Fig. 8 we
may also compare the values of (t11td) to t2 at 16 V, from
which we see that the ratio of (t11td):t2 at 16 V is;450.
This same ratio will apply to the values to be calculated
the hole and electron mobilities. The maximum temperat
rise during the 80ms 16 V pulse, with 0.06 A, was deter
mined to be;0.5 K.

Figure 17 shows the hole mobility for device D, calc
lated using Eq.~16! from thet11td data, the electron mobil-
ity using Eq.~19! calculated from thet2 data, and the mo-
bility calculated using Eq.~17! assuming a SCLC model
When analyzing the transient data for holes in the PFO
vice one needs to consider the effect of the high energy
rier for hole injection. The processes governing charge inj
tion for nonohmic contacts are not entirely clear and he
may influence the apparent transit time of the holes~see
Table IV!. The large mobility mismatch (mh;10003me)
and the fact that the holes are injection limited, makes
determination of the hole mobility difficult at low voltage
due to quenching~as discussed in Sec. V B!. We have there-
fore separated the hole mobilities calculated for the low
two voltages~for which t1 /td;20! from the other values.

FIG. 16. EL response of device D as a function of time for different appl
voltages~5, 6, and 8 V!, showing the behavior oft2 . The inset shows the EL
response of the device to 8 and 16 V pulses for comparison. The ele
field has been normalized to its final magnitude.
AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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The determination of the electron mobility, however,
legitimate since the electron-injecting contact is ohmic. W
know, however, that there are two sources of error associ
in determining the electron mobility from the experimen
data, namely the electron penetration depth,Le , and the
electron’s characteristic transit time,t2 . It is also true that
the electric field is nonuniform in the vicinity of the cathod
As has been previously described, the range of values for
electron’s penetration depth is 20 nm<Le<100 nm. Simi-
larly the error int2 results from the nonexponential nature
the EL in the electron dominated region~see Sec. IV C!. The
sum of these errors results in a nonlinear error bar~;5 times
higher and;2 times lower! and is plotted on one point in
Fig. 17 by means of illustration. The error in determining t
hole mobility is smaller than the error for electron mobili
as it suffers from neither of the two principal error sourc
encountered for electrons, as discussed earlier. The hole
bility of PFO is also found to be less field dependent in
high field regime than for the PPV copolymer. In additio
the values calculated are found to be roughly consistent w
those derived from TOF measurements.24 The electron mo-
bility ~calculated fromt2! is found to be;3 orders of mag-
nitude lower than the hole mobility for a given field. We al
note that the logarithm of the electron mobility increas
linearly with the square root of the internal electric field
described by

me5me,0 expS 2
D8

kTD exp~geAE! ~20!

from which we find that me,0 exp(2D8/kT)57.5
310210cm2 V21 s21 andge54.431023 cm1/2V21/2.

The mobility calculated from the SCLC theory alon
cannot be fitted to either the electron or hole mobility calc
lated from the transient data. This is probably due to
current both electron and hole components: the holes
injection limited and the electrons are space-charge limi
The mobility calculated from the SCLC theory may be co
sidered to be an ‘‘average’’ mobility of both electrons a

FIG. 17. Calculated carrier mobility as a function of the square root of
electric field for device D: hole mobility calculated fromtT5td1t1 , Eint

5V/L ~open circles!; electron mobility calculated fromtT5t2 , Eint5V/L
~open diamonds! and an average carrier mobility calculated from the SC
theory~filled squares!. Also shown on the electron mobility curve is an err
bar to illustrate the errors in both the electron penetration depth and tr
time.
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holes. At low fields the SCLC mobility tends to the lowe
electron mobility suggesting that the current is significan
contributed to by electrons, whilst at high fields holes a
likely to dominate.

VI. SUMMARY AND CONCLUSIONS

We have presented detailed analysis of pulsed excita
in polymer LEDs. Our analysis is based on universal featu
found in various device configurations and based on eit
PPV or PFO, polymers which are both different and imp
tant. We find that, as in the case for TOF measurements
method of extracting the mobility is very important. Usin
numerical simulations we have devised a method which
consistent both with CW drive of LEDs and probably al
with the TOF technique. We have also shown that the in
play of electrons and holes needs to be accounted for,
showed that mobility values for both types of carriers can
determined using a single device. Finally, we have sho
that mobility values can also be determined for device str
tures that do not lend themselves to CW analysis~e.g., the
ITO/PFO/Ca device!.
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