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Transient electroluminescence of polymer light emitting diodes
using electrical pulses
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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
configurationgdifferent polymers/cathodgsvhich 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 Wiy: 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 magnitid&he 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(pgyenylenevinylenecopolymer

and poly(di-octyl fluoreng. © 1999 American Institute of Physid$§0021-897@9)07621-5

I. INTRODUCTION time-resolved method is used to determine both the hole mo-
bility, up, and the electron mobilityy,, for two different
The pulsed electrical excitation of polymer light emitting polymers as a function of the applied voltage.
diodes(LEDs) has been widely reported upi®since mea-
surements of transient electroluminesceftek) provide in-
formation on charge transport processes in the device. Sho#t. Device fabrication
duration, low duty-cycle electrical pulses minimize the Joule
heating effects*! often associated with device failure in
constant wavéCW) conditions, and allow access to higher
field regimes 107 Vcm™1).%7 The high peak brightnesses
(5—20x 10° cd m?),*2 peak current densitiggA cm™?),"3
and fast EL modulation achieved under pulsed operation als

show promise for the future realization of polymer laser d|-in Ref. 13, and plasma etched to improve hole injectfbn.

odes and multiplexed displays. _ _ The active area of the diodes was 1 fnand the residual
There is, however, a need for systematic experimentglygisiance was less than( The polymers used in the de-
studies using electrical pulses due to the complicated intetj;-oq \were: doped polyethylene dioxythiophene/polystyrene
play of injection, space charge build up, charge tranSportsulphonate(PEDOT:PS$15'16 (used as an anode layer
recombination, and extrinsic heating effects in the deVicepon(p-phenylenevinern)e(PPV); a copolymer of PPV con-
Moreover, mobility values obtained using pulsed measuregisiing of conjugated PPV segments and nonconjugated
ments have been found inconsistent with the interpretation Oéclcetylenep-xylylene units(PPV copolymer®*5(see Fig. 3
CW current density—voltageJ-V) measurements and/or anqg polydi-octyl fluorene (PFO (see Fig. 8 The PFO had
time of flight (TOF) techniques. In this article we examine 5 molecular weightM,,, of ~90000 and was prepared as a
the experimental procedure for time-resolved pulsed meat 69, weight per volume of solution in mixed xylenes.
surements of LEDs and compare it to CW operation. Usinga  The five LEDs structures investigated were: device A
phenomenological model we provide a framework for the[|To/PPV (220 nm/Ag]; device B[ITO/PPV (220 nm/Aul;
interpretation of pulsed data. Our method relies on severalevice C[ITO/PEDOT:PSS(50 nm/PPV copolymer(75
features of the transient EL, which we find to be general to &ym)/Ca]; device D[ITO/PFO (100 nm/Cal; and device E
wide variety of systemssingle, double layer devices, differ- [ITO/PEDOT:PSS50 nm/PFO (75 nm)/Ca] (see Table)l
ent polymers, and different cathogiek particular, we find  For devices C and E the water-soluble PEDOT:PSS layer
two distinct components in the EL turn-on, after the applica-was spun in air and baked in nitrogen at 200 °C for 1 h. All
tion of a step voltage, which we attribute to the motion of further fabrication processespin casting, thermal conver-
different charge carriers speciéslectrons and holgsThe  sjon, contact evaporatiprwere performed in a nitrogen
glove box. The remaining devices were fabricated entirely in
present address: EE Dept., Technion, Haifa 32000, Israel; electronic maif1€ Nitrogen glove box. The fabrication procedure of the de-
nir@ee.technion.ac.il vices was consistent with devices that have previously

Il. EXPERIMENT

The LEDs investigated were fabricated on indium tin
oxide (ITO) coated glass substrates as the hole-injecting
electrode. The ITO substrates were metallized with 100-nm-
thick aluminum strips(covered with an insulating layer of
aluminum oxidé to reduce the resistance of the ITO sheet
Between the pulse generator and the active area, as reported
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TABLE |. Summary of the injection characteristics of devices A—E and of the specific design purposes of the

devices.
Electron- Hole-
Ae Anvax  injection  injection
Device Device structure (eV) (eV) limited? 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 atv=0 V)

C ITO/PPV ~0.2 ~0.2 No No (1) CW vs pulsedl-V

copolymer/Ca (current heating effects
(2) Extractinguy, (& ue at
low V)

D ITO/PFO/Ca ~0.1 ~1.0 No Yes (1) Transient EL features in
hole-injection-limited
system
(2) Extractingue & up

E ITO/PEDOT:PSS/ ~0.1 ~0.9 No Yes (1) Charge storage effects of

PFO/Ca PEDOT:PSS layer

shown good performances. For example, structures similar t9onic charge u is the effective mobilitg* which for wj,
device C, using the PPV copolymer, have previously pro> . reduces tques=puy, L is the device thicknessg, is the
duced peak brightnesses of 5-200° cd m2.7+213 permitivity of free space, ane| is the relative permitivity of
The PPV films were prepared by thermal conversion ofthe polymer. Assuming that the ohmic and SCLC descrip-
the spun precursor polymer film in a dynamic vacuum oftions are valid for this system, these equations may then be
10 °mbar with an inert base atmosphere. Severalsed to calculat®, and e from the current-densityly, ,
authors’"**have addressed the problem of PPV doping fromand the voltagey,, , at the crossover from ohmic to SCLC
the ITO during thermal conversion. To minimize this effect pehavior(see Fig. 1 These are measured here by the inter-
the PPV was converted by ramping up the temperaturgection of the first and second gradients fitted to the lower
slowly (1°Cmin™*) from room temperature to 250 °C. This and higher voltage regimes respectively, as shown in Fig. 1.
temperature of 250 °C was then maintained for 10 h befOFQThe V2 regime has previously been shown to extend to
allowing the sample to cool under vacuum. The slow ramphigher voltages before the field dependent mobility start to
rate serves both to reduce the interaction effects of trappegignificantly influencel).?? Neglecting the built-in voltage,
chlorine with the ITO and to improve conversion uniformity v,;, between ITO and gold, and using Fig. 1 we find that
throughout the film. The PPV copolymer was prepared via a/,,=0.4 V. Since for most organic materials the hole mobil-
similar precursor polymer route using a conversion temperaity, n,,, is found to be much greater than the electron mo-
ture of 200 °C for 4 H2 It has been showffithat PPV can be  bility, ., we may assume that = un(u> o), Egs. (1)
chemically doped by PEDOT:PSS when converted on top ofnd (2), allow us to calculate the hole mobility for the poly-
the PEDOT:PSS layer from the PPV precursor. For thismer (this assumption is justified later in the articlén this
work, however, the PEDOT:PSS was used in conjunctiormanner(and assuming, =3 for PP\) we estimate the den-

with a different PPV(requiring different conversion condi- sity of extrinsic chargen,, in the PPV fiim of device B
tions), and no evidence of chemical doping was found during

device testing.

Figure 1 shows the current density,plotted versus the 10 P i
applied voltageV, on a double logarithmic scale for device &
B [ITO/PPV (220 nm/Au] for voltages from 0.01 to 2 V. g 105} |
We can clearly identify two types of current-density behav- 5::
ior from the plot, namely(i) ohmic,Jx«V, for V<0.4V and B .. io
(i) space charge limited curre®CLC), J=V? for 0.4V 5 10 1
<V<2V. The equations defining ohmic and SCLC behav- e Ohmic
ior, respectively, are § 107 .
Y, S , Yol ,
Johmic= Nod Meff L (1) 10 0.01 01 1 10
9 V2 Applied Voltage (V)
JSCLC_§ €rCoklett F' @ FIG. 1. Current density as a function of the applied voltage for device B

. . . . . [ITO/PPV (200 nm/Ad for the voltage range 0.01-2 \J, andV, are the
Whe_re_no is the extrinsic carrier densﬁ&.e._, th_e density of  cyrrent density and voltag&espectively at the crossover from ohmic
noninjected charge present in the PPV jilm is the elec-  (J=xV) to SCLC (=V?) behavior.
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x10®%cm 3, and the hole mobility, u,, to be ~2 T
X 10 "cm?V~ts ! for electric fields in the range between |4
500 Vcm tand 0.1 MVem™. i

upon completion of all processing steps to bel.4 Device A ~ Device B DeviceC DeviceD  Deviee E
A similar procedure can be performed from theV

1—i—<—Vacuum Tevel
curve (not shown for device A[ITO/PPV (220 nm/Ag] r

from WhICh we Calculaten0~4>< 1014 cm’3 and Mn~ 1.4 ITO" PPV Ag  ITO" PPV Au  (TO" PEDO'FPPVCO?a ITO' PFO Ca ITO*PEDOT PFO Ca

x10 ®cm 2V 1s ! these values being approximately potymer

three times smaller and seven times bigger than those @fiG. 2. Schematic representation of the band diagrams for devices A—E.
device B, respectively. It is likely that these differences areShown relative to the vacuum level for device A are the work function of
an indication of the errors in eith&f; or V, , rather than of  'TO: éimo, the work function of the metal cathodéy,, the HOMO of the

he different svstems’ individual properties. We ma there_polymer, the LUMO of the polymer, the maximum energy barrier to hole
the ai Yy prop : y injection between the ITO and the emitting polym&pyax and the energy
fore conclude that for our PPV LEDs we haveg barrier to electron injection\. . The values for the injection energy barriers
<10%®cm™2 and uy,~10 '=10 ®cm?V 1s . These lev- arelisted in Table I.

els of background charge are one to two orders of magnitude

lower than those values quoted in the literature for thermally

converted PPV on ITG:® Moreover, in a device structure | it should be noted that the interaction between the polymer
such as ITO/PPV/Au, the bands are almost flat at zero biagnd the electrodes may result in smaller barrier heights for
Equilibrium between the contacts and the polymer will resultelectron injection and larger values for hole injection than
in charge diffusion into the polymer and an apparent dopingjuoted heré®-2®However, the analysis presented later does
effect. ASSUming a denSity of states szia'rrS the Charge not depend on these values being accurate.

concentrations at the interface for metal/polymer injection |t has been postulated that the current density is injection
barriers (A¢) of 0.2 and 0.3 eV are[Po=10"" |imited if the injection barrier is larger than 0.3—0.4 &%°

X exp(—A¢/KT)]~10"" and 16°cm™>, respectively. This ysing this criterion devices A and B are electron-injection
suggests that 28cm™2 is probably an upper limit for chemi-  imited, device C is neither electron nor hole-injection lim-
cal doping. We attribute these low background charge levelged, and devices D and E are hole-injection limited. Table |
to both the device fabrication technique and the careful syng|so shows how the different properties of the polymers and

thesis of the PPV precursor. electrodes were used to design devices for specific purposes.
In particular, the device designs make use of the different
B. Electrical excitation of LEDs combinations ofA, and A, yax to facilitate or inhibit the

The LEDs were electrically excited by means of a home-mjecu,on of particular carriers. L
Since for most organic materiglg,> ., it is generally

made pulse generator with a 10 ns rise time and operatin 1 ) . .
P 9 b gon5|dered that in structures such as these five devices the

frequencies from 10 mHz to 100 kHz. Unless explicitly | il b 1 h | d
stated the repeat frequency used was 1 Hz. The voltage drof). es will be t_ransporte aster than electrons un er an ap-
ied electric field once they have been successfully injected.

across the LED was measured with a voltage preb&0 ns ; N .
For devices that are not hole-injection limitatkevices A, B,

rise time and the current was monitored with an induction . .
current prob& (~5 ns rise timg The temporal evolution of and Q the average hole density will be much greater than the
such that hole transport dominates hé

the light output was measured using a photomultiplier tube‘alECtron dpnsﬂy, ) o oo
(PMT) with a 50 ns delay time and a 15 ns rise time. Theqharacterlstlcs. In this case the recombination zone is ini-
overall response time of the system is 15—-20 ns. Voltaget,'?"y,located_ glosg to .th.e cathode. For cases \{vhe.re the de-
current, and light signals were measured using a Hewletf/Ce 1S h_ole-lnjecnon limited but not electron-lnje_ctlon_hm-
Packard 400 MHz bandwidth digitizing oscilloscogelP ited (devices D and E the average electron density will be

54502A). CW current voltage characteristics were measuretﬁnuch_ greater_than the average hole density, but th? electron
using the Keithley 230 and Keithley 195, respectively. mob|I|_ty remains much_smaller than the hole mqb|llty. Thg
combination of these mismatches makes the carrier dynamics

of the hole-injection limited device more complicated than
that of the electron injection limited device.

Figure 2 shows a schematic of the band diagrams for the We will later use device C, which is neither hole- nor
five devices investigated, showing the relevant levels for thelectron-injection limited, to measure the hole mobiliagnd
injection and transport of carriers. The values for the highesthe electron mobility in the low field regimeof the PPV
occupied molecular orbitdHOMO) and the lowest unoccu- copolymer. The high current densities achieved in device C
pied molecular orbita(LUMO) were estimated from cyclic preclude us from extracting the electron mobility in the high
voltametry measurements, Kelvin probe measurements, arfikld regime due to heating effects. Similarly, devicétdle-
from the literaturé* The metal workfunctionsg,,, are injection limited will be used to measure both the electron
from?® and the workfunction of plasma etched IT@;o, is  and hole mobility of PFO. The low light levels produced
from Ref. 14. The barrier to electron injectiof,, and the from the highly electron-injection-limited devices A and B,
largest barrier to hole injection\,yax , (between the etched however, make these devices unsuitable for hole mobility
ITO and the emitter interfageare annotated on the band determination, as the voltages required to produce measur-
diagram for device A, and listed for all five devices in Table able light are so large as to make the EL response time reso-

C. Device design
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FIG. 3. Current density as a function of the applied voltage minus theFIG. 4. Numerical simulation of the current density as a function of voltage

bl volag for e CTOIPEDOT (S0 PPV CopomerTs )17 C5EE 1 e O ke scheme by g i st
nm)/Ca) in both CW (filled diamond$ and pulsedempty squarésmodes. 9 : ? ’

The inset shows detail of the region where the CW and pulsed mode curreﬁ_lflifsggsg(;'\?v_dg?‘edb“ne foRy = 16?]K/W’ hand Ithel d?hed ImeddeT. f
densities diverge. The structure of the PPV copolymer is also shown. _ - The bottom curve shows the calculated current density for

Ths=200 K.

lution limited. As discussed earlier, device B was designed to hen th t densities b h CcW
obtain reliable low voltagdd—V characteristics by virtue of ages when the current densilies become much larger.

its low built-in voltage. Finally, device F was designed to measurements therefore have the inherent problem that the
investigate the effect 'Of the ir’1clusion of the PEDOT'PSSdeVice temperature increases even whilst the voltage is held

anode layer on the charge storage effects of the ITO/PFO/ pnstant dprlng a typical CW-V mea;urement because of
system. oule heating.It is known that for a given voltage, the cur-

rent increases with increasing temperat(atributed to en-
hanced thermally assisted hoppiRg>!~3’ Figure 3 shows
o the current density as a function of the applied voltage minus
1. CW versus pulsed J —V characteristics the built-in voltage ¥— V) for device C in both CW and

At the low voltages and current densities shown in Fig.pulsed mode. A 10 Hz repetition frequency was used for the
1, the effects of heating due to the dissipated power in th@ulsed measurements and the current densities were read
device are negligible. This may no longer hold at high volt-from the quasisteady-state region of the pulse. We see that at

D. Current heating effects

TABLE Il. Summary of the parameter values used in the phenomenological simulation model for a PPV-like
polymer device similar to device @ol. 2), and a PFO polymer device similar to device(@l. 3).

Parameters used for PPV-like  Parameters used for PFO-like

Quantity polymer device polymer device
Device thicknessz 100 nm 75 nm
Device areaA 1 mn? 1 mn?
Electron injection barrierA 0.2eV 0.1leVv
Hole injection barrierA,, 0.3 eV 1.0eVv
Hole mobility, wn=unee 2 Te”E (Ref. 9 uh=10"*cm?V-ts?
(from Sec. VIA
Electron mobility, se we=0.1u, o= pege Y TenE
(assumptioh
Zero field mobility, ug pno=35¢cnfV st (Ref. 9 e 2 T=7.5x10 VeV is?
pnoe MT=3.4x10"" eV ist (from Sec. VIB
Thermal activation energyh 0.48 eV (Ref. 9
B 2.9x10 %eV (Ref. 9
To 600 K (Ref. 9
T 300 K 300 K
y 5.6x 10 % cm*2V 12 (Ref. 9 4.4x10 3 cmt2v 12
(from Sec. VIB
Relative permitivity of polymerg, 3
Fraction of excitons formed as 1/4
singlets,F
Exciton lifetime, 7 1ns
Exciton diffusion lengthl 10 nm(Ref. 46
Exciton diffusion coefficientD D=10"%cn?s ! (given byD=L2/7)
DOS, Ng No=density of conjugated units10?*cm 2 (Ref. 37
Richardson constanf, 120 Acm 2K =2 (Ref. 59
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low voltages there is a good agreement between pulsed and T — 0.5 _
CW data, and that at-V—V,=6V (corresponding tov 30 E NE
=7.9V and J=50mAcm 2, assuming that/,=1.9V)%® = | z /D 104 g
the CW measured current starts to increase faster than the o = ?mts{-';é {03 =
pulsed currentsee insgt The ratio of the CW current den- > r =TT é
sity, jcw, to the pulsed current densiti,seq at the highest 2 Frequency (Hz) | 0-2 S
CW voltage applied here M—V,=7.2V) is given by 2r o1 =
Jew/Ipuised= 3- 1 | e o _ 2

[TTR i o 5
2. Numerical simulation of current heating ' M’ ©

To test if heating is a plausible explanation for the dif- 0 0.5 1 15 2 0.1

ferences seen between CW and pulsed/ measurements Time (us)

we have numerically simulated tlde-V behavior by analyz-

ing the commonly used equations assumifiy a space FIG.5. EL and current-density response of device D to 10 dsJulses of
. S\ i ; n varying repetition frequency. Repetition frequencies are: 100 rgdid

Cha.lrge limited Currerﬁ? (i) single carrier tr?nszgort’ artdi) line); 1 (dashed ling 10 (open circley 100 Hz (open squargs 1 (filled

a f|E|_d and_ temperature_dgpendent mobility; _TO make_ ~ circles, and 10 kHz(illed squarg. The inset shows the amplification of the

our simulation more realistic we add an equation describingL as a function of the repetition frequency for devices C, D, and E.

current-induced heatifigfor the CW drive scheme. The
equations are
3) would correspond to a temperature rise~a20 K. Based

9
J= gereso,uVZL*3 (Acm™?) (3)  on the earlier studies we have used pulsed-mode measure-
ments for the analysis af-V data.

A
u=uoexp(—ﬁ exp(y\VE) (cmPVis™Y (4
E. Charge storage between pulses
:B(i_ i) (V-2 emi?) 5) The presence of charge storage effects in polymer LEDs
Y KT kT, must be taken into account when performing pulsed mea-

surements, as it is important not to use pulse repetition fre-
T=TustIVRr  (K). ©) guencies that cause significant interference effects between
Here ug is the zero-field mobilityE is the electric fieldT is  successive pulses. We find that charge storage effects within
the device temperatur&, s is the heat sink temperatureis ~ a device may be easily investigated by the variation of the
the current, an®Ry is the thermal resistance. Table Il lists the repetition frequency. In LEDs which have been prepared as
values used for the parametejsy, A, B, and Ty, which  described in Sec. Il A, one does not expect a predominance
were taken from the work done by Blom and Vissenberg orof real traps(e.g., induced by oxygen, metal diffusion, dop-
PPV diodes. ing of PPV from thermal conversion on ITOThe tail of the
Figure 4 shows thd—V characteristic derived by solv- gaussian density of statéBOS), however, may cause effects
ing Egs.(3)—(6) self-consistently foa 1 mnf device. The similar to traps, something which has been considered by
full line is calculated forRr=0 K/W, the dashed-dotted line several author&31374243\oreover, the presence of interfa-
for Rr=160 K/W, and the dashed line f&?;=1600K/W. cial layers at the electrodes, and between polymer layers may
For completeness we have also included a calculation foenhance the storage of charge in the deffce.
Tps=200K (bottom curve. Ry=160K/W was calculated Figure 5 shows the EL response as a function of the
for a relatively good heat sinking procedir&ince the re- pulse repetition frequency, for device D using 10 V lus
sistance ba 1 mn? volume of glass ifR;=110 K/W values pulses. We see that there is a threshold repetition frequency,
exceeding 1000 K/W may be encountered. Moreover, it was,, above which the integrated EL intensity of a given pulse
found for CW drive?! that the temperature is not uniform is seen to rise. For devices C, D, and ff,is found to be
even in a 1 mrhdevice, the center of the pixel being hotter ~100 Hz, ~100 mHz, and<10 mHz, respectively. This
than the edges. We note from Fig. 4 that when the device ignplies that the charge “memory” effects in devices C, D,
not properly heat sinked, there is a specific current densitgnd E are~0.01,>10 and>100 s for fields of 0.4, 1.0, and
(100-1000 mAcm?) beyond which the current-induced 0.6 MV cm ™, respectively. In accord with these findings, the
heating raises the device temperature, which in turn enhancésset of Fig. 5 shows the EL within a given pulse as a func-
both the mobility and current. In this manner a positive feedtion of repetition frequency, Elf(, normalized to the EL at
back loop is established, and the current starts to increasbe threshold repetition frequency, Blj. We see that de-
steeply. In a real device one would not expect the current teice E is the most frequency sensitive, with EMEL(fy)
increase so abruptly, but rather to become limited by other-30 for f=100Hz, and that device C is least frequency
factors(e.g., contacts We therefore suggest that the differ- sensitive with EL§)/EL(f,)~1.3 for f=10kHz. Compari-
ence in slopes and magnitudes described in Fig. 3 is largelson of the EL responses of devices D and E shows that the
attributed to heating under CW drive conditions. Using theinclusion of the PEDOT:PSS anodic polymer layer is respon-
temperature dependence of the mobility shown above, thsible for the increased charge storage effects seen for device
~3 times increase seen in the CW current of devicd-iQ. E. This is probably because the PEDOT:PSS layer is serving
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FIG. 7. EL and current-density response of device A to 41 V 600 ns pulses.
The inset shows the EL response of the same device to 25 \u28@ilses.

10/12 14] time t3) to a nonzero EL value followed bfv) a long-lived
s - exponential tailof characteristic time¢,). The timesty, t4,
é— andt, will be interpreted and defined in Sec. V when we
] L present the phenomenological simulation model used for this
-5 0 5 10 15 20 work. Inset A of Fig. a) shows detail of the turn-on period
(b) Time (ms) from which we can resolve botty andt;. Inset B of Fig.
FIG. 6. (@ EL and current-density response of devicedC5tV 200 us  6(2) shows detail of the turn-off period. Being of order 15 ns,
pulses. Inset A shows detail of the EL turn-on period and the current chargt;, we consider that this is limited by the response of the
ing spike. The delay timety, is the delay between the application of the pP\MT. Plotted on a logarithmic scale we see that after a fast

voltage pulsdcorresponding to the onset of the current spied the onset . . .
of EL (t4~750ns). Inset A also shows the fast rise time;4.76 us. Inset modulation of the EL, for times less than 1, the time

B shows the detail of EL at turn-off on a logarithmic scale showing the fastconstantt, of the EL decay can be fitted to a single expo-

modulation ¢;< 15 ns) of the EL when the step voltage is removed, and thenential. Figure &) shows the EL response of device C to 10

zxmnegtl)aglf}l%ecay Olf Char;lcteristiﬁ tim?ﬁgﬂsa(bl) EL r?SDOt_nse of " ms pulses at 5 V, from which we see that the time scale of

e e 2 ot 5 U " the second EL rise s severalorders of magniude onger than

turn-off. that of the first EL rise. The inset of Fig.(®, however,
shows that on longer time scales there is a further feature or
“bump’ occurring approximately 50Qus after turn-off, fol-

as an electron blocker. This shows that the PEDOT:PS®wed by a further decay.

layer should not purely be though of as a conducting anode. For device C &5 V the delay timefy, is ~750 ns, the

Note that elsewhere in this article we use repetition frequenfast and slow rise times atg~4.75us [inset of Fig. €a)]

cies which are sufficiently low to avoid interference effectsandt,~5 ms[Fig. 6(b)], respectively. At voltage turn-off the

EL Intensity (a.u.)

between pulses. EL drops to~1/30 of its previous valuginset B of Fig. §a)]
within 15 ns and then exponentially decays with a time con-
11l. TRANSIENT RESPONSE OF LEDS Stantt4~20,u5. The bump then occurs at500 MS and de-

cays with a time constant of200 us. Experiments show

We now consider the transient response of the LED dethat the bump is only present if the product of the voltage
vices under pulsed operation, with the aim of extracting theand pulse width is above a certain threshold value suggesting
charge transport properties and comparing them taJ#¢  that there is a threshold charge density necessary to produce
characteristics. We start by carefully examining the experithis feature. We propose an explanation for this feature in
mental procedure using a range of experimental conditiongec, v C. The transient response of the current density is
as well as device Configurations. By Identlfylng Universalcharacterized by a Sharp Charging Sp(uee to the Capaci_
features we are able to draw guidelines for the determinatiofance of the devidefollowed by a quasisteady state of13
of parameters. mA cm 2. At turn-off there is a sharp discharging spike fol-

A. Transient features: Device C lowed by a long-lived decay.

Figure Ga) shows the EL and current response for de-
vice C to 200us 5 V pulses. As discussed earlier this is a
PPV copolymer device with the injection of both charge car-  To illustrate that the transient EL features discussed so
riers being bulk limited. The EL time evolution is character- far are general to other systems Fig. 7 shows the transient EL
ized by the following five features listed here in chronologi-and current density of device NTO/PPV (200 nm/Ag]
cal order:(i) a delay timet, before light is detectedji) a  under 600 ns 41 V pulses, and the inset shows the EL from
fast initial rise timet;, at EL turn-on;(iii) a second slower 200 us 25 V pulses. Figure 8 shows the transient EL and
rise time,t,; (iv) fast turn-off modulationof characteristic  current density of device DITO/PFO (100 nm/Ca] under

B. Universality of transient features
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' —— ' time. In attempting to analyze the temporal response of the
" n 11 <« LED in terms of the charge carrier dynamics we must, there-
= Hy,Cq CgHyy 5 g fore, first ensure that the heating is not significantly contrib-
s 2 | < uting to the observed transient responses. We can calculate
> 1 ) 19 > the temperature rise in the device due to the application of an
2 | A o 18_3 B @ electrical voltage pulse by referring to the equivalent heat
‘GE) 10 14 3 circuit of the device as previously discussed in Ref. 6. To
> 0 05 10 = first order, the power dissipated within the device due to
wor 100 200 2 Joule heating causes the temperature to rise linearly with
12 3 time throughout the duration of the pulse. Using the evapo-
[ h rated contact thicknesses for device(ZDO nm of calcium,

-100 0 100 200 capped with 250 nm of aluminumthe temperature rise per
Time {us) unit time, per unit of power dissipated is calculated to be

FIG. 8. EL and current-density response of device D to 16 V 48@ulses. 3X10°*K (us) ' (mW) *. This translates to a maximum

Inset A shows detail of EL turn-on period and the current charging spiketemperature riseA T ., 0f 0.4 K in the case of device C for
The delay timetq, is the delay between the application of the voltage pulsea 5 V 0.05 mA pulse of 5 ms. In addition to this we note that
(corresponding to the onset of the current spikad the onset of ELt{  the current does not rise significantly over the duration of the

~35ns). Inset A also shows the fast rise tirhg;r 60 ns. The main figure .
shows the second and slower rise time in the Ek;50 us. Inset B shows pulse, and that both the current and light flatten off to a

the detail of EL at turn-off on a logarithmic scale. The structure of PFO isStéady value. We may therefore say, for this particular case,
also shown. that the heating effects are unlikely to be a major contribu-

tion to the slower rise time of ELt,. Care must be taken,
100 us 16 V pulses. These figures all show a fast initial risehowever, when interpreting with pulses of higher power to
followed by a slower rise, fast modulation in the turn-off, ensure that\T ., is not the dominant contributor to the ris-
and a long-lived exponential tail. The delay in EL turn-on,ing EL. The presence of a final steady state rather than a
tq, is hard to discern for device A at the high voltagd V) continuously increasing current serves as a good diagnostic
necessary to achieve current densities of order 1 mAZcm that Joule heating effects are negligible. For the cases where
Similarly, at 41 V the fast rise time recorded by the PMT for ATmay is not expected to be significant, however, the pres-
device A is~20 ns, and is therefore likely to be limited by ence of a rising current prior to the final steady state, is likely
the overall response of the systéir5—20 n$. For device D  to be attributable to changing injection conditions rather than
at 16 V ty4~35ns, t;~60ns (inset A of Fig. § andt, heating.
~50us. At voltage turn-off the EL drops te-1/40 of its
previous value(inset B of Fig. 8 and then exponentially
depays witht;~25us. Also partly shown in Fig. 7is the EL |\, pHENOMENOLOGICAL MODEL
spike present on the downward slope of the fast EL modula-
tion (~100 ns after voltage turn-ffA spike is also seen for A The model

device D~65 ns after voltage turn-offFig. 5). Having established our experimental method we now de-
The current spikes seen at the turn-on and turn-off of thecripe the framework within which we interpret these results.
voltage pulse are due to the charging and discharging of thg, the following we provide a theoretical analysis of the
device. In the case of device &ee Fig. T the capacitance, properties of polymer LEDs. The method used relies heavily
C, of the device was calculated from the integrated chargegn models developed for inorganic semiconductors, such that
Q~1.1x107°C, at 41 V to be 260 pRusing C=Q/V).  the unique properties of organic polymers enter only into the
This compares to 120 pF calculated for the geometric capackxpression for the field and temperature dependence of the
tance of the device[assuming ¢, =3 and using C  mopility. The microscopic morphologie.g., disorderis not
=o€ AlL, where A is the device areé nnt) and L is the  fylly accounted for, neither for the transport nor for the in-
device thicknes$220 nm]. Comparison of the integrated jection processes. With this limitation in mind, we consider
charge for the two spikes of device A shows that the initialoyr model to be phenomenological and aim only to establish
spike contains a 0.05 A component of quasi-dc current, equajuidelines for the interpretation of our measurements. We
to the magnitude of the quasi-dc current in the device aftegtart by writing the equations that are considered to govern
charging. This implies that dc current is present during dethe operation of an electrically pumped LED, assuming that

vice charging. Close inspection of the charging spike revealghe exciton generation is a Langevin pro@@4s4038
that the real rise/fall times of chargirigecorded as-10-15

ns) are probably limited by the apparatus rise/fall times A

(~10-15 n$, and therefore that the charging process is _ ex;{——) ex E 7
much faster than recordgas would be expected for a ca- #n= Hno kT F(y\/—) )
paciton. For further discussion see Ref. 52.

C. Calculation of temperature rise during a pulse %ne(z,t)z % Dea_ﬁz Ne(z,1) + e E)Ne(z,H) E(2,1)
As previously discussed, the presence of significant
Joule heating in a device causes the current to increase with —Ra(z,t)ng(z,t) (8a)
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(9 (9 a - T T T T
—Nh(Z,1)= — | Dz Np(Z,t) — un(E)np(z, ) E(Z,1) 8 Elts=) 5 1
= o O(S;)
—Ry(z,t)ny(z,1) (8b) o 10° i §5 |
~ c T
d g = N W 0
5E= 22— ne(2)] 9) g 10 15 20 25
o Jime (1s)
7 S(zt)=FRy(z.t D+ b2 szt S 810 ¢ ty = 0.8515 "%
a XU ZFRAZUN(2 U+ 5 | Deg, 820 [ =7 ) o+t = T2us
(10 o
q 10_2 1 i 1 1
R.= Lot N - (11) o 1 =2 3 4 5
€r>€o Time (us)

Heren,, n,,, andSare the electron, hole, and singlet exciton
er’’h 9 FIG. 9. Plot of the simulated final magnitude of tti®rmalized EL minus

d_enSI_ty’ respe_ct_lverDe a_nd Dh ar_e the electron and hole the EL at timet, [EL(t—o)—EL(t)]/EL(t—), as a function of time
diffusion coefficients, which are given 0y.=uckT/e and  density for a PPV-like devicésimilar to device G, showing howty andt,
Dy,= ukT/e (whereeis the unit of electrical chargessum-  are determined. The assumptions used for this simulation are listed in Table

ing that the Einstein diffusion relation holds for these sys-”' col. 2. The inset shows the simulated response of the exciton density for
. . - . a PPV-like device(similar to device ¢ to a square voltage pulseV(

tem;.; is the distance from the Cathoqﬁm is the effe,cnve -V, =5 V). The assumptions used for this simulation are listed in Table I,

mobility (for un> e ner=up), andRg is the Langevin re- ¢, 2.

combination rate for electrons, which is field dependent

through the field dependence of the mobiftyNote that the _ _ _ _ o

related throughR, X n,=R.xn,. The diffusion coefficient gstablish equiliprium in. the vicinity of the polyme_r/anode
for the excitons is derived assuming a diffusion length ofinterface, andA is the Richardson constani,, is the inter-

Lp~10nnf®and a lifetime ofr=1 ns ©s=L2/7). For sim- facial energy barrier, which is lowered from the zero field
plicity we do not account for nonradiative channels intro-Value, Ay, by the image force effect. There are three more

duced by defects, charges, or other excitons which wil@nalogous sets of equations describing the hole current at the
shorten the lifetime and may even change the monoSathode and the electron currents at both electrodes. The four

molecular nature of the decay. sets of equations thus formed define the boundary conditions.
Equations(8a and (8b) describe the electron and hole FOr the excitons we assume infinitely fast recombination at
dynamics respectively, whilst E¢9) is the Poisson equation. the contact interface. The extended effect of the contact
Equation(10) describes the dynamics of the singlet excitonthrough coupling of the radiation field to plasmon modes is
density, which is generated through the Langevin recombinot included:”**The boundary conditions at time<0) are
nation rate[Eq. (11)]. F is the fraction of singlet excitons derived by solving the equations for— V= —V,, at steady
generatedwe assume thaE follows the spins statistics ar- State. Such boundary conditions are shown in the inset to
gument,F=1/4), and 7 is the exciton lifetime(not to be  Fig. 10 which demonstrates how the polymer is partially

mistaken for the radiative lifetime filled (“doped”) with carriers even for zero applied bias
(V=0).
B. Boundary conditions C. Parameters used in the model

The boundary conditions for the charge carriers are cal- The values of the parameters used in the modeling work
culated using thermionic emissigimcluding back flow, but for a PPV-like polymer and a PFO-like polymer device are
ignoring tunneling as outlined in Ref. 30. We write down listed in Table Il. The mobility parameterg,, o, B, Ty, and
the equations for one carrier tydboles at the anodeZ vy, for a PPV-like polymer were taken from Ref. 9, and we

=L) additionally assume thai.=0.1u,,.
N, eqnl E(L)]1=Ng ex;{ - %) (12 D. Simulation results
The inset to Fig. 9 shows the response of the average
Jn=V[Np(L) = Np egnl E(L)]] (13 exciton density to a square voltage pulse(Vy,=5V). The
AT2 parameters used correspond to an ITO/PPV-like polymer/Ca
V= —— (14) device, which in the context of our model corresponds to
No ohmic contacts. We notice the same features as were experi-
e[E(L)| mentally observed, namely: at turn-on, a delay followed by a
Ap=Ap—e - (150  fast and slow rise, at turn-off, an instantaneous decay, fol-
r

lowed by an exponential decay. The same type of response
whereny, ool E(L)] is the quasi-equilibrium hole density at was calculated for various contact barriers and applied volt-
the anodeNj is the density of conjugated chain segments,ages. We focus first on the turn-on dynamics and plot the
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TABLE lll. Definitions of characteristic timek;, t;, andt,. The curve shown here is from the phenomenological model.

Time Definition

ty Time at which the straight line
drawn through the first slope on

the plot of log {[EL(1— )~ EL(#) }/EL(1—®)} 0
vs time intersects with the horizontal 0 10
section of the curve (i.e., when et
[EL(t— ) —EL(#) |/EL(1—®)=1). E """
tg+1y Time at which the straight lines 510 1 0.05

drawn through the first and ,8«
second slopes intersect on the 1 i AN
plot of log [EL(z—o)—EL(#)] = d 2
vs time. sz //tdl+t1 ‘ \

1 Time at which the EL intensity 0 ! 2 8 4 5

reaches 95% of its final value
(i.e., when [ EL(1— %) —EL(¢) )J/EL(1—%) =0.05).

magnitude of the EL at timg EL(t) shown in the inset of this observation we associate the second time constant
Fig. 9, subtracted from its final value, Bl-{), i.e., EL(t (slope in Fig. 9 with the motion of the slow carriefglec-
—»)—EL(t), as shown in Fig. 9. This plot clearly reveals trong. Figure 10 also shows that befarety+1t;, the hole
the presence of two distinct regions where J&t (t— =) density distribution is not yet at its quasistationary state, and
—EL(t)] varies linearly with time. As we show later these that att=t, it is still changing relatively fast. It has been
two regions are associated with the hole and electron dynamfiscussed by several authd?é 34*°that the determination
ics, which are clearly resolved here due to the assumed ordef mobility values is sensitive to the method used, and in
of magnitude difference in mobility, and which can be de-Ref. 9 it was shown that the analysistgffrom pulsed mea-
scribed by the two time constants,andt,. The character- syrements does not give agreement with the mobility values
istic timesty, ty+t; andt, are obtained from the plots of extracted from the CV—V characteristics. Since our simu-
logd EL(t— ) —EL(t)] versus time and EL versus time as |ations suggest that only aftert4+t, does the hole density
described by Table 1. o . becomes quasistationary, we conclude that the use=of

We W|s_h to f_lnd a characteristic time in the_t_jewce r€- 1 t, is more appropriate than using t if the deduced mo-
sponse, which will define the fast carrigrole) mobility. Topjjiry s to be compared with other LED characteristics. We
do this we plot the hole and electron density adjacent t0 thg ' that this method is somewhat similar to the distinction
electron |njegtlng contact for several' time delays. We haverOr TOE measurements made between the arrival of the
chosen the time delays, based on Fig. 9 a$d:0'8,5_'““5’ broadened front of the carrier packet and the arrival of the
t=td+'|[:1_=l.2,413, tiljﬂsh and st_eady(;s'?ate ck:)nd(:;(;ns (' packet's central part. In this context we note that since our
>1p). Figure shows that at time delays beyandlty simulations do not take account of electrical field-induced

1y the profile of the hOIG d ensity Is _almost constant, V\."th broadening found in disordered structut®s, is relatively
only the electron density still moving into the device. Using
small compared toy+t;.

Using the methodology developed for the TOF

10° . techniqué® we examine the ratip0.5; /(t4+ 0.5,)] which
5 is found here to be equal t80.17 at 5 V. This is similar but
10 somewhat larger than the 0.1 deduced from the expre$8ion
10' t Ejectrons kT/eV)Y? described in Ref. 50 for an ideal case under con-
10° stant electric field. Our simulated system is not ideal in the

y sense that there is a space changeying field and a field-
10 dependent mobility. As we will show, real devices are even
107}, less ideal, and this ratio is larger still. We also note that for
10°}

our method to hold, one must observe the two slajpiese
. L constantsin the experimental turn-on dynamics. If the first
10° : ' i

0 20 40 60 80 100 time constant is pot resolve-d,. due for ex.ample to a more
extended quenching zone, it is not possible to unambigu-
ously determine the mobility of the fast carriers, as has been
FIG. 10. Simulated electron and hole charge densities as a function of theiscussed if?>*In the experimental curve this will manifest
distance from the cathode density for a PPV-like devimilar to device  jigelf whent,>t4 or (0.8,/(ty+0.5,))~1.

C) for the timest=t4=0.85us (dashed ling t=t4+t,=1.2 us (solid line), . . . .
t=1.7 us (dashed line with large spacingand for steady-state conditions We have repeated the simulation for a Conflguratlon

(t>t,) (dashed-dotted line The inset describes the boundary conditions at Sim"a_r to the PF_O deviceésee Table D' Where_there_ is a
t=0. large imbalance in electron-hole mobility and injection bar-

Charge Density (10'8cm3)

Distance from Cathode (nm)
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FIG. 11. Calculated distribution of exciton densit@) The density gener- w0 difference to the electron transit time. We will return to
ated through electron-hole recombinatiétn. The same as ife) but includ- these two sources of error when calculating the electron mo-
ing the effect of excition diffusion and quenching at the electrode interface.” =~~~
The inset shows the factor by which the exciton density is quenched by thility in PFO (Sec. VIB.
interface, as a function of time. To illustrate the role of the exciton-quenching interface
and the electron penetration depth,, we plot, in Fig. 11,
the distribution of the exciton density. Figure (&l shows
riers. The shape described in Fig. 9 was reproduced allowinthe exciton distribution neglecting the diffusion term in Eq.
reliable determination of the hole mobility. We also found (10), and hence, reflects the distribution of charge recombi-
that the large hole barrier results in low light levés low  nation rate. Figure 1b) describes the effect introduced by
voltages, such that it may be experimentally difficult to re- exciton diffusion and quenching at the electro@gete the
solve the arrival of holest(). The three orders of magnitude differenty axis). The times for which those quantities are
lower electron mobility effectively mean that no electronsplotted are consistent with previous figures. The difference
are injected within the transit time of the holes. Since we ddetween the distribution in the two subfigures demonstrates
not assume the structure to be emptytaDd (see boundary the effect due to quenching at the interface. We also note that
conditiong there will always be electrons to recombine with when holes start to arrive at the cathode={;) there is
the arriving front of the hole distribution. However, this may already substantial electron density outside the quenched re-
sometimes be too weak to detect. The signature of this effegion so that a non-negligible density of excitons is generated
may be found in[ 0.5, /(ty+ 0.5)] which is significantly  (light can be detectedBy calculating the integral under the
larger than the one calculated earlier for the PPV-like devicedifferent curves we can calculate the factor by which the
at the same applied voltage. exciton density is reduced due to quenching. This is shown
The determination of the electron transit time from thein the inset to Fig. 11 where we note that at longer times the
EL turn-on is a more complicated process than it is for holesquenching becomes less pronounced, due to the motion of
The motion of electrons into the device gradually increaseglectrons away from the quenching cathode.
the overlap of the electron density profile with the hole den-  For the mobility calculations one also needs to know the
sity profile, giving rise to an increase of the EL intensity. Theelectric field throughout the device. A value &=(V
EL in the electron dominated region therefore does not nec—Vy;)/L is normally used, which is based on the assumption
essarily follow a single exponential law. Moreover, the dis-that the carrier front is not affected by the space charge it is
tance across which the electrons travel is not as uniquelgreating. Our simulations show that, since the space charge is
defined as for the holesee Figs. 10 and 11The penetra- created mainly by holes next to the anode, the front of the
tion distance of the electronk,, is limited by recombina- hole space charge density propagates within a field which
tion with holes, and hence, depends on the actual densitigscreases with timéwhen the space charge is mainly due to
within a given device. The lower limit for this distance holeg. This effect is illustrated in Fig. 12 where the electric
would be the size of the quenching zohg,, and the upper field distribution is plotted fort~0 (no space charge
limit would be the length of the devicé, To be consistent t=ty+t; (mainly hole induced space chajge=t (steady
with the deduction of hole mobility the electron transit time state, which includes both electron and hole space charge
needs to be defined as the point where this overlap is close f@us a small mutual cancellatipnAlso shown in this figure
its maximum valudi.e., steady stajeTo avoid any ambigu- is the field distribution when the pulse is turned off avid
ities we define it as the point the EL reaches 0.95 of its final- V= —V,;;: we come back to this distribution in the text
value. Varying this value by-0.02 results in only a factor of later. For the present discussion we only note that the maxi-
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TABLE IV. Summary of the experimental procedure for extracting carrier mobilities including the checks

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.

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

3 Avoid interfacial(current blocking layers
next to electrodegAl,O; for Al electrode will
affect hole dynamics, and PEDOT:PSS on
ITO will affect electron dynamids

4 Ohmic contacts usually involve less
ambiguities.

5  When measuring very slow-carrier mobility,
reduce the current due to the fast carfieg., a
high barriej. Note the effect on the extraction
of the fast carrier mobility4 earlie).

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

7  ldentify the regimes denoted, t,, t,, and
quasisteady state.

8 If in doubt regarding 4, a largg /t4 ratio (>10)
may be indicative of a problem.

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

Device characteristics are temperature dependent.

To ensure the measured quantity is charge
transport and not charge accumulati@t
interface$ (see Ref. 4

(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.

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

Avoid pulse to pulse interference through
charge accumulation.

To ensure that the two carrier dynamics are
separable.

If the dynamics of the two carriers intermix
through 4, then the apparentwill increase

significantly.

mum value of the field does not increase significantly in sucHated in trap-like states. The first effect of high electron den-

a device. This implies that by calculating the mobility using sity is to create a space charge density next to the cathode
E=(V—Vp)/L may result in only a slight overestimation. and hence a reduced field at the recombination zone. When
the applied voltage is removed, the field due to the space
charge is still present, resulting in an increase in the magni-
ude of the electric field next to the cathode. Using the same

where the instantaneous decay was found to be associat Qplc as for the instantaneous drdpwe can expect a spike
: . . . o 0 be generated very close to the cathode. The second effect
with the instantaneous reduction of the internal field in the

device as the voltage is turned off, and not to fast carriePf a high electron density near the cathode is to pull holes

extraction®® This is illustrated in Fig. 12 fot=toee. A re- towards it(see Fig. 1pand to have a relatively high hole

duced field, in the bulk, results in a lower mobility, and density in the exciton quenching region. When the voltage is

hence, a reduced exciton generation rate. The following ext_urne_d O.ﬁ and the internal field changes.dlrecuon, this excess
density is pulled away from the quenching zone resulting in

onential decay is due to the extraction of carriers through ot . i o
P y g satellite in the light response. This is somewhat similar to

the respective contacts. Further experimental results an : )
analysis of the turn-off dynamics will be published ﬁle mechanism proposed by Ref. 53 for double layer devices.

elsewheré@? We find that in some device configurations two
additional features may appeanot necessarily together
The first is a positive spike in the light as the voltage is
turned off, and is associated with the increase of the absolute We now apply our mobility determination technique to
value of the field next to the electrodsee Fig. 12 The two devices made of two very different polyme&RPV and
second is a delayed bump or a satellite which has the form d?PFO. The steps and checks involved in the experimental
a delayed EL feature. The two features are generally assogprocedure are highlighted in Table IV. Again we emphasize
ated with high electron density near the cathode, and #at we use a sufficiently low repetition rate, 10 Hz for de-
guenching zone that is of thicknesslO nm. In our simula- vice C and 0.1 Hz for device D. We now consider the varia-
tions the high electron density is achieved by using a lowtion of the transient behavior of the LEDs with voltage in
energy barriers at the cathode/polymer interface, but we exan attempt to determine the transport properties as a function
pect that similar effects will be caused by electrons accumuef the electric field. Figure 13 shows the magnitude of the

E. Additional EL features after turn-off

The turn-off dynamics have been discussed in Ref. 3

V. USE OF METHOD: DETERMINATION OF
MOBILITIES
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FIG. 13. Plot of the final magnitude of ttfieormalized EL minus the EL at  FIG. 15. Calculated hole mobility as a function of the square root of the
time t, [EL(t— %) —EL(t)]/EL(t—), and the current density as a func- electric field for device C using different definitions of the carrier transit
tion of time for device C under 10 V s pulses with 10 Hz repetition time, ty, and the electric fieldE, in the deviceit;=ty4, Ej,=V/L (open
frequency.J denotes the current density for the mobility calculated from the diamond$; ty=ty4+1t,, E;j,.=V/L (open circles Also shown is the mobility
SCLC theory. calculated from the SCLC theofilled triangles from the current density
vs voltage data in pulsed modsee Fig. 3. The inset showst{ /ty+1t;) as
a function of the square root of the electric field.

(normalized EL subtracted from its long-time valupEL(t . o )
) —EL(t)]J/EL(t—) for device C in response to 10 vV 2 This ratio is indicative of the degree of broadening of the

us pulses using a 10 Hz repetition frequency. The figurd'0le packet in the device, and its value-0.5 at Vv
shows how the method used to dedugeandt, from the —V,=5V) is found to be larger than that deduced from our

modeled datdas shown in Fig. Pcan be applied to deduce Simulations(0.17 atV—V,=5V). This may be due to the
ty andt, from the experimental data. Linear variations of disorder and field-induced broac_k_—zmng discussed in Ref. 50.
loge{[EL(t— o) — EL(t)/EL(t—)} versus timef, are ob- We now calculate hole mobility from thig andt, data

served, and these give the periddsandt,, as was found from device C. Figure 15 shows the hole mobility as a func-
from th,e phenomenological modéfig. 9). ’ tion of the square root of the internal electric field calculated

for device C by three different methods. These methods can

A. PPV copolymer mobility be summarized by the following three equations:

2

Figure 14 shows qualitatively hoty andt, vary as a MlZL—
function of applied voltage for device C, which, as previ- (V=Viiltq
ously discussed, is not injection limited in this voltage range. L2
Note the differences in time scale of the responses @t-3 M= N O LT (16)
sed and 16 V. The data has been normalized to the value of ( i) (ta )
the EL at the transition between the first and second rise 8 JL3
times, EL¢=ty+1t,), and shows that the initial rise time H37G coe (V—Vg)2’ 17)

decreases sharply with increasing voltage. It is interesting to
note (i) thatty andt, decrease by three to four orders of WhereVy,; is the built-in voltage in the device which is as-
magnitude over the given field range, aiid that the ratio of ~sumed, from the difference between the workfunctions of
0.5; to (tq+0.5) is a function of voltageinset to Fig. 15 TO and Ca, to be 1.9 V for devices C and 3, is calcu-
lated fromty alone and does not take into account the varia-
tion of the electric field across the device due to the space
T ' ' ' charge.u, is calculated fronmty+t;, and uses the same av-
erage electric field as used far, . Finally, w5 is calculated
entirely independently dfy andt, by using the quasisteady-
1 T e i state current densityl, and rearranging the SCLC equation
[Eq. (2)] to give the mobility.
From Fig. 15 we see that the hole mobilify;, calcu-
iy lated fromt, alone result in mobility values that are approxi-
mately one order of magnitude higher than those predicted
by SCLC theory f3). This is in contrast to the good agree-

-250 0 250 500 ]
. . . ment we see between the mobility deduced usinpg
0 0.5 1 1.5 +1t1(mo) and the hole mobility,us, calculated using the

Time (us) J-V data and Eq(17) for space charge limited conduction.

) ) ) ) _ This agreement implie€), that the method presented to de-

FIG. 14. EL response of dewct_a Cas afunctlpn of time for different ap_)plled,[(:jrmine the hole mobility from transient data is reliatiie)
voltages(7, 10, and 16 Y showing the behavior dfy andt,. The electric L . L
field has been normalized to its valuetatt,+t, . The inset shows the EL  that the device is dominated by SCLC over this field range,

response of the device 8 V puses for comparison. and (iii) that our assumption that the doped PEDOT layer
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acts as an injection contact is valid. The actual shape of the T ' ' T T
curve is also of interest. At fields below0.65 MV cmi %,
corresponding  to [(V—V,)/L]¥2=800V2cm™2,  the
logarithm of the hole mobility increases with voltage and is
approximately proportional to the square root of the electric
field as has been measured beftrg:4-5|n this field re-
gime we can therefore describe the hole mobility by

P e S

8V

EL Intensity (normalized)
o
(6}

A
0f — |
= expg — —=| ex E 18 . X
K= Hno p( kT) M v VE) (18 ol |
. i Time (us)
from which we find that wpoexp(—A/KT)=3.5 L L L . .
X10 %cm?V~ls! and y,=1.0x10 2cm’?V-Y2  we 2 0 2 4 6 8 10
also attempted to use the longer time-scale transient data to Time (ms)

determine the electron mobility for the PPV copolymer as a ) ) ) . .
function of voltage, from the values ‘Df This proved pos- FIG. 16. EL response of deylce D as afunctlon of tlm_e for different applied
. . ) voltages(5, 6, and 8 V), showing the behavior df . The inset shows the EL
sible for applied voltages of 3-5 V, from which electron response of the device to 8 and 16 V pulses for comparison. The electric

mobilities of ~5x10°9-1x 10 8cm?V s ! were ob- field has been normalized to its final magnitude.
tained. These values for corresponding voltages are found to
be ~100 times less than the calculated hole mobil{fihis
compares to the value of10 that was used in the model,
which represents the lower limit such that the hole and elec-
tron motions can be separately time resojvéebr this de-
vice, however, it was not possible to use this method at sig-
nificantly higher voltages due to the current-induced heating
effects, as discussed earlier. For example, at 10 V the currettheret, is defined here as the time at which the magnitude
is seen to increase before the EL has reached steady sta@é.the EL reaches 0.9%f its final value(see Sec. IVE L is
This in turn causes the EL to increase, making the determithe device thickness arid, is the penetration distance of the
nation oft, impossible. For a 1 ms 10 V pulse, the deviceelectrons into the devicésee Sec. IVE As L, could vary
current is~1000 mA cm 2 and the temperature rise is cal- from the thickness of the quenching zofe20 nm to the
culated to be~5 K. The method of obtaining the electron total thickness of the devidg 00 nm), the electron mobility
mobility from values oft, is therefore limited to low volt- could be up to five times smaller than it would be assuming
ages for high current density devicéwithin the present that electrons penetrate the entire thickness of the devece
heat-sinking schemeWe should also note that in this de- L.=L). Figure 16 shows the longer EL time response of
vices structure the PEDOT layer may also be serving as adlevice D to pulses of 5, 6, and 8 V to illustrate hdyv
electron blocking layer thus making the measured electrohanges with voltage. The inset compares the response of the
dynamics a mixture of electron transport and electron accudevice to 8 and 16 V pulsdsote the differing time scales of
mulation due to that interface. the figure and the insetFor example, at 5 M,~5 ms,
whereas at 16 {,~50us. By referring back to Fig. 8 we
may also compare the values af ¢ ty) to t, at 16 V, from
which we see that the ratio of(+ty):t, at 16 V is ~450.
This same ratio will apply to the values to be calculated for
As a final demonstration of our method we analyze thethe hole and electron mobilities. The maximum temperature
parameters for the PFO polymer which was recently charaaise during the 8Qus 16 V pulse, with 0.06 A, was deter-
terized using a TOF techniqd&As discussed earlier, device mined to be~0.5 K.
D/(ITO/PFOI/Ca is hole-injection limited, so we expect the Figure 17 shows the hole mobility for device D, calcu-
density of electrons in the device to be much greater thatated using Eq(16) from thet, +t4 data, the electron mobil-
that for holes. It is still likely, however, that,>we, and ity using Eq.(19) calculated from the, data, and the mo-
therefore that once injected, the holes will quickly movebility calculated using Eq(17) assuming a SCLC model.
across the device, and that the device is space-charge limitélhen analyzing the transient data for holes in the PFO de-
with respect to electrons. The hole mobility can therefore bevice one needs to consider the effect of the high energy bar-
extracted front, data just as for device Gee discussion in rier for hole injection. The processes governing charge injec-
the phenomenological-model sectio®ue to the predomi- tion for nonohmic contacts are not entirely clear and hence
nance of the low mobility electrons compared to the highemay influence the apparent transit time of the hadlsse
mobility holes, we therefore find that significantly less cur-Table 1V). The large mobility mismatch ,~ 1000X w.)
rent flows in device D than in device C. For a given voltage,and the fact that the holes are injection limited, makes the
the Joule heating effects are thus considerably reduced idetermination of the hole mobility difficult at low voltages
device D. Device D therefore represents an ideal system fadue to quenchingas discussed in Sec. \)BNe have there-
obtaining the electron mobility frorty data using the follow- fore separated the hole mobilities calculated for the lowest
ing equation: two voltages(for which t; /ty;~20) from the other values.

_ LeL 19
Fe(V=Vpty’

B. PFO mobility
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1078 i i i holes. At low fields the SCLC mobility tends to the lower
4 electron mobility suggesting that the current is significantly
- 107 OO~ contributed to by electrons, whilst at high fields holes are
T 105} holes . likely to dominate.
> o ©
£ 10°}
S T VI. SUMMARY AND CONCLUSIONS
= SCLC (error bar) _ _ o
g‘ 107 T We have presented detailed analysis of pulsed excitation
8 108} electrons i in polymer LEDs. Our analysis is based on universal features
= 9 found in various device configurations and based on either
10 : : : PPV or PFO, polymers which are both different and impor-
400 1000 1200

600 800 tant. We find that, as in the case for TOF measurements, the
\/(V_Vbi)/L (V2em-12) method of extracting the mobility is very important. Using
FIG. 17. Calculated carrier mobility as a function of the square root of thenumerical simulations we have devised a method which is
elec.tric .field for device D: hole m)(;bility calculated from=qtd+t1, Eint CQnSIStent both Wlth CW drive of LEDs and prObany f’:1|SO
—VIL (open circley; electron mobility calculated fromy=t,, E,=v/L  With the TOF technique. We have also shown that the inter-
(open diamondsand an average carrier mobility calculated from the SCLC play of electrons and holes needs to be accounted for, and
theory(_filled squares Also ;hown on the electron mobilit_y curve is an error showed that mobility values for both types of carriers can be
tti);ret,o illustrate the errors in both the electron penetration depth and trans&etermmed using a single device. Finally, we have shown

that mobility values can also be determined for device struc-
tures that do not lend themselves to CW analysig., the

ITO/PFO/Ca device
The determination of the electron mobility, however, is

legitimate since the electron-injecting contact is ohmic. WeaCKNOWLEDGMENTS
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