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Time delayed electroluminescence overshoot in single layer polymer
light-emitting diodes due to electrode luminescence quenching
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We investigate the transient response of single layer polymer light-emitting dibBBs) based on
poly{2-methoxy, 5-(2'ethyl-hexyloxy)-1,4-phenylene vinylehe (MEH-PPV). An electro-
luminescence overshoot is observed between 1 anes aAfter turning off the voltage pulse,
depending on temperature. We attribute the delay between overshoot and voltage turnoff to
detrapping of majority charge carriers at the polymer/cathode interface. Due to the luminescence
quenching zone of the metal the luminescence is found to decrease rapidly after the voltage is
switched off, but then rise again to up to a third of the steady state value. The overshoot is found
to be independent of the applied bias, but is strongly influenced by temperature and pulse length,
indicating a trapping process in interfacial traps is responsible for the effect. The overshoot area
corresponds to the charge located on interfacial traps near the cathode and scales as a power law
with the pulse length. Our findings demonstrate the presence of extrinsic traps in MEH-PPV devices
and highlight the importance of distinguishing between the effects of extrinsic and intrinsic traps in
polymer LEDs. Spatial correlations of electrons and holes due to their mutual Coulombic field also
appear to be important. @001 American Institute of Physic§DOI: 10.1063/1.1331066

I. INTRODUCTION brightness of a pixel is generally much greater than the
brightness of the display. Pulsed EL is also important for
Over the past decade, polymer light-emitting diodesobtaining high excitation densities that will be needed for
(LEDs) have been the focus of intense scientific interestpolymer lasers.We present data on an overshoot effect in
which has led to great advances regarding materials, deviasingle layer LEDs which we are able to explain by invoking
fabrication, and device performantalthough organic elec- the effect of an interfacial insulating layer on electron-hole
troluminescenceEL) is in principle straightforward to de- correlation and the influence of geminate recombination on
scribe, the macroscopic device parameters of these submiarrier diffusion.
cron scale structures are hard to predict quantitatively. In
polymer LEDs, both injection and transport effects govern
the current—voltage characteristics as well as light emissiol- EXPERIMENT
and efficiency. We present transient EL on.single layer LEDS M EH-PPV LEDs were prepared on ITO substrates
made of the polymer MEH-PPV. Transient EL has fre-yich had previously been masked, etched, and cleaned in
quently been used as a tool to g’[_ud);dewce propezrji%s, an ultrasonic bath of acetone and isopropanol. MEH-PPV
both under low current cw conditiors; and under high a5 spin coated from a chlorobenzene solution onto the sub-
excitation density:’ It can be used to obtain a dispersion strate at spin speeds of typically 1000 rpm vyielding film
parameter which is related to structural diSO?(ﬁB well 8 thicknessL of approximately 150 nm. Aluminum contacts
information on charge carrier dynami@nd trapping. Tran- 100 nm thick were subsequently evaporated onto the poly-
sient measurements are of great relevance to the develogye, layer at pressures below<3.0  mbar covering both
ment of passively addressed displays in which the peae conducting and the etched part of the ITO electrode.
Electrical contacts were made by attaching copper wires to
dElectronic mail: idws@st-andrews.ac.uk the ITO anode and the region of the aluminum cathode cov-
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FIG. 1. EL transients of an ITO/MEH-PPV/AI device driven by 108 f,'g 0.1 A S
pulses afa) 295 K and 8 V,(b) 80 K and 9 V, normalized to the brightness E
at 100 us. Inset is the evolution of the EL after the driving bias has been ] a
switched off. g 0.01 -
O
w [
ering the etched ITO using silver paint. The LEDs had emis- 0.001 —
sive areas of 7 mf1 The samples were mounted in a liquid 01 1' :',’ 1'0 3'06'0
nitrogen cryostat under vacuum. The devices were driven ) time (us)

electrically with a function generator with rise timesl0 ns

and the emission was detected by a photon counting SetufiG. 2. Decay of EL after switching off the driving bias, normalized to the
with a multichannel analyzer. Typical RC times of the diode&Mission intensity at the point of turndffiefined as time @s) for a 500us

in the circuit were measured to be 600 ns, which is consisterﬁ;Jlse ata 295 K and 11 V andb) 80 K and 12 Vupper pangl The lower

! nel shows the decay on a double logarithmic scale.

with estimates based on the device geometry.

Ill. RESULTS on a double logarithmic scale. The low temperature curve

The EL response of the diodes to pulsed electrical exciclearly decays according to a power law after the protrusion.
tation was recorded for different biases, pulse lengths, andhe room temperature peak decays over the same time scale.
temperatures. Figure 1 shows typical EL transients for a 10blowever, it initially exhibits a more rapid decay than the low
us pulse at 295 and 80 K which are normalized to the maxifemperature measurement and then appears to slow down
mum emission. At room temperature the pulse helghtas  after approximately 1@is. The bias dependence of the over-
38V, which was just enough to give an acceptab|e Signa] t§h00t is eXplOfed in Flg 3 where EL traces of the device at
noise ratio. As the device is cooled down, the turn-on field80 K are shown on a logarithmic scale at three different
for light emission increases but so does the quantum effivoltages. The intensity of the trace and the overshoot in-
Ciency, so at 8 K a bias & 9 V was chosen to give a com- Crease with applled bias. However, when normalized to the
parable brightness. Figure 1 shows that the EL rise time inbrightness at 10s the peak of the overshoot and the decay
creases as the temperature is lowered. This can bémes are unchanged, indicating that the applied bias has no
understood to arise from the slowing of minority carriers on
the transition to dispersive transport observed at low
temperature$ A remarkable feature is observed after switch-
ing off the voltage pulse as seen in the inset in Fig. 1. Ini-
tially, the EL decays rapidly corresponding to the discharg-
ing of the parallel plate capacitor the device represents.
However, after a delay of 1-2s, the EL is found to rise
again and then decay slowly without the application of an
external field. It can be seen that the total area of this over-
shoot and the position of the peak depend strongly on tem-
perature.

We find that the overshoot also depends on pulse dura-
tion. A typical overshoot is shown in Fig. 2 for a 5Q&
pulse at 295 and 80 K. The EL initially decays rapidly and
then rises again to a peak after 8 at 295 K and 2.6us at
80 K. We find that the overshoot is more pronounced for

longer pulses. This can be seen by comparing Figs. 1 and 2. 3. Bias dependence of the transient EL features on a logarithmic scale
The lower panel of Fig. 2 shows the decay of the overshoott 80 K.

EL Intensity (a.u.)

time (us)
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0.4 start 2 V dc offset. The overshoot peak was also found to
disappear when the device was operated in air, which sug-
gests that the trapping of charges is not due to atmospheric

031 A h o ; . .
' impurities introduced into the polymer during processing.

!'4‘-,\ Pulse length
0.2 {\l\ increasing
i\ IV. DISCUSSION

A. Qualitative interpretation

EL Intensity (a.u.)

0.1

Overshoot effects have previously been discussed in
both single?® and bilayer device®.In many cases, over-
shoots are associated with large currents or even spérking
and occur directly after switching off the bias. A similar

time (us) effect to the one observed here has been noted by Pinner
FIG. 4. Dependence of the delayed EL feature on pulse length at 12 V angt al"2’1_1 although t_he EL hump Obse_rved occurs with a de-
80 K (pulse lengths of 100, 200, 500, and 1008, lay on time scales in the order of millisecoAds 10 us* A
preliminary qualitative discussién and quantitative
analysig! linked the phenomenon to interfacial effects and
effect on the physical dynamics of the overshoot other thastrong local electric field gradients under the space charge
to increase the number of charge carriers involved. limited conditions of carrier flow. In contrast, in our

In contrast, there is a marked dependence of the area ¢6TO|MEH-PPVAI structure, both electron and hole currents
the delayed recombination on pulse length, as shown in Figare injection limited. The overshoot effect in bilayer LEDs
4 for a device at 80 K driven with pulse lengths of 100, 200,has been discussed and modeled in detail by Nikitestla®
500, and 100Qus with identical duty cycles of 10%. At room Qualitatively, we find that our results for single layers are
temperature, the peak area is smaller by a factor of 3.5, budimilar to those reported previously, although the brightness
the functional dependence is the same. The dependence aff the anomaly reported here does not exceed the brightness
the integrated overshoot as a function of pulse length iprior to switching off the bias. However, the fact that the
shown in Fig. 5 in double logarithmic representation. Theeffect reported here is observed in a single layer device with
peak was integrated from the local minimum position-dt  non-ohmic contacts suggests that the origin is due not to high
us after turnoff. There is a small contribution from the nor- spatial gradients of electric field or charge accumulation at a
mal decay of the EL, which is, however, orders of magnitudepolymer/polymer interface, but to charge trapping at the
smaller than the overshoot at short times. It appears that thgolymer/metal interface. We propose, as an extension of the
peak area increases with pulse length following a temperascenario previously described in Ref. 2, a superposition of
ture independent power law with an exponent~ad.3. An  detrapping of charge carriers and quenching of singlet exci-
increase in duty cycle was found to lead to a small increaseons at the metal cathode to explain the shape of the protru-
in the peak area. Little dependence on duty cycle was obsion and its distinct separation from the switchoff region of
served below the 10% value used here, suggesting that thike EL trace.
was sufficient to extract all of the trapped charge from the  The polymer/aluminum interface plays a crucial role in
device prior to application of a new pulse. device operation. First, a thin insulating aluminum oxide

Bilayer devices with polypyridine used as an electronlayer between the polymer and the metal would lead to sig-
transporting layeéf were also studied, but no overshoot wasnificant buildup of positive space charge at the cathode. Sec-
observed, indicating that the MEH-PPV—aluminum inter- ond, majority charge carriers may be trapped atriuoped
face may be the origin of this effect. The delayed EL couldpolymer/aluminum interfacd* during device operation
be quenched completely by prebiasing the device with a cordue to the presence of metallic atoms. The influence of posi-

tive space charge on the injection of minority carriers is im-
portant, as the barrier to injection from aluminum into MEH-
50 PPV is very high. It appears that the trapping process
depends on the length of the current pulse rather than the
20 magnitude, as is seen in the comparison of Figs. 3 and 5. A
schematic representation of the processes giving rise to the
10 overshoot is shown in Fig. 6. When the bias is turned off, the
holes are sucked back into the anode as the parallel plate
ME'EPE( capacitor discharges with the characteristic RC time con-
stant. Some majority carriers, however, remain trapped at the
metal/polymer interface, whereas some minority carriers are

[

Integrated EL overshoot (a.u.)

100 1000 10000 still trapped in the bulk~" of the device after turnofft(
=0). The field inside the LED then approaches zébt

Pulse length (us) =1 us), and holes migrate back to the anode and recombine

FIG. 5. Power-law scaling of integrated delayed EL feature with pulseWith e_zlectrons they meet on the way. As luminescence is
length on a double logarithmic plot at 80 () and 295 K(OJ). effectively quenched within 10 nm of the metéithe de-
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Vv dielectric constant of the polymer, which is taken to bhe 3
+ We assume that the hole mobility considerably exceeds the
V=V extemal electron mobility in the field ranges under consideration.
© / The existence of a blocking layer on the cathode leads to
the formation of a surface density of holBs=J,/w, w be-
ing the hole tunneling frequency adgd= unFopo the hole
current. It should be noted that for the case of zero bias, the
» X potential drop between the anode and the position of interfa-
cial holes is less than 0.5 V, even if the hole area charge

+++\O

[
b .
\( R § densityeX is comparable to capacitor area charge density
V=0V é’ § ° eegF(. This is a consequence of the proximity of interfacial
Q ol 8 holes to the anode. The time perivg1l us=RC is suffi-
3 9\' % cient for the majority of holes in the bulk to saturate the
d < °: X interfacial layer or escape from the LED. Thus, the diffusion
@wvsc})~+ rather than drift of “cathodic” holes, i.e., holes accumulated
~ at the cathode, in their own electric field towards the anode is

responsible for the spike. The holes located at the interface
FIG. 6. Schematics of the processes giving rise to the overshoot. Unde(]"an be divided quantltatlvely into “hot(mobile) holes with

application of an external bias holes are accumulated at a thin insulatinﬁn()bi“tie_S appr(_)achinth, a_nd “cold” holes, Iocali_z_e_d on
layer between the cathode and the polymer. Upon switching off the bias, thedeeper interfacial states, with much smaller mobilities. The

internal field is reversed and holes migrate back to the anode and meet ufhot” holes are found to be responsible for the EL spike

with electrons in the bulk of the material. The luminescence is quenched o .

within a characteristic quenching zone in the region of the cathode. Itself ?‘nd for,the ,Imt'al depgy of EI“‘ aftfr the spike. Indeed,
even if the diffusion coefficient of “hot” holes corresponds
to a value of mobility as high ag,o~10°cn?/Vs, the

trapped charge carriers have to migrate a certain distan&@'miers diffuse a distance 5-10 nm, comparable to the
before radiative recombination can occur. This, in qualitativelUenching distance,, within 1-2 us after the moment of
terms, is the origin of the delayed luminescence peak. Sinck'® EL minimum att~1 xs. Similar time scales are ob-
the delay itself is governed by the diffusion of holes, theS€rved experimentally. o _

temporal position of the delayed luminescence peak does not 1he analyses of the overshoot kinetics requires, how-
depend on pulse length or biastat0. The absence of a bias €Ver» more detailed consideration. The time required by the

dependence suggests that injection effects are not relevant §ctrons to spread to their quasistationary spatial distribu-
the overshoot process. Applicatioh @ 2 V dc bias offset tion (i.e., the recombination lifetimecan be estimated from
quenches the delayed luminescence because in this case {h§ Saturation time of ELsee Fig. 1 Itis not shorter than 20

internal field cannot reverse, and holes hence cannot be réS atT=295K and larger aT =80 K. The electron density
leased from the cathodic trapping surface. on a time scalé<20us after switching off the bias is, con-

sequently, the same as prior to the end of the bias pulse.
Since the EL spike is substantially less bright than the EL at
B. Charge carrier diffusion t=0, the recombination time of electronstat0 exceeds 20

Since the energy barriers for hole and electron injectior*S considerably. Thus, the majority of electrons survive on
are ~0.5 and~1 eV 12 respectively, the transport is, in the time scales considered here. Hence the kinetics of the EL

general, injection limited. Consequently, the electric fielddecay are completely determined by the hole diffuiigg, and
and the spatial density of holes are uniforfiy=V/L and  Since in the limit of diffusion controlled decayg ~t"%,

p(x,t)~p,. The uniformity also results from the predomi- the decay is asymptotic. Experimentally, hpwever, a power-
nance of holes inside the LED, while the density of electrond@W decay with the average temperature-independent expo-

decreases sharply with the distance from the cathaddye ~N€Nt—1.65 is observed, as seen in Fig. 6.
to recombination on a scale of the order of a few
nanometeré® Accounting for the suppression of radiative
recombination ak<<a, due to singlet exciton quenchingg
being the effective quenching distance from the cathode of The observed kinetics of the EL decay can be rational-
the order of 10 nm, the quasistationgsf) EL current att ized in terms of geminate recombinatié8R) of electron-
=0 can be expressed as follows: hole paird! near the cathode. After turnoff of the voltage
I = R poS ) pulse, the injected charge carriers are removed from the de-
EL™ PoRLPose: vice, leaving the Coulombically bound geminate pairs. The
whereg is the average efficiency of radiative recombinationprocess of geminate recombination is also controlled by dif-
atx>ag,2. is the area density of electrons in the region offusion of the fastest carrier in a pair, but it is accelerated by
most effective EL(at x=a,), and the Langevin recombina- the mutual Coulomb field. It is well knovf that the GR-
tion constantR, =euy/eeq which is governed by the field- controlled recombination rate{(dW/dt) at a timet after a
dependent mobility of holeg,(Fy) (e is the elementary spike decreases according to a temperature-independent
charge, e, is the permittivity of free space, ane is the  power-lawt™2-~15with the exponent gradually changing

C. Geminate recombination of correlated
electron-hole pairs
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from approximately—2 to —1.5, whereW(t) is the survival T T
probability of the geminate pair generatedt &0. The GR-
controlled reaction rate is strongly affected by the initial
separation of the pairy<r., wherer.=e?*/4mse kT is the
OnsagenCoulomb radius,r (T=295K)~17 nm andr (T
=80K)~63nm. This radius considerably exceeds the dis-
tance between some of the interfacial holes and the majority
of “radiative” electrons, which can recombine radiatively.
However, GR is meaningful as a specific way of recombina-
tion only if the majority of recombining pairs have spatial
separations less thap, i.e., if pairs are spatially correlated. 1 5 10 20
Otherwise, an equation of the tyg® invoking the Langevin time (us)
constant is the adequate way of describing the carrier recom-
bination. “Hot” holes in the proximity of the interface are F'C: 7- EL overshoot kinetics after a 5Qf pulse aa) 295 K and(b) 80

. L K. The points are experimental data and the solid lines are calculated from
located preferentially inside the Coulomb sphere of an elecg, (5" the parameters used ape,,=8x10 6 cnéVs,e=3, (@ Jy
tron. This results from the perturbing influence of the electric= 5 ma/en?, N=0.020y=11V; (b) J,=1 mA/cn?,N=0.026y=12 V.
field lines around the electron on the hole as well as the
influence of the blocking layer, which acts as a reflecting

boundary for holes. The probabilityzof hole capture inside geyer, for the qualitative description of the GR rate, the
planar potential well of radiugre—x= (x<r being the dis-  simple “prescribed diffusion approximatiorf? is appli-
tance of an electron from the blocking layeuring the time  caple. The result for the spherically symmetric initial distri-
period smaller or comparable to the recombination lifetimeytion isW(r,t) = exp(— (. /ro){1—erf(ro/ 47 Dt)}) where
of electrons is close to unity. This means that the averagg, is the diffusion coefficient and erf is the error function.
number of correlated “hot” holes per “radiative” electrons Figure 7 shows that the results of calculations from Eq.
is governed by the ballistic Coulomb capture cross section) and experimental data dt=295K andT=80K are in

2 e .
el/eeoF rather tharrg. The probability of holes appearing qualitative agreement. The average calculated exponent of
on the interface at a distance smaller tharfrom “radia-  he EL decay af=80K is —2, and the time at which the
tive” electrons during the time period smaller or comparablegpike occurs is somewhat overestimated by the model. This
to the recombination lifetime of electroriat t<0) is of the  gyerestimate is due to the prescribed diffusion approximation
same order as the probability of recombination, i.e., close t@sed above and is more significant at low temperattifdne
unity. The potential well, formed on the cathode surface byyroadening of the experimental maximum at short times can
the Coulomb field of localized carriers, reduces the probabilhe associated with the recombination of the pairs with
ity of hole capture on a deep interfacial state, provided thergnorter initial separations. Detrapping of “cold” holes or
is no such state inside the well, and increases the probabilijecombination of noncorrelated pairs can be responsible for
for the hole to remain “hot” until the bias is switched off. the |ong-lived EL tail fort=20us, especially at high tem-
E)theryw_se, if the captured hole became trapped and henggsrature. The values of the average initial separatigr40
‘cold,” its Coulomb repulsion would suppress recombina- nm at 295 K and 11.5 nm at 80)Kare close to the distance
tion of an electron with other noncorrelated “hot” holes on o effective quenching of radiative recombination by the

0.01f

EL Intensity (a.u.)

an initial time scale at>0. _ metal electrode. The number of “hot” correlated holes per
Using Eq. (1), one obtains for the normalized GR- glectronN (0.026 at 295 K and 0.020 at 80) ks much less
controlled EL current at>0 than unity. Thus, the majority of electrons survive initially,
Jel(t) N(rg,ro)eeoFo[  dW(ro,t) as was mentioned above.
S - ) 2 A relatively weak temperature dependence of the mag-
JE eJn(Fo) o

nitudes and times of the spike are a striking feature of the
whereN<1 is the average number of correlated “hot” holes experimental results. It should be noted that the increase of
per “radiative” electron, which quantifies the trapping pro- the Coulomb acceleration of GR, which is reflected in the
cess. Due to the lack of experimental information on theincrease of ./rq with decreasing temperature, partially com-
spatial and energetic distribution of the traps, this correlatiorpensates for the decrease of the diffusion coefficient. The
parametemN is chosen as the free parameter in the modellatter is related to the mobility of “hot” holesg through
The lower limit forrg in Eq. (2) is the distance of total EL the Einstein relatiorD = u,0kT/e. The weak temperature
guenchingay<10nm. The rigorous solution for the GR- dependence and high value of this mobilittyis assumed to
controlled recombination rate &t-0 is complicated by the be 8x10 8 cn?/V s at both temperaturgsan be rationalized
following circumstances(l) The initial distribution of holes by realizing that this quantity is actually effectively in-
relative to electrons is not spherically symmet(i) the ox- creased by the Coulomb field and is hence not the real
ide blocking layer acts as a weakly absorbing surface for théemperature-dependent zero-field mobility.

holes;(3) the initial separation of different pairs is not con- As commented on above, the application of an external
stant;(4) even for the simplest case of an initial distribution dc bias & 2 V quenches the delayed luminescence. The
of holes on a sphere of radiug centered around an electron built-in potential is estimated as being the difference in the
the exact mathematical solution is very complicateHlow-  electrode work functions and is of the order of 0.5 V. With a
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sample thickness df =150 nm, one hence obtains a field of jump from well to well
Fo=10°V/cm. Assuming an initial separation of geminate suppressed by field
pairs ofro=10nm, one finds thag¢Fqro/KkT is close to 4,

which is considerably greater than unity. GR is hence holes
suppresse® In comparison, the contribution of the built-in ™~
field to GR is relatively small and acts as an accelerator to
diffusion.

tunneling
between
walls

D. Area of the delayed luminescence peak

AlL,O, insulating layer

The area of the delayed luminescence peak can be de-
rived from Eq.(2). Integrating with respect to time yields

N )88 E hole capture reverse process
_ (ro.rc)eeoFo [1—W..(ro)], (3) ontraps (hole reloase) less
e‘Jh(FO) probable than
. N tunneling
where W_(rg) =exp(—r./rg)<1 is the escape probability fast hole capture
from GR. SinceN~3 ~J,(F,), andN is correlated with the on deep raps

COUI.Omb captgre cross_ SeCtleﬁssoFo, the Integral of Fhe FIG. 8. Schematics of hole trapping and release at the cathode. Due to the
relative EL spikeQ defined by Eq.(3) appears to be field surface roughness of the insulating aluminum oxide layer between the poly-
independent. This is consistent with the experimental obsemer and the cathode, potential wells are formed which act as hole traps.
vations in Fig. 3. This field independence of the EL kineticsHoles are either mobil€‘hot,” marked by bold lines or are trapped in the

. . . surface wells and are immobil¢hin lines. Thermally activated jumps be-
is also apparent from E(ﬁZ), aSW(rO ’t) is not field dEpen' tween wells are suppressed by the external field. Carriers are hence rapidly

dent. captured on traps. As the reverse release processes are thought to be less

The interesting and striking feature of the dependence ofrobable, tunneling transitions between wells form the rate limiting steps.
Q on the pulse length is its invariance with temperature. A
similar effect has been observed and investigated in double-
layer structures.It was attributed to the progressive accumu-in contrast, strongly affected by the temperature. The weak
lation of minority carriers (electron$ at the internal temperature dependence of the EL overshoot kinetics ob-
polymer—polymer interfacg.The difference to the present served in Ref. 5 was previously explained by attributing the
case is, however, that there is no significant electric fielcbrigin of the overshoot process to positional rather than en-
inside the LED after switching off the external bias. Also, ergetic disorder of the rate-limiting states. This interpretation
electrons are immobile on the time scale under consideratioalso applies to our current investigation. It should be noted
and the majority of electrons are conserved after the spikéhat the thermalization kinetics of interfacial holes are
(recall that the overshoot effect is much smaller than in thestrongly affected not only by the energy distribution of inter-
case of the previous wotk Progressive accumulation of facial traps, but also by spatial features of the surface of the
electrons near the cathode was also shown to influence thdocking layer and possible unevenness. The effect of sur-
experimental results in Ref. 5, resulting in the gradual in-face roughness on carrier localization is described schemati-
crease of EL at long times under application of a bias, as isally in Fig. 8. Particularly in the case of a strong electric
seen in Fig. 1. However, in the present investigation the infield of Fy~10° V/cm, such a roughness could lead to the
crease ofQ with pulse length is much stronger than in Ref. 5. suppression of diffusion in the direction opposite to that of
On the other hand, from the results in Fig. 5 the progressivéhe field. Clusters of several neighboring surface traps, which
increase of the total area density of interfacial holes requirese describe in terms of surface wells, would hence be rela-
a lifetime of carriers inside the LED of more than*}0s, tively isolated from other clusters by barriers of insulating
which is hardly compatible with the model described aboveAl ,O; and give rise to features which result in “dispersive”
or the relatively small value d@. However, the total density kinetics of localized carriers. These features are first that the
of interfacial holes significantly exceeds that of “hot” holes, release from a cluster is much more difficult for a carrier
and the increase of the overshoot effect with pulse lengtlthan the capture of a carrier on a trapping state in a cluster,
may be rationalized qualitatively as the increase of the fracand second, that the release times are broadly distributed. A
tion of the “hot” holes with time(att<0). A similar phe- temperature independence of the relaxation of “hot” carriers
nomenon(i.e., the increase of the fraction of mobile carriersis hence a signature that tunneling between different clusters
under continuous generatipis well known in the situation in the plane of the surface, i.e., orthogonal to the field direc-
of nonequilibrium carrier kinetics resulting in dispersive tion, is the rate limiting step, rather than thermalization
transport(see, for example, Refs. 16 and)2Fhe latter pro-  within a cluster. In the case of a sharp decrease in the distri-
cess results from thermalization within a broad energy disbhution of interfacial traps with energy, one concludes that the
tribution of localized states and is, in contrast, strongly de-majority of interfacial holes generated are initially in a
pendent on temperature. “hot” state.

The increase of the fraction of mobile carriers with time If the release timg, is controlled by the energy of a
under continuous generation, resulting from the thermalizatrapping stateE, giving t,~expE/kT), and the energies are
tion within a broad energy distribution of localized states is,distributed exponentially according t§E) ~exp(—E/E), it
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is known that the fraction of mobilé“hot” ) carriers de- and can be used to gain microscopic insight into carrier ki-
creases with time ag € t')% 1, wherea=kT/E, is the dis-  netics using appropriate models. Finally, the observation of
persion parameter ard is the time of generatioff:?°In the  relatively long decay transients in these devices and the oc-
present case the release time is controlled by the tunnelingurrence of delayed luminescence are of considerable impor-
lengthr, sot, ~exp(2/ay), as being the localization length of tance for display applications. In passively addressed dis-
the carriers in the direction along the surface of the blockingplays, the luminescence lifetime is clearly of importance and
layer. The distribution of tunneling lengths in the direction of any increase in lifetime will lead to a reduction in apparent
nearest proximity of neighboring surface wells is adequatelflicker. The controlled introduction of trapping and charge
described by the one-dimensional Poisson equatiqn) accumulation sites may hence increase the performance of
~exp(—r/d), using the characteristic length The similarity =~ passive matrix displays and should be explored further.
between the functional forms of these two equations leads to
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