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Crossover from space-charge-limited to recombination-limited transport
in polymer light-emitting diodes
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By performing admittance spectroscopy as a function of frequency on polymer light-emitting diodes, induc-
tive and capacitive charge-relaxation processes with different characteristic time scales are separated. The
inductive contributions arise from the finite transit time of injected carriers, while the capacitive contributions
stem from dielectric redistribution of charge density in the device. The crossover from inductive charge
relaxation at low bias to capacitive charge relaxation at high bias marks the transition from space-charge-
limited to recombination-limited current flow. This unexpected result shows that, while the individual carrier
mobilities are strongly enhanced by the applied field, the recombination mobility remains unaffected.
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[. INTRODUCTION with uq the zero-field mobility andy the “field-activation”
factor. This functional dependence, which appears generic
Since the first report of electroluminescence in semiconfor a large class of disordered organic semiconductors such
ducting conjugated polymets, the potential applications of as molecularly doped polymers, pendent group polymers, or-
polymer light-emitting diode$PLED’s) have attracted wide- ganic glasses, and conjugated polymers, has been confirmed
spread attention. The principal advantage of these materiay a wide variety of experimental techniques: time of
is the combination of low-cost processing and mechanicaflight,’”*3current-voltage;*>**and admittancé>*®The spe-
flexibility, which allows for cheap and flexible displayé. cific VE dependence of In{) arises from hopping transport
As a result of the high external conversion efficiency, greatein an energetically and spatially disordered systém®The
than 1% photon/carrier, attention has been focused especialtprrent through electron-only devices of our material is three
on poly(p-phenylene vinyleng PPV, and its derivatives. At orders of magnitude below the hole current and exhibits a
present, the performance of PLED's already meets many aftronger field dependence, reminiscent of tfasich elec-
the qualifications required for commercial applications. Antron traps may result from contamination during processing.
overview of the current scientific and technological knowl- In a recent experiment, Bozamo al. reported a higher elec-
edge of PPV-based LED’s can be found in Ref. 3. tron current in MEH-PPV [poly(2-methoxy,5-(2'-ethyl-
Understanding charge transport in semiconducting PP\etoxy]-p-phenylene vinylene, which was analyzed in terms
has been one of the major goals in the effort to optimizeof a trap-free space-charge-limited curréhiThe derived
PLED operation. It has been demonstrated that transport islectron mobility is also well described by the empirigat
PPV-based hole-only devices is bulk space-charge linfitedlaw, Eq.(2), but is an order of magnitude smaller than the
For single-carrier space-charge-limit¢8CL) transport the hole mobility and exhibits stronger field dependence.

current-density—voltagel(V) characteristic for a field- Admittance spectroscopy is a powerful tool to study
independent mobility is given by the famous Mott-Gurney charge-transport dynamics in solid state devi¢eand has
square law often been applied to study PLED'$!22-2%|n general,
charge transport processes that occur on time scadee
9 V? reflected in the frequency-dependent electrical response
J= g ootk 5 () aroundw~7"1. For example, the transit of holes in PPV-

based hole-only devices shows up as an inductive contribu-
with £, the permittivity of free space; the relative dielectric  tion to the complex admittancé,which provides an easy
constant,u the mobility, V the applied voltage, and the  way to extract the transit time of injected holes, and hence
thickness. Experiments at high bidsve revealed that, apart the hole mobility, from these data.
from space-charge effects, a field-dependent hole mobility Here we apply admittance spectroscopy to investigate the
must be taken into account to understand () charac- charge-carrier dynamics in PPV-based LED’s. In a prelimi-
teristics. In PPV the hole mobility is well described by the nary study we pointed out that inductive contributions are
empirical relation present also in the PLED’s, from which both the electron and

hole mobility can be derivetf In the present work we ex-

L= poeXy y\/E), (2)  tend this study, and demonstrate that in PLED’s the presence
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of both electrons and holes leads to a much richer behavior
as compared to single-carrier devices. This allows us to elu-
cidate the physical picture of the transport and recombination
of electrons and holes through PPV-based LED's.

This paper is organized as follows. Experimental methods
are outlined in Sec. Il. In Sec. lll we present the frequency-
dependent response of the device, and indicate the different
relaxation processes present in the device. Based on this
analysis we introduce a bias-dependent equivalent-circuit
model for the PLED that satisfactorily describes the experi-
mental data in the frequency ran¢feertz to megaherjzand
bias rangg0-10 V) studied here. The ac response as a func- 10

C [nF]

> 10*  10° 10°

10
tion of bias is discussed in Sec. IV. At low bias, inductive Frequency [Hz]

contributions due to hole and electron transit are clearly dis- .

tinguished, yielding the respective carrier mobilities. At high ~ FIG. 1. Frequency-dependent capacitance of a polymer LED as
bias, capacitive relaxation processes, due to charge redistA-function of bias voltage. At zero bias the capacitance is nearly
bution in the electron-hole plasma, govern the frequencyfreq”ency independent. At low bias voltage a negative contribution
dependent response. The evolution of the frequencyt-o C sets in. In addition, at higher bias a positive contribution ap-

Rears. This positive contribution dominates the frequency-

dependent response with bias reflects a crossover frod dentr "se at the highest bias volt Drawn lines are fit
space-charge-limited to recombination-limited current flow. ependent response at the highest bias voltages. bra es are fits
to equivalent-circuit models discussed in the text.

We argue that this transition shows that the recombination

efficiency in PLED’s is not increased by the field-enhanceolIII FREOUENCY DEPENDENT RESPONSE OF PLED'S
carrier mobilities. : Q

In Fig. 1 the frequency-dependent capacitance of a PLED
(L=200 nm) is shown as a function ¢fbrward) bias volt-
age. At zero bia€ is essentially frequency independent and

The devices studied consist of a thin layer ofequals the geometrical capacitang=eeoA/L (g is the
OC,C,PPV (Refs. 26,27 sandwiched between two elec- vacuum permittivity e~2 the relative dielectric constant of
trodes on top of a glass substrate. The polymer is spin coatdlie polymey. At low bias a negative contribution 16 ap-
on top of an optically transparent indium tin oxid&rO) pears. Upon increasing a positive contribution sets in, and
electrode. The high work function of ITO makes it suitable this dominates the response at the highest bias. These contri-
for hole injection. As the top electrode evaporated Ca idoutions toC are more clearly visualized by plotting the dif-
used, which has a low work function and serves as the elederential susceptancdB=w(C—C,). Figure 2 displays
tron injector. The different work functions of the anode and—AB at low bias. For comparison we includeAB for a
cathode give rise to a built-in voltagg;=1.7 V. The thick- hole-only device with similar thickneds and average elec-
ness of the devices studied herelis 200 nm; the active tric field E=(V—Vy)/L. While in the hole-only device only
area of the diodes is typicalk=10-20 mn. a single relaxation peak is present, for the PLED two peaks

Admittance measurements in the range of 5 Hz to 1 MHzcan be distinguished. Apparently, at low bias two inductive
are performed under a nitrogen atmosphere using &hegative capacitangecontributions are present in the
HP4192A impedance analyzer. The analyzer can superim-

Il. EXPERIMENT

pose a bias voltage from35 V to 35 V on top of the ac 10° e
voltage v,.. The experimental results were checked to be f © 3V
independent of oscillator levelv{=10-100 mV). The L o 2V .~ hole-only

complex admittancey is defined as the ratio of ac current LN
and ac voltage: / \

& 1ok ° ; E
. . . o L /
Y=i,/v,=G+iB=G+iwC, (3 < S ;
mw o
0, o )
with G the conductanceB the susceptance; the capaci- CENCY \
tancej=+—1, andw=2=f the angular frequency. The real 107 T ST WIS
part of Y stems from the Ohmic currefin phasé, while the 10° 10" 102 10° 10 10° 10°

imaginary part ofY reflects the displacement currgout of
phase. In the present work we focus only on the imaginary
part of the admittance, which most clearly reveals the differ- FiG. 2. Plot of the negative differential susceptanee\B
ent relaxation processes present in the PLED’s. However, the — ,,(C—C,), for the data shown in Fig. 1. Two relaxation peaks
fits to the proposed equivalent-circuit models were in allare clearly distinguished. For comparisemAB of a hole-only de-
cases checked to be consistent with both the real and imagyice is shown(dashed ling revealing only a single relaxation peak.
nary parts ofY. Solid lines are fits to the equivalent circuit shown in Fig. 4 below.

Frequency [Hz]
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FIG. 3. Positive differential susceptandeB=w(C—C,) for FIG. 5. Derived relaxation times of the charge-relaxation pro-

the data shown in Fig. 1. A single, capacitive relaxation time isC€5S€S in @ polymer LED. The values gf and 7, correspond to

observed. Solid lines are fits to the data, using the proposeB()le and electron transit times in the device, respectively. The third
equivalent-circuit modefsee Fig. 4 below and fourth relaxation processes correspond to the redistribution of

electrons and holes in the device; the data sets do not allow an

PLED. The behavior at high bias is shown in Fig. 3, reveal-2ccurate estimate af;.

ing a single capacitive peak. Comparable relaxation peaks . . .
arge not ogservel?j in holeeonly devicltoas P produced. From the fits we can derive the corresponding re-
Based on the above results we propose the empiricdf*@tion times of the different processesi=L;/R;, 7

equivalent circuits shown in Fig. 4 to model the frequency-— L2/Re; @nd 7s=RsCs (note thatr™ "= w, corresponds to

dependent response of the PLED for different bias regimedh€ Peak position oAB). Unfortunately, 7, could not be
ry accurately determined from the present data. The de-

The bulk resistance and capacitance of the device are give\f_‘ia ) . e .

by Rg and Cg, respectively. The two inductive processes rlyed relaxat_|0n tlmv_es are plqtted in Fig. 5as a fun(_:tlon of

present at low bias are modeled by tRe+L, series and bias. Upon increasing the bias voltage the relaxation pro-

R,+L, series, which are both parallel to the bulk. In the C€SSes in the PLED become faster.

intermediate bias regime, 4—6 V, one inductive contribution

remains and a capacitive contributiéty+ C5; appears. At IV. MODELING AND DISCUSSION

the highest bias, only capacitive processes govern the re-

sponse, and the device is modeled by taking two capacitive

branches parallel to the bulk. Using this bias-dependent em- Neglecting possible contact constraints, single-carrier

pirical model we can obtain excellent fits of our data; seetransport through an insulator is always space-charge lim-

Figs. 1, 2, and 3. At the highest bias, only a single capacitivéted, and the magnitude of the current is solely determined by

relaxation peak is observed; see Fig. 3. However, taking onlyhe mobility, or equivalently by the transit timer

a single capacitive contribution when fittifg(w) at high  =L2%/(«V). The dotted line in Fig. 2 shows that the ac re-

bias gives a large discrepancy; see the dashed line in Fig. $ponse of a hole-only device is of inductive nature. Hole

By taking an additional capacitive contributid¢eolid line) transport in PPV is space-charge limittdnd it has been

into account, the high-bias data are also reasonably well redemonstrated that this gives rise to the inductive respbhse.
In a SCL device, application of an ac voltage on top of a bias

low bias intermediate bias high bias field leads to(time-dependentinjection of additional space

charge. Under the influence of the bias field, the injected

D _|ﬁ|:@:,_ _”i‘E_ charge moves into the device to relax to the equilibrium

A. Single-carrier devices

u u os space-charge distribution. Due to the finite transit time of
— ) — R DR H |—|II— injected charges, the corresponding current lags behind the
[ (1 [ ac voltage, and this gives an inductive contribution to the
les lee lles capacitance; see E(B). For times short compared tq, or
(Ral (Ral [Re frequenciesw> 7-{1, the injected carrier density cannot re-

: . . i lax and the inducti ibuti i : i -
FIG. 4. Equivalent-circuit models to describe the blas-dependen(t:arrier SCL dg\c/:itcl:\ges C‘t’r?é”b:g%?ttgfcaeppigf tl):é)r :)l(r;%lgy

complex admittance of our polymer LED’s. At low biasc4 V) 5 . - .
two inductive charge-relaxation processes govern the response 8 lculated: It follows that the maximum of the inductive

- _ -1 _ 2
the PLED. For intermediate biag—7 V) one inductive and one relaxation peakw,~3.4x7 *, with 7=L°/(nV). The re-

capacitive relaxation process are present in the device. At high biggxation time of the space-charge density7is 0.29X 7.
(>7 V) two capacitive processes appear to govern the responsc;l.—.he fa}ctqr 0.29 is a consequence of the nonhompgene;ous
The inductive relaxation times of the circuits are= Ll/Rl and f|e|d dlst“bu“on n the deV|Ce; fOI’ a homOgeneous f|e|d d|S'

»=L,/R,. The capacitive relaxation times are given by tribution the relaxation peak would be locatedegt= 7, L
=R3C;z and 7,=R,C,. Charge transport in PPV is dispersifawhich is due to the
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strongly disordered structure of the material. As a result the ,
transit times of individual charge carriers exhibit a broad

distribution. Although the distribution in transit times broad-
ens the inductive contribution in PPV-based hole-only de-
vices, the position of the relaxation peak, reflecting the “av-
erage” transit time, is not affected and still relates to the dc}g
mobility.® S

P I

sity

ge den:

p n

i

B. Double-injection devices arilode catihode aIilOde caﬂ;ode

In a double-injection device, charge transport is governed
not only by space-charge effects, but by the recombination a b
efficiency of electrons and holes as well. The interplay be-

tween carrier transit time; and recombination time, de- ity (p) in a double-injection device. On the left is sh th
termines the spatial distribution of electrons and holes in théjenSI yip) In a double-injection cevice. ©n the 1efl I shown the
ase of strong recombinatiofinfinite recombination constant

. . . . . C
device. Depending on the relative recombination Strengtr\’/\/here the opposite carriers meet they totally annihilate each other.

t.he C.ur.rent flow is elther _space-charge limited, recoml:)maBoth the electron current, and hole currend, are space-charge
tion limited, or a combination of botf?.

. ) . limited. The right hand side shows the case of weak recombination.
Charge t_ransport In-our PL_ED S falls |nF%0 the class_ of theBoth electrons and holes flow through the entire device. Due to the
so-called bimolecular-recombination plasfman analytical  al neutralization of electrons and holes, the current is recom-
solution of this problem has been obtained by Parmenter angjnation instead of space-charge limited.

Ruppel®® The relevant parameters in their work are the re-

combination mobilityu, and normalized electron and hole gensities for this case are schematically depicted in the right
mobilities v, and v, given by hand side of Fig. 6. In the plasma limit, the current is no
longer limited by the accumulation of space charge, but by
ur=egoBl2q, (4)  the loss of carriers through recombination. Due to mutual

neutralization, the separate electron and hole densities are
much larger than in a SCL device, and therefore the current

FIG. 6. Schematic distribution of electron density and hole

Vn= il ® significantly exceeds the single-carrier currents; in the ab-
sence of any recombination it would even be infinite. For
vp=tpl (6)  weak recombination, the effective mobility, E), simpli-
. . ) . fies to_:“eff: 5 \/ZWHnMp(Hn'_*'Hp)/Mr- )
with g the electronic charge ariglthe bimolecular recombi- Which mechanism will limit current flow in PPV-based

nation constant. The use of the carrier and recombinatiodouble-injection devices? The capture of oppositely charged
mobility is for mathematical convenience; this is of coursecarriers in PPV has been shown to be of the Langevin ¥pe.
equivalent to a comparison of transit and recombinatiorThe Langevin mechanism implies that the recombination ef-
times. For the bimolecular-recombination plasma theficiency is limited by the diffusion of electrons and holes
current-density—voltage characteristic can be written as gward each other in their mutual Coulomb field. The bimo-
Mott-Gurney square law, Ed1), with an effective mobility  |ecular recombination constant for this case is givenBby
Mt given by = (alege)(unt pp). Hence the effective electron and hole
mobilites  simplify to v,=2u,/(untup) and v,
3 =2pp/(nt pp). Since holes in PPV are much more mo-
, (77 bile than electronsu,> u,,**® we expectr,~2 and v,
<1. The effective mobility, Eq(7), simplifies toueq= up
and the current is essentially a hole-only SCL current.
whereI’(x) represents the Euler gamma function. At low bias the ac response of the PLED’s reveals induc-
It is instructive to consider the limits of strong and weak tive contributions(see Figs. 1 and)2indeed indicating that
recombination. For these cases we schematically indicate ithe current is governed by space-charge effects. Since for
Fig. 6 the electron distribution) and hole distribution(p) SCL transport in a double-injection device the transit times
throughout the device. For strong recombinatiop,v,<1 of both electrons and holes determine the charge distribu-
(or 7,<7), the injected electrons and holes completely antions, the presence of two inductive peaks in the PLEBER
nihilate at the plane where they meet in the device. This caskig. 2), reflects the different transport dynamics of electrons
is shown on the left hand side of Fig. 6. The effective mo-and holes in the devic®. Using 7=0.297, and the field-
bility simplifies to ue= o+ up; the total current is in mag- dependent mobility, Eg(2), the relaxation times; and 7,
nitude the same as the sum of the two single-carrier spacean be fittedsee the solid lines in Fig.)5This gives for the
charge-limited currents that would run through the device irhole  mobility — uo=3x10" m?Vs and =5
the absence of each othlesee Eq.(1)]. For weak recombi- x10 * (m/V)¥2 For the electron mobility we fingiy=3
nation, v, ,v,>1 (or 7,> ), both electrons and holes fully <10 ** m?/V's and y=8x10* (m/V)Y2 These values
penetrate the device, the so-called plasma limit. The carriegire in good agreement with previously reported electron and

()T (vy)
F(vy+vp)

3 3
Pz vpt 3 vp)

F(% Vn)r(g vp)

_ 4
Meff= 3 MrVnVp
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in a nontrivial way on the respective mobilities and carrier
densities. However, as shown above, the mobility of holes is
1-2 orders of magnitude higher than that of electrons, and it
. seems reasonable to assume that on short time s¢ags
frequencies the dielectric relaxation is dominated by the
movement of holes in the plasma. Takipg=u, we can
d estimate, using Eq(8), the average hole density in the
plasma from ther; data. In Fig. 7 we present the hole den-
il sity (dotg asa function of .bias. The splid line reprgsents the
o L= . . L hole density calculated using our device modefwhile the
0 2 4 6 8 10 dashed line gives the hole density for the space-charge-
V-V, [V] limited regime. The derived hole density increases steeply
' with bias and, despite the crudeness of our analysis, is in
FIG. 7. Hole density in the PLED as a function of bias derived g00d agreement with the model calculations. At high bias,
from the dielectric relaxation time; (see text The experimentally the hole density in the PLED exceeds that for the space-
derived datgdots are in good agreement with the solid line repre- charge-limited regime by a factor of 2. In order to satisfy
senting the average hole density calculated using our device mod&loisson’s equation, electrons must be present to neutralize
(Refs. 19,30 The dashed line represents the carrier density for ehe positively charged holes, i.e., these results bear out our
space-charge-limited device, which lies significantly below the ex-argument for the presence of an electron-hole plasma in
perimental results. In order to obey Poisson’s equation, this implie®LED’s at high bias.
that (partia) neutralization by injected electrons must occur, i.e., an
electron-hole plasma must be present.

device
model

80

40

hole density [10°' m™]

C. Space-charge-limited and recombination-limited transport
hole mobilities in these materials$l162°The results show
that, if current is space-charge limited, admittance Spectrogs,

copy provides a tool to study the electron and hole mobilityy;q a1 qependencies of the electron, hole, and field distribu-

in double-injection devices; a more elaborate discussion caflons on position are independent of the applied voltage: the

b_e found _in REf: 16. Especially_f_or PPV, where, d_ue to Uapﬁmiting mechanism(space charge or recombinatjdor cur-
ping, the intrinsic electron mobility cannot be easily derlVedrent flow is independent of the applied electrical field. How-

from standard approaches such as time-of-fiftf or ever, in our PLED’s a change in current-limiting mechanism

curlre?rt]—vglttage eé(.p(tarmt}en‘tsthls: may4pr70\\//e ;/r?lu_azle.t_ does occur with increasing bias. As it is not expected that a
| n e('jn ermehw} € bias regime, | o be In ug ve ée'different recombination mechanism takes over at high bias,
axafion due to hole transit Is no longer observed, and gs s g surprising result. The mechanism of current flow

capa_citive _contributi_on appears inste@te Figs. 1 and)3 through the bimolecular-recombination plasma is fully deter-
The inductive contribution of the electrons persists but be-

comes less pronounced for increasing bias. At even high mined by the values ofy and vy, Egs.(5) and (6). There-

bi the induct tributi h letelv di %re, to understand this result, we must consider the bias
ias, the inductive contributions have completely 'Sap'dependence O, and v, .

peared and the response has become fully capadsiee In PLED’s, recombination is of the Langevin type for

Fig. 1). The suppression of the inductive processes reﬂeCt\ﬁ/hich the bimolecular-recombination constant is given by

the fact that for higher bias the current is no longer SPACeHa sum of the carrier mobilities. The application of an elec-

i th ineutral bl imit. The elect dh IS['ricaI field considerably enhances the individual carrier mo-
port in the quasineutral plasma imit. The electron and Noig,; ;0o However, whether this also enhances the bimolecular

densities in the device are so high that injected charges al8combinatioft or nof?is not clear. Using the electron and

equilibrated by the displacement of_the holes _and elecronsii ole mobilities derived above, we can calculate the normal-
the plasma before they can transit the device. The rate

i . . . : ) ed mobilities for these two cases; see Fig. 8. The solid lines
which that occurs is determined by the dielectric relaxat|0r} g

i f the pl hich is the ti for th epresent the case of field-independent recombinati®n:
ime of the plasmary, which is the time necessary for the — (q/e02)[ n(E=0)+ ,(E=0)]. SinceB is just a con-

reestablishment of quasineutrality after charge has been i%’tant bothw, and v, increase strongly with increasing bias
jected. The relaxation toward neutrality in the electron-holedue t’o the gxponeﬁtial dependence of the electron and hole
plasma is governed bjp/dt=—(p/74) (p is the carrier den- mobilities on E. The dotted lines show, and v, in the
sity), which shows that dielectric relaxation current indeedCase that thé recombination  is ennhancerzj by the
gives a capacitive response. The dielectric r.elaxatio_n tim%eld-dependent mobilities given by Eq(2): B(I%/)
;e;lates to the plasma mobilify and plasma carrier densipy =(q/808)[Mn(E_)+Mp(E)]- As o 1o the field depen-
dence of the bimolecular-recombination constBntlosely
g0 follows the field dependence qf, in this case, which ex-
= . 8 plains the near field independence of the normalized hole
dou mobility [see Eq.(6)]. Since the electron transport exhibits
The dielectric relaxation of the plasma involves the displacestronger field dependence comparegip(andB), for field-
ment of both electrons and holes; hepcandp may depend dependent recombination, also increases with bias, albeit

According to Lampert and MafR in a bimolecular-
combination insulatofwhich applies to PPYthe func-

Td
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10— value for the crossover field is in excellent agreement with
F the field wherev,=1 for the case of the field-independent
recombination mechanism.

Physically, the field independence of the recombination
mechanism can be readily understddd@he application of a
biasing electrical field enhances the movement of carriers
toward each other along the potential gradient. However, the
diffusion of carriers in directions perpendicular to the field is
not enhanced and thus becomes the rate-limiting step in the
0-010 1'0 2'0 3'0 4'0 50 recombination process at high fields. As a result the recom-

bination efficiency is not enhanced by the field.
(V-V)lL [V/um] Finally, note that the formation of the electron-hole

FIG. 8. Calculated normalized electron mobility and normal- _plf':lsma |mpllgs a reducno_n of PLED efficiency since not all
ized hole mobilityv,, as a function of electrical field for the PPV- injected carriers recombine. 'l_'hu§ thg (;rossovgr fro,m the
based LED'’s studied here. Solid lines represent the case of a fiel&pace'charge' _to ,the recomb'n_at'oln'“m'ted regime 1s un-
independent recombination mechanism. Dotted lines represent t¥anted in applications like matrix displays under pulse op-
normalized mobilities for a field-enhanced recombination mecha&ration where high drive voltages are used.
nism. Only when bothv, and v, are larger than 1 will the current
be recombination limited. V. CONCLUSION

the increase is much less pronounced than in the case of Admittance spectroscopy allows one to differentiate be-

field-independent recombination. The dashed horizontal lin&veen the different transport processes in polymer LED’s. At
in Fig. 8 marksy=1. low bias the inductive response shows that transport in

At low bias, for both the field-dependent and the field-PLED'S is governed by space-charge effects. This agrees
independent recombination mechanismgy1 and v,<1. w!th a Langevm. recombination mechanism in .combmauon
In this regime the current is space-charge limited, whichVith & large ratio of hole and electron mobilities in PPV,
agrees with the inductive response of the devices observed |f2ding to a strong recombination efficiency. However, at
the admittance experiments. At high bias the response is c4!9h bias €>25 V/um) the capacitive response indicates
pacative. This marks a crossover to recombination-limitedN€ Presence of an electron-hole plasma in our devices, im-
transport, which occurs when both,>1 andv,>1. It is plying that the recombination is relatively Weak.'Thls unex-
evident from Fig. 8 that this happens only when a fielg-Pected  crossover from  space-charge-limited 1o
independent recombination mechanism is assurfsedid _rec_omblnatlon-llmlted transport asafu_nct|on o_f_t_)las strongly
lines). If the recombination were enhanced by the ﬁe|d_!nd|cates that3 whl]e the individual carrier mobllltles.strongly
dependent mobilitiegdotted line, only at very high fields ncrease at high fle_lds_, the recpmbl_natlon mechanism is not
>100 V/um would a regime be reached in which bath enhanced by the biasing electrical field.
~1 andv,~1 and, apart from space charge, recombination
effects would be important. By contrast, the admittance ex-
periments clearly show that already arouNd=7 V (E This research was sponsored by the Stichting Fundamen-
~25 V/um) space-charge effects no longer dominate andeel Onderzoek der Materie which is part of the Dutch Sci-
instead an electron-hole plasma is formed. This experimentance Organization.

10}

normalized mobilities
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