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FIG. 1. Color online Electromagnetic beld penetration pletp is calcu-  of the jllumination intensityl, in the surrounding medium
lated using a transfer matrix formalism. This beld penetration is then used to . : .
derive the photon absorption rate probbettom. and device internally. In this study the AM 1.5 spectrum is

used forly. The calculation of the device internal intensity,

mercialized afterward. This softwarsgTFos™® has been ex- LS 3
tended for the simulation of organic BHJ solar cells. np oMo

is done wavelength and position dependent, from which the

density of absorbed photons per second can be derived via
Il. DESCRIPTION OF THE NUMERICAL DEVICE
MODEL _alh 4
nphotons‘ h ’

A. Optical modeling ¢

OPV cells consist of a multilayer structure, with layer where a stands for absorption coefpcient which is given by

thicknesses on the order of the wavelength of the incidenf=47K/A andk stands for the complex part of the refractive
light, which is shorter than the coherence length of sunlight!Nd€X i.€., the extinction coefbcientAfter an integration
Therefore an OPV is an optically coherent device. This giveQVer the illumination spectrum one ends up with a photon
rise to interference effects inside the device which can b@Psorption rate probleef. Fig. 1 bottom . The integration
exploited to increase the maximum photocurrent by carefullylS done in the absorbing spectral range from 380 to 780 nm.
tuning the thicknesses of the individual lay&1&1° An ap- 1he absorbance of the active layer, which is the ratio of
proach to bnd the optimal layer thicknesses from an optica"f‘bsorbed to the illumination light intensity, drops to zero

point of view is to calculate the electromagnetic beld inside?P0ve 650 nm as is shown in Fig. It is obvious that the
the multilayer stack using a transfer matrix formalism. Thisthickness and refractive index are required for each layer for
approach has been used in the optical simulation oficcurate simulation results. Theandk data were taken from

OLEDS®18 and OPVs Ref.5 and is well established in the Monestieret al™®
Peld of organic electronics. With this formalism the normal-

ized optical electric bpeld, ., is calculated throughout the

multilayer stack cf. Fig. 1. For plane waves, the optical B. Electrical modeling

Peld intensity within the stack is given b , . ,
y g y To simulate an OPV device electrically, several pro-

cesses have to be taken into account. First charge-transfer-
exciton generation and dissociation, then charge drift and

In the transfer matrix formalism we normalize the inci- diffusion, and at last the charge extraction at the electrodes
dent electric beld such that the incoming electric Peld amplineed to be considered. These processes will be discussed in
tude is 1. Therefore, the electric beld calculation gives thehis section.

| = ZecnE2.
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geﬂGoptOO o1 Exciton kg S(X) same dependence of the binding energy on the separation
absorption raf(xP(IN(x) \carriers distance as ion pair& stands for the electrical beld which is

K, S(x) calculated position dependent using the drift-diffusion model
explained in Sec. II B 2.

Ground ’ To Pnd an analytical model, the OnsagerbBraun theory

state makes some simplibcations. It does not consider disorder in

energy levels as well as in the spatial distribution of the
hopping sites which is present in an amorphous organic
semiconductor. Kostest al® and Paret al** introduced spa-
tial disorder by integrating the dissociation probability over
The absorption of a photon generates an exciton whickjistribution of pair separatiors A further simplibcation of
then diffuses to a donor-acceptor interface. At this interfacehe OnsagerbBraun model is the assumption that the disso-
the exciton dissociates and generates a charge-transfejation takes place in a homogeneous material, neglecting the
exciton CT excitons. In this model we assume that a photon presence of donors and acceptors. Velderal 2 proposed
directly generates a CT exciton. Therefore, only a continuitythat the mobility used in the OnsagerbBraun model is higher

FIG. 3. Color online Relevant processes for CT-exciton modeling.

1. Charge-transfer-exciton dissociation

equation for CT excitons is neededf. Fig. 3, than the effective mobility measured in the bulk. They attrib-
dS x uted this to local crystallization of the PCBM molecules.
at =rel XPXNX * KSX ¢ KgSX +0eGopt X - This extension allows to model CT-exciton lifetimes in the

order of 108 s still having a dissociation efpciency over
S) 90%. This extension is not considered in our study. To ana-
lyze the effects of disorder and donor acceptor interfaces in
absorbed photon directly generates a CT eXCitGgy, X more detail, Monte Carlo simulations are used which are not

stands for the photon absorption proble shown in Eigot-  the sScope of this study™? Albeit all the simplibcations, the
tom , whereagg. is a photon-to-CT-exciton conversion ef- OnsagerbBraun theory is a widely used model to describe the
’ e

bciency. We seg to zero outside of the active layer, which dissociation of CT excitons in organic semiconductors.

is P3HT:PCBM in the device under consideration here. Sec-

ondly recombination of free charge carrier pairs generates &. Drift-diffusion modeling

CT exciton. This recombination process is treated by the |, the semiconductor, the following drift-diffusion equa-
Langevin theory which will be discussed in Sec. Il B 2 when ;s apply:

the drift-diffusion model is explained. There are also two

CT-exciton state depletion mechaniskagindky which stand dE x __& X *n X 7

for the decay of a CT state and the dissociation, respectively, dx  gegg P ’

as described by the OnsagerbBraun theory. This continuity

equation for CT excitons is coupled with the drift-diffusion dn x
Je X =euNXEX +D u,T

CT-exciton densityS is fed by two processes: Firstly an

model which will be discussed later. dx
CT-exciton dissociation has been studied by
Onsagef*? The initial pair separation distance is overesti-  dnx  1dJ, x
mated when measurements are compared with the Onsager ~ .~ = o™ 4y ° Fef X PXNX +KSX . 9

theory. Therefore, Bradh extended the theory by Onsager.

In this model a Pnite decay rate of the CT exciton has been The electrical peldE x in Eq. 7 is calculated depen-

considered. The dissociation probabilRyis then given by  dent on the positiorx. Wheree stands for the elementary
chargen x, p x for the electron/hole density, arng for the

P T,Ekqa = , permittivity of free space ang, for the relative permittivity.
Ka + Ki Equation 8 is the current equation for electrons. The
- mobility u. is shown to be independent of the electrical peld,
ks T.Ea = 3ue o Ae alkgT J12 +2bTE temperature, or density, which is a simplibed assumption
T 4qeadd «2bT,E '’ used in this paper. The diffusion coefbcient is given by the
Einstein relationD = ukgT/q.
B Equation 9 is the continuity equation for electrons.
Afa = Ameea’ This equation takes the creation, migration, and recombina-
tion of the charge carriers into accountx stands for the
SE Langevin recombinatiom X = ue+u, q/e.go. The require-
bTE = ﬁ 6 ment for this model to be applicable is that the mean free
Teegkg T

path\ <r., wherer stands for the Coulombic capture radius
In Eq. 6 the mobility is the sum of the electron and r.=€?/4me, kT which for an average organic solic,

hole mobility x=pue+upn, J1 X is the Bessel function of the 3P4 gives a Coulombic radius af, 14D19 nm. This

Prst kind of order of 1a is the initial pair separation distance requirement is satisped since the mean free path in this low-

of the CT exciton, and the pair binding enerdy¢ a is  mobility disordered organic semiconductor is smaller than

calculated under the assumption that CT excitons have thiéae Coulombic capture raditfsand thus this model is appli-
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cable. The Langevin recombination efpciency prefactgr ~ TABLE I Input parameters for the thickness dependent simulation of4Fig.
is a factor between 0 and 1 which has been introduced by

Description Parameter Value Unit

Ju kaet al® to take the reduced Langevin recombination

into account. It will be discussed later in this paper. Workfunction PEDOT 5 eV
For Egs. 8 and 9 exist analogous equations for holes Workfunction Al 431 eV

instead of electrons. The above set of equations is spatiallyOMO P3HT 53eV

discretized inseTFos Ref. 19 using the Scharfetter Gum- LUMO PCBM® 37eV

mel discretizatiof and solved iteratively in time using the Electron mobility Hn 5X107 m’/V's

Gummel schem@’ Hole mobility’ Hp 1X10% m?/V's

*Referencetb.
3. Built-in voltage "Referencets.

There is a debate on the nature of the open-circuit volt-
ageV,. in OPVs and currently there are several alternativebetween the work functions of the electrodes in this model.
explanations. There is evidence that the open-circuit voltagdhe Pl factor is inBuenced by recombination losses and thus
depends on the highest occupied molecular oldi®MO the mobility of the charge carriers and the Langevin recom-
and lowest occupied molecular orbltUMO difference of  bination efPciency4. The short-circuit current depends lin-
the donor and acceptor molecules at the interfd¢eéRe-  early on the illumination intensity until recombination losses
cently, this mechanism has been looked at in more detail ant@ke over and the increase becomes sublinear. The results of
a linear dependence of th&,. on the energy of the charge- this validation correspond to experimental observations.
transfer absorption has been foufidrhe open-circuit volt-
age also depends on the work function of the electr8ties.
This inBuence seems to be more pronounced in BHJ than inl. ESTIMATION OF THE DISSOCIATION RATE
planar heterojunction device setufiszurthermore, the open-
circuit voltage was observed to be intensity and temperature  After describing the coupled optoelectronic numerical
dependerﬁi3 Th|s Comp'ex behavior is Cha”enging for the device model in Sec. ”, it will be applled in this section to
simulation of these devices because there is not a sing@mulate an OPV device and extract unknown CT-exciton
theory which is capable of describing all of those dependendissociation input parameters. The layer structure is shown in
cies. The approach used here assumes that every device hasi@: 1. The indium tin oxide ITO layer has a thickness of
built-in voltage V,,; which is derived from the difference in 130 nm, it is followed by a 50 nm thick pol$,4D
the work functions of the two electrodes. This is then used téthylenedioxythiophengpoly styrenesulfonate ~ PEDOT-

calculate the effectively applied voltagé,s. The electric  :PSS layer. The active layer is modeled as a 1:1 weight ratio
peld distribution inside the device is obtained through inte?’3HT:PCBM blend which is covered by 100 nm aluminum.

gration of the Poisson equatioof. Eq. 7 using the effec- The parameters for the electrical simulations which are taken

tive biasV,y as a constraint to determine the integration con{from literature are shown in Table The two mobilities are

stant, taken from Mihailetchiet al,*> who have measured the con-
stant mobilities of electrons and holes in a P3HT:PCBM BHJ

Ver=Vapp® Vi = EdX, 10 solar cell depending on the annealing temperature. The mea-

surements used here are for samples which have been an-
nealed at 140 jC for 5 min and the mobilities have been
ﬁiéosen accordingly.

The unknown parameters are the decay kate¢he pair
separation distance, and the photon-to-CT-exciton conver-
sion efbciencyge Which have been introduced in Eq&
and 6 , respectively. These parameters can be determined by

When charges reach the organic-metallic interface theypplying the device model to thickness dependent measure-
are extracted from the device. The current at such an inteiments of the short-circuit current. Some reports in literature
face has been described by Scettal** as a balance of have used a simplibed OPV model without CT-exciton dy-
injection and surface recombination. This model consider§amics cf. Ju kaet al®® and have found reduced recombi-
the barrier reduction at an organic—metal interface due to thﬂation rates. S|m||ar|y our brst ana|ysis step assumes that
electric Peld and the image charge potential and calculateghsorbed photons directly generate free electron hole pairs

whereV,,, is the experimentally applied voltage. Therefore,
the electric bPeld due to space charges is superimposed on t
applied beld.

4. Charge extraction

the net injection current. and that recombining charges are lost and not fed into the
continuity equation for CT exciton$ . This reduced model
5. Validation of the simulator thus consists of Eqs7 and 8 and the modibed version of

The model presented has been validated by varying thEQd. 9 which reads as follows:
input parameters and analyzing their inBuence on the output.  gnx  1dJ, x
We have observed that the open-circuit voltage increases T=E dx
slightly with illumination intensity. It also depends on the
mobility of the charge carriers. Furthermore, it is not equal towheregg stands for the photon-to-electron conversion efp-
the built-in voltage which is assumed to be the differenceciency.

* Ieiif X P XN X +0eiGopt X 11
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FIG. 4. Color online Thickness dependence of the short-circuit curdagpt . . I . .
with varying Langevin recombination efbciency, A purely optical simu- FIG. 5. Color online Dissociation probability according to the Onsagerb

S ; ; . Braun theory depending on the electrical beld for several initial pair sepa-
lation is also shown. The simulations are compared with measureniints - ; Ry
by Gilot et al. Ref.20. ration distances. The decay rate has been kept Pxed;atl X 10° s™*.

curves for an active layer thickness of 70 nch Fig.6 . The

Figure4 ShOWS a pure'y Optica' Simu'atiomp curve to thickness of 70 nm has been chosen because it is close to the
Ca'culate the maximum achievab|e photocurrent dependinarst peak of the short-circuit current. NOW, all the parameters
on the device thickness. The other six curves are for coupletpr the full model are determined and summarized in Tables
optoelectronic simulations where the Langevin recombinal andll. They are used in the following simulations where
tion efpciencyr o« has been varied between 1 and 0.01. Theséhe full model including CT-exciton dissociation is consid-
simulation are compared with measurements by Gitatl?°  ered.
For devices with an active layer thickness below 50 nm elec-  Note that in the full model there is no need to reduce the
trical losses can be neglected. Therefore the photon-to-CTecombination efbciency. Even though the original recombi-
exciton conversion efbcienayy is btted to this part of the Nation rate is used.e., reg=1, there are small recombina-
curve. A value ofg.;=0.66 has been determined which is tion losses due to the competing dissociation. Also note that
consistent with the analysis by Gilat al?® on the same the value ofge which was determined in the simple model is
thickness dependent data. For thicker devices electrica@!sO applicable in the full model since with either model the
losses play an important role. Due to measurement uncertaiffarameter extraction is done by dividing the calculated the-
ties it is hard to give a Pnal value, but Figsuggests that the Oretical maximum of the photocurrent by the measured one,
Langevin recombination efbciency. in the simpliped Preferably for thin devices were transport losses can be ne-
model is 10% or lower. In the full model there is an equilib- glected.
rium between CT—exu_ton formation and fjlssouapon. WeIV_ SENSITIVITY ANALYSIS
translate the observation of the reduaed in the simple
model to the dissociation probability in the full model, since  In Sec. lll a set of parameters has been fouwrfdTables

the rater X T off Simp|e model Corresponds tox 1P full I and Il such that the simulation bts the measurements. In
model cf. with Egs. 6 and 9 . ThusP must be 90% or
higher.

With this information it is possible to determine the un- m  Experiment
known CT-exciton parameters by analyzing the OnsagerBg 1 Simulation
Braun model of CT-exciton dissociation. The initial pair 2
separation distanca can be determined under the assump-

>

<
E
tion thatk; is set to 1x 10° 1. The current density in Figh 3
has been measured and calculated under short-circuit curreng

=

conditions. From the open-circuit voltage which is about §
0.6 V and the device thickness the internal electric beld isa
estimated to be in the range ofx110PD2x 10’ V/m for

thick and thin devices, respectively. Figseshows the de-

sired dissociation efbciencgver 90% and the internal elec- ——

trical Peld range together with different initial pair separation o -
distances which have been varied between 1.5 and 1 nm. s 0.0 05
From this plot alone the only condition faris that it has to Voltage [V]

be larger than 1.2 nm. The best bt value for the pair separa; : , . .
. : IG. 6. Color online Comparison of a simulated and experimentally mea-
tion distancea has been chosen to be 1.285 nm, by comparg,req current-voltage curve for an active layer thickness of 70 nm. The

ing experimental current-voltage curves with simulatedparameters used for this simulation are summed up in Tadesl I .
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TABLE II. Derived simulation parameters from Fig4E6. 5 0

Sensitivity g

. i + <

Parameter Symbol Value Unit o r10% ] &

o o . = =z

Recombination eff. ot 1 £ T a 3% 1 %

" 3 | -————k 3% 405 &

Decay rate ke 1X10° s < o . 10% | s

Pair separation a 1.285 nm > 5L u" 10% ] )

Optical generation eff. et 0.66 § P //\/\ 3

s N 2

= T z

a:; 10 o oo fo----oooo-o- - ;

this section the sensitivity of the model on the input param- © %

eters is investigated. This sensitivity analysis gives insight S
into simulation as well as experiment: First we analyze and  '°

study which parameters inBuence the outcome of the simu-

-0.5 0.0

lation, secondly the sensitivity analysis also helps to identify Applied Voltage [V]

experimental setups where the infuence of different param-
eters can be separated. FIG. 8. Color online Sensitivity of the current density in for a current-
The sensitivity analysis has been conducted as followsYoltage curve.
Firstly, a reference has been simulated with the parameters
indicated in Tables andll. Secondly, bve input parameters been used to achieve the higher active layer thickn&ses
have been chosen, Langevin recombination efbciepgy also changed electrical properties of the active layer and
the electron/hole mobility,/ u,, the pair separation distance therefore cannot be modeled with a single set of parameters.
a, and the decay rateé;. The brst three parameters As is shown in Fig.7, the inBuence of the electric input
Feff, 4n, 4p have been varied-10%, and because the inRu- parameters is only relevant for an active layer thickness
ence of the CT-exciton parametessk; is larger, these two larger than about 50 nm, which has already been seen for the
parameters have been varied by 3% only. Therefore, in thisangevin recombination efpciency in Fig. The pair sepa-
step ten simulations have been dotmre parameters with rationa has the highest inBuence on the short-circuit current
variation in two directions eachAs a last step, the reference although it has been varied by only 3%. The inBuence of all
curve has then been subtracted from the variated curves. Thige parameters grows with increasing active layer thickness.
difference between the reference curve and the varied one Further analysis, not shown here, reveals a strong linear
has then been plotted for each parameter. This procedugependence between the three parameter pair separation dis-
reveals possible orthogonalities among the parameters.  tancea, decay ratek;, and electron mobility.,. These three
parameters are all involved in the dissociation of CT excitons
A. Thickness dependent sensitivity cf. Eq. 6 . The thickness variation inBuences the electric
) ) ~Peld inside the device. Therefore, the electric Peld depen-
First of all the thickness dependence of the short-Circuiyence of the CT-exciton dissociation is probed. The three
current has been analyzed, the results are shown in7Fig. parameters which show the same thickness dependence are
The measurements are also shown and agree the simulatigy) prefactors for the beld dependence as shown in&qin
for active layer thicknesses up to 150 nm. The two measurghese equations the hole mobility is added to the electron
ments around 230 nm which are shown in Hgare lying  mopility to determine the dissociation ratg but in the de-
outside the axis scale in Fig.and cannot be modeled with jice investigated here the electron mobility is higher by a

the parameter set used in this study. This suggests that thgctor of 50 than the hole mobility and therefore dominates
different spin speed and solvent concentrations that havge dissociation. The hole mobilit, and the Langevin re-

combination efpciency,.s both have a unique thickness de-
pendence, which is slightly different from each other.

e
o
(=]

1
o
3

Sensitivity

o
o

B. Current-voltage curve sensitivity

o
o

Figure 8 shows the sensitivity analysis for a current-
voltage curve with an active layer thickness of 70 nm. The
current-voltage curve is the same one as in Bigrhe sen-
sitivity analysis clearly demonstrates that all parameters have
the highest inBuence on the current-voltage curve in the
fourth quadrant and close to the open-circuit voltagg.
Again the pair separation distaneehas the strongest inRu-
ence on the output. The hole mobility clearly has a different
. - - inBuence on the output than all the other parameters. Espe-
0 %0 100 1%0 200 250 800 cially for applied voltages which are higher the(, the hole

PSHT-PCBM Thickness [nm] mobility has the highest inBuence on the current. This sug-
FIG. 7. Color online Sensitivity of the current density for a thickness 9€Sts that the hole mobility is the limiting factor for the
dependent simulation. current photocurrent plus injected currerdrawn from the

S o o o
- N w 'S
Sensitivity in the current density [mA/cm2]

e
S}

Short circuit current density [mA/cm?]

o

o
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FIG. 10. Color online Sensitivity of the short-circuit current during

FIG. 9. Color online Normalized comparison between measured and simu-turn-on.
lated J-V curves for different active layer thicknesses.

C. Transient current sensitivity

device at higher voltages. Further analysiet shown re- The sensitivity analyses in thickness dependence and
veals that for the current-voltage curve under consideratiogurrent-voltage curves have shown that several input param-
there are only two clearly linearly independent sets of parameters have a similar infuence on the output and thus those
eters. The Prst set comprises the pair separajohe decay Parameters cannot be determined from these measurements.
ratek;, the electron mobilityw,, and the Langevin recombi- N this part transient simulations are discussed and their sen-

nation efbciencyy, the second one is the hole mobility, sitivity on parameters is analyzed. .
Although the Langevin recombination has a slightly different E|tgure 10t shhowst;hel_ sk:;n_ul?ted gansi:tgtf‘)f thtﬁ_ skhort—
voltage behavior than the other three parameters in ghi§'reuit current when the Ight 1S turned on or a thick-

o o R . . ness of the active layer of 70 nm. Again the parameter set
group it is very similar. This is interesting because in the

o . . . ~shown in Tabld andll has been used. The sensitivity clearly
sensitivity analysis of the thickness dependent short-circui hows that in the turn-on dynamics the Langevin recombina-
current shown in Fig7 the inBuence of the Langevin recom-

o i e tion efpciencyrq; and the decay ratk; do not play an im-
bination efpciency was more similar to the one of the holeysant role, therefore the turn-on dynamics is solely debned
mobility. by the pair separation distanaeand the two mobilities. The
For all the measured short-circuit current points in Big. CT-exciton decay rate and thus the recombination of free
a current-voltage curve was measured as well. An analysis afharge carriers play no role. The electron mobility deter-
the inBuence of the device thickness on the current-voltageines the brst part of the turn-on and the sensitivity reaches
curve is performed for three representative thicknesses whicits maximum at 0.15us, whereas the hole mobility has its
is shown in Fig.9. The short-circuit current as well as the maximum at 0.3%us. Further analysisnot shown reveals
open-circuit voltage depends on the amount of the absorbeitiat the electron mobilityx, has exactly the same infBuence
photons. Therefore, to compare the current-voltage curvegn the turn-on behavior as does the pair separadiofhis
for different thicknesses the short-circuit current as well agndicates that the turn-on behavior is limited by the time it
the open-circuit voltage needs to be normalized to excludéakes to dissociate the CT-exciton pair. When the CT-exciton
optical effects. The comparison in Fi§. shows that the Parameters are chosen such that the average lifetime of the

shape of the experimental current-voltage curve does nde T exciton is much smaller than the time it takes to extract
change for different thicknesses of the active layers. In conth® charge carriers, the turn-on behavior is solely debned by

trast the simulated current-voltage curves show a clear déhe E'YO mcﬁ'“tr']es' the t ient of the short-circuit i
pendence of the shape on the device thickness. This indicate%en'?#ere" htsisotvlfnede o;fagignT?\e sﬁas gg;iggﬂaﬁg;ﬂ;
that in the fourth quadrant the inBuence of the electric bel 9 e P

n di iation efbcien nd thus recombination | iurn-of‘f curve shown in Figllis clearly different from the
on dissociation etbciency a us reco ation 10SS€s 13,rn_on curve shown in FiglO. The prst one has a clearly

overestimated in the device model presented here. A possib sible kink att=0.015us, whereas the latter curve is more

explanation for this discrepancy might be the nature of the 4tk without any visible kink. The sensitivity analysis of
OnsagerbBraun dissociation mechanism, which does n@le tyrn-off behavior shows that the curve is solely depen-
consider energetic disorder. Although much used, thgjent on the two mobilities. This means that CT exciton and
OnsagerbBraun model is not necessarily the best physicadcombination parameters play no role and thus the recom-
description of charge separation and more rePned modefsination and subsequent CT-exciton dissociation play no
have been developed. For instance Wojetkal*’ have de-  role. The initial drop is given by the mobility of the electrons
rived an extended model based on the Onsager theory whicts, whose inBuence peakstat0.01 us, whereas the second,
leads to a weaker pbeld dependence. much slower drop is given by the hole mobiliy, whose
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5

Figure 12 shows the turn-off behavior as a semilogarith-
mic plot. The brst steep drop of the current is associated with
the electrons and thus a line is btted to it. Pointif\dePned
as the point along the btted curve where the initial current at
point A is reduced to 5%. The same is done for the second
drop which is associated with the holes. Agaihi8 debned
as the point where the current dropped down to 5% with B as
the reference point. This gives for,=0.037us and 7,
=0.56 us. With V¢ V,;=0.69 V cf. Tablel and an active
layer thickness of 70 nm the following mobilities are ex-
tracted: 1, =1.9X 107 m?/V's and p,=1.3X10% m?/Vs.

Sensitivity

|
=}

Sensitivity of the current density [mA/cm2]

Current density [mA/cm?’]
1
S
(4,1

(
i
|

o

o

2r Tos The extracted values are in the same order of magnitude as
0 o 02 08 oa o5 oo 07 o8 oo 1o the input values given in Table The mobility of the fast
Time [us] charge carriers is underestimated and the mobility of the

slow charge carriers is slightly overestimated. This discrep-
FIG. 11. Color online Sensitivity of the short-circuit current during ancies stem from the assumption of a homogeneous electric
turn-off. peld inside the device and thus the independent treatment of
electrons and holes which is a simplibcation.
inBuence peaks at0.45 us. This difference is in the same
range as the difference in the mobilities of the two charge/. CONCLUSION
carriers which isu,/ u,=50. . -
This last ser?;iq[i\ﬁtg/ analysis shows that by measuring the From thg mea'lsured thickness dependent short-mrcglt
short-circuit current during turn-off, the two mobility param- CUI™ent for thin active layers and the optical model we esti-
eters can be estimated. This observation is similar to thg'ated @ photon to CT-exciton conversion efbcieggy of
Pndings by Pinneet al“® for electroluminescence transients 2070 Using this dataset the coupled optoelecironic simula-

in organic light-emitting diodes where the turn-off regime is tion :'suggests a lower Iir_nit for the CT-exciton dissociation
governed by the built-in beld as well. The time it takes to€Pciency of 90%. Adding the measured current-voltage

extract all charge carriers and thus the mobilities can be cafurve to the numerical analysis and assuming kha equal

o1 . ..
culated under the assumption that the active layer is homd? 1% 10° s, we bnd dissociation parameters that are con-

geneously blled with charge carriers and that the interna?iStem with the estimated 90% dissociation efpciency. From

electric peld is given by the difference on the applied and th& .comparison of §everal current-voltage curves at differen't
built-in voltage divided by the active layer thickne&s V thicknesses there is evidence that the inBuence of the electric

«V, /L. We thus obtain De_ld on the CT-exciton dissociation process is oyere_stlmated
using the OnsagerbBraun model. Further investigations have
_ L2 to be carried out to clarify this issue. The sensitivity analysis
w=——". 12 . .
Vappi® Voi 7 conducted demonstrates that the inBuence of the two exciton

h is the i it takes for th parameters and the electron mobility are linearly dependent
q Tde paramoeterrf ";t e t_|r:1e Ilt takes hOL't € Currenrt] tﬁ in the current-voltage curve and photocurrent thickness scal-
rop down to 5% of the initial value. With this approach the,,, - o sensitivity analysis of transient processes indicates

electron as well as the hole mobility can be extracted SePahat the input parameters can be separated. During turn-on,

rately. the CT-exciton decay ratly and thus the charge carrier re-
combination play no role. Even more insight can be gained
by looking at the turn-off behavior. In this regime the tran-
sient current density is solely dePned by the mobilities of the
charge carriers. This suggests that the charge carrier mobili-
ties can be extracted. The inBuence of charge traps was not
considered in this study but will be discussed elsewhere.
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