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Determination of Charge-Carrier Mobility and Built-In Potential in Thin-Film
Organic M-I-M Diodes from Extraction-Current Transients
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We have extended the Charge Extraction by a Linearly Increasing Voltage (CELIV) technique for
determination of the built-in potential and the charge-carrier mobility in thin-film metal-insulator-metal
(M-I-M) diodes. The validity of the presented analytical theory is verified by drift-diffusion simulations
and experimentally demonstrated on organic solar cells. In contrast to the original CELIV theory, which
assumes a uniform charge-carrier distribution in the active layer of the device, here we derive an analytical
expression for determining the built-in potential and mobility in the case of a nonuniform charge-carrier
distribution where charges have diffused into the active layer from the contacts. The extended CELIV the-
ory is applicable on all thin-film M-I-M diodes, e.g., organic solar cells. Drift-diffusion simulations show
that the error for mobility estimation can be an order of magnitude if not correcting for the carrier profile.
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I. INTRODUCTION

Organic semiconductors are of great interest in the fields
of optoelectronics and thermoelectrics due to their suit-
ability for low-cost and large-area applications. In order
to improve the performance of devices based on these
materials, it is essential to have reliable characterization
techniques for determining parameters relevant for the
device physics, such as the charge-carrier mobility and
built-in potential. One commonly used method for deter-
mining the charge carrier mobility is the Charge Extraction
by a Linearly Increasing Voltage (CELIV) technique [1].
The advantage of CELIYV, in addition to its simplicity and
modest equipment requirement, is that it can be used on
operating devices, for example, thin-film solar cells. How-
ever, the original CELIV theory is derived for a doped
device with blocking contacts, which severely limits the
applicability of the method. In order to be able to use
CELIV on any metal-insulator-metal (M-/-M)-type diode,
which constitutes a majority of present day thin-film solar
cells, the theory needs to be revised.

The CELIV technique is based on applying a linearly
increasing voltage pulse in reverse bias of the device for
equilibrium charge-carrier extraction. In dark, the mea-
sured extracted charges can originate either from: i) dif-
fusion or injection from the contacts or ii) doping of the
active layer. A schematic picture of the CELIV method is
shown in Figs. 1(a) and 1(b). The charge-carrier mobility
i can be calculated from the time the measured current
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where d is the active layer thickness, 4 is the slope of
the linearly increasing voltage pulse, and K is a correc-
tion factor. Equation (1) is based on the original CELIV
theory by Juska et al. [1], assuming a uniform distribution
of charge carriers of low concentration (negligible space-
charge effects) in the active layer, corresponding to K = 1.
At higher concentrations, the impact of the electric field
redistribution is taken into account by introducing a cor-
rection factor K # 1. Juska et al. [2] originally presented
K =[1+0.36A) (tmax)/jo 1=, where j, is the geomet-
ric capacitive response and Aj (fax) 1s the maximum of
the time-dependent extraction current, however, alterna-
tive correction factors, providing slightly better numerical
approximations within the moderate conductivity regime
[Aj (tmax) ~ jo], have been suggested in the literature
[3-5]. Lorrmann et al. provide the best approximation [5]
and it is used in this paper.

The mobility determination using the standard CELIV
theory, Eq. (1), is generally not valid in organic thin-film
devices, due to extraction of pre-existing nonuniform car-
rier profiles [6—8]. For example, Hanfland et al. [9] found
that even at a low amount of trapping (trap depths smaller
than kT/e), the mobility obtained by Eq. (1) of undoped
organic solar cells in the dark deviated by an order of
magnitude from the actual one over a wide range of mobil-
ities. This type of undoped device with nonblocking con-
tacts typically exhibit highly nonuniform charge-carrier

© 2018 American Physical Society
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FIG. 1. The linearly increasing
voltage pulse V(t)=—At+ Vo
applied in a CELIV measurement
is plotted in (a). In (b), a schematic
of the corresponding current tran-
sient response consisting of a
geometric capacitive part j, and
a time-dependent extraction cur-
rent Aj(f) is shown. In (c) and

’ V(t) = —At + Vg

tpulse

(d), a schematic of the band dia-
gram in a M-I-M diode is shown,
where (c) illustrates how diffusion

distributions due to diffusion of charge carriers from the
contacts. For an accurate determination of the mobility
from CELIV measurements on thin-film devices, it is,
therefore, essential to take the carrier distribution within
the semiconductor layer into account.

In this paper, we extend the CELIV theory to thin-
film M-I-M diodes with injecting contacts by taking into
account the effects of diffusion and a built-in potential on
the transient currents. The extended method allows for
simultaneous determination of the built-in potential and the
charge-carrier mobility. The presented analytical theory is
verified by drift-diffusion simulations of extraction-current
transients and is experimentally demonstrated on organic
solar cell devices.

II. THEORY

The device under consideration is an organic M-I-
M diode, where the active layer consists of an intrin-
sic (undoped) organic semiconductor layer, sandwiched
between a hole-injecting anode (at x = 0) and an electron-
injecting cathode (at x = d). The built-in potential over the
device is given by V. A linearly increasing voltage pulse
V(f) = —At + Vo 1s applied over the device, where Vg
is a small steady-state offset voltage and 4 = Vipax/tpuise
is given by the maximum transient voltage applied Viax,
divided by the length of the voltage pulse #yyise. The linear
voltage pulse is applied in reverse bias in order to pre-
vent current injection during the extraction process. The
steady-state offset voltage is applied in forward bias in
order to increase the number of dark charge carriers to

O N U e
~_ )
Active layer  [KSEliplels[3 4 >

of charge-carriers into the active
layer is assisted by a small steady-
state offset voltage Vo, applied in
forward bias, and (d) shows how
charge carriers are extracted by a
linearly increasing voltage pulse
applied in reverse bias.

Cathode

extract. A schematic of the applied voltage pulse, current
transient, and the corresponding energy-level diagrams are
shown in Fig. 1. Note that the measurements are per-
formed in the dark, meaning that each charge-carrier type
is injected from its respective contact. This is different from
using a light pulse for generating free charge carriers, as
in the photo-CELIV technique, where both electrons and
holes are generated at the same position in the active layer
according to the light absorption profile.

At small offset voltages, 0 < Vo < Vi, the charge-
carrier profiles decrease exponentially from the injecting
contacts [10—12], whereas the electric field prior to the
application of the pulse at t = 0 is given by Fo = (Vo —
Vvi)/d = —U/d. To simplify the analysis, in the follow-
ing we assume the current transport to be hole-dominated
(the spatially averaged hole conductivity is much larger
than that of electrons). In this case, p is the hole mobil-
ity. An analogous treatment is valid for electron-dominated
transport. The dark hole current flowing through the device
under steady-state conditions can be expressed as Jog =
e Fopo(x) — wkTdpy/dx with the hole density, prior to the
pulse, then given by

(Ni — N2) exp(eFox/kT) — Ny exp(eFod/kT) + N,
1 — exp(eFod/kT)

eUx
Q&'N] eXp —ﬁ (2)

po(x) =

where eU > kT and N| > N, are assumed in the last step;
N and N, are the hole densities at the anode and cathode,
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FIG. 2. The exponential distribution of equilibrium carriers present in the active layer of a M-I-M-type diode with a hole-injecting
and electron-injecting contact at the anode and cathode, respectively, is illustrated in (a). (b) Schematic picture illustrating extraction
of the holes using a linearly increasing voltage pulse; for a large 4, the whole charge-carrier distribution moves as a uniform package.
The red dotted lines show the carrier profile after times ¢, and #, have elapsed. In (c), a schematic of the corresponding time-dependent

part of the extraction current is shown.

respectively. A schematic picture of the carrier profiles is
shown in Fig. 2(a).

Upon applying the reverse-biased linear voltage pulse,
the holes are extracted at the anode. The corresponding
total current transient j (¢) for 0 < ¢ < #,y is given by

. ggpdV 1 d ) )
)= ——+ — J.(x,)dx = AJ (¢ 3
Jj@® 7 at+dfo (x,1) Jo+ A ()

where ¢ is the relative permittivity, J.(x, ) is the con-
duction current, jo = —eggA/d is the geometric capacitive
response, and Aj (f) is the spatially averaged conduction
current.

In the limit of 4 — oo, the extraction rate is solely
governed by drift and an analytical expression for the
extraction current can be obtained. Under these conditions,
the charge carriers are all extracted with the same velocity.
Subsequently, the carrier distribution remains intact dur-
ing the extraction process, moving uniformly toward the
anode contact, leaving a region of thickness w(#) depleted
of holes behind in the active layer; see Fig. 2(b). The
conduction current within the nondepleted region is

At d ,t
T, 1) = epp e,y | Fo — 2| = pur D
d dx
At
~x Oﬂ‘_ep(-xat)u/g’ (4)

where p(x,f) is the charge-carrier density distribution
within the semiconductor layer. This distribution of car-
riers is extracted with a drift velocity dw/dt = uAt/d with
the extraction depth w(z) then given by

Af? 2
w(t) = % - (ti) d, (5)
tr

where f; = \/2d?/uA corresponds to the time when
w = d. Concomitantly, the charge-carrier density can be

expressed as

N exp <—f{—¥ [g + é]), ifx <d—w()

lr
0, ifx >d—w(@)

(6)

where p (x, f) = po(x + w(?)) becomes equal to the steady-
state carrier density po(x) at ¢ = 0. Taking the impact of
the current passing through the device prior to the pulse
to be negligible in this limit, inserting Eq. (4) into Eq. (3),
the time-dependent extraction current Aj (f) can be readily
obtained. Then, with the hole density given by Eq. (6), one
finds

p(x,t)={

. epdt ¢
A =~ f p(x, f)dx
0

kTN, At . eUt . eU
=——|exp| —— ) —exp| ———=
Ud P\ "%z P\T%r

(7)

for 0 <t < t;. A schematic picture of the extraction cur-
rent is shown in Fig. 2(c).

The maximum extraction-current time f,,, 1S obtained
after setting the time derivative of the extraction current
Aj (1) /jo to zero and evaluating in the eU > kT limit, as
tmax = tu~/kT/2eU, which is accurate for eU/kT > 4 with
a less than 2% relative error. Hence, the mobility is related
O fmax Via

kT d?
M = 2
e(Voi — Vo) Aty
for Vog < Vi — 4kT/e. Equation (8) predicts a linear

dependence between 7,2, and Vg

®)

s edAun
max = 7 (Voi = Vo). ©)

Subsequently, upon plotting 2, as a function of Vg (keep-

max

ing the other parameters fixed), an approximation of Vy; is
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directly obtained from the intersection with the Vg-axis
of the extrapolated line. The above analysis assumes the
transport to be hole(electron)-dominated, where w corre-
sponds to the hole(electron) mobility 1, (t,). By repeating
the derivation for the case with two carrier types and con-
sidering recombination to be negligible, it can easily be
verified that the same final result, Eq. (8), is also obtained
for the case with symmetric carrier profiles [Fig. 2(a)]
when the mobilities are equal (1 = ©, = ).

It should be noted that in the derivation of Eq. (8), space-
charge effects are assumed to be negligible. In the case of
Ohmic injecting contacts, however, a significant energy-
level bending may be present in the vicinity of the contact.
This leads to an effectively reduced built-in voltage inside
the active layer [13]. The V4 in Eq. (8) should, in this case,
be considered an effective built-in voltage.

In the above derivation, it is also assumed that the
active layer is undoped and trap-free. However, it has been
previously suggested in the literature that the charge trans-
port in organic semiconductors is dominated by a trapping
and release process. For example, Hanfland et al. have
suggested that the charge carrier mobility is highly charge-
density dependent due to the presence of a large number of
trap states [9]. If this is the case, then the carrier mobility
will not necessarily be constant for varying offset volt-
ages, which means that Eqgs. (8) and (9) will no longer
be valid. We note, however, that the effect of traps on
the charge transport and recombination in organic semi-
conductors is a debated matter in literature, for example,
Tvingstedt and Deibel [14] found that trap states do not
dominate the behavior of several commonly used organic
solar cell materials. The influence of traps on the measure-
ment method presented in this work is discussed in the
results and discussion section.

I11. RESULTS AND DISCUSSION

A. Numerical simulations

To validate the analytical derivation, numerical simu-
lations based on a one-dimensional drift-diffusion model
[15,16] are carried out. An injection barrier of 0.20 eV for
holes and electrons is assumed at the respective injecting
contacts and the built-in voltage is set to V; = 0.80 V; cf.
Fig. 1(c). The default parameters used in the simulations
are d =200 nm, u, = 10~* cm?/V's, and 4 = 10° V/s.
The bulk recombination is assumed to be bimolecular and
of the Langevin type (see [15,16]). We note, however, that
since the carriers are mainly concentrated at their respec-
tive contacts, the recombination is negligible for voltages
below ;.

In Fig. 3(a), the mobilities extracted from simulated cur-
rent transients are shown for different offset voltages for
the case with hole-dominated (, >> 1,) and balanced-
current transport (14, = ,). It can be seen that when using
the standard CELIV equation for mobility determination,

(a) (b)
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FIG. 3. In(a), the simulated CELIV mobility ucgr v, relative to
the input mobility u of the faster carrier, is plotted as a function
of the applied offset voltage Vg for p1), > w, (red triangles) and
Up = 1, (blue squares). The filled symbols correspond to mobili-
ties calculated using the standard CELIV theory given by Eq. (1).
The open symbols show the extracted mobilities after correcting
for the carrier profile, Eq. (8). In (b), the corresponding simu-
lated fnay values are plotted as (fmax/fi) 2 as a function of Vg,
where 2 = 2d? / uA. The offset-voltage dependence predicted by
Eq. (9) is depicted by the black solid line. In the inset: the sim-
ulated CELIV mobilities, obtained by Eq. (8) as a function of
Atmax, are simulated.

Eq. (1), the mobility is overestimated by over an order
of magnitude depending on the applied Vg In contrast,
when using Eq. (8) to extract the mobility in Fig. 3(a), an
excellent agreement is obtained for the considered voltage
range. Equation (8) explains the apparent offset voltage
dependence of the mobility obtained when using Eq. (1).
In other words, not accounting for the nonuniform car-
rier distribution leads to an overestimation of the mobility
by a factor of approximately 2e(Vy; — Vo) /3kT. For Vi —
Vot = 0.4 V, Eq. (1) overestimates the mobility by a factor
of 10. This also explains the deviation obtained by Han-
fland et al. in the limit of negligible trapping (i.e., trap
depths smaller than £7/e, when the transport is essentially
trap-free) [9].

The corresponding fnqx values, plotted as (fmax /) > for
different offset voltages Vg, are simulated in Fig. 3(b).
Indeed, as expected from Eq. (9) (indicated by the black
solid line), the simulated (fnex/#:) > exhibits a linear
dependence with the applied offset voltage. It should
be stressed that the above derivation [Egs. (8) and (9)]
assumes the applied transient electric field is large enough
for the current transient to be dominated by drift. In
the inset of Fig. 3(b), the simulated CELIV mobility, as
obtained by Eq. (8), is shown for varying Afn... It can
be seen that, in practice, the condition for drift-dominated
transport is valid when At > kT /e.

It is important to note that the RC time constant, deter-
mined by the resistance of the external circuit R and the
geometric capacitance of the device C, becomes increas-
ingly important in this kind of CELIV measurement where
the extracted charge carriers are situated close to the con-
tact. The RC time can restrict the magnitude of the voltage
slope 4 that can be applied in the measurement. The impact
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FIG. 4. The effect of the RC time constant on the mobility
determination. The simulated CELIV mobility, as extracted using
Eq. (1) (filled symbols) or Eq. (8) (open symbols), is shown
as a function of the input mobility at Vog = 0.6 V. Here, the
resistances R = 50 2 and R = 500 2 correspond to RC time
constants of RC = 0.027 us and RC = 0.27 us, respectively. A
hole-only device having a device area of 4 mm? is assumed. The
black solid line indicates the input mobility.

of the RC time constant has been evaluated for different
mobilities in Fig. 4, where the mobility as determined by
CELIV is plotted as a function of the actual input mobil-
ity. Again, the standard CELIV theory Eq. (1) is roughly
an order of magnitude off the actual value for low mobil-
ities or for low RC times. The mobility is restricted by
the RC time constant when #,,x ~ SRC. We note that the
effect of RC on the mobility determination can, for a first
approximation, be corrected for by replacing fy.x with
(tmax — 3RC) in Eq. (8) (for tpax > SRC).

For the ambipolar device considered in Fig. 3, because
it has equal numbers of electrons and holes within the
active layer, the extracted mobility is given by the faster
carrier for the case with highly imbalanced mobilities. In
Fig. 5, the extracted mobilities using Eq. (8) are simu-
lated for varying 1,/1,. For the ambipolar device, it can
be seen that when the electron and hole mobilities are
of the same magnitude, the extracted mobility is roughly
given by their arithmetic mean pceLiv =~ (1p + n)/2. As
Mn/p is reduced, in turn, the extracted mobility eventu-
ally approaches the mobility u, of the faster carrier (in this
case holes). However, by increasing the injection barrier at
the hole-injecting contact, the average hole density can be
significantly reduced. At large hole-injection barriers, the
device becomes electron-dominated, allowing for the elec-
tron mobility to be extracted using Eq. (8), as shown in
Fig. 5. Similarly, by increasing the electron-injection bar-
rier at the electron contact (hole-dominated device), the
interference from the electrons can be completely removed
and hole mobility obtained. In the general case, the carrier
type that is more conductive during the extraction process
will dominate the current transient, where the conductivity
is determined by mobility times the average charge density
of the extracted carriers.

Hole-dominated

0
10" o O=o—08—5
< Ambipolar
\E 10"
L Electron-
dominated
107}
10 10" 10°
ulu,

FIG. 5. The CELIV mobilities pcgL1y, extracted using Eq. (8),
are simulated as a function of electron mobility u, for differ-
ent devices. The ambipolar device (squares) corresponds to the
case when the electron density at the cathode is equal to the hole
density at the anode; cf. Fig. 2(a). The device is made electron-
dominated (triangles) by increasing the hole injection barrier at
the anode (from 0.2 to 0.4 eV), significantly reducing the number
of holes within the active layer. Similarly, the hole-dominated
device (circles) is obtained by increasing the electron injection
barrier at the cathode. The solid black line depicts the input
electron mobility.

Based on the extended theory, as demonstrated in Fig. 5,
dark CELIV can now be used to separately determine the
electron and hole mobilities by changing the energetics at
the injecting contacts. This has previously only been possi-
ble using a metal-insulator-semiconductor structure (M-/-S
CELIV), where a large offset voltage is used to create a
charge reservoir against a blocking insulator layer [17,18].
However, the mobility determination with M-I-S CELIV
has been found to be strongly dependent on the injecting
contact [19], and requires good blocking layers [20]. Since
the extended CELIV (with a small offset voltage) does not
require blocking layers and the injecting contact is auto-
matically taken into account, this method does not suffer
from the same limitations.

B. Experimental demonstration

The extended CELIV method has been experimentally
tested on polymer-fullerene bulk-heterojunction solar cells
with M-I-M device structures ITO/PEDOT:PSS/P3HT:
PCBM/LiF/Al and ITO/P3HT:PCBM/LiF/Al, with an
active layer consisting of a blend of poly(3-hexylthiophene-
2,5-diyl) (P3HT) and [6,6]-phenyl C61 butyric acid
methyl ester (PCBM) in a 1:1 weight ratio and with a
hole transport layer consisting of Poly(2,3-dihydrothieno-
1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS). See the
Supplemental Material [21] for the experimental informa-
tion and for the IV curves of the solar cells. Measured
CELIV current transients, where Vg is varied, are shown
in Fig. 6(a) for a device with a PEDOT:PSS interlayer. The
built-in potential is determined in Fig. 6(b) where 2, is

max
plotted as a function of Vg for a device both with and
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FIG. 6. (a) CELIV transients of an ITO/PEDOT:PSS/P3HT:

PCBM/LiF/Al solar cell for 4 = 2 V/20 us plotted for different
offset voltages Vg, between 0 and 0.6 V. (b) The corresponding

extracted 7,2 as a function of Vg is shown; Vy; is determined

from the intersection with the Vyg-axis of a linear fit to the plot.
A device without the PEDOT:PSS interlayer has been included
for comparison.

without a PEDOT:PSS interlayer. By using a linear fit to
the lower Vog values in Fig. 6(b), as per Eq. (9), we get
Vi = 0.67V and Vy,; = 0.61 V for the device with and
without a PEDOT:PSS layer, respectively. The value for
the device with a PEDOT:PSS layer is in good agreement
with the results of Mingebach et al. [22]. The measured
decrease in Vp; upon removing the PEDOT:PSS layer, seen
in Fig. 6(b), indicates that the work function of the anode
decreases, as expected. The decrease in work function also
decreases the density of holes diffusing into the active
layer from the anode. We note that the built-in potential
is often not directly determined from the work function
difference of the contacts, e.g., energy-level bending (or
Fermi-level pinning) might cause the built-in potential to
be smaller than the work-function difference [13]. There-
fore, a change of only 0.06 V is reasonable when leaving
out the PEDOT:PSS layer. Additionally, the work function
of ITO is known to change with processing conditions and
is, therefore, not well defined [23].

It is important to check that the extracted #,.x values fol-
low a linear behavior in the correct offset-voltage regime
in the plot in Fig. 6(b). We assume an undoped and trap-
free active layer with a constant mobility in the theory and
analysis presented here. If the active layer is doped, the
M-I-M picture is no longer valid and the analysis fails.
Doping can be seen as a large extraction current, Aj > jo,
in the CELIV transients [6], meaning that the semiconduc-
tor can no longer be considered as an insulator, which is
clearly not the case in the measured transients in Fig. 6(a).
The effect of trapping has been evaluated in the Supple-
mental Material [21]. It is seen that the extracted built-in
potential is influenced by local energy-level bending at
the contacts; at large trap densities, Vy,; might be strongly
overestimated due to this bending. The extracted mobility
reflects an effective mobility

Pfree

EE—— (10)
Pfree + Ptrap

Meff = Hfree X

(3)10_27 | _ Vy4kTre (b) V,-4KTe R
P ——Eq(1) | !
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£107F 3 k 107 &
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1004 05 06 04 05 060
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FIG. 7. The experimental CELIV mobilities for different val-
ues of Vyg are shown for the P3HT:PCBM device (a) with a
PEDOT:PSS interlayer and (b) without a PEDOT:PSS layer. The
closed symbols correspond to mobilities obtained by the standard
uniform profile approximation [Eq. (1)], whereas mobilities cor-
rected for the injected carrier profile [Eq. (8)] are indicated by
the open symbols.

where pgee 1S the band mobility of free carriers, pfee
is the density of free carriers, and py,, is the density
of trapped carriers. At low trap densities, the effective
mobility approaches the free-carrier mobility. This method
measures the effective mobility of charges extracted at a
distance of approximately x ~ dkT/q[ Vi — Vog] from the
contact.

Since the extracted Vy; in the presented experimental
data corresponds well to the expected value [22], it is rea-
sonable to assume that trapping has a negligible effect on
the experimental data. This is further supported by previ-
ous measurements conducted in the same laboratory; using
photoinduced absorption, the trap depth was determined to
21.3 £ 0.3 meV [24], meaning essentially no trapping at
room temperature.

From the slope in Fig. 6(b), a mobility of u = 2.8 x
10~* cm?/V s is found for the device with a PEDOT:PSS
layer and i = 5.0 x 10~* cm?/V s is found for the device
without the interlayer. The extracted mobility for each
transient is plotted in Fig. 7 as a function of Vg For
higher Vg, close to Vi, Eq. (8) is no longer valid as the
magnitude, and the associated space-charge effects of the
injected current become significant; this is seen as a devi-
ation from the linear fit in Fig. 6(b) and as an error in
the mobility estimation in Fig. 7(b). For these devices, the
mobility measurements are restricted to a narrow offset-
voltage range of about 0.15 V; keeping Vo lower than Vy;
but high enough for accurate determination of #;,y.

Earlier studies have shown that electrons are the faster
charge carrier in blends of P3HT:PCBM [25,26], which
should result in electrons having a higher conductivity and
dominating the current transient in the case of equally
large concentrations of holes and electrons in the active
layer. The increase in mobility observed here without the
PEDOT:PSS layer, see Fig. 7, agrees with a decrease in
the hole density (due to the decreased anode work func-
tion) resulting in the faster electrons now dominating the

054019-6



DETERMINATION OF CHARGE-CARRIER ...

PHYS. REV. APPLIED 10, 054019 (2018)

extraction-current transient. This also implies that elec-
trons are clearly not dominating the current transient in
the device with a PEDOT:PSS interlayer, meaning that the
ITO/PEDOT:PSS anode injects a larger density of holes
into the active layer than the density of electrons injected
by the LiF/Al cathode. Generally, the LiF/Al cathode is
very sensitive to thickness optimization of the LiF layer
and the low work-function contact is also prone to degrada-
tion, which might be the reason for the lower conductivity
of electrons in our measurements [27]. The measured
mobility in both cases, with and without a PEDOT:PSS
interlayer, might still be influenced by both electrons and
holes, which means that a larger barrier at the anode or
a more Ohmic contact than the LiF /Al cathode might be
needed for measuring the pure electron mobility or vice
versa for measuring the pure hole mobility.

IV. CONCLUSIONS

We extend the dark CELIV method for simultaneous
determination of the built-in potential and the equilibrium
carrier mobility in thin-film M-I-M diodes with injecting
contacts. The same theory is also applicable to the p-i-
n device structure with an intrinsic semiconductor layer
sandwiched between highly doped p- and n-type semi-
conductor layers. The extended method is demonstrated
through drift-diffusion simulations and experimentally on
organic solar cells. It follows from the simulations and the
experimental results that careful tuning of the contact prop-
erties enables hole and electron mobilities to be selectively
measured. The simplicity of the method, a rather quick
measurement with modest equipment requirements, will
make it very useful for future in-device characterization of
the built-in potential and mobility in thin-film solar cells of
M-I-M and p-i-n types.
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