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CHAPTER 1

Basic concepts and principles

1.1 Introduction

Devices based on organic semiconductors exhibit great potential for future elec-
tronics. This includes sandwich-type thin-film devices such as diodes, solar cells,
photodetectors, and light-emitting diodes, but also other type of structures such
as field-effect transistors [1-3]. Currently, organic light-emitting diodes (OLED)
are commercially available. Another emerging organic diode application that is
receiving more and more attention is organic solar cells [4-6]. The commercial
solar cells on the market today are almost exclusively made of inorganic semi-
conductors, mainly crystalline silicon. The disadvantage of crystalline silicon
is the relatively expensive manufacturing process, requiring a large amount of
material. This issue may be overcome with flexible thin-film structures based
on organic semiconductors. The main advantage of organic semiconductors
is the potential for large-area production using cheap materials at low pro-
cessing temperatures [2]. Moreover, the properties of organic semiconductors
can be manipulated and fine-tuned by organic chemistry, with the promise of
environmental-friendly materials. A disadvantage of organic solar cells is their
low power conversion efficiencies (PCE), currently being at < 11.5%; this is to

be compared to the 20-25% typically encountered in conventional p-n junction
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solar cells based on silicon [7]. An emerging organic-inorganic hybrid thin-film
solar cell technology that has recently exceeded PCEs of 20% is perovskite so-
lar cells [8-10]. Currently, the main disadvantages of perovskite solar cells are
related to the stability and the hazardous materials used in the manufacturing

of the active components.

1.1.1 Thin-film diodes

A thin-film diode is composed of a thin (intrinsic) semiconductor layer, con-
stituting the active layer, sandwiched between two electrodes, referred to as
the anode and the cathode. A schematic picture is shown in Figure 1.1(a).
The charge conduction in the semiconductor is carried by negatively-charged
electrons in the conduction band and/or positively-charged holes (empty elec-
tron states) in the valence band. By applying an external voltage V' to the
anode, relative to the cathode, a current of charge carriers will flow though the
diode, depending on the polarity of the voltage. The corresponding steady-
state current density J, in accordance with the equivalent-circuit-diode model,

is generally of the form

q[V_JRs] V—JRS
= — ] -1 _— 1.1.1
J=J [exp( Y + Tr Ji, ( )

where Jjy is the dark saturation current, 7;4 is the diode ideality factor, and
J1, is the photoinduced current obtained by illuminating the diode by external
photons; ¢ is the elementary charge, k is the Boltzmann constant, and 7' is the
temperature. Furthermore, Ry is the series resistance (in Qm?) of the external
circuit (electrodes and the external wires) and R, is the shunt resistance (in
m?) describing unintentional leakage currents going "around the device" via
parasitic conductive pathways within the layer [11]; in the ideal case, these
external non-idealities are negligible and Ry = 1/Rs;, = 0. A schematic picture
of the equivalent circuit is given in Figure 1.1(b). The parameters Jy, 1;4, and

Jr, are determined by both material properties of the semiconductor and device
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Figure 1.1: (a) A schematic picture of a sandwich-type thin-film diode. The device is composed
of an active semiconductor layer, sandwiched between an anode and a cathode. The equivalent
circuit of the device is illustrated in (b), where Jp (V) is the current density component that
flows through the diode in the dark. (c) The current-voltage characteristics obtained by
applying a voltage V to the anode, relative to the cathode. The dashed and solid curve
corresponds to a diode in dark and under illumination, respectively; the Fill Factor (F'F)
is determined by the ratio of the dark-shaded area relative to the overall shaded area. (d)
Example of two organic semiconductors: the polymer poly-(3-hexyltiophene) (P3HT) and the
fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).

parameters, such as the active layer thickness d, and generally depend on the
applied voltage as well. In dark (Jr = 0), the diode conducts current under
positive voltages (forward bias), whereas the current is suppressed at negative
voltages (reverse bias).

By illuminating the diode with an external photon source (of photons with

suitable energy), electrons may be promoted to the conduction band, leaving

3
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holes in the valence band; these photoinduced charge carriers give rise to the
additional current component J;, flowing in the reverse direction of the diode.
Under these conditions, the diode operates as a photodetector. In case of sun
light, the photodetector becomes a solar cell. The current-voltage characteristics
(J-V curve) of a solar cell is depicted in Figure 1.1(c). The power conversion
efficiency is given by PCE = —J (V;;,) Vi / Py, where Pj,, is the incoming (areal)
sun power (of the standard AM 1.5 sun spectra) and V4, is the voltage at which
the output power P = —J (V) V is at its maximum. The key parameters to be
maximized for optimum PCE are the fill factor F'FF = J (V,,,) Vin/JscVoe, the
short-circuit current Jg. = J (0), and the open-circuit voltage V,. =V (J = 0).

1.1.2  Organic bulk heterojunction solar cells

In an organic thin-film diode, the active layer is composed of an organic semi-
conductor, typically a semiconducting polymer, a fullerene, or a small molecule.
In dark, the current conduction in the active layer is enabled by charge-carrier
injection from the electrode contacts. The properties of the contacts are cho-
sen so that the anode is hole-injecting and/or the cathode is electron-injecting.
In forward bias, holes (electrons) are then injected from the anode (cathode)
into the active layer, giving rise to the dark current. Examples of two com-
mon organic semiconductors that have been widely used in diode and solar cell
applications are shown in Figure 1.1(d).

The first organic solar cells were based on a single-semiconductor active layer
and exhibited poor power conversion efficiencies well below 1% [12]. Although
active layers of only a few hundred nm are needed to effectively absorb pho-
tons in most organic semiconductors, these types of organic solar cells are not
able to convert a sufficient amount of photoexcitations into free charge carri-
ers. As a photon of sufficient energy is absorbed, an electron is promoted to
an excited state leaving a hole behind in the ground state. The subsequent
electron-hole pair, commonly referred to as an exciton, is bound together by the

mutual coulomb attraction. In organic materials the screening of the electric

4
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field is weak (low dielectric constant), resulting in electron-hole pairs that are
strongly bound (>> kT'). (This in contrast to inorganic semiconductors, where
excitons are weakly bound and dissociate spontaneously to free carriers.) Con-
sequently, following the excitation event, the charge-neutral exciton execute a
random walk within the organic layer during the excitation lifetime after which a
transition back to the ground state takes place [13]. This issue can be overcome
by adding a semiconductor with electron-accepting properties into the active
layer, as demonstrated by Tang [14].

Most organic solar cells today are based on blends of two different or-
ganic semiconductors: an electron-donating semiconductor (donor, D) and an
electron-accepting semiconductor (acceptor, A) [5]. The D:A blend forms an
interpenetrating network of separate donor and acceptor phases. This blend is
referred to as a bulk heterojunction (BHJ). When an exciton, commonly pho-
toexcited within the donor phase, reach a D-A interface, a charge transfer takes
place with the exciton ultimately dissociating into free carriers. In order to
harvest an optimal amount of excitons, the phase separation should roughly be
twice the exciton diffusion length. Following the charge transfer process (gen-
erally occurring via intermediate steps), the electron is located in the acceptor
phase and the hole is in the donor [5, 13]. The free electron (hole) is sub-
sequently transported within the acceptor (donor) phase towards the cathode
(anode). The electrons and holes that avoid charge-carrier recombination on
the way to the electrodes can finally be collected to the external circuit and
contribute to the photocurrent. This competition between charge-carrier col-
lection and recombination in organic solar cells is strongly dependent on the

charge transport properties of the active semiconductor layer.

1.2 Electronic processes in disordered materials

The charge transport properties of a solid is typically classified according to
its conductivity, determined by the density of free charge carriers and their

mobilities. At thermal equilibrium, the electron and hole density is given by
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n = /jog(E)f(E)dE, (1.2.1)
p = /_Oog<E>[1—f<E>]dE, (1.2.2)

respectively, where g(F) is the associated density of states (DOS) and f (F) is
the occupation probability given by the Fermi-Dirac distribution:

1

E = T T E_FE.\
O e )

(1.2.3)
where Er is the Fermi level. At low carrier densities, when the Fermi level is
several kT below the (effective) conduction level edge and several kT above the
(effective) valence level edge, the Boltzmann approximation applies: f (E) =
exp ([Ep — E]/kT) and 1 — f (E) =~ exp ([E — Er]/kT) for electrons and holes,
respectively. This is referred to as the non-degenerate limit. The charge-carrier
mobility describes the proportionality between the velocity of carriers drifting
within the material and the electric field. Under the influence of an external
electric field F, the corresponding drift velocity is given by vg, = p F', where pu
is the mobility of the carriers (electrons in conduction band or holes in valance
band). The mobility is strongly dependent on the electronic energy structure of

the material.

1.2.1 Inorganic semiconductors

Solid crystals based on inorganic semiconductors, such as Si, consist of an
ordered structure of covalently bound atoms. In this structure, the nearest-
neighbor distances between atoms are small enough for the wave functions of
the outer valence electrons to overlap. Due to the strong interaction, the atomic
valence energy levels form continuous bands of extended states, delocalized over
the entire crystal. The carrier transport occurs within the highest occupied en-

ergy band (valence band) and the lowest unoccupied band (conduction band).

6
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E
A
Extended —» Band-like transport
states / .
_________ _ > 4> . Mobility edge
- — — i
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Figure 1.2: Schematic of the electronic structure in disordered inorganic semiconductors.
Within the band of extended states, electrons are delocalized and the conduction occurs by
band-like transport. In the band (mobility) gap, By < E < E¢, the states are localized and
the conduction takes place by hopping.

Electrons and holes introduced into the conduction band and valence band, re-
spectively, effectively behave as a gas of free carriers, executing random thermal
motion within the crystal. Under the influence of a small electric field, the car-
rier transport in the bulk is only limited by scattering with lattice vibrations

and impurities, and the carrier mobility can qualitatively be expressed as [15]
q
p= L, (1.2.4)

where 7. is the effective carrier scattering time, and m* is the effective mass.
This type of conduction mechanism is referred to as band transport. Typical
values for the mobility are on the order of 100 cm?/Vs and larger. The density of
states within the conduction band is g (E) = 2N¢ [(E — E¢) /kT)Y?/ (/7kT)
for E > E¢, and zero otherwise; here, F¢ is the conduction band edge and N¢ is

the effective density of states in the conduction band [15]. In the non-degenerate

7
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limit, the electron density in the conduction band is

Er — Ec
= N, — ). 1.2.5
n=Noewp (255 (12.5)
An analogous expression is valid for the hole density in the valence band, at
E < Ey, where Ey is the valence band edge.

In amorphous inorganic materials, the atomic structure is disordered, con-
sisting of a random network of covalently bound atoms. Although delocalized
extended states resembling energy bands are still present, owing to the disorder-
induced broadening of the energy levels, localized tail states are present within
the band gap [16]. In this case, Ec corresponds to the mobility edge, which is
the energy level separating extended delocalized states in the conduction band
from localized tail states. A schematic picture is shown in Figure 1.2. The
density of localized tail states is typically characterized with an exponential dis-
tribution [16], g¢ (E) = [Not/Een]exp ([E — Ec]/Eep) for E < Ec, where E.p
is the characteristic energy and N¢y is the density of tail states. For E., > kT,

the density of electrons in the tail states can be evaluated as [17]

oo (2 ) [ van

The disordered structure reduces the free carrier mobility within the extended
band (compared to crystalline structures) and u on the order of 10 cm?/Vs are
expected [17]. However, because of the tendency of the tail states to trap carri-
ers, the charge transport in amorphous semiconductors is sometimes presented
as a trapping-and-release type of conduction mechanism. These trapping and
release events effectively reduce the drift velocity, relative to pure band trans-

port, and the transport is described by a trap-controlled mobility.

In cases when the energetic disorder is large or the temperatures are low,
direct "trap-to-trap" transport between localized states starts to dominate the
current conduction [16]. This conduction mechanism is referred to as hopping

transport, consisting of a combination of thermally activated processes and tun-
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neling between localized states. The electron hopping rate from site i to j,
separated by a distance 7;;, is commonly described by the Miller-Abraham rate
(16]

exp (7 Ak%j> if AEU Z 0,

vij = voexp(—2vyri;) X (1.2.7)

1 if AEij <0,

where + is the inverse localization radius, AFj; is the energy difference between

sites 7 and j, and vy is the attempt-to-escape frequency.

1.2.2  Organic semiconductors

Organic semiconductors are based on molecules and molecular segments that are
bound by alternating single and double bonds, so called 7w-conjugated bonds,
along which electrons are delocalized. The ground state of the delocalized elec-
trons is referred to as the highest occupied molecular orbital (HOMO) with the
first excited state being the lowest unoccupied molecular orbital (LUMO). A
schematic picture is shown in Figure 1.3. If the overlap (interaction) between
the frontier orbitals of nearest-neighbor segments is strong, narrow bands of
extended states will be formed; the band of HOMO levels corresponds to the
valence band, whereas the LUMO band corresponds to the conduction band
[18]. Provided that the band width W is larger than the energetic uncertainty
of the carriers, the carrier conduction is band-like with a mobility given by
p = (qrse/KT) < v? >, where V<>~ $/Tsc and s is the mean free path;
this is only valid for g > qa?W/hkT (~ 1 c¢cm?/Vs), where a is the lattice
constant [17, 19].

In films of semiconducting polymers and small molecules that are used for
diode and solar cell applications, however, energetic disorder effects dominate
over nearest-neighbor interactions. Consequently, the conjugation in these poly-
mers is typically only maintained to one or a few repeat units and the interaction
(between segments) is mediated by weak van der Waals forces. Because of the

weak electronic interaction between separate conjugated segments, the current
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- —_7T
| HOMO — _  —

Figure 1.3: Schematic picture of the electronic structures in organic semiconductors. (a)
The energy levels of a conjugated segment. (b) Along the conjugated chain, the (intra-
chain) transport is ideally taking place by band-like transport. (c) In disordered organic
semiconductors, the (inter-chain) transport takes place by hopping of charge carriers between
separate conjugated segments, bound to each other by weak van der Waals forces.

conduction is subsequently limited by hopping of charge carriers between the
conjugated units (Figure 1.3(c)). The energetic variation of the LUMO and
HOMO levels (between conjugated segments) is often approximated by a Gaus-

sian distribution with the energetic variance o,

N, E — Ey)?
g(E)= \/27:7@@ f% , (1.2.8)

where Ny is the total density of sites (conjugated segments) and Ej is the mean
value of the corresponding energy levels. The electron density for this type of

distribution of LUMO levels can in the non-degenerate (low-carrier) limit be

10
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expressed as [20]

2
Ep - E o Ep - E,
1= Nyexp < F 0,LUMO + 2kT> — Npexp <F>, (1.2.9)

kT kT

where E, = Ey ruvmo — o2 /2kT may be interpreted as an effective conduction

level edge.

The hopping rate in disordered organic semiconductors is commonly de-
scribed by the Miller-Abraham rate (Eq. (1.2.7)) [16, 18]. The Miller-Abrahams
hopping rate, however, neglects polaronic effects. Adding/removing an electron
to/from a molecule or a conjugated segment will generally also induce an elec-
trostatic reorganization of the surrounding energetic environment, accompanied
by a relaxation of the energy levels (of the occupied unit) into the gap. To
account for the polaronic relaxation, the hopping rate can be characterized as

a Marcus charge transfer process:

|I”| ( [AE; + E,° ) (1.2.10)

E.k 4E. kT

where E, is the reorganization energy and I;; describes the electronic coupling

between the sites.

1.3 The charge transport equations

From a macroscopic perspective, the electrical current in semiconductor devices
with planar structures (Figure 1.1(a)) can quite generally be characterized by
the following set of basic equations [15,21-23]. In accordance with Maxwell’s
fundamental equations, we have the total (time-dependent) current equation

Jt)=Je(2,t) + 550%, (1.3.1)

11
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where J. (z,t) = Jp, (z,t) + J, (2, t) is the conduction current density composed

of the sum of the hole and electron current density, the charge carrier continuity

equations
on 1dJ,
-2 - Zdn - 1.3.2
ot q dx R (1.3.2)
Op 1dJ,
- _ _-ZvP 1.3.
ot ¢ du +Rp, (1.3.3)

where R,, and R, are the respective net generation-recombination rates for
electrons and holes, and the Poisson equation
ar 1d’E., e

i = 1.3.4
dr q dz? £€0 ( )

that relates the electric field F' to the net charge density ps. within the semicon-
ductor layer, with ee being the permittivity of the layer. Note that dj (¢)/dz =

0 and the total current is independent of x.

1.3.1 The drift-diffusion equations

The individual electron and hole current densities are given by the drift-diffusion

equations:
dE, dn dEp,
= ——~ 4+ qDy— = L.3.
In fnlt +q ngn = M (1.3.5)
dE, dp dEp,
— _ e 1.3.
Jp ppp— = = 4Dy = ppp ==, (1.3.6)

where Epy, is the electron quasi-Fermi level, Er, is the hole quasi-Fermi level,
whereas D,, and D, is the diffusion coefficient for electrons and holes, respec-
tively. The drift-diffusion equations (in some cases also referred to as the Nernst-
Planck equations) are very general and have been used to describe the charge
transport in a wide variety of systems, including the transport of electrons and
holes in semiconductor devices and the transport of ions in liquids and cell mem-

branes [15,21,24-26]. The drift-diffusion equations have also been successfully

12
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applied to organic devices [17], including diodes and solar cells [22,27-31].
The mobilities and the diffusion coefficients are related via the generalized
Einstein relation,
Hn(p) kT

Dnpy = ==~ "niw) (1.3.7)

where 17,,,) is a dimensionless quantity accounting for the DOS occupation
for electrons (holes) [32]; for electrons: n, = [0 (Epy, — E.)/On|n/kT. In non-
degenerate systems, the diffusion coeflicient obeys the classical Einstein relation,
N, = 1p = 1. Conversely, when DOS filling effects become important (degener-
ate limit), the generalized Einstein relation is typically used instead. However,
it has been pointed out that the definition of 7,, and 7, in disordered materials
also depends on the definitions of free carriers and the mobility [33]. Under
low-voltage operation, the classical Einstein relation may be considered a good
approximation when describing the electrical behavior in organic diode devices
[34]. Unless otherwise stated, the classical Einstein relation is assumed in this
work as well.

For the device simulations, the above equations [Egs. (1.3.1) to (1.3.7)] are
solved numerically using the well-established discretization and iteration scheme
by Scharfetter and Gummel [35, 36], as outlined in Refs. [23] and [37] (see also
Ref. [28]). Under non-degenerate conditions (7,, = 1, = 1), the general solution
of Eq. (1.3.5) and Eq. (1.3.6) for the electron and hole density, respectively,

takes the form

Ep, — E,
- N, ZhEn — Be) 1.3.8
" eXp( KT ) (1:38)
E, — Ep
- N, Tv T e ) 1.3.9
p eXp( T ) (1.3.9)

where E,. is the effective conduction level edge, N, is the (effective) density of
electron transport states, E, is the effective valence level edge, and N, is the (ef-
fective) density of hole transport states. In case of a Gaussian distribution (Eq.
(1.2.8)), we have E. = Eo piymo—02/2kT and E, = Eo momo +U§/2]€T, where

13
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o, and o, are the disorder parameters of the LUMO and HOMO distribution,

respectively.

1.3.2 Drift-diffusion and mobility from the viewpoint of hopping

transport

In disordered semiconductors where the carrier transport is governed by hop-
ping, the mobilities and diffusion coefficients are to be considered effective quan-
tities [22]. Figure 1.4 shows a schematic picture of the hopping transport. The
electron current between adjacent planes ¢ and j, separated by a typical hopping
distance a, can be expressed as

N; + N; N; - N;

Jn = gN;aWj; — qN;aWi; = qu, F 5 J 4 an]T’ (1.3.10)

where W;; is the hopping rate (averaged over the carrier density) from i to j,
and N; and IV; are the average electron concentrations within the respective

planes [38]. Here, the mobility and the diffusion coefficient:
a [Wji — Wij]

F )
Wij + Wi, (1.3.12)

[in (1.3.11)

2

o

Dy,

respectively. At low electric field strengths (¢|F|a < kT) in particular is Eq.
(1.3.10) well approximated by Eq. (1.3.5), justifying the use of drift-diffusion in
this limit. The mobilities associated with hopping transport are generally very

low (1 < 1 cm?/Vs), typical values being on the order of 10~%cm?/Vs.

When the energetic disorder is small, the energy difference between two
consecutive sites under an applied electric field is given by ¢ |F|a (see Figure
1.4). For a hopping rate given by Eq. (1.2.7), dominated by hops between
nearest neighbors, the drift velocity can then be approximated as vg, = vsqt[l —

exp (—q |F| a/kT)], where vsqt = avgexp (—2va). The mobility at low electric

14
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/N N
> qlFla § _27N

F=0 F+0

Figure 1.4: Schematic energy level diagram illustrating hopping transport under the influence
of an electric field F'. The hopping distance between two sites is given by a.

field strengths |F| < 2kT'/qa is subsequently given by [39]

2
W= U;,T = qZTVO exp (—2va), (1.3.13)

for small 0. An analogous expression for the mobility can be found in case of a
Marcus charge transfer type hopping rate.!

The effect of a Gaussian distribution of energy levels on the mobility in a
hopping system was investigated by Béssler using Monte Carlo simulations [40].
The mobility was found to follow a temperature and field dependence of the
form In p < —402/9 (kT)* 4+ b (T) vF in the limit of low carrier concentrations,
where the temperature-dependent coefficient b (T') also depends on the energetic
variance . This model is typically referred to as the Gaussian disorder model. A
wide variety of extensions and alternatives to this model have been suggested,
and in general the mobility also depends on the carrier density [16, 18, 31].
An extended Gaussian disorder model (EGDM), taking into account the DOS

L An analogous situation applies for hopping transport described by Marcus charge transfer
Eq. (1.2.10); the mobility is obtained as

qa? |1;;]? b ( E, ) sinh (¢Fa/2kT) |qgFal?
fn = — / exp [ — exp | — ,
KT h E kT 4kT (¢Fa/2kT) 4B kT
where the factor within the curly brackets {...} — 1 at low electric field strengths, when
[qFa/\/ng]2 < 1.
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occupation ¢ was presented by Pasveer et al. [41]. In the EGDM framework, the
zero-field mobility in the low carrier density limit (¢ — 0) is well approximated
by

2 2
_ 4% e | L
wo (T) = —— C1exXp ( ) [kT} ), (1.3.14)

where ¢; = 1.8 x 107° and ¢y = 0.42 in case of uncorrelated Gaussian disor-
der. Here, the prefactor ¢; ~ exp (—2va) describes the wave function overlap
between the states. At large electric field strengths |F)| > o/qga and/or high car-
rier densities, the mobility is enhanced as p (T, F,c¢) = o (T) f1 (F,T) fa(c, T)
where f1(F,T) and f2(c,T) are the enhancement factors due to non-zero electric
field and carrier density, respectively [41]. The onset for the carrier density de-
pendence (fz (¢, T) > 1) occurs when the energetic difference between the DOS
center and the carrier quasi-Fermi level becomes smaller than ¢?/kT [31]. In
the limit of very high electric field strengths, however, all jumps are "downhill"
and the drift velocity saturates to vsa: = avpexp (—2va), seen as a p o< 1/F.
The Gaussian disorder model for the mobility neglects the initial relaxation
of the carriers. Electrons initially generated within an otherwise empty DOS
will relax downwards in energy. During the relaxation process, the carrier mo-
bility decreases with time until an equilibrium condition is established around
the electron mean energy o2/kT below the DOS center (into the gap) [18]. The
initial relaxation is important during non-equilibrium photogeneration condi-
tions, where charges do not have time to relax before leaving the device [42,
43]. Under steady-state conditions, this would be seen as an effectively higher

device mobility that also depends on the active layer thickness [44].

1.3.3 Generation and recombination processes in the bulk

Apart from injection from the contacts, charge carriers can also be generated by
photoinduced and thermal excitations in the bulk. The reverse process of charge-

carrier generation is recombination. The excess energy created during this type
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of annihilation process can be released by radiative emission of photons (direct
recombination), and/or non-radiative emission via phonons (indirect). The net

generation-recombination rate of free electrons and holes is given by

Rn=GL—Ry,— R, +G,, — R} + G}, (1.3.15a)

Ry =Gr—Ry— R, +G, —RI + G}, (1.3.15b)
respectively, where GG, is the photogeneration rate of free electron-hole pairs and
Ry is the net recombination rate for bimolecular recombination. Moreover, R,
(R,) is the capture rate of electrons (holes) into traps, G, (G,}) is the escape
rate of electrons (holes) from the traps (back into the transport levels), G}
(G}) is the trap-assisted generation rate of free holes (electrons), and R, (R})
is the recombination rate between free holes (electrons) with trapped electrons
(holes). In this context, traps are defined as localized states within the gap that
do not participate in the charge transport process. By detailed balance, Eq.
(1.3.15) generally takes the form R,, = R, = G, — R, where

R = Br [np — n}] (1.3.16)

is the net bulk recombination rate; here, n? = N.N,exp (—E,/kT), where
Ey = E. — F, is the effective electrical bandgap. The recombination coefficient
Br = Br (n,p), which in general also depends on the carrier densities, is deter-

mined by the dominating recombination mechanism.

Bimolecular recombination

The direct recombination between a free electron and a free hole is a bimolecular
process. The net bimolecular recombination rate between electrons and holes is

given by
Ry =B [np—n?], (1.3.17)
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where § is the associated bimolecular recombination coefficient. In Eq. (1.3.17),
the term Bn? is the recombination rate at thermal equilibrium and equals the
thermal generation rate of free carriers. In homogenous low-mobility materials,
the probability for a free electron and a free hole to find each other is determined
by the drift time in their mutual Coulomb potential. The requirements for this
type of encounter mechanism to occur is that the carrier mean free path (or

hopping distance) a is much smaller than the Coulomb capture radius r., where

q2

= . 1.3.18
" dreegkT ( )

If the recombination is encounter-limited, the bimolecular recombination pro-
cess is then characterized by Langevin recombination [45], with the bimolecular

recombination coefficient given by?

Br =L (u, + Hp) 5 (1.3.19)
EEN

being only dependent on the mobilities and the dielectric properties of the
medium.

In organic BHJ solar cells, however, electrons and holes are restricted to

different phases and the recombination mostly occur at organic interfaces; see

2The drift velocity of the j:th positively-charged hole, relative to a negatively-charged
electron, is given by

S, = qr;
Ty = (pn + pp) | F— ———|,
dmeeg |7

where 7 is the distance vector between the two carriers and the external field F is constant.
The volume element spanned, in time dt, is given by ¥/;dt - d5;, where d&; is the normal area
element. Assuming that the number N, of electrons is larger than N}, of holes, the largest
possible number of volume elements is then N.. The number of recombination events (i.e.
the number of elements that contain a hole) is then equal to the product between the total
volume spanned and the hole density p [45]:

L +
dNj, = dN. = p dtz#vj i = —pdtz "(”#)“”) — _ B Nep dt,

where Gauss theorem was used. Hence, in terms of carrier densities: dp/dt = dn/dt = —Brnp.
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Figure 1.5. In effect, this means that the bimolecular coefficient S for charge
encounter is reduced relative to the Langevin coefficient (Eq. (1.3.19)) [46, 47].
Koster et al. suggested that the recombination rate under these circumstances
is limited by the mobility of the slower carrier, so that f = gmin (u,, 1p)/e20
[48]. A recent theoretical study found that the impact of the slower mobility
indeed increases as the phase domains become larger, whereas the Langevin
model is approached in the limit of small phase separations (< 5 nm) [49]. At
intermediate phase separations (~ 10-35 nm) the mobility dependence of the
recombination coefficient was, on the other hand, better approximated by the
geometric mean between the electron and hole mobilities (8 oc \/fnfip) [46,
49]. Tt should be noted, however, that the charge-carrier recombination in most
materials is not encounter-limited and generally takes place via intermediate

states.

Figure 1.5: Encounter-limited bimolecular recombination between electrons and holes in low-
mobility materials. In homogenous materials (to the left) the recombination coefficient for
charge encounter is represented by Langevin recombination, dominated by the mobility of the
faster carrier. The situation is different in blend structures (to the right), where electrons
and holes are restricted to acceptor (A) and donor (D) phases, respectively. In this case,
the recombination coefficient for charge encounter is reduced (relative to Langevin) and the
impact of the slower mobility enhanced.
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Recombination via intermediate states

The charge-carrier recombination mechanism in the bulk is, in general, a multi-
step process [50]. Once an electron and a hole has encountered each other they
may combine into a charge-encounter complex, also referred to as a charge-
transfer (CT) state [22]. The complex then either recombines with a rate-
coefficient ks to the ground state or dissociates back into free carriers with a
rate-coefficient kq [28,51,52] A simplified schematic picture of this process is
shown in Figure 1.6. Accordingly, the density of charge-encounter complexes X

is related to the generation and recombination rates of free carriers by

X
68775 = Go+ Ry —kdX—k’fX, (1.3.20)
Rn,p = G —-R=G"+k4X — Ry, (1.3.21)

where Gy is the generation rate of (relaxed) CT states from excitons. Here,
we also included the rate G* for free carriers to be generated "directly" from
(hot) excitons (possibly via highly excited CT states) [53]. At steady-state
(0X /0t = 0), the net generation and recombination rates of free carriers may
then be expressed as G, = G* + PGy and R = (1 — P) Ry, with

po .t
kf—i-kd

(1.3.22)

being the probability for the charge-transfer state to dissociate into free charge
carriers. Taking this effect into account, the reduced recombination coefficient

between free carriers becomes

Br=(1-P)p, (1.3.23)

where (3 is the bimolecular rate coefficient for electrons and holes to find each
other in space to form a charge-transfer state, while the factor (1 — P) deter-
mines the probability for the complex to ultimately recombine (i.e. make a

transition to the ground state) once it has been formed.
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Exciton CT state Free carriers

Figure 1.6: A simplified energetic structure diagram representing generation and recombina-
tion of free carriers taking place via intermediate charge transfer (CT) states.

The dissociation probability P has traditionally been characterized as an
electric-field-enhanced process in accordance with the Onsager-Braun model
[54, 55]. This model, which assumes a homogenous (Langevin) material, has
been well reproduced in organic single-layers. At F = 0, the dissociation co-
efficient takes the form kg = BrLN*exp (—AFEc7/kT),> where AEct is the
binding energy of the electron-hole pair. For ks > kf, one then finds Br =
Bo exp (AEcr/kT), where 5y depends on ky and N*. In a blend, however, also
the relative field orientation and the energetic landscape at the D-A interface
need to be taken into account. It has also been suggested that gradients in the
density of available states (N*) at the interfaces might play a role [56, 57], with
the resulting additional gradient in free energy constituting an entropic driving
force for the dissociation [11]. It should be stressed that the complete recombina-

tion mechanism in BHJ solar cells is still under debate [22], and experimentally

3In accordance with the Onsager-Braun model, the dissociation rate-coefficient reads [55]

i AEp\ kq(F) 1 (V=8b) B2 3
kq (0) = BLN - , - — b,
0= 0 eXp( kT ) kq (0) V—2b AT T

where AEcr = 2 /Aneegro, N* = 3/4wr3, b= q|F|rc/2kT, and rg is the initial electron-hole
separation.
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obtained Bp = (B, generally exhibit ¢ ranging between 1 to 102 [50,58-60].
Recent work by Benduhn et al. on a large number of organic blend structures
suggests that the recombination coefficient k¢ for CT states, and therefore also
the overall bimolecular recombination coefficient, is dominated by intrinsic non-

radiative processes mediated by intramolecular carbon-carbon vibrations [61].
Trap-assisted recombination of carriers via traps

The recombination of free carriers can also take place through traps within the
bandgap. Electron traps are traps that are negatively-charged when occupied
by an electron and neutral when empty (occupied by a hole), referred to as
acceptor-like. Conversely, hole traps are donor-like, being neutral when occupied
with an electron and positively-charged when occupied by a hole (i.e. when
empty). If the recombination predominately occurs via acceptor-like traps, the
net recombination rate between electrons and holes becomes [21,62,63]

Rgpy =R, — G, =R, — G, = Bgpy [np—n7], (1.3.24)
in accordance with Shockley-Read-Hall (SRH) statistics. Here, the effective

coefficient 3¢, ,; depends on the carrier density as

b Z CrnCpN;
SRH - Crn(n+n1;)+Cpp+p1;)

(1.3.25)

where N;; is the trap density at energy E,,

ni; = N exp( [Et; — EC]/kT),
p1,; = Ny exp ( [E,, — Eg]/kT), C, is the capture (trapping) coefficient of elec-
trons from the conduction level into traps, and C) is the recombination coef-
ficient between trapped electrons and free holes. In accordance with Langevin
recombination, one expects Cp = qup/eco [64]. When this type of SRH re-
combination mechanism is dominating, we have Sr = Sz Analogous ex-

pressions are valid for the recombination taking place via donor-like hole traps:

RgRH = B;rRH [np - an]
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Figure 1.7(a) shows a schematic picture of trap-assisted recombination tak-
ing place via acceptor-like traps. For monoenergetic traps of density N; at the
energy level F;, the following scenarios may arise. In case of deep midgap trap
levels (Ep,, > Ey > EF,), a situation where the traps are predominantly acting
as recombination centers prevails and the recombination rate is monomolecular,
Rgpy o n (since Bgpy ~ CrCpN¢/ [Cp + Cpln for p =~ n). Conversely, if the
traps are shallow (E; < Epy,), corresponding to ny > n, p, the trap-assisted re-
combination rate is effectively bimolecular with Sgp; = CpN;/n1. Under these
circumstances, the effect of the traps is mainly to capture and release electrons,

effectively slowing down the transport of electrons in the conduction level.

° E o °
c
Ry Gy ﬁ
E, ¥
Ry Gy
E Vi
(¢} v [e} O

(a) (b)

Figure 1.7: (a) Schematic energy level diagram illustrating trap-assisted recombination via
acceptor-like traps within the gap. In (b), three different types of acceptor-like traps are
depicted: shallow traps situated close to the conduction level, deep traps within the gap, and
levels that are deep enough to directly accept an electron from the valence level (i.e. p-dopant
levels).

1.3.4 Space charge

In the presence of electrode contacts, a net charge can be established within
the active layer. The charge may originate from photogeneration, doping or

injection from the contacts. However, on a global scale charge neutrality applies.
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This means that the net charge per unit area inside the active layer, defined by

d
Qs :/0 psc (z)dz, (1.3.26)

is exactly balanced by an equal but opposite charge stored on the electrodes,
where d is the thickness of the active layer. From Eq. (1.3.4), one obtains:
Qan + Qcat — Qs = 0, where Qun, = ecoF (0) and Qeqr = —ecoF (d) is the
charge per unit area (immediately outside the surface) in the anode and cathode,
respectively. In this respect, the device behaves as a parallel plate capacitor with
the geometric capacitance (per unit area) Cge, = €¢/d.

Apart from free charge carriers, also trapped charges contribute to the total
space charge within the layer, and thus affect the local electric field in accordance
with Eq. (1.3.4). The net space-charge density inside the active layer is given
by

psc = qp—n] +QZ[ptj oy (1.3.27)

where n¢; and p; is the density of trapped electrons and holes, respectively, at
the energy level Ey;. The trap occupation is commonly described by Shockley-
Hall-Read statistics [21]. At steady-state conditions, the density of trapped

electrons in acceptor-like trap levels is?

Ny; (Cnn + Cppyy)

. 1.3.28
Cpn (n+mn1;) + Cp (p + p1j) ( )

ntj =

In the absence of holes (p = p1; = 0), the trapped electron occupation is well

approximated by Fermi-Dirac statistics, with the quasi-Fermi level being the

4The kinetics of the density of electrons at a monoenergetic acceptor-type trap level can
be described by
dn _ _
7; =R, -G, +G; —R; =Chn [Nt — nt] —C’;Ncnt +C,/,Nv [Nt — nt] — Cpnyp,

where n < N¢ and p < Ny, have been assumed. Here, C}, = Cp exp ([Et — Ey] /kT) and C;, =
Crn exp ([Ec — Et] /kT), noting that Fermi-Dirac statistics must apply at thermal equilibrium.
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same for trapped and mobile electrons. A schematic picture of acceptor-like
trap levels with different trap depths is shown in Figure 1.7(b).

A situation of special interest arise when acceptor-like impurities, with electron-
accepting energy levels (e.g. the LUMO of the impurity molecule) that are close
to (or beyond) the valence level, are introduced into the semiconductor layer. In
this case (p1 > n,nq), the acceptor level accepts an electron directly from the
valence level, creating a free hole in the active layer. This is a mechanism re-
sponsible for p-type doping [65]. The density of electrons occupying the acceptor
level is given by ny ~ N; /(1 + p/p1) = N, being equal to the density of ionized
dopants N, [66]. The net space-charge density is then ps;. = ¢[p(z) — N,|. In
the absence of an electric field, it then follows from Eq. (1.3.4) that p = N,. An

analogous situation applies for donor-like impurities, resulting in n-type doping.

1.4 The motivation and scope

In thin-film diodes based on organic semiconductors, the conductivity of the
active layer is in general limiting the current, in contrast to conventional p-n
junctions. In order to describe the device physics of organic solar cells, a deeper
physical understanding of the processes taking place is needed. The charge
collection in organic solar cells is generally analyzed from the perspective that
charge transport competes with bulk recombination. However, these models
generally assume surface recombination at the electrodes to be negligible and
do not account for contact effects. The charge collection in these devices are
also sensitive to unintentional doping giving rise to doping-induced space-charge
regions within the active layer, generally degrading the performance. To be able
to further improve and optimize the charge collection in these devices, it is es-
sential to be able to identify and understand these loss mechanisms. The aim of
this thesis is to clarify the charge collection in thin-film devices based on low-
mobility semiconductors. In particular the interplay between charge transport,
recombination and extraction at the contacts is investigated by means of analyt-

ical derivations and numerical simulations. Furthermore, analytical methods to
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distinguish and quantify relevant parameters related to these loss mechanisms
are presented. Special emphasis is devoted to the role of the contacts and how
these impact charge extraction in organic solar cells, based on optically thin
active layers.

In Chapter 2, we start by reviewing and discussing the underlying theory
regarding the charge transport processes taking place at the contacts and within
devices. This discussion follows the established general current theory for trans-
port processes at metal-semiconductor contacts, however, from the perspective
of thin-film devices based on low-mobility semiconductors thus providing new
insights into the charge-carrier collection in these devices.

In Chapter 3, we begin by briefly reviewing the basic theory behind the
charge extraction by linearly increasing voltage pulse (CELIV) method, which
has frequently been used to extract the charge-carrier mobility in organic solar
cells. Afterwards, the theory of CELIV is extended to account for effects of
the contacts, these being of particular importance in thin-film devices. Apart
from providing corrections to the mobility determination, we also show how the
extended theory can be used to quantify other parameters such as the built-in
voltage, the doping concentration, and the surface recombination velocity at
the contacts, which are relevant for understanding charge collection in organic
semiconductor devices.

In Chapter 4, the charge collection in organic solar cells is discussed. The
competition between charge-carrier extraction and recombination, the impact
of surface recombination and charge-carrier selectivity at the contacts, and the
influence of space-charge regions within the active layer is investigated from
a theoretical point of view. Based on the results, new tools and methods to
distinguish, identify and quantify loss mechanisms related to charge-carrier col-
lection in organic solar cells are presented. To conclude, some of the devel-
oped analytical tools and methods are experimentally demonstrated on inverted
P3HT:PCBM BHJ solar cells employing TiO; as the electron-selective electrode

interlayer.
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Current injection and collection in

thin-film devices

In order to collect charges in thin-film devices, contacts between the semiconduc-
tor layer and the electrodes are needed. Different applications generally require
different contact properties. If the current in the dark is solely conducted by
holes in the active layer, the transport is unipolar and the device is referred
to as hole-only. A hole-only diode is realized by choosing the properties of the
contacts in such a way that the anode is hole-injecting, whereas the cathode is
non-injecting (for both carrier types). In forward bias, holes are then injected
from the anode into the active layer, transported through the semiconductor
and eventually collected at the cathode. Reversely, an electron-only diode is
realized by instead choosing an electron-injecting cathode and a non-injecting
anode. If the anode is hole-injecting anode and the cathode electron-injecting,
a bipolar (or double-carrier) device is obtained. In this section, the basic theory
behind current injection and collection in sandwich-type thin-film devices based

on low-mobility semiconductors is discussed.
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2.1 Sandwich-type thin-film structures

The sandwich-type device structure generally has an electrode-semiconductor-
electrode configuration with electrodes (or conducting layers) of different work
functions. The work function is defined by the energy difference between the
Fermi level and the vacuum level. The electrode with the larger work function
constitutes the anode, while the electrode with the lower work function is the
cathode. At thermal equilibrium, the Fermi levels are the same and constant
throughout the device. The effect of applying an external voltage V to the
anode, with respect to the cathode, is to displace the anode Fermi level relative

to the cathode Fermi level,
qV = EF,cat - EF7an- (211)

This will disrupt the thermal equilibrium condition, often resulting in a flow of
a net current. The applied voltage is related to the local electric field F' inside

the active layer via
d
V-V = / Fdzx, (2.1.2)
0

where Vj; is the built-in voltage across the active layer and given by the difference

between the electrode work functions:

1
%i,o = 6 [®an - (I)cat] 3 (213)

where ®,,, and ®.,; is the work function at the anode and the cathode contact,

respectively.

2.1.1 Metal-semiconductor interfaces

When a contact between a semiconductor and an electrode is formed, some

transfer of charge will always be present. Consider a contact between a metal
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Figure 2.1: Schematic energy level diagram of an electrode-semiconductor system before con-
tact and at thermal equilibrium after contact. To establish equilibrium, charge transfer be-
tween the electrode and the semiconductor occurs, to equilibrate the Fermi level in the semi-
conductor. If this net charge transfer is large enough, energy-level bending will occur at the
contact.

electrode and a semiconductor (of infinite layer thickness). The work function
of the metal is given by ®;, while ®g is the work function of the semiconductor.
For an intrinsic semiconductor, the Fermi level is originally close to the middle
of the bandgap. The energy difference between the valence level edge and the
Fermi level at the metal will constitute a barrier for hole injection from the

metal into the semiconductor. The hole-injection barrier is given by

@p,el = Xp — Pei; (2.1.4)

where X, corresponds to the ionization potential, describing the difference be-
tween the valence level edge and the vacuum level. A corresponding injection

barrier can be defined for electrons,

Pn,el = Do — Xns (215)

given by the difference between the Fermi level at the metal electrode and

the conduction level edge of the semiconductor. Here, x, corresponds to the
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electron affinity given by the difference between the conduction level edge and
the vacuum level.

Upon intimate contact, charge transfer of electrons and holes, driven by the
Fermi level difference between the two solids, will occur between the electrode
and the semiconductor to establish thermal equilibrium. Thermal equilibrium
is established when the Fermi level in the semiconductor is aligned with the
Fermi level of the electrode and the system possess a common spatially constant
Fermi level. A schematic picture is shown in Figure 2.1. The equilibrium carrier

density in the semiconductor at the contact is then given by

ne = Ncexp(fp]:j’fl), (2.1.6)
P = Nvexp(—(plfj’fl), (2.1.7)

for electrons and holes, respectively. For the case @, < ®g, there will be a
surplus of electrons and a deficit of holes in the semiconductor. The situation is
reversed when ®.; > ®g. If the net charge transfer is large enough, the Fermi
level alignment is also accompanied with an energy-level bending within the
semiconductor (close to the contact); see Figure 2.1.

In general, when a metal-semiconductor interface is formed, depending on
the quality of the metal and semiconductor surfaces, there might also be impurity-
induced, interface-induced, and/or relaxed states present within the gap at the
interface [67-70]. In effect, this means that the work function at the contact is
strongly dependent on interface properties, such as the density and the energetic
position of gap states. Conversely, the work function at the contact can also be
modified by permanent dipole moments (e.g. using self-assembled mono-layers),

or by using doped interlayers.

2.1.2  The metal-insulator-metal (MIM) concept

When an intrinsic semiconductor layer is sandwiched between two electrodes a
different situation arises. Since the carrier density within the intrinsic semicon-

ductor is inherently very low, these types of thin-film devices essentially behave
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as metal-insulator-metal (MIM) structures.

Upon contact, electrons are transferred from the low-work function cathode
to the high-work function anode, until the electrode Fermi levels are equal. This
results in net negative and positive charge at the anode and cathode surface,
respectively, inducing a built-in electric field in the active layer [19, 71]. If the
space charge injected into the active layer from the contacts is negligible, the
electric field F' in the active layer is uniform. These types of contacts are gen-
erally referred to as neutral (or non-ohmic) contacts. A schematic picture of
the energy level diagrams of a MIM device with neutral contacts is depicted in
Figure 2.2. At thermal equilibrium (Er = const.), the carrier density vary ex-
ponentially with x inside the active layer: p(x) = pan exp (¢Fz/kT). Provided
that space-charge effects remain negligible under the application of an external

voltage (low voltages), the electric field is then given by

V=V

F
d

(2.1.8)

The corresponding potential energy (energy levels), relative to the Fermi level
at the cathode, drops linearly across the semiconductor layer as

x—d
Ev (Qj) - EF,cat =4dq (V - ‘/bZ) |:d:| - @p@at, (219)

where @), cq+ is the hole-injection barrier at the cathode.

2.1.3 Ohmic contacts

To ensure efficient charge injection or collection at least one of the contacts
needs to be ohmic. A contact is said to be ohmic for holes (electrons) when
the hole (electron) current is not limited by this contact. This corresponds to a
contact whose resistance or impedance is negligibly small compared to the (rest
of) bulk. In practice, a contact becomes ohmic for holes (electrons), when the
hole (electron) density at the contact is much larger than within the bulk [15,
19]. This can be achieved by choosing a metal that forms a negligibly small
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Figure 2.2: Schematic energy level diagrams of a metal-insulator-metal (MIM) device with
neutral contacts, which assume that the injected space charge within the active layer (insu-
lator) is negligible: (a) before contact, (b) at thermal equilibrium after contact (V = 0), and
(c) at an applied positive voltage V' > 0. The energy level diagram in (a) is the same as the
one obtained by applying a voltage V' = V}; = V}; g, referred to as flat-band conditions.

injection barrier with the semiconductor or by heavily doping the region of the

semiconductor layer close to the metal.
Asymmetric contacts with an injecting contact at the anode

When the injection barrier for holes is small at the anode, the amount of carriers
originating from the anode can be large enough to cause energy-level bending
in the vicinity of the contact in the active layer. The subsequent energy-level

bending, determined by the Poisson equation, obeys

PE, () _ ()
dz? egg

(2.1.10)
under hole-dominating conditions. In general, at large carrier concentrations,

the shape of the DOS becomes important (degenerate regime) [70, 72, 73]. For
a Gaussian DOS, the hole density at thermal equilibrium is given by
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Figure 2.3: (a) Energy level diagram of thin-film device having an Ohmic contact for holes at
the anode and a large barrier at the cathode. The device can be treated as a MIM device with
an effective injection barrier b at the anode. In (b) the same device is simulated for different
injection barriers at the cathode. A Gaussian distribution (Eq. (2.1.11)) with ¢ = 3kT and
No = 102! ¢cm~3 is assumed. The Fermi level of the anode is taken to coincide with the DOS
center Eg gonmo at the anode contact (z = 0).

(M
202

0o exp
x
ple) = \/27r02/ 1+exp([EF ])

)dE, (2.1.11)

where o is the Gaussian disorder parameter and Ey goaro is the center of the
HOMO DOS.

At small energetic disorder o, however, the Boltzmann approximation may
be used, and Eq. (2.1.11) can be simplified and re-expressed as F, (z)—E, (0) =
kT 1n[p (0)/p (x)], where E, = Ey momo + 02/2kT. Then, if the anode is hole-
injecting, while the cathode contact is neutral (p (0) > p(d)), the hole density

within the active layer can be obtained as [74]

232n0

. 2 ( Bx : —1 2n ’
sinh (TJrsmh [B W(f))

(2.1.12)

p(z) =
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where ng = ecokT/q?d? and B = sinh™* [B\/m} —sinh™! {B \/m}
as determined from the boundary conditions at the contacts.® Provided that
the hole density p (0) at the anode is large enough for energy-level bending to
occur, Eq. (2.1.12) reduces to p (z) ~ p(0)/[1 + 2/Aan]® for z close to the an-
ode, where \,,, = \/2ec0kT/q*p (0) is a characteristic screening length for holes
at the anode.

In Figure 2.3(a), the energy level diagrams are shown at moderate o for
conditions when the contact at the anode may be regarded as ohmic for holes.
With the exception of the band bending near the injecting contact, the energy
levels are linear, in accordance with the MIM picture (see Figure 2.2). Within
the band-bending region, extending a few nm into the active layer, the carrier
density is generally much higher than in the rest of the bulk. This (thin) accu-
mulation region is acting as a virtual (extended) anode contact with an effective
hole-injection barrier b. Under low-voltage operation, the device subsequently
behaves as a MIM diode but with a reduced built-in voltage [30]

Vi = qVbio — b, (2.1.13)

where b is the magnitude of energy-level bending within the hole accumulation

region. The effect of increasing the disorder parameter ¢ is mainly to change b.
Two hole-injecting contacts

In the case when both contacts are hole-injecting, we arrive at a situation where

the hole densities are larger at the contacts than within the active layer. In this

5Assume E, (z) — E, (0) = kTIn[p(0)/p(z)]. Then, after multiplying both sides with
dE, (z)/dz and integrating, Eq. (2.1.10) can be rewritten as

L] () (Bl 50 (2221

where the last term to the right is an integration constant to be determined from the boundary
conditions at the contacts. The (+) and the (—) sign corresponds to the case with p(z) > p(d)
(non-injecting cathode) and p(xz) < p(d) (injecting cathode), respectively, for z < d. By
separating this equation and integrating, E, (z) can be obtained.
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case, a considerable energy-level bending extending well within the active layer
is present at both contacts, with the electric field changing its sign inside the
active layer. The situation is depicted in Figure 2.3(b). In the non-degenerate
limit (low disorder), the corresponding hole density under equilibrium conditions

(constant Fermi level) is given by [74]

2B2TL0

p(z) = :
cos? (% — arccos {B % )

(2.1.14)

where B = arccos [B\/Qno/p (0)} ~+arccos {B\/2n0/p (d)} .5 When the hole den-

sities at both contacts are much larger than 272ng, one finds B — 7. In this
case, the hole density within the region close to the cathode can be approxi-

mated as p (x) ~ p(d)/ [1 + (d — 2)/Acar)?, With Aeqr = \/2e20kT /¢%p (d) being

the associated screening length for carriers accumulated at the cathode.

2.1.4 The image charge effect

At large injection barriers, on the other hand, the carrier density close to the con-
tact might become very small. If the average distance between carriers inside the
active layer is much larger than the relevant device dimensions, single-particle
effects need to be taken into account [75]. From a single-particle perspective,
an injected charge carrier within the semiconductor will induce an oppositely-
charged image in the metal. The corresponding electrostatic potential energy
q (x) = Epcat — Ey (x) (relative to the Fermi level of the electrode) between
the positively-charged hole ¢ within the active layer and its negatively-charged
image —¢' in the cathode is given by [15]

!

aq

167eeq [d — x] —eFlr—d, (2.1.15)

ql)[} (ﬂf) = (pp.,cat -

where F' is the external electric field. When F' < 0, the image charge potential
Eq. (2.1.15) will effectively reduce the injection barrier for holes at the cathode
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by

q¢F
deey”

Ap=gq (2.1.16)
In case of a metal cathode, we have ¢’ = ¢q. However, if another dielectric
medium (e.g. another semiconductor) with a dielectric constant of e, is used as
cathode (interlayer), the magnitude of the image charge is reduced as: ¢'/q =
(ec —€)/(ec + €) [76-78]. Image charge effects are important near contacts that
have large injection barriers at which the carrier densities are low (single-particle
approximation) [75]. In contrast, for contacts with low injection barriers, where
the density at the contact becomes significant, the image charges tend to be

screened (effective medium) and can be neglected.

2.2 Charge-transfer mechanisms at

electrode-semiconductor contacts

Charge-carrier injection and collection at contacts between electrode and active
semiconductor layers is a crucial part of the operation of sandwich-type thin-
film devices. Many applications also require contacts that are blocking in terms
of carrier injection and/or extraction. This may be realized by tuning the ener-
getics at the contacts or by covering the conductive layer with a wide-bandgap
insulator or a charge-selective electrode interlayer. In the following, charge-
transfer mechanisms taking place between an electrode and a semiconductor

are discussed.

2.2.1 Thermionic emission and the concept of surface

recombination at contacts

In the case when an injection barrier is present between the electrode and the
semiconductor, carriers that are to be injected from the electrode into the semi-

conductor have to traverse this energetic barrier. During ideal conditions, the
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particle current flowing from the electrode to the semiconductor is usually de-
scribed in terms of a thermally activated process referred to as thermionic emis-
sion. This is analogous to the emission of (hot) electrons from a metal into
(the state continuum of) vacuum at free metal surfaces [79]. For a given (ef-
fective) injection barrier between the electrode and the semiconductor, the cur-
rent of electrons flowing into the conduction band of the semiconductor due to

thermionic emission is given by [15]

Tmoss = —ALT2[1 — Q] exp (— ‘pl:ifl ) (2.2.1)

where Af, = qk?m*/2m2h3 is the effective Richardson coefficient and Q is a
reflection factor. Eq. (2.2.1) assumes that the carriers are emitted into the
semiconductor from the metal in accordance with a Maxwell-Boltzmann velocity
distribution (free electron gas), implying that the carrier conduction in the
semiconductor (or the region close to the contact) takes place by band transport.

On the other hand, the collection current of electrons flowing from the semi-
conductor into the electrode is typically presented as an effective surface re-
combination process at the contact, Js_,,, = ¢Sgrn, where Si is the collec-
tion (or recombination) velocity at the surface. At thermal equilibrium, the
macroscopic current is zero, implying that J,,—.s = —qSgrne, where ng =
N exp (—@n,e1/kT) is the equilibrium hole density at the electrode contact [15,
80]. Subsequently, the net surface recombination current at the contact can be

expressed as
J =¢qSgr[n—nd, (2.2.2)

with the associated surface recombination velocity being equal to

_AT?
Sp="0—1-0Ql. (2.2.3)

For an ideal metal-semiconductor interface (2 — 0, the upper limit of Sy is given

by the average thermal velocity (in the z-direction) [15]. For free electrons, this
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corresponds to Sk = 2.7 x 105 em/s at T = 300 K.

2.2.2 Interpretation of the surface recombination velocity at

contacts in hopping systems

The thermionic injection of carriers into hopping systems has been investigated
by Gartstein and Conwell and others [81-87]. In these studies, the charge trans-
fer rate is described in terms of hopping transport, taking both the energetic
disorder and the barrier-lowering effect due to image charges into account. Sim-
plified models for the surface recombination velocity have also been discussed
to some extent [27, 88, 89]. From a qualitative point of view, the charge-carrier
collection at electrode-organic semiconductor contacts can be portrayed as fol-

lows.
Metal-semiconductor contacts

Consider a metal-semiconductor contact where the hopping rate in the semi-
conductor is assumed to follow the Miller-Abrahams rate, Eq. (1.2.7). The
contact is assumed to be ideal, containing an infinite amount of available states
in the metal (@ = 0). In this case, the electron flow from the semiconductor to
the metal consists of down-hill jumps only (possibly along relaxed states in the
image potential). The situation is illustrated in Figure 2.4(a). In accordance
with the discussion in Section 1.3.2, the surface recombination velocity should

then be equal to the saturated drift velocity as
Sr = avgexp (—2va), (2.2.4)

where a is the hopping distance between a site in the semiconductor and a
relaxed site at the metal interface. Since Eq. (2.2.4) corresponds to the upper
limit of the drift velocity (for Miller-Abrahams hopping), we thus always have
Sk > w|F| in this case. Eq. (2.2.4) can also be related to the zero-field EGDM
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Figure 2.4: Interpretation of the surface recombination velocity at contacts in hopping sys-
tem: (a) ideal metal-semiconductor contact, and (b) blocking contact where a charge-selective
electrode interlayer is inserted between the metal and the semiconductor. The surface recom-
bination of electrons at the blocking contact may take place via thermal activation, hopping
transport via impurity-induced gap states, or direct recombination with holes in the interlayer.

mobility at low carrier densities (Eq. (1.3.14)) via

ow(T) [ o ]2
~ — . 2.2.
S ) (o[ 2 22
With typical vales of = 107% ¢cm?/Vs (at T = 300 K) and @ = 1.5 nm,
this amounts to Sg ~ 300 cm/s for ¢ = 58 meV. This is to be compared to
Sk ~ 3x10° cm/s expected for "ideal" inorganic semiconductor-metal contacts.
It should be noted that v and a can in general be different near the interface

compared to the bulk.
Blocking contacts

In several applications, contacts that are selective from the view point of car-
rier extraction are desired. A charge-selective contact is a contact that only

allow one type of carrier to pass through it, whereas the other type is blocked.

39



Chapter 2. Current injection and collection in thin-film devices

Electron-blocking contacts are realized by inserting an electrode interlayer with
a higher F,, leading to a conduction level-offset AE, at the interlayer-organic
semiconductor interface. This creates an energetic barrier for electron extrac-
tion which reduces the effective hopping velocity Eq. (2.2.4) by a factor of
exp (AE./kT).

In the ideal case, when the energy-level offset is very large, no electrons can
be extracted at the electron-blocking contact layer and Sg = 0. In practice,
however, impurity-induced (or interface-induced) gap states are always present
to some extent within the blocking layer [90]. In such situations, electrons
may be conducted by hopping via gap states through the layer. This may
be described in terms of an effectively reduced surface recombination velocity
Srer = Sr[l — Q], relative to Eq. (2.2.4). The factor (1 — @) represents the
probability of finding a state at the interface. If the density of gap states is large
(Q — 0), the blocking layer effectively behaves as a metal. Furthermore, for
charge-selective contacts utilizing conductive (doped) transport layers, direct
recombination across the interface presents an additional surface recombination
channel. If this mechanism is dominating (e.g. taking place between an electron
in the active layer and a hole in the p-doped layer), the associated surface
recombination velocity becomes dependent on the doping concentration of the

conductive transport layer. A schematic overview is shown in Figure 2.4(b).

2.3 Unipolar charge transport in thin-film devices

At V = 0 in dark (thermal equilibrium), the drift component of the current is
exactly balanced by diffusion, and the net macroscopic current is zero. Upon ap-
plying an external voltage, the magnitude of the internal electric field is changed,
resulting in an imbalance between drift and diffusion and a subsequent current.
Depending on the applied voltage, the transport properties, and the type of
device, different current regimes can be identified. In this section, we consider
unipolar (single-carrier) devices with a hole-injecting ohmic contact at the anode

and a hole-collecting contact at the cathode.
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2.3.1 Theory

The current density is obtained by solving the drift-diffusion equation for holes.

In accordance with Section 2.2, the boundary conditions at the contacts are

Jp(d) = 4Splp(d) = peat], (2.3.1)
JP (0) = —qSp [p (O) - pan] ) (232)

where Sp and S, is the (effective) surface recombination velocity for holes at
the anode and cathode contact, respectively. Taking the anode to be ohmic for
holes (¢Sppan — ©0), we thus have p(0) = pun (or Ep, (0) = Epgy), where
Dan = Ny exp (—b/kT) with the effective injection barrier b (see Section 2.1.3).
For hole-dominated charge transport, the current can then be evaluated as®

qUpPcat qV
J=—— — | -1 2.3.3
L+ vp/Sp [exp<kT> ] (2:33)
where peqat = Ny exp (—@ear/kT) and
; _

_ q EF cat — (pp cat — EU (-T)
= . : d 2.3.4
Up l/o T exp < o x ( )

is an effective transport velocity for holes within the active layer [15, 80], which
depends on the mobility and the electrostatic potential. Note that, since only
holes are considered in this section, the notation ¢, cat = @Year and p, = p is
used interchangeably.

In Figure 2.5, a typical J-V curve of a hole-only MIM diode is shown for

6Utilizing Eq. (1.3.9), one finds J, (z) = ,uppdlj% = ppkT Ny exp <E” ;pr ) % (ii}’ )

Assuming that Ery, (0) = EF,qn, the hole current equation can in conjunction with Eq. (2.1.1)
and Eq. (2.3.1) be rewritten as

d E - cat — E'U
/ Jp (%) exp ( F,cat — ¥p,cat (x))dw = Peat [exp (ﬂ) _ 1:| _ Jp () )
o WpkT kT kT qSp

For hole-only transport, dJ,/dx = 0, the steady-state hole current is independent of z and
Jp (@) = Jp (d) = J.
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Figure 2.5: The current-voltage characteristics for a hole-only MIM diode with an ohmic
contact at the anode is shown on a lin-log scale. The insets depict the corresponding energy
level diagrams for the different current regimes: injection-limited (V' < 0), diffusion-limited
(0 < V < Vi), and drift-dominated (V > V).

the case when the charge collection is ideal and not limited by the contacts
(Sp > vp). In forward bias (V > 0), when holes are injected from the anode
and collected at the cathode, the current at low voltages 0 < V' < V3, is in this
case limited by diffusion against the built-in voltage, whereas for V > V3, the
current becomes dominated by the drift component as the current eventually
becomes space-charge-limited. In reverse bias (V' < 0), on the other hand, the
current is limited by injection from the cathode contact. In general, depending
on the contact properties and the prevailing space-charge effects, other situations
may also occur. The different current regimes will be discussed in more detail

in the following.
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2.3.2 Diffusion-limited currents

If the current is limited by charge transport within the bulk and not by the
kinetics at the collecting contact, i.e. S, > v, the current at low voltages (0 <
V < Vi) is diffusion-limited. Under these conditions, the cathode virtually acts
as a perfect sink that is able to instantly collect all additional holes without any
hold up, the hole density at the cathode contact retaining its thermal equilibrium
value. The current is constituted by holes injected from the anode, diffusing
against the (reverse) internal electric field, and collected at the cathode. The

diffusion-limited current reads
v
J = qu,N,e~#eat/kT [exp (;iT) - 1] , (2.3.5)

where v, is the associated effective diffusion velocity given by Eq. (2.3.4). For
a MIM diode, with E, () given by Eq. (2.1.9) and Vj; = Vi 0 — b, we have

qpip [V — V]
11— exp ()]

for 0 <V < Vp;. At voltages close to zero, the current Eq. (2.3.5) depends

(2.3.6)

’Up:

linearly with the applied voltage. At larger forward bias, the strength of the
opposing internal electric field is reduced, leading to an exponential increase of
the collection current. Noting that the effective diffusion velocity simplifies as
vp ~ w|F| for voltages below V4;, the condition for the charge collection to be
diffusion-limited is S, > | F|. For a mobility of 10~ cm?/Vs, this corresponds
to S, > 10 cm/s at |[F| =1 V/100 nm.

In general, also the band-bending parameter b might depend on the voltage.
However, the shape of the current in Eq. (2.3.5) is fairly insensitive to the exact
value of b at voltages below Vj;; only when V is close to V3; does the value of b
become important [30]. The band-bending parameter to be used in Eq. (2.3.5)

can be well approximated by
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Figure 2.6: Current-voltage characteristics of the hole-only MIM diode (from Figure 2.5) in
forward bias on log-log scale. The current for a symmetric device with two hole-injecting
contacts, as indicated by the dashed line, is shown for comparison. At voltages above the
built-in voltage, the space-charge-current limit is approached, distinguished by the slope of
two on the log-log scale (J o< V2).

kT ¢*>N,d?

relative to E, (0), as demonstrated by de Bruyn et al. [30].

2.3.3 Space-charge-limited currents

For V' > V4, the internal electric field is reversed facilitating injection of holes
from the anode. Under these conditions, the space charge of the injected carriers

dominates, and the assumption of a constant field inside the active layer is no
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longer valid. The corresponding J-V curve is shown in Figure 2.6. At large
enough voltages, the effect of diffusion becomes negligible and the current is
dominated by drift, J = qup (z) F (x). The electric field is then adjusted in
accordance with dF/dx = qp (z)/ceg = J/pueeoF (z). Provided that a potential
minimum is present close to the hole-injecting anode (F' (0) =~ 0) (see inset in
Figure 2.5), the current density can be readily obtained [91]. The space-charge-
limited current (SCLC) for unipolar carrier injection reads
9 (V — Vi)

J = —pueeg

_ 2.3.
- LS (238)

for V> Vi,;. Eq. (2.3.8) is generally referred to as the Mott-Gurney square law
or Child’s law for solids.

Similarly, the net injected charge (per unit area) AQ = Qs (V)—Qs (0), given
by the difference between the net charge within the active layer (Eq. (1.3.26))
at the applied voltage V and at thermal equilibrium (V' = 0), in the SCLC limit

can be found as

_3eeolV=Vol 30 v v, (2.3.9)

AQ 2d 2

for V' > Vj;. This is the net injected charge that is accumulating within the
active layer during steady-state conditions. The capacitance (per unit area)
of the device in the SCLC limit is thus effectively increased by a factor of 1.5

relative to the geometric capacitance.

2.3.4 Injection-limited currents

In the reverse bias, on the other hand, the current is controlled by diffusion
of carriers injected at the cathode. In this case, when carrier injection from
contacts with high injection barriers is the source for the current, the current is
said to be injection-limited. Under these conditions, the barrier lowering effect
due to image charges become important. Taking into account the image-charge
potential Eq. (2.1.15), with ¢’ = ¢, at the cathode in Eq. (2.3.4), analytical
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approximations for the diffusion-limited current Eq. (2.3.5) can be obtained
at low and high electric field strengths, as discussed by Emtage and O’Dwyer
[92]. At low electric field strengths, Eq. (2.3.6) applies, and Eq. (2.3.4) is well
approximated by v, &~ w|F|. At high electric field strengths |F| > kT'/gre, in

turn, the reverse current approaches

/4
_qulV - Vi N, 4kTd ! _ Pear — Ap
7= d 2q|V —Vylre] P ) (2310

where Ap = \/q3 |V — Vii| /dmeeod and r. = ¢*/4meeokT is the Coulomb cap-

ture radius. The current under these circumstances, is limited by the diffusion

of holes over the lowered potential barrier at the cathode, and is sometimes also
referred to as diffusion-limited thermionic emission. Figure 2.7 shows the ex-
perimental reverse-bias current of a hole-only MIM diode, based on the polymer
PTAA. The current is indeed well reproduced by Eq. (2.3.10).

G108 : . . ; ;
= d=1150nnm, £ =3, p=1.5x 107 cm*Vs
&)
2 Analytical \©\N/©/
~ 4 Experimental
0% 10O
‘0
qc) PTAA .
[ A
= 107 E PTAA| Ay
[ \ c SON
o ‘ =
E 2/ \
jun}
O 10° '

10 8 6 -4 -2 0
Reverse bias (V)

Figure 2.7: Injection-limited cathode currents in hole-only organic diodes, based on poly-
(tri-arylamine) (PTAA) [93]. The device structure is Cu/PTAA/Au. The experimental hole-
injection current (reverse bias) from the Au-cathode is well reproduced by Eq. (2.3.10), with
Nue_‘Pmt/kT ~ 2.1 %102 cm—3. For N, = 3 x 1020 cm_37 this amounts to @eqt = 485 meV.
The details of the polymer are given in Refs. [94] and [95].
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In terms of charge collection at the cathode, the impact of the image po-
tential is to effectively reduce the built-in voltage qVi; by Apegr = Ap —
1kT In (72q |F|rc/4kT) at |F| > kT /qre. At moderate electric field strengths,
this reduction is small and overshadowed by the reduction (of Vj;) due to the
energy-level bending from the ohmic anode contact. In the remainder of this
thesis, the effect of the image charges on the charge collection is assumed to be

negligible.

2.3.5 Ohmic linear current-voltage regime

In the special case of two hole-injecting (symmetric) contacts, a situation with
vanishing built-in voltage similar to the one in Figure 2.3(b) is approached.
When both contacts are ohmic for hole injection, the hole density profile at small
voltages will not change significantly from the equilibrium hole distribution given
by Eq. (2.1.14). Under these conditions, the current relation J = updEp,/dx
can readily be separated and integrated as: J = V/ fod [1/qup (z)]dz. The

current density at small voltages is consequently found as [96]

J= 2q/‘pcen‘cer‘/ - 47T2€50M]{7TK
a d = q d3 ’

(2.3.11)

where the hole density near the center of the device is given by peenter = 28?1 ~
2m2eeqkT /q*d?. This type of current exhibits a linear voltage dependence, com-
monly referred to as an ohmic current, as shown in Figure 2.6. As the magnitude
of the voltage is increased above |V| > 32w2kT/9q, however, the SCLC limit
(Eq. (2.3.8)) is eventually approached.

2.3.6 The case with a doped semiconductor layer; the Schottky

barrier

If the active layer is p-doped, a different scenario arises. In this case, a space-
charge region (of ionized dopants), depleted of free holes, is formed adjacent

to the cathode. Provided that the doping concentration is high enough, the
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(a) (b)

Figure 2.8: Schematic energy level diagrams for the case with a doped semiconductor layer.
In (a) the situation before contact (or at flat-band conditions, V = V};), whereas in (b) the
situation after contact at thermal equilibrium (V = 0).

entire potential difference is absorbed over the space-charge region at quasi-
equilibrium conditions; in the remainder of the active layer, referred to as the
quasi-neutral region, flat-band conditions prevail. The situation for V' = 0 is

depicted in Figure 2.8.
The thickness of the depleted space-charge region depends on the dielectric

properties of the semiconductor material, the concentration of ionized dopants
N,, and the potential difference. Taking the concentration of ionized dopants

to be uniform, the thickness of the space-charge region is given by [15]

2eeg ( k:T)
wo = Vyi=V ——1, 2.3.12
0 \/qu . ( )

where the term kT/q is a correction due to diffusion. Eq. (2.3.12) is valid

provided that the doping concentration is large enough for wg < d to be fulfilled
[97], i.e. N, > 2eeq [Vii — V]/qd?. Note that the built-in voltage is in this case
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given by Vi; = Vb0 —b/q, with the energy-level bending near the anode given by
b= kT In (N,/Np,). The corresponding potential energy (relative to the cathode

Fermi level) in the space-charge region d — wo < z < d reads

q2Np (d — $)2
€€g 2

E, () — Epcat = —Peat — —wy (d—2x)| . (2.3.13)
The electric field is thus linear with position within the space-charge region,
whereas F' = 0 applies inside the quasi-neutral region (where p = N,,). In dark,
this system acts as a device with an effective active layer thickness of wg, with
the quasi-neutral region virtually behaving as an extension of the contact. The

forward bias current then approximates as [15]

J = qu MNve_%“/kT {exp (qV) — 1} , (2.3.14)
€€g kT
for V< V.

As the voltage is increased beyond the built-in voltage, the depletion region
wo — 0. With the exception of the neighborhood of the collecting cathode
contact, the active layer is essentially neutral in this case, with p ~ N,. Under
these conditions, the electric field is constant throughout the active layer and
the current approximates as J ~ quN, [V — Vj;]/d. At larger voltages, when
V' > Vi + 8qN,pd?/9ego, the density of injected carriers eventually start to

dominate as the current becomes space-charge-limited.

2.3.7 The impact of the recombination velocity at the collecting

contact

Thus far the charge collection at the cathode contact has been assumed to be
excellent (S, — 00). In general, however, this is not necessarily the case (see
Section 2.2.2). In situations when S, < v,, the charge collection is instead

limited by interface kinetics at the (collecting) contact. The corresponding
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diode current reads
qV
J = qSppeat [exp <kT> - 1} ; (2.3.15)

for V < V. Figure 2.9(a) shows the simulated J-V curves for different surface
recombination velocities at the collecting cathode. The effect of reducing S, is
to shift the onset for the injection towards larger voltages; at voltages below Vy;,
the effective voltage shift (relative to Eq. (2.3.5)) is Ag ~ kT In (1 + p|F|/Sp).
Furthermore, the carrier density at the cathode is related to the applied voltage
via

p(d) = pear + qép — Deat EXP (Z;) for S, < vp. (2.3.16)
Under these conditions (S, < v,), the quasi-Fermi level is nearly flat throughout
the active layer, being separated from the cathode Fermi level by ¢V. In case of
negligible space charge, the carrier density inside the active layer is then given
by p(z) = p(d) exp (¢F [z — d]/kT).

At voltages larger than the built-in voltage, V' > Vj;, a bias-induced carrier
accumulation can be established at the cathode interface for S, < v,. Provided
that the quasi-Fermi level remains flat within the accumulation region near
the collecting contact, the hole density in this region is well approximated by
p(x) = p(d)/ (1 + [d—2]/A)* (see Section 2.1.3), with X\ = /2ee0kT/¢%p (d)
being the corresponding screening length. The net injected charge, accumulating

at the collecting contact, is then given by [Paper I]

AQ ~ \/2eeokTp(d) = \/28€0k‘T {qg +pcat] . (2.3.17)
P

for p(d) > pear- Eq. (2.3.17) allows for a direct relation between the current
and the accumulated charge to be established. Figure 2.9(b) shows the corre-
sponding net injected charge as a function of the applied voltage at different S,.

This charge is mainly concentrated at the cathode interface and increases with
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Figure 2.9: The effect of surface recombination velocity Sp at the hole collecting cathode
contact in a hole-only MIM diode. In (a), interface-kinetic-limited J-V curves for different
Sp are shown. In (b) the net injected charge AQ at different voltages V' > V},; are simulated
(symbols). The analytical approximations Eq. (2.3.17) are indicated by the solid lines. Close
to flat-band conditions, vp ~ pkT/qd ~ 0.13 cm/s, where p = 10~4cm?/Vs and d = 200 nm.

decreasing S,. We note that, in the SCLC regime (J — Jgcrc), the net in-

jected charge Eq. (2.3.17) is a factor \/pkT/qSpd larger than the corresponding
net injected charge (Eq. (2.3.9)) expected in the S), > v,-limit.

2.4 Bipolar currents in thin-film devices

Thus far we have mainly considered unipolar devices, such as hole-only diodes.
If we allow both holes and electrons to be present, charge-carrier recombination
within the bulk can no longer be neglected. This is an important process in
bipolar (double-carrier) devices such as organic light-emitting diodes and solar
cells. The energy level diagrams of a typical bipolar MIM diode are depicted in
Figure 2.10.

The steady-state current density J = J, (x) + J,, (x) is obtained by solving
the hole and electron current equations, subject to Eq. (2.3.1) and (2.3.2) for
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Figure 2.10: Schematic energy level diagrams of a bipolar device (in dark) with a hole-ohmic
contact at the anode and an electron-ohmic contact at the cathode (a) at thermal equilibrium
(V =0) and (b) under a small forward bias (0 < V < V4;). In this case, energy-level bending
is present at both contacts. Apart from surface recombination of holes at the cathode, under
these conditions also surface recombination of electrons at the anode and bulk recombination
(either directly between free electrons and holes or via traps) inside the active layer become
significant.

holes and
Jn (0) = qSn[n(0) = nan], (2.4.1)
J’ﬂ (d) = _qSN [’I’L (d) - ncat] 9 (242)

for electrons; S, and Sy is the surface recombination velocity for electrons
at the anode and cathode, respectively, with ng, = N¢exp (—¢n,qen/kT) and
Neat = Ne€Xp (—@n,cat/KT). To ensure that the device injects both types of
carriers, asymmetric injecting contacts are required. In other words, the contact
at the anode needs to be ohmic for hole injection (¢Sppa, — o0), whereas the

contact at the cathode needs to be ohmic for electron injection (¢Syneqr — 00).

In the absence of photogeneration, the total current density can be expressed
by the sum of the collected hole and electron currents (at the cathode and the

anode, respectively) and the bulk recombination current (of carriers lost within
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Figure 2.11: Dark current-voltage characteristics of a bipolar MIM diode shown in (a) on
a log-lin scale, and (b) in forward bias on log-log scale. The slope of the current within
0 <V < Vp; of the log-lin plot determines the diode ideality factor. At low current levels (at
small voltages), the current is sensitive to parasitic leakage currents, typically characterized
by a finite shunt resistance. At large voltages (V > V4;), the space-charge-limited double-
injection current is approached, distinguished by the slope of two on the log-log scale (J o V'2).
However, this requires that voltage losses caused by the series resistance from the external
circuit, which might become significant at large current levels, are small.

the bulk) as

where Jg = J, (0) + J,, (d) is the net surface recombination current density of

minority carriers (i.e. electrons at the anode, holes at the cathode) and

d
Jr = q/ Rdx = q(R)d, (2.4.4)
0

is the net bulk recombination current density. A typical dark J-V curve for
a bipolar MIM diode is shown in Figure 2.11. It should be noted that at low
current levels, parasitic leakage currents characterized by a finite shunt resis-
tance Rgp, might become dominating (see Eq. (1.1.1)), increasing the current in

reverse bias. At large current levels, on the other hand, voltage losses caused by
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a non-zero series resistance Rs; # 0 of the external circuit reduces the current;
when this voltage loss is large the current tends to become linear with the volt-
age. In the following, however, resistive effects caused by external non-idealities

are neglected.

2.4.1 The case when bulk recombination dominates

If surface recombination is negligible, the quasi-Fermi level difference between
electrons and holes, related to the bulk recombination rate as R = Bgn? x

lexp ([Epn — Erp)/kT) — 1], is constant throughout the active layer at low volt-
ages and given by ¢V = Ep, — Ep,. In this regime (V' < V};), the recombination

current then reads
o vy
J = JR = J}{o |:eXp (kT) 1} (2.4.5)

where Jgo = q(Br)n?dexp (—E,/kT). If the dominating bulk recombination
mechanism is bimolecular, the saturation current Jg o is independent of the
applied voltage. The functional form of Eq. (2.4.5) is in this case consistent
with the standard diode equation Eq. (1.1.1), having a diode ideality factor
Nid = 1.

On the other hand, if trap-assisted bulk recombination dominates, Jr ¢ gen-
erally depends on the applied voltage. Consider the case when trap-assisted
recombination predominately takes place via deep gap states. Making use
of the regional approximation, i.e. that electrons dominate at the cathode
side of the active layer and holes at the anode side, we expect fr x 1/n
for > d/2 and Br x 1/p for x < d/2, in accordance with Eq. (1.3.25).
Then, with the carrier densities given by n () = neqr exp (¢F [d — z]/kT) and
p () = pan exp (¢Fz/kT), it follows that” Jgo o exp (—qV/2kT) for V well

7As per the regional approximation [98], the voltage dependence of Jro = q(BR)n?d is
given via

o) g wz ok /(>d/2 pﬁ)} v o (U 1
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below V4; [11, 98]. Consequently, a principal voltage dependence of the form

. qvV qv
h|l ==~ -— 2.4.
J (V) x sin (2/<;T> exp (2kT> (2.4.6)

is expected in the forward bias, corresponding to a diode ideality factor being
close to 2 (for ¢V > kT'). For a general bulk recombination rate of the recombi-
nation order & for free carriers (R oc n®), the voltage dependence of the current
in the forward bias follows a diode ideality factor of miq ~ 2/6 [99]. It should
be noted, however, that because of shunt and series resistances, an accurate
determination of the diode ideality factor from the dark J-V curve might be
challenging [100, 101].

2.4.2 The case when surface recombination dominates

Also accounting for the surface recombination current, constituting injected
carriers that make it to the collecting contact, the total current for V' < Vj;

may be generally expressed as

T(V) = Jo (V) {eXp (%) - 1} , (2.4.7)

where Jy (V) = Jg,o (V) + Jg,0 (V) is the sum of the contributions of both bulk
and surface recombination to the total dark saturation current.

For conditions when the recombination taking place within the bulk is negli-
gible (R = 0), we have Jr o < Jg 0. This type of situation might occur for thin
active layers and/or large mobilities, when carriers have a large probability to
traverse the active layer without recombining within the bulk. Under these cir-
cumstances, the individual hole and electron currents are constants of  (since
dJ,/dx = dJ,/dz = 0), flowing in parallel with each other through the active
layer: J = J, (d) + J,, (0). The associated dark saturation current is then given

when trap-assisted recombination via deep midgap traps is dominating and F is given by Eq.
(2.1.8).
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by

qvppcat qUnMNan
Jso = , 2.4.8
50 14+v,/Sp  1+v,/S, ( )

where v, and v, are the effective transport velocities for holes and electrons,
respectively, associated with diffusion of carriers within the active layer. Here,
vp is given in accordance with Eq. (2.3.4). A completely analogous expression
is valid for vy, (see Footnote 8). In case of hole (electron) collection at a neutral
cathode (anode) contact, corresponding to the case considered in Section 2.3.2,
one directly obtains v,(,) & ppm) (Vee — V') /d.

In case of ohmic collecting contacts, however, also the impact of the energy-
level bending at the contacts needs to be considered. For holes collected at
the cathode, the energy-level bending at the electron-ohmic cathode creates a
steeper potential barrier at the contact, simultaneously reducing the opposing
internal electric field inside the active layer; see Figure 2.10(b). An analo-
gous situation applies for electrons collected at the hole-ohmic anode. In the
non-degenerate limit, accounting for the impact of energy-level bending in Eq.
(2.3.4) then reveals®

_ MpkT kT
q)‘cat " q)\an

where Aoy, = \/2620kT/@pan and Aeqr = \/2660kT/q*near. Accordingly, the

saturation current is independent of both the applied voltage and the active

; (2.4.9)

Up

layer thickness, the concomitant diode ideality factor 7, = 1 in this case being

the same as for bimolecular recombination.

8To account for the energy-level bending at the hole-ohmic contact, E. (z) can be approx-
imated by F¢ (z) — Ep,an = Yn,an — kT 1n [pan/p (x)], with p (z) given by Eq. (2.1.12) for
V < Vi, and p(0) = pan (see Section 2.1.3). The effective diffusion velocity for electrons can
then be evaluated as

—1
_ /d q (EC (x) - EF,an - Son,an) [LnkT
v = exp dzx ~ ,
o nkT kT qAan
for B\/m < 1.
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2.4.3 Space-charge-limited double-injection currents

At higher voltages, the number of injected electrons and holes eventually be-
comes large enough to perturb the electric field within the active layer. When
this occurs, the drift component of the injected current start to dominate the
transport inside the active layer, the current becoming limited by both space-

charge effects and recombination.

Considering a MIM device (with an undoped active layer), the dominating
recombination mechanism at high carrier concentrations is bimolecular: Sz = .
In the limit of strong recombination (8 > 1), the injected carriers immediately
recombine when they meet, forming two separate space-charge-limited regions
inside the active layer: a hole-dominated region where J ~ J, adjacent to the an-
ode and an electron-dominated region with J ~ J,, on the cathode side (regional
approximation). In the weak recombination regime (6 < ), in turn, the in-
jected carriers instead form a charge-neutral plasma (injected-plasma limit); in
this limit, n &~ p applies throughout the active layer. Provided that the series re-
sistance of the external circuit is negligible and the contacts remain ohmic under
these (high-injection) conditions, the drift-dominated double-injection current
reads [91, 102]

V — Vi)?
Jpor = faao/m( bi)

—_— 2.4.1
§ N (24.10)

where ug is an effective SCLC mobility for double injection,” which takes the

limiting values:

9The general solution for ug as derived by Parmenter and Ruppel [91, 102], assuming
drift-dominated transport, is

2
R AV T P € e 1) {wn)r(up)r
9 (un +pp) B r ) I (vn + vp) ’

2pn BL Uy = 2pp BL
(bntup) B 7P 7 (pntup) B

where v, = and I' (s + 1) = s! is the Gamma function.
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Ly + [ , for B> By,
LR A plﬁﬂﬂ" (2.4.11)
\/ TLMPMTL ) for ﬁ < 51/7

for strong (8 > 1) and weak bulk recombination (8 < 5L).

The above discussion is valid for the case when injected carriers are dominat-
ing in the active layer. We note, however, that under conditions when the active
layer is doped, the active layer is initially charge-neutral at voltages V > Vj;,
as discussed in Section 2.3.6. If the active layer is p-doped, the corresponding
double-injection current in the presence of bimolecular recombination is given

by [91]

8 \/ (i -+ 1) Ny (V = Vo) (2412

J, = -

DOI 9(] 3 2
At high-injection conditions, on the other hand, when the density of injected
carriers exceeds the background doping concentration, the limiting case Eq.
(2.4.10) is eventually approached. For a more detailed discussion, including the

derivations of Eq. (2.4.10) and Eq. (2.4.12), see Ref. [91].
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CHAPTER 3

Charge extraction by a linearly

increasing voltage pulse

Current transient measurements are useful for gaining additional information
of transport properties in semiconductor devices. A frequently used method
for determining the mobility in organic thin-film devices is charge extraction
by linearly increasing voltage (CELIV). In CELIV, one uses a linear ramp-up
voltage pulse, applied in reverse bias, to extract photoinduced or dark (either

doping-induced or injected) charge carriers. The applied voltage is given by

—At+Vog whent >0,
u(t) = (3.0.1)
Vos when ¢ < 0.

Here, Vog is the applied offset (dc) voltage and A = Umax/tpuise is the voltage
rise speed of the transient voltage pulse with amplitude uyax and pulse length
tpuise- From the transient features and the characteristic time scales of the
corresponding extraction current transients, the mobility can be calculated.
The standard CELIV theory used for extracting the mobility neglects the
influence of the contacts. In sandwich-type thin-film devices, this might lead to

severe errors in the mobility determination. In this chapter, the basic CELIV
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theory is extended to account for contact effects, such as the presence of a
built-in voltage and carrier diffusion from the contacts. Apart from providing
a correction for the mobility determination, we also show how the extended
CELIV theory can be used to determine the doping concentration, the built-in

voltage and the surface recombination velocity.

3.1 Basic theory

We start by reviewing the basic theory used for the mobility determination in
CELIV. The active layer is assumed to contain uniform distributions of charge
carriers. In general, these charges can either be photogenerated, doping-induced
or injected from the contacts. Prior to the voltage pulse (¢ < 0), the sample is
held at flat-band (or open-circuit) conditions (Vog = V3;) and the active layer
is assumed electrically neutral with p = n. Upon applying the ramp-up voltage
pulse, charge carriers are subsequently extracted as a uniformly moving sheet;

the extraction current transient for ¢ > 0 becomes [103, 104]
J(t) =do+Aj (1), (3.1.1)

where jo = —eg9A/d is the average displacement current and Aj (¢) is the aver-
age conduction current. A schematic picture is shown in Figure 3.1. Neglecting

diffusion,

1 d d—lp(t)
Aj(t) = yi /l o qupnFdx —|—/0 qgupnFdz| (3.1.2)

where [, (t) and I, (¢) is the extraction depth for electrons and holes, respectively.

3.1.1 Low-conductivity regime

The extraction current in Eq. (3.1.2) is generally dominated by the faster carrier

type. In this case, the extraction depth is related to the electric field within the
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(a) (b)

J/jo

tpulse

Figure 3.1: Schematic picture of CELIV. (a) The energy level diagram for the case when the
charge extraction process is dominated by holes. Upon applying the reversely-biased ramp-
up voltage pulse, holes are extracted at the anode, leaving a space-charge region of electrons
behind in the active layer. (b) The corresponding extraction current transient j(¢), normalized
to the geometric capacitive current response jo. The length of the voltage pulse, applied at
t =0, is tpulse-

quasi-neutral region via dw/dt = —uF, where p and w is the mobility and
the extraction depth, respectively, of the faster charge carriers. If space-charge
effects are negligible, the extracting electric field is given by F = —At/d. The

average conduction current density Eq. (3.1.2) then simplifies as

Aj(t t t?
) _ gt |y 1, (3.1.3)
Jo €€o 28

for 0 <t <ty where t;,. = \/2d?/uA is the transit time for the carriers. The
mobility can be calculated from the time t,,,, where the extraction current
Aj (t) /jo has its maximum [103],

o
H=3542

max

(3.1.4)
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The regime of negligible space-charge effects is valid for low carrier concen-
trations (Aj (t) < jo), referred to as the low-conductivity regime. It should
be noted that, in general, both carrier types contribute to the extracted cur-
rent, with u being a combination of both carrier mobilities; accounting for both

carrier types, the extracted mobility p in Eq. (3.1.4) actually corresponds to
p=(un+ 1)/ (pm + pip).

3.1.2  Moderate-conductivity regime; the impact of space charge

The general assumption in CELIV is that the charge species with the lower
mobility is effectively immobile during the extraction process (ftfast > fsiow)-
Under these conditions, the extraction of the faster carrier will leave a depleted
layer of thickness w(t) of the immobile charges behind within the active layer.
If we assume the faster carriers to be holes, the net charge density is then given
by

—qn ifd—w<z<d,
Psc (9:7 t) = (315)
0 otherwise ,

reducing the electric field within the neutral (non-depleted) region.'® Hence,

2
dw At gqnw } 7 (3.1.6)

— =—ulF0,t)=p|— —
@~ O “[d 9ec0d
with the condition w (0) = 0 [103]. Note that the low-conductivity regime
applies in the limit when the electric field is changing much faster than the
field redistribution due to the space charge, corresponding to t: < ego/qnu

(space-charge effects become negligible).

10The electric field is explicitly obtain by integrating Gauss law, Eq. (1.3.4), as

F o) FOH)+ L (d-—w—=) ifd-w<a<d,
xT =
’ F(0,t) , else .

Eq. (3.1.6) is then obtained after making use of —At = fod F (z,t) dz.
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At moderate conductivities when t;,. ~ egq/qnu, however, the space-charge
term in Eq. (3.1.6) becomes significant, resulting in a reduced extraction rate
of the charge carriers. The net effect of this is to shift ¢,,,, to earlier times,
relative to Eq. (3.1.4). Unfortunately, the general solution to Eq. (3.1.6) is not
analytically tractable.!! Based on numerical simulations, however, Juska et al.
obtained [104, 105]

2d?
= K
3A¢2 ’

max

1 (3.1.7)

where K = [1 + xAjmaz/ jo]fl, with x being a numerical correction factor that
takes the field redistribution into account and Ajyae = AJ (tnaz)- Juska et al.
initially proposed x = 0.36. The accuracy of this correction factor was later
improved by other groups [106-108]; an excellent account on this topic is given
by Lorrmann et al. [108]. Note that in the limit Aj,a./jo < 1, K — 1 and the

low-conductivity regime is reobtained.

3.1.3 Influence of bulk recombination

In the derivation of Eq. (3.1.4) and Eq. (3.1.7), recombination between carri-
ers inside the active layer was neglected. In case of extraction of photoinduced
carriers, however, this mechanism becomes important. The effect of bulk re-
combination is to decrease the carrier density during the extraction process,
resulting in an additional time dependence in the extraction current [107, 109,

110]. For a bimolecular recombination rate dn/dt = —fn?, the carrier density

1 The solution to Eq. (3.1.6), with the boundary condition w (0) = 0, is given by [108]
-\ 2/3 V3AY (t/ 3 m;) + Bi’ (t/ 3 T(,tfr)
[eg
w(t) = 2d (—) ,
. V3Ai (t/ 3 T(,th) + Bi (t/ 3 To-tgr)

where 7o = ego/gqnpu. Here, Ai(u) (Bi(u)) is the Airy function of the first (second) kind, with
Ai/(u) (Bi'(u)) being the respective derivative.
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varies with time as

Ny n (0)
n(t) = = , 3.1.8
®) L+ Bns [t +tae] 14 pn(0)t ( )
for carriers with an initial density n. at t = —t4e;, where t4e; is the delay time.

Now, if we take space-charge effects to be negligible during the extraction
process (i.e. the current is given by Eq. (3.1.3)) and assume a time dependence
of n (t) given by Eq. (3.1.8), a relation between ¢4, and the recombination
coefficient 8 can be established; we find

2. (8) = . (0) [1 - m‘]m}

55 (3.1.9)

where Ajnqa. depends on 8 and n (0) (and thus also on t4;), and 81, = qu/eeg.
The presented analytical approximation [Eq. (3.1.9)] agrees well with numerical
simulations by Bange et al. [107] for Ajmae/j0 < 1, as demonstrated in Figure
3.2. However, a good agreement is also found at moderate Aj,q./jo. Hence,

in accordance with Eq. (3.1.9), the mobility is then obtained from

~ K 1-— - . 3.1.10
H 3AL2, .. Br.jo ( )

For small 8/8L, the carrier density changes negligibly during the extraction
process. On the other hand, at high carrier concentrations or large /8L, the

recombination sets an upper limit for the extraction current given by

Ajmaaf ~ ﬂiL
Jo B’

(3.1.11)

as previously pointed out by Juska and co-workers [110, 111]. This upper limit
can be used to estimate the bimolecular recombination coefficient 5. We note
that analogous expressions can also be obtained for monomolecular recombina-

tion.12

12Tn case of monomolecular recombination of carriers (dn/dt = —n/7) with the lifetime 7,
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1.2 . Analytical approx. -
) | o Numerical, Bange et al. ]
— B= O.OlBE
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Figure 3.2: The effect of bimolecular recombination on the current transient maximum
tmaz (B) for different recombination coefficients. The symbols correspond to numerical data
by Bange et al. [107], whereas the analytical approximations as per Eq. (3.1.9) are indicated
by the solid lines. Here, tmaz (0) corresponds to the case without recombination (Eq. (3.1.7)).

3.1.4 Non-uniform carrier distributions

The above considerations all assume that the carrier concentrations are uniform
throughout the active layer at the application of the pulse. This implies either a

doped semiconductor layer, or a uniform photogeneration of carriers prior to the

we instead have n (t) o< exp (—t/7); an analogous treatment then yields for the mobility

o 2d? |:T7tmaz:|
= e '

mazx

37 — tmax

For large 7, this relation reduces back to Eq. (3.1.3), whereas in the limit of short lifetimes
(T < ttr)y tmaz —> T.
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pulse. In case of non-uniform distributions the above mobility formulas are no
longer valid. For example, in the case of non-uniform absorption encountered in
optically thick layers, the mobility determination becomes strongly dependent
on the absorption coefficient of the film [112].

In dark, on the other hand, thin-film diodes based on organic semiconductors
are inherently undoped, behaving as MIM devices with exponential distributions
of injected carriers (from the contacts); see Section 2.1.2. At low steady-state
voltages, 0 < Vog < Vi, the injected hole density is to a good approximation
given by

M). (3.1.12)

plo) =pO)esn (-1

At these offset voltages, the drift current is closely balanced by diffusion prior
to the application of the extracting voltage pulse. In case of an injected carrier
distribution Eq. (3.1.12), the mobility can be calculated from [Paper 1]

kTd>
Voi = Vorr] ¢ At 00

max

e (3.1.13)
at large voltage rise speeds (Atpqae > kT/q). In this case, ;. depends on the
potential difference prior to the pulse via .2 o (Vi; — Vo). As a result, Vi,

can be estimated from a ;2 vs. Vg plot by extrapolating to the applied offset

-2

voltage at which the measured ¢, %

crosses the Vog-axis [Paper 1].

3.2 CELIV on doped samples; the impact of the

built-in voltage

In the derivation of Eq. (3.1.6), following the treatment by Juska et al. [103],
the presence of a built-in voltage was neglected. If the charge carriers are
doping-induced, the effect of the built-in voltage can no longer be neglected.

Consider a p-doped active layer with a doping concentration p = N, (see Section
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2.3.6). In this case, the extraction is dominated by holes, whereas electrons are
immobilized (in ionized dopant levels). Taking the effect of the built-in voltage

into account, Eq. (3.1.6) is modified as

dw(t)  pAt  quN, 2 5
dt d 2eeod [w (*) } (3.2.1)

— wp

as shown in [Paper II], where w (0) = wy is given by

_ [2ee kT
wo = \/qu {Vb2 —Vog — q}’ (3.2.2)

being the familiar steady-state depletion region thickness from Section 2.3.6.
Analytical approximations to Eq. (3.2.1) are readily obtained in the following

two regimes, depending on the voltage rise speed A.

3.2.1 The transport-limited regime

In the A — oo-limit (Aj < jo), Eq. (3.2.1) is simplified as dw (t)/dt =~ pAt/d,
being otherwise identical to the low-conductivity limit in Section 3.1.1, but now
a part of the carriers within the device has already been extracted prior to the
pulse and w (0) # 0. Solving for w(t) and inserting into Aj (¢), one then finds
p=2[d* — dwy|/3At2,,,. This expression differs from Eq. (3.1.4) by a factor of
[1 — wp/d], which represents the correction due to the presence of a steady-state
depletion region. For moderate conductivities (Aj ~ jp), we correspondingly

find [Paper II]

2d2 wo
o= % |:1 — 7] K, (323)

in analogy with Eq. (3.1.7). Consequently, the effect of V;; and wy is to reduce
tmaz, leading to an overestimation of the mobility if Eq. (3.1.7) is used in this
case. Eq. (3.2.3) is valid as long as the current transient is transport-limited,
J (tmaz) < e80A/wy.
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Figure 3.3: The transition from a transport-limited regime to a doping-induced capacitive
regime is simulated at varying voltage rise speeds A = umax/tpulse- The extraction current
transients becomes capacitive either by (a) decreasing the amplitude umax or (b) increasing
the duration t,yise of the voltage pulse. The analytical expression Eq. (3.2.7) is indicated by
the dashed line in (b).

3.2.2 The capacitive regime

Figure 3.3 shows simulated CELIV current transients of a p-doped device at
different ramp-up rates A. In the limit of small A, corresponding to slowly
changing voltage pulses, a saturation of the current transients is seen. In this
limit, the current transients are limited by the capacitance of the depletion layer.
Depending on the amplitude and pulse length of the voltage pulse, one of the

following two situations may arise.
Low amplitudes, tpuise < tmax

At low amplitudes uy,q, of the applied voltage pulse, or high doping concentra-
tions, the change Aw = w — wy in the depletion layer becomes negligibly small
during the pulse. In the limit Aw (t) < wo, Eq. (3.2.1) approximates as

d _ BAL  gNppwo

y A (3.2.4)
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Solving Eq. (3.2.4) reveals for the extraction current transient [Paper 2]

3 (t) = Go+ o Lffo —1] [1 —exp (—wot)] (3.2.5)

dry

where 7, = ee¢/qNpp is the dielectric relaxation time. At t > 7,, the cur-
rent saturates to j (t) /jo — Cuw/Cgeo, Where Cyy, = eco/wy is the steady-state
depletion-layer capacitance (prior to the pulse). Here, Cye, = e€co/d is the
geometric capacitance. Concomitantly, the extraction current transient at low
amplitudes is limited by the charging current of the steady-state depletion layer,
with the quasi-neutral region virtually acting as an extension of the contact. A
distinguishing feature of this current regime is that j(t)/jo becomes independent

of the amplitude for a fixed tpuse (see Figure 3.3(a)).
Long plﬂses7 tpulse > tmax

At large tpuise, when the voltage pulse length is long enough for the electric field
to have time to redistribute (¢ > 7,), a perpetual screening of the field inside
the quasi-neutral region is taking place during the extraction pulse (F ~ 0). In
this situation, the dw/dt term in Eq. (3.2.1) becomes negligibly small compared

to the other terms, and the extraction depth can directly be evaluated as

_ 2¢e€0 kT
w(t) = \/qu [At-ﬁ-%z Vot < | (3.2.6)

The total extraction current transient at slow pulses is subsequently obtained
as [Paper II]

_ egoA

) == (3.2.7)

with w given by Eq. (3.2.6). As a result, the extraction current transient
becomes limited by the displacement current of depletion layer at slow pulses.

A characteristic feature of current transients in the slow-pulse capacitive regime
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is that j(t) /jo becomes independent of tpuise (When keeping the amplitude
fixed) and depends only on the applied transient voltage (see Figure 3.3(b)).

3.2.3 Using CELIV to measure the built-in voltage and the

doping concentration

At slow pulses, the extraction current transient is directly proportional to the
depletion-layer capacitance. In this case, the extraction current transient can

be used to directly obtain the depletion-layer capacitance as

Cy= % = (J> Cyeos (3.2.8)

at the applied voltage u (t) = — At + Vg, where j is given by Eq. (3.2.7). When
plotting the transient current as function of wu(t) in this regime, the voltage
dependence of the depletion-layer capacitance can be mapped. From the voltage
dependence of the inverse square of the depletion capacitance (1/C2), referred
to as a Mott-Schottky plot [15, 97], the doping concentration and the built-in
voltage can be estimated. In terms of the normalized current transient j/jo, we

can write

. -2

j 2¢eeg kT ]

- = —— | Vo — — —ul(t)]|, 3.2.9
(m) = [b L —u) (3:2.9)

for w < d. From the slope and the intercept with the u(t)-axis, respectively, the
doping concentration and built-in voltage can be extracted. Note that it is the
(effective) built-in voltage over the depletion region (see Fig. 2.8(b)) which is
extracted in this case. An experimental demonstration of this method, referred
to as CELIV in the doping-induced capacitive regime (doping-CELIV), is shown
in Figure 3.4 on a p-doped PSHT:PCBM device. The method can also be used
to extract the doping profile, as demonstrated by Nyman et al. [Paper 3].
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Figure 3.4: The doping-CELIV method. (a) Experimental extraction current transients at
different voltage pulse lengths ¢,,1se on a p-doped P3HT:PCBM device. The voltage amplitude
is kept fixed at umax = 2 V and the offset voltage is zero. (b) The corresponding Mott-Schottky
plots, (j/jo)f2 vs. At, of the normalized extraction current transients. The device structure
is ITO/MoO3/P3HT:PCBM/LiF/Al, the experimental details are given in [Paper II].

3.3 Extraction of carriers injected into structures with

blocking contacts

In an intrinsic semiconductor, the number of dark charge carriers in a single-
carrier structure is inherently very low at small offset voltages. However, if the
cathode contact is blocking, a significant charge reservoir of holes (injected from
the anode) can be created at the cathode for Vog > Vj,;. Juska and co-workers
showed that at large enough offset voltages, the subsequent CELIV extraction
current transient of the injected carrier reservoir becomes space-charge-limited,
allowing for the mobility to be calculated [113, 114]. The blocking contact
is realized by introducing a thin wide-bandgap insulating layer between the
electrode and the semiconductor, thus forming a metal-insulator-semiconductor
(MIS) configuration. This is the basic idea behind the charge extraction of in-
jected carriers by linearly increasing voltage in MIS structures, typically referred
to as MIS-CELIV or i-CELIV [114, 115].
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(a) (b)

12 —

Injecting

:
) i =10 *
clectrode  S€Miconductor  Insulator 100 Jat lo

i

N\

Voff > Vbi

T—

Figure 3.5: Schematic picture of MIS-CELIV, where the cathode contact has been made
blocking by covering the cathode with a thin insulator layer. (a) At a large enough offset
voltage Vg > Vpi, an injected charge-carrier reservoir can be created at the blocking contact
during dc conditions (prior to the CELIV pulse). (b) The subsequent extraction of these
injected carriers ideally result in space-charge limited extraction current transients (dashed
lines).

3.3.1 Space-charge-limited extraction current transients

Consider a hole-only device structure with a hole-injecting anode and a blocking
wide-bandgap insulator at the cathode. The insulator layer, with the dielectric
constant ¢; and thickness d;, is assumed to be perfectly blocking (S, = 0). By
applying a large offset voltage that injects holes from the anode, an accumu-
lation of charge carriers can be created at the insulator-semiconductor inter-
face. At dc conditions, the current is identically zero across the semiconductor
(equilibrium). Upon applying the extraction pulse, the total extraction current

transient is obtained as [Paper III]:
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7 () = o + 45" (1), (33.1)

where j; = —Cj.,A and Aj* (t) are the effective average displacement and
conduction currents, respectively, for the semiconductor-insulator system, and
Creo = [ds/c0es + di/aoai]fl is the total geometric capacitance. A schematic
picture of MIS-CELIV is shown in Figure 3.5.

Provided that a large enough offset voltage is applied for a charge reservoir
to be formed, the corresponding extraction current transient is space-charge-
limited. Under the following simplifying assumptions that i) diffusion is negli-
gible (large extracting electric field), and ii) that the concentration inside the
semiconductor is small (all carriers are concentrated at the insulator interface)

the space-charge-limited extraction current transient for 0 < ¢ < t,. is given by

() =Jo [1 + tan® (wiifﬂ : (3.3.2)

where t}. = dsy/2 (14 f)/uA is the small-charge transit time, ts. =~ 0.92t;, is
the arrival time of the initial front of carriers at the extracting contact, and

f = esd;/eids is the ratio between the individual geometric capacitances of
the semiconductor and the insulator. The mobility can be extracted using the
relation

B m2d?
- 8A*2

" (1+1), (3.3.3)

where ¢; is the time at which j (t1) = 24§, and A* = A/(1+ f). At larger times

t > tsc, the extraction current transient approaches

st [
G () = i + [fear — j&] tanh? | — [ 20 ]| (3.3.4)
2t5. \ Jsat

where jsqor = €;60A/d; is the saturation current due to the displacement current
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Figure 3.6: The MIS-CELIV mobilities, extracted using the original MIS-CELIV formula Eq.
(3.3.3), as obtained from simulated MIS-CELIV extraction current transients at different hole-
injecting contacts. The extracted MIS-CELIV mobilities are normalized to the input mobility.
It can be seen that when the injecting contact is ohmic (pan > 27r2n0), a severe overestimation
of the mobility might occur, depending on the extracting transient voltage A*t1. At moderate
barriers at the injecting contact, a better agreement is found. The corresponding barriers at
the hole-injecting contacts are 0.27 eV (272ng), 0.41 €V (107 1ng), 0.47 eV (10~2ng), and 0.65
eV (10~5ng). In (b), the extracted MIS-CELIV mobility in case of ohmic contacts, using Eq.
(3.3.3) (SCLCQ) is compared to Eq. (3.3.6) (corrected) that accounts for the ohmic diffusion
current at small A*¢;.

of the insulator. A necessary condition for Eq. (3.3.3) to be valid is jsqt > 3.35§
[115]. The analytical derivation of Eq. (3.3.2) and Eq. (3.3.4) are detailed in
the supplementary material of [Paper III].

3.3.2 Effect of diffusion in thin-film devices

In thin-film devices, the above two simplifying assumptions i) and ii) made in the
derivation of the space-charge-limited extraction current transient are generally
only valid in the limit of large extracting electric fields. Moreover, at small
A*t, the shape of the extraction current transient is also strongly dependent on
the properties of the injecting contact, which might result in large errors in the

mobility determination [Paper IIT]. The situation is illustrated in Figure 3.6.
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In case of an ohmic injecting contact, the carrier density inside the active
layer at large offset voltages is identical to the case with two symmetric ohmic
contacts and given by Eq. (2.1.14), with the large charge accumulation at
the insulator interface behaving like a reservoir-type contact under the SCLC
extraction process. As a consequence, a non-negligible amount of carriers is
present inside the semiconductor layer under dc conditions. During the extrac-
tion process, these carriers induce an additional ohmic current regime (see Eq.
(2.3.11)),

4r2e ek TpA*t

AjG*(t) = e ,

(3.3.5)
which dominates over the SCLC transient response at small A*t; [Paper III].
This current contribution give rise to an apparent shift of ¢; to earlier time
scales, with Eq. (3.3.3) overestimating the mobility under these conditions.
However, the deviation caused by the diffusion-induced ohmic current regime
can be taken into account by introducing a correction factor that modifies the

mobility expression as [Paper III]

w2d2  (1+f)

p= :
8 A*¢2 TikT
! |:1 + 2qA*t1:|

(3.3.6)

For large A*tq, the original mobility formula Eq. (3.3.3) is reobtained, as ex-
pected.

3.3.3 Using CELIV to measure surface recombination velocity at

blocking contacts

Charge extraction by linearly increasing voltage can also be used to quantify the
injected charge accumulating within the active layer. For a hole-only structure,

the extracted charge is related to the carrier density distribution within the
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active layer in accordance with [116]

textr textr q d d
Qeoxtr = / Aj(t)dt = / Jdt — E/ [/ p(z,0) dx’} dz, (3.3.7)
0 0 0 T

where the hole-extracting contact is located at © = 0 and tey, is the time at
which the injected holes have been extracted. As demonstrated in Section 2.3.7,
the bias-induced charge reservoir at a blocking contact is directly related to the
associated (effective) surface recombination velocity S, for voltages Vog > Vi;.
Provided that the magnitude of the dc current J(Vog) is small compared to
the magnitude of transient current response Aj (t), we find for A < d that
|Qextr| ~ |AQ|, where AQ is given by Eq. (2.3.17) [Paper I].!3 The surface
recombination velocity can then be calculated from

_ 2eeokT

o Jp X, (3.3.8)

S —
v QQextr

where Jp = J (Vo). Hence, by measuring the extracted charge and dc current
density at different offset voltages Vg > V4;, the associated surface recombina-
tion velocity at the blocking contact can be estimated. Here, n is a correction
factor that takes DOS filling effects for the accumulated carriers into account; in
the non-degenerate limit 7 = 1. At very large carrier concentrations, however, n
deviates from unity. For a Gaussian distribution of states, the correction factor
can be numerically approximated as n ~ 1/erf ([— In (c)]2/3 kT/a) for ¢ <0.1,
where ¢ = p(d) /Ny at the blocking contact (x = d) [Paper IJ.

131f pear at the blocking contact is large, a large charge carrier reservoir may already be
present at Vog = 0. In this case, Eq. (3.3.8) is to be replaced by:

ngtr (Vosr) —p t:| - _ 2eeokT
2eeokT q [ngtr (Vott) = QZir (0)]

where Qextr (0) = \/2e€0kTpeat is the accumulated charge at Vog = 0.

_ J (Voff)
q

Sp

J(Voff)7
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CHAPTER 4

Charge collection and the effect of

contacts in organic thin-film solar cells

An important application of sandwich-type thin-film diodes is within the area
of thin-film solar cells. The general principle of solar cells is based on utilizing
the built-in asymmetry of the semiconductor diode structure to extract charge
carriers generated by sunlight. In conventional (high-mobility) solar cells, based
on p-n junctions made of crystalline silicon, the built-in asymmetry is mainly
provided by charge selectivity. In thin-film organic solar cells, based on low-
mobility semiconductors, however, a different situation applies. The charge
collection in organic solar cells has generally been analyzed in accordance with
the MIM model. However, the charge collection in these devices is also sensi-
tive to doping-induced space-charge regions and surface recombination at the
contacts. In this chapter, the interplay between charge transport, recombina-
tion, and contact properties in sandwich-type solar cells, based on low-mobility
semiconductors with optically thin active layers, is investigated. The theoretical
findings provide tools to identify and distinguish between various loss mecha-

nisms in organic BHJ solar cells.
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4.1 Charge transport and recombination in organic

solar cells

The typical single-absorber layer organic solar cell structure constitute a light-
absorbing active BHJ layer, typically a polymer-fullerene blend, which is sand-
wiched between a hole-collecting anode and an electron-collecting cathode. The
total (steady-state) current density under illumination can generally be ex-

pressed as

d
J = —qu+q/ Brn? [exp (W) - 1] dr+J, (0)+ J, (d), (4.1.1)
0
where ¢V, () = Epy (z) — Epp () is the quasi-Fermi level difference inside the
active layer and G is the average photogeneration rate, ¢Gd = ¢ fod Gp (x)dx.
The active layer is assumed to be optically thin. The open-circuit conditions
are reached at the voltage V' = V. when the total current J = 0, correspond-
ing to conditions when the total photogeneration is exactly balanced by (bulk
and surface) recombination. Ideally, the contacts are selective, meaning that
no carriers are extracted and/or injected at the wrong electrode (electrons at
anode, holes at cathode); in this case, losses due to surface recombination (of

the minority carriers) are absent and J, (0) = J, (d) = 0.

4.1.1 Negligible recombination between photoinduced carriers

Taking the contacts to be ideal in terms of charge-carrier selectivity and energy
levels, all recombination occur within the bulk. Under conditions when pho-
toinduced carriers are extracted fast enough, or have a low enough density, for
the recombination between photogenerated carriers to be negligible compared to
the recombination of the injected background carriers, Jz can be approximated
by its corresponding dark current so that

qV

3 it ) o (22) 1] 41
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where Jg o is the dark saturation current for bulk recombination (see Section
2.4.1). At short-circuit conditions, all photoinduced carriers are collected during
operating solar cell conditions and the net photocurrent, J,n = Jitjum — Jaark, is
saturated: Jpp sqt = —qGd. This situation is encountered in active layers with
(relatively) high mobilities, or at low illumination levels when the recombination
within the bulk is negligible.

In the ideal case, when external recombination channels (such as recombi-
nation via traps) are absent, the only loss mechanism is by direct bimolecular

recombination inside the bulk. In this case, Eq. (4.1.2) simplifies as

v
J = —qGd + qfrnid [exp (iT) — 1] ) (4.1.3)
The open-circuit voltage (J (V,.) = 0), i.e. the voltage at which the photogen-
eration current is exactly balanced by the recombination current, is given by
[51, 117, 118

(4.1.4)

N_.N,
quc,maw = Eg —kT'In (BRCU>3

Gtot

where Gyt = G + Bgn?. This corresponds to the maximum attainable open-
circuit voltage. Under normal illumination conditions, the external photogener-
ation rate (G) is much larger than the thermal generation rate (8grn?), and in the
remainder of this work, we assume Gy, = G. Note that if Sr o exp (AFEcr/kT)
(see Section 1.3.3), we obtain ¢V,. x Ecr, where Ecr is the energy of the CT
state (see e.g. 3.3.2 and 3.3.3 in Ref. [22], and the work by Koen Vandewal and
co-workers [61, 119, 120]).

Eq. (4.1.4) is valid for situations when second-order (bimolecular) recombi-
nation is the dominating recombination mechanism for free carriers inside the
bulk, provided that surface recombination is absent. In the case of additional
bulk recombination channels, such as trap-assisted recombination, a voltage de-
pendence in B is to be expected, as discussed in Section 2.4.1. Accordingly, for

a free-carrier recombination rate of the order §, we expect
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qVoe 0c mkT' In (G/m™3s™1), (4.1.5)

where the slope m, referred to as the light ideality factor, is given by mpr =
2/6 [118] [Paper 10]. When trap-assisted recombination (via midgap states)
dominates, we have mr = 2 [121]. If the dominating bulk recombination
mechanism between free carriers occurs through trap-assisted recombination
via tail-states having an exponential distribution [Paper 5], one instead expects
mp ~ 2/ (14 kT/E.p), where E.;, > kT is the characteristic trap depth [122].
Light-intensity-dependent V,,. measurements, sometimes also referred to as the
Suns-V,. method [101], can thus be used to probe the dominating recombination

mechanism.

4.1.2 Charge transport vs. bulk recombination

In low-mobility semiconductors, the charge collection of photogenerated carriers
is generally also limited by the charge transport [123-127]. The shape of the
photocurrent is subsequently determined by the competition between charge-
carrier extraction and recombination in the active layer, and depends on the

dominating recombination mechanism.
The case with constant lifetimes

The case when photogenerated carriers have a constant bulk recombination
lifetime is discussed briefly here. This type of situation may occur when trap-
assisted recombination via deep trap-states is dominate (cf. section 2.4.1): the
lifetime for holes in the (electron-dominated) cathode side of the active layer is
given by 7,, whereas the lifetime of electrons in the (hole-dominated) anode side
of the active layer is given by 7,. In case of constant recombination lifetimes,

the current is typically analyzed in accordance with the Hecht equation [128].
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This equation assumes that the transport of photogenerated carriers is drift-
dominated and neglects diffusion. The electric field is assumed constant (of
x), with the electron and hole current being zero at the anode and cathode,

respectively (selective contacts). The current is then given by [129]

Jon = —qGd (ﬁ}“‘) [1 — exp <_Li~>} , (4.1.6)

for F' <0, where Lg, = Lgyn + L4y, and

Ldr,n = MUnTn |F| 3 (417)

Ldr,p = ,upr\F\

are the drift lengths for electrons and holes, respectively. As expected, at high
electric field strengths, when Lg4, > d,Jp, — —q¢Gd. Under these circum-
stances, the photoinduced carriers are extracted fast enough to avoid recom-
bination within the active layer. Conversely, for Ly, < d, the recombination
within the active layer is substantial and the magnitude of the photocurrent is
heavily reduced: Jpp = ¢G [pnTn + p1p7p) F'. The pr-product represents the key

material parameter to be maximized to enhance charge collection.

The case with bimolecular bulk recombination

An expression analogous to the Hecht equation can also be obtained for the
case when bimolecular bulk recombination dominates. If the impact of the dark
carriers is negligible and the currents are dominated by drift, the continuity

equations simplify as

dn
Y R , 4.1.
' G + Brnp (4.1.8)
dp
NpF% = G — Brnp, (4.1.9)

assuming the electric field to be uniform. Then, for selective contacts and
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F ~ (V —V,.) /d, the photocurrent takes the form!*

V_Voc 3 *
qpesry) & Vi Ly, < d,

Joh = (4.1.10)
—qGd if L7, > d,

where LY = peg |F'| 75 is an effective drift length, pes = 2 /Bnfip is the effective
mobility, and 75 = 1/4/BrG is the bimolecular recombination lifetime. When
the recombination is substantial (L}, < d), the photocurrent is linear with the
voltage (analogous to Eq. (4.1.6)); however, a square-root dependence of the
generation rate is obtained, Jpp o V/G. Conversely, when the bulk recombina-
tion is negligible, corresponding to the limit of large mobilities, strong electric
fields, and/or low intensities, the magnitude of the current saturates to its max-
imum value |Jp,| = ¢Gd. The characteristic material parameter that needs to

be maximized in this case is pinp,/Br.

In the derivation of Eq. (4.1.10), the impact of the injected carriers was
neglected. In the general case described by Eq. (4.1.1), however, the current is
governed by both photogenerated and injected carriers, recombining with each
other. An analytical current expression that accounts for the injected carriers
can be obtained by making the effective approximation fod exp (qVint /kT)dx =
dexp (q[V — JReg]/kT) in Eq. (4.1.1), where Reg = exp (—q [V — JRea] /2kT)
X [d/qpuessn;] is the associated transport resistance (per unit area) of the active
layer [125, 130]. Based on these considerations, Neher et al. showed that the

MFor a uniform F < 0, taking J, (0) = Jp (d) = 0, the solutions to Eq. (4.1.8) and Eq.

(4.1.9) are given by n (z) = n—+/pup/pn and p (z) = n4+/ pin/1p, where

| G Ad A
ny - =A 3n {tan (%) =+ tan <LZT [d— 2:(;]) }

and 0 < A = cos (Ad/L;r) < 1. The current, Jy, = qn (x) pnF + gqp () ppF, then reads
d
Jph = —qGL}, sin ('A),
Ly
T
where: i) A — 7L} /2d for Lg, < d, and ii) A — 1 for L} > d.
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current can be approximated as [131]

a1y [T )

where qV,. = kT'In (G/Brn?) as per Eq. (4.1.4), and a = (d/L*)? with L* =
V1tetkT75/q. Eq. (4.1.11) reproduces the photocurrent [Eq. (4.1.10)] in the
limit of significant (o > 1) and negligible (o < 1) bulk recombination, and
reduces to Eq. (4.1.3) under conditions when the transport is not limiting the

current-voltage characteristics.

4.1.3 Diffusion-limited photocurrents

The above considerations all assume selective contacts and neglects the impact
of diffusion and surface recombination. However, taking the electric field to be
independent of x, the drift-diffusion equations can be solved analytically for the
case of negligible bulk recombination. This type of situation was considered
by Sokel and Hughes for a device with non-selective and non-injecting contacts

(Neat/an = Peat/an — 0). For this case, the photocurrent becomes [132]

kT 1
qa(Voi = V) exp (q[vziT—V]) 1

Jon = —qGd |1 -2 (4.1.12)

In this limit, the charge collection of photo-carriers is limited by diffusion and
the recombination is exclusively taking place by surface recombination at the
contacts. The effect of diffusion becomes important for voltages close to the
built-in voltage where a considerable surface recombination is present. The
open-circuit condition is obtained at V. = V};, when the extraction of electrons
(holes) at the cathode (anode) is exactly balanced by an equal extraction of
holes (electrons) at the same contact, resulting in a zero net current.

The effect of introducing bulk recombination and injecting contacts mainly

give rise to additional recombination channels, resulting in V,. < V;;. Con-
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comitantly, the implication of Eq. (4.1.12) is that when both contacts are non-
selective, the upper limit of V. is generally given by the built-in voltage [22, 100,
133]. The saturation of V,. to V4; at low temperatures or high light intensities
is a clear indication that both contacts are non-selective. This indeed occurs in
organic Ca/Al/P3HT:PCBM/PEDOT:PSS solar cells, suggesting that Ca/Al
and PEDOT:PSS both form non-selective contacts in these devices [133]. The
impact of surface recombination, and the role of the charge-carrier selectivity

at the contacts is clarified in the next section.

4.2 The role of the contacts

In this section, the correlation between surface recombination, the energy levels
at the contacts, and the role of charge-carrier selectivity at the contacts in

thin-film solar cells based on low-mobility semiconductors is clarified.

4.2.1 Simplified analytical model

Insights into how surface recombination and the charge-carrier selectivity, char-
acterized in terms of the surface recombination velocities, at the contacts impact
the photocurrent can be gained by extending the analysis of negligible bulk re-
combination (R = 0), discussed in Section 4.1.3 above, to the case with finite
surface recombination velocities and injecting contacts. In the following, we
assume the extraction of majority carriers (holes at the anode, electrons at the
cathode) to be ideal (Sp = Sy — 00). Then, for conditions when space-charge
effects and bulk recombination are negligible, an analytical solution for the cur-

rent can then be obtained as

J=—qGd[1 - fs]+ Js, [exp (Zg) — 1} , (4.2.1)

where
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kT 1

q(Ves = V) ; exp (Q[VZ{V]) -1

1 1

fS: Un+ Up
1+STL 1+§p

(4.2.2)

describes the surface-recombination-induced reduction of the photocurrent, Jg o

is the dark saturation current component given by Eq. (2.4.8), and

o Vi =V
vy = ot Vi = V1 (4.2.3)

e ()]

is the diffusion velocity for holes (electrons), as before.!® The current Eq. (4.2.1)

is illustrated in Figure 4.1 for the case when the contacts are non-injecting
(Js,0 — 0), corresponding to the upper limit for the photocurrent (for V < V)
and the open-circuit voltage as set by the contacts. When both contacts are
non-selective, i.e. Sy(p) > Up(p), Eq. (4.2.1) reduces back to Eq. (4.1.12), as
expected. In this case, the built-in driving force for charge extraction is solely
provided by the built-in voltage Vj;, being the upper limit of the open-circuit
voltage.

By reducing the surface recombination velocity at one of the contacts, in
this case at the cathode, to such an extent that S, < v, (for voltages below
Vbi), the open-circuit voltage can be increased beyond the built-in voltage. This

is demonstrated in Figure 4.1(a). In the absence of injection, the effect of

5 For electrons, Jp, (0) — ¢Gz’ = qunFn (x') + unkTdn/dz’, where F = [V — Vi;]/d. Mul-
tiplying with exp (¢F'z’/kT) and integrating from ' = 0 to ' = = we find
Fo o Jp (0 Fo GkT Fo F
n(x):n(O)e_qkT +ﬁ{176_%}7 2|:6_‘1767T+M71i|.
qun I qunF kT
With the conditions n (d) = nan exp (qVh;/kT) and n (0) = J, (0)/q¢Sn + nan, solving for
Jn (0) yields

n d kT kT gFd
Jn (0) = L{nan [eqv/kal} + ¢ {—Jr (17 —)equ"d}}.
14 vn/Sn unF LqFd qFd

An analogous expression can be obtained for Jj, (d). The total current is given by J =
—qGd+ Jy (0) + J4 (d).
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Figure 4.1: Normalized photocurrents of Eq. (4.2.1) for a device with different surface recom-
bination velocities for holes (Sp) and electrons (Sy) at the cathode and anode, respectively,
under conditions when both the bulk recombination and the space-charge effects are negli-
gible (R = pse = 0). The parameters used are pp = fin = 10~* ¢cm?/Vs and d = 100 nm,
corresponding to vp,n = pp,nkT/qd =~ 0.26 cm/s at V = Vj,.

increasing the selectivity at one of the contacts is to increase the open-circuit

voltage by

kT wpkT
Agr~ —In|1+222 ), 424
5 q " ( * qud) ( )

However, as S, is decreased, an additional s-shape feature is developed in the
J-V curve for Vi, < V < V., the photocurrent changing from —qGd/2 to 0.
The reason for the low current levels within this voltage regime can be traced
back to the electric field reversing its sign when V' > V4;. As the (reversed)
electric field increases, more electrons are driven in the wrong direction towards
the non-selective anode, resulting in a considerable surface recombination of

electrons at the anode, and reduced current levels.

This issue can be overcome by increasing the selectivity at both contacts
simultaneously, to such an extent that S, < v, and S;, < v,,. In this case, the

surface recombination at both contacts is significantly reduced and the overall
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curve, along with the open-circuit voltage, can be shifted to larger voltages, as
demonstrated Figure 4.1(b). Although the electric field is reversed for Vj; <
V < Ve, the charge collection remains efficient, this is because the surface
recombination is negligible below the open-circuit conditions (the photoinduced
carriers accumulate in the active layer until they diffuse out at the collecting
contacts). In this case, the photocurrent is purely diffusion-driven and the built-
in asymmetry is provided by the charge selectivity of the contacts [21].

The above analysis does not account for losses due to bulk recombination.
The effect of bulk recombination is to introduce an upper limit to the open-
circuit voltage (as given by Eq. (4.1.4)) and reduce the magnitude of the pho-
tocurrent at voltages around V' = V,. [134]. We note, however, that in case of
ohmic contacts, also an additional photocurrent multiplication effect might be
present in the forward bias at V' > V,. [135]. In the remainder of this section,
the interplay between surface recombination, bulk recombination, and injection

from the contacts is clarified.

4.2.2 Competition between bulk recombination and surface

recombination in case of ohmic contacts

Figure 4.2 shows the effect of bulk recombination and injection on the J-V curves
of solar cells with (a) perfectly selective (S, = S, — 0) and (b) non-selective
(Sp = S, — o0) ohmic contacts. In the ideal case with perfectly selective
contacts, bulk recombination presents the only recombination channel. In this
case, the open-circuit voltage is given by Eq. (4.1.4), as expected. However,
in case of non-selective contacts, losses due to surface recombination become
significant, limiting the open-circuit voltage at low bulk recombination rates.
Figure 4.3 shows the corresponding open-circuit voltages, simulated for a so-
lar cell device with ohmic contacts at different surface recombination velocities.

For ohmic contacts, the open-circuit voltage can generally be expressed as
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Figure 4.2: Simulated J-V curves for a solar cell device with ohmic contacts is shown at
different bulk recombination coefficients Sg. In (a) the case with perfectly selective contacts
(Sp = Sn = 0) is shown, corresponding to the ideal case with optimized electrodes. In (b) the
case with non-selective contact (Sp = Sp — 00). The surface recombination (at non-selective
contacts) becomes significant at small Sg.
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Figure 4.3: The corresponding open-circuit voltages of the solar cell devices with ohmic con-
tacts considered in Figure 4.2 at the different Sr. The open-circuit voltage is shown as a
function of the surface recombination velocity S, = Sn. The analytical approximations Eq.
(4.2.5), with v}y = v}, given by Eq. (4.2.8), are indicated by the black dashed lines.
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e (4.2.5)

Ny N,
Voo = Ey — kTl <[5R + Bs] N )
where 85 = Bs,n+08s,p is an effective recombination coefficient describing surface
recombination of minority carriers at the contacts [Paper IV]. For holes at the

cathode,

* *7—1
UpPcat v
Bsp = ZQd {HS”] , (4.2.6)
% p
where
-1
v = 1oL | [ 92 exp (EremmtasBale) ) g | (4.2.7)

Analogous expressions are valid for electrons at the anode.'6
An analytical approximation of Eq. (4.2.7) can be obtained for ohmic con-
tacts when surface recombination is dominating under open-circuit conditions.

Assuming Boltzmann statistics, it can then be shown that [Paper IV]

kT
ot o LHT (4.2.8)
q)‘cat
The agreement between the simulations and the analytical approximation is
excellent. Note that the light-intensity dependence in Eq. (4.2.5) (the light
ideality factor) when surface recombination (at ohmic contacts) dominates is

the same as when bimolecular bulk recombination dominates, 7.e. m = 1. At

16For surface recombination of electrons at the anode, we instead obtain

V¥ Nan [ v } -1
= 14 2 ,
5S,n n?d Sn

where

-1
* _ ,U,nk‘T d JIn (1) EF,an + wan — Ee (I)
vy, = X exp | — dx .
q o Jn(0) kT
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large S, (= Sy), the surface recombination is diffusion-limited, with V,. being
independent of S,,. In this case, Eq. (4.2.5) predicts a mobility dependence of the
open-circuit voltage when surface recombination is dominating (high mobilities
and low Sg), consistent with previous studies [51, 89, 136]. At small enough S,
in turn, when S), < vy, the surface recombination is instead limited by interface
kinetics at the contacts. Based on Eq. (4.2.5), the requirement for the cathode
contact to be selective is 8s, < Br, corresponding to S, < BrNcqtd.

The surface recombination at V = V. also increases with decreasing active
layer thickness, 85, o 1/d. Noting that the average photogeneration rate is
related to the saturated photocurrent via |Jpp sat| = ¢Gd, the dark saturation
current Jo = |Jpn,sat] €xp (—Voe/kT) will then be independent of d if surface
recombination is dominating, whereas a linear dependence of d is expected when
bulk recombination dominates. This was recently demonstrated by Zonno et
al. [137]; based on this method, organic solar cell structures where surface
recombination is dominating could be experimentally identified. It should be
stressed, however, that a different situation applies in the case when one or both

of the contacts are non-ohmic.

4.2.3 Interplay between bulk recombination and surface

recombination at non-ohmic contacts

The case when one of the contacts is non-ohmic is considered next. A non-
ohmic contact might be the result of non-optimized or degraded energy levels at
the electrode. In particular the energetics at low-WF metal cathodes (which are
sensitive to oxygen) and metal-oxide-based electrodes is known to change during
operating and/or processing conditions [138-142]. Figure 4.4 shows the effect
of a non-ohmic contact at the cathode. Here, the anode is assumed perfectly
selective (S, = 0) and ohmic for holes. Depending on whether the surface
recombination of holes at the cathode is limited by diffusion (large S,) or by
interface kinetics at the cathode contact (small S,), different scenarios might

occur.
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Figure 4.4: The effect of a non-ohmic contact at the cathode. In (a) and (b), the simulated J-V
curves for the case when the cathode contact is non-selective (S, — 00) and perfectly selective
(Sp — 0) at different electron-injection barriers ¢y, at the cathode, assuming ¢ = 3x10~2. The
short-dashed line depicts the case when the cathode contact is ohmic. In (c), the corresponding
open-circuit voltage as a function of Sy, at different Sr = (B, is shown for ¢p cat = 0.4 €V.
The insets in (c) shows typical energy level diagrams at open-circuit conditions for large Sp
(upper diagram, to the right) and small S, (lower diagram, to the left). In the simulations,
the anode is assumed perfectly selective (S, = 0) and ohmic for holes; the other parameters

are the same as in Figure 4.2 and Figure 4.3.
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Diffusion-limited surface recombination

If the cathode is non-selective (S, > v,), two competing loss mechanisms will
be present: diffusion-limited surface recombination (of holes at the cathode)
and bulk recombination. When the density of photoinduced carriers is small
(low intensities), npp <K Negr = Ne€xp (—@n,cat/kT), the open-circuit voltage
is controlled by the dark current. In this case, if Jgo <« Jg,, the bulk re-
combination is dominating and the open-circuit voltage is directly given by Eq.
(4.1.4). Conversely, if Jgo > Jg,, the bulk recombination is negligible and
surface recombination dominates at open-circuit conditions; as per Eq. (4.2.1),

the open-circuit voltage for V,. < Vj; then reads

vEN,
qVoe = Eg — Pn,cat — kT In ( Iéd ), (429)

where vy = v,/ [l — fs], with v, given by Eq. (4.2.3) and fs given by Eq.
(4.2.2) (with S, = 0 and S, = 00). In this situation, the open-circuit voltage is
limited by diffusion-induced surface recombination of holes at the cathode. For
Vi — Voo > kT /q, v, can be approximated as

P Np [Vbz - Voc + kT/q]

vl & y . (4.2.10)

As Voo — Vi, however, the surface recombination current J, (d) (balanced by
—J, (d)) is maximized; a further increase in V. is compensated by an equal
reduction in b/q (effective increase in Vj;), leaving the flat-band condition un-
changed, and v, — 2u,kT /qd [Paper IV]. The open-circuit voltage as a func-
tion of the light intensity is shown in Figure 4.5(a).

At intermediate carrier concentrations, when i) the electron density npuik
well inside the active layer is high enough for bulk recombination to become
limiting (npyk ~ M), and ii) Npuk > Neat, a transition from the low-
concentration limit to an intermediate regime takes place. In this case, the

surface recombination-controlled zone is restricted to a region of thickness L* =
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V etk T3/ q adjacent to the cathode (at open-circuit conditions) [Paper IV].
The surface recombination at the cathode is accompanied by an internal voltage
loss AEp, = kT In (puik/Neat) over this region [Paper V]. The corresponding

open-circuit voltage can then be found as

_ kT ﬂpﬂRNv
qVoe = Eg Pn,cat o In </,LnG' . (4211)

An interesting feature of Eq. (4.2.11) is the factor of 1/2 appearing in front of
the logarithm, implying that the light ideality factor is halved (m = mpg/2), with
respect to the one expected for Eq. (4.1.4), when this regime is entered. This
feature was recently verified by light-intensity-dependent V. measurements by
Solak et al. [143, 144], and is consistent with experimental V,.-T characteristics
presented by Rauh et al. [133]. The above analytical findings (Eq. (4.2.9) and
Eq. (4.2.11)) are also consistent with recent work by Spies et al. [145]. Note that
the open-circuit voltage is directly proportional to the injection barrier (or the
WF of the non-ohmic contact), this is a characteristic feature of when a contact

(in this case the cathode) is limiting the open-circuit voltage [118,146, 147].

We note that, if also the anode is allowed to be non-selective (S, > v,),
at high enough carrier concentrations, the photoinduced carrier densities within
the active layer eventually exceed the majority carrier densities at both contacts
(Nbulk > Meat,Pan). In this case, the situation discussed in Section 4.1.3 is
approached and the open-circuit voltage saturates as Voo — Viio = [Eg—@n,cat —
©p,an]/q- This kind of situation might arise either at high light intensities, low
temperatures, or high injection barriers at the contacts, however, only if both of
the contacts are non-selective [22]. If the bulk recombination dominates within

the active layer, the open-circuit voltage can in this case be summarized by

n N2 N‘Z
(4.2.12)

for non-selective contacts, as pointed out in [Paper V].
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Figure 4.5: (a) Open-circuit voltage as a function of the photogeneration rate (light intensity),
for a solar cell device with a non-selective contact at the cathode. The cases for strong and
weak bulk recombination are shown. The black lines correspond to Eq. (4.1.4) (short-dashed),
Eq. (4.2.9) (dashed), and Eq. (4.2.11) (solid). The corresponding light ideality factors are
indicated by the numbers. (b) The increase of the open-circuit voltage obtained by decreasing
the surface recombination velocity for holes at the cathode is demonstrated. At non-selective
contacts, the surface recombination is limited by diffusion. As the charge-carrier selectivity
is increased, the surface recombination becomes limited by interface kinetics at the cathode
contact. The solid black lines correspond to Eq. (4.2.13). The anode is assumed perfectly
selective and ohmic for holes (Sp = 0).

Interface-kinetic-limited surface recombination

We return to the case with S,, = 0 and variable S, presented in Figure 4.4(c).
At small Sp, an increase of the open-circuit voltage is obtained. This occurs
when S}, < v and the surface recombination of holes becomes limited by kinetics
at the cathode contact. As the open-circuit voltage is increased beyond Vjy;,
however, an s kink is developed in the J-V curve [Paper VI]. Analogous to
the situation in Figure 4.1(a), this occurs when the average electric field with
the active layer is reversed. This is demonstrated in Figure 4.4(b) for the limit
Sp = S, = 0, when surface recombination is absent and the open-circuit voltage
is fixed at Voo = Voc,maw, as given by Eq. (4.1.4). It can be seen that as Vj;

(= [Eg — b— ¢n,cat)/q) is decreased below V,, with increasing injection barrier,
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the inflection point of the s kink is shifted in the negative voltage direction (the
interval Vi; < V < Voo mas grows larger). Noting that a large accumulation
of injected holes is present at the hole-blocking cathode contact for V' > Vj;
(Section 2.3.7), the low current levels at V3,; < V <V, are in this case mainly
caused by the recombination of photogenerated carriers (diffusing against the
electric field) with injected holes.

The behavior in the Sp,-dependent V. region, seen at moderate S, in Figure
4.4(c), can be explained in the following way. When bulk recombination is sig-
nificant at open-circuit conditions, on average, only electrons within a distance
L¥* from the cathode can be extracted at the cathode: J, (d) = —¢GL%*. Here,
L = \/unkT7*/q is a reduced effective diffusion length for electrons, with
72" being the associated recombination lifetime. Since electrons are predom-
inantly recombining with injected holes accumulating at the cathode contact,
we expect 7% ~ 1/Bgrp (d), where p (d) = peat €xp (qVoe/kT) in accordance with
Eq. (2.3.16). At V = V,, this electron current is exactly balanced by an
interface-kinetic-limited surface recombination current of holes at the cathode,
Jp (d) = ¢Spp (d). The corresponding open-circuit voltage can then be obtained

as

9 N3/?
WVoe = Eg — On.cat — ng In (KS”G ) (4.2.13)

where K ~ (u, kT /qf R)fl/ % is determined by material parameters of the active
layer; a more rigorous treatment yields [Paper IV]

-1

K~ DR 820 [y 8CBr 1 (4.2.14)
pn VKT qhn

related to L:* via L:* = K~1/y/p(d). A distinguishing feature of Eq. (4.2.13)
is the additional factor of 2/3 in front of the logarithm. Consequently, under
conditions when bulk recombination dominates within the active layer, but the

open-circuit voltage is controlled by interface-kinetic-limited surface recombina-
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tion at the non-ohmic contact, a light ideality factor of m = 2/3 is expected,;
see Figure 4.5(b). This is experimentally verified in Section 4.4.3.

In general, Eq. (4.2.13) is no longer valid when either i) the recombination
within the bulk is small, corresponding to low light intensities and/or high mo-
bilities, or ii) S, — 0, corresponding to the case when the surface recombination
becomes negligible compared to the recombination in the bulk. After taking the

cases i) and ii) into account, Eq. (4.2.13) can be generalized as [Paper IV]

Necatdeft

G )

5R+ Sp :|NCN’U
qVoe = Eg — kT In

(4.2.15)

for S, < vy, where deg = L}* for Ly* < d and deg = d for L} > d. Con-
sequently, at negligible bulk recombination (deg = d), the open-circuit voltage
simplifies as ¢Voe = Ey — @cat — kT In (SpN,/Gd). Under these conditions, a
situation similar to the case depicted in Figure 4.1(b) is encountered.

On the other hand, when the hole surface recombination velocity at the cath-
ode becomes small enough for S}, < Brncqrdesr, the open circuit voltage saturates
to the upper limit set by bulk recombination: V,. — Ve mar. Hence, to avoid
losses due to surface recombination, S, needs to be smaller than Brncaides.
Unsurprisingly, for a smaller electron-injection barrier (i.e. larger ngq:/smaller
Peat) and/or a larger bulk recombination coefficient, a less selective contact is
required in order to avoid surface recombination. Note that for ohmic contacts
(de — d), Eq. (4.2.15) becomes identical to Eq. (4.2.5) (with S, < vy and

S, = 0).

4.2.4 Poor extraction of majority carriers at the contacts

Thus far we assumed the extraction of majority carriers at the contacts, i.e.
holes at the anode and electrons at the cathode, to be excellent (Sp = Sy — 00).
In the following, we consider the case when this assumption is violated. A re-
duced extraction rate of electrons at the cathode contact may be caused by poor

interface quality, the formation of an unintentional oxide layer at the contact
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Figure 4.6: The case with non-ideal extraction of majority carriers at the cathode. In (a)
simulated current-voltage curves for a device under illumination with different reduced surface
recombination velocities Sy for electrons at the cathode are shown. In (b), the corresponding
currents are plotted vs. (V —Vi; of), Where Vi; o = Vi; —Ag and Ag is given by Eq. (4.2.16).
The dashed thin line corresponds to the case Sy — oo, but where the injection barrier at
the cathode has been increased by the corresponding Ag for Sy = 102 cm/s. The bulk
recombination within the active layer is strong; the parameters are given in [Paper V].

[29, 148, 149], or if an energy barrier (energy level offset) for extraction is present
at the active layer-electrode interlayer interface [150, 151]. This may qualita-
tively be described by an effectively reduced surface recombination velocity for
electrons at the cathode Sy (see Section 2.2.2).

The effect of a reduced surface recombination velocity Sy for electrons at the
cathode is shown in Figure 4.6. Under conditions when Sy is significantly re-
duced, a considerable electron accumulation of majority carriers will be present
at the cathode contact [29]. The corresponding J-V curve is plagued by an
s kink in the fourth quadrant, as illustrated in Figure 4.6(a). The behavior
in Figure 4.6(a) is inverted relative to the one in Figure 4.1(a), with the J-
V curve below V. in this case being shifted in the negative voltage direction
with decreasing Sy. Analogous to Eq. (4.2.4), this shift can be described by
Ag = kTn (1 +,unkT/qSNEn), where d has been replaced by an effective

diffusion length L, to account for recombination of electrons inside the active
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layer [Paper V]. If the recombination inside the active layer is significant, the
cathode side of the active layer (x > d/2) is dominated by electrons and we may

approximate L, ~ d/2. Hence,

2unkT
Ag=kTIn (1 . 4.2.16
s =7 (14 20 (4.2.16)
As demonstrated in Figure 4.6(b), Eq. (4.2.16) may be interpreted as an effective
increase of the electron-injection barrier at the cathode. Below the open-circuit
voltage, the solar cell thus behaves as a device having an effectively reduced

built-in voltage Vi; e = Vii — Ag/q.

4.3 The impact of space charge on the photocurrent

The charge collection in low-mobility semiconductor devices is also strongly
sensitive to the presence of space-charge regions [127,152-157]. The effect
of a space-charge region is to redistribute the electric field within the active
layer, typically resulting in inefficient charge collection and large recombination.
Space-charge-limited photocurrents caused by doping and imbalanced mobili-
ties, either within the active layer or in the vicinity of the contact, are discussed

in this section.

4.3.1 The influence of a doping-induced space-charge region

A source for degraded device performance in low-mobility solar cells is uninten-
tional doping of the active layer [97]. The doping can be caused by impurities
[Paper 6], or oxidation of the active layer in presence of oxygen and/or water
(see [Paper II] and references therein). If the active layer is p-doped, with a
high enough concentration of negatively charged dopants within the active layer,
a depleted space-charge region (SCR) of thickness wy < d is formed within the
layer, adjacent to the cathode (see Section 2.3.6). Within the SCR, the charge

collection is driven by the electric field, while in the rest of the active layer (the
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field-free quasi-neutral region), the charge collection is driven by diffusion [158].

Since the electric field is mainly concentrated to the thin space-charge region,
the recombination of photogenerated carriers within thin region is expected to
be negligible, and the photocurrent density can be expressed as J,n, = —qG rwo+
JNR, where Jy g is the photocurrent contribution from the quasi-neutral region.
The hole density within the hole-dominated quasi-neutral region is assumed to
be unchanged under illumination and given by p = Np. The current Jypg is
then exclusively consisting of electrons with a characteristic diffusion length

and lifetime given by

nTn kT 1
Lp= /22 = ——, 4.3.1
q BRNp ( )

respectively, within the quasi-neutral region. Assuming that the depletion region
is acting as a sink for photoinduced electrons (n (z;) =~ 0), the diffusion-driven
electron current J, (z) = ¢D,dn/dz originating from the quasi-neutral region
can be obtained,'” where z; = d — wy is the thickness of the quasi-neutral
region. Neglecting surface recombination at the anode (J,, (0) = 0), the current

contribution from the quasi-neutral region is found as

d—wq n d—wo
= — - — = —qGL h . 4.3.2
JNR q/o {G T} dx qGL,, tan ( 7 ) (4.3.2)

n

We note that, under conditions when the diffusion length is much shorter than
the thickness of the quasi-neutral region, the diffusion current simplifies as
JNR ~ —qGLn

17The continuity equation for electrons within the quasi-neutral region, where F' = 0 and
R = BNpn=n/ry, is

G _ _lddn _ pnkT d?n
™ qdz q dx2?’

After solving this differential equation with respect to n(z) for 0 < x < x;, subject to the
boundary conditions Jp (0) = 0 and n (z;) = 0, Eq. (4.3.2) is readily obtained.
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Figure 4.7: Simulated J-V curve (solid lines) under illumination for a p-doped active layer with
Np =5 X% 1017 cm~3. The analytical approximation, Eq. (4.3.3), is indicated by the dashed
lines. The inset shows the corresponding energy level diagram at short-circuit conditions.
The parameters used in the simulations are: pn, = pp = 1074 ecm—2V—1s—1 Br =10"23;,
G =624%x10" "m 2571, ¢ =3, and d = 100 nm.

The total photocurrent can then be written as

d—
‘]ph = —qG |:1U0 =+ Ln tanh < I w0>:| y (433)
where
2ee [V = V]
Wy =4 —m—. 4.3.4
! o (4.3.4)

A typical J-V curve of an organic solar cell with a p-doped active layer is
simulated in Figure 4.7, showing good agreement between the analytical ap-

proximation Eq. (4.3.3) and the simulated current. The photocurrent equation
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Eq. (4.3.3) states that a voltage dependence of the form ~ /Vj,; — V is expected
for the photocurrent in case of a doped active layer. Noting that IV, and Vj,
can be obtained by CELIV, as shown in Section 3.2.3, it is in principle possible
to extract the ratio w,/Br (via the diffusion length) from a J,,-wo plot of a
p-doped solar cell. Using this method on J-V curves of p-doped active layer of
P3HT:PCBM (the light-soaked device in Figure 4.10) then yields 81./5r ~ 130
if one assumes Br ~ qp, /e€o.

In the limit of negligible bulk recombination, L, > d, Eq. (4.3.3) reduces
to Jpn, = —qGd, as expected. It should be noted that at large Sr (~ (L), the
recombination within the depletion region is no longer negligible and Eq. (4.3.3)

overestimates the magnitude of the photocurrent under these circumstances.

4.3.2 Space-charge-limited photocurrents due to imbalanced

mobilities

A space-charge region can also be formed in an undoped active layer, consti-
tuting only photoinduced carriers, if the transport is highly unbalanced due to
imbalanced mobilities. Under these conditions, the photocurrent is limited by
the space charge of the slower carriers [159, 160]. As pointed out by Goodman
and Rose, the photocurrent within this region is space-charge-limited, taking
the form: Jp; ~ —qG3/4 (Ypsee0/8q) ™ (Vo — V)2 [161], where y is the mo-
bility of the slower carrier and Vj is the potential drop across the space-charge
region at V' = 0. This expression, however, does not account for the spatial
dependence of the electron and hole currents within the space-charge region.
To account for this effect, consider a device where the mobility of holes is
much lower than the mobility of electrons (s = pp < ). Upon illuminating
the active layer, the charge build-up of holes will redistribute the electric field,
creating a region of a charge-neutral electron-hole plasma inside active layer.
The electric field is zero in the neutral region, resulting in a large recombination
and G ~ R within this region. The electric field is instead concentrated to

a thin hole-dominated space-charge region of thickness w; close to the anode.
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Figure 4.8: (a) Simulated J-V curves (solid lines) for active layers with imbalanced mobilities.
The corresponding analytical approximations, Eq. (4.3.5), are indicated by the dashed lines.
In (b), the individual electron and hole currents are simulated for y,, = 10~3p,, at short-circuit
conditions; the inset shows the corresponding energy level diagram. The parameters used in
the simulations are: p, = 10~%* cm 2V~1s~1, 3 =10"287, G =6.24 x 102" m 25!, ¢ = 3,
and d = 100 nm. For the analytical curves, Eq. (4.3.5), we approximate: Vo = Voe.

The recombination within the space-charge region is assumed to be negligible
(R = 0), and the transport dominated by drift. The hole current is subsequently
given by J, (z) = quspF = qG [ — ws] for 0 < z < w,, and zero otherwise (for
electrons: J, (z) & —qGzx for 0 < z < ws, and J, (x) = —qGw; otherwise; see
Figure 4.8(b)). Within the space-charge region, the Poisson equation can then
be expressed as dF' /dx = qp/ecg = G [x — ws|/pseeoF. Taking the electric field

to be zero within the neutral zone, F' (w,) = 0, it then follows that

m 1/4
Jph = _qG3/4 ( ngg()) (Vb - V)1/2 ) (4'3'5)

for ws < d, where

(4.3.6)
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In Figure 4.8, Eq. (4.3.5) is compared with simulated J-V curves for a device
under illumination. Indeed, an excellent agreement between the simulations and
Eq. (4.3.5) is obtained at highly imbalanced mobilities. Note that the analytical
result, Eq. (4.3.5), differs by a factor of {/32/9 ~ 1.37 from the corresponding

phenomenological Goodman and Rose result.

4.3.3 The effect of a space-charge region in the vicinity of the

electrode

Unintentional doping of the active layer can also be caused by diffusion of
dopants originating from the contacts into the active layer or by diffusion of
impurities that reacts with the electrodes [162] [Paper 3, Paper 6]. In such
cases, the doping concentration is not necessarily uniform throughout the ac-
tive layer, and might be higher close to the contacts. Taking the doping to be
p-type, a larger p-doping close to the anode tends to increase the hole conduc-
tivity close to this contact, in effect acting as an extension of the contact. An
interesting situation occurs, however, when the profile of p-dopants is increasing
towards the cathode. In this case, a thin p-doped layer may be formed at the
cathode, corresponding to doping the region near the cathode with minority
carriers.

Consider a profile of negatively charged p-dopants of the form

0 ifz<d—d,.cat,
N, (z) = _ poat (4.3.7)
N, ifxz>d—dpcat

where d), 4+ is the extension of the minority carrier dopants into the active layer
from the cathode. If the doping concentration IV, is high, the thickness of the
depleted space-charge region is given by [Paper V]

26€[Vbi7V] lf V > V
wy = aNy =b (4.3.8)
d if V<V,
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in accordance with the Poisson equation, where Vi = Vi — A cq¢ is the cross-
over voltage and
qud2

cat (4.3.9)

A cat —
poe 2eeq

For voltages V' > Vi, when w; < dp cqt, the entire potential difference drops
over the depleted space-charge region of negatively charged dopants. In this
case, the potential difference across the undoped region is close to zero, and the
local potential distribution within this region is similar to that of a symmetric
device with two hole-injecting contacts (c¢f. Figure 2.3(b)).

Under illumination, the recombination within the undoped region is sub-
stantial and the contribution to the photocurrent from this region is small.
Conversely, due to the strong electric field inside the depleted space-charge re-
gion, all carriers generated within the space-charge region are extracted. If the
recombination in the undoped region is strong, the photocurrent within this

voltage regime is then
Ipn, = —qGuws. (4.3.10)

This is identical to the case of bulk doping (dp.cqt = d) of same doping con-
centration (when L, < wp). The situation is demonstrated in Figure 4.9. As
the applied voltage is reduced below Vi, (V < V1), on the other hand, the de-
pleted space region reaches its maximum value wy = dp cq¢- From this point
on, the remaining voltage will mostly drop across the undoped region, then
having an electric field given by F ~ (V — Vi + Ay cat)/d. When this occurs
the photocurrent will cross-over from the bulk doping-like current regime to an
undoped current regime, with the undoped region acting as an active layer with

an effectively reduced built-in voltage [Paper V]
%i,eﬂ = Vi — Ap,cat- (4311)

The cross-over between these two current regimes is manifested by an s kink.
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Figure 4.9: Simulated J-V curves for a solar cell with a p-doped region, of thickness dp, cat, in
the vicinity of the electron-collecting cathode contact. The thickness of active layer is d = 100
nm. In (a) dp,cat = 20 nm and in (b) dp,cat is varied between dp cat = 0 (undoped active
layer) and dp,cat = d (bulk doping). The dopant concentration is N, = 108cm™3. The
parameters used in the simulations are given in [Paper V].

The s kink is in this case caused by a thin space-charge region screening
the electric field within the active layer at low voltages, but which is eventually
overcome at larger electric field strengths. This type of behavior can also be
induced by trapped majority carriers in the vicinity of the electrode interface
[Paper V], e.g. due to impurities accumulated at the contact [162], surface
dipoles [163], or by a significantly reduced mobility for majority carriers in a

region close to the electrodes [164].

4.4 Experimental demonstration on inverted organic

solar cell devices

In this section, some of the analytical tools and methods developed above, which
can be used to clarify charge collection in thin-film devices based on low-mobility

semiconductors, are experimentally demonstrated on organic solar cells.
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4.4.1 The model system TiO,/P3HT:PCBM and the
light-soaking effect

The model system used for the experiments consists of an active organic layer
of P3BHT:PCBM, employing TiO- as electron-selective cathode interlayer. This
structure has been used as a central ingredient in organic solar cells with inverted
device architectures. Figure 4.10 shows the current-voltage characteristics of an
inverted solar cell device with a bottom cathode of ITO, covered with TiO,
the organic active layer, and a hole-collecting anode of MoO3/Ag on top. The
experimental details of the system is given in [Paper VI]. The J-V curves
of inverted organic solar cells with a metal-oxide-based electron-selective cath-
ode layer, such as TiOy and ZnO, have been reported to require light soaking,
typically UV light, before the full efficiency is reached (see [Paper VI] and
references therein). Prior to the light soaking (pristine device), s-shaped J-V
characteristics are typically encountered in these devices. By soaking the device
in UV light for a certain period of time, the s kink is gradually removed, and
the normal "J-shaped" curve obtained. However, in many cases the s kink is
restored after storage in oxygen atmosphere.

The poor device performance prior to the light soaking has generally been
associated with a reduced collection of electrons. Many groups have attributed
the reduced electron collection to poor electron transport (and trapping) within
the metal oxide layer, which is significantly improved during light soaking [165—
167]. Conversely, a decrease of the WF at the metal-oxide contact is typically
observed in conjunction with the UV exposure [168, 169]. In the following, we
utilize CELIV and light-intensity-dependent V,. measurements to clarify the
charge collection in the model system presented in Figure 4.10.

4.4.2 Investigating the reason for the s kink in the J-V curve
using CELIV

To obtain a deeper understanding of the reason behind these phenomena, we

combine the J-V measurements with CELIV. The blend in this system is prone
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Figure 4.10: Experimental J-V curves of an inverted P3HT:PCBM solar cell device, with
TiO2 as electron-selective cathode interlayer. In the pristine device (prior to UV exposure)
a prominent s kink is present in the J-V curves. After soaking the device in UV light, the s
kink gradually disappears. The experimental details are given in [Paper VI].

to p-doping at thick active layers. Under these conditions, doping-CELIV can
be used to monitor changes in the work function of the ITO/TiOs cathode (rel-
ative to the WF set by the doping level in the bulk) during the light soaking
[Paper VI]. In Figure 4.11, the doping-CELIV current transients of the device
in Figure 4.10 is shown at different UV-exposure times. Based on the measure-
ments, it turns out that the extracted built-in voltage is initially very low, but
then increases during the light soaking until it saturates to a value typical for
well-working PSHT:PCBM devices. The corresponding change in the WF of
the cathode is more than 0.7 eV. Clearly, the electron-injection barrier at the
cathode is initially very high.

From the CELIV current transients (MIS-CELIV) at forward-biased offset

voltages, a large injected charge reservoir can be observed in the pristine device
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[Paper VI]. The charge reservoir is then gradually diminished during the light
soaking. Based on these findings, the s kink is a direct result of the high injection
barrier at the electron-selective TiO5 contact, which lead to a low onset for hole
injection from the anode in the pristine device. Combined with the hole-blocking
properties of the TiOs, this creates a large reservoir of injected holes at the
electron-extracting cathode contact at voltages V3, < V' < V.. The subsequent
recombination gives rise to the s shape, in line with the discussion regarding
Figure 4.4(b) in Section 4.2.3. As the injection barrier at the hole-blocking TiO4
cathode is decreased during the UV soaking, the built-in voltage is increased,
the onset for injection is shifted to larger voltages and the s shape gradually
disappears (as Vi; > V,.). As the electron-injection barrier is lowered, also the
number of electrons present at the contact is increased, further impairing the

formation of a hole reservoir after the light soaking.

1.0 T M T M T M T
|| e Pristine
Soaked 15 min

0.8 Soaked 45 min
~ Soaked 18h
—
.o 06
~~
~ 04t

0.2+

0.0

-0.6 -0.4-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2
(V. -At) (V)
Figure 4.11: Doping-CELIV current transients presented as (j/j0) 2 vs. (Vog — At) (Mott-

Schottky plot) for the device in Figure 4.10 at different UV exposure times. The doping
concentration was found to change negligibly during the soaking.
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4.4.3 Light-intensity-dependent open-circuit voltage

measurements

To gain more insight into the dominating recombination mechanism, light-
intensity-dependent open-circuit voltage measurements are very useful. If bulk
recombination dominates at open-circuit conditions: m = mgr = 2/4, in accor-
dance with Eq. (4.1.5) and Section 4.1.1. However, the light ideality factor m
is also strongly dependent on surface recombination and the associated contact
properties. If surface recombination dominates in a device with ohmic contacts,
we expect m = 1 (see Section 4.2.2). Conversely, in the case when one of the
contacts is non-ohmic, different situations may arise depending on whether the
surface recombination at the non-ohmic contact is diffusion-limited or interface-
kinetic-limited [Paper IV], as summarized in Figure 4.5 (Section 4.2.3). Tt
should be noted that if both contacts are non-selective, we ultimately obtain
m — 0 at high enough intensities (as Vo. — V3;) [100, 133], in accordance with
Eq. (4.2.12).

@
—~07 . .
= 06
ION m=12 ]
@ 05/ ]
=
S 0.4 0.4
>0 m=2/3 1 =% m=2/3 :
S 03] 1 Sos3l ]
e e 5
O 0.2} J O 02f S,=10 cmis ]
Q < With's kink . < o =075ev
S o1t e Without s kink - S o1l neat ]
o o * ¢ ..=010eV
O 00 - . O 0.0 . . )
0.1 1 10 100 0.1 1 10 100 1000
Light Intensity (mW) Light Intensity (mW)

Figure 4.12: (a) Experimental light-intensity-dependent open-circuit voltage measurements
(symbols) of the device in Figure 4.10, before (with s shape) and after UV exposure (without
s shape). The corresponding light ideality factors m = 1.2 and m = 2/3 are indicated by the
solid lines as a guide to the eye. (b) The corresponding qualitative simulations of the system
using the drift-diffusion model. The parameters used in the simulation are given in [Paper
VI]. A green laser (514 nm) was used to avoid UV soaking during the measurements.
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In Figure 4.12, light-intensity-dependent V,. measurements of the inverted
solar cell device (from Figure 4.10) is shown. It turns out that for the pristine
device, a distinct ideality factor of 2/3 is obtained, consistent with Eq. (4.2.13).
This suggests that the open-circuit voltage is in this case controlled by interface-
kinetic-limited surface recombination at a non-ohmic contact. This supports the
claim that the s kink is caused by a combined effect of un-optimized energy lev-
els (large ¢n,cqt) at and inherent hole-blocking properties (reduced S,) of the
electron-selective TiOy contact, rather than by poor electron transport proper-
ties of the TiO4 layer itself. After the light soaking, the open-circuit voltage has
increased, and the light ideality factor takes a value of 1.2, consistent with typi-
cally observed values in P3HT:PCBM solar cells [170]. The qualitative behavior
of the experimental light-intensity-dependent V,,. measurements for the pristine
and the light-soaked device are nicely reproduced by drift-diffusion simulations,
suggesting a surface recombination velocity S, for holes at the TiOq/organic
contact on the order of S, ~107® cm/s. Note that since the open-circuit voltage
in the pristine devices is controlled by interface-kinetic-limited surface recombi-
nation (S, # 0), holes are still able to be extracted at the TiOy/organic contact,
suggesting that some recombination between holes at the interface and electrons

(possibly via gap states or recombination centers) in the ITO/TiO2 do occur.

4.4.4 The surface recombination velocity of holes at TiOo/P3HT

Using the method described in Section 3.3.3, the surface recombination veloc-
ity at the TiOs/organic interface can be characterized with CELIV. For the
measurements, we use a hole-only ITO/TiOy/P3HT:PCBM/Cu device struc-
ture with a hole-injecting Cu anode. From CELIV, the size of the injected
charge reservoir, Qextr = fg Puise Aj (t) dt, is extracted as a function of the offset
voltage Vog > Vj; [Paper I]. The corresponding steady-state current density
J (Vo) is obtained from the dark J-V curves. Figure 4.13 shows the extracted
hole surface recombination velocities at different dc voltages, using Eq. (3.3.8)

(assuming 7 = 1). The analysis reveals a value of S, ~ 5.8 x 107¢ cm/s for the
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surface recombination velocity of holes at TiOs/organic interface, in excellent
agreement with the qualitative simulations used to reproduce the behavior of
the light-intensity-dependent V,. measurements in Figure 4.12. This is to be
compared to v, = u,kT'/qd (at flat-band conditions), estimated to be 0.06 cm/s
in the organic semiconductor layer.

For comparison, the same method is also used to estimate the hole sur-
face recombination velocities at P3HT interfaces with two different (thin) wide-
bandgap insulators: ZrOs/P3HT and SiO5/P3HT, as included in Figure 4.13.
The corresponding values for .S), are close to S, = 2.1 x 1077 cm/s and S, =
4.5 x 1072 c¢m/s, respectively. As expected, the obtained values at these wide-
bandgap charge-blocking layers are lower than at the TiOy contact. It is in-
teresting to note that the obtained values for S, in Figure 4.13 are orders of
magnitude smaller than values typically encountered in inorganic systems [171].
The low S, obtained in this case are likely related to hopping transport dom-
inating the current conduction in these systems (see Section 2.2.2), however,

further studies are needed in order to clarify this phenomenon.
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Figure 4.13: Experimental surface recombination velocity for holes at hole-blocking
layer /organic interface as measured by CELIV. The red squares show the obtained val-
ues for ITO/TiO2(7 nm)/P3HT:PCBM, being close S, = 5.8 x 1076 cm/s (indicated by
the red solid line). For comparison, also the hole surface recombination velocities ob-
tained at the insulator/organic interfaces in ITO/ZrO2(~ 30 nm)/P3HT/Ag and ITO/SiO2(5
nm)/P3HT/MoO3/Ag are shown. The corresponding hole surface recombination veloci-
ties at ZrOz/P3HT and SiO2/P3HT are close to S, = 2.1 x 10~7 cm/s (black line) and
Sp = 4.5 x 1072 cm/s (blue line), respectively. Note that the SiO2/P3HT data has been cor-
rected for shunts; the details are given in [Paper I]. The ZrO2/P3HT device was measured
by Dahlstréom et al. [172]; the blocking layers were fabricated by dip-coating.
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CHAPTER 5

Summary

In this work, the charge collection in thin-film devices, based on low-mobility
semiconductors, has been investigated by means of analytical derivations and
numerical device simulations, with emphasis on organic diodes and solar cells.
The charge collection in these devices is strongly influenced by charge trans-
port, recombination and properties of the contacts. The theoretical aspects of
the charge-carrier collection in unipolar and bipolar diode devices have been

discussed from the viewpoint of sandwich-type thin-film device structures.

Furthermore, the competition between charge transport and recombination,
and the role of the charge-carrier selectivity at the contacts in organic solar
cells is investigated. It is found that the open-circuit voltage, corresponding to
the point at which the charge collection is exactly balanced by recombination,
is strongly dependent on the prevailing contact conditions. Depending on the
interplay between the mobilities, the surface recombination velocities (used to
describe the charge-carrier selectivity of the contacts), the injection barriers,
and the prevailing bulk recombination, different light-intensity and thickness
dependences of the open-circuit voltage are expected. Moreover, the current-
voltage characteristics typically display an s kink in the case of reduced surface
recombination velocity at un-optimized contacts in low-mobility materials. The

charge collection is also dependent on the presence of space-charge regions within
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the active layer. Such space-charge regions may be formed as a consequence of
doping or imbalanced mobilities, generally degrading the device performance.
The associated space-charge-limited photocurrents exhibit distinctive voltage
and light-intensity dependences which can be used to distinguish these from
other loss mechanisms.

A popular technique to characterize the mobility in organic solar cells is
the charge extraction by linearly increasing voltage technique, or CELIV. In
this work, the underlying theory for the mobility determination using CELIV is
reviewed and extended to account for contact effects, such as the presence of a
built-in voltage and diffusion. Furthermore, we show how the extended theory of
CELIV can be used to determine doping concentration, built-in voltage, and the
surface recombination velocity. These quantities are key parameters associated

with loss mechanisms for charge collection in organic solar cells.
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Svensk resumé

Solceller ar en fornybar energiteknologi som fatt alltmer uppmérksamhet. De
kommersiella solcellerna pa marknaden idag ar nastan uteslutande baserade pa
kristallint kisel. En nackdel med kiselsolcellerna &r att dessa &r relativt dyra att
framstélla och kréver en stor méngd ramaterial. Solceller baserade pa organiska
halvledare ar ett attraktivt alternativ till kisel. En organisk solcell bestar av en
diodstruktur med ett tunt aktivt organiskt halvledarlager mellan tva elektroder
(anoden och katoden). Fordelen med denna typ av solceller ar dess potential for
milj6événlig och hallbar produktion i stor skala till ett lagt pris. Nackdelen med
organiska solceller ar den laga effektiviteten. For att kunna forbattra prestan-
dan och o6ka péa effektiviteten i organiska solceller ar det viktigt att forsta den
underliggande fysiken bakom de begrinsande forlustmekanismerna.

Det organiska halvledarlagret bestar typiskt av en blandning mellan en halv-
ledande polymer och ett fulleren-baserat halvledarmaterial. Da solljus absorbe-
ras i halvledarmaterialet, exciteras elektron-halpar fran grundtillstandet. Dessa
elektron-halpar kan separeras till fria laddningar vid organiska gransytor inne
i det aktiva lagret. De fria elektronerna (halen) transporteras vidare inne i det
aktiva lagret till katoden (anoden), dér de extraheras till den yttre kretsen och
ger upphov till en strom. Pa véigen till elektroderna kan elektroner och hal dock
rekombinera med varandra och forloras. Denna process dr en viktig forlust-
mekanism i organiska solceller. Forhallandet mellan laddningsextraktion och
rekombination i organiska solceller dr starkt beroende av laddningstransport-

egenskaperna i det organiska halvledarmaterialet. Laddningstransporten i halv-
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ledare klassificeras ofta enligt dess mobilitet. Medan mobiliteten i kristallint
kisel &r hog, d&r den motsvarande mobiliteten i organiska halvledare ofta valdigt
lag.

Syftet med denna avhandling ar att klargora fysiken bakom laddningsextrak-
tion av elektroner och hél i diodstrukturer baserade pa halvledarmaterial med 1a-
ga mobiliteter och tunna aktiva lager. Med hjélp av drift-diffusionssimuleringar
diskuteras den teoretiska bakgrunden fér laddningstransport och extraktion vid
kontakterna i tunnfilmsdioder. Denna teori tillaimpas sedan pa transienta ex-
traktionsméatningar och stréom-spanningskurvor i organiska solceller. Forutom
forhéllandet mellan laddningstransport och rekombination inom det aktiva lag-
ret, ar laddningsextraktionen i dessa system ocksa véldigt kanslig for icke-ideala
kontakter och oavsiktlig dopning av det aktiva lagret. I kombination med tran-
sienta laddningsextraktionsmétningar, kan de teoretiska resultaten anvindas
for att identifiera och urskilja dominerande forlustmekanismer, samt anvindas
for att bestdmma parametrar relevanta fér laddningsextraktionen i organiska

solceller.
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