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Abstract

Organic devices offer manifold opportunities in device processing, applied ma-
terials and system integration. Up to now, research activities have concentrated
mainly on photovoltaic applications and light emitting diode in the visible
spectrum. Major intention of this work is to find new alternative approaches
to extend the spectral sensitivity of organic photodetectors, especially to the
near-infrared regime.

In recent years, colloidal quantum dots became a promising alternative in op-
tical and optoelectronic applications as absorbers or emitters. Similar proper-
ties of colloidal quantum dots like solution processing and engineering of the
absorption characteristics make them a very interesting candidate for embed-
ding them into organic devices. Low bandgap semiconductors (e.g. lead sulfi-
de, mercury telluride, lead selenite, etc.) are widely used for the fabrication of
colloidal quantum dots and therefore cover a broad range of the near-infrared
spectrum.

In this work, embedding colloidal quantum dots of lead sulfide into organic
layers shows to be a suitable approach for near-infrared detection. A major
progress has been the application of the quantum dots as photosensitizer and
the organic semiconductor as charge carrier transporting material in photo-
detecting devices. These composites of quantum dots and the organic bulk
heterojunction (here: polythiophene / fullerene) demonstrated superior cha-
racteristics as high efficiencies (EQE of more than 50% at 1200 nm at a bias
of —8 V) and long lifetimes with nearly preserving the properties of organic
photodetectors in leakage currents and dynamics. For these inorganic-organic
hybrid photodetectors, an approach for the design is derived and analyzed by
intensive electro-optical characterization.

A highlight of this work is the successful integration of the hybrid devices to
an a-Si active matrix thin film transistor flat panel for imaging application. An
high resolution movie with an illumination source at a wavelength of 1350 nm
has been acquired. Movements of the insects and their details are clearly dis-
tinguishable.

Furthermore, the detection of high energy radiation (X-rays) are studied for
hybrid photodetectors since lead is a good x-ray absorber. In a proof-of-concept
study, signal detection is demonstrated and an outlook for the optimization of
the material properties for efficient x-ray detection is given.

Last but not least, a near-infrared absorbing polymer (here:PCPDTBT) is in-
vestigated as well. By blending together with a polymer absorbing in the visi-
ble (here: P3HT) a tuning of the total spectral sensitivity up to wavelengths of
900 nm was achieved.






Zusammenfassung

Organische Bauelemente bieten vielfdltige Moglichkeiten bei den Herstellungs-
verfahren, den verwendbaren Materialien und Werkstoffen sowie in der Syste-
mintegration. Bisher haben sich in diesem Bereich die Forschungsaktivitdten
hauptsadchlich auf photovoltaische Anwendungen und Licht emittierende Di-
oden im sichtbaren Bereich beschriankt. Diese Arbeit beschiftigt sich mit An-
sdtzen zur Erweiterung der spektralen Empfindlichkeit von organischen Pho-
todetektoren, vor allem fiir den nahinfraroten Bereich.

In den letzten Jahren entwickelten sich kolloide Quantenpunkte zu einer viel-
versprechenden Alternative fiir optoelektronische Anwendung als neue Emit-
ter- oder Absorbermaterialien. Vergleichbare Eigenschaften zu organischen
Halbleitermaterialien wie losungsbasierten Herstellungsverfahren oder geziel-
te Modifikation von Absorptionscharakteristiken machen die Einbettung von
kolloiden Quantenpunkten in organische Bauelemente besonders interessant.
Des Weiteren bestehen viele kolloide Quantenpunkte aus Halbleitermaterialien
mit kleinen Bandliicken wie Bleisulfid, Bleiselenid oder Quecksilbertellurid,
wodurch fiir optoelektronische Anwendungen weit in den nahinfraroten Be-
reich vorgedrungen werden kann.

In dieser Arbeit wird gezeigt, dass die Einbettung der kolloiden Quantenpunk-
te in organische Schichten ein wirkungsvoller Ansatz zur Erweiterung der
spektralen Empfindlichkeiten von organischen Photodetektoren ist. Kolloide
Quantenpunkte werden als “Photosensitizerin eine organische Schicht, einer
sogenannte “Bulk Heterojunction”(hier: Derivate von Polythiophen / Fulleren)
eingebracht, die wiederum den Transport und die Extraktion der erzeugten La-
dungstrager iibernimmt. So erreichen diese anorganisch-organischen hybriden
Photodioden mit Bleisulfid-Quantenpunkten, eine spektrale Quanteneffizienz
von iiber 50% bei einer Wellenldnge von 1200 nm und einer Vorspannung von
—8 V. Hierbei konnen die Eigenschaften von organischen Photodetektoren bei
Leckstromen, dynamischen Verhalten und Lebensdauern anndhernd beibehal-
ten werden. Dies wird in intensiven elektrooptischen Charakterisierungen der
hergestellten hybriden Bauelemente von unter anderem Stromspannungskenn-
linien, spektralen Empfindlichkeiten, dynamischen Verhalten, Ladungstriger-
transport und Lebensdauertests nachgewiesen.

Ein Hohepunkt dieser Arbeit ist die erfolgreiche Integration der hybriden Pho-
todioden in einen Bildsensor. Hierzu werden die Photodioden auf ein Substrat
aus amorphem Silizium mit einer Aktivmatrix-Pixelansteuerung aus Diinn-
schichttransistoren abgeschieden. Ein hochauflosender Film mit einer Beleuch-
tungsquelle bei einer Wellenldnge von 1350 nm aufgenommen und rekonstru-
iert werden. In diesem Film sind Kellerasseln zu sehen, deren Bewegungen und
feine Extremitdten gut zu erkennen sind.
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Nachdem Bleisulfid-Quantenpunkte gute Ergebnisse bei der Erweiterung der
spektralen Empfindlichkeit von organischen Photodioden gezeigt haben und
Blei ein guter Absorber von Réntgenstrahlung ist, ist der gleiche Aufbau fir
die Detektion von Rontgenstrahlung untersucht worden. In einer Konzeptstu-
die konnte der Ansatz der Direktkonversion (direkte Erzeugung von Ladungs-
tragern durch Rontgenstrahlung) iiber Bleisulfid-Quantenpunkte sowie der
Quasi-Direktkonversion (Konversion von Rontgenstrahlung in sichtbare Strah-
lung) von Gadoliniumoxysulfid -Partikeln in der organischen Schicht nachge-
wiesen werden. Dartiiber hinaus wird durch Modellierung versucht, einen Aus-
blick fiir die Optimierung der Material- und Schichteigenschaften zu geben.

Ferner wird die Verwendung eines nahinfrarot absorbierendes Polymer (hier:
PCPDTBT) in organischen Photodioden analysiert. Durch Vermischung mit ei-
nem Polymer, das im Sichtbaren absorbiert (hier: P3HT), kann eine Abstim-
mung der spektralen Empfindlichkeit bis zu Wellenldngen von 900 nm fiir De-
tektoren vorgenommen werden.

iv
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1. Introduction

1.1. Motivation

Nobel-Prize winners Heeger,MacDiarmid and Shirakawa created with their
discovery of semiconducting conjugated polymers [18] a new field of electron-
ics - the organic electronics. This field has been rapidly growing and progress-
ing over the last two decades. Devices and applications have been developed
and have already reached technological maturity. Material research is provid-
ing a growing range of organic materials for different applications.

For thin film transistors (TFTs) p- and n-semiconducting materials with mobil-
ities of 1072 cm?(Vs)! and 10! em?(Vs)! exceed the mobilities of amorphous
silicon (a-5i) [79] and have reached a value needed for applications such as
organic radio frequency identifications (RFIDs). Organic photovoltaics has
continuously increased the performance, achieves power conversion efficiency
up to 12% and meets standard lifetime requirements of conventional photo-
voltaics (see http://www.heliatek.de, (May 28, 2013)). But by far the
largest growing sector of organic electronics is related to organic light emitting
diodes (OLEDs) for display and lighting applications. Samsung demonstrated
a 55-inch TV on the International Consumer Electronic Show in Las Vegas on
January 11th, 2012 (see http://www.samsung.com/us/news). This strong
technological progress in these fields of organic electronics is reflected by differ-
ent optimistic forecasts for growing markets from 8 billion US-dollars in 2012
to 45 billion in 2018. Especially new applications will drive the market (see
http://www.wallstreet—-online.de Organic Electronics Market Will Reach
USD 44.8 Billion Globally in 2018 on April 10, 2012).

These successful stories are clearing the way for further organic electronic de-
vices for special applications. In particular, organic photodetectors (OPDs)
have demonstrated high potential for implementation in optoelectronic sys-
tems. Suitable properties for tuning spectral sensitivity, dynamics and large
area processing made OPDs a promising candidate for imaging and sensor
applications. In particular, new approaches for inorganic-organic hybrid de-
vices broadened the application opportunities of organic optoelectronic devices
[139]. Organic bulk heterojunctions are attractive as solution-processable com-
posites, but are limited to use in the visible spectrum. According to current
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progress in near-infrared (NIR) imaging, cost-effective devices are highly de-
manded.

Visible Spectrum for Human Eyes

Ultraviolett Infrared
< —
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Figure 1.1.: The Spectrum of Electromagnetic Radiation. The very broad spectrum of electro-
magnetic radiation is only visible in a tiny range human eyes, but widely used by
electronic and optoelectronic applications. This figure was modified from http:
//de.wikipedia.org/wiki/Elektromagnetisches_Spektrum (May 25,2012).

1.2. Scope and Objective

The objective of this thesis is the development and analysis of possibilities to ex-
tend the photoresponse of organic photodetector and organic imaging devices
to the NIR regime by preserving the advantages of soluble processing organic
polymers under the perspective of industrial applications. Focus of the work is
the modification and investigation of the photoactive layer by newly defined or
adjusted composites for NIR sensitivity and their application in photodetection
devices. Since there were only few polymers reported for NIR responsivity, this
work for OPDs was not restricted to conjugated organic polymers only, but in-
cludes also inorganic semiconductors for a hybrid approach. The optimization
and integration of promising composites for sensing and imaging applications
will be considered as well in this work. Furthermore, as the investigated mate-
rials of colloidal QDs are not only absorbing in the NIR, these materials will be
additionally considered for detection of high-energy radiation.

1.3. Outline

The theoretical background of inorganic, organic semiconductor and quantum
dots with reference to optoelectronic applications is given in chapter 2. Applied
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Composites

of Device
Hybrid Optimization
Materials

Photodetection
Applications

Analysis and Charactarization

Figure 1.2.: Major activities for extending the spectral sensitivity of OPDs to the NIR.

methods for analysis and characterization of samples, composites and applica-
tions within this work are introduced in chapter 3. A detailed overview on
processing technologies, applied process conditions and further treatments of
materials and samples is described in chapter 4. In chapter 5, the modification
and the shift of the response to the NIR by substitutes to the current polymer
is investigated. The following three chapters are dedicated to an approach for
inorganic-organic hybrid photodiodes (I0-HPDs) using colloidal QDs as sen-
sitizers. At first, in chapter 6 the composite and photodiode themselves are
explored for the purpose of device design. Subsequently, the optoelectronic
properties and characteristics of IO-HPDs are investigated in chapter 7. Fi-
nally in chapter 8, IO-HPDs are integrated on active matrix TFTs backplanes to
demonstrate NIRs imaging with the introduced hybrid approach on the system
level. Chapter 9 is assigned for research on high energy particle detection like
x-rays as the QD material of lead sulfide is known as a strong x-ray absorber.






2. Theoretical Background

In this work optoelectronic organic and hybrid inorganic/organic devices are
modified for near-infrared detection. As inorganic and organic semiconduc-
tor play a major role in these devices the fundamentals for understanding the
principles are dealt within this chapter.

2.1. Inorganic Semiconductors

Semiconductors are an own kind of material and are neither conductors nor
insulators. This can be explained by figure 2.1 where the energy band diagram
(discussed later in this chapter) for each type is shown. Conductors have over-
lapping valence and conduction bands (e.g. Pb) or partially filled conduction
bands (e.g. Cu) yielding typical conductivities of more than 10Sem™'. In
both cases no energetic barriers need to be overcome for electrons (negative
charge carrier) and holes (positive charge carrier: defect electron). An insulator
exhibits a very large gap (> 3 eV) of the conduction and valence band pro-
hibiting the generation of charge carriers, so that the conductivity of insulators
is typically below 107!2Sem~!. In contrast, semiconductors have a sufficient
narrow band gap from a few hundred meV to 3 eV between the valence and
conduction band to allow the generation of charge carriers, and thus intrinsic
conductivity.

conduction band

conduction band
partialy filled conduction band o000

0.2eV<Eg <3eV Eg >>3eV

® 0600
valence band
valence band

overlapping conduction
and valence band

Figure 2.1.: Energy band gaps of conductors, semiconductors and insulators



2. Theoretical Background

2.1.1. Energy Band Structures

The energy band structures belong to the effect, that an electron within con-
densed matter experiences different potentials according to the arrangement of
atoms. The electron is not free to travel and has to obey allowed energetic states.
For a better understanding of the energetic structure, a one-dimensional quan-
tum well is discussed as an approximation for an atom. This is then extended
within the Kronig-Penney model to consider the band structures in ordered
materials as crystals or polymers.

An electron in a one dimensional quantum well

The particle/wave dualism in quantum mechanics allows describing electrons
by a complex wave equation depending on time and space called Schrdinger
equation (eq. 2.2). With the solution of the time-independent Schrdinger equa-
tion (eg. 2.3) one is able to determine steady state of energy levels and the prob-
ability density of the electrons in an arbitrary potential profile. The Schrdinger
equation is given by

_OU h
ihor = = (2mv2 + V(t)) ] (2.1)

and the the eigenfunction for the Schrdinger equation can be derived:

W(F 1) = () - eap (‘iflEt) (2.2)

with ¥ (7). The eigenfunction of time-independent Schrdinger equation can be
expressed:

(E—V)¥ =0. (2.3)

Here, E is the Eigenvalue of the energy, i = h/2m is the reduced Planck’s con-
stant, m,. the electron mass and V' the actual potential.

Here, we have a look at a quantum well with infinite barriers (see figure 2.2)
which is a one-dimensional structure so that we consider only the the solution
for plane waves in a one dimensional system. We can reduce the Schrdinger
then to the following;:
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L\ N\ e

n=3
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n

Figure 2.2.: Solution of the Schrdinger equation in a quantum well with infinite barriers. Discrete
energy levels with the wave function (left) and with the probability density for the
electron (right).
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2

0a?

with the wavenumber

2me.FE
k =4/ 2 (2.5)

As shown in figure 2.2 the potential profileis V(0 < x < L) =0, V(z < 0) = o0
and V(z > L) = oo giving the boundary conditions:

U(x) + k*U(z) =0 (2.4)

U(0)=WU(L) =0 (2.6)

The Schrdinger equation is solved with the ansatz:

U(z) = Asin(kx) + Bsin(kz) =0 (2.7

Considering the boundary conditions yields

U(0)=B=0 (2.8)

and

@@J:Ammmﬁzoék:z%thneZ\m} (2.9)

With equation 2.5 the energy levels are given by

n?m2h?

For these reasons the electrons can only occupy discrete energy values. The
energy values for n = 1...4 are depicted in figure 2.2. The Schrdinger wave
function ¥(x) is illustrated in figure 2.2 on the left and the probability density
| (z)|* on the right.



2.1. Inorganic Semiconductors

The Kronig-Penney model

We have to deal with materials of high periodicity. The lattice constant gives the
dimensions of a primary cell which is periodically repeated within the crystal.
Thus, in all of the three dimensions a periodic configuration of the atoms is
found. In the Kronig-Penny model these atoms are seen as positively charge
ions creating a periodic 1D potential. In figure 2.3 the simplification from the
potential profile of positive ions to a system of coupled quantum wells can be
seen.

VYV

(a) 1D periodic potential of positive ions (b) Simplification by Kronig-Penney model

Figure 2.3.: The Kronig Penney model: The periodicity of the potential in a one-dimensional crystal
can be expressed in an approximation by coupled quantum wells.

Due to the periodicity of the Kronig-Penney model the Bloch theorem can be
introduced to simplify the solution of the Schrdinger equation. The Bloch the-
orem for a periodic 1D potential is

V(z+T)=V(z) (2.11)

with T for the period. Thus, for a 1D periodic potential the Schrdinger equation
fulfills with the Bloch theorem

U(x+T)=exp(ikT) - U(x) (2.12)

so that the solution needs to be found only for a single period analog to a
quantum well. This yields to the conclusion that for each possible energy
value two different k-values are possible (+k). Moreover, for k values where
Etn-2m/a,n =1,2,3,... the same energy value and wave functions can be
assigned. Therefore the energy values can be plotted in a reduced manner in
the first Brillouin zone from —7/a to 7/a.

As can be seen in figure 2.4, there are some regions of prohibited energy values
because of the discontinuity at the boarders of the Brillouin zone yielding to en-
ergy band gaps (E,). The dimension of the gap determines the semiconducting
or insulating properties.
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/o

direct semiconductor indirect semiconductor

Figure 2.4.: Energy band gaps of semiconductors with direct and indirect transitions

The presentation of the theory relies mainly on ref. [164, 53].

2.1.2. Charge Transport in Inorganic Semiconductors

Now, let’s consider not only the energy conditions of particles, but as well
the properties for charge transport in solid state. Transport is performed by
electrons in the conduction band and by holes (defect electrons) in the valence
band.

Mobility and effective masses

The mobility of charge carriers is particularly determining the transport in
semiconductors. If a charge carrier experiences a force (e.g. an electric field),
the carrier is forced to move with its mobility accordingly to the force. The
classical transport model of Drude defines the mobility as

vh = pE, with (2.13)
te

= Le (2.14)
m

up is the drift velocity, E the electric field and 1 the mobility. Furthermore,
the mobility u depends on the charge of the species ¢, the mean time between
scattering or collision events ¢, and and it depends inverely on the mass m.

10



2.1. Inorganic Semiconductors

In order to account for the periodic potential in a semiconductor crystal, the
charge carrier cannot be considered as a free electron. Therefore an effective
mass is introduced. The effective mass is derived for a 1D case from the first
Brillouin zone of the conduction band minimum and valence band maximum

qtc

p= =, with (2.15)
2 —1
m* = (8 j{i“) -h? (2.16)

Note that this approximation is only constant for region where F o k2.

Conductivity and Doping

The conductivity ¢ is defined as the proportionality factor in the relation be-
tween the applied field E and the current density .J and expresses the ability to
conduct current. Obviously, the mobility and densities of available charge car-
rier is as well of importance for the conductivity. The conductivity of a material
is therefore given by

o = qnn + qppyp (2.17)

with the electron densities n, the hole densities p the electron mobility s, and
hole mobility /.

The carrier densities in thermal equilibrium of an intrinsic semiconductor at a
certain temperature follow the Fermi-Dirac distribution which gives the prob-
ability for the occupancy of states.

1
F(B) = 1+ e(B—Er)/kpT

(2.18)

Er is the Fermi energy, kp is the Boltzmann constant and T the temperature.
The Fermi energy is the value where half of the states are occupied. Integrating
the product of Fermi-Dirac distribution and the density of states for electrons
allows the determination of the carrier densities n in the conduction band and
for holes p in the valence band, respectively allows calculating the carrier den-
sities by

Ec—F

n = Ncexp (_C;:BTF> (2.19)
Er—F

p = Nyexp (_FkBTV) (2.20)

11



2. Theoretical Background

Note that equations 2.19 and 2.20 are only valid for non-degenerate semicon-
ductor (Fermi energy lies within the energy band gap). For intrinsic semicon-
ductors (n = p) the intrinsic Fermi energy FE; is

Ec + By kT N¢
= — . 221
E 5 5 In ( Nv) (2.21)
Vice versa the energy band gap can be determined by
Ny N,
E, = kpTIn ( vc ) (2.22)
¢ n’

With doping the carrier densities n or p can be dramatically increased and so
the conductivity. Doping atoms are embedded in the crystal to create traps
which act as acceptors (p-doping) or as donors (n-doping). The energy of the
traps lies close to the conduction band or to the valence band for n-doping and
for p-doping, respectively (see. figure 2.5). The following charge neutrality
condition can be assumed for large enough temperatures, so that all of the traps
are ionized.

n+ Nag=p+ Np, (2.23)

with the acceptor density N4 and the donor density Np.

(a) n-doping (b) p-doping

Figure 2.5.: Fermi energy levels due to n- and p-doping. Due to the dopants the Fermi energy is
shifted either close to the conduction band or to the valence band for (a) n- and (b)p-
doping, respectively

Combining equations 2.19, 2.20 and 2.23 the Fermi energies in case of doping
are given by

N,
Ep, = Ec —kgTln (C) (2.24)
’ ND
N
Ep,=Ey +kgTl (V> (2.25)
Na

12



2.1. Inorganic Semiconductors

The drift-diffusion model
The transport mechanism in semiconductors is mainly driven by two mecha-

nisms: drift and diffusion. Drift of carriers is due to an electric field, whereas
concentration gradients of carriers are responsible for the diffusion.

Liff,n = anvn (226)

Jaigfp = —aDpVp (2.27)

with the diffusion coefficients for electrons D,, and for holes D,, from the Ein-
stein relation for non-degenerate semiconductors.

D, = kBTTun (2.28)
kT
Dy = ==ty (2.29)

As shown in figure 2.6(a) due to the one dimensional concentration gradients in
the carrier density, the carriers are forced to equalize the concentration through-
out the semiconductor along the x-dimension. Thus, a diffusion current density

Jaif s occurs as the charge carriers are moving. As soon as an electric field is ap-

Carrier Concentration Carrier Concentration

to to

A

X » X

(a) Diffusion (b) With additional drift

Figure 2.6.: One dimensional diffusion and drift of charge carriers. (a) Diffusion of charge carriers
takes place because of their gradient in concentration and (b) with an applied field
along the x-axes the charge carriers experience a drift.

plied (e.g. external or built-in) an additional component to the diffusion current
needs to be considered, because now, the charge carriers like to travel along the
applied field. Let’s regard solely the drift current density with neglecting the

diffusion. The drift current density J_;m- ¢ is related with the conductivity to the

13



2. Theoretical Background

electric field by Jg,.; ft = o E. Applying equation 2.17, the drift current density
can be split for electrons and holes respectively.

Jariftp = QuppE (2.31)

The whole current density results from the sum of the drift and diffusion com-
ponent for each charge carrier.

=

Jn = LT‘ift,'lL + Li:iiff,7z = QNnnE +qD,Vn (232)

Tp = Jaristp + Jaigr.p = apppE — ¢D,Vp (2.33)

As we are mostly dealing with one dimensional problems, equations 2.32 and
2.33 can be simply reduced by replacing the V-operator by d/0x. The overall

=3

current density is J = J,, + Jp:
J = q(pan + ppp) E + q (D Vn — D, Vp) (2.34a)

with the Einstein relation of equations 2.28 and 2.29

-

J = q(an + ppp) E + kpT (11, V0 — 1, Vp) (2.34b)

The continuity equations

In semiconductors the carrier densities obey the continuity conditions. This
means, that for an infinitesimal volume, the variation of carrier densities by
time equals the difference of incoming and outgoing current flux plus the dif-
ference of the generation and the recombination of carriers.

0 1 >
MG —R,+-VJ, (2.35a)
ot q
1_ -
% =Gy~ Ry~ Vi, (2.35b)

with G and R as the generation rates for the respective charge carrier.

Ref. [164, 53] show the fundamentals in this subsection also in more details.
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2.1. Inorganic Semiconductors

2.1.3. Generation and Recombination Processes in
Semiconductors

As generation and recombination mechanisms are of particular interest for
optoelectronic devices, a better understanding with a special focus on radia-
tive generation and relevant recombination processes is of fundamental impor-
tance. In figure 2.7(b) generation and absorption mechanisms are indicated
by 1 to 3, while recombination processes are labeled with 4 and 5. Detector
characteristics strongly depend on these processes.

Recombination of charge carriers

In photodetectors, recombination processes mostly should be kept as small as
possible, since generated charge carriers by radiation need to be fully extracted
in an ideal photodetector before recombination. In a simple approximation, the
charge carriers need to be extracted faster than their lifetime 7 in the device
yielding to a net recombination rate U of

U, = Dp Z 0 gop p-type semiconductors (2.36a)
Tn
U — Pn — Pn,o f .
p=—"r for n-type semiconductors (2.36b)
P

In a quasi-neutral semiconductor the recombination depends on the excess mi-
nority charge carriers n, —n, o and p,, — pn o, so that in steady state the majority
charge carrier recombination is similar to the minority charge carriers (an equal
number of holes and electrons is necessary). Below, three major relevant recom-
bination mechanisms for hybrid photodetectors are in focus.

Band to Band Recombination This type of recombination involves both
charge carriers holes and electrons. An electron from the conduction band
recombines with a hole from the valence band under releasing the inherent
energy in e.g. a photon (see figure 2.7(b) #4). For this reason the recombina-
tion process depends on the number of each charge carrier. The band to band
recombination can be written as

Up—p = b (np —n7) (2.37)

with b as the bimolecular recombination constant. In photodetectors to avoid
band to band recombination, charges need to be transferred faster to the ex-
traction electrodes than their lifetime. A special and extended form of the
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2. Theoretical Background

band-to-band recombination is the Auger recombination. A electron-hole pair
recombines by transferring the energy to another electron in the conduction,
which relaxes by scattering to the conduction band level (a combination of #4
and #3 in figure 2.7(b)).

Trap assisted Recombination Especially in organic and hybrid photodetec-
tors recombination induced by traps is of importance since the devices consist
of different amorphous materials, so that the trap level is significantly higher
compared to ordered inorganic semiconductors. As depicted in figure 2.7(b)
#5 charge carriers can recombine via trap levels in the conduction band. Those
trap levels can be introduced by the interaction of the different materials in
organic and hybrid semiconductors and by ambient processing conditions. In
ref. [171, 53] the recombination over traps is express by

2
pn —n;

pin + 2n; cosh (%;ﬁ)

Ui = v4pooNyp, (2.38)

which becomes for n > p to

U, n P Pn0 (2.39)

Surface Recombination In hybrid and organic devices, a very inhomoge-
neous morphology introduces many interfaces (c.f. organic bulk-heterojunc-
tions) between the involved materials and composites. At these interfaces, a
surface type recombination can be found. At surfaces or interfaces, traps form
recombination centers as the morphology of the domains abruptly changes.
Since traps at the interfaces are involved, the expression is very similar to the
one for trap assisted recombination:

2
pn —n;

US = VthUONst . (240)
pin + 2n; cosh (Ek;]%t)
Under the condition n > p it can be reduced to
Us = vinooNgipn — Pn,0- (241)

Radiative generation of charge carriers

In photodetectors, the utilization of photoinduced generation of carriers is the
operating principle of these devices. With an incident photon flux (light) on
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Ev o o o &
|

X

(a) Beer’s Law (b) Generation and Recombination processes

Figure 2.7.: (a) Absorption in matter according to Beer’s law. (b) Radiative generations and recom-
bination of charge carriers in semiconductors.

the semiconductor, photons interact with the material and can be absorbed by
a transition of an electron from the valence band to the conduction band if the
photon energy is larger than the band gap. A measure for the ability of an
material to absorb light is the spectral dependent absorption coefficient a.(\).
As light travels through matter, the intensity of the light decays exponentially
by «()) taking into account by Beer’s law.

Popi(x) = Popro - exp (—a () - ) (2.42)

with P,,: o as the optical power density penetrating into the material and
P,pt(x) as the power density after traveling the length x through the material.
As mentioned above not all the absorbed photons generate free carriers. The in-
ternal quantum efficiency 7,; considers this non-ideality. For a monochromatic
optical power the generation rate of free electron/hole pairs can be written as

1 —0Pyp(z) ()
Gn,rad(x) = Gp,rad(x) = MNint * W : 85 == hf : Popt (I’) (243)

where G, rqq and G, rqq are the radiative generation rates for electrons and
holes, respectively- —0P,,;(x)/0x accounts for the absorption of photons.

Charge carrier generation can also take place from traps, which can be consid-
ered as unintended doping (see figure 2.7(b) #2). Note that absorption of light

17



2. Theoretical Background

h Y
N

Figure 2.8.: Configuration of a semiconductor for photoconduction. The bulky semiconductor has
two side contacts and exposes the large area to the light.

does not only happen by creation of an electron-hole pair, but also by exciting
a charge carrier as illustrated in figure 2.7(b) #3.

For deeper information please refer again on ref. [171, 53].

2.1.4. Photoconductivity in Semiconductors

Since semiconductors absorb light and charge carriers are generated by this
process, a so called photodoping and an increase in conductivity is found for
semiconducting photoconductors. The rise in conductivity of a photoconduc-
tor is dependent on the generation rate G pc which is given by

_ Popt/Rf
WLD

Gpc = n (2.44)
with P,,; as the incident optical power and the dimensions of the photocon-
ductor (W the width, L the length, D the depth). As depicted in figure 2.8, it
is assumed that the photoconductor is thick enough to completely absorb the
incident light. At equilibrium the generation rate equals the recombination rate
R = n/7, so that the photocurrent /pc can be described by

Popt . (Mn + ,up) TF

Ipc = gn(pn + pp) -F-W-D =qn-— T (245)
N f
o N——
Ipn

The primary photocurrent I, which is actually generated by the incident pho-
tons can underlie amplification by the photoconductive gain. From equation
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2.1. Inorganic Semiconductors

2.45 I}, is proportional to the lifetime and the transit time t;, = ﬁ, SO
n P
that the photoconductive gain Gainpc is
I
Gainpe = £€ = T (2.46)

Iph _E

Amplification of the primary photocurrent is dependent on the device geome-
try as small L, long lifetimes and high mobilities increase the photoconductive
gain. On the contrary lifetimes are responsible for the response time of pho-
todetectors and a compromise has to be made between gain and speed of the
photoconductor [165].

A prerequisite for photoconductive gain are different mobilities of the charge
carriers. The excited charge carriers with higher mobility are extracted faster at
the electrodes (electrons in figure 2.9), while the slower charger carriers remain
in the bulk and create a space charge as known from dopant atoms. Due to
the established field and the request for charge neutrality charge carriers are
injected from the electrodes. According to the mobility electrons may travel
several times through the photoconductor generating a photoconductive gain
[165].

2.1.5. Junctions of Semiconductors

Important configurations in semiconductor devices are the junction of semi-
conductors with themselves, to metals or to dissimilar semiconductors. In this
subsection the different junctions are considered according to the fundamen-
tals of semiconductor physics described in previous subsections 2.1.1, 2.1.2 and
2.1.3.

The p/n-Junction

A p/n-junction is a junction of two differently doped regions within a single
semiconductor showing a rectification behavior (see figure 2.10) used in such
applications as solar cells, photodiodes and light emitting diodes. For clarity
and necessity abrupt p/n-junctions only are taken into account. For further
readings, ref. [166] gives a broad overview of p/n-junctions.

In a p/n-junction the alignment of the Fermi-levels for the n-doped and p-
doped regions creates a built-in potential (c.f. figure 2.10(a), so that a recti-
fication can be established and can only be overcome by applying a forward
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Positively
charged
region

(c) Spatially charged photoconductor (d) Charge compensated photoconductor

Figure 2.9.: Photoconductive gain mechanism: (a) An intrinsic photoconductor before applying

20

light and bias. (b) Additional charges are generated by incident light in the photocon-
ductor. (c) Bias is applied to the photoconductor. As the electrons have a significant
higher mobility, the electrons are extracted faster and the remaining holes create a
positively charged region. (d). The holes forces electrons to be injected. Until the
total decay of the excited charge carriers, electrons can travel several times through the
device amplifying the primary photocurrent.
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(a) pn-junction in thermal equilibrium (b) pn-junction with applied reverse bias

Figure 2.10.: The pn-junction: Two different a n-doped and a p-doped region of a semiconductor
are brought into contact. The distribution of the energy bands in the semiconductor
are illustrated (a) for thermal equilibrium and (b) under applied reverse bias.

bias higher than the built-in voltage. The built-in potential and voltage can be
determined by

q‘/bi = Eg — (EFp — EV)Z(EC — Epn) (247)

E, is the band gap, Eyv the valence band edge and E¢ the conduction
band edge. Er, and Ep, are the Fermi-levels in the p-type region and the
n-type region, respectively. Considering equations 2.24 and 2.25 and that
Ec — Ey = Ey, equation 2.47 can be written for non-degenerate semiconduc-

tors as
Nc Ny Ny N¢
Vi = kpT'l — | kTl — kTl —
Ao n( n; ) (B H(NA)+ " n(Nc))

kgT NyN
V}n':]zln< f;‘lgD) (2.48)

7

Assuming full ionization of the doping atoms (what is allowed at room tem-
perature), Na = ppo, Np = nyo and thermal equilibrium with the mass-action
law n,0pn0 = npoppo = 1 leads to

Vi = —kBT In <nn0> = —kBT In (ppo> (2.49)
q Tpo q Pno

In case one region of the semiconductor is degenerate, the built-in voltage is
obtained from equation 2.47.
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Since a depletion layer is formed at the pn-junction, the built-in potential ¢V},
can be also obtained by solving the Poisson equation.

v 9E plz)  p(x)—n(z)+Ni—-Np
_ == = =q (2.50)
0x? ox E£s s
p(z) is the space charge density and ¢, the dielectric constant of the semicon-
ductor. n(z) and p(x) can be neglected if full depletion is assumed for the pn-
junction obtaining

+ _ —
@ = qiN a—Np (2.51)
ox €s
N = 0in the p-doped region and N, ~ 0 in the n-doped region yields to

4N
_ ] Nalet o) (252)
LINp(x —zn)
By integrating the electric field E for the space charge region, the built-in volt-
age Vj,; is obtained by

Vii = / E(x)dx (2.53)
The Poisson equation can be used to analyze the electrostatic potential distribu-
tion throughout the p/n-junction. With W = z,, + z,, the width of the depletion
layer and therefore the capacitance can be also determined by

- 255 NA + ND
WD - \/ q NAND (‘/bz ‘/bzas) (254)
and
JA A [NAN 2qes
Op = e€sA A AIND qs (2.55)

" Wo 2V NA+Nb Vi — Voias

for the depletion layer width (see equation 2.54 and the junction capacitance
(see equation 2.55), respectively.

With applying a bias to the p/n-Junction, the semiconductor is not anymore
in thermal equilibrium. For this reason the single Fermi-energy as well as the
mass action law is not applicable anymore, so that quasi-Fermi-levels Er,, and
Erp need to be introduced for the n-doped and p-doped regions.

EC _EFn)

T (2.56)

n = Neexp <—
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Epy — Ey
=N — 2 2V 2.57
p="verp < kpT ) @57)

In combination with the continuity equations 2.35a and 2.35b, the current den-
sity equations 2.32 and 2.33 and ¢V = Ep,, — EF), the current-voltage charac-
teristics can be described by the Shockley equation:

qV
J=Jdn+Jp=Js (exp (kBT) — 1) (2.58)

with

_ qupnO + annpO

J
ST L, L,

(2.59)

To compensate simplifications of the Shockley equation, most commonly an
ideality factor n is applied. For a more detailed derivation of the equation see
[166].

The Schottky Contact

A Schottky contact is described by a metal-semiconductor interface. Analogue
to pn-junctions, a space charge region with a barrier results from the built-in
potential due to the alignment of the Fermi levels of metal and semiconductor
in contact. For an illustration of the band diagram for a p-Schottky contact and
an n-Schottky contact see figure 2.11(a) and 2.11(b), respectively. As the work
functions are defined for both, metal and semiconductor, as well as the distance
of the Fermi level to the vacuum level (see fig. 2.11(a)), the barrier ®z and the
built-in potential V4; can be obtained from the work functions and the electron
affinity x of the semiconductor (gx = ¢®p p — (Ec — Erpp))-

E.—F
W)i — ¢M - X _Z¢ ~—rn Fn = (I)M — ¢7l (2.60)
N—— q
B
for n-doped semiconductors and
E.—F
Vi =X+~ By =B, — Dy (2.61)
| S ——

@y

for p-doped semiconductors with ®5 = %X — Dy

For the width of depletion region the derivation is very similar to the pn-
junction. However, the densities of acceptors V4 for a p-type and the densities
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of donors Np for a n-type Schottky contact can be neglected in equation 2.52
since a metal-semiconductor junction is considered. The depletion width for a
p-type (Ng = N4) and a n-type Schottky contact (Np = Np) is then given by

2e
W=\ 22 (i = Vi) .62)

With the simple capacitance relation of C' = £,A/W equation 2.62 can be mod-
ified as
1 2 (Vbz — Vbias)

e (2.63)

so that the density of charge carriers can be graphically determined by the slope
and the built-in voltage V;; at the intersection with the voltage axes when plot-
ting 1/C? versus Viias.

(a) p-type Schottky contact (b) n-type Schottky contact

Figure 2.11.: The Schottky contact for (a) a p-doped semiconductor and (b) for an n-doped semi-
conductor. From the energy band diagram, the forming of the barrier and built-in
potentials can be derived.

A profound description of the theory can be found in ref. [166, 53]

The Heterojunction

Heterojunctions are of importance for many applications of semiconductors as
for example lasers, photodiodes and solar cells. OPDs commonly consist of an
organic bulk heterojunction (0BHJ), so that heterojunctions play a major role
for organic optoelectronic devices. Here, the consideration of heterojunctions
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2.2. Colloidal Quantum Dots of Lead-Sulfide

is kept to a schematic one as heterojunctions in IO-HPDs are on molecular and
nanometer scale, while IO-HPDs are further characterized by the amorphous
photoactive layer. A small bandgap junction and a step heterojunction are
shown in figure 2.12(a) and 2.12(b). A similar energetic interaction for organic
and hybrid composites is assumed on the nanometer scale.

SC1

aDg1

(a) Small Bandgap Junctions (b) Step Heterojunction

Figure 2.12.: Heterojunctions for n-type semiconductors with a smaller bandgap is displayed in (a)
and for a step heterojunction of two different n-type and p-type semiconductors

Please see again ref. [166, 53] for a deeper explanation.

2.2. Colloidal Quantum Dots of Lead-Sulfide

QDs can be considered as a three dimensional confinement for their charge
carriers like a particle in a box (see section 2.1.1), so that instead of a continuous
energy band, discrete energy levels are formed within the QDs. The confine-
ment effect and thus the electronic properties strongly depend on the size of
the QDs and can be compared to atoms. With colloidal QDs it is meant that the
QDs are dispersed in a solvent. This is usually achieved by capping the QDs
with ligands, so that QDs are homogeneously soluble. Mainly three different
types of colloidal QDs can be found in literature: Solely ligand shell capped
QDs and type I and type II core-shell colloidal QDs (see figure 2.13). Type I
and type II core-shell QDs are characterized in contrast to ligand capped QDs
by an additional semiconductor shell surrounding the core. Shells with wider
bandgap semiconductors than the core are type I core-shell QDs and shells with
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semiconductors forming a step heterojunction with the core are type II core-
shell QDs. The energy levels in type I and type II core-shell QDs are illustrated
in figure 2.14(b) and 2.14(b), respectively [56].

(a) Solely ligand capped QDs (b) Type I and II core-shell QDs

Figure 2.13.: Different types of colloidal QDs. (a) The core of the QDs are capped by ligands only.
(b) In addition the core is surrounded by another shell of a semiconductor. Type I and
Type II differ in the energy profile of the additional semiconductor shell as shown in
figure 2.14.

2.2.1. Electro-optical Properties of QDs

QDs are characterized by quantum mechanical confinement, which creates dis-
crete excitonic states above the energy bandgap of the bulk semiconductors.
Especially the first excitonic state influences strongly the photonic and elec-
tronic properties of QDs. Ref. [13] gave an analytical approximation for the
first excitonic state in QDs:

E*~E, +

2,2 2
R2r {1 1}_1.&1 260

2R? [m} mj eR
with E* as the energy level of the first excitonic state, R the radius of the QD, m}
and mj as the effective masses for electrons and holes, respectively. In figure
2.15(a) the discretization of the energy in QDs is depicted. The confinement
introduces discrete energy states above the bandgap which are according to
equation 2.64 size-dependent [173]. This confinement can be easily verified
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(a) Solely ligand capped  (b) Type I core-shell QDs (c) Type II core-shell QDs
QDs

Figure 2.14.: Energy profile in the different types of QDs. (a) For solely ligand capped QDs the
core is passivated electronically and confined by the ligand shell only. (b) for type I
QDs the additional shell is a wide-band gap semiconductor to further passivate and
stabilize the QDs. For type II the semiconductor for the shell is chosen to form a step
heterojunction between the shell and the core. (c) Analogously to the oBHJ a charge
separation can be established between the core and shell. In this example the electron
is transferred to the shell while the hole remains at the core.

by photoluminescence or absorption measurements. Figure 2.15(b) shows the
absorption spectra for different sizes of PbS-QDs clearly indicating the shift
of the first excitonic absorption peaks for smaller QDs to shorter wavelengths
[55].

Transport and transfer of electrons and holes in QDs are strongly dependent
on the passivation of the QDs by their ligand shells. In this work, PbS-QDs
with oleic acid (OA) capping are mainly considered, so that these PbS-QDs are
highly passivated. For this reason, the coupling of energy states can be only
weak as the width of the barrier and therefore the distance to the next molecule
or QD is quite large (; 1 nm). For a sufficient mobility and charge transport
the distance between two QDs should be in the sub-nanometer regime [173].
For PbS-QDs with OA capping weak coupling is assumed only. Under weak
coupling conditions Coulomb charging energy has to be considered for charge
transfer and transport as well. Ruring charge transport, this energy has to be
overcome twice for removing the charge from the first neutral QD to another
neutral one. The Coulomb charging energy Ecouioms is given by the following
equation:

¢

-_— 2.65
4men g R ( )

ECoulomb =

with €, for the dielectric constant of the surrounding medium. Applying suf-
ficient large bias is a possibility to overcome the Coulomb blockade [173]. An-
other effect on transport and transfer of charge carriers from QDs is the disorder
caused by size distribution during synthesis. In particular, different sizes of
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Figure 2.15.: (a) By the confinement of QDs, only discrete energy levels similar to the case of atoms
are allowed. The discrete energy levels vary for different sizes of QDs as depicted in
(b) showing different first excitonic absorption peaks for PbS-QDs. Reproduced from
ref. [55].
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QDs have slightly different discrete energy states as consequence. However, for
resonant tunneling between QDs energetic equal states are necessary. Therefore
the energetic matching of materials or a narrow size distribution of QDs from
the synthesis is very important for charge transport and transfer.

Since PbS is a small bandgap semiconductor of 0.41 eV, the QDs of PbS are of
high interest as the optical properties can be engineered for a wide range of
NIR applications. Especially the synthesis of PbS-QDs is already in a state for
scaling up to commercial production as describe in the following subsection.

2.2.2. Synthesis

Colloidal Lead-Sulfide (PbS) QDs can be synthesized by various routes. In
recent reviews the most promising synthesis was done by the so-called hot-
injection method [141, 56, 173, 139]. With this method, a separation of nucle-
ation and growth can be achieved by rapid injection of the reagents into the
hot solvent [139]. In figure 2.16 the growth by temporal evolution [31] and by
nucleation rate [173] is illustrated. This increases the precursor concentration in
the reaction flask above the nucleation threshold. The hot injection leads to an
instantaneous nucleation, which is quickly quenched by the fast cooling of the
reaction mixture (the solution to be injected is generally at room temperature)
and by the decreased supersaturation after the nucleation burst [139]. PbS-
QDs received in this work have been synthesized by the hot-injection method
according to ref. [55] with OA ligands and showing a narrow size dispersion
of 10-15%. Capping with shorter ligands can be done within or subsequently
to the synthesis with the goal to improve charge carrier separation from the
QDs as well as the enhancement of transport properties is discussed within
this thesis.

2.3. Organic Semiconductor Devices

Back in 1977 three pioneering scientists - Alan Heeger, Alan MacDiarmid and
Hideki Shirakawa - made an outstanding development. By doping conju-
gated polymers, the electrical conductivity for polymers (here polyacetylene)
was achieved and modified by over 11 orders of magnitude [18]. This was
awarded with the Chemistry Nobel Prize “for the discovery and development
of conductive organic polymers” in 2000. In 1990 the electroluminescent prop-
erties of conjugated polymers were observed by Burroughes et al. [14]. A first
solution processed device of a poly(p-phenylene-vinylene) (PPV) layer sand-
wiched between a low work function (aluminum) and a high work function
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Figure 2.16.: Controlled growth of QDs by the hot-injection method. (a) Ref. [31] and (b) ref. [154]
give a short insight in the mechanism of growing QDs by hot-injection.

electrode (indium oxide) demonstrated the feasibility of light emitting diodes
and a new generation of flat displays. After electroluminescence by conjugated
polymers, photovoltaic or photodetection by absorption of organic polymer
devices seemed self-evident. However, a different kind of layer, the so-called
bulk-heterojunction was developed by ref. [143] to make them possible (see
subsection 2.3.2 which was implemented in OPDs by [185]).

All this research, the discoveries and the innovations established a new indus-
try based on new organic semiconductor devices like OLEDs, organic photo-
voltaics on flexible substrates etc. in the last 20 years, which is still under
significant development process.

2.3.1. Conjugated Polymers

Organic Semiconductors can be categorized in two groups: Small molecules
which are deposited by vacuum sublimation and conjugated polymers. Poly-
mer stems from the Greek words poly for ‘'many’ and meros for ‘part’ and im-
plies that it is made of many repeating monomers, so that polymer character-
istics strongly depend on the monomers. A homopolymer is made of a single
monomer whereas a copolymer can consist of two or more monomers. Copoly-
mers are further discriminated in alternating copolymers (figure 2.17 II), random
copolymers (figure 2.17 III), periodic copolymers (figure 2.17 1V), block copolymers
(figure 2.17 V) and statistical copolymers, where the sequences of the different
monomers follow statistical rules (e.g. Markovian statistics). In figure 2.17 the
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Figure 2.17.: Type of polymers (I) Homopolymer: single monomer only. (II) Alternating copoly-
mer: two alternating monomers A and B. (III) Random copolymer: stochastically
ordered monomers A and B. (IV) Periodic copolymer: periodically repeating struc-
tures of monomers (e.g. A-A-B), monomers. (V) Block copolymer: covalently bonded
homopolymers.

different types of polymers are illustrated. Materials are called organic if they
are predominantly consisting of carbon and hydrogen atoms.

Hybridization of atomic orbitals in carbon

The hybridization of atomic orbitals is a special property of carbon atoms,
which is essential for organic semiconductors. Figure 2.18 shows the 3 differ-
ent hybridization states: sp°-, sp?- and sp-hybridization. The s- and p-orbitals
combine to new energetically equal atomic orbitals [151].

Since the sp?-hybridization is a special characteristic for conjugated polymers,
sp*-hybridization and bonding is visualized as an example for ethylene. In fig-
ure 2.19(a) in the energy diagram the s- and p-orbitals form three energetically
equal sp?-orbital in a carbon atom which can go into bonding with hydrogen
atoms and another sp?-hybridized carbon atom for ethylene (see figure 2.19(b).
The 4 hydrogen atoms as well as the two carbon atoms establish a o-bond
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Figure 2.18.: Hybridization form of atomic orbitals for carbon atoms. sp3- (left), sp?- (middle)
and sp-hybridization (right) is shown. Reproduced from ref. [151].

(rotationally symmetric) [151], which can be seen by the overlap of the cor-
responding s- and sp?-orbitals. By the interaction of s- and sp>-AOs, bonding
and anti-bonding MOs are composed: o(s — sp?), o(sp? — sp?), o* (s — sp®) and
o*(sp? — sp?) as indicated in figure 2.19(c). The p-orbitals of the carbon atoms
delocalize generating a m bond (not rotationally symmetric) [151]. From this
interaction another bonding and anti-bonding MOs 7(p — p) and 7*(p — p) are
formed (see figure 2.19(d)). Actually, the carbon are then double bonded. The
MOs can be described by a linear combination of AOs, so that for the bonding
and anti-bonding MOs the following wave functions are obtained

U, =, + Uy (2.66)
Voo = Wy — U (2.67)

with ¥,,; and ¥, being the wave functions of the p-orbitals of the carbon
atoms. From figure 2.19 one can anticipate that o-bonds are stronger compared
to m-bonds. o-bondings exhibit a stronger overlap of the involved orbitals and
do not to delocalize as much as 7w-bonds.

Energy Bands

Conjugated polymers consist not only of a single monomer, but are made by a
lot of repeat units as already discussed in figure 2.17. The simplest conjugated
polymer can be composed of a unit which is very similar to ethylene. Simply
speaking, just by removing an hydrogen from the ethylene molecule another
ethylene molecule without an hydrogen molecule can be attached and so on
and so forth and a polyacetylene is obtained (c.f. figure 2.20). By increasing
the number of repeat units of the polymer the number of bonding and anti-
bonding MOs is also increased with the length of the polymer chain. In a
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Figure 2.19.: Bonding in ethylene molecules with sp?-hybridized carbon atoms. (a) The energy di-
agram of a spz—hybridized carbon atom and (b) the involved atomic orbitals (AOs) for
bonding in ethylene. (c) According to linear combinations of AOs the energy diagram
of the molecular orbitals (MOs) can be obtained. (d) illustrates the distribution of the
MOs in ethylene.
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conjugated polymer with N double bonds (7m-bonds) 2N linear combination of
p-orbitals can be found [104]. At a sufficiently large number of repeat units
(carbon atoms) a comparable band configuration to inorganic semiconductors
is achieved (see figure 2.21(a)) and a kind of conduction and valence band can
be found separated by a bandgap. For organic semiconductor the bandgap is
commonly characterized by the difference between the highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).

C C C C C C
H H H H H H n

Figure 2.20.: Chemical structure of polyacetylene.

The bandgap is converging at large numbers of carbon atoms and was derived
empirically from experimental results according to ref. [120]:

c
By = Eo+ (2.68)

with Ey with bandgap for long polymer chains and C' as a constant. In 1979,
ref. [162] developed a different approach with a tight bonding model concen-
trating on electron-phonon-interaction o (SSH-model), so that the bandgap in
conjugated polymers can be expressed by

E, = 8auy (2.69)

with ug as the Peierl’s distortion. The Peierl’s distortion is the disparity in dis-
tance between the carbon atoms: ug = dsingie — daousie (see figure 2.21(b)).
The distance of double bonded carbon atoms is shorter than of single bonded
carbon atoms. Without any distortion the bandgap E, diminishes along with
the semiconducting properties of the conjugated polymer.

Conjugated polymers are often mentioned as one-dimensional semiconductors
as the charge can travel along the polymer backbone. The electrical conductiv-
ity originates from the delocalization of the perpendicular p-orbitals along the
chain as illustrated in figure 2.22. Interactions between the p-orbitals smear out
the electron probability density throughout the entire polymer chain.
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Figure 2.21.: Energy bandgaps in conjugated polymers.(a) With increasing the length and thus the
number of 7-bonds, conjugated polymers form a band structure. (b) Peierl’s distortion
(disparity in distance of the carbon atoms) enables semiconducting properties of a
conjugated polymer (dgoubie < dsingle)-
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Figure 2.22.: Delocalization of perpendicular p-orbitals along the chain of conjugated polymers
(e.g. polyacetylene).
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Excited States

Figure 2.23 outlines the formation of a soliton. For polyacetylene two identical
mesomeric description of the polymer can be found (see figure 2.23(a)). The
A- and B-phase of polyacetylene are only differentiated by the opposite begin-
ning of the alternating sequence of single and double bonds. At the interface
of these two phases a soliton at the junction arises. A soliton is an unpaired
electron, but electrically neutral. The soliton is free to move as the soliton does
not change the system’s energy, as the ground state is degenerate. Solitons only
occur in degenerate systems. The soliton state is introduced in the middle of
the bandgap as depicted in figure 2.23(b). However, semiconducting polymer
like polythiophenes show mesomeric forms as benzenoid (c.f. figure 2.24(a))
and quinoid structure (c.f. figure 2.24(b)) and are non-degenerate.

SN\ NS ) VA V@ VAN

I N [N D umo
APhase 1 Bphase = :
T . l{ = 1 I [—
NN NN N NN N
I [ [ [ Howmo
l positve soliton neutral soliton negative soliton soliton band
Q=q Q=0 Q=-q Charge
S=0 S=% §=0 Spin
(a) Formation of a soliton (b) Soliton states

Figure 2.23.: (a) Formation of solitons and (b) introduced states within the bandgap of the conju-
gated polymer.

For non-degenerate systems polarons can be formed. Polarons are charged and
perturb the molecule, so that the energy levels of polarons can be found within
in the bandgap as pointed out in figure 2.25. Polarons are usually created by
photoexcitation, during charge carrier transport and by chemical doping. If
electrons are added or removed from the polymer, negative or positive po-
larons are generated respectively.

S S
\ / n n
(a) Benzenoid (b) Quinoid

Figure 2.24.: Non-degenerate mesomeric structures of polythiophenes. (a) benzenoid and (b)
quinoid form.
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Figure 2.25.: Different types of polarons. Adding or removing electrons to polymers by photoexci-
tation, charge transport or chemical doping generate positive and negative polarons.
Bipolarons can be obtained for sufficiently long polymers by e.g. doping.
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Figure 2.26.: (a) Types and (b) states of excitons.

An important mechanism for organic optoelectronics is the photoabsorption in
conjugated polymers. An electron is lifted by an incident photon from the -
band to the 7*-band forming an exciton. To generate free carriers the binding
energy (the Coulomb interaction) has to be overcome. Excitons can be charac-
terized by three different types: Mott-Wannier, charge transfer (CT) and Frenkel
excitons (c.f. figure 2.26(a)). The Frenkel excitons are typically found in molec-
ular systems with a binding radius j 5 A. Whereas, the Mott-Wannier exciton
occur in materials like inorganic semiconductors with large radii of 10 A to 40 A
[53, 62]. In heterogeneous systems like in oBHJ systems an electron is trans-
ferred to a neighboring molecule creating a CT exciton. Furthermore excited
states can be characterized by spin-opposition (singlet) or parallelism (triplet).
By photoabsorption an electron is raised from a ground state to an excited state.
Since the ground state is typically a singlet state, the excited state is also found
to be a singlet state. However, by recombination or during charge transport
and transfer also triplet states can occur as the spin of those electrons.
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Figure 2.27.: Charge transport in organic semiconductors by hopping along discrete states in the
layer.

Charge Carrier Transport

Since organic semiconductors like conjugated polymers usually do not appear
in crystalline form, the charge transport is different as compared to inorganic
semiconductors. Charge carriers can move freely along the polymer chain
only. To travel through a whole layer the charge carriers need to hop to other
molecules. Charge transport is therefore dominated by hopping. The states
in disordered organic semiconductors are localized and are not continuously
delocalized as known from inorganic semiconductors. The carriers have to hop
from a localized state in the 7 or 7*-bands of a molecule to another molecule.
This hopping mechanism is a stochastic process. Bssler modeled the charge
transport with Monte-Carlo-simulation [7, 8]. Important parameters for the
hopping transport consider the Gaussian density of states p(E) and the hop-
ping rate v;; between the states where j is the unoccupied state and i is the
donor state, depending on the height of the energetic barrier £; — E; and the
distance R;; between the states

p(E)= exp (—;) (2.70)
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N, represents the total density of states, E is the energy measured relative to
the center of the density of states (DOS) and ¢ is the standard deviation of the
DOS. The hopping rate is described by

exp (— E,;B_f‘) forE; > E;

vy =1g - exp (2vR;;) (2.71)
1 forE; < E;

where vy is a pre-factor and v is the inverse localization length of the electron
wave function. The temperature and field-dependent mobility can then be de-
scribed according to ref. [8] as follows

2
20
Mo, F,5° = Ho - €XP ((M) ) :

exp | C (IC;LT)Z — 22> F1/2> for>>.>15

, 2.72)
exp | C (k;LT) —2.25) F1/2) for>> <15

with a material factor 119 and ) the spatial disorder of the hopping states.

2.3.2. Organic Bulk Heterojunction

The development of the organic bulk heterojunction (0BHJ) was a big step
forward for organic photodetector devices, since the concept of oBH]Js is the
introduction of a heterojunction for charge separation [143]. As in subsec-
tion 2.3.1 the different excitons are described by Coulomb bound electron-hole
pairs. To dissociate an exciton, more energy than the exciton binding energy
is needed. In conjugated polymers Frenkel excitons are generated in an ab-
sorption process as they are located on a single molecule characterized by a
strong Coulomb binding. Ref. [143] introduced a donor-acceptor-system for
a photoactive organic layer. In figure 2.28(a) such a system is formed in this
example with the materials Poly(3-hexylthiophene) (P3HT) and [6,6]-Phenyl-
Cé61-butric-acid-methyl-ester (PCBM), which transfers a photoexcited electron
from the polymer (donor) to the fullerene (acceptor).

In layers composed of conjugated polymers only, the photoexcitons are Frenkel
excitons (see section 2.3.1). Since the electrons and holes are located on a single
molecule, recombination is highly probable and lost for extraction. Dissociation
of excitons is essential for efficient photodetectors and is realized by an oBH]J.
In figure 2.28 an oBH] is illustrated with PCBM as electron acceptor and P3HT
as electron donor. A photoexcited exciton can be separated as the energy differ-
ence of the LUMO state of PCBM and P3HT is larger than the binding energy.
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Figure 2.28.: The oBH]J. (a) Donor (P3HT) and acceptor (PCBM) molecules can form an oBH]J for
charge separation of photoexcitons. Energetic levels and extraction of charges in
oBHJs. (b) Charge separation can take place at the interfaces, since the energy dif-
ference of the LUMO:s is large enough to allow charge transfer.

As the exciton diffuses on the polymer (here: P3HT) and as soon as the exciton
experiences the energy difference of the acceptor (here:PCBM), the electron is
transferred to the PCBM (c.f. figure 2.28(b)) while the hole remains on the P3HT
molecule, so that early recombination of the exciton can be avoided. Ref. [143]
improved the efficiency of organic solar cells with the introduction of the oBH]
by more than an order of magnitude. The charge separation can be described
in more detail by [38]:

) D+A—-D*+ A excitation of the donor

I D*+A—(D-A)* excitation delocalization on D-A complex
M) (D—A)* — (D — AS)* initiation of charge transfer

IV) (D’ — A%~ — (D™®*— A**)  formation of an ion radical pair

V) (D**t —A"*)— D**t — A~* charge separation

The mechanism of the oBH]J is applied to a photodiode according to figure
2.29(a). In the photoactive layer of OPDs there are donor and acceptor domains
formed during film deposition and annealing by phase separation (see figure
2.29(b)). An exciton is created by an incident photon (c.f. figure 2.29(a) I)) and
can be separated as soon as the exciton moved to an interface between donor
and acceptor domains (c.f. figure 2.29(b)), the photoexcitons can be separated
(see figure 2.29(a) and 2.29(b) II)). Due to the built-in potential because of the
low and high work-function electrodes often increased by an additional reverse
bias at photodiodes, a field driven extraction of the charge carriers is possible
as the hole travels to the anode through the donor phase while the electron
is extracted through the acceptor phase at the cathode (c.f. figure 2.29(a) and
2.29(b) III)).
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Figure 2.29.: The working principle of an oBHJ in an OPD. (a) Energy diagram of an OPD with an
oBHJ. The exciton is created by photoexcitation (I), separated at the donor/acceptor
interface (II) and extracted at the corresponding electrodes (III). (b) In an oBH]J film the
morphology is characterized by phase separation into donor and acceptor domains.
In the donor domain the exciton is generated, diffuses to a donor/acceptor interface
and dissociated (II). The remaining hole is extracted via the donor domains whereas
the electron propagates in the acceptor domains to the cathode (III).

2.3.3. Organic Photodetectors

As the important physical principle for photogeneration and efficient charge
extraction were explained in the previous sections, device characteristics of
OPDs are described in the following.

As already illustrated in figure 2.29(b), an OPD consists of many donor/accep-
tor interfaces and thus, of many pn-junctions on a molecular level. Such a con-
figuration can be modeled by an “expanded pn-junction” [179]. Accordingly,
the I-V characteristics of an OPD can be described by the Shockley equation as
already introduced for pn-junctions (c.f. 2.58).

Ip=1Is (exp (ni‘;é“) - 1) 2.73)

with n as the ideality factor for diodes /s as the saturation current accounting
for thermal assisted injection, and Ip as the diode’s current. However, this
equation does not consider the additional current by photogeneration of charge
carrier.

Taking Beer’s law from equation 2.42 into account, all absorbed photons can
contribute to the current, so that the maximum (optical possible) current /4,
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can be extracted. Depending on the wavelength A and the thickness of the
photoactive layer d, 1,4, is given by
P, A

Inas(d, \) = qT’; (1 —exp(—a()) - d)) (2.74)
Losses for oBHJ layers are negligible as all absorbed photons are generating
charge carriers (assuming an internal quantum efficiency 7;,+ ~ 1). Due to
the finite lifetime 7 of photogenerated charge carriers, the charge carriers can
recombine on the extraction path. The photocurrent I,;, can be therefore de-
scribed as proposed by [148]:

—|Imaz| ut(=V 4+ V) /d>d
Iph = |Imam| MT(V — ‘/ln)/d >d (275)
|Imaa:| . MT(V — %1)/d2 else

Under large enough forward biases the schubwegs are longer than the film
thickness d, so that the all the generated charge carriers can be extracted. For
smaller schubwegs, a fraction can be extracted accordingly.

Actually an OPDs as a device consists among others of a glass substrate, elec-
trodes, encapsulation introducing losses. The overall spectral response can be
characterized by the external quantum efficiency (EQE) and is a key perfor-
mance indicator for photodetectors. The EQE puts the extracted photogener-
ated charge carriers in relation to the incident photons on the detector. OPDs
show typically EQEs of more than 75% [147, 176]

NEQE = Iph/e
Popt/hf

(2.76)

When the OPD is operated in photovoltaic mode (IV. quadrant of the I-V char-
acteristics), the fill factor (FF) is a standard indicator. In an ideal photodiode FF
is 100% as the photodiode could be operated at an power level of Isc - Voc.
Taking losses into account the current Ip,,q, and the voltage Vp ., at the
optimum operating power level are smaller than /g¢ and Voc. The relation
is expressed by FF as following:

Ipmaz - VP max
FF = “Bmar” Thmar
Isc - Voc
Figure 2.30 illustrates the fill factor, the definition of /s¢ and Vo and the pho-
tocurrent I,,;,. From the I-V characteristics an equivalent circuit can be derived
from parameters (e.g. R,, R;) as depicted in figure 2.31. Material and device
properties as leakage current due to imperfectly blocking contacts and bulk
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Figure 2.31.: Equivalent circuit of an OPD.
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resistance and contact barriers can be taken into account for I-V characteristics.

Consequently, the I-V characteristics of an OPD can be implicitly, analytically
described from the equivalent circuit by

V —-1IR V—-1IR

P3HT:PCBM devices were modeled by ref. [148] showing a good agreement
with measurements

2.4. Hybrid Organic/Inorganic Photodetectors with
Colloidal QDs

QDs and colloidal quantum dots (CQDs) were introduced in section 2.2 and can
be applied to optoelectronic devices. For photodetection two main approaches
can be considered: Devices with photoactive layers containing purely CQDs
and with hybrid composites [88].

Hybrid devices

In hybrid devices, the film is not a QD solid, but a composite of usually semi-
conducting organic polymers and CQDs. To obtain hybrid composites for pro-
cessing different methods have been found in research.

Blending the semiconducting polymers with the QDs together and process lay-
ers from the solution, is an obvious step. However, limitations of this approach
have to be taken into account. The materials have to be carefully chosen ac-
cording to solubility, phase separation of the composites in the films, which
is crucial for the morphology, and the essential charge carrier separation and
transportation within the films. For these reasons properties of the QDs and
of the polymer have to be adjusted (e.g. for solvents, energy level alignment
and charge transfer). In this work, this approach was applied to develop the
IO-HPD.

A second approach is to link polymers directly to the QD. Before solution pro-
cessing of hybrid films, the initial ligand of the QD is exchanged with function-
alized polymers. The polymers have side or end anchoring groups to replace
the initial ligands and passivate the surface of the QD. To skip the process for
ligand exchange, the anchoring groups can be integrated to the ligand.
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The most integrated solution to generate hybrid composites is to use already a
solution of polymers as growth media for the CQD synthesis: a so-called in-situ
growth of QD. The polymers passivate the QD and films can be processed from
the solution. This approach was demonstrated for several materials as TiO,
ZnO, PbS and CdS. Power conversion efficiencies in solar cells of 2.9% have
been reached [139]. For more detailed information about creating chemically
hybrids see also ref. [139].

Selected I0-HPDs reported in literature

Ref. [105] realized an hybrid photodetector with PbS-QDs embedded into a
polymer matrix of poly[2-methoxy-t-(2’-ethylhexyloxy)-p-phenylene vinylene
(MEH-PPV). To facilitate charge transport on the QDs the initial OA ligands
were exchanged with octylamine ligands. EQEs of 0.38% at 975 nm were re-
ported for this system. Here, the QDs are utilized as electron acceptor, since
MEH-PPYV is an hole-conducting polymer used in organic photovoltaics [58].

To sensitize PCBM films with PbS-QDs was shown by ref. [172]. The PbS-
QDs were fully capped with OA ligands, but showing ultra-fast charge transfer
from QDs to the fullerene. The phototransistor device of ref. [172] showed a
significant higher responsivity and improvement of the photoresponse to ref.

[105].

Ref. [16] incorporated CdTe-QDs in an oBHJ matrix of PBHT:PCBM showing a
high photoconductive gain and efficiencies of 8000% and 600% at 350 nm and
700 nm respectively. A similar approach for the visible range coincided with
the work for IO-HPDs sensitized with PbS-QDs for the near-infrared.

A further bulk-heterojunction considering the principle of the Graetzel photo-
voltaic cell was recently reported by the Sargent group in collaboration with
Graetzel reaching power conversion efficiencies of 5.5%. PbS-QDs are the sen-
sitizers for the porous titanium oxide layer.

CQD only devices

Photodetectors just made of QD layers were investigated by several groups. In
2000, ref. [93] reported photoconductivity of differently passivated CdSe-QDs
on a thermally passivated silicon substrates with Au electrodes in lateral con-
figuration. A few years later, ref. [119] demonstrated EQEs of 24% for a sand-
wiched CdSe-QDs in indium tin oxide (ITO):Poly(3,4-ethylenedioxythiophene)
(PEDOT):Poly(styrenesulfonate) (PSS):CdSe-QD:Silver (Ag)
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structure. In fact, these devices were still photoconductors without any photo-
diode properties. Ref. [10, 9] have shown long-wavelength operation for pho-
todetection with inkjet-printed dodecanethiol capped HgTe-QDs on interdigi-
tated Ti/Au electrodes with an alternative processing method of inkjet print-
ing. After first studies of hybrid devices [105], the group of Sargent have done
distinctive work in the recent years on single QDs devices with a focus on lead
salt QDs. Ref. [86] accomplished with a photoconductor of PbS-QDs in a lateral
configuration a detectivity (D*) exceeding epitaxially grown InGaAs detectors
of 10'? jones. Ref. [85] reported a photovoltaic octylamine and dithiol capped
PbSe-QD device with an EQE of 46% in the infrared. However, the lifetimes
of these device were in the range of several days, only. An optimized device
with PbS-QD for photodection in a sandwich configuration (ITO/PbS-QD/Al)
was developed by ref. [26]. The PbS-QDs were surface passivated by a 3-stage
procedure with benzenedithiol. Characteristics of a photodiode were achieved
with low dark currents (0.1 nA cm™2), infrared sensitivity up to 1600 nm (EQE
> 10%) and therefore an D* of > 10'?. Fast operation with a —3 dB frequency
of more than 10° Hz could be demonstrated as well. Although lifetime was
improved to more than two months, for applications the lifetime has still to be
dramatically improved.

Detailed review on photodetectors made of colloidal quantum dots are given
for further readings from ref. [139, 141, 56] and ref. [142, 174, 88].

46



3. Measurement and
Characterization Methods

In this chapter an overview on the used characterization and measurement
methods is given. The chapter is divided into three parts describing methods
to investigate device, structural and material / blend properties.

3.1. Device Properties

Within this work devices are analyzed by means of electro-optical characteri-
zation and transient measurements. The stability of devices is determined by
accelerated lifetime measurements. As the photodiodes are integrated as well
into imaging systems, capturing methods and imaging properties are discussed
elements in this section.

3.1.1. Electro-optical Characterization of Device Properties

Essential figure of merits are electro-optical properties of photodiodes. Photo-
diodes are analyzed in terms of current-voltage (I-V) characteristics, external
quantum efficiencies and spatially resolved photocurrents within this work,
too.

Current Voltage Characteristics

In this measurement the currents of the device under test (DUT) are analyzed
in dependence of the applied voltage.

For a standardized layout of testdiodes (see 3.2) containing 8 devices the first
setup in figure 3.1 is applied. A switch (Keithley 7001) addresses each individ-
ual diode and an Ampere meter (Keithley 6487) acquires the I-V characteristics
via a LabVIEW interface with a resolution of ~ 100 pA. After acquiring the
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3. Measurement and Characterization Methods

Figure 3.1.: Setups for measurements of I-V characteristics. (I) A standardized semi-automated
measurement setup is used for standard testdiodes for I-V characterization in the dark
and with illumination (see table 3.1). (II) For customized and for high-resolution I-V
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measurement a second setup is applied accordingly.
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1y
11 1

Figure 3.2.: A standard layout for 8 testdiodes of 2 cm X 2 cm.

dark currents, the samples are illuminated subsequently to determine photore-
sponses. Types of light sources for illumination are given in table 3.1. If not
otherwise stated, I-V measurements are recorded by the above presented pro-
cedure. Optional, a Peltier element can be included to conduct temperature
dependent measurements ranging from —70 °C to 200 °C.

To measure non-standard devices, a second setup with probe tips (Sss Microtec
PH 100) is available. This setup is also used to measure low currents down to
a few hundreds fA with a Keithley 6517 Ampere meter. To measure more com-
plex circuits the setup is extended with two Keithley 236 source meter units.
A possibility to couple light into the DUT by an optical waveguide is also ar-

Light source Spectra Wavelength (nm) Intensity
(LW cm™?)

Green LED array Monochromatic 532 780

NIR LED array Monochromatic 880 ~500

Halogen lamp Polychromatic ~ Solar Spectrum AM 1.5G  Peak: 1100

Filtered halogen lamp  Polychromatic > 870 n.a.

Table 3.1.: Different types of illumination sources applied to measurements of I-V characteristics.
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ranged. Measurements with this setup are specifically mentioned throughout
this work for transparency reasons.

External Quantum Efficiencies

A significant performance indicator for photodetectors is the ratio of collected

charges N, and incident photons Npy,, the EQE.

_ N, col _ & .
Npn  Ir

EQEM(M) EQER(N) (3.1)
The measurement setup is illustrated in figure 3.3. The broad spectrum light
source is a halogen lamp which is spectrally dispersed by a monochromator
(LOT Oriel Cornerstone 130). To apply lock-in measurement techniques the
monochromatic light is modulated by a chopper (HMS 220). The modulated
monochromatic light beam is focused on the active region of the OPD by a lens
and a mirror. The photogenerated current is AC amplified, voltage converted
(Femto DHPCA-100) and acquired by a lock-in amplifier (EG&dG 5210). The
measured current [, is put into relation of the previously measured reference
current of the calibrated device I (see equation 3.1). The calibrated photo-
diode is a silicon photodiode for wavelengths up to 1050 nm and an InGaAs
photodiode for the visible-NIR range from 650 nm to 2500 nm.

Measurement of X-ray Response by Lock-in Technique

In this work the sensitivity of hybrid devices to X-ray exposure is investigated
as well. To measure the response of the device an analogue procedure to the
EQE-measurements by a lock-in technique is applied. The monochromator and
the light source are replaced by an x-ray tube operated at 50 kV as acceleration
voltage. To provide a chopped signal for lock-in measurements the chopper
wheel was enforced by additional lead metal sheet of 250 pm to ensure suffi-
cient x-ray absorption. Note that the x-ray tube, the chopper wheel and the
hybrid device were located in an x-ray sealed chamber for protection while the
measurement equipment was kept outside.

Spatially Resolved Photocurrents

In figure 3.4 the schematic of the measurement setup for a spatial resolution of
the photocurrents is depicted. For optical excitation of the DUT two different
light emitting diodes (LEDs) emitting at 532 nm and 940 nm, respectively are
applied and coupled into a microscope to focus the light on the active area
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Halogen Mono-
light source chromator

Calibrated f(Hz)
reference
signal

_'., " DUT
QU s VIA e
: xlylz translation stage

]

Spectral response

Figure 3.3.: Diagram of a setup for spectral EQE measurements. The incident light from a halogen
lamp passes through a monochromator and is modulated by a chopper wheel. With a
mirror and a three-dimensional translation stage the DUT is placed accurately in the
beam. The generated modulated photocurrent is amplified by a current-voltage ampli-
fier and measured with a lock-in amplifier. By setting the measured and the reference
signal into relation, the EQE of the DUT can be determined.
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Light Source
532/940 nm

f (Hz)

V/IA

1(A) DUT

Ml x/y translation stage

Lock-in
Sl | Amplifier
x/y photocurrent
map

Figure 3.4.: Setup for spatially resolved photocurrents. Two different LEDs at 532 nm and 940 nm
are used as light source and is focused on the active area of the DUT as small as a 3 pm
spot. The optical signal is modulated to use lock-in technique. Scanning of the DUT is
done by the x/y translation stage.

of the photodetector. The focused spot is reduced to a size of about 3 pm or
10 pm in diameter for the 532 nm emitting LED and for the 940 nm emitting
LED, respectively. Since small photocurrents have to be measured the lock-in
technique is used by modulating the optical signal at a frequency of 70 Hz. The
photocurrents are amplified and converted by a current-voltage amplifier. The
resolution in x- and y-direction for scanning the active area of the photodetector

is as small as 5 nm.

3.1.2. Transient Measurements

Pulsed Measurements

Within this work two different optical pulsed measurements are used. Figure
3.5 illustrates a setup for pulsed measurements applied to standard test diodes
(see layout 3.2) while the setup of figure 3.6 for specially designed diodes for

Schematic optical path in microscope

high frequency measurements (see layout in figure 3.7).
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Function
Generator

Diode DUT

Trigger

—— Oscilloscope V/ A

Figure 3.5.: Setup for optical pulsed measurements

For pulsed measurements of standard testdiodes the pulse is applied to an
LED (Lumileds Luxeon 3 Star) emitting at 532 nm by a function generator
(TTi TGA1242). The resulting currents of the photodiodes are amplified and
converted by Femto DHPCA-100, subsequently acquired and displayed by an
oscilloscope (LeCroy Wavesurfer 424) as shown in figure 3.5.

For high frequency measurements the diodes do not have any contact wires to
the active area and are contacted by an high frequency probe as used by ref.
[130, 129]. As depicted in figure 3.6 a light pulse of an Nd:YAG-Laser emitting
with 2.5 ns at 532 nm follows an optical path through an neutral density filter
to apply different optical powers and a beam splitter to direct the light on to
the DUT and to an optical power meter for monitoring the optical power. For
I-V measurements and applying bias a source-meter-unit (Keithley SMU 236)
is used. The signal traces are acquired by an oscilloscope (Agilent Infiniuum
54832B) with a maximum sampling rate of 4 GS/s (0.25 ns) triggered by a fast
photodiode.

From transient measurements parameters as the cut-off frequency f_sqp (sig-
nal decreased to factor of —3 dB), the rise time ¢, and the fall time ¢; (signal
raises from 10% to 90% of the steady state values or declines vice versa) can be
derived.

Noise Analysis

Noise is a very important detector characteristic as noise limits the resolution or
the sensitivity of a detector, respectively. Noise is the result of random stochas-
tic processes, so that the perturbation of the current’s amplitude by noise is
totally uncorrelated. Noise is defined as the standard deviation of the variable

53



3. Measurement and Characterization Methods
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Figure 3.6.: Setup for high frequency optical pulsed measurements

Figure 3.7.: Layout of testdiodes used for fast transient measurements reproduced from ref. [129].

54



3.1. Device Properties

(here: the current) and the variance (standard deviation squared) is described
by

B =(i—i2= Ait /Om (i- %)th (32)

with At as a time interval long enough for any noise signals and i as the average
current.

Another property is that each independent source of noise sums up by square
to the total noise current, since their variances and accordingly the noise power
spectra and not the noise currents are summed up. The total noise power for N
independent sources is then given by

N
(Ai)2 = (Ai)? (3.3)

i=1

the root-mean-square-value of the noise current Ai,,s is

(3.4)

If the noise is uncorrelated to the frequency (white noise), the noise power is
proportionally dependant on the bandwidth A f and

Aipms o< \/Af (35
The main sources for noise in photodetectors are the following according to ref.
[165, 166]:

¢ Johnson noise is a thermally induced random motion of charges in any
linear resistor. Thermal noise is independent of frequency and has a con-
stant noise power density throughout the frequency spectrum.

I; = \/4ksTRAf (3.6)

¢ Shot noise originates from a discontinuous current flow in the detector
since charge carriers promote only a discrete charge and generate time-
dependent fluctuations in the electrical current. The fluctuations are inde-
pendent from frequency (white noise spectrum) for low and intermediate

frequencies.
Is = \/2qAf (3.7)
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ouT LAy V/A

F FT Oscilloscope

Figure 3.8.: Setup for noise analysis. With a current-voltage amplifier (Stanford Research Systems,
SR570) the acquired time-resolved signals by the oscilloscope (LeCroy Wavesurfer 424)
are transformed by fast Fourier transformation (FFT).

* Flicker noise (1/f noise) is inversely proportional to the frequency and is
therefore not considered as white noise. Processing or material properties
of the device are influencing flicker noise as it is related to impurities or
surface states. At frequencies below 10 kHz flicker noise becomes impor-
tant and may dominate other noise sources.

Ir = ,%W (3.8)

K is an empirically determined constant which differs largely and is de-
pendent on material and device geometry.

For an OPD the noise current is then given by

Inoise,PD =1/ I? + Ig + II%' in (A\/ HZ) (39)

Two major performance indicators to compare photodetectors are the noise
equivalent power (NEP) and the specific detectivity D*. The NEP is defined
as the incident optical power to generate a photocurrent in the photodetector
which is equal to the noise current /,,;sc,0pp. The NEP is described by

Inoise PD .
NEP = ——— WvVH 1
Reo () in ( Vv z) (3.10)
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with Rpp as the photodetectors spectral responsivity. The spectral responsivity
of a photodetector is given by

Rpp(\) = BQE(Y) - 2 (3.11)

resulting with equation 3.10 in

Inoise h I’I’Loise 1240 W-nm
NEP — Lnoise,PD NC. ,PD A (3.12)
EQE(N) ¢r ~ EQE(N)  A(nm)

Since noise currents are dependent on different parameters, the NEP is only
helpful, when these parameters are accounted for. The frequency, the tempera-
ture and the dark currents (applied bias) during the measurement of the pho-
todetector strongly influence noise currents. Whereas, the responsivity of the
photodetector depends on the wavelengths of the incident light. The detectiv-
ity D is the reciprocal of the NEP, so that a greater detectivity expresses a higher
resolution of photodetectors for lower optical powers. Since this consideration
is independent from the active area of the photodetector, the specific detectivity
D~ is introduced.

_ VArp _ RepvArp o, (cm\/}E w) (3.13)

D* = =
NEP Inoise,PD

By an FFT of an oscilloscope (Stanford Research Systems, SR570) the acquired
noise currents of the photodetector are determined in frequency domain. In
combination with EQE-measurements (see section 3.1.1) the NEP and the spe-
cific detectivity D* can also be derived for photodetectors from these measure-
ments.

Impedance Spectroscopy

Impedance spectroscopy is a method to analyze the impedance Z (27 f) of a
device with relation to the frequency domain. The impedance is characterized
by the relation of an alternating voltage and its corresponding current response
or vice versa. This can be expressed by

Vo - sin(27 f)

2@nf) = Iy -sin(2wf + ¢)

= Zy(2n f) exp(jd2n f) (3.14)
(3.15)

so that the impedance Z(27 f) can also be split in a real and an imaginary part
as known from complex mathematics. Actually, the impedance of an electrical
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Impedance P
Analyzer g;g‘_“ N, an,
L 2

Figure 3.9.: Setup for impedance spectroscopy measurements. The impedance analyzer is the
model HP 4192A from Hewlett-Packard is used.

DUT

circuit can be analytically determined from serial and parallel combinations of
resistances, capacitances and inductances.

Zr=R Resistance (3.16)
1

Zo = Tonf O Capacitance (3.17)

Zrp=j-2nf-L Inductance (3.18)

From the spectra of the impedance of the device, conclusions on an equivalent
circuit can be made for small signals as during impedance spectroscopy the
oscillating amplitude of the frequency dependent signal is about 100mV. For
interpretation and analysis of the frequency spectra see section 7.3.2.

3.1.3. Imaging

Since the goal of this work is to develop an NIR imager, the capturing from
an imaging device is necessary as well as methods to evaluate imaging perfor-
mances.

Figure 3.10 depicts the scheme of a setup to capture images from an a-Si AM-
TFT panel. The readout integrated circuit (ROIC) consists of the addressing
and timer logic to drive the a-S5i AM-TFT panel, charge amplifiers and a 14-bit
analog digital converter (ADC). Since the electronics is highly integrated the
signals are simultaneously integrated, amplified, low-pass-filtered and A/D
converted. A more detailed view of the ROIC and its hardware implementa-
tion is shown in figure 3.11. The entire electronics is able to drive and read 256
lines. The charge amplifiers are adjustable in their amplification by selectable
integrating capacitances of 0.5 pF, 1 pF, 2 pF and 4 pF. Actually, for the NIR
imagers a value of 4 pF had to be chosen due to the high dark currents. With
this setting 1 count of the 14-bit ADC corresponds to 4083 collected electrons.
The integration time for each pixel row is fixed to 20 ps. The digital signal
can be transferred on a computer with a grabber card by a camera link inter-
face for image processing. To perform NIR imaging, an InGaAsP laser diode
(ML725B8F) as an external illumination source is used. The simple method
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Figure 3.11.: Hardware realization of an ROIC for capturing images from an a-5i AM-TFT panel.

of shadow-casting through slides with individual designs is applied to create
themes for an image on the imager’s active area.

Methods for Image Reconstruction

Capturing images only, is not sufficient to receive proper images, so that correc-
tions need to be made to the captured image. Post-processing images is done
by flat-field correction (also known as flat-fielding). By flat-fielding, distortions
in the optical path or inhomogeneous illumination by a light source as well as
pixel fluctuations in sensitivity and dark currents can be corrected. For calibra-
tion, a dark and an illuminated image are needed in addition to the captured
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(a) Dark Image (b) luminated Image
(c) Captured Raw Image (d) Flat-Field corrected Image

Figure 3.12.: Flat-Field Correction. A dark (a) and an illuminated image (b) are captured ahead
starting image acquisitions. According to equation 3.19 flat-fielding is applied to the
raw image (c) and a corrected image (d) is obtained. The example was reproduced
from http://de.wikipedia.org/wiki/Bildsensorkalibrierung at June, 2
2010

raw image (see figure 3.12). With the acquired image P,., the following opera-
tions are performed.

Pacq - Pdark

- 3.19
Pbright - Pdark ( )

Prpp =

In the numerator offset structures are eliminated from the acquired image as
well as from the illuminated image Pyign¢. Perturbation in the optical beam
and fluctuations of the pixel sensitivity are considered by the division of the
offset corrected image Pycq — Paark Y Poright — Paar- In figure 3.12 the quality
of the capture raw image of a starry sky can be dramatically improved by flat-
fielding according to equation 3.19 (compare figure 3.12(c) and 3.12(d)).
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T

Figure 3.13.: Pattern for modulated transfer function measurements (left) and an expected repro-
duced pattern by the imager with fading the transition of the MTF pattern (right).

Resolution Capacities by Modulation Transfer Functions

The resolution of an imager is a further key performance indicator. To deter-
mine the imager’s resolution, the modulation transfer function (MTF) is ap-
plied. According to figure 3.13 a periodic line pattern is created and projected
on the imagers active area (here by shadow-casting). The periodic line pattern
has a spatial frequency and the signal difference between the dark and the
bright areas corresponding to the line pattern is observed. An ideal system
with infinitely small pixels and without any scattering would resolve any line
pattern independent of the spatial frequency (line pairs mm) as depicted in
figure 3.14. However, in real systems when the spatial frequency reaches the
domain of the pixel size, the pattern smears out between neighboring pixels
and the transition from dark to bright is less promoted. Scattering of light is an
additional reason for lower resolution (e.g. at encapsulation layers in the imag-
ing device). In this work, the MTF is measured by applying lead coins with line
patterns from x-ray imaging to the imager and the signal amplitudes below the
patterns are analyzed. According to ref. [159] the MTF can be determined by

_ Abright(f) - Adark(f)
Abright(f) + Adark(f)

MTF(f) (3.20)

with Ag,,1, as the signal amplitude below the shadowed area and Ay, 41+ below
the illuminated area of the line pattern with the spatial frequency f.
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Figure 3.14.: The MTF of CT scanners as representatives for real imaging systems. In contrast
to an ideal system the resolution performance decays with the spatial frequency of
the line pattern. The graph was modified from http://www.ceessentials.net/
article33.html on June, 2 2012.

3.1.4. Lifetime Analysis

For accelerated lifetime tests, standard testdiodes are kept at controlled climatic
conditions. In a climate chamber (ESPEC SH-221) a temperature of 38°C with
a relative humidity (RH) of 90% is applied. The lifetime measurements were
developed for organic devices by Ptzold et. al [124, 123]. For such climate con-
ditions an acceleration factor of ~6 for lifetime test can be assumed [123]. As
depicted in figure 3.15, I-V characteristics for standard testdiodes are acquired
over time under accelerated lifetime conditions. The evolving I-V character-
istics are validated in terms of photodiode performance like rectification and
dark currents.

3.2. Structural Characterization Methods

Structural characterization is an essential part when designing new mate-
rial composites and semiconductor devices. However, scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) methods have
not been executed by our group, so that the introduction to SEM and TEM is
kept to the working principles.
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Figure 3.15.: Setup for accelerated lifetime measurements. The I-V characteristics of the DUT are
measured over time at controlled climatic conditions. The conditions determine the
acceleration factor. At 38°C and a RH of 90% the factor is ~6 [123].

3.2.1. Scanning Electron Microscopy

In an SEM an electron beam generated by emission from a thermionic cathode
is bundled and focused by electromagnetic coils on the substrate (see figure
3.16). The electron beam scans the samples row by row and various signals
can be detected due to the impinging electron beam on the samples. Besides
the X-rays, back-scattered and secondary electrons are most commonly used
to reconstruct information and images of the sample. Secondary electrons are
emitted by the interaction of the electrons with the atoms and are characterized
with low energies at a few eV. Thus, these electrons come from the first few
nm of the sample, so that the topography of the sample can be determined by
detection of the secondary electrons. Conclusions on the material distribution
in the sample can be given by the back scattered electrons. The intensity is
dependent on the atomic number of the materials and the electrons have en-
ergies of several keV. By detecting the back scattered electrons, a mapping of
the materials in the sample (material contrast image) can be given, because the
heavier elements generate more back scattered electrons than lighter materials.

3.2.2. Transmission Electron Microscopy

As shown in figure 3.16 TEM is a special operating mode of the electron mi-
croscopes. A sample is exposed to high accelerated electrons in a vacuum. By
passing through the sample the electrons are scattered and absorbed, so that a
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Figure 3.16.: Scanning and transmission electron microscopy.
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bright field image can be captured by the absorption of the electrons in the film.
Regions with either a thicker film or materials with higher atomic numbers
appear darker. TEM is a powerful method with a variety of alternative charac-
terization techniques as the visualization of crystalline structures by diffraction
patterns. However, the TEM images in this work are bright field images. For
detailed insight into electron microscopy see ref. [35].

3.3. Characterization Methods for Material and
Blend Properties

3.3.1. Bulk Mobilities by Charge Extraction by Linear
Increasing Voltage

With the CELIV method it is possible to conclude on bulk mobilities of charge
carriers [71]. If a voltage ramp (see figure 3.17) in reverse direction is applied
to extract charge carriers from the device, the current is composed by displace-
ment and extraction currents: 14;; and I..;. The displacement current is caused
by the diodes capacity and can be described by

Ijis=C -V (3.21)
Assuming full depletion of the diode due to the built-in potential, the capacity
of the diode can be approximated by a simple parallel-plate capacitor which

yields to

s = ETZ)A v (3.22)

As a consequence of the constant capacitance, /4,5 remains constant for linear
increasing voltages. A differing current from Iy;s can only be caused by the
extraction current /.,; due to free carriers extracted by the electrical field of
the applied voltage ramp. To avoid distortion of I.,; blocking contacts need to
prevent injection of the corresponding charge carriers.

According to ref. [70] the conditions for low conductivity materials are given
when the time constant of the diode is much smaller than the transit time of
the charge carriers (7, << t4,) so that Ig4;s > I.;+. Recently ref. [98] found that
low conductivity conditions for CELIV measurements have to be considered
more carefully. However, for the estimation of mobility within this work, the
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Figure 3.17.: The charge extraction by linear increasing voltage (CELIV) method. (a) Two subse-
quent voltage ramps with a delay in between of ¢4 are applied to the diode. (b) A
sketch of a common response of the diode to the applied voltage ramp. The current
consists of two components: the displacement current 74;; and the extraction current
Iezt. With the time (¢4 ), when I+ reaches its maximum, conclusions can be made
to charge carrier mobilities [71]. With the second pulse the recovery to equilibrium
might be studied [71, 72]. At Photo-CELILV a light pulse is applied shortly before the
voltage ramps.
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Figure 3.18.: Setup of a CELIV-measurement

method is still sufficient for determining and is given for the low conductivity
conditions by ref. [72] by

202
8Vt - (14036 - 12t )

o= (3.23)

In figure 3.18 the setup is illustrated. The voltage sweeps are generated by
a waveform generator (TTi TGA1242). The voltage offset and the current re-
sponse are provided, amplified and converted by a current-voltage amplifier
(Femto DHPCA100). The traces are captured and visualized by an oscilloscope
(LeCroy Wavesurfer 424). By application of a light pulse briefly before the volt-
age ramps gives the Photo-CELIV.

3.3.2. Field Effect Mobilities

The analysis on field effect mobilities is straight forward. As known from
semiconductor physics one can build field effect transistors from almost any
semiconducting material (see ref. [171]). Thus, field effect measurements are a
powerful tool to extract mobilities from films. A field effect transistor (FET) is
made of a gate contact, which is electrically insulated from the semiconducting
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|osﬂ \/ |Dsﬂ

Figure 3.19.: Transfer characteristics and determination of parameters. (Left): In the linear regime
(dashed line) of transfer characteristics the transconductance g, can be extracted and
correlates with the mobility. (Right): The threshold voltage V;j, is determined by a
line (dashed line) at the intersection with the x-axes.

bulk material by a dielectric (e.g. silicon oxide). Underneath or above the gate
a source and a drain contact are buried in the bulk to inject the channel current
Ipg which is controlled by the voltage between drain and source contacts Vpg
and between gate and source contacts Vi g. The gate voltage repels or attracts
charge carriers to interface between dielectric and semiconductor according to
the strength of the electric field. The drain-source voltage drives the charge car-
riers through the channel. For a FET in saturation regime (Vpg > Vgs—Vin > 0)
the current is given by

p-Ci W
L

5 - (Vas — Vin)® (3.24)

Ips =

The field effect mobility can be derived from the transconductance g,,, which is
described as

_OIps W
I = es nCi- - (Vas — Vin) (3.25)
This leads to the relation for the mobility
~ 0Ips L 1 (3.26)

"= Was WC; (Vas — Vin)

From this equation one can derive a reliable value of the mobility in the linear
region of the transfer characteristics of a FET indicated on the left in 3.19. On the
right in 3.19 the threshold voltage V;;, can be extracted from v/Ipgs to Vs rela-
tion, which is the intersection of the Vzs-axis and a straight line through the in-
tersection point and the corresponding slope. The channel length L and width

68



3.3. Characterization Methods for Material and Blend Properties

(a) Interdigitated Contacts (b) Stack of FET

Figure 3.20.: Layout of backgated FETs. (a) An interdigitated structure for source and drain con-
tacts was chosen to maximize the channel width of the FETs. (b) The cross-section
through the FET illustrates the source (S) and the drain (D) contacts and their distance
on top of a p*-Si wafer with a thermally grown 100 nm SiOx layer.

W are design parameters, whereas the intrinsic capacitance is approximated
by an plate capacitance determined by C; = €€, A/d where A = LW is the
area of the channel region. Standard FET-equations can be applied to organic
materials in FET configuration as well (see ref. [60] and ref. [33]). In contrast
to a common inorganic metal oxide semiconductor field effect transistor (MOS-
FET) forming an inversion layer, organic field effect transistors (OFETs) work
in accumulation mode (majority charge carriers form the channel) as organic
semiconductors show low conductivities in comparison to inorganic semicon-
ductors. However, an OFET follows the equation introduced above and field
effect mobilities can be extracted. OFETs within this work were fabricated on
a 3”-p+-silicon wafer with a 100 nm silicon oxide on top. Contacts of a nickel
(10 nm) as adhesion layer and 50 nm gold were sputtered and structured by a
lift-off technique. To maximize the channel width W an interdigitated contact
structure is used (see 3.20(a)). The channel length L and the size of the contact
fingers is 10 pm (see 3.20(b)), so that the channel length W is 19.2 cm in total.
The intrinsic capacitance C; is 765 pF with a 100 nm of silicon oxide as gate
oxide. Any voltage above 60 V has been avoided not to destroy the oxide as its
dielectric strength is ~ 100 V.

After cleaning with acetone and isopropyl and oxygen plasma activation the
semiconductor blend was deposited on the substrate by doctor-blading which
was applied as well for the active layer of the photodiodes. According to the
process of the photodiodes, the film was annealed for 10min @ 80°C. The
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FETs were used in backgate configuration. Gate voltages were applied by a
Keithley 2400 source-meter-unit and the channel currents /pg were measured
by a Keithley 236 source-meter-unit. All measurements on FETs were done in
dark and under inert nitrogen atmosphere in a glovebox to minimize extrinsic
influences.

3.3.3. Temperature Induced Conductivity

Temperature dependent measurements of I-V characteristics were made with
the same setup in figure 3.1. With the Peltier element the temperature can be
risen from 0°C to 80°C. Additionally, photoresponse measurements according
to temperature dependence were conducted by the University of Linz at the
Institute of Semiconductor and Solid State Physics. The device is placed in an
optical cryostat for low temperature measurements. Additional, photolumi-
nescence as well as spectral response measurements can be applied [127].

3.3.4. Transmission Spectroscopy

Actually, transmission spectroscopy is kept in this work at a pragmatic simple
stage. The setup known from EQE measurements (c.f. figure 3.3) is modified
in a purpose, that the sample (DUT) is placed in the beam right in front of
the calibrated silicon or InGaAs photodiode which is located between the DUT
and x/y/z translation stage. A reference measurement to calibrate the trans-
mission measurement is conducted before. The monochromator sweeps the
wavelength and accordingly a spectrum of the transmission is obtained by the
relation of the reference signal to the measured transmission signal.

o (3.27)
Ig

with T as the transmission, I, as the measured current and Iy the reference
current.
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4. Materials, Sample Topology and
Processing Technologies

Within this chapter materials used for the work, relevant technologies for pro-
cessing and to manufacturing organic and hybrid devices are described.

4.1. Materials Used

4.1.1. Photoactive Layer Materials
Poly(3-hexyl-thiophene) (P3HT)

A polymer which is widely used and well investigated in organic photovoltaics
is P3HT [58, 57]. It is characterized by high solubility, good processing and
very suitable optoelectronic properties [17]. The structure of the regioregular
(RR) P3HT is depicted in figure 4.1(a). Regioregularity of P3HT is described
by head (H) to tail (T) bondings of the thiophene rings in the polymer. 100 %
regioregularity is characterized by HTHT bondings throughout the polymer.
RR-P3HT is superior to other configurations in terms of physical properties
like charge transport, since HH-bondings deteriorate hole mobilities by an or-
der of magnitude [122]. Furthermore, a high molecular weight of P3HT plays
an important role for absorption and hole mobility. With higher molecular
weight, a shift to the red in absorption and an increase in hole mobility can be
observed [188, 48, 146]. RR-P3HT as an organic semiconductor has a HOMO
of 4.9 eV and a LUMO of 3.0 eV and therefore a bandgap of 1.9 eV [155].
Since P3HT is a thoroughly investigated material, charge carrier mobilities have
been already explored by several groups and methods: time-of-flight (TOF)
[76, 122, 22], CELIV method [72], from current voltage characteristics [19, 48]
and measurements on field effect devices [157, 24, 115, 177]. Depending on
material properties originating from physical characteristics and processing,
measurement method and conditions mobilities for holes from 10~° cm?(Vs)™
to 10~2 cm?(Vs) ! can be found. In contrast to the common understanding that
electron transport is negligible in P3HT (refer to ref. [115, 177]), ref. [24] and
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ref. [22] report a significant electron conductivity in P3HT with mobilities of
6 x 107* cm?(Vs)! and 1.5 x 10~* cm?(Vs)!. The glass temperature, which is
important for temperature treatments of polymer films to influence film mor-
phology, shows a broad variety in literature from 12 °C up to 110 °C. Note that
the introduced RR-P3HT from Rieke Metals Inc. was exclusively used within
this work. RR-P3HT from Rieke Metals is characterized by a regioregularity of
more than 98 % and a molecular weight of 50000 g/mol [65].

PCBM

PCBM is a derivate of the buckminster fullerene Csp which acts usually as an
electron acceptor or conductor in organic devices, respectively. A fullerene
molecule is able to carry up to 6 electrons [1]. However, PCBM is highly sol-
uble in organic solvents achieved by the attachment of a methyl-ester group
(see figure 4.1(b)). Electron mobilities for PCBM reported in literature range
from 2 x 1072 ecm?(Vs)! to 2 x 1072 cm?(Vs)™ [110, 2, 115, 177]. Actually, ref.
[2] found hole conducting properties of PCBM with high hole mobilities of
8 x 1073 cm?(Vs)? in contrast to the prevailing conclusions of PCBM as elec-
tron conducting material with negligible hole mobilities [115, 177]. Energy
bandgaps of PCBM reported in literature show values of —3.7 eV (HOMO)
and —6.7 eV [155], while latest studies for PCBM gave —4.3 eV (HOMO) and
—6.7 eV [160]. Note that the major role of PCBM is to separate excitons, with-
draw electrons from the polymer and their extraction in a oBHJ device.

PCPDTBT

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-
(2, 1,3-benzothiadiazole)] (PCPDTBT) is a recently introduced low bandgap
polymer for organic photovoltaic (OPV) with cyclopentadithiophene (see fig-
ure 4.1(c)) as a donor block [114] trying to push the absorption of polymers to
the energetic optimum for efficiency in oBHJ solar cells to longer wavelengths.
Charge carrier transport in this material is dominated by holes with mobilities
in the range of 1072 cm?(Vs)! to 102 cm?(Vs)! with a very weak contribution
by electrons with a mobility of 107> cm?(Vs)™! [112]. In comparison to P3HT the
absorption is red shifted and has an absorption peak at 800 nm corresponding
to an optical bandgap of 1.5 eV [114, 160]. Reported energy levels of PCPDTBT
are —3.6 eV for the HOMO and —5.3 eV for the LUMO [114, 160, 112].
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(a) Poly(3-hexyl-thiophene) (b) PCBM (c) PCPDTBT

Figure 4.1.: (a) Poly(3-hexylthiophene) (P3HT), (b) [6,6]-Phenyl-C61-butric-acid-methyl-
ester (PCBM) and (c) Poly[2,6-(44-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b’]dithiophene)-alt-4,7-(2, 1,3-benzothiadiazole)] (PCPDTBT)

Soluble, Colloidal Lead-Sulfide Quantum Dots (PbS-QDs)

In the theory chapter, quantum dots (QDs) have been introduced as three di-
mensional quantum confinements of particles (e.g. electrons) considered as
artificial atoms. In contrast, quantum wells which are applied in LEDs and
detectors the electrons can move freely in 2D space (2D electron gas) and are
trapped only in the layer. QDs can be differentiated by core-only, type I, type
IT core-shell QDs and organically passivated QDs. Type I core-shell QDs are
characterized by an inorganic semiconductor core with a smaller bandgap than
the surrounding shell (e.g. ZnS/CdSe), so that both charge carriers experience
a barrier from the core to the outer shell and are trapped on the core. This
confinement is beneficial for the luminescence of those QDs. Usually, type I
core shell QDs are capped by organic ligands for further solution based pro-
cessing. Type II core-shell are slightly different. The inner core and the outer
inorganic shell form an energetic heterojunction, so that either the hole or the
electron is trapped on the core after excitation while the counter charge is trans-
ferred to the outer shell. A typical semiconductor QD, consists of an inorganic
core, which is not larger than the Bohr exciton diameter of the correspond-
ing bulk material, surrounded by an organic shell of ligands. The choice of a
suitable capping ligand can be considered as a key point in an advanced col-
loidal synthesis of semiconductor QDs. Organic ligands regulate the growth
rate and the size of QDs, can prevent them from oxidation and provide a
dielectric barrier at the surface thus eliminating partially surface traps [56].
The present work especially concentrates on PbS-QDs (bandgap of bulk PbS:
0.41 eV) as for these QDs the tunability of PbS-QDs across the NIR regime (up
to 2000 nm)is excellent and the synthesis is highly scalable for industrial appli-
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Figure 4.2.: Schematic drawing of an oleic acid capped lead sulfide quantum dot

cation due to inexpensive and safe precursor materials [55]. The conductivity
of PbS-QDs are highly dependent on the applied ligand. PbS-QDs with buty-
lamine ligands exhibit mobilities of 3 x 107° cm?(Vs)?! and a conductivity of
4 x 1077 Sem™ [84] whereas with carboxylic acids (e.g. formic acid) mobilities
of 2 x 1072 cm?(Vs)! and a conductivity of 8 x 10~ Scm™ were found [186]. In
contrast, oleic acid ligands insulate the PbS-QDs and do not show conductivity
[86]. Note that the colloidal QDs used within this work are always organically
passivated QDs and synthesized by the method from ref. [55].

4.1.2. Materials for HTLs
PEDOT:PSS

PEDOT:PSS is a conjugated polymer with a bandgap of < 2 eV. Figure 4.3(a)
shows an oxidized PEDOT polymer, so that the PEDOT chain has a positive
bipolaron. Many bipolarons create additional states in the bandgap and en-
hance the conductivity of the material. PSS anions neutralize the charges of
the oxidized PEDOT molecules [51, 83]. PEDOT:PSS is usually deposited on
top of an ITO layer to enhance injection (for light emitting diodes) or extraction
properties (for solar cells). Since thin films below 150 nm only are coated on
ITO, the electrode remains highly transparent in the visible. The PEDOT:PSS
used in this work has an work-function of about 5.2 eV, a PEDOT:PSS ratio of
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PEDOT

ooo (; n

SO,H SOH SOH so;  SO:H

0;

PSS
(a) PEDOT:PSS (b) TFB

Figure 4.3.: Chemical structure of (a) PEDOT:PSS and (b) TFB

1:20, a resistivity of 1 x 10° to 3 x 10° Qem and was purchased from H.C.Starck
(CLEVIOS P VP CH 8000) now Heraeus Clevios GmbH [54].

TFB

Poly[(9, 9-dioctylfluorenyl-2, 7-diyl)-co-(4, 4'-(N-(4-sec-butylphenyl))-diphenyl
-amine)] (TFB) is a hole conducting conjugated polymer (see figure 4.3(b)),
which has energetic levels of 5.3 eV (HOMO) and 2.1 eV [21]. In OPDs this
polymer is typically used as interlayer to reduce leakage currents by suppress-
ing injection of electrons from the anode at reverse bias conditions. In OLEDs
TFB is applied as electron blocking layer confining the electrons at the emitting
layer for an enhanced optical recombination.

4.1.3. Materials for Electrodes
Indium Tin Oxide (ITO)

ITO is widely used as transparent conductive oxide (TCO) and especially in
OPV devices as anode material. ITO is composed of 90 % indium oxide (In,O3)
and 10 % tin(IV) Oxide (SnO;). SnO, creates the necessary defects in the lattice
of In,O; leading to resistivities between 107* Qcm to 1072 Qecm. —4.7 eV is
the work function of ITO found by [28, 20]. Deposition is commonly done by
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Figure 4.4.: Transmission of the commercial ITO substrate in the Vis-NIR spectra.

sputtering, but thermal evaporation, spray pyrolysis, pulsed magnetron sput-
tering and printing are alternatives to coat substrates with ITO films [46]. Com-
mercially available ITO coated substrates with a 130 nm film with resistivity
of 13 Q3/? were used for device fabrication. ITO substrates have proven high
transparency in the visible of more than 90 % and show adequate transmission
for NIR radiation from ~80 % at 1000 nm and ~70 % at 1200 nm to ~30 % at
2000 nm (c.f. figure 4.4).

Cathode and Further Electrode Materials

An organic photodiode as discussed in section 2.3.3 needs cathode materials
with low work functions to create a built-in potential to extract photogenerated
charge carriers at low leakage currents.

Calcium (Ca) Calcium (Ca) is characterized by a very low work function of
2.87 eV [108] and a melting point of 843°C[50]. Therefore Ca is well suited
for the design of organic photodiodes. However, as a consequence Ca is very
sensitive to ambient conditions as Ca is oxidized immediately.
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Silver (Ag) The noble metal Ag is often used as protective layer for low work
function metals (e.g. Ca) to prevent oxidation and to enhance conductivity. To
investigate single charge carriers (holes) in organic devices the counter elec-
trode to ITO can be made of Ag which has an work function of 4.7 eV and is
deposited by thermal evaporation (melting point: 962°C) [50].

Aluminum (Al) Aluminum (Al) is an established metal for electrodes in the
whole electronic industry. With its work function of 4.28 eV [108] in compari-
son to 4.7 eV of ITO, Al is also used as a cathode in organic photodiodes and
deposited by thermal evaporation (melting point: 660°C [50]).

Lithium Fluoride (LiF) Lithium Fluoride (LiF) is a salt in crystalline form and
is used to modify the work function of an Al cathode. With a 3 nm layer of LiF
the work function of an Al electrode can be reduced from 4.2 eV to 2.5 eV [149].
LiF is deposited by thermal evaporation and has a melting point of 660.4°C.

Gold (Au) Contacts from Au are made in this work to investigate single car-
rier devices and to fabricate OFETs. Au is characterized by a workfunction of
5.1 eV [108] and a melting point of 1064°C [50].

4.2. Manufacturing Technologies

The processing technologies can be restricted on layer deposition, since the
photodetector devices are built-up layer by layer. The layers are made from
wet and dry deposition and structuring processes.

4.2.1. Wet Chemical Deposition and Structuring

To deposit material from solution the following four processes have been used
which are well known from inorganic semiconductor technologies. In addition,
wet chemical structuring by lithography is shown, too.
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Figure 4.5.: Spin-coating: Deposition from solution on a substrate by rotation

Spin-Coating

Spin-coating is a very common method to generate homogeneous layers from
solutions (e.g. photoresists). A substrate is placed on a chuck and fixed to it
by a vacuum. A defined volume of the solution is dispensed on the substrate
and spun at a certain velocity (see figure 4.5). The acceleration, spin velocity
and spin time are the most important parameters of the apparatus for film for-
mation, while surface properties and viscosity are determined by the substrate
and the solution, respectively. A more detailed description in terms of practical
application and theoretical background are given by ref. [27, 152].

Doctor-blading

The doctor-blading technique is an alternative to generate films from solutions.
In contrast to spin-coating a doctor blade moves with a specified distance over
the substrate (see figure 4.6). With the distance and the velocity film thicknesses
can be controlled keeping in mind that viscosity of solutions and surface prop-
erties of the substrates have strong influences as well on the film. In general,
doctor blading can deal with larger areas and thicker films as by spin coating
process.

Figure 4.6.: Doctor-blading technique for film deposition from solution
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Spray-Coating

Another option for large area processing from solution is the spray-coating
technique. Spray-coating is already widely used in painting like airbrushing
cars, etc. and can be easily applied to solution processable semiconductor ma-
terials. The working principle is the same. With an airbrush the solution is
sprayed on the substrate. Here, the substrate moves on an x/y-stage under-
neath the spraying cone (see figure 4.7). Important parameters are the distance
of the airbrush to the substrate, the velocity of the movements of the x/y-stage,
the size of the spraying cone and the concentration / viscosity of the solution.
Spray coating is superior when depositing thick layers and has the big advan-
tage to be applied multiple times on the same substrates. Spray-coating reduces
dissolving the underlying layers compared to spin-coating and doctor-blading.

Figure 4.7.: Spray-Coating: A technique known from painting (airbrush) applied to solution pro-
cessable organic semiconductors

Drop-casting

For completeness reasons the drop-casting method is also mentioned, since this
method was used sometimes in this work. From e.g. a syringe a drop with a
defined volume is dispensed on the substrates. This method is mainly used,
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when one has to handle small amounts of rare materials. However, the con-
trollability and reproducibility are fairly poor for the films and materials in this
work.

Lithographic Structuring

Some layers of the devices need to be structured. Lithographic structuring is an
opportunity to create patterns. The procedure is shown in figure 4.8 for positive
and negative photoresists. A photoresist is spun on the layer to be structured.
The photoresist is illuminated through a mask with UV light (here: 365 nm).
After development the illuminated part is removed in case of a positive pho-
toresist whereas the illuminated part remains when a negative photoresist is
used. Because of the protection of the photoresist the opened domains are wet
chemical etched and the layer obtains the designated pattern.

il

1. Substrate with layer which has 2. Photoresist is spin-coated on top 3. lllumination through the mask with
to be structured. the wanted structures

For positive photoresists:

Substrate Substrate Substrate

4a) Positive photoresist after 5a) Structuring of the layer by e.g. 6a) Structured layer after remove-
development etching ment of the photoresist

For negative photoresists:

= = [
Substrate ’ Substrate ‘ ’ Substrate

4b) Negative photoresist after 5b) Negative structuring of the layer 6b) Structured layer after remove-
development ment of the photoresist

Figure 4.8.: Lithographic structuring of layers with positive and negative photoresists
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Lift-off

To avoid etching a lift-off can be performed to structure the layer. In general,
the structuring is very close to the procedure mentioned before. The whole pro-
cess is shown in figure 4.9 and the differences are discussed. On the substrate
and underneath the photoresist a layer is deposited to improve the undercut
formation. After development the pattern defines where the layer is deposited
on the substrate whereas the material on the photoresist is removed during
lift-off. The undercut facilitates the removal of the designated parts.

WALl

1) Substrate with interlayer for 2) Photoresist depostion 3) UV illumination through mask
undercut
[
Substrate Substrate Substrate
4) Interlayer and positive photoresist 5) Structuring of he layer with e.g. Final structure after lift-off
after development wet etchant

Figure 4.9.: Lift-off process with a positive photoresist

4.2.2. Physical Vapor Deposition Technologies

To deposit electrodes two methods, thermal evaporation and sputtering were
applied, which belong to the family of physical vapor deposition.

Thermal Evaporation

Thermal evaporation is in principle a very simple process. In a chamber with
ultra-high vacuum (usually 10~° mbar to 10~7 mbar) a boat or a filament is
heated up until the material (e.g. Al, Ag, Ca) evaporates and condenses on the
substrate (see figure 4.10. With the heat source (here: current through the boat)
the evaporation rate can be controlled while thickness and deposition rate is
monitored by a oscillation quartz sensor. This method is a good choice, when
gentle impact on the surface is wanted which correlates with the evaporation
rate. The ultra-high vacuum is needed to avoid interactions between the evap-
orated material and impurities, since in OPDs highly reactive materials as Ca,
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Figure 4.10.: Thermal evaporation in an ultra-high vacuum chamber.

LiF, Mg, etc. are used as top contacts. Furthermore evaporation has very low
divergence of the evaporation direction. Therefore, edges will not or will be
only slightly covered.

Sputtering

Sputter deposition is enabled by creating plasma between to electrodes in a
ultra-high vacuum chamber. The plasma is usually created by an inert gas
flux (e.g. Argon). When a bias is applied to electrodes the intrinsic electrons
and Argon ions are accelerated and further neutral Argon atoms are ionized by
impacts of electrons and ions. The ignition of the plasma is easily visible as it
shines blue / violet in case of an Argon plasma (control by eye) since impact
processes transfer energy to the atoms (excited states / electrons) which relax
radiatively. Electrons and Argon ions are driven further to the corresponding
electrodes. The material which needs to be deposited is fixed to the negative
electrode (target), because the impacts of Argon ions ablate material which con-
denses on the substrate at the positive electrode. Inversing this configuration
plasma etching can be done. So far, DC bias was applied only and thus solely
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metal can be sputtered, whereas for insulators the target is charged which in-
terrupts the sputter process. To sputter insulators a high frequency generator
is used instead of a DC bias source. In an sufficiently fast alternating electric
field Argon ions cannot follow the field anymore, while the electrons do. The
sputter equipment is designed, that the capacitor between plasma and target
is much smaller than the capacitor between substrate and plasma. Therefore,
when small amounts of charges are shifted, a much higher voltage is created
between target and plasma. Thus, the Argon ions are accelerated to target. In
that manner, insulators can be deposited by sputtering. Due to the scattering
with the plasma, the deposition of the material is very homogeneous (better
covering of edges), while the impact is of higher energy compared to evapora-
tion and the plasma can affect sensitive films like organic films.

HF

il

Figure 4.11.: Process of sputtering in ultra-high vacuum.
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4.3. Preparation Methods by Device Layout

Top electrode

Photoactive film

Interlayer

Transparent bottom electrode
Substrate

Figure 4.12.: Schematic layout of an organic and hybrid photodiode

In this section the standard and different modified preparations of organic and
hybrid photodiodes are discussed following the layout shown in figure 4.12.
The standard methods are stated in addition with alternative used techniques.
Figure 4.12 gives the stack of a standard device. The device is built up on a
substrate (usually glass) with a transparent electrode on top, followed by an in-
terlayer. Afterwards, the photoactive layer consisting of organic and inorganic
semiconducting materials is deposited. To end with, a metal contact is put on
top. Not shown in figure 4.12 is a hermetical sealing of the devices to avoid
influences and degradation from ambient conditions.

4.3.1. Bottom Electrode

As already discussed in section 2.3.3 an OPD needs a transparent and a high
work-function electrode for adequate device operation and properties. Up to
date, ITO is widely and commonly used for this purpose. ITO is fairly trans-
parent in the visible and exhibits as well an adequate transmission in the NIR,
so that this material was selected as bottom electrode. The ITO coated glass
substrates (120 nm ITO) used within this work were purchased from the Merck
company. Bottom electrodes were structured as described in figure 4.2.1 by
lithography and wet etching. As wet etchant a warm bath (48°C) of hydrogen
bromide (HBr) was applied for several minutes.
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4.3.2. Hole Transporting Layer

Subsequently to the bottom electrode an interlayer is deposited on the substrate
to improve hole extraction and the semipermeable behavior of the contacts. PE-
DOT:PSS is the standard choice and is spin-coated achieving roughly 100 nm.
Note that for photodiodes the low conductive alternative CH8000 from H.C.
Starck is used to improve dark current properties. Different interlayers are
monitored and are indicated in the text.

4.3.3. Photoactive Layer

The photoactive layer is processed from solution and consists in case of an OPD
of a conjugated polymer (here: P3HT or PCPDTBT) and a fullerene derivate
(here: PCBM). The components are brought into solution with chlorobenzene
(roughly 2 wt %) or xylene (1.75 wt %). The ratios in weight are stated appro-
priately when discussing the results.

For IO-HPDs all components of the photoactive layer (generally PbS-QDs,
P3HT and PCBM) are dissolved with 2 wt % in chlorobenzene separately and
are blended together right before deposition in a particular ratio given as well
individually in the respective ”‘result”’ part of the thesis.

For all the semiconductor solutions treated within this work the deposition
methods drop-casting, doctor-blading and spray-coating are applied and com-
pared later in terms of device performance.

4.3.4. Electron Transporting Layer

As already depicted in figure 4.12 in the devices no electron transport layer
(ETL) or hole blocking layer (HBL) is usually considered. However, the appli-
cation of PCBM for such a layer is discussed later in chapter 6.2 without having
an impact on increasing device performance.

4.3.5. Top Electrode

Top electrodes are chosen to be of lower work function to generate a built-
in potential with the high work function bottom electrode (see figure 4.1.3).
Extensively used in this thesis are Ca/Ag (Ag is for protection of the highly
reactive Ca) and Al top electrodes which are deposited by thermal evapora-
tion. Note that during optimization and experimental work more alternative
top electrodes were evaluated.
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4.3.6. Encapsulation

Since the organic and hybrid composites as well as the electrodes are sensitive
to ambient conditions, the devices are hermetically sealed by an encapsulation
with an UV and heat curing adhesive and an encapsulation glass.
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5. Organic Low Bandgap Polymer
Photodiodes for Near-Infrared
Detectors

Near-infrared sensitivity of organic optoelectronic devices evoke many re-
search activities since organic photovoltaics needs to extend the harvesting of
photons of solar light from the visible to longer wavelengths. A very common
stack of organic photovoltaics and photodetection is a blend of P3BHT:PCBM.
In figure 5.1 the characteristics of a state of the art device in the visible and
the accomplished I-V characteristics and quantum efficiencies are shown for
doctor-bladed samples without any further treatment. Suitable organic pho-
todiodes for the near-infrared need to show similar characteristics in terms of
dark current densities and efficiencies. As P3HT:PCBM films show low dark
currents of ~ 3 x 1072 mAcm? (lower dark currents by spray-coating tech-
niques demonstrated: ~ 5 x 10~° mAcm™ [176]) and EQEs of almost 80% (fig-
ure 5.1(b)). The challenge of this work is to shift the spectral sensitivity to the
NIR by preserving the good performance of PZHT:PCBM photodetectors. Note
that the requirements of photodetector application are not exclusively linked to
dark currents and spectral responsivity, since noise characteristics have also a
strong impact. Signal resolutions of detectors are defined by the NEP (see para-
graph 3.1.2) whereas for photovoltaics the power conversion efficiencies are
important. A basic approach is to exchange the visible absorber of P3HT with a
material absorbing at longer wavelength. Recent progress mostly from organic
photovoltaics made a variety of potential polymers available for near-infrared
detectors. Dithiolenes (figure 5.2(a)) were one of the first organic materials
demonstrating NIR response [117]. In particular, modifications of polythio-
phenes show promising properties for NIR sensitivity illustrated among other
polymers with reported NIR sensitivity in figure 5.2(b) to 5.2(f). An overview of
achieved properties of the molecules is given by table 5.1. Encouraging results
for longer wavelengths (800 nm to 1000 nm) are obtained by PTBEHT and by
LBPP-1 as they show efficiencies of 18% and 10%, respectively. PCPDTBT and
PTT exhibit even competitive EQEs of ~35% and ~44%, respectively to P3HT
devices.
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Current Density (mA cm‘z)

s ] —o—Dark
—o— lllumination @ 532 nm (780 KW cm™)

4 3 2 a0
Voltage (V)

(a) Current Densities

External Quantum Efficiencies at -5 V

207 o Bias: -
10 Bias: -8V
1  ——Bias-10V
0 T T T
2 400 450 500 550

600 650 700 750

Wavelength (nm)

(b) External Quantum Efficiencies

Figure 5.1.: State of the art photodetectors of doctor-bladed P3HT:PCBM for the visible range up to
650nm. (a) I-V characteristics in dark (black squares) and under green illumination at
780 pW cm2 (green circles). (b) EQE for different reverse biases.

Polymer Abbre- NIR absorption Peak Dark currents  Ref.
viation range Efficiency (mAcm?)
poly[2,6-(4,4-bis-(2-ethylhexyl)- PCPDTBT 700-800 nm 35% @0V 1072@—-5V [63,
4H-cyclopenta[2,1-b;3,4- 160,
b’Idithiophene)-alt-4,7-(2,1,3- 114]
benzothiadiazole)]
Polythieno[3,4-b]thiophene PTT 650-900 nm 44% @ —5 V 1072 @ -2V [184]
poly {5,7-bis[3,4-di(2- PBEHTT < 900 nm few % @0V 10 t@-1V [182]
ethylhexyloxy)2-thieny1]-2,3-
diphenyl-thieno[3,4-b]pyrazine }
poly {5,7-di-2-thienyl-2,3-bis(3,5- PTBEHT 800-1000 nm 18% @0V 10 t@-1V [182]
di(2-ethylhexyloxy)phenyl)-
thieno[3,4]-bypyrazine }
LBPP-1 900-1100 nm 10% @0 V 10 'e-2vVv [126]

Table 5.1.: Potential near-infrared sensitive polythiophene derivatives with reported characteris-
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Figure 5.2.: Selected polymers with NIR sensitivity. a) Dithiolenes as a first pioneer and emerging
polythiophene derivatives with promising characteristics for photodetection b-f).
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In the following further investigations on efficient near-infrared sensitive pho-
todiodes based on PCPDTBT are performed, since they proved to operate at
low dark currents!, whereas the other polymers showed at least one order of
magnitude higher dark currents.

5.1. Donor/Acceptor Ratio in PCDTBT:PCBM Films

Organic photodiodes are characterized by bulk-heterojunctions with polymer
/ fullerene composites as donor/acceptor systems for efficient photogenerated
charge carrier extraction [143, 185]. A composition of a PCPDTBT:PCBM blend
was chosen for further optimization, since this blend is closely process com-
patible to PBHT:PCBM devices and as stated in table 5.1 has very promising
properties. A concentration sweep of the electron acceptor with reference to
the low band gap polymer is conducted to find and to approve the optimum
composition for the blend for the current device processing conditions.

107
'\‘E ~ O//’O\o
> | 779
Z ) z
2 \ E
3 Y 8
5 ‘ 2 10°] /
S 10°] —— PCPDTBT:PCBM (1:0.75) \ g
o —— PCPDTBT:PCBM (1:2.5) S —o— Dark Current
1g°] — PCPDTBT:PCBM (13) ] —o— Photocurrent (780 um cm™ @ 532 nm)
T T T T T - 10" T T T T T T r
-5 -4 -3 -2 -1 0 1 2 040 045 050 055 060 065 070 075 0,80
Voltage (V) Weight Content of PCBM (wt. %)
(a) Current Densities (b) Current densities at —5 V

Figure 5.3.: (a) I-V characteristics of different ratios of PCPDTBT:PCBM in dark and with green il-
lumination (780 ptW cm™ @ 532 nm) and (b) the dependence of dark and light currents
on the PCBM weight content

In figure 5.3(a) and in figure 5.4(a) the I-V characteristics and the spec-
tral sensitivity of doctor-bladed PCPDTBT:PCBM devices with reference to
a PBHT:PCBM blend of a weight ratio of 1:1 and an active layer thickness
of 200 nm are depicted. PCPDTBT:PCBM films with low PCBM contents
exhibit low dark currents (3 x 107* mAecm™ at —5 V) and low light cur-
rents (3 x 107! mAcm™ at —5 V) under green illumination at 532 nm and

Personal communication with Christoph Brabec / Konarka Technologies
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Figure 5.4.: Spectral sensitivity of PCPDTBT:PCBM with different PCBM contents. (a) Spectral sen-
sitivity of devices with different PCBM contents and a P3HT:PCBM reference samples.
(b) EQE at 725 nm with increasing weight content of PCBM

780 ptWem™.  Increasing the PCBM content gradually increases dark cur-
rents (~ 1072 mAcm™ at —5 V), though significant higher photoresponses
(5.4 x 107! mAcm™ to 7.3 x 107! mAcm™ at —5 V) are observed. In forward
direction, a significant rise in the current is observed when increasing the
PCBM content (figure 5.3(a)). The serial resistance determines the behavior in
forward direction. Consequently, with growing PCBM contents the resistivity
of the film is reduced significantly. During illumination resistivity is further
decreased due to photodoping of the film. The dependence of dark and light
currents at —5 V on the PCBM weight content is depicted in figure 5.3(b). To
conclude, a sufficient high PCBM content is necessary for an efficient charge
transport in PCPDTBT:PCBM blends. The use of the electron acceptor PCBM
in excess is mandatory to provide a balanced electron/hole transport. This
necessity of high PCBM content blends is observed as well from EQE measure-
ments as these devices show best efficiencies in the NIR of ~46% at —5 V in
contrast to ~35% at —5 V for a 1:1 ratio (see figure 5.4(a)). In figure 5.4(b) the
EQE is plotted versus the weight content of the PCBM in the film and a trend to
higher PCBM content is clearly observable. Thus, it is obvious that separation
and extraction of the photogenerated charge carriers benefit from high contents
of PCBM. The 1:3 ratio has external quantum efficiencies of ~46%, whereas the
1:2.5 ratio reaches ~45%.

According to ref. [63], at an optimum ratio of 1:3.3 the lifetime of photogen-
erated carriers increases, which is also confirmed by solar power conversion
efficiency measurements with 1:3 ratios by ref. [114]. Thus, the use and ex-
cess of electron acceptors seems to be necessary to provide a balanced and
efficient charge transport in PCPDTBT:PCBM films [112]. The better injection
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and transport properties in forward direction for high PCBM content devices
can be assigned to this effect. High PCBM content blends of 1:2.5 and 1:3 show
comparable characteristics. However, the best EQE of 46 % is measured for the
1:3 blend in this work and in accordance to reported results of other groups,
this ratio of 1:3 is kept constant for further investigations.

5.2. Deposition Techniques and Post-Annealing

The effect of deposition techniques of doctor-blading and spray-coating on the
performance of PBHT:PCBM devices have been demonstrated by ref. [176].
Therefore, spray-coated and doctor-bladed PCPDTBT:PCBM samples will be
compared within the following paragraph. In figure 5.5(a) a spray-coated sam-
ple is put in contrast to a doctor-bladed sample in figure 5.5(b). Both deposi-
tion techniques are suitable for PCPDTBT:PCBM (1:3) films as they only differ
slightly in dark currents (black squares in figure 5.5) from 5 x 10~* mAcm™
to 2 x 107* mAcm™? for the spray-coated and the doctor-bladed device, re-
spectively. No difference at all is given for green light currents (780 pW cm™
@ 532 nm) with values of 107! mAcm™? at —5 V. Modification of perfor-
mance by post-annealing is known from literature for PABHT:PCBM devices
[59, 121], especially dark currents can be decreased [176]. For both, doctor-
bladed and spray-coated PCPDTBT:PCBM devices a reduction of the dark cur-
rent by post-annealing can be observed in figure 5.5. With two subsequent
steps of additional thermal treatment after processing at 100°C and 140°C
for 30 min a further reduction of dark currents to ~ 7 x 107> mAcm™ and to
~ 5 x 107°> mAcm?, respectively was possible for the spray-coated and the
doctor-bladed devices while keeping the photoresponse constant. For low re-
verse voltages, the extraction properties were deteriorated. That means, that
either hole or electron transport properties of the film or charge carrier extrac-
tion at the interfaces are affected by thermal annealing and results in a lower pr
product of the charge carriers (see section 2.3.3). A lowering of the mobilities is
assumed as the conductivity is o oc . This can be seen in the forward direction
as with post annealing the forward current density is reduced and therefore the
resistivity of the device increases. Both deposition effects suffer from this effect,
so that post-annealing influences the film properties. The very significant influ-
ence can be seen by the change of the resistivity for subsequent post-annealing
steps of 100°C and 140°C in table 5.2.
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Figure 5.5.: Post annealing effect on spray coated (a) and doctor-bladed devices (b). Reducing
dark and forward current densities for devices without post-annealing (black squares)
by thermal treatment (post-annealing) with 100°C for 30 min (red circles) and with
140°C for 30 min (green triangles).

Deposition Dark Currents (mA cm?) Rs (kQ-cm?)
non-annealed  100°C 140°C non-annealed  100°C 140°C

Spray- —4 —4 -5

coated 5.0 x 10 2.4 x 10 7.0 x 10 0.6 1.0 6.0

Doctor- 24x107%  85x1075 4.9x107° 15 7.9 83

bladed : . ’ : '

Table 5.2.: Dark currents and serial resistances in dependence of thermal post-annealing
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Figure 5.6.: Spectral response of pure P3HT:PCBM (red squares) and PCPDTBT:PCBM blends
(green circles) at —5 V bias.

5.3. Tuning the Absorption Spectra

As discussed before PCPDTBT:PCBM blends in single devices are highly ap-
plicable for NIR detection. Another approach to engineer the spectral re-
sponse from the visible up to 900 nm is a combination of the highly efficient
P3HT:PCBM blend in the visible with the NIR sensitive PCPDTBT:PCBM com-
posite. The spectral response for PBHT:PCBM and PCPDTBT:PCBM devices are
shown in figure 5.6. In inorganic and organic semiconductor devices for photo-
voltaics, the most efficient devices are stacked configuration of different band
gap semiconductors starting from the largest bandgap material and ending
with the lowest bandgap material. A similar approach is chosen for stacking
the PCPDTBT:PCBM films on P3HT:PCBM films (see figure 5.7(a)), where the
low band gap material PCPDTBT: PCBM is deposited on top of the wide band
gap P3BHT:PCBM blend. Doctor-blading and spray-coating deposition are used
to create a slowly merging or an abrupt junction of the two films, respectively.
An intimate blend of PCPDTBT:P3HT:PCBM with varying contents is another
possibility to modify the spectral response which is investigated within this
section (see figure 5.7(b)). Engineering the spectral response in this range can
be reached with conventional inorganic semiconductor only with huge efforts.
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Ca/Ag Ca/Ag

ITO ITO

(a) Stacked device (b) Device of intimate films

Figure 5.7.: Combinations of P3HT:PCBM and PCPDTBT:PCBM blends for spectral absorption
modifications: PBHT:PCBM and PCPDTBT:PCBM films stacked on each other (a) and
blended together (b).

Stacked devices

P3HT:PCBM and PCPDTBT films were deposited subsequently by spray-
coating and doctor-blading techniques. In figure 5.8(a) the I-V characteristics
are shown and they differ only slightly in terms of photocurrents. With green
illumination the single PBHT:PCBM film device exhibit slightly higher currents,
whereas in the NIR the stacked devices show significant higher photoresponses
compared to the PBHT:PCBM device. Spectral sensitivities shown in figure
5.8(b) for doctor-bladed stacked samples (~ 33%) are considerably higher than
for spray-coated samples (~ 20%). The EQE of the stacked devices is a super-
position of the PBHT:PCBM and PCPDTBT:PCBM films which is depicted as
reference in figure 5.8(b).

Doctor-blading films on top of each other, dissolve partially the underlying
layer again and allows a soft transition between the deposited layers whereas
for spray-coating, the films are changed abruptly. Probably, the abrupt junc-
tion of the spray coated layers creates an interface with an increased density of
traps causing higher recombination losses compared to doctor-bladed stacked
films. Whereas doctor-bladed films allow a better charge transport/transfer
from PCPDTBT:PCBM to P3HT:PCBM regions and vice versa due to interpen-
etrating domains of the films by dissolving the underlying layer. Comparably,
simultaneous co-evaporation of a PPV derivative and C60 improve charge sep-
aration and transport by a good percolation of donor and acceptor [43].

Devices of intimate P3HT:PCBM / PCPDTBT:PCBM blends

Latter results on doctor-blading PCPDTBT:PCBM blends on P3HT:PCBM films
indicate, that an intimate P3HT:PCPDTBT:PCBM composite might be more
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Figure 5.8.: Light currents and EQE of stacked devices. (a) I-V characteristics for spray-coated
(solid) and doctor-bladed (dotted) stacked devices for green (green) and NIR illumina-
tion (red) at 880 nm.P3HT:PCBM doctor-bladed device is stated as reference (dashed).
(b) EQE of spray-coated (green triangles) and doctor-bladed (blue squares) at —5 V
bias. PBHT:PCBM and PCPDTBT:PCBM are shown as reference.

efficient. Another advantage is the better control on the contents of the ma-
terial within the blend. Therefore, an adequate tool to engineer the spectral
response is provided by modifying the content of materials. The solution for
P3HT:PCBM (1:1) and PCPDTBT:PCBM (1:3) were solved separately 2 wt % in
Chlorobenzene and blended together with ratios given in table 5.3. The dif-
ferent ratios of PBHT:PCBM (1:1) and PCPDTBT:PCBM (1:3) were chosen to
keep the fullerene content high enough, because films with PCPDTBT need
PCBM in excess for an efficient charge transport (see section 5.1) [112]. The
devices were fabricated as described in chapter 3. In figure 5.9 the IV charac-

PCPDTBT:PCBM P3HT:PCBM P3HT PCPDTBT PCBM EQE (%) at =5V

(1:3) (1:1) (wt.%) (Wt.%) (Wt.%) 515 nm 725 nm
1 10 455 23 52.3 56.6 6.0

1 2 33.3 8.3 58.3 51.0 26.4

1 15 30.0 10.0 60.0 46.9 39.1

1 1 25.0 12.5 62.5 45.2 35.0

15 1 20.0 15.0 65.0 41.7 42.4

3 1 12.5 18.8 68.8 325 47.1

Table 5.3.: Blending ratios, fractions and EQEs at 515 nm and 725 nm at a reverse bias of —5 V of
each P3BHT:PCBM and PCPDTBT:PCBM film.

teristics of the blends of PSHT:PCPDTBT:PCBM with varying contents are pre-
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sented. A trend, that with growing PCPDTBT content the spectral properties of
PCPDTBT are dominating is clearly observable. With increasing the PCPDTBT
content from 2.3 wt % to 18.8 wt % the light current in the NIR is raised from
1.4 x 1072 mAcm™ to 7.3 x 1072 mAcm™? at —5 V while the light current in
the green decreases from to 2.3 x 107 mAcm™? to 1.3 x 107! mAcm™ at —5 V.
Note that the 12.5 wt % PCPDTBT blend does not correlate to the other results.
For the experiment this device is considered as a statistical deviation (process
fluctuations).
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Figure 5.9.: -V characteristics of different PSHT:PCPDTBT:PCBM contents in intimate films for
dark (black line), green (green line) and NIR illumination at 880 nm (red line). The
arrows indicate a growing PCPDTBT content, despite for the mismatching 12.5 wt %
PCPDTBT blend (dotted line).

The strong modification is more clearly seen in the plot of the EQE in figure
5.10 in comparison to films with solely P3HT:PCBM or PCPDTBT:PCBM, re-
spectively. The EQE at 515 nm drops from over 75% down to ~30%. On the
other hand, in the NIR at 725 nm the EQE benefits from an increase of the
PCPDTBT fraction: ~6% — ~51% (see figure 5.10(a)). EQE values at 515 nm
and 725 nm for each blend are given in table 5.3. A divergent behavior is
again observable for the 12.5 wt% PCPDTBT blend. When normalizing the
EQE spectra to the maximum values, the 12.5 wt % PCPDTBT blend exhibits
a flat level in the NIR spectral response in contrast to the peaks of the other
ratios, what is another hint that this device is not representative. To sum-
marize the superposition of the spectral response of the two blends is iden-
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tified. To conclude, the engineering of the spectral response is demonstrated
by blending P3HT:PCPDTBT:PCBM with different contents. The sensitivity,
particular in the NIR region can be adjusted indeed by controlling the ratios of
PSHT:PCPDTBT:PCBM.
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Figure 5.10.: Spectral Response of PSHT:PCPDTBT:PCBM devices with varying content concentra-
tions. (a) With growing PCPDTBT content the NIR sensitivity increases significantly.
(b) Normalized EQE spectra of intimate PSHT:PCPDTBT:PCBM blends. P3HT:PCBM
(red dashed) and PCPDTBT:PCBM devices (green dash-dotted as reference.

In figure 5.9 a different field-dependence on the PCPDTBT content in the
blend is distinguishable. In particular, the NIR response shows a strong field
dependence with increasing PCPDTBT content for the light currents (figure
5.11(a)) and the NIR quantum efficiency (figure 5.11(b)), respectively. The more
PCPDTBT in the PBHT:PCPDTBT:PCBM blend the more pronounced photo-
conductive NIR light currents can be observed (figure 5.11(a)) and a strong
voltage dependence of the EQE at 725 nm (figure 5.11(b)) is observed as well.
As pronounced photoconductivity is an attribute of PCPDTBT and not P3HT
blends, the growing photoconductivity can be correlated to the increasing
PCPDTBT content. For this reason PSHT:PCPDTBT:PCBM blends can be seen
as a combination of the PSHT:PCBM and PCPDTBT:PCBM blends with refer-
ence to the corresponding weight fractions.

Bi-layer modeling for intimate multiple component blends

As discussed before, the blend behaves as a combination of independent P3HT:
PCBM and PCPDTBT:PCBM devices, one can think of the reduction of the de-
scription to a simple bi-layer configuration. Simply speaking, the film shown in
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Figure 5.11.: Voltage dependence of light currents (a) and EQE (b) according to the PCPDTBT wt.%
content. Bias dependence of both, light currents and EQEs increase with PCPDTBT
fractions.

figure 5.7(b) is transformed to a stacked structure (5.7(a)) considering the con-
tents of the involved materials. Table 5.4 gives for each blend the total thickness
and an effective thickness for the absorber material, which is calculated from
the weight ratios of the composites. Since P3HT is widely investigated in terms
of absorption, necessary absorption parameters can be found in literature [58].
For PCPDTBT a reliable absorption coefficient is determined by using the ef-
fective film thicknesses calculated from the PCPDTBT content in the films from
table 5.4. As the absorption obeys Beer’s law (see equation 2.42) and is pro-
portional to exp (—a(A)d), EQE values at 725 nm are used for fitting, because
P3HT is not optical dense at this region. In figure 5.12(a) the measured EQE
values are depicted as black squares and are fitted by

EQFE = eyt (1 — exp (—apcpprer(N)dpcpprBT)) (5.1)

with dpopprpr as the effective thickness of PCPDTBT in the film and 7,
taking into account the extraction efficiency for absorbed photons. By apply-
ing a least square fit, one obtains an absorption coefficient of apcpprpr at
A = 725 nm of 2.47 x 10° cm™ with 7.,; = 0.52. The absorption coefficients
are distributed spectrally for PZHT and PCPDTBT corresponding to their EQE
spectra (see figure 5.12(b)). For PCPDTBT the determined absorption coeffi-
cient at 725 nm is used whereas for P3HT the coefficient was extracted from
literature [58] with apzgr (A = 525 nm) = 1.8 x 10°> cm™.

With the spectral absorption coefficients of each optical active component
(PCBM is neglected as it is mainly optical active below 400 nm. However,
PCBM is implicitly considered as the spectral response is included in the oBHJs
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Figure 5.12.: Absorption properties of PSHT and PCPDTBT. (a) Exponential least square fit of near-
infrared absorption at 725 nm for different blends taking the PCPDTBT content into
account by an effective thickness (cf. table 5.4). (b) Spectral absorption coefficients for
P3HT:PCBM blends derived from EQE spectra using peak absorption coefficients for
P3HT from [58] and for PCPDTBT:PCBM blends with the extraction of the absorption
coefficient from the fit in (a).

P3HT PCPDTBT PCBM Film thickness (nm) Fitting Parameters
(wt.%) (wt.%) (wt.%) | total dpswT dpcPDTBT | Mext,P3HT  Meaxt,PCPDTBT

45.5 2.3 52.3 ‘ 430 196 10 ‘ 0.580 0.296

33.3 8.3 58.3 ‘ 450 150 37 ‘ 0.503 0.456

30.0 10.0 60.0 ‘ 412 124 41 ‘ 0.641 0.670

25.0 12.5 62.5 ‘ 391 98 49 ‘ 0.559 0.565

20.0 15.0 65.0 ‘ 448 90 67 ‘ 0.440 0.547

12.5 18.8 68.8 ‘ 600 75 111 ‘ 0.329 0.499

Table 5.4.: Derived parameters for the different blends of PCPDTBT:P3HT:PCBM for film thick-
nesses and extraction efficiencies
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of P3HT:PCBM and PCPDTBT:PCBM. Accordingly, the bi-layer model (figure
5.7(a)) can be applied now to fit the spectral response of the blends. First the
absorption of the P3HT is considered for bi-layer devices as it is assumed that
the larger bandgap material (here: P3HT) is the first layer succeeded by the
low bandgap material (here: PCPDTBT) as second material which collects the
remaining radiation. Note that the bi-layer model is an approximation and is
not perfectly modeling the absorption an intimate film. This approach can be
expressed by

EQE = Newt,p3ut - (1 — exp (—apsgr(N)dpsur)) +
Next,PcPDTBT - €D (—ap3spr(N)dpsnT) - (5.2)
(1 —exp(—apcpprer(N)dpcprpTBT))

with the 7.+ as extraction efficiency for the absorbed photons, the absorption
coefficients o(\) and the effective thickness d for the corresponding material.
In table 5.4 the fitting parameters are given for the best least square fit for each
blend and the fits can be seen in figure 5.13 as red lines. For each blend a fit
can be found which can approximately redraw the spectral response. Thus,
the blends of P3HT:PCBM and PCPDTBT:PCBM can be transformed into bi-
layer devices which can be described quite well by the superposition of two
single devices considering the fractions of the materials. The model presented
in this section takes the different contribution of each material into account by
the effective thicknesses derived from the material fractions.

5.4. Transient Characteristics of NIR Polymer
Diodes

The promising results show that PCPDTBT:PCBM photodiodes have a high
potential for photodetection applications. Since many applications require suit-
able dynamic specifications, the photodiodes are investigated regarding their
transient characteristics.

Noise analysis

In figure 5.14 the noise spectra of the photodiode and of the measurement
setup are shown for voltages of —5 V. At a frequency of 170 Hz the pho-
todiode has a noise current of 1.51 x 10~* AHz"5, in contrast to the setup
with 8.94 x 1075 AHz"®. Noise currents are summed up squared i2,,,, =
31 + 12y thus the actual noise current of the photodiode is ipyr =
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Figure 5.13.: Fits of EQE for different PSHT:PCPDTBT:PCBM ratios. The least square fit shows an
adequate approximation for different ratios in the spectral region above 500 nm.
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Figure 5.14.: Spectra of the noise current for a spray-coated PCPDTBT:PCBM device (red) and the
measurement setup (black).

12 a1 — 12epup = 1.22 x 1071 AHz"S. With these values, one can derive the

NEP and the D*:
iDUT 1.22 x 1014 u 05
NEP = = =2.44 x 10 WHz"
EQE(N =725 nm) - AS 0.501 ’
D* — VNf;APf = 8.2 x 10*2 em (WHZz%%) = 8.2 x 10*? Jones

Dynamic analysis

The dynamic properties of the photodiode are as well of importance, in partic-
ular, when applications need to process signals at high speed. Two different
PCPDTBT:PCBM with different thicknesses of the active layer are investigated
by pulsed photoexcitation at a wavelength of 660 nm. In figure 5.15 a device
with an active layer of 550 nm shows the Bode plot of the amplitude and a
signal at 10 kHz. One can recognize a low bass characteristic of the device with
a —3 dB frequency at 130 kHz(5.15(a)). The fall and rise times can be extracted

103



5. Polymer Photodiodes for NIR Detectors

100

80

60

Signal (20*log(U/U,)) (dB)
IS
Photoresponse (mV)

f 5= 130 KHz
&l 40
8] ] 20
10 Hrer ; : . . 0 1 T
10 100 1k 1ok 100k 1M 200 150 -100 -50 O 50 100 150 200
Frequency (Hz) Time (us)
(a) Bode diagram of the amplitude (b) Dynamic response at 10 kHz

Figure 5.15.: Dynamic behavior of a PCPDTBT:PCBM photodiode with an active layer thickness of
550 nm. (a) The Bode plot shows low-pass characteristics with a —3 dB frequency of
30 kHz. A signal train at 3 kHz with excitation at 660 nm is illustrated in (b).

from figure 5.15(b). Rise times of 4 ps and fall times of 5.1 ps are exhibited
by the device. Most of the photogenerated carriers are created close to the
electrode of the incident light. As ITO is the transparent and hole extracting
electrode, contribution to the decay current from holes are neglected. Due to
the close distance to the ITO and a higher mobility of 4 x 1073 cm?(Vs)™ of the
holes [112], the decay current can be assigned to the electrons. Estimating the
mobility from the transit time (approximated as fall time) with the given thick-
ness and the voltage of —5 V one get reasonable values of ~ 10~* cm?(Vs)? (cf.
ref. [112]).

For thicker device (800 nm) a slowdown of the photoresponse is assumed and
proven in figure 5.16(a). The Bode diagram of the amplitude reveals a —3 dB,
which is already reached at a frequency of 30 kHz. A signal train at 3 kHz
is illustrated in figure 5.16(b), where the rise and fall times are determined to
33 ps and 36.5 ps. Deriving electron mobilities from the fall times with the
same procedure as for the 550 nm sample gives values of 3.5 x 107> cm?(Vs)!,
which is almost lowered by a factor of 3 in relation to the 550 nm. Note that
the calculation is to compare qualitatively the samples. Since the total optical
absorption is reached already for roughly 250 nm, this effect might be assigned
to a hindered charge transport in thicker films. In thinner films single domains
for electron or hole conducting reach more probable the extraction electrode
compared to thicker films. Thus, carriers (here: electrons) need to change do-
mains to travel to the corresponding electrode, affecting the mobility.

In chapter 2.3.3 and in figure 2.31, a simple equivalent circuit for an organic
photodiode has been introduced. The serial resistance and the capacitance of
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Figure 5.16.: Dynamic behavior of a PCPDTBT:PCBM photodiode with an active layer thickness of
800 nm. (a) The Bode plot shows low-pass characteristics with a —3 dB frequency of
30 kHz. A signal at 3 kHz with excitation at 660 nm is illustrated in (b).

the photodiode are determining elements for the dynamic response of organic
photodiodes (always assuming, that load circuits do not deteriorate dynamics).
With lower mobilities, the resistivity for thicker films goes up resulting in a
higher serial resistance. The serial resistance is therefore not exclusively pro-
portional to the thickness, whereas the capacitance decreases reciprocal with
the thickness. Higher transit can be explained by this relation resulting in a
higher time constant.
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6. Design and Optimization of
PbS-Quantum Dot Sensitized
Inorganic / Organic Hybrid
Photodiodes

For detectors beyond 1 pm other materials than silicon need to be found since
fairly no low-cost materials (e.g. organic polymers) are available for an efficient
NIR detector as alternative. For wavelengths larger than 1 um, expensive in-
organic low band gap semiconductors such as In,GayAs, PbS, etc are currently
applied to state-of-the-art NIR detectors. For this reason, materials for cost-
efficient processing from solution are of great interest. Besides challenging epi-
taxially grown devices such as quantum well infrared photodetectors, promis-
ing candidates are emerging materials from nanotechnology like colloidal QDs
[55, 15, 56, 89] and soluble carbon nanotubes (CNTs) [92, 91]. Although these
devices demonstrated attractive optical properties, stable and efficient devices
for photodetection have been rarely reported. This chapter presents an ap-
proach for realizing IO-HPDs sensitized with QDs processed directly from so-
lution. In the following, the relevant steps for optimizing the photodiodes are
discussed corresponding to the specific layers. To recall the layout of an IO-
HPDs the stack with all optional and mandatory layers for design purpose is
illustrated schematically in figure 6.1.

6.1. Optimizing the Photoactive Layer

At the beginning there was the challenge to find suitable materials and compo-
sitions for near-infrared detection. NIR sensitivity beyond 1 pm was reported
from several QDs made of II-VI semiconductors like lead sulfide (PbS) [105, 86],
lead selenide (PbSe) [85] and mercury telluride (HgTe) [10]. Furthermore, col-
loidal QDs can cover a wide range of the UV-VIS (e.g. cadmium selenide [119])
and NIR spectrum [173]. PbS (bandgap: 0.37 eV [102]), PbSe (bandgap: 0.27 eV
[101]) and HgTe (bandgap: 0.15 eV [103]) absorb as bulky materials deep into
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Figure 6.1.: Schematic illustration of a hybrid photodiode with solution processable QDs. All op-
tional and required layers are shown. IO-HPDs are fabricated on a glass substrate with
a bottom electrode. Hole transport layer (HTL) / electron blocking layer (EBL), pho-
toactive layer from an inorganic-organic blend, electron transport layer (ETL) / hole
blocking layer (HBL) and the top electrode are processed subsequently on top of a glass
or backplane substrate.

the NIR/SWIR spectrum, so that these materials were selected for QDs of this
work. However, in IO-HPDs no extension of the NIR sensitivity was observed
with embedding PbSe- and HgTe-QDs. Similar, at a very early stage of this
work soluble CNTs were discarded, since processing difficulties could not be
overcome to reproduce the results from ref. [92, 91] and did not meet the ex-
pectations. Accordingly, this work focuses on PbS-QDs to enlarge the spectral
response of IO-HPDs.

6.1.1. Composition of the Photoactive Layer

To begin with, known problems from colloidal QD-detectors exhibiting either
poor charge transport properties [93, 56] or short lifetimes at maximum of
several weeks [52, 85] need to be considered. Introducing inorganic-organic
interfaces to hole and electron conducting organic semiconductors in the pho-
toactive layer gives the possibility to use QDs as photosensitizers, while organic
semiconductors facilitate the charge transport in the film. With this approach,
the QDs can be used solely for donating photogenerated charge carriers to the
organic semiconductors and can keep a protective ligand shell of OA. Photo-
sensitization of polymer films by embedding PbS-QDs was already demon-
strated by ref. [105, 189]. An advantage of PbS-QDs is that the synthesis is
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highly reproducible and scalable in an industrial range [55] compared to other
colloidal QDs [90, 140]. Although charge transport properties of PbS-QDs and
the usage of electron and hole conducting organic materials in oBH]J is well
known, QDs have surprisingly never been casted together with a composition
of an hole and electron conducting material. For this reason, at least the trans-
port of one charge carrier type in the film is hampered due to insufficient charge
transport properties of PbS-QDs. Thereinafter, the implementation of PbS-QDs
into an hole conducting film of P3HT, an electron conducting film of PCBM and
into an oBHJ of P3BHT:PCBM is investigated for enhancement of the NIR sensi-
tivity of hybrid photodiodes. With reference to figure 6.1, the layer stack of the
samples consists of an ITO bottom and a Ca/Ag or Al top electrode, without
any ETL/ or HBL and PEDOT:PSS layer as hole transport layer (HTL). The
photoactive layers were deposited using doctor-blading technique (see 4.3 for
a complete overview of the applied deposition technologies). A more detailed
overview and the recent progress of inorganic-organic films for optoelectronic
applications is given by ref. [56, 174, 88].

Another reason to choose PCBM and P3HT as host materials for the organic
matrix to embed PbS-QDs is that the position of energy levels of the materials
enables charge transfer from the Pbs-QDs to the organic semiconductors. In fig-
ure 6.2 the energy levels for colloidal PbS-QDs (first excitonic absorption peak
at 1200 nm) in a P3HT:PCBM matrix are illustrated. The LUMO of —3.0 eV
and the HOMO of —4.9 eV for P3HT are taken from ref. [155], while the en-
ergy levels of PCBM (HOMO: —4.3 eV and LUMO: —6.7 eV) were found in
ref. [160]. Based on the energy levels of bulky PbS, the quantum effects for
PbS-QDs are assumed to be symmetric for valence and conduction band as in
PbS effective masses of holes and electrons are equal and the confinement of
holes and electrons takes places simultaneously [116, 181], so that for the OA
capped PbS-QDs a HOMO of —5.25 eV and a LUMO of —4.28 eV is obtained.
Similar energy levels of OA capped PbS-QDs with an optical bandgap of 1 eV
were reported from cycliovoltametry measurements in ref. [34]. With respect
to the energy levels within in the composite, hole transfer from photoexcited
PbS-QDs to P3HT should be possible as well as the electric field assisted elec-
tron transfer to PCBM. However, interactions of the PbS-QD interfaces to the
organic materials are not taken into account for these considerations on energy
levels [34].

In figure 6.3 I-V characteristics of devices with doctor-bladed films of dual (PbS-
QDs:P3HT and PbS-QDs:PCBM) and ternary blends (PbS-QDs:P3HT:PCBM)
are depicted. Note that for PbS-QD:PCBM the blend was drop casted on top
of a doctor-bladed PbS-QD:PCBM layer. The PbS-QD weight content was kept
constant at 66.7 % corresponding to 50 vol %. All devices were measured in
dark and under illumination with NIR, green and white light. PbS-QD:P3HT
devices show an asymmetric I-V curve with a pronounced photoconductive
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Figure 6.2.: Flat band energy diagram of PbS-QDs:P3HT:PCBM composite according to conven-
tional semiconductor physics. For PbS-QDs with a first excitonic absorption peak at
1200 nm charge transfer to both materials appears to be possible. As indication the
dashed lines are energy levels of valence and conduction band of bulk PbS, respectively.

behavior in forward as well as in reverse bias. In contrast, PbS-QD:PCBM films
are dominated by low resistive properties showing little photoresponse in re-
verse direction. The ternary composition exhibits the closest photodiode char-
acteristics. The light current is less field-dependent and shows a pronounced
saturation of the light currents with minor photoconductivity. For each compo-
sition, the photoresponse for illumination can be observed in figure 6.3. Though
a high photoresponse of the involved organic materials and of PbS-QDs in
the visible is observed, significant light currents for NIR illumination for all
three composites are found. Figure 6.4 shows the distribution of dark and light
currents among the fabricated and working devices for each composition at
a reverse bias of —5 V(see figure 6.4(a)) and a forward bias of 5 V (see figure
6.4(b)). Similar observation as in figure 6.3 can be found in current densities
in figure 6.4. PbS-QD:PCBM films are very sensitive to conductivity and thus
on process fluctuations. For this reason, the current densities in dark condi-
tions and for different illuminations overlap strongly, so that light currents can
differ from batch to batch. However, taking into account the mean values PbS-
QD:PCBM composites exhibit correlated photoresponse for NIR illumination
of 1 x 10! mAcm™ compared to mean dark current densities of 8 mAcm™ in
reverse bias conditions. High currents in forward bias overlay light currents
(compare figure 6.3, too) being not suitable for efficient photodetection in 10-
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Figure 6.3.: I-V characteristics of PbS-QDs:P3HT, PbS-QDs:PCBM and PbS-QDs:P3HT:PCBM de-
vices in dark conditions and with illumination at 532 nm (780 puW cm?), >870 nm and
with white light of AM 1.5G (1100 pW cm?) . The ratio of the materials is given in
weight percentage.

HPDs. PbS-QD:P3HT layers are characterized by much lower conductivity
compared to PbS-QD:PCBM films resulting in lower dark and light currents.

The I-V measurements within this work give evidence to individual photosen-
sitivities. To investigate the spectral response accurately, the IO-HPDs are fur-
ther characterized by EQE measurements. In figure 6.5 the EQE for dual and
ternary composite hybrid photodiodes at a reverse bias of —5 V are depicted.
All of the components exhibit major photoactivity in the visible region. In
dual component blends, the visible photoresponse is smaller as for the ternary
blend, since the PbS-QDs need to operate as electron or hole transport material.
PbS-QDs, however, are electrically insulated by an OA ligand shell, what is a
restraint to charge transport. PbS-QD:P3HT:PCBM films are more sensitive to
visible light. Since an oBHJ (P3HT:PCBM), which is also known from OPVs for
efficient photoresponse in the visible, and PbS-QDs with an increasing spectral
absorption starting from the first excitonic transition to the visible are imple-
mented in the hybrid film. EQEs over 100 % can be described by photoconduc-
tive gain (see 2.1.4). In the NIR regime peak sensitivities can be found corre-
lating well with the first excitonic transition of the PbS-QDs (see inset of figure
6.5). The response can be attributed solely to PbS-QDs as P3HT and PCBM do
not absorb in the NIR. In figure 6.6(a) no absorption can be observed beyond
700 nm for PBHT and PCBM. In contrast, for PbS-QDs the first excitonic peak
in absorption is clearly distinguishable (cf. figure 6.6(b)). Furthermore, com-
posites of P3HT:PbS-QDs and PCMB:PbS-QDs reach EQEs around 1150 nm of
2.4% and 1.6 %, respectively, ternary blends of PbS-QD:P3HT:PCBM achieve
EQEs up to 7.8% at —5 V. In contrast to dual composites, ternary compos-
ites demonstrate superior extraction of generated charges and therefore higher
quantum efficiencies for hybrid photodiodes.
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Figure 6.4.: Distributions of dark and light currents for dual and ternary blends (a) at reverse bias
of —5 V and (b) at forward bias of 5 V. The box plots gives the range from 25 % to 75 %
and the whiskers from 5% to 95 % of the values. The squares indicate mean values,
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Figure 6.5.: Spectral response of devices with dual and ternary blends at a reverse bias of —5 V.
The inset shows a zoom of the NIR regime related to the first excitonic absorption peak
of PbS-QDs.
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Figure 6.6.: Absorption spectra of (a) P3HT, PCBM and (b) PbS-QDs films.

Since the implementation of electron and hole conductors should improve
charge transport to extract both charge carriers more efficiently, the charge
transport is analyzed by charge carrier mobility measurements with field-effect
devices. Films with P3HyT:PCBM are characterized by an ambipolar transport
with hole transport properties of P3HT and electron transport properties of
PCBM in contrast for films with PBHT or PCBM only.The results and the con-
clusions from measurements on field effect mobilities are discussed in detail
later in section 7.2.1. These measurements gives evidence to the importance to
facilitate ambipolar charge transport for efficient hybrid photodetectors.

6.1.2. Concentration Dependence of PbS-QDs on
Photodiode Performance

After identifying the appropriate compounds for NIR sensitivity, the composi-
tion of the blend is investigated and optimized. Four different weight contents
of PbS-QD in an oBHJ of PCBM:P3HT ranging from 50 wt % to 80 wt % are
investigated. Higher content of PbS-QD is preferred, since stronger absorption
might increase the sensitivity of IO-HPDs in the NIR. Note that constraints in
processing technologies and device physics like layer deposition and charge ex-
traction did not allow applying thicker layers to optimize absorption. In figure
6.7 the different PbS-QD weight contents are characterized in terms of dark and
light current densities (6.7(a)) as well as EQE at 550 nm, 880 nm and 1350 nm
(6.7(b)) with an applied bias of —5 V. Note that for this experiment PbS-QDs
with an first excitonic peak at 1350 nm were used which showed lower con-
ductivity and sensitivity in comparison to PbS-QDs absorbing at 1200 nm to
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Figure 6.7.: I-V characteristics and spectral responses of IO-HPDs with increasing PbS-QD content.
(a) Dark and light current densities illuminated by green,white and polychromatic light
above 870 nm of IO-HPDs with increasing PbS-QD weight content in the film at a re-
verse bias of —5 V . (b) Spectral response of IO-HPDs with increasing PbS-QD weight
content in the film at wavelengths of 550 nm, 880 nm and 1350 nm and a reverse bias
of =5 V.

1250 nm. With increasing PbS-QD content the light currents rise at the expense
of higher dark currents. Significant transitions according to changes in pho-
toresponse and dark currents are from 50 wt % to 67 wt % and from 75 wt % to
80 wt % of PbS-QDs. Although the NIR response rises for films with 80 wt % of
PbS-QDs, the dark currents increase dramatically from 6.3 x 10~% mAcm™ to
2.5 x 1072 mAcm™ by a factor of 38.7. However, the stabilization of the film by
oBH]J vanishes with higher PbS-QD contents and more and more pinhole like
defects occur. For concentrations of 67 wt % to 75 wt % the photoresponse and
dark currents are comparable. As hybrid photodiodes for imaging applications
should be characterized by low dark currents, a trade-off is suggested. Blends
with 67 wt % and 75 wt % of PbS-QDs show suitable leakage currents and sen-
sitivities. Whereas the strong increase of 80 wt % PbS-QD films in dark currents
is not compensated by the higher photosensitivity for the current application.
The variation in dark currents and EQE of films with different concentration of
PbS-QDs is given in table 6.1.

PbS-QDs (wt %) 67 wt%  THwt% 80 wt%
Taark/Tdark,50 wt% 4.7 6.3 38.7
EQFEjurk/EQFE50 wto at (A = 1350 nm) 4.8 5.6 34.1

Table 6.1.: Relation with respect to 50 wt % PbS-QD films of dark current T4, /Idark,50 wte and
EQEs EQEjari/EQEs wt for (A = 1350 nm) at an applied bias of —5 V.
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6.2. Interlayers

In OLEDs and OPDs interlayers are key to modify electronic transport, espe-
cially injection and extraction properties of charge carriers. Thus, it is important
to characterize and optimize the interface to improve the performance of hy-
brid devices by either enhancing extraction of photogenerated charge carriers
or reducing leakages or even both. Interlayers are indicated as HTL / electron
blocking layer (EBL) and ETL / EBL in figure 6.1.

Hole Blocking Layers

The most challenging interlayer of the hybrid photodiode is the HBL or ETL,
respectively. HBLs need to be compatible to the stack processing, since HBLs
are deposited on top of the active hybrid film. As a potential HBL additional
50 nm spray coating of PCBM was applied. Although from the position of
HOMO at 6.7 eV and LUMO at 4.3 eV PCBM seems well suited as HBL, all
experiments ended in short circuited devices. Thus, efforts were concentrated
on EBLs / HTLs.

Hole Transporting Layer / Electron Blocking Layer

For interlayers working as HTL or EBL, the state-of-the-art interlayer of OPV
and OPD devices is PEDOT:PSS and as an alternative a strongly hole blocking
TFB was deposited on top of the ITO bottom electrode (anode). TFB is well
suited as EBL in OPDs due to the position of the HOMO at 5.3 eV and the
LUMO at 2.1 eV [21]. Thus, the high ohmic Poly[(9,9-dioctylfluorenyl-2,7-diyl)-
co-(4,4’-(N-(4-sec-butylphenyl))diphenylamine)] (TFB) blocks very efficiently
electrons in OPDs, from which hybrid devices possibly benefit in terms of
leakage currents. However, TFB interlayer faced wetting properties with the
hybrid blend resulting in inhomogeneous deposition of photoactive layer. To
overcome this issue, TFB layers were either treated with O, plasma after de-
position or an additional thin film of PEDOT:PSS was coated on top. The I-V
characteristics with a thin topping PEDOT:PSS film and for O, plasma treated
TFB are depicted in figure 6.8(a) and 6.8(b), respectively. For each experiment a
reference with PEDOT:PSS interlayer was fabricated. Note, that the difference
in the I-V characteristics of the reference devices is due to different PbS-QDs
absorbing at 1220 nm and 1420 nm. For TFB/PEDOT:PSS devices, the dark
currents could not be reduced and show a higher conductivity in reverse bias.
In contrast, O, plasma treated TFB reduces significantly dark currents, but at
the expense of poor response to NIR illumination (<870 nm).
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Figure 6.8.: I-V characteristics of hybrid photodiodes with TFB as interlayer under dark conditions
and illuminated with polychromatic light beyond 870 nm of an AM 1.5G solar simula-
tor. (a) TFB interlayer (30 nm) is sandwiched between ITO anode and PEDOT:PSS film.
Reference with 1220 nm PbS-QDs. (b) Plain TFB interlayer with O, plasma treatment
to increase wetting properties with a 1420 nm PbS-QD reference.

Spectral analysis confirmed the observations with I-V measurements of devices
with TFB/PEDOT:PSS and O, plasma treated TFB interlayers. In compari-
son to PEDOT:PSS interlayers, the peak sensitivity of PbS-QDs diminishes sig-
nificantly for TFB/PEDOT:PSS configuration or even disappears almost com-
pletely in spectral measurements for O,-Plasma treated TFB device with PbS-
QD absorbing at 1420 nm. Although dark currents and photoconductivity of
the detector stack can be significantly influenced by TFB layers, those interlayer
are not an alternative due to the poor observed sensitivities. In contrast to
theory, where HOMO and LUMO levels of TFB layers promise an increase in
performance, processing steps and interface interactions seem to have a strong
negative effect on charge extraction.

The discussed results reveal, that for efficient hybrid photodiodes PEDOT:PSS
interlayers are beneficial. Accordingly, a more detailed analysis is performed
on the influence of PEDOT:PSS. PEDOT:PSS consists of two components: Poly-
(3,4-ethylenedioxythiophene) (PEDOT) and Poly(styrenesulfonate) (PSS). In
the following, the impact of self-assembled layers of PSS on top of the ITO
anode on hybrid devices is investigated. ITO substrates were dipped for 30 s in
a PSS solution of 0.5 wt %, 20 min and 30 min in a 0.1 wt % solution. Note that
for dipping in 0.5 wt % PSS solution the substrates were washed with deion-
ized water. In figure 6.10(a) with increasing the thickness of the PSS layer, the
leakage currents of the devices can be reduced, but with a film thickness of
18 nm the diode properties already start disappearing. The reference device
with PEDOT:PSS shows a superior pronounced diode behavior. Even worse
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Figure 6.9.: Spectral response of hybrid photodiodes with either (a) TFB / PEDOT:PSS or (b) O,
plasma treated TFB interlayer with a corresponding PEDOT:PSS reference. TFB inter-
layer is sandwiched between ITO anode and PEDOT:PSS film. Reference with 1220 nm
PbS-QDs.

is the spectral response in the NIR where no response could be resolved for
devices with self-assembled PSS layers (see figure 6.10(b)). Concerning the
yield of fabricated devices, self-assembled PSS layers were poor in contrast to
PEDOT:PSS devices. PEDOT:PSS interlayers are modifying more adequately
the ITO anode interface for hole transport and for electron blocking from the
photoactive layer as well as a better processing compatibility towards hybrid
films compared to the investigated alternatives is given. Note that interlay-
ers could not be skipped due to wetting properties of the hybrid films on ITO
coated glass substrates.

To conclude, suitable interlayers to ensure smooth processing and to facilitate
charge carrier extraction are essential for IO-HPDs.

6.3. Inorganic-Organic / Metal Interfaces

Organic films are strongly dependent on interfaces, especially to metals [12].
The built-in potential as well as the open circuit voltage of oBH] devices are
theoretically limited by the difference between donor HOMO and acceptor
LUMO [11, 145]. However, oBHJ devices show also a strong dependence on
the applied metal contact [109]. Work functions of the top metal electrodes
and LUMO:s of semiconducting organic materials define contact properties and
therefore injection and extraction properties at the interface. For hybrid films
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Figure 6.10.: I-V characteristics (a) and EQEs (b) of devices with self-assembled layers of PSS mod-
ifying the ITO anode. The interlayer of the reference device is PEDOT:PSS.

an influence of work functions of metal contacts should be found correspond-
ingly. Metal electrodes of LiF/ Al (®1;r/4; = 2.5 eV), Ca/Ag (Pca/ag = 2.9 eV),
Al (@4 =4.2 eV)and Ag (P4, = 4.7 eV) are investigated in the following.

In figure 6.11(a) I-V characteristics in the dark and under illumination currents
and light currents with NIR-light are depicted. Ag and LiF/Al contacts exhibit
large leakage currents and NIR light currents are hardly distinguishable. In
contrast, Al and Ca/Ag top electrodes are showing distinctive diode behavior
with a significant photoresponse. Al contacts give the best result for dark cur-
rents which becomes also evident with the on-off ratio (see figure 6.11(b)). The
on-current at 2 V and the off-current at —2 V are put into relation and for Al
and Ca/Ag top contacts a ratio of 7740 and 3900 is obtained whereas LiF/Al
and Ag have poor on-off ratios of 40 and 213, respectively.

Highly rectifying contacts show also superior performance concerning the
spectral response of the devices (see figure 6.12(a) for the visible and 6.12(b)
for the NIR), since Al top contacts have EQEs of about 4 % at 1460 nm followed
by 2.5% at 1440 nm for Ca/Ag, 2.2 % at 1420 nm for Ag and 1.7 % at 1500 nm
for Ag. For the shift of the peak in EQE no reason is found. High EQEs of
Ag exceeding 200 % in the visible is due to ohmic contact of Ag to the oBH]J
resulting in a strong photoconductive gain. However, the devices with superior
diode characteristics lead to more efficient and sensitive IO-HPDs in the NIR.
Figure 6.13 summarizes the findings that with Al top contacts the best results
concerning dark currents and NIR photoresponse are obtained.

From a theoretical point of view, intuitively contacts with the lowest work
functions should have a higher rectification, because of lower injection barriers
for electrons and larger barriers in reverse bias for holes. This correlation is
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contact metals and (b) their efficiency for monochromatic illumination at 600 nm and
1400 nm with —5 V reverse bias.

apparently not applicable to hybrid films. Charge extraction properties with-
out inducing leakage is achieved by Al contacts for PbS-QD:P3HT:PCBM films.
Furthermore, the work function of Al is the closest to LUMO level of PbS-QDs
and PCBM which should give an ohmic contact to these components (cf. figure
6.2). For smaller work functions of LiF/Al and Ca/Ag band bending occurs
at the interface and electrons are transferred at the interface to the hybrid film.
This incident with additional introduced states and traps from PbS-QDs might
affect the extraction and rejection of charge carriers at the metal contact inter-
face. However, no deeper investigations on interface physics were possible,
thus the assumptions in this work rely on ref. [109, 12, 11].

6.4. Deposition Technologies

Solution processable organic photovoltaic and detector devices are very sensi-
tive to morphology. A penetrated network of donor and acceptor is essential
for organic devices and can be controlled by the deposition techniques and
properties. Hence, hybrid films are as well dependent on deposition technolo-
gies. Spin-coating and drop casting of hybrid films were found to be unsuited.
With spin-coating sufficient thick films could not be obtained and drop casting
is not applicable for the focus on potential industrial processes. Nevertheless,
doctor-blading and spray coating are well known technologies from organic
photodetectors [176] and were adapted to hybrid films. So far results with
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Figure 6.14.: I-V characteristics of spray-coated IO-HPDs of different thicknesses under dark con-
ditions and illuminated with polychromatic light beyond 870 nm. A doctor-bladed
sample is given as benchmark.

doctor bladed films up to 200 nm only have been presented, but especially to
enhance the NIR absorption thick spray coated devices are favorable.

In figure 6.14 I-V characteristics of spray coated hybrid films of 430 nm, 970 nm
and 2700 nm along with a doctor-bladed reference is presented. I-V perfor-
mances of spray coated devices match the doctor bladed reference for thicker
films than 970 nm. Spray coated films exhibit a high surface roughness and
thus thicker films are needed to avoid pinholes (evident in the 470 nm spray
coated device). The spray-coated device with a diode thickness of 970 nm is
comparable to the doctor bladed reference with regards to dark and NIR light
currents. Even lower dark currents are observed for the 2700 nm spray coated
hybrid photodiode. Looking at figure 6.15 the results of I-V measurements are
not in accordance with the NIR-EQEs of spray coated devices. The peak effi-
ciencies for the doctor bladed device of 2.7 % at 1160 nm exceed significantly
the spray coated diodes with 1.4 % and 0.6 % respectively (see figure 6.15). The
matching light currents in the I-V characteristics can be attributed to the fact
that spray-coated devices exhibit higher EQEs for wavelengths below 950 nm.
Taking the electric field across the active layer into account a similar progres-
sion of the EQE at 1160 nm at low electric fields for all devices is observed, but
at electric fields larger than 20 Vum™ the spray-coated devices either faces an
irreversible breakdown or the EQE of the reference cannot be reached.
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to a 200 nm doctor-bladed device at —5 V. (b) EQE according to the applied electric
field across the active layer at a wavelength of 1160 nm.

Spray coated device showed promising results concerning dark and light cur-
rents, but also lack of efficiency for the NIR response as evidenced by the weak
PbS-QD peak. Due to the high material consumption and restricted availabil-
ity of PbS-QDs, no further optimization could be performed on spray-coated
devices.

6.5. Influence of PbS-QD Properties on 10-HPDs

Electro-optical properties of PbS-QDs are influenced mainly by the diameter
and the ligand shell. The first excitonic absorption peak is defined by the diam-
eters of PbS-QDs. Energetic barriers and therefore charge carrier transfer and
transport from and to the PbS-QDs can be modified by the ligand shells.

6.5.1. Variation of the PbS-QD Diameter

Within this chapter results with PbS-QDs absorbing at different wavelengths
are presented. Figure 6.16(a) illustrates the spectral tunability with respect to
the QD diameter. Increasing the diameter shifts the first excitonic absorption
peak to longer NIR / SWIR wavelengths, so that sensitivities by modification
of the diameter up to 1900 nm can be achieved. Although the diameter only
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EQEs for different QD-diameters. The applied bias during EQE measurements is
given indicating a sweet spot for IO-HPDs with PbS-QDs at ~ 1200 nm to 1250 nm.

changes the absorption peak, a significant impact on EQE performance of 10-
HPDs can be attributed to PbS-QD diameters. A sweet spot for highly effi-
cient hybrid diodes with PbS-QDs (around ~ 5 nm) absorbing in the range of
1200 nm to 1300 nm is found. EQE values from 20 % to more than 50 % can be
seen in figure 6.16(b). According to figure 6.2, for larger diameters the energy
gaps of PbS-QDs become smaller and thus the transfer of photogenerated car-
riers is more and more hampered in particular for the transfer to PCBM by an
occurring barrier. Therefore, hybrid devices with PbS-QDs of larger diameters
can reasonably show less EQEs. For this exceptional behavior of PbS-QDs ab-
sorbing in the range of 1200 nm to 1300 nm a possible explanation might be a
better resonant coupling of the first excitonic state to existing states in the oBH]
of PBHT:PCBM, so that those PbS-QDs have preferential transfer and transport
properties. This would explain why PbS-QDs with smaller diameters have not
shown those high efficiencies.

6.5.2. Blends with Various PbS-QD Diameters

Due to the tunability of the absorption of PbS-QDs, broadening of the spectral
response might be obtained by embedding PbS-QDs of different diameters in a
hybrid film. Actually, in figure 6.17 a superposition of the spectral response of
the individual PbS-QD blends for the PbS-QD mixture can be observed, so that
modification of the spectral sensitivity by implementing several different PbS-
QDs could be demonstrated. However, the spectra could not be completely
reconstructed by superposition from the EQE spectra of a hybrid device with
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Figure 6.17.: Spectral response of IO-HPDs with QDs of three different diameters and their indi-
vidual spectral response. A simple superposition and a weighted superposition is
indicated to reconstruct the spectral response from the individual devices.

the individual PbS-QDs. The simple superposition gives better consistency
with the absorption peak of the mixture while the weighted superposition of
PbS-QD blends (1100 nm:1350 nm:1450 nm = 2:1:1.25) fits well to the tail. Al-
though the spectral response was intentionally modified, the EQEs for the PbS-
QD mixture (~0.15 %) could not reach the values for the individual PbS-QD
devices by an order of magnitude. The interaction of different PbS-QDs in the
film seems to interfere with the charge extraction and transport properties in
comparison to hybrid devices with individual PbS-QDs, so that an introduction
of additional trap states is assumed.

6.5.3. Ligand Shells

Oleic acid cappings stabilize PbS-QDs and at the same time electrically isolate
the QDs [139, 31]. Among others, PbS-QDs can also be capped with butylamine
ligands. The butylamine chain contains 4 carbon atoms in contrast to oleic
acid (OA) with 18 carbon atoms. Therefore, butylamine ligands provide thin-
ner enclosing barriers of PbS-QDs and higher conductivity for PbS-QD films
[86]. Figure 6.18 gives the I-V characteristics (figure 6.18(a)) and the spectral
sensitivity of IO-HPDs with embedded butylamine capped PbS-QDs (figure
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Figure 6.18.: (a) Dark and NIR light currents for IO-HPDs with butylamine capped PbS-QDs (b)
EQE at a reverse bias of —8 V for hybrid butylamine capped PbS-QD devices.

6.18(b)). I-V characteristics show a rectification characteristic as for OA capped
PbS-QDs, but with higher dark currents. The expected improvements on the
transfer of photogenerated carriers could not be demonstrated which is ap-
parent in poor EQE values of 0.75 % at 1020 nm (see figure 6.18(b). Since the
properties of IO-HPDs could not be significantly improved with butylamine
capping, OA is kept for ligand shell leading to longer lifetime of hybrid devices
as discussed later in chapter 7.3.3.

6.5.4. Oxidation of PbS-QDs

Oxidation of PbS-QDs can modify the surface and therefore the barrier to trans-
fer charge carriers from PbS-QDs'. PbS-QDs in chlorobenzene solution were
exposed to highly saturated oxygen atmosphere for several hours. The surface
of PbS-QDs is oxidized and the surface oxidation of the PbS-QDs is in a first
approximation self-passivating. The PbS-QD itself is only affected on surface
level and the oxidation process does not penetrate into the PbS-QD!. Oxida-
tion was performed on parts of two independent PbS-QD batches dissolved in
chlorobenzene. Afterwards, IO-HPDs were processed from the non-oxidized
and oxidized part of the solutions. Different results are found due to oxidation
as depicted in figure 6.19. Figure 6.19(a) reveals a significant improvement of
the diode behavior. Oxidized PbS-QDs exhibit less field-dependent dark and
light currents. In contrast only slightly lower dark currents can be observed in

Iprivate communication with M. Bawendi, Department of Chemistry, Massachusetts Institute of
Technology
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Figure 6.19.: Dark and light currents with green, white and NIR illumination measured for inde-
pendent experiments on two individual PbS-QD batches. Each batch was partially
oxidized.

figure 6.19(b). Apparently, the consequences of the oxidation differ for the two
investigated batches and strongly depend on the batch properties.

In figure 6.20(a) and 6.20(b) varying spectral characteristics after oxidation of
PbS-QDs were obtained. The first batch recovers after oxidation with a pro-
nounced NIR absorption peak and with EQEs rising from 0.05% to 1.83% at
1170 nm. With a second QD batch oxidation leads to a decrease in EQE from
2.7% to 0.7% at 1170 nm. With oxdization the characteristic absorption spectra
of PbS-QDs can be either restored or can be affected negatively. Correspond-
ingly, similar observations have been made on the applied bias during EQE
measurements (see figure 6.21). Whereas for the first batch less applied reverse
bias is needed to extract photogenerated carriers, for the second batch higher
voltages need to be applied to reach the same EQE.

Oxidation creates two observable effects on PbS-QDs. Either somehow a self-
healing process recovers the PbS-QD properties and improves diode charac-
teristics or PbS-QDs are negatively affected and electro-optical properties de-
teriorate. For the self-healing effect it is assumed that defects e.g. from miss-
ing ligands or impurities on the surface cured by oxidation. Oxygen atoms
might occupy those states suppressing leakages (e.g. higher dark currents)
and recombination centers by passivating the surface. In contrast, oxidation
introduces defects to intact colloidal PbS-QDs as oxygen might interact with
the ligands as well. Probably a self-healing effect occurs also for intact QDs
when exposed long enough to oxygen.
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Bottom Electrode

For reasons of completeness the bottom electrode is also an important subject
for optimizations of IO-HPDs due to absorption losses, but is not further dis-
cussed within this work. In this work exclusively ITO anodes have been ap-
plied, but for ITO transmission decreases in the NIR from 80 % at 1000 nm to
30 % at 2000 nm (see figure 4.4).

6.6. The State of the Art IO-HPDs

As a conclusions, hybrid photodiodes based oBHJ show an optimum perfor-
mance when following the design rules achieved in this chapter. A ternary
blend of colloidal QDs with an electron and hole conductor for charge trans-
fer and transport is advantageous. Doctor-bladed films of PbS-QDs in a
P3HT:PCBM matrix showed the best results when combined with PEDOT:PSS
interlayers and Al top electrodes. A sweet spot for the compatibility of PbS-
QDs to the oBHJ was found for QD absorption peaks in the range of 1200 nm
to 1300 nm. Therefore, the record device was made with a stack of ITO / PE-
DOT:PSS / PbS-QDs:P3HT:PCBM / Al. The achieved results are presented
in figure 6.22. Polychromatic IR illumination increases the current density by
almost 400 times from 8.8 x 107°> mAcm™ to 3.4 x 1072 mAcm™ at -2 V (see
figure 6.22(a)). EQEs at 1220 nm of 16.5 % to more than 50 % according to the
applied bias is obtained (see figure 6.22(b)). IO-HPDs are therefore highly suit-
able as NIR detectors.
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Figure 6.22.: I-V characteristics of a hybrid device with an active area of 4 mm? in the dark (black
line), with monochromatic illumination at 532 nm (780 pW cm2), with polychromatic
light (> 870 nm) and with white light. (b) Voltage dependence of EQE with linear
regime from —5 V to —8 V with an EQE of 51%. Inset: Spectral sensitivity of a photo-
diode with 4.5 nm PbS-QDs with a peak EQE of 16.5% at 1220 nm, biased at —5 V.
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7. Characterization of Electronic,
Optical and Structural
Properties of Near-Infrared
Inorganic/Organic Hybrid
Photodiodes

In the previous chapter material, design and fabrication aspects without deeper
analysis of optoelectronic and structural properties of hybrid photodetector
devices were discussed. To complete the picture of IO-HPDs this chapter gives
more insight into morphology, charge carrier transport and transfer, optical and
electro-optical characteristics.

7.1. Structural Analysis by SEM and TEM Methods

Since morphology has a major impact on device characteristics of nanostruc-
tured organic and hybrid films, investigations with SEM and TEM meth-
ods on freshly processed devices were performed. For a detailed descrip-
tion of methodology for SEM and TEM see section 3.2.1 and 3.2.2, respec-
tively. As the devices were not encapsulated after processing for the SEM
and TEM analysis, only restricted I-V measurements under inert atmosphere
were recorded. In chapter 6 dual composite and ternary composites were com-
pared which showed superior photodetector properties. For SEM analysis the
optimized ternary composite and a bilayer configuration of PbS-QDs:P3HT
(66.7 wt %:33.3 wt %) were selected as they were the only devices with a sig-
nificant NIR response of this processed batch. Dual composites were not inves-
tigated since the better results for ternary devices could be attributed to charge
transport properties. Note that bilayer devices exhibit dramatically lower NIR
response than hybrid detectors of ternary composites. Bilayer configurations
(cf. figure 7.1) have a sharp transition between PbS-QD layers and P3HT while
the PbS-QDs are distributed widely throughout the ternary film (cf. figure 7.2).
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Following the principle of oBH]Js [143, 185], charge transfer and transport is bet-
ter facilitated in penetrated network of conducting and charge carrier donating
materials as in separated films, especially for highly insulated OA capped PbS-
QDs. In figure 7.1 two bilayer devices are shown: a doctor-bladed PbS-QD
film annealed for 60 min at 200 °C with a second P3HT doctor-bladed layer
(see figure 7.1(a)) and not annealed with a spray-coated P3HT layer on top (see
figure 7.1(b)). The annealed PbS-QD film acts as a blocking layer as from I-V
measurements very poor NIR response and very low dark currents in the range
of 107° mAcm™? at —5 V were obtained, although it is assumed that ligands
are removed from PbS-QD surface for temperatures of 200°C. PbS-QDs are
not dissolved from the P3HT solution during the subsequent doctor-blading
process. The spray-coated P3HT layer partially dissolves the PbS-QDs again.
Tiny PbS-QD bubbles above the QD film can be seen. Higher dark currents
(1072 mAcm™ to 107! mAecm™ at —5 V) and NIR response were observed. A
possible reason for leakage was identified by paths through large PbS-QD ag-
glomerations connecting top and bottom electrodes (see figure 7.1(b)).

(a) Doctor-bladed bilayer (b) Spray-coated bilayer

Figure 7.1.: SEM images of bilayer devices of PbS-QD:P3HT. (a) PbS-QD doctor-bladed and an-
nealed for 60 min at 200 °C before doctor-blading of P3HT. (b) PbS-QD doctor-bladed
before spray-coating the P3HT layer without annealing the PbS-QD film.

As already the spray-coated interlayer with partially dissolved PbS-QDs in-
dicated a interpenetrating network being favorable for efficient charge transfer
and extraction. Highly efficient IO-HPDs were fabricated from ternary compos-
ites of PbS-QD:P3HT:PCBM processed from solutions (see chapter 6). Figure
7.2 illustrates the PbS-QD distribution in an organic matrix of PSHT:PCBM for
a doctor-bladed (see figure 7.2(a)) and a spray-coated film (see figure 7.2(b)).
Doctor-bladed films exhibit a more homogeneous distribution of PbS-QDs in
the oBH]J. In contrast, cloud like domains for PbS-QDs of roughly 200 nm in size
in spray-coated films can be found. This can be a possible reason for the lower
efficiencies of spray-coated devices as spray-coated films of ternary composites
provide fewer surface for the organic/inorganic interface to transfer excited
charges (cf. 6.4). Note that because of strong charging of the samples during
SEM some images are blurred.
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7.1. Structural Analysis by SEM and TEM Methods

P3HT:PCBM

ITO

(a) Doctor-bladed (b) Spray-coated

Figure 7.2.: SEM images of ternary composite devices with (a) a doctor-bladed and (b) a spray-
coated PbS-QD:P3HT:PCBM film.

For a better spatial resolution TEM was performed on doctor-bladed ternary
films. A 200 nm scale TEM image is depicted in figure 7.3(a) where the PbS-
QDs can be distinguished from the organic as dark dots. The homogeneous
distribution of PbS-QDs in the oBH]J is confirmed by TEM images. In figure
7.3(b) an ensemble of three PbS-QDs can be identified in the white circle by the
crystalline lattice structure.

461%_F_1282-5_020 26/02/2008]

(a) 200 nm scale (b) 10 nm scale

Figure 7.3.: TEM images of a doctor-bladed PbS-QD:P3HT:PCBM film for (a) a 200 nm and (b) a
10 nm scale.

SEM and TEM analysis revealed that colloidal PbS-QDs can be embedded
homogeneously into organic matrices and that highly penetrated networks
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7. Characterization of IO-HPDs

of inorganic/organic composites can be obtained being favorable for efficient
charge extraction. This corresponds to findings in OPVs and OPDs.

7.2. Charge Transport and Transfer Mechanisms
in hybrid Films

Since experiments on different compositions of the active blend in hybrid pho-
todiodes proved that it is essential for efficient near-infrared sensitivity to use
both, a hole conductor (P3HT) and an electron conductor (PCBM) in the film
(see section 6.1). Thus, the ternary blend is advantageous in terms of charge
transfer and transport of photogenerated carriers. In this section, single and
multiple composite blends are investigated concerning charge transfer mecha-
nisms and charge carrier mobilities.

7.2.1. Mobilities in Hybrid Films

For mobility analysis (see 7.2.1 and 7.2.1), two common methods - mobility
extraction from FET and CELIV - were used for a closer look on the mobilities
in films and in the bulk of the hybrid photodiodes. Charge transport is essential
to realize efficient photodiodes. Hence the photogenerated carriers need to be
extracted at the electrodes.

Field Effect Mobilities

In OFETs either electrons or holes can be accumulated at the gate oxide with
applying a gate voltage Vizs. Mobilities of electrons s and holes i, can be
studied and derived from e.g. the transfer characteristic of an OFET. Mobilities
in the films should give information if any blend is better capable for charge
transport. Findings in OPV revealed the relation between a balanced charge
transport and the efficiency ([111, 112]). In table 7.1 all investigated composi-
tions of the films as well as the weight ratio of the components and the obtained
mobilities with the applied gate V5 and drain voltage Vs are given. Actually,
besides the BHJ, only the ternary blend exhibits both, hole and electron mobil-
ity.

In figure 7.4(a) the transfer characteristics of PbS-QD:P3HT and PbS-
QD:PCBM with reference to measurements on single component films are
depicted. P3HT and PCBM show hole or electron conductivity, respectively,
whereas PbS-QDs can be seen as non-conductive for any charge carrier. Note
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7.2. Charge Transport and Transfer Mechanisms in hybrid Films

Nr.  Composite wre;ﬁl;t (cmzl(t\?s)'% (cmétxl;sr‘) uev “ (th MZDS (\Qh
1 P3HT — — 1.6 x 1072 — 370 0 —  +l4
2 PCBM — 1.1 x 1072 — +26.2 — 18 —
3 PbS-QD — 6.1 x 1078 — +32.0 — 12 —
4 PbS-QD:P3HT 2:1 — 2.6 x 1073 — 370 — 418
5  PbS-QD:PCBM 2:1 7.3x 1074 — 29.7 — +16  —
6 P3HT:PCBM 1:1 1.2x107° 1.5x 1072 4297 -363 +18 +18
7  PbS-QD:P3HT:PCBM 411 46x107° 53x107% 4366 -369 +18 +18

Table 7.1.: Analyzed composites in OFETs and the measured mobilities with corresponding volt-
ages Vgg and Vpg.

that the PbS-QDs are capped with long oleic acid ligands. For both films either
a channel is formed for electrons or holes and a reduction due to PbS-QD ad-
dition is significant. A similar behavior can be observed for the ternary blend
in figure 7.4(b). The ambipolar - electron and hole - mobility are affected by the
QDs. In figure 7.5 mobilities are illustrated according to the film composition.
Although 1.6 x 1072 cm?(Vs)™! as hole mobility for P3HT exceeds the mobility
reported by [111] by almost two orders of magnitude, values in the same regime
can be found in literature as well (see [158, 4]). As the surface was treated dif-
ferently with oxygen plasma before deposition to [111], the effect is assigned to
interactions at the interface of the oxide and the P3HT-film where the channel
forms (higher degree of ordering). Electron mobilities of 1.1 x 10~2 cm?(Vs)?
for PCBM correspond to reported values in literature [111]. The results from
P3HT:PCBM films are inconsistent as the hole mobility is 1.5 x 1072 cm?(Vs)™
whereas the electron mobility is 1.2 x 107> cm?(Vs)!. The discrepancy of the
hole mobility being close to mobility in pristine P3HT to the dramatic reduction
of the electron mobility can be explained by the morphology of the film. It is as-
sumed that the channel region consists solely of P3HT, so that the properties are
dominated by P3HT. Note that the authors of [111] used a method with which
this effect can be considered, but this method was not applied to these measure-
ments as the appropriate structures were not available. While pure PbS-QDs
exhibit very small electron mobility of 2.6 x 10~ cm?(Vs)?!, adding PCBM (2:1
in weight) as electron conductor improves the mobility to 7.3 x 10™* cm?(Vs)™.
On the contrary for the PbS-QDs blended in P3HT (2:1 in weight as well),
only hole conductivity is observed with a mobility of 2.6 x 1072 cm?(Vs).
The ternary blend with a weight ratio of (4:1:1) results in an ambipolar trans-
port with a hole mobility of 5.3 x 10~* cm?(Vs)?! and an electron mobility of
4.6 x 107° ecm?(Vs) ™. Note that the applied method gives only an indication of
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7. Characterization of IO-HPDs

the mobilities as field effect mobilities are strongly bound to interface properties
of films and gate oxide.

< < 10% 1
Rl
3 2 10‘13 i
e M T 2
10"y paur . PesappceM (2] 1071 paHT:PCBM (1:1) |
1024 PbSQDPIHT2:1) ---- PbS-QD w0l = PbS-QD:P3HT PCBM (4:1:1)
30 20 10 0 10 20 30 3 20 10 0 10 20 30
Gate Voltage (V) Gate Voitage (V)
(a) Single and dual composites (b) Ternary composites

Figure 7.4.: FET transfer characteristics. (a) Dual composites in comparison with single compo-
nents show an expected behavior as the current in the FET is reduces significantly. (b)
Analogous, the current for a standard PBHT:PCBM BH]J is decreased significantly with
the addition of PbS-QDs.

The mobility results confirm the assumption that an organic matrix of both hole
and electron conductor enables an ambipolar transport in the composite diode
as a prerequisite to obtain high EQE values reported for the IO-HPDs. Thus,
providing transport possibilities for holes and electrons is crucial to separate
and withdraw photogenerated charge carriers from the QDs via percolation
paths. In contrast, the EQE of P3HT or PCBM layers sensitized with PbS-QDs
(67 wt %) show significantly lower values of 0.2% and 2.3% at —5 V, respec-
tively. Whereas, IO-HPD based on the ternary blend yield high EQEs in the
infrared at 1220 nm of 16.5% at —5 V and even 51% at -8 V (cf.6.1.1 and 6.6).

Ambipolar Bulk Mobilities by CELIV Method

Since mobility measurements on FET devices are mainly afflicted with interface
and channel properties, CELIV measurements were performed to gain insight
to charge transport in the bulk of PbS-QD:P3HT:PCBM devices. CELIV meth-
ods give information about the equilibrium charge carriers and do not distin-
guish between the charge carrier types. In figure 7.6 the obtained curves from
the CELIV measurements in the dark (figure 7.6(a)) and from Photo-CELIV
measurements at 1310 nm (figure 7.6(b)) are displayed. A typical composition
of the response upon a linear increasing voltage of a displacement current due
to the device capacitance and an additional charge extraction current can be
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Figure 7.5.: Electron and hole mobilities in different hybrid organic/inorganic composites.

137



7. Characterization of IO-HPDs

observed. The extraction currents disappear for reverse voltages Vpios < —5 V
and show maximum values for the measurements at 0.8 V. Under reverse
bias conditions the layer might be already depleted or residual charges are
too few to create a significant response. Whereas, for voltages from 0 V to
0.8 V the equilibrium charges plus injected charges are present in the layer
and contribute to a significant extraction current by a negative voltage ramp
of 12.5 V/ms. A slight photodoping during Photo-CELIV measurements can
be observed for offset voltages of —0.5 V, 0V, 0.2 V and 0.4 V - voltages are
below diode threshold - as those curves show a pronounced extraction current.
Those curves are dominated by photogenerated charge carriers and are lying
closer to each other in figure 7.6(b). For this reason, the photogenerated charges
contribute distinguishably to the extraction current. A further observation is
that with increasing the bias voltage the maximum of the extraction current
shifts to the right for both measurements which can be assigned to increased
amount of injected charges overlaying the extraction current from equilibrium
charges. An indication for that is the strong rise of the extraction current for
larger offset voltages as the rise is dependent on the conductivity of the film.
Injection of charges from forward bias increases the conductivity as the popu-
lation of charge carriers in the layer becomes higher.

Voltage (V)
Voltage (V)

Current (a.u.)
Current (a.u.)

T T T T T
300 400 500 0 100 200
Time (ps) Time (us)

(a) Dark CELIV (b) NIR Photo-CELIV

Figure 7.6.: CELIV traces at different reverse bias were recorded under dark conditions (a) and
with NIR illumination at 1310 nm (b). Two subsequent voltage sweeps of 100 us with
a ramp of 12.5 V/ms and a time-lag of 50 ps in between. For Photo-CELIV an initial
pulse of 75 s was applied before the voltage sweeps.

The CELIV method was introduced by ref. [71] to analyze charge transport
in semiconductors, and it was also applied to investigate bulk mobilities in
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7.2. Charge Transport and Transfer Mechanisms in hybrid Films

organic polymer films (cf. ref. [72, 70]). Mobilities can be determined by the
following relation:

202
8V tmas - (14036 - 12t )
dis

= (7.1)

with d as the thickness, t,,,,, as the elapsed time from starting the voltage ramp
until the maximum of the extraction current is reached, V as the slope of the
voltage ramp, I.,; as the extraction current and /4 as the displacement cur-
rent. Figure 7.7 gives the mobilities for dark CELIV (figure 7.7(a)) and Photo-
CELIV at 1310 nm (figure 7.7(b)) for the first and second pulse with a delay
of 50 us between the two pulses corresponding to the applied bias and the
voltage ramp. No significant and systematic influence for different slopes of
the voltage ramp on the extracted mobilities of the equilibrium charge carriers
is apparent in the measurements. In figure 7.7(a) values for mobilities between
1.0 x 1075 cm?(Vs)™! and 4.3 x 1075 cm?(Vs)™! are obtained. Dark CELIV mea-
surements in figure 7.8(a) show even a smaller bandwidth of the mobility from
1.8 x 107° em?(Vs)! to 1.6 x 1075 cm?(Vs)? for the different voltage sweeps.
Between figure 7.7(a) and 7.7(b) no evident difference can be distinguished,
although a slight modification for Photo-CELIV was observed in figure 7.6(b)
in comparison to figure 7.6(a) for dark CELIV. For this reason, the amount of
photogenerated charges and photogeneration itself do not affect charge trans-
port as similar mobilities are observed for both CELIV measurements. A minor
difference of the mobility is found between the first and second CELIV pulse,
which can be suspected from figure 7.7 and is clearly visible in figure 7.8. Lower
mobilities are obtained for the extraction from the second pulse. Since only
slight differences can be observed for the second pulse for the mobilities as well
as for the CELIV traces, blocking properties of the top and bottom electrode are
pronounced. However, a decrease of the mobility is observed with increasing
offset voltage. Due to the injection of charge carriers at forward bias, equation
7.1 is not fully applicable anymore as this equation accounts for equilibrium
charge carriers. This can be clearly seen in figure 7.7 and in particular in fig-
ure 7.8(b). Note that for large offset voltages the CELIV traces do not show
saturation to determine the displacement current exactly, but estimating the
displacement current from lower offset voltages introduces only a minor error.
Further Photo-CELIV measurements with excitation at 532 nm were performed
as well, but no different results were observed.

Ambipolar charge carrier mobilities around a value of 2.0 x 10~° cm?(Vs)™
could be determined during CELIV measurements. This is significantly
lower as the values obtained by field effect mobility measurements of
6 x 10~* cm?(Vs)! for holesand ~ 4 x 1075 cm?(Vs)™! for electrons. Field effect
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Figure 7.7.: Extracted mobilities by dark CELIV (a) and Photo-CELIV measurements at 1310 nm
(b). Neither the slope of the voltage ramp nor the fact that the mobilities are extracted
from the first or the second pulse seem to have a major influence. Photo-CELIV mea-
surements also do not show variations beyond tolerance levels.
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Figure 7.8.: Extracted CELIV mobilities in dependence on the slope of voltage ramp (a) and the
applied offset voltage (b). Neither for dark, green nor NIR measurements an influence
of the slope of the voltage ramp can be observed. A slight decay in mobility with
increasing the offset voltage and for the second pulse can be seen in the measurements.
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7.2. Charge Transport and Transfer Mechanisms in hybrid Films

measurements are usually giving overestimated values for the mobility in com-
parison to bulk mobilities, so that the obtained results seem to be consistent.

Charge transfer analysis was investigated also by pump and probe measure-
ments, but no clear results were found to conclude on how charge transfer
occurs in hybrid films.

7.2.2. Luminescence of Hybrid Films

In figure 7.9 the photoluminescence spectra of an IO-HPD are depicted. The
radiative decay via the first excitonic state can be observed at 1550 nm (see
figure 7.9(a)). The IO-HPD was optically excited by a laser emitting at 935 nm
and photoluminescence spectra at different biases were recorded. A minor
dependence of the photoluminescence spectra on the applied bias is found
(see 7.9(b)). One would assume that with increasing reverse bias the excited
charge carriers are withdrawn from the PbS-QDs and the photoluminescence
is suppressed which can be observed as small a quenching effect in figure 7.9(b)
[61].
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Figure 7.9.: Photoluminescence spectra of PbS-QD:P3HT:PCBM devices at different bias voltages
(a) and zoomed in to the peak wavelengths (b).

7.2.3. Spatially Resolved Photocurrents in Hybrid Films

Spatially resolved measurements on I0-HPDs are a possibility to identify vari-
ations in photogeneration of charge carriers due to inhomogeneities. In the
performed measurements a spot of roughly 3 um for excitation with a 532 nm
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laser and 10 pm for a 940 nm NIR LED scans in the active area at steps of 5 pm.
Figure 7.10 displays a normalized contour plot for green excitation on the left
and for NIR excitation on the right. The green scan shows little variation and
more homogeneous behavior than the NIR scan. At green illumination P3HT
and PbS-QDs contribute to photogeneration of charge, so that the current is
better distributed throughout the active area. PbS-QDs solely absorb at 940 nm
and therefore the larger inhomogeneity of the NIR scan can be attributed to
morphology (e.g.PbS-QD concentration) and film thickness fluctuations. Due
to the low fluctuation of about £10 % (see figure 7.11(a)) obtained in the scan,
film thickness is assumed to vary little. The variation of up to £30 % (see figure
7.11(b)) is therefore probably caused by domains with different morphology.
TEM and SEM analysis showed that PbS-QDs are distributed almost uniformly
throughout the film. However, some domains show less PbS-QD concentra-
tion (cf. figure 7.3(a) and 7.2) and those images represent only a small part
of the device. PbS-QD:P3HT:PCBM may vary also for different domains re-
sulting in different charge transfer properties. Togehter with some fluctuations
in the film thickness this might lead to the observed variations in the spatial
photocurrents. In summary, hybrid photodiodes exhibit a spatial dependent
photocurrent due to variations of film properties.

7.3. Electro-optical Characterization of hybrid
Photodiodes

IO-HPDs are intended to be used as optoelectronic device for photodetection.
For this reason, electro-optical properties of IO-HPD devices are examined, in
particular. At first, static behavior and subsequently dynamic characteristics
are subject of the investigations.

7.3.1. Static Device Properties of I0-HPDs
As static properties this section deals with temperature dependence, NIR pho-

toresponse and the I-V characteristics. From the results, a possible equivalent
circuit diagram is derived.

Temperature Dependence

The temperature dependence of the I-V characteristic can give a picture about
the situation of intrinsic densities of traps and defects which contribute grad-
ually to the intrinsic density of free charge carriers and therefore to the diode
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Figure 7.10.: Contour plot of the spatial resolved photocurrents on IO-HPDs with green excitation
at 532 nm (left) and NIR excitation at 940 nm (right).
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Figure 7.11.: Normalized 3D plot of the spatial resolved photocurrents on IO-HPDs with green
excitation at 532 nm (a) and NIR excitation at 940 nm (b).
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current with increasing temperature. Equation 7.2 from semiconductor physics
makes apparent that diode currents raise with temperature.

I(T) = Is(T) - {exp (_ nZZT) - 1} (7.2)

with I as the diode current, /s the saturation current, ¢ the elementary charge,
n the ideality factor, kp the Boltzmann constant and 7" as the temperature. Fig-
ure 7.12 illustrates the temperature dependence of the I-V characteristics. By
increasing the temperature from 0 °C to 80 °C forward and reverse currents
grow accordingly by a factor of ~3 and ~25, respectively. Saturation currents
can be estimated from the intersection of the extrapolated linear fit with the y-
axis at 0 V as indicated by the dashed lines in the figure 7.12. Due to equation

Current Density (mA cm?)

Voltage (V)

Figure 7.12.: I-V characteristics of an IO-HPD with a temperature sweep from 0 °C to 80 °C. The
dashed line indicates to extraction of saturation currents by the intersection of an ex-
trapolated linear fit with the y-axes at 0 V.

7.3 an exponential dependence to 1/7" is expected also for the saturation cur-
rent Jy. In inorganic semiconductor diodes saturation currents are also related
to the energy bandgap E,. In a semi-logarithmic plot of saturation currents
vs. 1/T (Arrhenius plot) the slope reveals the ratio of 75;; . In figure 7.13(a)
the relation of the saturation currents obtained by the extrapolated fit for each
temperature in figure 7.12 is shown. A slope of 452 meV is found for % in IO-
HPDs.With the ideality factors of 2.31 - 2.44 which can be found in figure 7.12,
a value of 452 meV - 2.4 = 1084 meV can be estimated for F,. The PbS-QDs
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applied in these devices exhibit a cut-off wavelength for absorption at 1670 nm
corresponding to 743 meV. The difference between the HOMO level of P3HT
and LUMO of PCBM is 600 meV. The ternary composition allow possibilities
for interactions of PbS-QDs, P3HT and PCBM which may affect the effective
bandgap of the ternary composition. The ideality factor n already reveals val-
ues of ~ 2.4 which are larger than physically feasible. This indicates that the
diode current equations might be not fully applicable for IO-HPDs, so that the
equation 7.2 can be reduced and for the saturation current /s the following
dependence on the temperature is found according to semiconductor physics

FE
Is(T) = IsT,,,, - €exp <— kBgT> (7.3)

Leakage currents can occur from unwanted generation of charge carriers from
defects or released from traps and injection from the blocking contacts. As
found in 7.12, the leakage currents at reverse bias are also strongly dependent
on the temperature. Thermal assisted generation of charges from traps and
defects as well as injection seems to be a relevant mechanism in hybrid photo-
diodes. Generation of charge can take place when enough activation energy is
provided to lift a charge carrier from trap or defect states to its band level or
to inject charge carriers. For this reason, the reverse current I,.c,crs. should be
proportional to the expression in equation 7.4 taking the activation energy E 4
into account. Plotting the reverse current at —4 V in an Arrhenius plot in figure
7.13(b) a slope and thus an activation energy of 326 meV could be extracted.

E
I’reverse X exrp <_ nk;T) (74)

A pronounced temperature dependence of currents does not surprise as films
with QDs are known for high trap densities which can contribute to leakage
and saturation currents.

Low temperature photoluminescence measurement at the University of Linz
showed that the energy level alignment between the involved materials has
to be carefully chosen and is essential for an efficient charge separation and
transfer in hybrid devices. At low temperatures, the charge transfer is inhibited
since the energy difference between the state is not sufficient [127].

NIR Photoresponse

A short section is explicitly devoted to the NIR photoresponse, although results
of EQEs were already presented in chapter 6. An important characteristic is the
linearity of the photoresponse with relation to the intensity of the illumination,
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Figure 7.13.: Temperature dependence of saturation and dark currents of IO-HPDs. Reciprocal
temperature dependence of (a) the saturation current derived from I-V characteristics
and (b) dark currents at —4 V at temperature from 0 °Cto 80 °C.

which is given in figure 7.14(a). Linearity over more than two decades for in-
tensities from 6 pW cm? to 800 pW cm™ is achieved by IO-HPDs as the slope
of the linear fit in the normalized log-log plot is equal to 1 in figure 7.14(a).

A peculiarity of IO-HPDs is illustrated in figure 7.14(b). EQEs show a strong
dependence on the applied bias and make it possible to adjust the sensitivity of
IO-HPD. For the investigated device EQEs can be modified linearly in a range
from 16% to 51% for voltages from —5 V to —8 V. In the visible at 540 nm a sim-
ilar behavior is observable. Note that the high EQE values of can be assigned to
photoconductive gain of hybrid films. From the linear dependence of the sensi-
tivity on the applied bias and the linear proportionality of the photoconductive

gain G, = u7 - ¥ a correlation can be assumed.

Determination of Static Device Parameters

In ref. [148, 179] a model to simulate I-V characteristics of OPV devices with
good agreement to measurements was introduced. This model was applied
with modifications to hybrid photodiodes as dark currents exhibit an addi-
tional exponential dependence on the applied bias. This additional current
source might be attributed to field assisted transport facilitating trap states in
the hybrid film. The modified equation is given by

1% —RSJA> - 1] _ V-RsJA (q|V|

J—J- : T -
e (1 A e (U,

) + Jiight =0
(7.5)
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Figure 7.14.: Characteristics of NIR photoresponse of IO-HPDs. (a) The light current shows a linear
dependence on the incident intensity (slope of the linear fit equals 1). Intensities used
to measure range from 6 pW cm? to 800 pW em2. (b) EQEs at 1220 nm are given
with respect to the applied reverse bias. The linear dependence on the bias allows
adjustment of the sensitivity of the hybrid device. For comparison, the response at
540 nm is depicted as well.

with the saturation current density J, , the diode area A, the applied voltage
V, the serial resistance Rg, the parallel resistance Rp, the ideality factor n, the
Boltzmann constant kg, the temperature 7', the introduced transport energy A,
and Jj;gn: as the photocurrent density. The photocurrent is obtained by

. S?’LV—V»L"J d>lmaw
yught:{ gn bi) - Ton (7.6)

V—Vui
T d2[ ~Jph d > lmax

with Vj,; as the built-in potential, J,;, the primary photocurrent density, ;1 the
mobility, 7 the lifetime and l,,4, = pu7 - (V — V4;) /d as the schubweg. If the
schubweg is larger than the thickness d, all of the primary photocurrent density
Jpn is extracted. The primary photocurrent is dependent on the absorbed pho-

tons creating charge carriers: v, - P}j? - (1 — exp (ad)). For schubweg smaller

than the thickness, only a fraction ‘=z of the primary photocurrent can be
extracted. During illumination an additional photoshunt is introduced as the
parallel resistance is lowered by photodoping (Rp = Rpiight < Rp,dark)- The
photoshunt is expressed by

T A
RP,light = 1/ (Ucp ' Jph . % : A) ' E (77)

with v, accounting for the contact permeation probability.
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Figure 7.15.: I-V characteristics and the resulting fit of an IO-HPD with PbS-QD absorbing at
1220 nm by the introduced modified model.

According to the introduced model dark and light currents can be reproduced
as seen in figure 7.15. Dark currents in reverse bias agree very well with the
simulation, but forward dark currents differ significantly from the model as
well as forward light currents. Forward currents seem to have a pronounced
exponential dependence which is not covered by the model. For light cur-
rents, the extraction of photogenerated carriers is also underestimated for re-
verse voltages Vjiqs < —1 V. Since IO-HPDs are usually operated at volt-
ages Vipias < —1V, the model is sufficient to describe IO-HPDs under op-
erating conditions for, e.g., design purpose. The best fit of the model was
obtain with values for the ideality factor n = 1.4, the dark serial resistance
Rs.dark = 80 kQ, the saturation current jo = 2.0 x 10~% mAcm™?, the mobility
p = 1.5x 1075 cm?(Vs)?, the lifetime 7 = 5.0 x 1075 s, the parallel resistivity
pp.dark = 3.0 x 1012 Qcm, v, = 0.01 and Vj,; = 0.03.

I0-HPDs can be approximately described by models from OPV devices with
minor modifications, but a particular weak spot is the reconstruction of forward
currents. However, the good agreement with reverse currents allows to model
IO-HPDs for the widely applied operating conditions at reverse bias.
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Figure 7.16.: I-V characteristics for the devices used for fast pulsed electro-optical measurements

7.3.2. Dynamic Device Properties of I0-HPDs

The dynamic properties of photodetectors are key figures for their application.
Not only high speed communication is limited by the dynamics of detectors,
imaging devices need to read-out photodetectors rapidly to acquire images
at high frame rates and resolution. In this section IO-HPDs are analyzed by
pulsed electro-optical measurements, impedance spectroscopy and noise mea-
surements.

Pulsed Electro-optical Measurements

I0-HPDs were investigated by excitation with short 2.5 ns laser pulse at
532 nm and recording the temporal response of hybrid photodetectors. The I-V
characteristics of the analyzed device are depicted in figure 7.16. The response
of the IO-HPDs is illustrated in figure 7.17 and 7.18. Figure 7.17 shows the
temporal response with relation to the applied bias for intensities of 0.7 pW
(figure 7.17(a)) and 928 pW (figure 7.17(b)), while figure 7.18 depicts the re-
sponse corresponding to the optical density of the excitation at applied bias
voltages of —5 V (figure 7.18(a) and —10 V (figure 7.18(b)). Fast rise times of ns
and fall times of 60 ns can be observed.
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Figure 7.17.: Temporal response for an IO-HPD excited at 532 nm by a laser pulse of 2.5 ns with
(a) 0.7 uW and (b) 928 pW for different voltages.
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Figure 7.18.: Temporal response for an IO-HPD excited at 532 nm by a laser pulse of 2.5 ns with
applied bias voltages of (a) —5 V and (b) —10 V for optical intensities ranging from
0.7 pW to 928 pW
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7.3. Electro-optical Characterization of hybrid Photodiodes

To investigate closer the decay mechanisms of hybrid devices the temporal re-
sponse of figure 7.17 and 7.18 were fitted. The decay could not be fitted well
by a single exponential decay, but good agreement of the measurements was
found with a second order exponential fit. Temporal response functions can be
reconstructed well with the following fit equation:

t t
Iy, =A-exp (ﬁ) + B -exp (7_2> + Lo fset (7.8)

with I, as the photocurrent, A and B as coefficients, t the time, 7; the respective
time constants and I, ..+ as the offset level of the current. The fits for —5 V
and —10 V of applied bias at an excitation of 928 pW is given in figure 7.19(a)
and 7.19(b), respectively. For fits of the decay at low intensity of 0.7 pW at
applied bias voltages of —5 V and —10 V see figure 7.20(a) and 7.20(b), respec-
tively. The parameters of equation 7.8 for each fit are given in table 7.2. As two
time constants are found to fit the decay of the response of IO-HPDs well, it
is assumed that two decay / recombination processes of photogenerated carri-
ers exist. Both P3HT and PbS-QDs are excited, so that the two time constants
probably stem from decay processes related to P3HT and PbS-QDs. Due to dif-
ferent material properties two photoactive materials at 532 nm should exhibit
different decays.

T T T
T, =34ns 7, =139ns
‘2=143n5 x2=30.1 ns |

S
)

Photoresponse (a.u.)
Photoresponse (a.u.)
=)

10? T T T T T T 10" T T T
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Figure 7.19.: Fit of the temporal response of IO-HPDs with equation 7.8 for optical intensities of
928 uW at voltages of (a) —5 V and (b) —10 V. For each fit two time constants were
found, but varying with bias voltage. All fitting parameters can be found in table 7.2.
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Figure 7.20.: Fit of the temporal response of IO-HPDs with equation 7.8 for optical intensities of
0.7 uW at voltages of (a) —5 V and (b) —10 V. As observed in figure 7.19 time con-
stants differ with bias voltage. All fitting parameters can be found in table 7.2.

Pyt Bias A 1 B T2 Ioffset
0.7 pW -5V 1.2x107* 7.3 ns 1.2 x107% 59.2ns 3.7 x 1074
0.7 pyW —10V 1.8 x 107* 14.8 ns 1.8 x 107% 25.7ns 3.7x107%
928 pW -5V 0.22 34 ns 0.12 148 ns 3.7x 1074
928 pW —-10V 0.1 x10~* 13.9ns 0.1 30.1 ns 3.7x107*

Table 7.2.: Parameters used for equation 7.8 to fit the exponential decay of the temporal response
of IO-HPDs.
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Figure 7.21.: Equivalent circuit used for the description of impedance spectroscopy measurements.

Analysis of Dynamic Components with Impedance Spectroscopy

Impedance spectroscopy measurements were performed to get a better insight
to device properties at high frequencies. The impedance spectroscopy measure-
ments makes the global impedance Z;,;(f) of a device available which can be
approximately described by an equivalent circuit (see figure 7.21). Equations
7.9 to 7.11 express the relation of the total impedance Z;,; according to the
components of the equivalent circuit in figure 7.21.

1. - 1 -t 1. -t
Ziot(f) = <R1 +j27rfCl> + <R2 +]27rf02> + (R3 +327rfC3> + Rg

(7.9)
Ry R, R,

Re{Ziot(f)} = 11 (27TfR101)2 + . (27TfR202)2 + 1+ (27TfR302)3

(7.10)
Ci R, . CyR2 . C3R2 )

1+ (2nfR2C,)> 1+ (2nfRoCy)® 1+ (2nfRsCs)”
(7.11)

Im{Zio(f)} = =27 f <

Obtained results by impedance spectroscopy for the capacitance (—1/2 - -
f- Im{Z,,1(f)}) and resistance (Re{Z;,:(f)}) and the corresponding fits are
shown for voltages of 0.0 V and 0.8 V in figure 7.24 and figure 7.23, respec-
tively. These values labeled as R(f) and C(f) converge with increasing ap-
plied reverse bias. For OPDs two RC elements were found to fit best (see ref.
[187]), whereas for a hybrid photodiode an equivalent circuit with 3 RC ele-
ments fit best as depicted in the equivalent circuit of figure 7.21. The fits show a
good agreement with the measurement results. Parameters for the components
found by the fit are given in table 7.3. Impedance measurements showed
values for the resistance at 0.8 V which are consistent with values used for fit-
ting the I-V characteristics (73.4 k() + 21.3 k() + 3.1 k() to 80 k(). As already
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Figure 7.22.: Obtained overall resistances R(f) (a) and capacitances C(f) (b) by impedance spec-
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Figure 7.23.: Impedance spectroscopy measurements at an applied bias of 0.8 V and the corre-
sponding fit for (a) R(f) and (b) C(f) by the equivalent circuit depicted in figure 7.21.
Fitting parameters for the components are given by table 7.3.

Bias Ry Cy Ry Cs2 R3 C3 Rs
R (f) 0.8V 734k 4.0nF 21.3kQ 3.0nF 3.1k 1.5nF 0.35kQ
C(f) 0.8V 73.4kQ) 45nF 21.3kQ) 3.2nF 3.1kQ 1.5nF —
R (f) 0.0V 28769k 1.8nF 6.8k} 3.0nF 08kQ 21nF 0.35kQ
C(f) 0.0V 2878.8k(Q 1.8nF 6.8k} 3.0nF 08kQ 2.1nF

Table 7.3.: Parameters used for equation 7.8 to fit the exponential decay of the temporal response
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Figure 7.24.: Impedance spectroscopy measurements at an applied bias of 0.0 V and the corre-
sponding fit for (a) R(f) and (b) C(f) by the equivalent circuit depicted in figure 7.21.
Fitting parameters for the components are given by table 7.3.

observed during electro-optical pulsed measurements PbS-QDs introduce an
additional time constant. The influence of the composite and in particular PbS-
QD on impedance spectroscopy measurements can be also observed. One can
assume that PbS-QDs cause hampered transport conditions which needs to be
considered by an additional (third) RC-element in the equivalent circuit.

Noise Analysis of |I0-HPDs

Noise properties of detectors have a strong impact on the resolution or the sig-
nal which can be detected. In figure 7.25 the noise current over frequency for
different reverse bias voltages is given. An increase of the noise current with
gradually increasing the reverse bias can be observed (see figure 7.26(a)). Since
with increasing reverse biases the dark currents rise consequently as well, one
can assume shot noise as major contribution for noise currents. However, the
increase of noise currents cannot be explained only by shot noise as depicted
in figure 7.26(b). The IO-HPDs are limited by shot noise for low dark currents.
The remaining noise current can be assigned to flicker noise. Flicker noise is
also dependent on the dark current (c.f. equation 3.8) and is a dominant noise
source below frequencies of 10 kHz. For the introduction to noise theory refer
to subsection 3.1.2
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Figure 7.25.: Noise over frequency for different applied reverse voltages.
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Figure 7.27.: Measured lifetimes of an IO-HPD (a) in a setup for accelerated lifetime measurements
and (b) for shelf lifetimes.

7.3.3. Stability of I0-HPDs

With respect to applications, lifetime of photodetectors is a very important is-
sue. To prove long lifetime IO-HPDs were investigated in accelerated and shelf
lifetime measurements. In figure 7.27(a) an hybrid photodiode was monitored
over 110 days regarding dark current, green and NIR light currents. 63 days
were conducted under accelerated conditions of 38 °C and 95 rh which corre-
sponds to an acceleration factor of ~6 [124]. The corresponding stability for
dark and light currents considering the acceleration factor is more than a year.
Shelf lifetime measurements (see figure 7.27(b)) confirmed the results of the
accelerated measurements. After 447 days the IO-HPD kept its photodiode
characteristics with a moderate increase of dark and light currents. Conduc-
tivity properties seem to change over time. Those life-times of more than a
year compared to reported values of few weeks [31] might be explained by the
oleic acid capping which do not need to be exchanged by shorter ligands for
transport reasons. OA ligands insulate and therefore protect PbS-QDs more
efficiently than other ligands. An additional protection of PbS-QDs is provided
by the surrounding organic polymer matrix which can be seen as well as a pro-
tective shell for the PbS-QDs. Due to the oBH]J the PbS-QDs can be embedded
as photoactive composite and the organic semiconductor as transport material.
For this reasons IO-HPD can benefit from OA ligands and oBH]J by significantly
improved lifetimes.
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8. Near-Infrared Imaging with
PbS-QD sensitized 10-HPDs

Inorganic/organic hybrid photodiodes with embedded PbS-QDs have shown
in the recent chapters the potential for near-infrared imaging. With PbS-QDs
in oBHJ, the spectral sensitivity was successfully extended up to 1850 nm
while preserving the photodiode behavior with dark currents reproducible at
1073 mAcm™? and a bandwidth of 2.5 kHz (—3 dB) was obtained for standard
testdiodes (layout see figure 3.2). Note that with an optimized device layout,
rise and fall times in the nanosecond-regime can be reached. Furthermore, the
photoresponse of IO-HPDs is linearly dependent on the intensity. Thus, 10-
HPDs proved to be an alternative to conventional imaging technologies.

Especially for the NIR regime, an increasing number of applications, such as
optical tomography [150], process monitoring [6] or night vision [74] are devel-
oped and are creating growing interest and demands for new solutions. In par-
ticular, the spectral region between 1 pm and 1.8 pm is of commercial interest
due to the low water absorption in this range. InGaAs photodiodes are state-
of-the-art but expensive solutions for NIR imaging applications and are usually
integrated on CMOS based read-out integrated circuits (ROIC) [6]. Alternative
approaches to NIR detection include epitaxially grown quantum dots (QDs)
and quantum well infrared photodetectors [96, 97, 23]. For the fabrication of
large area devices, organic semiconductors can be a suitable alternative to epi-
taxial structures due to their ease of processing.

8.1. Integration of I0O-HPDs on a-Si TFT Imaging
Sensors

Since hybrid films with PbS-QDs have similar deposition processes as solution
processable organic devices, the fabrication of hybrid imagers is very closely
related to organic imagers. As backplane a-Si amorphous silicon (a-Si) panels
with an active TFT matrix for pixel addressing can be used. The composite
of PbS-QDs:P3HT:PCBM (4:1:1 weight ratio) were coated by doctor-blading
(~ 200 nm) on top after spin-coating of the PEDOT:PSS interlayer (~ 100 nm).
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8. PbS-QD NIR-Imager

The 100 nm aluminum top electrode was evaporated subsequently (cf. ref.
[25]). The stack of a near-infrared imager with PbS-QDs is shown in figure
8.1(a). The active area of the pixel is defined by the ITO pad, which is designed
for a pixel pitch of 154 pm.

Top electrode (Al)

PbS-QD:P3HT:PCBM blend

Interlayer (PEDOT:PSS)
Bottom electrode

a-Si AM
TFT panel

To ROIC

(a) Imager stack

v, —
_V|G_ It
) ADC
+ I—,

(b) ROIC schematic

Figure 8.1.: Schematic illustration of the imager with an a-Si AM backplane and an unstructured
inorganic/organic hybrid frontplane. The inset shows an optical micrograph of two
active matrix pixels with a pixel pitch of 154 um. (a) The hybrid photodiode with an
active layer of PbS-QD:P3HT:PCBM is processed on top of an a-Si active matrix TFT
panel. (b) The addressing TFT transfers the signal during readout to the processing
circuitry where the collected charges are converted to digital signals by the ROIC.

A simplified cycle of the imaging device to capture an image runs through an
exposure part (if the light is not continuous) where the internal pixel capaci-
tance is discharged, followed by the readout with a line time of 20 ps where
the corresponding TFTs are closed to transfer the signal to the ROIC. Before
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starting the acquisition of the next image a reset pulse of 3 ms is applied to
bring the pixels to a defined state. During readout the charges from the pixel
are collected by a current-voltage operational amplifier and an analog-digital
converter. Figure 8.1(b) illustrates a sketch of the ROIC which converts the
stored charges in the pixel to a digital signal for further image processing. The
ROIC is designed to convert the signal current of a pixel by a 14-bit quantiza-
tion (16383 counts) corresponding to a quantization level of 4084 electrons for 1
count.

The applied readout circuitry to hybrid photodiodes was originally designed
for OPDs in X-ray flat panel detectors, so that experiments were restricted to
a bias of max. 5 V and to preconditioned capacitance of the ROIC. However,
I0-HPDs showed sufficient performance under these conditions, although the
potential of the hybrid imagers could not be fully exploited in terms of quan-
tum efficiency and dark current compensation. To enlarge the collecting time
for generated charges in the hybrid photodiode a continuous illumination by
a InGaAsP laser diode (ML725B8F) operating at 1310 nm wavelength with a
peak intensity of ~ 1.6 mWcm™? was applied. Furthermore, the capacitance of
the amplifier was set to 4 pF as a trade-off between sensitivity and dynamic
range. High dark currents consumed already a large fraction of the dynamic
range of the ADC. Ref. [25] used the same setup for acquiring images by or-
ganic imagers for the visible spectrum.

After acquisition a rudimentary image processing was performed. Before cap-
turing the picture, an offset and a bright image was acquired to remove offset
structures and to correct inhomogeneities of the illumination and the sensitivity
of the pixel by flat fielding. Thus, each pixel of the acquired image is divided
by the signal deviation by illumination (bright pixel - dark pixel) after offset
correction (acquired pixel - offset pixel). The rudimentary image processing
can be summarized as follows in an equation:

Pacq - Pdark (8 1)

P..=—
proc
1 bright 1 dark

With Pyqri; as the pixel value without illumination, the offset can be corrected.
Pyright — Paari gives the rise of the pixel during illumination without any object
in the beam. This difference considers the response due to varying pixel sen-
sitivities and inhomogeneities of the light beam for every pixel. P,cq — Piark
is the offset corrected signal after the acquisition of the image. Equation 8.1 is
known as flat fielding. Flat fielding is described by the fact, that if an image
is captured without any objects, one should obtain a contrast free image after
image processing (see also subsection 3.1.3).
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Figure 8.2.: Spot profile images of a focused 1310 nm light source recorded with a P3HT/PCBM
reference device (a) and with a PbS-QD sensitized IO-HPD (b) as absorber layer on the
AM backplane. Note, barely any infrared response can be observed with the organic
imager without QDs.

8.2. Near-Infrared Imaging

Since all requirements are fulfilled, a near-infrared imaging device with hybrid
photodiodes and a processing environment to acquire and to digitize images
is available, a deeper look on the characteristics in terms of spatial resolu-
tion, crosstalk and further capabilities of the imager can be taken. However,
to exclude any parasitic artifacts from a-Si Ge-doping due to near-infrared il-
lumination a comparison of devices with solely PBHT:PCBM and with PbS-
QD:P3HT:PCBM in the active layer was undertaken. It is reported that due to
trap states a-Si can react sensitive upon NIR illumination. For this reason an
illuminated spot from the 1310 nm laser diode was focused on both imagers.
In figure 8.2(a) a significant response and a sharp beam profile of the NIR spot
on the hybrid imager can be observed. In contrast, the organic imager without
PbS-QDs exhibits a flat profile with NIR excitation, only (see figure 8.2). In
conclusion, there is no influence on the imager’s response from the a-Si panel.

After verifying, that the NIR response is related to the hybrid PbS-QD film, a
real image of the solution processed hybrid device by near-infrared illumina-
tion can be acquired and analyzed. A slide with a picture showing a monarch
butterfly was placed on top of the backplane of the imaging device (ITO elec-
trode faced to the slide) and was illuminated with collimated NIR beam of
~ 35 mm in diameter, so that the object was shadow casted on the imager. The
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8.2. Near-Infrared Imaging

Figure 8.3.: Near-infrared shadow cast at 1310 nm of a transparent slide showing a monarch but-
terfly (cf. original slide in the inset).

acquired image after flat fielding and contrast enhancement (windowing) is
depicted in figure 8.3. The reconstruction of the picture could be performed
already in a high quality, so that further analysis of the images is possible.

To evaluate the crosstalk and resolution a metal sheet with fine structures was
attached to the hybrid imager in the optical path of the NIR illumination. The
finest details have dimensions of 100 pm, hence smaller than the pixel pitch
of 154 pm, but these structures are still significantly visible (see figure 8.4(a)).
For measuring crosstalk, the largest rectangle was chosen and the transition
from the illuminated domains to the shadowed regions below the metal was
analyzed. The drop from 1100 counts to 200 counts in signal level takes place
from a pixel to its neighboring pixel. The crosstalk signal disappears after 3
pixels as can be observed in figure 8.4(b). Despite the non-structured hybrid
film of the imager, there is only little crosstalk observable.

Another method to analyze crosstalk properties and spatial resolution of the
imager is the modulation transfer function (MTF). This function describes the
decrease in the signal with the spatial frequency of line patterns. As introduced
in chapter 3.1.3 the modulated response of the imager to bar patterns with in-
creasing spatial frequency is monitored. A simplified description of the MTF
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Figure 8.4.: A metal sheet with fine structures as small as 100 pm was used for resolution and
crosstalk analysis. (a) The fine structures are still distinguishable and resolution down
to the pixel size is possible. (b) The image crosstalk is taken from the response of a pixel
row at the sharp metallic edge . The main signal drop occurs within a single pixel and
the dark level is reached within 3 pixels.

from ref. [159] was already introduced in chapter 3.1.3 with equation 3.20 and
is given by

o Abrigh,t (f) - Adu,rk (f)

MTF(f) = Apright (F) + Adark(f)

(8.2)

with f as the spatial frequency, A ign: as the response in the illuminated part
and Agqr; in the shadowed part of the pattern. For an ideal imager Agqrk
should be always 0 and A5+ remains constant, so that the bar patterns can
be reconstructed perfectly. But due to imperfections like crosstalk and finitely
small pixel pitches, A44,+ can rise in case of bar patterns coming in the order
of the pixel pitch. Pixels below the dark bars can detect signals because of
crosstalk and because of being only partially covered by the dark bars. Lead
coins with bar patterns of different line pairsmm were attached and the re-
sponse was analytically analyzed with equation 3.20. The black squares in
figure 8.5 is the measured MTF below the lead coins with a linear extrapola-
tion (red line). The shape of the MTF is comparable with a commercial scan-
ner (c.f. ref. [159]) which is not surprising as the images are taken without
any optics on the plain panel. The extrapolation intersects with the x-axes at
~ 3.1 line pairs/mm, which is consistent with the pixel pitch of 154 pm, al-
though the decay with higher spatial frequencies is usually not linear.
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Figure 8.5.: MTF of the imager to define resolution properties. The measurement of lead coins with
bar patterns of various spatial frequencies (black squares) with a linear fit (red lines)
show a similar behavior comparable with commercial scanners [159].

Finally as the acquisition of single images was well demonstrated, real-time
movies were taken with NIR illumination at 1310 nm. Two woodlice (Ar-
madillidium vulgare) were shadow casted on the imager panel recording the
movements of the insects. Fine structures during motion, like the cleaning of
the antennas of a woodlouse were clearly resolved. Figure 8.6 shows some
snapshots from the recorded movie at 5 frames per second. Note that not the
imager but the readout electronic limits the frame rate of the imager.
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8. PbS-QD NIR-Imager

Figure 8.6.: Snapshots from a NIR movie with 5 frames per second at an illumination at 1310 nm
showing the shadow cast of two woodlice.
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9. X-ray Detection with I0-HPDs

X-ray detection is a key technology for medical imaging, scanning and dosime-
try applications. Currently, state-of-the-art technologies use a-Si to detected
x-rays by emitted fluorescent light of an excited scintillator. For the ease of
flat panel imagers, major effort is spent on developing new technologies for
direct conversion of x-rays to replace the conversion from a scintillating film
(e.g. amorphous Selenium (a-Se) flat detectors). As the extension of the sen-
sitivity of OPDs to the near-infrared regime by embedding QDs into the poly-
mer matrix was demonstrated, a similar approach might be applicable for X-
ray detection. For direct X-ray conversion in the active layer, particles can
be chosen accordingly to the two conversion mechanisms of current state to
the art technologies. Integrating X-ray fluorescent particles (scintillators) into
the polymeric film is called quasi-direct conversion while embedding particles
with charge generation from X-rays is designated to direct conversion. Before
these two approaches for hybrid organic devices are discussed in detail, a short
introduction to important key technologies for X-ray imaging with flat panel
detectors is given.

9.1. Conventional X-ray Detection with Flat Panel
Detectors

Amorphous silicon flat detectors are already well established on the market for
X-ray imaging for over ten years and are currently the first choice of detectors
in the latest installed systems [161]. Whereas a-Se flat detectors enter the field
at the moment but are still a matter of research. The difference in technology is
shown in figure 9.1 indicating the indirect (figure 9.1(a)) and direct conversion
(figure 9.1(b)) of X-rays for detection.

9.1.1. Flat Detectors with Indirect X-ray Conversion

As mentioned in the previous section indirect conversion of X-rays is made by
an intermediate step of generating visible photons from X-rays with a scintillat-
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Photoelectric absorption in the Photoelectric absorption in the
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(a) Indirect Conversion (b) Direct Conversion

Figure 9.1.: Indirect and direct conversion of X-rays. (a) A scintillator is generating visible photons
due to photoelectric absorption of X-ray quanta. The photons are collected by, e.g., an
a-Si photodiode and read out by the active matrix circuitry. (b) Charges are created
directly by photoelectric absorption of X-ray quanta which are stored in a capacitor
until read out by the active matrix circuitry. Images are reproduced from ref. [161].

ing material which are collected by photodetectors. The photoelectric absorp-
tion in the scintillator creates a primary excited electron which dissipates en-
ergy to further electrons which relax radiatively by fluorescence. Most widely
used scintillators are Cesium Iodide (Cs) or Gadolinium-Oxysulfide (Gd,0,S5)
due to their green fluorescence on X-ray radiation and their processability
[161, 107]. In flat panel detectors, the scintillator is grown first and glued on
top of an a-Si backplane. The a-Si panel is an active matrix TFT panel with
an addressing TFT and a photodiode per pixel where the photons from the
scintillation process are detected (see figure 9.2). Typical design parameters of
flat detectors are the scintillator thickness and the pixel pitch. With increasing
scintillator thickness higher signals can be achieved while the spatial resolution
suffers (optical scattering and coupling effects). Analogously, with larger pixel
pitches the signal level is increased at the expense of a loss in spatial resolution.
Current a-Si X-ray detectors have pixel pitches ranging from 150 pm to 200 pm
with scintillator thicknesses varying from 150 pm to 600 pm with respect to the
application. Flat detectors with X-ray sensitive areas up to 40 cm x 40 cm are
currently commercially available for X-ray imaging [161].

9.1.2. Flat Detectors with Direct X-ray Conversion

Flat detectors utilizing direct conversion of X-rays are highly interesting since
the additional step of generating visible light from X-rays can be replaced, thus
direct-conversion-imager should be easier and cheaper to manufacture [73, 77].
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X-ray radiation
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Driver electronics \

Photo diode Pixel

Figure 9.2.: Stack of an a-Si flat detector for X-ray imaging. A scintillator for generation of visible
photons from X-ray photons is put on top of an a-Si active matrix TFT panel with a-Si
photodiodes. The illustration is reproduced from ref. [161].

As depicted in figure 9.3(a) the photoconductor for direct X-ray conversion is
made on top of an active matrix a-Si TFT panel with patterned bottom elec-
trodes defining the pixel size and a non-structured metal top electrode. A
closer look to the pixel (see figure 9.3(b)) shows that generated charges by
X-rays are driven by an electric field to the electrodes and stored in a capac-
itor for later read out by the detector circuitry [73]. Material characteristics
of suitable direct converters are high X-ray absorption coefficients, low dark
currents, efficient extraction of charges and a high generation rate of electrons
due to the absorbed X-ray energy. The energy needed for generation of an
electron-hole pair (EHP) is therefore a key figure for the X-ray interactions of
those materials. The primary generated "hot” electron dissipates energy while
traveling to the electrode creating further EHPs. Furthermore, charge carrier
lifetimes and mobilities need to be sufficiently large as the thick layers for X-
ray conversion require a long schubweg p7F. The drift velocity pF which is
the product of the charge carrier mobility p and the electric field across the
layer d, needs to be large enough to travel during charge carrier lifetime 7 to
the contacts to extract the generated charge carriers [73, 77, 78]. Lead iodide,
lead oxide, cadmium telluride and mercury iodide are applicable materials for
direct converters [161, 73]. However, a-Se is mostly used in flat detectors for
direct conversion as deposition by thermal evaporation of a-Se on large area
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9. X-ray Detection with I0-HPDs

substrates is well established. The thickness of a-Se layers depends strongly
on the application. While for mammography layer thicknesses of 150 pm to
200 pm are sufficient due to the lower X-ray energy spectrum, for radiographic
or fluoroscopic applications thicknesses of 1000 yum are needed [73, 77, 161].
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Figure 9.3.: Layout of an a-Se flat detector [73]. (a) A-Se is sandwiched between two electrodes.
The pixel is defined by the structured bottom electrode. A-Se converts X-rays directly
to charges and acts as photoconductor upon X-ray radiation. (b) The generated charges
are driven by the applied field to the electrodes and stored in a capacitor on pixel level
which can be addressed and read out via an a-Si TFT.

9.1.3. Organic Photodetectors for X-ray Detection

Organic photodetectors have already shown their capability for imaging appli-
cations on active matrix a-Si TFT panels [25]. Thus, organic X-ray photodetec-
tors can be designed analogously with similar technologies to a-Si flat detectors
with a scintillator on top of the organic photodiodes. Possible benefits for or-
ganic photodetectors are that the active layer can be processed from solution
with low cost materials over large areas and the active area of the pixel is in-
creased by an additional non-structured organic layer. With a thick layer of up
to 30 yum [66] demonstrated a X-ray detection at doses as low as 1.28 mGy/s
with an organic semiconductor called poly (riarylamine).

9.2. Embedded X-ray Sensitizers for Direct and
Quasi-Direct Conversions in |0-HPDs

In previous chapters (6 to 8) the tailoring of the spectral response by embedding
QDs into the active layer was extensively discussed and successfully demon-
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9.2. Direct and Quasi-Direct Conversions in IO-HPDs

strated. Therefore applying this approach for the detection of X-ray radiation
seems to be promising as well. From current technologies, two alternatives
for detecting X-ray radiation might be feasible and are investigated in the fol-
lowing paragraphs: The quasi-direct conversion and the direct conversion of
X-rays. Quasi-direct conversions takes into account that the incident X-rays
are converted into photons by scintillator particles and absorbed by the oBH]J
within a single layer. Whereas direct conversion is due to the fact that nanopar-
ticles (here QDs) absorb X-rays and generate charge carriers from the exposure
(see figure 9.4). Note that the following experiments were mainly made to show
the proof-of-concept for X-ray detection by hybrid devices.

Nuaci.dirart rAanuvarcinn

Direct conversion

Figure 9.4.: Direct and quasi-direct conversion in IO-HPDs. The QDs convert directly the X-ray,
while the scintillator particles transform the X-rays into photons absorbed by the oBHJ.

For both approaches the material requires some additional attributes compared
to scintillators or direct conversion materials. Scintillating materials needs to
be available in particle size of about several nm in diameter and dispersible in
solvents for solution processing. Due to this restrictions and availability the
scope of scintillating materials is very restricted. Csl can be excluded as it is
grown in 5 pm to 10 um thick needles [161], so that Gd,O,5 was selected as
it comes as powder and is also frequently chosen as scintillator in state of the
art technologies for X-ray imaging. Direct conversion particles shall be soluble
and highly X-ray absorbing. Lead compounds have those properties, so that
QDs of lead sulfide - the same QDs used for the sensitivity extension of OPDs
into the near-infrared - seems to be a good choice, also in terms of availability.
In figure 9.5 the mass attenuation coefficients for PbS, Gd,0O,S, and oleic acid
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9. X-ray Detection with I0-HPDs

Material ~ Density =~ Mass Attenuation  Effective Penetration X-ray Shell
(gem™3) Factor @ 30 keV Absorber Depth conversion
(ecm?/ g) Mass (um)
(g/em?)
PbS-QD  7.04 2.52 x 10" 3.58x107*  5.2x1073 « Egap Oleic
acid
Gd,0,8  7.44 1.16 x 10* 1.56 x 1074 1.3x 1073 60 photons/keV n.a.

Table 9.1.: Relevant properties of applied materials for quasi-direct (Gd,O,S5) and direct conversion
(PbS) of X-rays in hybrid devices. Density and mass attenuation factors of the materials

were taken from ref. [37].

(ligand of PbS-QDs) is presented for the photoelectric absorption with respect
to a 50 kV spectrum. The mass attenuation coefficient «/p is the absorption
coefficient in relation to the density of the material. Values for the mass atten-
uation coefficient of the materials are taken from the database of the National
Institute for Standards and Technology [37]. PbS shows a slightly higher pho-
toelectric absorption in comparison to Gd,O,S. The absorption of oleic acid in
the relevant energy range is negligible (< 3 orders of magnitude). Furthermore
an overview of the selected properties of those materials is given in table 9.1.

104 E| T T T T T T T T T T T T
——PbS b

10° —— Oleic Acid 4
] ——Gd,0,S ]

RREEES Spectrum (50 keV)

Mass Attenuation Coefficient (cng'1)
S
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X-ray Radiation (keV)

Figure 9.5.: The mass-attenuation factor for the photoelectric absorption of Gd,O,S and PbS is
shown with respect to a 50 kV spectrum. The neglect of the photoelectric absorption of
oleic acid can be clearly seen. Both materials have inherently X-ray absorption coeffi-

cients in the same order of magnitude.
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To investigate X-ray sensitivity of quasi-direct conversion and direct conver-
sion devices, hybrid films were deposited from solution by spray-coating be-
tween two electrodes. On those devices a chopped X-ray beam at a fixed fre-
quency was applied and the modulated response was measured with lock-in
technique. For more details of the measurement see section 3.1.1.

T\ t.=d/uF TF
IS'ignal:Ip (t) :/M Iph (Iud) (91)

Epeak
Iph = Yeonwv * / <]- — €xp <_0[(E‘) : m>> 'SXfray(E)(SE (92)
0 P A

X —ray absorption

For reconstructing the photoresponse, a simple model considering the rela-
tion between the charge carrier lifetime 7 and the transit time ¢, or between
the schubweg p7F and the layer thickness d, respectively was taken into ac-
count. This relation is well known from organic photovoltaics for recombina-
tion as long as the schubweg is shorter than the thickness of the active layer
[148, 179, 180] and from conventional photoconductors with photoconductive
gain [171]. The model is given in equation 9.1 with I, as the primary pho-
tocurrent induced by the X-ray radiation, ;1 the charge carrier mobility, 7 the
charge carrier lifetime, F' the electric field across the active layer and d the
thickness of the active layer. Since an in-depth-analysis of mobility and lifetime
have not been performed for each carrier type, lifetime and mobility are not
distinguished for holes and electrons. By this model both, recombination and
photoconductive gain can be applied with the same relation of the schubweg
(lifetime) and thickness (transit time). The model is considered to be applicable
as the thick devices are dominated by photoconductivity for the extraction of
the devices.

The primary photocurrent in equation 9.2 is described by the photoelectrically
absorbed energy of the X-rays with a conversion factor v.n, for generating
charge carriers (direct conversion) or photons (quasi-direct conversion), respec-
tively. For e.g. Gd2O,S a conversion factor .., of 60 photons/keV is reported
in literature [107], while for PbS 7o, is determined by fitting. The absorbed
energy is defined by the overlap integral of the absorption (dependent on the
mass attenuation factor a(E)/p, the absorbing mass m over the area A and the
energy spectrum of the X-rays Sx _,qy(E).
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9. X-ray Detection with I0-HPDs

9.2.1. Quasi Direct Conversion with Embedded Scintillator
Particles

The first approach that is investigated is the quasi-direct conversion of X-rays
by embedding scintillator particles in oBH]J films. Devices with thick active
layers (roughly 10 pm) have been fabricated to ensure sufficient photoelectric
absorption of X-rays while remaining thin enough for charge extraction. As
depicted in figure 9.4 the active layer with scintillating particles of Gd,O,S
is sandwiched between a bottom electrode (ITO), an interlayer (PEDOT:PSS)
and a top electrode (Al). The deposition was not performed by simple spray-
coating, but by co-spray-coating. From two air-guns, Gd,O,S-particles dis-
persed in isopropyl and the oBHJ of P3HT and PCBM dissolved in xylene
were spray-coated simultaneously on the substrates. The fraction of Gd,O,S-
particles of the device is ~ 50 vol % and the active area ~ 50 mm?. Note that
the devices were sealed hermetically under nitrogen atmosphere after process-

mg.

The measurement setup for the X-ray response of hybrid devices is quite sim-
ilar as known from modulated optical measurements using lock-in technique,
despite the source and the modulator. The source was an X-ray generator op-
erating at 50 kV acceleration voltage and the modulator was a rotating chopper
wheel with an additional 0.25 mm layer of lead for X-ray absorption. Note that
the absorption of this lead sheet was 98.3% for a 50 kV spectrum. Therefore a
sufficient attenuation for modulating the X-ray beam was achieved.
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Figure 9.6.: Characteristics of a hybrid device with scintillator particles. (a) I-V characteristics of 8
devices with 9.6 pm hybrid film of P3HT:PCBM with ~ 50 vol % of Gd,O,S-particles
in dark conditions (black lines) and under illumination with ultraviolet light of 365 nm
(red lines).(b) Stability of dark (black dots) and light currents (red dots) for 100 subse-
quent measurements at 100 V.
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9.2. Direct and Quasi-Direct Conversions in IO-HPDs

By implementing Gd,O,S-particles in thick oBH]J films a photoconductive de-
vice without diode properties is obtained (see figure 9.6). For this reason, the
model underlying equations 9.1 and 9.2 is applicable. With illumination by
an UV source the photoconductive behavior can be clearly observed in figure
9.6(a). Constant and stable dark and light currents (see figure 9.6(b)) are ob-
served.
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Figure 9.7.: X-ray response of hybrid photodiodes with embedded Gd,O,S particles. The 4 mm?
devices were exposed to a 50 kV X-ray spectrum of ~200 pnGy/s. Milling of Gd,0,S
particles reduced the conversion of X-rays to 6 photons/keV. The modulated response
(black squares) of the current is plotted versus the applied bias (a) and the applied
electric field (b). The red line is the fitted curve from equations 9.1 and 9.2 with a 7
product of 8.5 x 10711 em?V-L,

Figure 9.7 shows the response of hybrid photodiodes sensitized by embedded
Gd,O5S particles with an active area of 4 mm? to an incident X-ray flux with
a 50 kV spectrum (see figure 9.5and a dose of ~ 200 nGy/s. To reduce the
particle size for a smoother integration into the organic film, Gd,O,S particles
were milled for 2 days to reduce the average diameter of the Gd,O,S particles.
However, continuous milling leads to crystal defects and thus lower scintilla-
tion efficiency of Gd,O,S. For this reason a loss factor was considered for the
conversion and for the experiment 6 photons/keV for X-ray conversion was
taken into account !. Furthermore, it is assumed, that all photons were ab-
sorbed in the 9.6 pm oBH]J layer. Gd,O,S particles were very likely surrounded
by more than 200 nm of oBHJ. With increasing bias (see figure 9.7(a)) or elec-
tric field (see figure 9.7(b)) the response to X-ray can be increased as more and
more charge carriers are extracted before recombination (enhancement of the
schubweg). At a bias of 900 V (equally to 94 Vum™) 2.1 pA of a theoretical
estimated maximum photocurrent of 12.8 pA can be measured at the lock-in

1 private communication with Hr. Fuchs, Siemens Healthcare
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amplifier. Note that the theoretical value was estimated from the calculated X-
ray absorption of the volume content of Gd,O,S particles in the film (50 vol %).
The characteristics of the 9.6 pm device is shown in table 9.2 together with the
extrapolation for 1000 um devices. The low signals can be designated to the
low absorbed X-ray energy and the reduced scintillation.
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Figure 9.8.: Interpolating of 4 mm? Gd,O,S devices for a layer thickness of 1000 pm with the fit-
ting equations of 9.1 and 9.2. While the parameters for ;1 and 7 extracted from the
measurements of the 9.6 pm device show only a little increase for the extracted current,
although a loss factor for the scintillation was not considered. Thus, an optimization of
the layer morphology to increase lifetime and mobility of the charge carriers is strongly
needed as with a sufficient u7r product and with a consequently longer schubweg the
generated carriers can be extracted.

In any case, X-ray detection usually deals with low signals because of restric-
tions on applied doses. To evaluate the potential of quasi direct-conversion
with hybrid photodiodes, a interpolation was made for devices with films of
1000 pm with the equations from 9.1 and 9.2. Identical conditions as for the
measurements of the 9.6 pum thick devices were considered, but no loss for the
scintillation was taken into account. In thick films milling of the scintillator
should be avoided with regards to conversion efficiency. Thus, the conversion
factor vcony has the initial value of 60 photons/keV. The results of the simula-
tions are plotted in figure 9.8. Although the thick films rise the absorption of the
radiation energy from 3.3 x 10° keV to 9.4 x 107 keV in a photodetector, this
gain is lost due to the recombination of the charge carriers before extraction. If
the same electric field of 94 Vum™ (cf. 9.6 pm sample) is applied to the device,
5.8 pA can be extracted. Note that with a reduced scintillation efficiency 2.1 pA
were measured experimentally for the 9.6 um device. Those thick films require
long schubwegs, which can be achieved by increasing the electric field or by
optimization of material parameters and film morphologies. Since further in-
creasing the electric field is not really feasible, characteristics in terms of lifetime
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Layer Photoel.  Absorption. Photon o T Primary  Response Elec.
thickness absorption energy output (ecm?(Vs)!)  (ps) photocurr. field
9.6 um 3.6 % 3.3x10%keV  2.0x 107 1.6 x 107° 5 12.8 pA  2.3pA 94 Vum™
1000 pm 92.5% 9.4 x 107 keV 5.6 x 10° 1.6 x 107> 5 3.6nA  5.5pA 94 Vum'
1000 pm 92.5 % 9.4 x 107 keV 5.6 x 10° 1073 100 3.6nA  3.6nA 45 Vum™

Table 9.2.: X-ray response for the different layer thicknesses of Gd,O,S devices are given with the
corresponding parameters. The device with 9.6 num layer thickness are values obtained
from the fit, whereas for the 1000 pm layer the values were projected with the model of
9.1 and 9.2 for the current and for the optimistic situation with parameters from oBH]J
films. Note that due to inappropriate handling during milling of Gd,O,S particles a loss
factor of the scintillation efficiency of 0.1 was taken into account resulting in a conversion
factor of 6 photons/keV for the 9.6 nm device.

and mobility need to be dramatically increased to achieve competitive hybrid
photodiodes. In table 9.2 the extracted signal currents makes the necessity for
optimization obvious. Films with comparable lifetime and mobilities (y7 prod-
uct of 1077) to current oBH]J films [42] a full extraction of the signal current
3.6 nA can be achieved at an voltage of 45 kV corresponding to an electric field
of 45 Vum™. To compare, a-Se direct converting detectors work at electric fields
of 10 Vum™[78]. In conclusion with further optimizing layers hybrid photodi-
odes seem to have the potential for alternative direct converters.

9.2.2. Direct Conversion with Embedded Lead Sulfide
Quantum Dots

For direct conversion of X-rays in hybrid photodiodes colloidal QDs of PbS are
attractive due to the good absorption properties of lead and the demonstrated
processability of PbS-QDs in combination with organic films. Hybrid photo-
diodes of PbS-QDs in a bulk-heterojunction of PAHT:PCBM have shown good
results for near-infrared imaging, so that this material combination with the op-
portunity of industrially scalable production was an evident choice. To detect
efficiently X-rays, a multiplication of the absorbed X-ray quanta is necessary by
the conversion layer in terms of generated charge carriers. From PbS-QDs and
PbSe-QDs, a multiple exciton generation by photons with the energy of several
bandgaps was reported by several groups [144, 81, 128, 163]. Though the exact
nature of multi exciton generation is still in debate and currently no conclusive
picture of this phenomenon has been reported. A strong dependency on the
bandgap of the QDs and exciton multiplication factor was found [144, 163].
Therefore, PbS-QDs have the ability to convert excess energy of photons into
charge carriers or generate charge carriers with respect to the photon’s energy,
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respectively. From experiments in literature it is assumed that the multipli-
cation process is faster than competing processes like auger recombination,
phonon assisted cooling, trapping, etc, and can contribute to charge generation
[39, 163]. Nevertheless, ref. [39] describes that impact ionization in QDs can
play a role, especially with higher energy photons (c.f. hot electrons).

In contrast to near-infrared detection much thicker active layers to absorb suf-
ficient X-ray radiation have to be fabricated. To reach those thick layers, the
spray-coating technique of PbS-QDs:P3HT:PCBM solved in chlorobenzene was
applied several times consecutively. Note that the devices were fabricated in a
similar way as the samples with Gd,O,S particles The weight ratio of the PbS-
QDs:P3HT:PCBM film is kept constant to the NIR sensitive films of 4:1:1. In fig-
ure 9.9(a) a TEM image illustrates the morphology of thick spray-coated films
of PbS-QD:P3HT:PCBM. The PbS-QDs are embedded throughout the whole
film in a distinct pattern. These lamellar structure as a result of coalescent
drops from the spray coating process have sizes of ~ 100 nm. This quasi ho-
mogeneous distribution shall also provide an homogeneous charge generation
in the hybrid film, so that the photoconductivity of the film can be increased
with X-ray exposure. For layers in the pm-range, the diode characteristic is still
conserved which illustrates the figure 9.9(b) with the I-V characteristics under
dark conditions and illumination. For X-ray measurements, those devices were
investigated in the same setup as introduced for the quasi-direct conversion
devices.

To draw conclusions on the efficiency of direct conversion hybrid photodiodes,
the X-ray absorption of PbS-QD:P3HT:PCBM films need to be estimated. Since
the PbS-core of the QD is the main component for X-ray absorption in a 50 kV
spectrum, the fraction of PbS in the active layer is calculated. PbS-QDs are
considered to be spherical with a diameter of 5.2 nm which is related to the
first excitonic peak in the absorption spectrum [15] and with 14 A long oleic
acid ligands [94]. The binding surface of those ligands of 4.4 A was estimated
by ref. [94]. With the density of PbS (7.6 g/cm?®) and the molar mass of oleic
acid (282.46 g/mol), so that the applied PbS-QDs have a density of 2.85 g/cm?®.
In a standard hybrid layer with 66.7 wt % of PbS-QDs, 16.7 wt % of P3HT and
16.7 wt % of PCBM, 49.7 vol % are PbS-QD with 1.3 g/cm?® for P3HT [36] and
1.5 g/cm3 for PCBM [44]. As the active layer of the device was 2.7 um thick, an
area density of 2.80 g/cm? for PbS in the layer was available for X-ray absorp-
tion. The organic components were neglected as the absorption is two magni-
tudes lower than for PbS (cf. figure 9.5). For the primary photocurrent I, the
photoelectric absorption of PbS in terms of absorbed energy is considered in
the model in equation 9.2 by the effective content of PbS-QDs in the film. The
conversion factor ycon, Of the hybrid layer for X-rays is given in electrons/keV
and fitted from real measurements in correlation to the work on multi-exciton
generation. Note that this model makes the assumption that the layer’s conduc-
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Figure 9.9.: (a) TEM image of a spray-coated PbS:PSHT:PCBM hybrid photodiode. The active layer
is sandwiched between the bottom electrode (ITO) with the interlayer (PEDOT:PSS)
and the top electrode (Al). Three layers have been sprayed one after another to achieve
a thickness of 1147 nm. The PbS-QDs are distributed throughout the hole film giving
the impression of a lamellar structure. (b) I-V characteristics of a 2.7 pm device under
dark conditions and for several different light sources.
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tivity is changed by X-ray exposure according to photoconductor conditions
and relying on the multi-exciton generation in PbS-QDs. Material parameters
for PbS and the oleic acid were taken from ref. [95].

In figure 9.10 the response and the fit from a hybrid device with embedded PbS-
QDs with an active layer of 2.7 pm to an X-ray beam of ~ 200 pGy/s at 50 kV is
depicted with respect to the applied voltage (figure 9.10(a)) and the electric field
(figure 9.10(b)). Fitting parameters were 250 electrons/keV for the conversion
factor Yeony, pos, # was 1.1 x 107° and 7 = 1.37 ps (u7 = 1.5 x 10711 cm?/V).
The conversion factor v.on, was roughly estimated with respect to the PbS-
QD’s bandgap. To create an electron hole pair by X-ray quanta 2.2F; + Epponon
are required at least, which in reality gives a range of ~ 2.5... ~ 4F, for the
required energy in bulky materials [77, 78]. Since hybrid films are suspected
to have a high trap density and F; pys—gp of the applied PbS-QDs absorbing
at 1240 nm was ~ 1 eV, a generation energy for electron hole pairs of approxi-
mately 4 eV was assumed corresponding to 250 electrons/keV for the conver-
sion factor Yeonw, pys. In figure 9.10 an offset level (545 fA) is observable, which
is most likely assigned to measurement artifacts, since hybrid photodiodes for
near-infrared did not show a measurable photoresponse without applied bias.
Especially in thick films, generated charge carriers should recombine before
reaching the electrodes. With the conversion factor y.on, of 250 electrons/keV
a maximum photocurrent of 15.9 pA could be possible, but only 1.9 pA (offset
subtracted) can be extracted by the 2.7 ym device at a field of 37 Vum™ due to
insufficient charge carrier mobilities and lifetimes yielding to short schubwegs.
A interpolation of the response for 1000 um layers reveals that although the
X-ray absorption increases dramatically, a higher photocurrent cannot be ex-
tracted without improving the film properties with respect to the p7 product
(see figure 9.11). 97 Vum'! of electric field needs to be applied with oBHJ con-
ditions to withdraw all generated charge carriers from the device. Especially
for improving charge carrier transport an optimization of the ligands need to be
considered. A summary of the findings for these three different layers (2.7 um
and 1000 pm with different material properties) to compare the figures of the
devices is given in table 9.3. Further work on these materials need to be per-
formed to evaluate the applicability of this approach for X-ray detection.

9.2.3. Comparison of Quasi-Direct and Direct Conversion
Devices

To summarize, a comparison of the response to X-ray exposure for both ap-
proaches of quasi-direct and direct conversion is given. In addition, references
of thick oBHJ films (100 pm) and a standard OPD with an attached scintilla-
tor layer is included for comparison. All devices have the same active area
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Figure 9.10.: Electronic response to a modulated X-ray beam at 50 kV and a dose of ~ 200 pGy/s
of a 2.7 pm thick hybrid photodiode with embedded PbS-QDs. The measured pho-
toresponse of the device at the lock-in (black squares) and the fit by equation 9.1 and
9.2 with 4 = 1.1 x 107 em?(Vs)!, 7 = 1.37 us (um = 1.5 x 10~ cm?/V) and a
conversion factor yeonw, prs of 250 electrons/keV are plotted vs. the applied voltage
(a) and the electric field (b). Note that an offset level of 545 fA was considered for

fitting.
10® 10°
0
10°4 10
0]
zw
B on
g 10
5
© 107 4
—wr=15x10"  ——pc=10" 107 —m=1.5‘:10'" _“’=‘°j 4
10* w107 e =107 3 14 . 10; ------ :;;;g/ photocurrent
—p=10° primary photocurrent 1074 =0 3
it T T T T
ol 50 100 0 20 40 60 80 100
Voltage (kV) Electric Field (V pm’)
(a) Applied voltage (b) Electric Field accross the active layer

Figure 9.11.: Simulated response of a 1000 um thick hybrid photodiode with embedded PbS-
QDs to X-ray exposure of ~ 200 uGy/s at 50 kV by the model of equation 9.1 and
9.2. The pr product was varied from the obtained value of the measurement of
1.5 x 107! cm?/V to an optimistic situation of oBHJs of 1.0 x 10~ cm?/V. The
conversion efficiency veonw, Pbs Was kept constant at 250 electrons/keV. In optimistic
condition all of the photocurrent can be extracted for a 1000 pm layer at the expense

of high voltages of 97 kV ((a)) and electric fields of 97 Vum™ ((b)). Note that no offset
level of was considered for simulation.
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Layer Photoel.  Absorption. Photon  p T Primary  Response Elec.
thickness absorption energy output (em?(Vs)1)  (us) photocurr. field
2.7pum 0.64% 5.9 x 10° keV 250 1.6 x 107° 137 15.9pA 1.9pA 37 Vpm™
1000 pm 83.15 % 8.3 x 107 keV 250 1.6 x 107° 137 13.3nA  0.8pA 37 Vpm™
1000 pm 83.15 % 8.3 x 107 keV 250 1.0 x 107% 100 13.3nA  13.3nA 97 Vpm™

Table 9.3.: X-ray response for the different layer thicknesses of hybrid PbS-QD devices are given
with the corresponding parameters. The device with 2.7 pm layer thickness are values
obtained from the fit, whereas for the 1000 pm layer the values were projected with the
model of 9.1 for the current and for the optimistic situation with parameters from oBHJ
films. Note that the offset level of 545 fA for the 2.7 pm device was subtracted.

of 4 mm?. Considering the response only (see figure 9.12), the OPD refer-

ence shows the best signal with a scintillator of ~ 1 mm thickness and thus
high X-ray absorption and subsequent fluorescence. The drop casted 100 pm
oBH]J device shows only little signal at high voltages. This measurement and
open circuit measurements were made to ensure that no parasitic signals were
recorded. In contrast, the sample with Gd,O,S particles gives a increasing sig-
nal with the applied bias up to 900 V, although the scintillation losses due to
milling were not taken into account. Hybrid devices with PbS-QDs show a
similar behavior and need voltages of 100 V to have a significant response.

v " Embedded Gd,0,S partiles in oBHJ (9.6 jm) v " = Embedded Gd,0,8 particles in 0BHJ (2.6 ym)
" o Dropcasted BHJ (~100 pm) o Dropcasted BHJ (~100 pm)
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10" v OPD reference (~1 mm scintillator) 104 v OPD reference (~1 mm scintillator) .
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(a) Applied voltage (b) Electric field across the active layer
Figure 9.12.: Electronic response to a modulated X-ray beam at 50 kV and an incident dose of
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~ 200 pGy/s. Embedded scintillating particles of Gd,O,S in a oBH]J for quasi-direct
conversion (black squares) as well as the embedded PbS-QDs in oBHJ for direct con-
version (blue triangles) show a significant response while the drop casted oBH]J (red
circles) shows a very low and noisy signal. As reference, a conventional OPD (green
triangles) with an attached scintillator component (Csl) was measured, too. Note that
Gd0,S device were not corrected with the conversion loss after milling.
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For further comparison the modulated response is normalized to the incident
dose and the thickness of the active layer as presented in figure 9.13. Note
that the response of the detector is normalized to the thickness of the attached
scintillator or the effectively embedded conversion particles. With these con-
ditions, the results of the approaches can be classified more realistically and
a more reliable conclusion on the potential of Gd>O,5 and PbS-QD in hybrid

devices can be given.
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Figure 9.13.: Electronic response to a modulated X-ray beam at 50 kV normalized to the thickness
of the absorbing layer and the incident dose of ~ 200 pGy/s. Embedded scintillating
particles of Gd,O,S in a 0BH]J for quasi-direct conversion (black squares) as well as
the embedded PbS-QDs in oBH] for direct conversion (blue triangles) show a signif-
icant response while the drop casted oBH]J (red circles) shows a very low and noisy
signal. As reference a conventional OPD (green triangles) with an additional topping
scintillator film (CsI) was measured, too. Note that Gd,O,S device were not corrected

with the conversion loss after milling.

Accordingly, the results with PbS-QDs or Gd,O,S embedded particles in oBHJ
show a truly possible alternative for X-ray detection. However, further investi-
gations and optimizations are needed for efficient charge carrier extraction and
thus high quantum yield for thick layer devices in future.
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In this work a wide range of promising properties and characteristics of hybrid
composites for imaging and photodetection have been demonstrated. Espe-
cially, from a material’s perspective future effort is required. PbS:P3HT:PCBM
composites still suffer from fluctuations in material quality. The very sensitive
material system needs components which do not show different properties ac-
cording to different synthesis and manufacturers. In particular, for colloidal
PbS-QDs a process needs to be introduced on industrial scale to ensure invari-
able, constant material properties from synthesis for high yields and reliability
of hybrid devices. Since this work concentrated strongly on PbS:P3HT:PCBM
and PCPDTBT for NIR detection, an extension of hybrid material systems to
different QDs and polymers seems reasonable. Further materials provide more
choice for suitable composites according to the application and a better cover-
age of the visible and infrared spectra.

Integration of I0-HPDs and OPDs for application in imaging will be a next
important step to make. State-of-the-art CMOS-imaging devices are highly
integrated on a single chip. Hybrid and organic material systems for NIR-
imaging need to demonstrate and have to be developed for high integration.
Compatibility to conventional systems is a major requirement to enter markets
and applications more easily.

Besides the integration of hybrid and organic photodetectors to a-Si flat panels,
a first proof of concept for the integration of OPDs to CMOS-imaging chips
can be given and shall encourage future activities. Figure 10.1(a) shows a
conventional chip for CMOS-imaging in mobile phones. A layout shows the
dimensions of the reticle in figure 10.1(b). With integrating OPDs on the top
of the CMOS chip as illustrated in figure 10.1(c), compatibility to conventional
imaging applications can be achieved. This approach is realized with process-
ing OPDs on top of the CMOS chip (see figure 10.1(d)) and a test image was
captured from these OPD/CMOS imaging devices. Meanwhile, a similar ap-
proach showed also very promising results for the integration of IO-HPDs to
CMOS-imaging devices [3].

Promising results for direct conversion of x-rays have to be reproduced and
investigated. Further improvements and engineering of material and device
properties to enhance sensitivity to x-rays will be a major task. However, direct
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Figure 10.1.: Integ ration of OPDs on CMOS chips: (a) A CMOS chip with 9 dies for imaging.
The two left upper ones are used for integration with OPDs. (b) The dimensions for
the chip (24.3mm? x 31.9mm?) and with an active area of 5.95mm? x 4.76 mm?2.
(c). OPDs can be integrated on top of the CMOS chip utilizing a entire level for the
photodetectors (3D integration). (d) A processed CMOS chip with OPDs on top with
(e) an acquired image from the hybrid imaging chip.
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conversion is of great interests for applications in x-ray imaging and detection
to get rid of additional scintillating layers and materials. Competitive direct x-
ray conversion hybrid devices can achieve low cost, processability and higher
resolution capabilities for X-ray imaging.

This work shows a major future potential for organic and hybrid devices as
modification of, e.g., the spectral response of organic photodiodes can be ob-
tained by engineering and embedding additional materials (e.g. PbS-QDs) to
the organic blend and integrating into conventional systems (e.g. imagers).
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A. List of used Symbols and
Abbrevations

A.1. Symbols

A.1.1. English Symbols

o

3

bS]

*

HEoEEoD

=
Q Q
9
£
]
3
(=l

EFJ)

depletion layer capacitance

intrinsic capacitance

diffusion coefficient for electrons
diffusion coefficient for holes

electric field

energy

energy level of the first excitonic state
edge of the conduction band
Coulomb charging energy

Fermi energy level in n-doped semiconductors
Fermi energy level in p-doped semiconductors

Fermi energy level

energy bandgap

intrinsic Fermi energy

edge of the valence band

frequency

generation rate for charge carriers
transconductance

generation rate for electrons by radiation
generation rate for electrons

generation rate for holes by radiation
generation rate for holes

generation rate in a photoconductor
amplification / gain in a photoconductor
current density

diffusion current density of electrons
diffusion current density of holes
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Juif f diffusion current density

fdri ftn drift current density of electrons
Tari Tt drift current density of holes

Tori ft drift current density

T current density of electrons

Iy current density of holes

i noise current

Ip total current in a diode

Lais dissociation current

Ips drain-source current in a field-effect transistor
Teoot extraction current

Ir flicker noise current

Iy Johnson noise current

Iy measured current

Iaz maximum current of diode under illumination
Ipc photocurrent in a photoconductor
In primary photocurrent

Ir measured reference current of a calibrated device
Is saturation current in a diode

Is saturation current in a diode

Ig shot noise current

Isc short circuit current of a photodiode
Jg saturation current

k wavenumber

L inductance

m mass

Me mass of an electron

m?k effective mass of an electron

my, mass of an hole

my, effective mass of an hole

n electron density

n ideality factor of diodes

Na acceptor density

N¢ density of states in the conduction band
Neoy number of collected charges

Np donor density

Nint internal quantum efficiency

Npp, number of incident photons

Ny total density of states

Ny density of states in the valence band
D hole density

Popt optical power

192



A.1. Symbols

S

I

PD

SXfray

Vas
Voc
V;ﬁ h
Wp
Z

recombination rate for charge carriers
recombination rate for electrons
recombination rate for holes

shunt resistance of a photodiode
Spectral responsivity of a photodetector
serial resistance of a photodiode
spectrum of X-rays

transit time

net recombination rate in devices

band to band recombination

net recombination rate for electrons

net recombination rate for holes
recombination at surfaces

trap assisted recombination

potential

built-in potential

drain-source voltage in a field-effect transistor
gate-source voltage in a field-effect transistor
open circuit voltage of a photodiode
threshold voltage

depletion layer width

impedance

A.1.2. Greek Symbols

€0
€r
€s

Wconv

absorption coefficient
permittivity of vacuum

relative permittivity

permittivity of a semiconductor
conversion efficiency of scintillator for x-rays
wavelength

mobility

electron mobility

hole mobility

frequency of radiation

work function

time-independent wave-function
time-independent wave-function
space charge density
conductivity

electron conductivity

hole conductivity
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-
Te
Th
VUep
UDh

charge carrier lifetime
electron lifetime

hole lifetime
permeation probability
drift velocity

A.1.3. Physical Constants

c speed of light
h=2m-h Planck constant

kg Boltzmann constant
q elementary charge

A.2. Abbrevations

ADC
Ag
Al
AM
AO
a-Si
Au
Ca
CELIV
CNT
cab
D*
DUT
EBL
EQE
ETL
FET
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analog digital converter
Silver

Aluminum

active matrix

atomic orbital

amorphous silicon

Gold

Calcium

charge extraction by linear increasing voltage
carbon nanotube

colloidal quantum dot
detectivity

device under test

electron blocking layer
external quantum efficiency
electron transport layer

field effect transistor



A.2. Abbrevations

FF

FFT
HBL
HOMO
HTL
10-HPD
ITO
LED

LiF
LUMO
MEH-PPV
MO
MOSFET
MTF
NEP
NIR

OA
0BHJ
OFET
OLED
OPD
OPV
P3HT
PCBM
PCPDTBT

PEDOT
PPV

fill factor

fast Fourier transformation

hole blocking layer

highest occupied molecular orbital

hole transport layer

inorganic-organic hybrid photodiode
indium tin oxide

light emitting diode

Lithium Fluoride

lowest unoccupied molecular orbital
poly[2-methoxy-t-(2’-ethylhexyloxy)-p-phenylene vinylene
molecular orbital

metal oxide semiconductor field effect transistor
modulation transfer function

noise equivalent power

near-infrared

oleic acid

organic bulk heterojunction

organic field effect transistor

organic light emitting diode

organic photodetector

organic photovoltaic
Poly(3-hexylthiophene)
[6,6]-Phenyl-C61-butric-acid-methyl-ester

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b’]dithiophene)-alt-4,7-(2,
1,3-benzothiadiazole)]

Poly(3,4-ethylenedioxythiophene)
poly(p-phenylene-vinylene)
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PSS
QD
RFID
RH
ROIC
SEM
TCO
TEM
TFB

TFT
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Poly(styrenesulfonate)

quantum dot

radio frequency identification
relative humidity

readout integrated circuit
scanning electron microscopy
transparent conductive oxide
transmission electron microscopy

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4’-(N-(4-sec-
butylphenyl))diphenylamine)]

thin film transistor
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