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Zusammenfassung

In dieser Arbeit werden hybride anorganisch - organische Heteroübergangsbauele-
mente vergleichend untersucht. Dioden, bei denen eine dünnen Schicht des or-
ganischen Materials [6,6] phenyl-C61 butyric acid methy lester (PCBM, eine lös-
liche Form von Fullerenen), auf ein p-dotiertes Si Substrat aufgebracht wurde,
wurden als Photodetektoren im infraroten Spektralbereich verwendet. Die elek-
trischen Eigenschaften dieser Dioden wurden mit Strom-Spannungs (J-V) - und
Kapazitäts - Spannungsexperimente (C-V) untersucht. Ein auf dem Schockley-
Read Formalismus beruhendes Modell wird vorgeschlagen, das den Diodenstrom
als Generations-Rekombinationsstrom beschreibt. Es wird gezeigt, daß die Ka-
pazität der Heterodiode in Sperrrichtung als Kapazität einer Verarmungszone im
Si in Serie mit der geometrischen Kapazität der PCBM Schicht verstanden werden
kann. Darauf basierend werden für den p-Si/PCBM Übergang die relativen ener-
getischen Lagen der Energiebänder im Si und PCBM aus den C-V Daten ermittelt
und die Barrierenhöhe zwischen der Valenzbandkante in Si und dem LUMO (low-
est unoccupied molecular orbit, niedrigstes unbesetztes Molekülenergieniveau) in
PCBM konsistent mit ' 0.55 eV abgeschätzt. Abweichungen von der Schockley-
Read-Beschreibung des Diodenstromes, die vor allem für den Strom in Sperrrich-
tung beobachtet werden, werden hinsichtlich einer Ladungsträgergeneration in
der Si Sperrschicht, hinsichtlich thermischen Anregung von tiefen Störstellen in
der organischen Schicht und hinsichtlich technologisch bedingter Kurzschlüsse
diskutiert.

Der spektrale Verlauf des Photostroms der Heterodioden wurde mit Hilfe
eines Fourierspektrometes untersucht, wobei die Heterodiode als externer Detek-
tor für das Spektrometer verwedet wurde. Der energetische Einsatzpunkt des
Photostroms stimmt mit der Barrierenhöhe zwichen dem Si substrat und dem
Organischen Film überein. Die Photostromerzeugung beruht auf der optischen
Anregung von Elektronen im Si Valenzband in die LUMO Zustände des PCBM
Films unter der eventuellen Beteiligung eines energetisch tiefliegenden Zustandes
in der Grenzschicht zwischen Si und PCBM. Photostromspektren gemessen bei
unterschiedlichen Temperaturen, unterschiedlichen externen Diodenspannungen
sowie an Dioden mit unteschiedlichen Metallen als Kontakte zu den organis-
chen Schichten und mit verschiedenen PCBM-Modifikationen werden verglichen.
Außerdem wurde der Einfluß einer zusätzlichen, wenige nm dicken LiF Schicht auf
den Photostrom untersucht, die eine Verbesserung der Kontakteigenschaften von
Al zum PCBM Film bewirkt. Als Referenz wurden außerdem Si-Metal Schottky
Dioden untersucht, die im selben Herstelungsprozess, jedoch ohne organischen
Film hergestellt wurden.

Heterodioden mit von PCBM unterschiedlichen organischen Filmen wurden
ebenfalls untersucht. Diese Filme sind einerseits ein Perylen Diimid Derivat
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(N,N’-Dimethyl-3,4,9,10-Perylentetracarboxylic diimide, DiMe-PTCDI) und an-
dererseits Indigoide (Indigo und Tyros-Purpur). Mit diesen Materialien, die
in den entsprechenden Kapitel genauer charakterisiert werden, konnte in auf
p-Si basierenden Heterodioden die Responsivität signifikant verbessert wer-
den. Allgemein Schlußfolgerungen hinsichtlich der Funktionsweise der organisch-
anorganischen Heterodioden Photodetektoren sind am Ende dieser Arbeit zusam-
mengefaßt.

Außerdem wurde eine ergänzende spektral aufgelöste Untersuchung des Pho-
tostroms in organischen Feldeffekttransistoren (OFETs) durchgeführt. Es wurde
eine durch die Gatespannung aktivierte Absorption im nahen infraroten Spektral-
bereich mit einer Einsatzenergie von 0.5 eV und einem Maximum nahe bei 0.7 eV
beobachtet und der Photogeneration eines C−60 Anions (oder negativ geladenen
Polarons) zugeschrieben, das bei größerwerdenden Gatespannungen im Kanal des
OFETs induziert wird. In der Literatur wird eine ähnliche Absorption von C−60
berichtet. Durch weiterführende Untersuchungen von photoinduzierter Absorp-
tion (PIA) an einer Mischung aus Kupferphthalocyanin (CuPC) und C60 konnte
diese Zuschreibung erhärtet werden.

Das detaillierte Verständnis der Funktionsweise der organisch-anorganischen
Heterodioden ermöglicht sowohl eine weitere Verbesserung dieser Bauelemente
hinsichtlich ihrer Anwendung als mit der Standardsiliziumtechnologie kompatible
Infrarotphotodektoren, als auch die Entwicklung von Photodetektoren basierend
auf alternativen organischen Materialien. Der einfache Fabrikationsprozess dieser
Detektoren ermöglicht eine direkte Implementierung in integrierte Schaltkreise
aus Si, wobei die niedrigen Kosten, die großflächige Prozessierbarkeit und die
Umweltverträglichkeit, die typisch für organische Materialien sind, eine solche
Kombination aus organischer und anorganischer Elektronik besonders attraktiv
erscheinen lassen.
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Abstract

In this work, a comprehensive study of hybrid inorganic-organic heterojunc-
tion devices is presented. Devices composed of a thin layer of organic mate-
rial ([6,6] phenyl-C61 butyric acid methyl ester (PCBM) a soluble derivative of
C60 fullerene) deposited on a p-doped silicon substrate, were applied as photode-
tectors in the infrared spectral range. The electrical operation of these diodes
was studied with current density-voltage (J-V) and capacitance-voltage (C-V)
measurements. A thorough model for a recombination-generation current based
on Schockley-Read derivation and a junction capacitance analysis assuming a de-
pletion layer in silicon and a constant electric field in PCBM are proposed. For the
interface between p-Si and PCBM, a band alignment scheme derived from energy
values obtained experimentally from C-V measurement is presented. The barrier
height corresponding to the difference between Si valence band and LUMO level
of PCBM is consistently estimated to be ' 0.55 eV. Deviations from the adapted
Schockley–Read theory, most prominently observed for the reverse current of the
diode, are discussed in terms of charge generation in the Si space–charge region,
thermal excitations of deep traps in the organic film and technological shunts.

The photoresponse of the detectors was spectrally resolved using a Fourier–
Transform-Infrared spectrometer, with the sample under investigation working as
an external detector of the spectrometer. The onset of the spectrally–resolved
photocurrent matches the interface barrier height. The photocurrent generation
mechanism is ascribed to photoexcitation of a an electron from the Si valence
band into the LUMO level of PCBM, with a possible participation of an interface
localized deep trap state in the organic material. Results of photocurrent mea-
surements under varying temperatures, varying external bias, different material
used as top metal electrode and different chemical structure of the PCBM deriva-
tive are presented. Moreover, the influence of a LiF/Al electrode instead of an
Al one as a contact to the fullerene layer on photodiode operation is presented,
as well as a complementary electrical and photoelectrical study of p-Si/metal
devices, fabricated in the same technological process.

Heterojunction diodes comprising different organic materials were also studied
within this work. These materials were: N,N’-Dimethyl-3,4,9,10-Perylentetracarboxylic
diimide (DiMe-PTCDI), which is a derivative of perylene diimide and Indigoids
(Indigo and Tyrian Purple). Using these materials, the performance of the diodes
as infrared detectors could be improved significantly. A short characterization of
each material is given in the corresponding chapters treating each heterojunc-
tion. A general conclusions on photodetectors operation and the mechanism of
photocurrent generation are summarized at the end of this work.

Additionally, a complementary study of spectrally resolved photoconductivity
in C60 organic field effect transistor (OFET) is given. A gate activated absorption

6



in the NIR range with onset energy close to 0.5 eV and a maximum close to 0.7 eV
was observed and ascribed to the photoexcitation of C−60 anions (or negatively
charged polarons), which are induced in the transistor channel by increasing gate
voltage. The C−60 absorption resulting in a similar spectrum was reported in the
literature and was further endorsed within this work by a photoinduced absorption
(PIA) experiment performed on the blend of copper-phthalocyanine (CuPC) and
C60 , showing the correspondence of OFET photocurrent spectra and PIA spectra
close to the onset energy.

Based on the detailed understanding of the diode operation principle, further
improvements of the device with respect to its application as infrared photode-
tector compatible with standard Si technology as well as the development of
photodetectors based on alternative organic semiconductors becomes possible.
A simple fabrication process of the discussed device would allow a direct incor-
poration of infrared detectors onto any silicon circuit, utilizing organic semicon-
ductors, characterized by low-cost, large-area processability, inherently low price
of the materials and the potential for environmental sustainability.
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Chapter 1

Introduction and motivation

The dawn of organic electronics might be associated with a development of the
first conductive polymer, polyacetylene -(CH)n [1, 2] by Heeger, Shirakawa and
McDiarmid in the end of 1970’s what eventually brought them the Nobel Prize
in 2000. In the last decade, the technology of organic semiconductors has made
a huge step towards a large-scale industrial production and the presence in the
major markets. Samsung has produced millions of organic displays (OLED) for
the consumer electronic market. As of 2012 organic solar cells have reached an
efficiency of 10.6% [3], bringing them closer to commercial success. The first
roll to roll printed organic solar cells haven been already produced by Konarka.

In the modern world concerned about energy and environmental issues the
big attraction of organic electronics, frequently also labeled as ”green electronics”,
is their outstanding low environmental impact. Such a benefit is attributed to:
low material consumption, low temperature deposition and material production
techniques with a low energy impact and the fact that most of the used organic
semiconductors belong to the class of Hydrocarbons and as such they are non-
toxic and degradable. These expectations can be confirmed by a life cycle analysis
for organic solar cells, based on the standard production processes of organic
electronic products, presented by Roes [4]. Overall, the environmental impacts
of an organic solar cell technology were found to be significantly lower than for
multi crystalline silicon technology, for CI(G)S technology and even for the thin
film silicon technology. To summarize, organic semiconductors combine low-cost,
large-area processability, with inherently cheap materials with the potential for
environmental sustainability.

The detection of light in the near infrared (NIR) and infrared (IR) spectral
range is a technology demand in many different branches of modern industry.
The most important are: optical data transmission where wavelengths close to
1.55µm are used, quality control and material identification in many industrial
applications (biology, food industry, etc.), the imaging systems for transport and
car industry. Moreover it is clear that the future development of information
technology will feature an integration of optoelectronic building blocks, includ-
ing detectors converting optical signals into electrical ones, into the integrated
electronic circuit based on silicon.
Due to the transparency of Si for photon energies smaller than 1.12 eV, con-
ventional detectors sensitive in the telecom-wavelength region are mostly based
on inorganic compound (III-V) semiconductors, characterized by a direct band
gap resulting in a high absorption coefficient [5]. They are all processed using
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high-energy input epitaxial ultra high vacuum processes such as molecular beam
epitaxy (MBE) or metalo-oragnic chemical vapor deposition (MOCVD) and are
additionally toxic during various parts of their lifecycle, especially during the min-
ing, extraction and purification stages. The processing and integration with the
CMOS technology of the currently used detectors is thus not only the most expen-
sive but also the most environmentally-unfriendly process step in the production
of integrated optoelectronic circuits. Any technology that allows to circumvent
these process steps has a huge impact on the ecological footprint of the future
information technology, as it drastically diminishes energy consumption and en-
vironmental hazardous fabrication steps required for the InGaAs, AlGaAs, and
HgCdTe semiconductors that are used as optoelectronic materials in the current
optoelectronic technology generation. Other material used for light detection in
the NIR range is germanium, which absorbs photons with energies higher than
0.65 eV. However, similar to detectors based on compound semiconductors, Ge
has to be epitaxially deposited in order to integrate the device with electrical
circuit. Additional disadvantage in comparison to for example InGaAs detectors
is a very high dark current due to thermal generation of carriers.

In our previous work [6] it was shown that an inorganic-organic heterojunc-
tions diodes, consisting of [6,6] phenyl-C61 butyric acid methyl ester (PCBM)
a soluble derivative of C60 fullerene, spin casted on a p-type Si substrate, can
be used to detect NIR and IR radiation, even though both Si and PCBM are
transparent in this spectral range.
A simple fabrication process of the discussed device would allow a direct incor-
poration of infrared detectors onto any silicon circuit.

In this work we present a comprehensive study of hybrid inorganic-organic het-
erojunction, composed of a thin layer of organic material deposited on a p-doped
silicon substrate, applied as a photodetector in NIR and IR range. A detailed
model of the electrical operation of the diode is given, supported by the results
of current density-voltage (J-V) and capacitance-voltage (C-V) measurements, as
well as spectrally resolved photoresponse studies. The archetype organic material
used in the device was the PCBM, a soluble derivative of buckminster fullerene
C60 and the C60 itself. The main studies and conclusions are given for the diode
composed of those materials. However the heterojunctions of different organic
materials were also studied: N,N’-Dimethyl-3,4,9,10-Perylentetracarboxylic di-
imide (DiMe-PTCDI) a derivative of perylene diimide and Indigoids: Indigo and
Tyrian Purple, resulting in an improved performance. A short characterization of
each material is given in corresponding chapters treating each heterojunction.
Additionally a complementary studies of spectrally resolved photoconductivity in
C60 organic field effect transistor (OFET) is given as well as an electrical and
photoelectrical study of reference metal/p-Si devices.
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Chapter 2

Theoretical background

2.1 Basics of electronic transport in organic

materials

The electronic phenomena in organic and hybrid semiconductor devices are
strongly dependent on the charge carrier transport in the materials composing a
device. The understating of transport mechanisms has been a fundamental issue
in the research community since the early years of organic electronics, yet it is still
a subject of an ongoing debate [7]. The films of disordered materials and organic
materials in particular are characterized by the absence of translational symmetry
with a three-dimensional periodic lattice, resulting in a random distribution of
potential wells yielding a distribution of localized density of states (DOS). More-
over due to a weak intermolecular interaction of van der Waals type and a low
dielectric permittivity a certain degree of charge self localization (the creation of
polaron i.e. a charge with its associated lattice distortion) is present [8]. There-
fore the percolation/hopping approach, assuming the existence of only localized
states, was introduced (see Fig. 2.1a). It proved useful in explaining some often
reported phenomena, such as temperature dependence of charge carrier mobil-
ity described by Mott [9] with variable-range hopping theory (VRH), resulting
in conductivity σ ∝ exp−(T0/T )1/4, extended further with different exponents
from 2 to 4 [10, 11] and simulated numerically by Bässler [12].

On the other hand many authors stated that crystallinity is not necessary to
provide a material with semiconducting (band) properties, and the application
of band theory is justified [13–15], despite the fact that in the case of molecular
semiconductors the bands predicted by the molecular orbital calculations are in
the range of ≈ 0.01− 0.1 eV i.e. very narrow as compared to inorganic counter-
parts [16, 17].
The existence of localized states (traps), in addition to delocalized states [18],
leads to the modified band theory like Poole-Frenkel model (see Fig. 2.1c) and
multi-trap-and-release (MTR) model, which was applied to explain a tempera-
ture dependence of transport in polycrystalline sexithiophene in OFET configu-
ration [19,20]. The Pool-Frenkel theory assumes a charge transport through the
conduction (and valence) bands with additional efficient traps (deep localized
states). In order to contribute to the current, a traped charge needs first to be
thermally excited to a conductive band (delocalized states) and a direct hopping
from trap to trap is not possible. In the Pool-Frenkel model, the mobility is as-
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sumed field dependent, whereas in MTR the field dependence of mobility is not
present and otherwise identical assumptions as in the Pool-Frenkel model apply.
Important to point out is the fact that in the described models the traps are not
necessary defined as either extrinsic or intrinsic (associated with a self-trapping
effect i.e. a polaron) [21].

In Fig. 2.1b an other possible conduction mechanism is shown. This mech-
anism involves two bands, an extended one (in Fig. 2.1b the conduction band)
and a localized one (traps in Fig. 2.1b). Provided that the trap density is large
enough, hopping from one site to site of a nearest-neighbor hopping or variable-
range hopping occurs [10, 22]. Such a hybrid model that assumes a transport
via the delocalized band in parallel to a direct hopping over localized states is
frequently employed to describe the conduction in low-mobility inorganic semi-
conductors such as for example a non-stoichiometric GaAs [18, 23].

q g

EC

EV

ET

EC

EV

EC

EV

ETET

a) b) c) d)

Hopping Hybrid Poole-Frenkel Crystal

Figure 2.1: Conduction models presented above: a) hopping/percolation
Conduction consists of infrequent jumps from one localized state to another.
b) Hybrid (hopping + Poole - Frenkel). c) Poole - Frenkel (MTR). Con-
duction consists of charge being promoted to delocalized levels, where it can
move freely. d) Crystal/band theory, conduction occurs in the conduction
band (for electrons). Fig taken from [18].

In the scientific community, the existence of a mobility edge for transport
in disordered material is well documented [24–26]. In his work from 1967 [27],
Mott stated that if the ratio of the random fluctuations of a periodic potential
to the bandwidth is lower than a critical value, the two energetical regions exist,
namely the localized states in the low excitation-energy tail of the density of
states function and the delocalized states. Those two regions are separated by
a sharp energy level Eµ that is called the mobility edge. In a highly disordered
material, where the Fermi level is situated below (above) Eµ for electrons (holes),
transport is thermally activated and occurs at low temperatures dominantly via
hopping mechanism or at high temperatures by band transport, when electrons
(holes) can be effectively excited into states above (below) Eµ. In this cases the
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conductivity can be expressed by an Arrhenius type relation [28]:

σ ∝ exp

(
−Eµ − EF

kBT

)
= exp

(
− Ea
kBT

)
(2.1)

where Ea denotes the activation energy.

2.2 Overview of inorganic–organic hybrid het-

rojunctions

The initial studies of hybrid inorganic–organic heterojunction were reported by
Forrest [29] in 1981. The research was focused on the investigation of physi-
cal properties of 3,4,9,10perylenetetracarboxylic dianhydride (PTCDA). The re-
ported PTCDA/p-Si heterojunction, contrary to previous believes, exhibited a
rectifying behaviour. The following applications of hybrid heterojunctions were
aiming at the analysis of free carrier density and defects of inorganic sub-
strate [30, 31]. However the derivatives of PTCDA were over the years suc-
cessfully applied in organic field effect transistors [32], photodetectors [33], as
well as organic solar cells [34].

At first, a Schottky metal-semiconductor model was adopted as a descrip-
tion of the operation of hybrid devices, soon to be found not sufficient enough
to tackle all aspects of inorganic–organic heterojunctions [35]. Nevertheless a
direct Schottky-like modeling (described with Eq. B.1) of inorganic–organic het-
erojunctions, can still be found in literature, specially for a case of very thin or-
ganic layers of for example metal-fluorescein sodium salt (FSS) [36], PCBM [37],
methyl red(NC6H4COOH) [38]. Such devices are sometimes referred to as a
modified Schottky diodes as in the case of PTCDA and DiMe-PTCDI on sulphur
passivated GaAs [39]. The analysis presented in Appendix B shows that such an
approach is not applicable in case the diodes discussed in this work, composed
of organic material deposited on p-Si substrate.

In order to overcome the shortcomings of the Schottky-like model, a more
appropriate picture was introduced. A junction composed of intrinsic undoped
organic layer and extrinsic inorganic semiconductor was thoroughly described
in [40], featuring a thermionic emission over potential barrier at low current den-
sities and a space-charge limited current in the organic material at high current
densities. The barrier itself, pictured in Fig. 2.2 as ΦB, was – depending on
the type of inorganic semiconductor – defined as an energy difference between
lowest unoccupied molecular orbital (LUMO) or highest occupied molecular or-
bital (HOMO) of the organic material and the interface minimum of the con-
duction or the valence band in the inorganic material. The model developed
for PTCDA, a hole conducting material, was applied also for the other p-type
organic materials such as copper phthalocyanine (CuPc) and 3,4,9,10-perylene-
tetracarboxylic-diimide (PTCDI) deposited on p-Si substrate [41], as well as for
n-type DiMe-PTCDI deposited on both n- and p-type GaAs substrate [42]. Nev-
ertheless a complimentary model for n-type organic material deposited on p-Si
substrate was not reported.
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Figure 2.2: Band diagrams at thermal equilibrium and under voltage bias
for diodes using ohmic metal/PTCDA deposited on (a) p-Si and (b) n-Si
substrates. Figure taken from [40].
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Figure 2.3: Band alignment at p-Si/PCBM interface. All values, except the
Si wafer real thickness on the left side, are shown in scale and were calculated
using the appropriate equations presented in Section 4.2.

The models sketched in Fig. 2.2 are not applicable for example to p-
Si/fullerene devices, for which the band alignment is sketched in Fig. 2.3 (see
details in Section 4.2). Contrary to the devices sketched in Fig. 2.2, for the p-
Si/fullerene device the extended valence band states in Si do not overlay in energy
with the conducting LUMO states in the fullerene layer. Therefore, injection of
charge carriers from the inorganic to the organic layer is not possible via extended
states aligned in energy.

In the case of silicon/fullerene hybrid heterojunctions the first devices were
presented in the early 90’s exhibiting rectification on both n- and p-type
Si substrate [43, 44], probably due to non-perfect purity of the material in
the early years of C60 industrial production. Further attempts focused on p-
Si/C60 hetorjunctions applied as a photovoltaic devices aiming at the extension
of light harvesting spectra [45, 46].
However none of the cited publications presented a comprehensive model for
the diode operation, adapting rather the classic diode equation in the form of
Schottky formula (Eq. B.1).

2.3 Overview of photodetectors

Existing infrared detectors can be classified in two distinctive groups [47]:

• thermal detectors – the radiation increases the temperature of the active
element, resulting in a change of the physical property that is measured and
transformed into the output signal. Possible operation schemes feature:

– bolometer - change of the electrical conductivity

– pyroelectric - change of the internal electrical field

– thermoelectric - change of the thermoelectric voltage
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– golay cell - temperature induced gas expansion

Advantages: room temperature operation, linear spectral response, low
cost
Disadvantages: low sensitivity, slow response
Application: IR spectrometry, thermography for various application, includ-
ing medical, biological, firefighting, rescue service

• photon detectors – the incident photons interact with electrons of the
lattice atoms (intrinsic detectors), impurity atoms (extrinsic detectors) or
free electrons(photoemissive detectors), changing the energy distribution
of the electrons. The photoexicted charges constitute the output signal.
Possible operation schemes feature:

– intrinsic photoconductive detectors: mercury cadmium telluride (MCT,
Hg1−xCdxTe), broad spectral range 0.8-25µm due to simple bandgap
tuning via stoichiometry (x), lead sulfide (PbS) 1-3.2µm, lead se-
lenide (PbSe) 1.5-5.2µm, indium antimonide (InSb) 1-6.7µm

– extrinsic photoconductive detectors: Si:In 3-5µm, Si:Ga 3-20µm,
Ge:Ga 40-120µm. Extremely low temperature operation (few K) for
astronomical applications

– extrinsic photoconductive based on photoionization of impurities and
localized charge traps [48, 49]: Mid-Bandgap Absorption (MBA) via
ions implanted into Si (H+, He+, Si+), telecommunication range
around 1.55µm, possibility of integration onto optoelectronic circuit
on silicon-on-insulator (SOI) substrates. Expensive epitaxial methods
of fabrication,
Surface-State Absorption (SSA) via localized states at the Si/SiO2 in-
terface [50] , possibility of integration with SOI based optoelectronic
circuit (for example allowing for a photoresponse enhancing cavity
design with micro-ring resonator [51]). Disadvantage high voltage
operation required (>10 V)

– photodiodes: Ge p-n and p-i-n homojunctions 1-1.6µm, disadvantage
high dark current due to thermal generation of carriers,
heterojunctions of ternary compound semiconductors: InP/In1−xGaxAs
0.7-2.6µm, GaSb/InAs1−xSbx 1.7-4.2µm, InSb/InAs1−xSbx 8-14µm.
Advantages: high absorption coefficient due to direct bandgap, pos-
sibility of spectral range tuning by chemical composition and stoi-
chiometry. Disadvantage: expensive epitaxial methods of fabrication

– internal photo emission: Platinum silicide PtSi/Si: 1-5µm, IrSi/Si
2-10µm, GexSi1−x 2-25µm. Low-temperature operation, see details
below

– quantum well: GaAs/AlGaAs 8-20µm, InAs/InGaSb, InAs/GaSb 8-
16µm. Straightforward spectral range tuning, sophisticated, costly
design

Advantages of the whole group: very high sensitivity, low noise, possibility
of integration into high resolution arrays, and integration with optoelec-
tronic circuits.
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Disadvantages of the whole group: highly spectrally dependent response,
in most cases low temperature operation due to competing effect of ther-
mal generation, high cost of materials and fabrication.

The presented list is not complete, summarizes however the most prominent
concepts and devices. Since the interest of this work are silicon photodetectors
sensitized by organic layer with the absorption process akin to internal photoemis-
sion, we will present a more detailed description of photoemissive detectors, as
a directly comparable solutions, both from operation point of view and relatively
easy similar processing.

The photoemissive detectors emerged in 1970s as a solution to reduce cost
of infrared imaging for military applications. The first and most frequently used
structure was p-Si/PtSi (platinum silicide) Schottky-barrier detector [52,53]. The
operation of the detector bases on the photogeneration of hot hole in PtSi and
subsequent emission over the barrier into the p-Si. Due to independence of
performance to the doping level of silicon, minority carriers lifetime and the exact
composition of an alloy, an outstanding spatial uniformity of the detector can be
achieved, allowing for the fabrication of large area focal plane arrays. Different
device architectures like IrSi/Si [54], or GexSi1−x [55] allowed for the extension
of spectral range up to 25µm, however the required operation temperature is
even lower than for platinum silicide and the fabrication with MBE technology is
by far more complicated and expensive.

The limitations of the technology discussed in the previous paragraph lie in
the fact that the internal photoemission detectors suffer a great noise due to dark
current of the Schottky diode originating from thermionic emission of majority
charge carriers over the barrier. As a result a low temperature operation (40-
80 K) is required to suppress the influence of dark current [47]. It will be shown in
Appendinx B that the hybrid diodes proposed in this work exhibit a dark current
a few orders of magnitude lower, allowing for the room temperature operation.
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Chapter 3

Sample preparation procedures
and measurements techniques

3.1 Sample preparation procedures

Two major types of devices have been studied in this work. The solution pro-
cessed p-Si/PCBM heterojunctions and physical vapor deposition processed p-
Si/C60 (p-Si/DiMePTCDI, p-Si/Indigo, p-Si/Tyrian Purple) heterojunctions. All
devices were fabricated in the same geometry, shown in Fig. 3.1.
In both cases the initial step was the preparation of a substrate. For this purpose
15·15 mm2 p-type Boron doped (100) silicon wafer-pieces (doping concentration
NA = 1.81 · 1015 cm−3) were used. One side polished wafers with 100 nm ther-
mally grown oxide were purchased from Cemat Silicon. The substrate preparation
steps involved:

• initial oxide strip with 5 % HF solution removing a 100 nm oxide (optional
strip of only 2/3 of sample surface to provide a buffer layer for contacting
that prevents electrical shorts, in that case 1/3 of wafer is cover with
annealed photoresist that masks it during HF etching).

• back contact formation - thermal evaporation of Al (70 nm), followed by
annealing at 585 ◦C in 10:1 N2/H2 reducing atmosphere to provide ohmic
contact to p-Si [56, 57]. The temperature during annealing has to be
higher than the eutectit temperature of both materials to prevent removal
of contact during subsequent HF etching. Therefore an alloy of Si and
Al is formed, what is generally not desired in semiconductor technology
due to aluminium spikes in silicon that might appear during Si/Al alloy
formation at such high temperature leading to electrical short [58]. How-
ever in our case the Al spikes are of no importance since the contact is
spatially separated from active area of the device. Fig. 3.2 shows the I-V
characteristics of the junction in which two Al/Si contacts were alloyed:
Al(alloyed)/p-Si/Al(alloyed), resulting in ohmic behaviour in a wide range
of temperatures with resistance slightly varying from 120 Ω to 100 Ω be-
tween 77 K and room temperature. On the other hand Fig. 3.3 shows the
J-V characteristics at different temperatures of the junction in which only
one Al/Si contact was alloyed: Al(alloyed)/p-Si/Al. It is clearly seen that
the not-alloyed contact is not ohmic for the desire temperature range.
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• sample cleaning using the RCA [59] cleaning procedure i.e. base bath (1:1:5
solution of NH4OH/H2O2/H2O) - removal of organic contaminants, second
oxide strip (HF) - removal of the native oxide, which grew during the last
step. (The actual native oxide that grows on silicon wafer within hours in
ambient conditions at room temperature was measured by ellipsometry to
be around 1.2 nm.), acid bath (1:1:5 solution of HCl/H2O2/H2O) - removal
of ionic contamination. Afterwards the sample was immediately transferred
into inert atmosphere of glove box or into vacuum chamber of deposition
system to avoid further oxidization of silicon surface.

in case of p-Si/PCBM sample:

• deposition of PCBM thin film by spin coating (1500 rpm for 40 s and
2000 rpm for 20 s resulting in ' 165 nm film for 3 weight percent PCBM
solution in chlorobenzen).

• fabrication of top contacts by evaporation of appropriate metal electrodes.
All steps done in inert atmosphere to prevent oxygen diffusion into the
PCBM thin film.

in case of p-Si/C60 or p-Si/DiMe-PTCDI, p-Si/Indigo, p-Si/Tyrian Purple sam-
ples:

• silicon substrate in-situ baking at 600 ◦C in high vacuum (10−7 mbar) for
15 min, for the removal of the hydrogen termination [60] that is known to
be the result of HF dip [61] and other various contaminants resulting in a
clean surface. It will be shown in Ch.6.1 that this step is crucial to achieve
high performance of the photodetector.

• organic layer deposition by hot–wall–epitaxy (HWE) [62]. The HWE tech-
nique is a semi-closed epitaxy system which can be operated close to the
thermodynamic equilibrium. As a consequence the weak Van der Waals
interaction between the organic molecules can dominantly influence the
growth dynamics [63] and hence support the formation of large crystalline
domains [64] and highly ordered structures in general [65].

• immediate transfer of the sample into vacuum chamber of metal evaporator
and fabrication of top metal contacts. Typically aluminum was used as
a top metal contact, since it is known to form an ohmic contact with
all studied organic materials. Additionally, different metal electrodes i.e.
Ag and Au as well as LiF/Al electrode were fabricated as a top contact
to PCBM layer. Typical electrode thickness was 70 nm, electrode area
14 mm2.
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Figure 3.1: Schematic presentation of heterojunction structure.
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Figure 3.2: I-V characteristics of Al(alloyed)/Si/Al(alloyed) structure at dif-
ferent temperatures. Both contacts to Si were alloyed and are Ohmic.
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Figure 3.3: J-V characteristics of Al(alloyed)/Si/Al structure measured at
different temperatures. The Al(alloyed)/Si contact is Ohmic and the other
not-alloyed remains ohmic only close to room temperature.

3.2 Measurement techniques

In case of all measurements, except atomic force microscopy (AFM) and scanning
electron microscopy (SEM), the sample was mounted in the sealed measurement
containers and was not exposed to air during measurements. The mounting
was performed under N2 atmosphere in a glove box system (O2 contents below
1ppm), to prevent the degradation of the device.

3.2.1 Electrical studies

The electrical studies involved current-voltage measurements at various tem-
peratures and capacitance-voltage measurements. For the current-voltage char-
acterizations a Keithley 236 Source-Measurement-Unit (SMU) was used. The
temperature dependent measurements were done in Oxford Instruments liquid
nitrogen cryostat system.
For the capacitance-voltage characterizations a Hewlett Packard 4284A LCR
meter was used, with sample mounted in the sealed box connected directly to
terminals of LCR meter without cables to minimize the possible influence of stray
inductance.

3.2.2 Spectrally resolved photocurrent

Spectral photocurrent measurements were done with Bruker IFS66 Fourier-
Transform Infra-Red (FTIR) spectrometer operating, depending on the sample, in
fast scan mode or step scan mode (Fig. 3.4), with the sample itself working as an
external photodetector of the spectrometer. The sample in the cryostat chamber
was placed in the focal point of the spectrometer. The position of the sample
was carefully tuned with XYZ translational stage to achieve the maximum short
circuit current. In the step scan mode a mechanical modulator was introduced
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in the beam path in front of the sample and the measured alternating current
as well as mechanical modulator signal were fed into respectively signal and ref-
erence input of a lock-in amplifier (Stanford Research Systems SR830 DSP),
the resultant amplified output voltage signal was fed into the spectrometer via
DC external detector input. In the fast scan mode the alternating photocurrent
was amplified by a J-V amplifier and fed into AC external detector input of the
spectrometer.

Optional
DC Voltage
Source

IR
SourceDetector

Input

Fixed
Mirror

Moving
Mirror

Filter

FTIR Spectrometer

Sample in
Cryostat

Optional
Mechanical
Modulator

Amplifier
Lock−In

Figure 3.4: FTIR spectrometer setup for the measurements of spectrally
resolved photocurrent of photodiodes. Fast-Scan configuration (black) and
Step-Scan configuration (additional blue).

Typically a Tungsten near-infrared (NIR) lamp of the FTIR spectrometer and
quartz beam splitter were used (optionally mid-infrared (MIR) globar with KBr
beam splitter). The lamp spectra (Fig. 3.5) has been measured with pyroelectric
detector(DLaTGS 301 with KBr window) of the FTIR spectrometer.
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Figure 3.5: FTIR spectrometer NIR Tungsten lamp spectra behind different
filters. The spectra were measured behind ZnSe window of the cryostat and
normalized to the maximum intensity
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Figure 3.6: Transmittances of the used filters

The samples were illuminated from the Si side. In all cases a 5 mm thick
silicon filter in combination with band-pass interference filter (cut-off at energies
above 0.95 eV and below 0.44 eV due to absorption edge of soda lime glass of the
filter) was placed in the beam path. Optionally germanium filter was used. The
tungsten lamp spectra restricted by the used filters as well as the transmittance of
the filters are shown in Fig. 3.5 and Fig. 3.6. Using of the band-pass filters enabled
the measurement of the photocurrent at energies lower than silicon bandgap.
Without the spectral restriction the dominant measured signal would come from
the fundamental bandgap absorption of Si, and any potential infrared signal
would be lower than the noise level, because of the limited dynamical range of
the amplifier and analog-digital converter of the FTIR electronics.
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Two optional scaling methods were applied in order to evaluate the actual
responsivity of the photodetector R, defined for a given photon energy E as the
ratio of the photocurrent IS to the incident optical power PI per detector area.

R(E) =
IS

area · PI
(3.1)

In both cases a commercial calibrated InGaAs photodiode (Thorlabs FGA21-
CAL) was used to measure the optical power of the light source. Afterwards the
investigated sample was placed in the identical position. For both the reference
diode and the device under investigation the maximum intensity position was
found with YZ translational stage. The responsivity of the calibrated photodiode
is shown in Fig. 3.7. In the first method a broad band incandescent tungsten
lamp was used. The lamp was operating at 1.75 A and 5 V, what corresponds to
the radiator temperature 1900 K. The spectra of the lamp at given temperature
T can be approximated as black body radiation, with spectral radiance U(ν, T )
following the Planck’s law:

U(E, T ) =
2hν3

c2
1

exp hν
kBT
− 1

(3.2)

where ν denotes the light frequency and h, c, and kB denote the Planck’s con-
stant, the speed of light and Boltzmann constant respectively. The measured
photocurrent of the InGaAs detector under lamp illumination equals:

ID =

∫ D2

D1

RD(ν)bUN(ν)dν (3.3)

[A] =

∫ D2

D1

[A/W ][W ]

where RD [A/W] is the responsivity of the InGaAs diode, D1 and D2 are the
limits of RD, UN is the normalized spectral radiance of the lamp and b[W] is the
first scaling factor, which can be obtained from above equation after integration,
leading to expression for the spectral radiance U in [W]: U [W] = b[W]UN . Now
the measured photocurrent of the investigated sample under lamp illumination
equals:

IS =

∫ S2

S1

aRN
S (E)U(E)dE (3.4)

[A] =

∫ S2

S1

[A/W ][W ]

where RN
S is the normalized responsivity of the investigated sample measured

with FTIR, a[A/W] is the second scaling factor, and S1, S2 are the limits of
sample responsivity (from onset to filter cut off). Above equation yields the
factor a, which gives finally the expression for the responsivity of the measured
sample RS[A/W]:

RS[A/W ] = a[A/W ]RN
S (3.5)

Depending on the filter used in spectral measurement the same filter has to be
used in calibration as well as in calculation and appropriate integral limits have
to be chosen.
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Figure 3.7: Responsivity of the calibrated commercial InGaAs photodiode
(Thorlabs FGA21-CAL), used for calibration of the photodiodes investigated
in this work.

The other simplified calibration method is based on a laser-diode emitting at
1.55µm (ROITHNER LASERTECHNIK RLT1550-30G). Light intensity of the
laser-diode was measured with a commercial calibrated InGaAs photodiode placed
in the position of the investigated sample. The exact position in the plane per-
pendicular to the beam for both reference diode and investigated sample, was
determined using a X-Y translational stage by optimizing the measured pho-
tocurrent for each case. The area of the focused light spot (diameter ≈1.7 mm),
visualized by infrared indicating card, was smaller than both the reference diode
area (0.03 cm2) and the sample electrode area (0.08 cm2). Therefore it was not
necessary to know the exact area of the focused spot, in order to estimate the
responsivity of the device under investigation. The light intensity was approxi-
mately 200 mWcm−2. The spectrum was then scaled normalizing to the 0.8 eV
energy (1.55µm).
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Chapter 4

p-Si/fullerene heterojunction
photodiodes

In this Chapter we will report on the electrical and photoelectrical studies of p-
Si/fullerene heterojunctions. Starting from a short characteristics of the material
itself and a brief report on similar structures reported in literature, we will continue
with the development of a novel model for diode operation, basing on the results
of C-V, J-V and J-V vs temperature characteristics. Afterwards the experimental
results of sub-bandgap absorption observed in the studied devices are discussed.
Additionally we will present the influence of a LiF/Al electrode instead of an
Al one as a contact to the fullerene layer on photodiode operation. Finally a
complementary study of p-Si/metal devices, fabricated in the same technological
process, will be presented.

4.1 C60 and PCBM material characteristics.

C60 the most prominent of all fullerenes composes of 60 carbon atoms forming
a so called ’Bucky Ball’ with 20 hexagons and 12 pentagons, shown in Fig. 4.1.
The name for the whole group of materials was given after Richard Buckmister
Fuller an American author, engineer and designer, whose geodesic spheres or
domes the C60 molecule resembles. C60 was discovered in 1985 by group of Prof
Richard Smalley at Rice University in Houston. The discoverers Kroto, Curl
and Smalley were awarded a Nobel Prize in Chemistry 1996. The closed cage
nearly spherical molecule C60 and related fullerene molecules have attracted a
great deal of interest in recent years due to their unique structure and properties,
leading to thousands of positions in literature. A detailed and comprehensive
study of C60 and fullerenes as a whole can be found in a classical text book by
Dresselhaus [66].

From the physical point of view C60 is a molecular n-type semiconductor capa-
ble of electron transport with electron mobility of 1 cm2/Vs [65,67], i.e. relatively
high for organic materials and almost reduced hole transport mobility. Due to
the large energy gap around 2.4 eV, estimated from photoemission and inverse
photoemission studies [68] and defined as a difference between the lowest un-
occupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO), almost no free charge-carriers are available for transport at ambient
temperatures. The optical bandgap is on the other hand close to 1.7 eV (see
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Fig. 4.2 for C60 film absorption spectra). The onset energy of absorption is at-
tributed to the generation of an electron-hole pair i.e. a Frenkel exciton in the
material and the difference between optical and transport gap is attributed to
the Frenkel exciton binding energy [68–70]. C60 exhibits a typical for organic
materials dielectric constant of around 3.9 [71]

Figure 4.1: Stereographic projection of C60 molecule and an example of a
geodesic dome.

Figure 4.2: Spectral dependence imaginary part of dielectric function ε2(ω)
for two different thicknesses of C60 film deposited on quartz. The arrow marks
the onset of absorption. Figure taken from [72].

Very important from the application point of view is a soluble derivative of
C60 : methano-fullerene [6,6] phenyl-C61 butyric acid methyl ester (PCBM) (see
Fig. 4.3), first synthesized in 1995 by J.C Hummelen et al. [73].
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Figure 4.3: Chemical structure of PCBM.

Figure 4.4: Absorption spectra of PCBM and other materials used in organic
solar cells, in comparison with the standard AM 1.5 terrestrial solar spectrum.
Figure taken from [74].

PCBM exhibits similar physical properties to C60 with an order of magnitude
lower mobility [75] and the same absorption edge close to 1.76 eV (700 nm),
shown in Fig. 4.4.
In contrast to pristine C60, PCBM is soluble up to 5 weight percent in common
organic solvents due to functionalization of the fullerene cage with a butyric
acid methylester side-group [73]. Hence it can be deposited on a substrate in a
wet processes like spin or dip coating, or doctor blading. This makes it a very
interesting candidate for cheap, solution processed organic electronics.
The most important applications of derivatives of PCBM, already on commercial
level are organic solar cells, which have strongly developed over the last decade,
reaching the efficiency of 10% in 2012 [3]. PCBM, as a n-type semiconductor
and a perfect electron acceptor is a component of so called bulk-heterojunction
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solar cell which consist of a blend of PCBM and conjugated hole-conducting
polymer [76].
Other interesting application of fullerenes in organic electronic is the Organic
Field Effect Transistor where C60 acts as n-type semiconductor [65], such a device
will be described in the details in Chapter 5.

4.2 p-Si/PCBM heterojunction photodiodes

4.2.1 Electrical studies of p-Si/PCBM heterojunction
photodiodes

To understand the principles of operation of silicon/fullerene photodetector it is
first essential to study the electrical properties of the heterojunction itself. A
series of electrical measurements were done, including J-V, temperature depen-
dence of J-V and C-V analysis. The rectifying behaviour of the diode is observed
in J-V characteristics. The barrier height and band alignment at the interface
were addressed in C-V measurements. The results of studies of temperature
dependence of J-V characteristics will be used to explain the origin of reverse
current of the diode. The model for the diode operation will be presented in
details.

Fig. 4.5 shows the current density-voltage characteristics of an Al/p-Si/PCBM/Al
device measured at room temperature and 77 K. The observed rectification ratio
between -2 V to +2 V bias was 2.6·104 at 300 K and 5.7·1010 at 77 K. The value
at 300 K is almost an order of magnitude higher than the one for the p-Si/C60 /Ti
device and in the same order as the values for the p-Si/C60 /Nb presented by
Chen in [43] and in [77] or for the p-Si/C60 /Al with crystalline C60 film presented
in [45], or even few orders of magnitude higher than the values reported in [46]
for a p-Si/C60 (1µm)/Al device applied as solar cell.
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Figure 4.5: J-V characteristics of the Al/p-Si/PCBM/Al heterojunction mea-
sured at 300 K and 77 K. For 77 K the measurement from -2 V to +2 V i.e.
forward direction and from from +2 V to -2 V i.e. backward direction is
shown. For 300 K both directions yield the same result.
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The rectifying behaviour seen in the J-V characteristics indicates directly the
presence of a barrier for the charge carries. Since the back Al/p-Si contact
has been alloyed and is ohmic and Al is known to form an ohmic contact to
PCBM [78, 79] the barrier has to be formed at the p-Si/PCBM interface.
To stress the significance of the silicon/fullerene interface for the rectifying behav-
ior, an Al(alloyed)/p-Si/Al Schottky diode was fabricated in the same process as
used for heterojunctions by omitting the PCBM spin-coating step. Fig. 4.6 shows
that the p-Si/Al contact (as evaporated, without thermal treatment) is ohmic
at room temperature. The linear fit yields the resistance of the Si wafer (35 Ω).
Further details concerning the behaviour at lower temperatures and photocurrent
measurement of p-Si/metal structures will be given in Section 4.4.
The ohmic character of the Al(alloyed)/p-Si/Al device at 300 K suggest also
that the hybrid device Al(alloyed)/p-Si/PCBM/Al can not be treated as a mod-
ified Schottky diode with interfacial layer altering the barrier between metal and
semiconductor. A simple analysis that is commonly applied to Schottky diodes,
presented in Appendix B, reveals that the measured reverse dark current density
and the Richardson constant A∗ (a parameter describing the thermionic emission
process governing the operation of a metal–semiconductor Schottky diode [5])
are much smaller than expected for the p-Si/Al diode at 300 K. The conclusion
is that the thermionic emission is not the dominant mechanism describing the
operation of investigated hybrid structures.
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Figure 4.6: Current density-voltage characteristics Al(alloyed)/p-Si/Al
metal–semiconductor junction measured at 300 K. Inset: semi-logarithmic
plot.

4.2.1.1 C-V measurements, theoretical model and results

In order to investigate the observed barrier a capacitance-voltage analysis has
been applied. The capacitance has been recorded at frequency 1 kHz with 5 mV
modulation voltage. To estimate the built-in potential and subsequently the
barrier height of the investigated heterojunctions from C-V measurement using
1/C2 plot we assume that at reverse bias the depletion layer and, thus, a space
charge builds up in the Si and no localized charges are present in the PCBM
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layer. The charge complementary to the one stored in the Si space charge region
is thus exclusively located at the metal contact to the PCBM layer. To analyze
the electric field and potential distribution and finally the capacitance of the
space charge profile defined above we formulate Poisson’s equation:

− ∂V 2(x)

∂x2
= −| q | NA

ε0εSi
(4.1)

where V (x) is the spatially varying electrical potential defined in the space charge
region of Si and in PCBM layer, q is the elementary charge, NA is the doping
concentration in Si, ε0 and εSi denote vacuum dielectric permittivity and relative
permittivity of Si respectively.

The electric field is obtained by integrating Poisson’s equation: ~E(x) = −∂V (x)
∂x

.
For x ∈ [−wSi , 0], where wSi is the depletion layer width in p-Si and position
x = 0 corresponds to the p-Si/PCBM interface:

E1(x) =

x∫
−wSi

− | q | NA

ε0εSi
dx′

E1(x) =
− | q | NA(x+ wSi)

ε0εSi
(4.2)

further integration gives the potential:

V1(x) = −
x∫

−wSi

E1(x
′)dx′

V1(x) = −
x∫

−wSi

E1(x
′)dx′ =

| q | NA

ε0εSi

x∫
−wSi

(x′ + wSi)dx
′

V1(x) =
| q | NA

ε0εSi

1

2
(x+ wSi)

2 (4.3)

From Gauss’s theorem the component of electric displacement field perpendicular
to the interface ~D = εSiε0 ~E has to be continues at x = 0: εSiE1(0) = εC60E2(0),

hence E2(0) = −|q|NAwSi

ε0εC60
.

For x ∈ [0, d], where d is the thickness of PCBM layer, since there are not any
unbalanced charges in the PCBM layer, E2(x) is constant throughout the layer:

E2(x) = E2(0) =
− | q | NAwSi

ε0εC60

(4.4)

V2(x) = V2(0)−
x∫

0

E(x′)dx′ = V2(0) +
| q | NAwSi
ε0εC60

x (4.5)

where V2(0) = V1(0) = |q|NA

2ε0εSi
w2
Si

V2(x) =
| q | NA

2ε0εSi
w2
Si +

| q | NAwSi
ε0εC60

x (4.6)
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Figure 4.7: Electrical field and potential as a function of position in the
device. x = 0 denotes the interface, external bias Vbias = 0.

Fig. 4.7 shows the electric field and potential distribution based on above
equations. The potential at the position of the metal contact to the PCBM
layer V2(d) is the total potential drop across the device, which at external bias
Vbias = 0 equals the built-in potential Vbi that results as a consequence of the
equilibrization of the electrochemical potential across the device:

V (d) =| Vbi | −Vbias (4.7)

where Vbias is negative for biasing the diode in the reverse direction. Substituting
Eq. 4.6 yields:

| q | NA

2ε0εSi
w2
Si +

| q | NAd

ε0εC60

wSi =| Vbi | −Vbias (4.8)

w2
Si +

2dεSi
εC60

wSi −
2ε0εSi
| q | NA

(| Vbi | −Vbias) = 0 (4.9)

wSi = −dεSi
εC60

±

√(
dεSi
εC60

)2

+
2ε0εSi
| q | NA

(| Vbi | −Vbias) (4.10)

The value of wSi is a function of external voltage and has the following values
depending on the external voltage:

wSi =


wSi > 0 if V <| Vbi | reverse bias
wSi = 0 if V =| Vbi | flat band condition
wSi ∈ Im if V >| Vbi | injection

(4.11)

The total capacitance of the structure equals:

CT =
dQ

dV
=

d(| q | NAwSi)

dV
=| q | NA

dwSi
dV

(4.12)

CT =| q | NA
2ε0εSi
| q | NA

1

2

√(
dεSi

εC60

)2
+ 2ε0εSi

|q|NA
(| Vbi | −Vbias)

(4.13)
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CT =
ε0εSi√(

dεSi

εC60

)2
+ 2ε0εSi

|q|NA
(| Vbi | −Vbias)

(4.14)

hence the following expression for the inverse of capacitance square results:

1

C2
T

=
1

(ε0εSi)2

[(
dεSi
εC60

)2

+
2ε0εSi
| q | NA

(| Vbi | −Vbias)

]
(4.15)

The slope of 1/C(V )2 line yields the acceptor doping concentration NA and
intersection with x-coordinate gives the V 0

bias which eventually gives the expression
for Vbi.

1

C2
T

= 0 =

(
dεSi
εC60

)2

+
2ε0εSi
| q | NA

(| Vbi | −V 0
bias) (4.16)

finally

| Vbi |= V 0
bias −

| q | NA

2ε0εSi

(
dεSi
εC60

)2

(4.17)
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Figure 4.8: 1/C2 vs V characteristics of Al/p-Si/PCBM/Al heterojunction
for three different diodes fabricated in the same process. The intersection

of orange line
(
dεSi
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)2
and data points is an alternative way to estimate Vbi

from Eq.4.18.

Fig. 4.8 shows the 1/C2 plot for three different samples fabricated in the same
process, with the same thickness measured with AFM d = 165 ± 12 nm. The
sharp decrease of 1/C2 at voltages around 0.3 V can be attributed to the addi-
tional charging at the interface at the onset of charge carrier injection. The small
deviation from the linear behaviour at large negative bias (i.e. at small junction
capacitance) is attributed to stray capacitances in parallel with the device.
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Table 4.1: Values extracted from five different samples and average value of
all parameters

Sample NA / ·1015 cm−3 Vbi/V ΦB(C−V ) / eV
Nr 1 1.74 0.39 0.64
Nr 2 1.81 0.35 0.60
Nr 3 1.85 0.33 0.58
Nr 4 1.82 0.42 0.67
Nr 5 1.8 0.35 0.6
Nr 6 2 0.41 0.66
Nr 7 1.4 0.35 0.6
Nr 8 1.8 0.41 0.66
Nr 9 2.2 0.41 0.66

AVG 1.82 0.38 0.63±0.06

Table.4.1 lists the parameters extracted from all measured samples (not all
of them are shown on the plot for the sake of clarity), and calculated built-in
potential and barrier height. The constant parameters were: dielectric constants
of silicon and PCBM εSi = 11.7 and εC60 = 3.9, vacuum permittivity ε0 = 8.85 ·
10−12 F/m, elementary charge q = 1.6 · 10−19. The discrepancies in slope and
intersection values, which influence all other calculated parameters, are ascribed
to samples variations due to non-uniformities of PCBM layer thickness and active
electrode area, which are typical for spin-coated devices. The average value of
doping concentration NA = 1.82 · 1015cm−3 is corresponding to a resistivity
7.5 Ωcm [5]. These value is in agreement with the resistivity values specified
by the wafer supplier (5-10 Ωcm) and those measured with four-point probe
(6.3 Ωcm).
The average value of built-in potential, from Eq. 4.17, is Vbi = 0.38 ± 0.06 V.
The estimated uncertainty mainly results from the uncertainty of the PCBM layer
thickness (±12 nm).

An alternative way to evaluate Vbi comes directly from Eq. 4.15 for Vbias =
Vbi:

1

C2
T

=
1

(ε0εSi)2

[(
dεSi
εC60

)2

+ 0

]
(4.18)

The intersection of the
(

d
ε0εC60

)2
line with the measurement data points (shown

in orange line in Fig. 4.8) yields Vbi. The drawback of this approach is that only
one measurement point is used in the evaluation. Nevertheless the obtained
Vbi= 0.35 V is equal within uncertainty to the one obtained from Eq. 4.17 using
all measurement points in linear range. The fact that the intersection is at the
knee of 1/C2 means that beyond this voltage (the flat band condition) Eq. 4.15
is no longer valid and for higher voltages the injection starts and accumulation
of charges at the interface occurs resulting in an increase of total capacitance.

The built-in potential Vbi is the sum of the potential drop in the depletion
layer of Si V 0

Si and in the PCBM film V 0
PCBM at 0 V external bias:

Vbi = V 0
Si + V 0

PCBM (4.19)

Those two components of potential drop can be calculated from the expression
for the potential vs x (Eq. 4.3 and Eq. 4.6), with V 0

Si = V 0
1 (0) (the integral of
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potential from -wSi to 0) and V 0
PCBM = V 0

2 (d)-V2(0) (the integral from 0 to d).
If we apply external bias the total potential drop in the device equals Vbi−Vbias.
Fig. 4.9 shows how does the total potential drop and the external voltage itself
divide between the two layers, where the V V

Si and V V
PCBM were calculated as well

from above equations with appropriate value of wSi(V ). At 0 V external bias most
of the built-in potential corresponds to V 0

PCBM = 0.3 eV with V 0
Si = 0.05 eV only.

With increasing reverse bias the contribution of VSi grows and finally at -2.3 V
the potential drop is equally shared between two sides of the interface.
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Figure 4.9: 1) Solid lines: Distribution of total voltage drop(V (d) = Vbi −
Vbias) in the device between depletion layer in Si and PCBM layer. 2) Dashed
lines: Distribution of external voltage drop Vbias in the device between two
layers.

In the following the band alignment at the interface is discussed. The exact
positions of energy levels at any inorganic–organic interface is a subject of an
intensive studies. The ideal model of interface band alignment presented for the
first time by Mott in 1938 [80] and Schottky in 1939 [81] for metal-inorganic
semiconductor interfaces known as the Schottky-Mott limit predicts the vacuum
level alignment defining the barrier height by the values of ionization potential,
electron affinity and the work function of the materials. The work function of Si is
about -4.8 V [82] and the reported LUMO level of PCBM measured electrochem-
ically differs from -3.7 eV [83] to -4.3 eV [84], depending on the electrochemical
setup used and a reference electrode in particular. In this work we performed an
electrochemical measurement using cyclic voltammetry where glass-ITO covered
with the studied material was used as working electrode, Ag/AgCl calibrated
with ferrocene/ferrocenium redox couple as quasi-reference electrode and Pt as
a counter electrode. For calculations of LUMO levels the value of half-peak
(E1/2) of ferrocene/ferrocenium redox couple was referred to vacuum level us-
ing the values reported in [85]. For for the LUMO energy level of PCBM the
value of -4.2 eV was obtained. The same setup was also used to study other
investigated materials i.e. DiMe-PTCDI and Indigoids. Table 7.2 summaries val-
ues of LUMO level for all studied materials. Although the exact absolute values
of organic material LUMO level and work function of p-Si can not be obtained
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from comparison of various literature data, it can be concluded that the Fermi
level (EF ) of the p-Si is energetically below the LUMO of PCBM.

On the other hand the present studies predict the existence of a dipole at the
interface that is defining the relative position between the vacuum level on both
sides of the interface [86, 87], therefore the values of LUMO energy of pristine
organic material and the work function of Si are not sufficient to identify the
exact alignment of energy levels at the interface.
However, the built-in potential Vbi could be obtained experimentally from C-V
measurement. We will use the expressions for the potential as a function of x
throughout the device obtained from Poisson’s equation to calculate the energy
levels as a function of x. Those expressions depend on Vbi through the value of
wSi (Eq. 4.10). At thermal equilibrium and 0 V external bias the EF is constant
throughout the whole device. Other known parameters are the bandgap of Si
at room temperature 1.12 eV [5], the bandgap of PCBM 2.4 eV [76] and the
location of EF in p-Si relative to the valence band, which can be calculated for
a given doping concentration from:

EFV = kT ln(
NV

NA

) (4.20)

where NV = 2.66 ·1019cm−3 is the effective density of states in the valence band,
for silicon at 300 K [58], resulting in EFV = 0.25 eV . In the following EF in the
Si substrate far away from the interface with PCBM is assumed as 0 eV position.
The position of the silicon valence band throughout the depletion layer, relative
to EF , is:

EV (x, Vbias) = − | q | V1(x, Vbias)− EFV = −q
2NA

ε0εSi

1

2
(x+ wSi(Vbias))

2 − EFV
(4.21)

where the negative sign reflects the fact that the bands are bent downwards.
Similarly the position of PCBM-LUMO level throughout the PCBM layer, relative
to EF , is calculated from the electrical potential V2 (Eq. 4.6) in the PCBM layer
at given x and V according to:

ELUMO(x, Vbias) = − | q | V2(x, Vbias) + E0 (4.22)

The integration constant E0 is determined assuming that the Fermi energy of
the PCBM is pinned to the Al Fermi level [76] and the externally applied bias
determines the difference between the quasi-Fermi energy of both contacts ESi

F −
EPCBM
F = −Vbias (where negative Vbias is defined in reverse bias direction).

Thus, ELUMO(d, Vbias) =| q | Vbias, where we have used that ESi
F = 0 for

x < −wSi. With this boundary condition we obtain:

ELUMO(d, Vbias) =| q | V = − | q | V2(d, Vbias) + E0 (4.23)

hence
E0 =| q | Vbias+ | q | V2(d, Vbias) (4.24)

Finally:

ELUMO(x, Vbias) = − | q | V2(x, Vbias)+ | q | V2(d, Vbias)+ | q | Vbias (4.25)

37



For the barrier height ΦB, defined as the difference between the position of
valence band in Si at the interface and the position of PCBM LUMO at the
interface, we get:

ΦB = ELUMO(0, Vbias)−EV (0, Vbias) =| q |
[
| q | NAwSi
ε0εC60

d+ Vbias +
| q | NA

2ε0εSi
(wSi)

2 +
EFV
| q |

]
(4.26)

using Eq. 4.8 we get:

ΦB =| q |
[
| Vbi | −Vbias + Vbias +

EFV
| q |

]
=| q | Vbi + EFV (4.27)

Thus in the presented model the barrier height is independent of the external
voltage. Finally the average value of barrier height obtained from 1/C2 plot
ΦB(C−V ) = 0.63± 0.05 eV (see Table 4.1).

Fig. 4.10 and Fig. 4.11 show the band alignment and components of built-in
potential obtained from C-V analysis for short circuit condition and reverse bias
respectively.
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Figure 4.10: Band alignment at p-Si/PCBM interface. All values, except the
Si wafer real thickness on the left side, are shown in scale and were calculated
using the appropriate equations presented above.
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4.2.1.2 J-V characteristics. Theoretical model for the diode op-
eration

To analyze the J-V characteristics we have to look at the schematic picture of
band alignment at the interface, presented in Fig. 4.10 and Fig. 4.11. The rela-
tive position of those levels implies the character of the current flow through the
device. Under forward bias condition i.e. a positive bias voltage applied to the
Al/p-Si back contact, electrons are efficiently injected from the Al top-contact
into the PCBM layer. However, due to the barrier between the PCBM LUMO
level and the Si conduction band (CB) the further electron injection from the
PCBM LUMO into the Si conduction band is energetically unfavorable and the
current has to traverse the organic–inorganic interface as a recombination current
between electrons in the PCBM and holes in the p-Si.
On the other hand under reverse bias condition i.e. the negative voltage applied
to the Al/p-Si back contact, holes are extracted from the p-Si valence band (VB)
into the Al back-contact. However, no efficient direct injection of holes into the
p-Si from the PCBM-HOMO is possible due the very low intrinsic PCBM hole
concentration and the injection barrier for holes from the Al top-contact into the
PCBM-HOMO. Thus, in the absence of radiation, only thermally excited carriers
can maintain the dark current expected under reverse bias. We assume that in
the ideal case the reverse dark current would result from direct thermal excitation
of electrons(generation) from the p-Si valence band VB into the PCBM-LUMO.
To describe the balance between those two competing processes of recombina-
tion and generation that defines the net current flowing through the device we
will apply the theory of trap assisted recombination of charge carriers given by
Shockley and Read [88], where we assume that the LUMO level of PCBM can
be treated as a trap level of energy ELUMO, capable of capturing and emitting
holes (recombination and generation respectively).
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The considered processes are governed by Fermi-Dirac statistics, thus the distri-
bution functions are defined as:
fe(E) - the distribution function for electrons i.e. the probability that a state
with energy E is occupied by electrons (empty of holes):

fe(E) =
1

1 + exp(E−EF

kBT
)

(4.28)

fh(E) - the distribution function for holes i.e. the probability that a a state with
energy E is occupied by hole (empty of electrons)

fh(E) = 1− fe(E) = 1− 1

1 + exp(E−EF

kBT
)

=
1

1 + exp(EF−E
kBT

)
(4.29)

fLUMO(Ex=0
LUMO) - probability that the trap i.e. LUMO state at the interface is

occupied by electrons, which in thermal equilibrium is given by:

fLUMO(Ex=0
LUMO) =

1

1 + exp(
Ex=0

LUMO−F
kBT

)
(4.30)

1− fLUMO(Ex=0
LUMO) - probability that the LUMO state is empty of electron:

1− fLUMO(Ex=0
LUMO) = fLUMO(Ex=0

LUMO) exp(
Ex=0
LUMO − F
kBT

) (4.31)

In the above equations EF stands for Fermi level, however in the further calcu-
lation for a biased junction quasi-Fermi levels will be used to describe the carrier
distribution in Si and PCBM separately.
The hole emission rate dvhe from the LUMO level into the Si valence band is
proportional to the concentration of empty LUMO states and to the probability
that states in the VB in the range dE are occupied with electrons:

dvhe = ep(E) · (1− fLUMO(Ex=0
LUMO, E

PCBM
F ))NLUMO · f(E,ESi

F )N(E)dE
(4.32)

where NLUMO is the total number of states at LUMO level per cm3, N(E) is
the density of states in the Si VB and ep(E) is the average probability, per unit
time that a hole in the range dE be emitted by an empty LUMO state, EPCBM

F

and ESi
F denote the quasi-Fermi levels on both sides of the interface associated

with top Al/PCBM contact and with bottom Al/Si contact respectively. At short
circuit conditions those levels are equal, however, as shown in Fig. 4.11, under an
external bias they split by the value equal to the external bias. Similarly the hole
capture rate dvhc is proportional to the concentration of occupied LUMO states
and to the probability that states in the VB in the range dE are empty (occupied
by holes):

dvhc = cp(E) · fLUMO(Ex=0
LUMO, E

PCBM
F )NLUMO · (1− fe(E,ESi

F ))N(E)dE
(4.33)

where cp is the average probability per unit time that a hole in the range dE be
captured by an occupied LUMO state.
The net rate of hole recombination (capture - emission):

dUcp = dvhc − dvhe
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=

[
fLUMO(1− fe(E))− (1− fLUMO)fe(E)

ep(E)

cp(E)

]
NLUMOcp(E)N(E)dE

=

[
1− (1− fLUMO)

fLUMO

fe(E)

(1− fe(E))

ep(E)

cp(E)

]
fLUMONLUMOcp(E)(1−fe(E))N(E)dE

(4.34)
where the appropriate parameter values of the distribution functions i.e. the value
of energy of LUMO states at the interface Ex=0

LUMO and a suitable quasi-Fermi
levels have been omitted for the sake of clarity. If the system is in equilibrium
the net hole recombination rate is zero, the relation EPCBM

F = ESi
F holds(which

is not the case otherwise), and the value in square brackets in Eq. 4.34 must be
zero, leading to:

ep(E)

cp(E)
=
fLUMO(1− fe(E))

(1− fLUMO)fe(E)
=

fLUMO

fLUMO exp(
Ex=0

LUMO−E
PCBM
F

kBT
)

fe(E) exp(
E−ESi

F

kBT
)

fe(E)

= exp(
E − ESi

F − Ex=0
LUMO + EPCBM

F

kBT
) = exp(

E − Ex=0
LUMO

kBT
) (4.35)

Substituting Eq. 4.35 into Eq. 4.34 yields:

dUcp =

[
1− exp(

Ex=0
LUMO − EPCBM

F

kBT
) exp(

−(E − ESi
F )

kBT
) exp(

E − Ex=0
LUMO

kBT
)

]
× fLUMONLUMOcp(E)(1− fe(E))N(E)dE (4.36)

=

[
1− exp(

ESi
F − EPCBM

F

kBT
)

]
fLUMONLUMOcp(E)(1− fe(E))N(E)dE

(4.37)
Integrating over all possible hole energies gives the total hole recombination rate:

Ucp =

[
1− exp(

ESi
F − EPCBM

F

kBT
)

]
fLUMONLUMO

−∞∫
Ev

cp(E)(1−fe(E))N(E)dE

(4.38)
We point out here that in the described case we are dealing with a non-degenerate
semiconductor since, as was shown above, ESi

F − EV = 0.25 eV>3kT . Thus a
Maxwell-Boltzmann distribution can be assumed for the holes distribution func-
tion in Si:

(1− fe(E)) ∼= exp(
E − ESi

F

kBT
) (4.39)

Substituting expression Eq. 4.39 and rewriting Eq. 4.38 gives:

Ucp =

[
1− exp(

ESi
F − EPCBM

F

kBT
)

]
fLUMONLUMO

×
−∞∫

Ex=0
V

cp(E) exp(
E − Ex=0

V + Ex=0
V − ESi

F

kBT
)N(E)dE (4.40)

=

[
1− exp(

ESi
F − EPCBM

F

kBT
)

]
fLUMONLUMO ·NV exp(

Ex=0
V − ESi

F

kBT
)
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×

−∞∫
Ex=0

V

cp(E) exp(
E−Ex=0

V

kBT
)N(E)dE

NV

(4.41)

where NV is the effective density of states in the valence band, Ex=0
V is the VB

energy. Introducing p = total amount of holes in valence band

p = NV exp(
Ex=0
V − ESi

F

kBT
) (4.42)

and 〈cp〉 = the average probability over states in valence band, per unit time
that a hole in the range dE be captured by an occupied LUMO state:

〈cp〉 =

∞∫
Ex=0

V

cp(E) exp(
E−Ex=0

V

kBT
)N(E)dE

NV

(4.43)

where Cp = the probability per unit time that a hole will be captured if the
LUMO states are fill with electrons so that they are in a condition to capture
holes.

Cp = NLUMO〈cp〉 (4.44)

the expression for Ucp becomes:

Ucp =

[
1− exp(

ESi
F − EPCBM

F

kBT
)

]
fLUMOpCp

= [pfLUMO −NV exp(
Ex=0
V − ESi

F

kBT
) exp(

ESi
F − EPCBM

F

kBT
)

× exp(
EPCBM
F − Ex=0

LUMO

kBT
)(1− fLUMO]Cp (4.45)

where

fLUMO = 1− fLUMO exp(
EPCBM
F − Ex=0

LUMO

kBT
) (4.46)

was substituted.
Thus finally:

Ucp =

[
pfLUMO −NV exp(

Ex=0
V − Ex=0

LUMO

kBT
)(1− fLUMO)

]
Cp (4.47)

results. By introducing p1 as the number of holes in the Si valence band for the
case in which the Fermi level falls at Ex=0

LUMO:

p1 = NV exp(
Ex=0
V − Ex=0

LUMO

kBT
) = NV exp(

−ΦB

kBT
), (4.48)

finally we obtain for the total net recombination rate:

Ucp ∝ [pfLUMO − p1(1− fLUMO)] (4.49)

The interface generation-recombination (G-R) current density flowing through
the device (Jd), is proportional to Ucp, allowing us to model the current density-
voltage characteristics. Depending on the value of external bias Vbias, either
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recombination (p · fLUMO) or generation (p1 · (1 − fLUMO)) current density is
dominating and the sign of the net current density changes. Fig. 4.12 shows the
voltage dependence of distribution functions fLUMO and (1− fLUMO), which is
the probability that the LUMO state is occupied by electron or empty, respec-
tively. For evaluating fLUMO, the difference Ex=0

LUMO − EPCBM
F as a function of

the external bias was calculated using Eq. 4.23 and assuming that the quasi-Fermi
level in PCBM EPCBM

F is constant throughout the complete PCBM layer at the
level of + | q | Vbias. As we can see under reverse bias the LUMO state is empty,
reaching 50% probability of occupation at V = 0.35 eV i.e. at the flat band
condition for which wSi = 0. Similarly for evaluating the total amount of holes p
the value of Ex=0

V as a function of external bias is calculated from Eq. 4.21 and
assuming that the quasi-Fermi level in Si ESi

F is zero throughout the whole Si
substrate.
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Figure 4.12: The external bias dependence of distribution functions for elec-
tron in LUMO state fLUMO and for hole in LUMO state (1− fLUMO)

Basing on Eq. 4.49, the Jd can be expressed as:

Jd = J0 [pfLUMO − p1(1− fLUMO)] (4.50)

Since the relevant energy levels, Ex=0
V and Ex=0

LUMO, required for evaluating
Eq. 4.50 are obtained from our C-V experiments through the solution of Poisson’s
equation given in Eq. 4.21 for Ex=0

V and in Eq. 4.23 for Ex=0
LUMO and the difference

between ESi
F −EPCBM

F =| q | Vbias is given by the external voltage, J0 is the only
free parameter available for scaling the ideal generation-recombination current to
the experimental data.

For forward bias voltage higher than Vbi additional charging at the interface
occurs due to injection, resulting in an enhancement of the capacitance of organic
layer. The total charge density is:

p(V ) = pbi + ∆p(V ) (4.51)

where pbi is the value of p at V = Vbi and ∆p(V ) is voltage dependent additional
charge density. Knowing the capacitance of organic layer CPCBM = εC60ε0/d
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and the voltage drop over organic layer for forward bias direction V −Vbi we can
calculate the surface charge density. In order to calculate the bias dependent
accumulated charge density per volume ∆p(V ) we use the characteristic length
L corresponding to Debye screening length, which describes the distance over
which a small unbalanced charge decays [5]:

LD =

√
εSiε0kBT

q2NA

(4.52)

Finally the expression for additional charge density is:

∆p(V ) =
CPCBM(V − Vbi)
| q | LD

(4.53)

For J0 = 1 · 10−17 A/cm2 the ideal generation-recombination current density
as calculated from Eq. 4.50 (including the total charge concentration expressed in
Eq. 4.51 for forward bias higher than Vbi) is shown by the green line in Fig. 4.13.
In order to account for the non-ideal properties of the junction, a series resistance
Rs accounting for all contact resistances is included in our simulations. The total
current density across the device in the forward direction can be calculated by:

JT (V ) = Jd(Vd) (4.54)

where V is the external voltage, Jd(Vd) is the ideal G-R diode current density
as a function of the voltage drop Vd across the rectifying interface as calculated
from Eq. 4.50.
The total external voltage is expressed as:

V = Jd(Vd)Rs + Vd (4.55)

The corrected theoretical curve is compared with measurement points (red line
in Fig. 4.13) assuming Rs = 33 Ωcm2 (for given electrode area 14 cm2 the value
of Rs is corresponding to 236 Ω). With this parameter we obtain a reasonable
agreement between experiment and simulation in forward direction.
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Figure 4.13: J-V characteristics of Al/p-Si/PCBM/Al structure. The results
of the modeling using the ideal interface generation-recombination model
at 300 K (Eq. 4.50) are shown by the green line. Including parasitic series
resistance, the red line results as fit to the experimental J-V curve in forward
direction.

For reverse bias we conclude from Fig. 4.13 that the measured J-V character-
istics is dominated by a charge transport via a parallel channel, since a 100 times
larger reverse current density is measured than expected from the ideal interface
G-R current model (Eq. 4.50).

The trivial explanations for this parallel channel are ohmic shunts Rp due to
pin-holes in the PCBM layer through that the Al directly contacts the p-Si layer
and defects in the Al-PCBM contact via that holes are injected into the HOMO
of PCBM. While such technological defects are definitely present in some of our
samples, their dominance in the presented data can be virtually ruled out, since
from any batch of processed samples only those with the largest rectification,
i.e with the largest Rp were chosen for further characterization. These samples
show reproducible J-V characteristics, making uncontrolled technical defects as
reason for a shunt extremely unlikely. In addition the voltage dependence of the
measured current density deviates from the linear one expected for an ohmic
shunt, as shown by the green line in Fig. 4.17. Moreover, the observed activation
of the reverse current with temperature, which will be discussed below, can not
be understood based on this trivial model.
For investigating the conduction mechanism via this channel, which is believed
to be intrinsic to the device structure, the dependence of the reverse current
on the temperature was determined. Although the ideal reverse current density
described by Eq. 4.50 is also temperature dependent any observed dependence
of the reverse current density on temperature is due to transport via the parallel
channel, since in the temperature range from 250 K to 300 K the ideal interface
G-R current density at -1.1 V is two orders of magnitude lower than the measured
value at the same temperature (see Fig. 4.14).

The J-V vs T measurements were done for a set of samples fabricated in
different processes. The samples were mounted in the cryostat, cooled to liquid
nitrogen temperature and left for self heating, or optionally heated to 340 K and
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left for self cooling with heating/cooling rate lower than 0.01 K/s, what provided
a thermal equilibrium. Typically a constant reverse bias (-1.1 V) was applied and
the current and temperature have been automatically recorded every 1 s via the
LabView controlled computer. The results of two measurements are presented
in Fig. 4.14 and Fig. 4.15 in a form of an Arrhenius plot. The experimentally
measured current density follows the equation:

J = A · exp(
−Ea
kBT

) (4.56)

ln(J) = ln(A) + (
−Ea
kBT

) (4.57)

where A is the proportionality constant. The slope of the linear fit yields the
activation energy Ea. Table 4.2 summarized the values obtained for all measured
samples with average value of the thermal activation energy of dark reverse
current equal to 0.54± 0.02 eV.

Figure 4.14: Arrhenius plot of dark current at reverse bias -1.1 V, sample
Nr 1. The green line shows the theoretical temperature dependence of ideal
interface G-R current density as calculated from Eq. 4.50.
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Figure 4.15: Arrhenius plot of dark current at reverse bias -1.1 V, sample
Nr 2
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Figure 4.16: Arrhenius plot of dark current at reverse bias -1.1 V, sample Nr
3. Inset: bias dependence of activation energy

Table 4.2: Activation energy values extracted from four different samples
measured at -1.1 V

Sample Ea /eV
Nr 1 0.55
Nr 2 0.53
Nr 3 0.53
Nr 4 0.55

AVG 0.54

To study the bias dependence of the activation energy the J-V sweep has
been recorded every 1 K during self cooling of the sample from 340 K to room
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temperature with rate of cooling lower than 0.01 K/s. The inset of Fig. 4.16
shows that the value of activation energy is virtually independent of the external
bias, ranging from 0.52 eV to 0.54 eV at -0.25 V. It is therefore reasonable to
assume the uncertainty of activation energy measurement on the order of 0.02 V.

We want to point out that due to the dominance of the parallel transport
channel, the activation energy can not be attributed to the height of the p-
Si/PCBM interface barrier defined directly as difference between the interface
position of Si VB and LUMO of PCBM.

A possible explanation of the origin of observed thermally activated parallel
channel might be the generation-recombination mechanism in the depletion re-
gion in p-Si substrate. It is well known that in Si p-n junctions the net generation-
recombination current, which is thermally excited over the Si bandgap through
out the depletion zone, is dominating the reverse current by several orders of mag-
nitude as compared to the saturation diffusion current [5,89,90]. The same mech-
anism has been suggested for organic–inorganic diodes on n-GaAs substrate [42]
and p-Si substrate [41].

According to Ref. [5], the generation current depends on the width of the
depletion zone wSi and the intrinsic carrier density ni = 1.45 · 1010 cm−3 at
300 K of the substrate semiconductor. For large enough reverse biases for which
p < ni in the dominant part of the depletion region in a p-type Si, the space
charge region generation current density can be approximated by:

Jrevgen =| q | niwSi/τe (4.58)

where τe is the effective lifetime of the thermally generated minority carriers in
the substrate semiconductor.

Due to the proportionality of Jrevgen to ni, its thermal activation depends expo-
nentially on Eg/2kBT , where Eg is the bandgap of the substrate semiconductor.
The experimentally obtained activation energy (0.54 ± 0.02 eV) is in excellent
agreement with the value that one would expect based on the bandgap of the Si
substrate. Using τe ≈ 0.1µs as typical value for Si [89], the black line in Fig. 4.17
is calculated for Jrevgen using Eq. 4.58. Fig. 4.17 shows that the space charge region
generation current density as calculated according to Eq. 4.58 is in good agree-
ment with the measured reverse current density. Therefore, we conclude that
the heterojunction diode current in reverse direction is dominated by the space
charge region generation current, which exceeds the interface generation current
calculated using Eq. 4.54 by the same amount as observed in the experiment.

Since wSi is proportional to the square root of the external voltage, the
same dependence is expected for the space charge region generation current.
The deviation from the square root dependence of Jrevgen shown in Fig. 4.17 for
V > −2V remains unclear up to now. Tunneling of the electrons through
triangular barrier (Fowler-Nordheim tunneling [56]) can be ruled out, since this
process results in an exponential increase of the current, dominating the J-V
above a certain threshold voltage.
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Figure 4.17: J-V characteristics of Al/p-Si/PCBM/Al structure in reverse
bias direction. The results of modeling using space charge region generation
is shown by the black line, additionally a pure ohmic shunt current charac-
terized by parallel resistance value RP = 1 MΩcm2 is shown for comparison
by green line.

The other explanation of the parallel conduction mechanism could be the
presence of deep trap states in PCBM located at ' 0.55 eV below LUMO level,
facilitating a hopping transport, with possible thermal activation of electrons into
the delocalized LUMO band. The difference in the energetic positions of LUMO
and trap level would correspond to the measured activation energy. Based on such
a model, the trap energy level providing the small hoping mobility would show up
in the band diagram shown in Fig. 4.10 0.53±0.02eV below the PCBM LUMO
level, i.e. lined up at the interface with the Si VB energy level (0.6±0.05 eV
below PCBM LUMO) within experimental uncertainties. In this model a direct
injection of electrons from the silicon valence band into the localized sub-bandgap
states of PCBM and a subsequent transport via localized states to the Al contact
might represent the parallel conduction channel characterized by Rp, dominating
the current in the reverse direction. From Fig. 4.17 a parallel resistance RP =
1 MΩcm2 can be estimated. As upper concentration limit for electrons injected
into the trap level nlim = 8 · 1013 cm−3 is estimated. A larger injected electron
concentration would result in a band bending of ∼ 10 meV, which would be
observable in the C-V measurement as reported in Section 4.2.1.1. From these
estimated values, a minimum mobility of µPCBMt = 1 · 10−6 cm2/Vs for the
transport via the trap states is required. This required mobility appears to be
unlikely large for the assumed deep traps ' 0.55 eV below the PCBM LUMO,
and would imply an unusual high density of states at a very narrow level which
was not reported in literature [91].

In addition, the observed deviation from the linear J-V characteristics, which
would be a consequence of this interpretation, can not be explained in this model.

From the currently available data set, most likely the space charge region
generation current is the reason for the large observed reverse current. However,
for ruling out the mechanism discussed in the previous paragraph, further studies
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would be required.

4.2.2 Photoresponse - spectrally resolved photocur-
rent

Fig. 4.18 and Fig. 4.20 show a J-V characteristics of studied Al/p-Si/PCBM/Al
devices measured at room temperature and 77 K respectively, under the broad-
band illumination of a NIR tungsten lamp of FTIR spectrometer, spectrally re-
stricted by a band-pass filter (cut–off above 0.95 eV and below 0.44 eV). The light
intensity was measured with calibrated InGaAs detector as described in Chap-
ter 3.2, where the integral limits were chosen as indicated in Fig. 3.5, resulting in
the value of 3.4 mW/cm2. At room temperature, the dark J-V characteristic and
the J-V under IR illumination are almost identical. However, a high resolution
J-V scan around zero bias, shown in Fig. 4.19 verifies that also at room temper-
ature a VOC of 1 mV and a short circuit current of 7.2 nA/cm2 is measured. At
77 K a typical photo-voltaic behaviour is seen, a short circuit current (JSC) of
52 nA/cm2 and an open circuit voltage VOC of 0.46 V is measured (Fig. 4.20).
The linear plot presented in Fig. 4.21 reveals that for forward bias higher than
VOC a slightly higher current is observed under illumination, reaching the relative
increase of 8 % as compared to dark current. A possible origin this observed
photoconductivity will be given later.
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Figure 4.18: The comparison of J-V characteristics measured at 300 K in
dark and under illumination with a tungsten lamp of a FTIR spectrome-
ter spectrally restricted by a 0.95 eV band-pass filter. Light intensity was
3.4 mW/cm2

50



−15 −10 −5 0 5 10 15

−10

−5

0

5

x 10
−8

Bias / mV

J 
/ A

/c
m

2

 

 

dark
under IR illumination

−10−8−6−4−2 0 2 4 6 8 10
10

−11
10

−10
10

−9
10

−8
10

−7
10

−6

Bias / mV

J
SC

=7.2nA/cm2 
V

OC
=1mV

Figure 4.19: The comparison of J-V characteristics measured with high res-
olution around 0 V, at 300 K in dark and under illumination with a tung-
sten lamp spectrally restricted with 0.95 eV band-pass filter. Inset: semi-
logarithmic plot.
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Figure 4.20: The comparison of J-V characteristics measured at 77 K in dark
and under illumination of a tungsten lamp of FTIR spectrometer restricted
with 0.95 eV band-pass filter. Light intensity was 3.4 mW/cm2
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and at forward bias, measured at 77 K in dark and under illumination of a
tungsten lamp of FTIR spectrometer restricted with 0.95 eV band-pass filter.
Inset: plot for low voltages.

The photocurrent (PC) has been spectrally resolved using a FTIR setup de-
scribed in Section 3.2.2. Due to relatively low short circuit current (in the range
of few nA under full illumination of FTIR NIR tungsten lamp spectrally restricted
with Si filter and a 0.95 eV band-pass filter) and corresponding low AC signal
reaching the electronics of the spectrometer, the fast scan measurement could
not have been applied in any case of p-Si/PCBM samples. Instead the step-scan
measurement has been applied with a chopper frequency of 69 Hz. The modula-
tion frequency is far below the roll-off frequency that for PCBM devices has been
roughly estimated from the time resolved response to be in kHz range, however,
the photodiode response time was probably limited by the electronic setup that
was applied in the case of p-Si/PCBM samples. Depending on the signal level,
different, integration times have been used, varying from 30 ms to 3 s. Usual
spectral resolution was 32 cm−1.

To understand the mechanism governing the light absorption and charge
excitation it is important to estimate the onset of the infrared response. Typi-
cally in case of well studied phenomena such as internal photoemission in metal-
semiconductor junctions a physical model is assumed leading to the spectral
dependence of the photoemission quantum yield in a form [92]:

Y = A(hν − Φ)p (4.59)

where Φ is the barrier height at the interface, hν the photon energy, and A
a constant. The value of power exponent p given by different authors varies
depending on the system parameters but is usually close to 2 for electronic tran-
sitions between metal and semiconductors with three-dimensional electron and
hole density of states. Hence most often the linearized form of spectral curves
is used a so called Fowler plot in Y 1/2 vs hν co-ordinates, based on the pioneer
paper by Fowler from 1931 [93]. The value of the barrier height is then estimated
from the intersection of the linear fit extrapolation with x-axis.
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Figure 4.22: Example of photocurrent spectra measured at 77K showing the
method of estimation of onset energy value and uncertainty.

The uncertainty of the estimation depends strongly on the power exponent p
of Eq. 4.59 which requires a correct detailed model of the internal photoemission
process for a given interface. In case of the studied p-Si/PCBM interface a
detailed valid model is not known and accurate linear fit can not be found. It
is therefore reasonable to estimate the onset of the photocurrent from the semi-
logarithmic plot, assuming that the onset corresponds to the photon energies at
which the noise of the signal ceases, see Fig. 4.22 for an example. The uncertainty
of the estimation (marked on figure with dashed lines) is assumed to be ±0.03 eV
at 300 K (kT = 26 meV at 300 K) and ±0.02 eV at 77 K(kT = 7 meV at 77 K but
in the case of the above analysis it is reasonable to assume higher uncertainty)
(Fig. 4.22). The method of the analysis of photocurrent onset described above
will be used for all measurements presented in this work.

In the following subsections, the results of the photo current measurements
at different temperature will be shown with general remarks concerning the spec-
tral shape obtained for various temperatures, followed by a discussion of the
photocurrent generation mechanism. In order to further validate the presented
model, the influence of the external bias, the material used as top metal electrode
and the chemical structure of the PCBM derivative will be shown.

4.2.2.1 Temperature dependence of PC

Fig. 4.23 shows the temperature dependence of the spectrally resolved photocur-
rent measured behind a silicon filter (photon energies lower than Si bandgap of
1.12 eV). Since the transmission edge of Si is not a step function [5], (shown
in Fig. 4.23 by the black dashed line), substantial amount of light with photon
energies close to the Si absorption edge reaches the sample despite the 5 mm
thick filter. As a result, at room temperature the dominating contribution to the
measured photocurrent is the peak close to 1.1 eV (see Inset of Fig. 4.23), which
is assigned to band to band absorption in the p-Si substrate of the device. As the
temperature decreases, the bandgap of silicon expands [5] shifting the absorption
edge of the p-Si substrate of the device above the absorption edge of the Si filter
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that is kept at room temperature. Hence the main peak at 1.1 eV abates and
finally nearly disappears at 77 K. The observed remaining signal below 1.1 eV is
monotonically increasing from its onset energy (close to 0.55 eV) to the Si filter
cutoff.
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Figure 4.23: Temperature dependence of responsivity spectra of Al/p-
Si/PCBM/Al heterojunction, measured behind Si filter. Inset: Full y-scale
plot of the responsivity spectra.
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Figure 4.24: Temperature dependence of responsivity spectra of Al/p-
Si/PCBM/Al heterojunction, measured behind a 0.95 eV band-pass filter.

In order to examine the infrared part of the measured spectra a band-pass
filter with cutoff energy at 0.95 eV is used. The filter is mounted together with
the Si filter, since the band-pass filter transmittance is not 0 % for the whole
spectral range above 0.95 eV and the light with h̄ω > 0.95 eV coming through
the filter has to be cut off by the Si filter to avoid the PC signal from absorption
in p-Si substrate. Fig. 4.24 shows that the shape of the spectral dependence of
PC does not change with the temperature and the responsivity at 300 K drops
to 40 % of the value at 77K for 0.8eV (1.55µm)(see Fig. 4.25).
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Figure 4.25: Temperature dependence of responsivity at photon energy 0.8 eV
(1.55µm).

As stated in the beginning of this section, the onset of photocurrent can be
estimated from the semi-log plot (Fig. 4.26). For clarity only, few temperatures
are shown in the plot. The onset is independent of temperature and is consistently
estimated to be 0.55±0.02 eV.
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Figure 4.26: Semi-log plot, temperature dependence of responsivity spectra of
Al/p-Si/PCBM/Al heterojunction, measured behind 0.95 eV band-pass filter.
The uncertainty of the onset estimation is shown by the dashed vertical lines.

In order to get a better insight into the low energy part of the spectra and to
eliminate the possibility of any secondary electron photoexcitation, that might be
possible in case of broad spectrum illumination in FTIR method, measurements
using a germanium filter with cut-off energy of around 0.7 eV have been done.
In case of PCBM samples the value of the photocurrent behind the germanium
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filter did not exceed 0.1 nA. Therefore, step-scan measurement with long inte-
gration time had to be done in order to get a satisfactory results. Nevertheless
the achieved signal–to–noise–ratio (SNR) was just 18 for room temperature mea-
surement with 3 s integration time and only 12 for 77 K measurement where 1s
integration time was used, because it was not possible to maintain the constant
temperature for 12 h required for 3 s integration time measurement.
Fig. 4.27 and Fig. 4.28 show the comparison of PC spectra behind germanium
and 0.95 eV filter for 300 K and 77 K respectively. Since the shape of the spectra
is the same for both filters used, the important conclusion is that the com-
plex photoexcitation of secondary species can be excluded. Due to very low
PC and SNR it is even more difficult to estimate the onset energy from semi-
logarithmic plot, especially for the 77 K experiment. Nevertheless, Fig. 4.27 gives
Φ0 = 0.51±0.03 eV for 300 K and Fig. 4.28 Φ0 = 0.55±0.02 eV, consistent with
the results presented above. The onset energy is considered as temperature in-
dependent at least within the assumed uncertainty level. Due to the extremely
low photocurrent leve and low SNR no better estimation was achieved.
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Figure 4.27: Semi-logarithmic plot, responsivity spectra of Al/p-
Si/PCBM/Al heterojunction, measured at 300 K behind germanium filter
and 0.95 eV band-pass filter. The uncertainty of the onset estimation is
shown.
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Figure 4.28: Semi-logarithmic plot, responsivity spectra of Al/p-
Si/PCBM/Al heterojunction, measured at 77 K behind germanium filter and
0.95 eV band-pass filter. The uncertainty of the onset estimation is shown.
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Figure 4.29: Scheme of the two processes responsible for photocurrent gen-
eration.

Two separate processes have to be considered in order to analyze the ob-
served photocurrent spectra. They are schematically denoted as process (a) and
(b) in Fig. 4.29. The process (a) i.e. the peak at 1.12 eV is assigned to the ab-
sorption in Si substrate and is explained as the photoexcitation of electron from
the valence band into the conduction band with subsequent interface crossing,
electron injection into the LUMO of PCBM and extraction via the top electrode.
Simultaneously the hole generated in the Si VB is extracted via the bottom elec-
trode, resulting in a short circuit photocurrent that is measured in the external
circuit. The validation of this explanation has been shown in temperature de-
pendence of photocurrent spectra, where the 1.12 eV peak abates upon shifting
of the absorption edge of the p-Si substrate energetically above the absorption

57



edge of the Si filter by cooling. On the other hand process (b), giving rise to the
IR tail measured behind the 0.95 eV filter remains independent of temperature.
Due to the transparency in the near infrared range of both heterojunction ma-
terials (see Fig. 4.23 for silicon and Fig. 4.4 for PCBM), process (b) can not be
trivially assigned to absorption in either of them. The sub-bandgap photocurrent
is assigned to the generation of an electron-hole pair and separation due to the
built-in field at the interface, featuring a photoexcitation of electrons from the
Si VB at the interface into the LUMO of PCBM. In that sense it should be
understood as an enhancement of the hole capture rate of the PCBM LUMO
level, i.e. as an enhancement of the thermal excitation of electrons over the
interface under reverse bias and short circuit condition, as described in details
in Section 4.2 for absent illumination. The estimated onset energy of photocur-
rent Φ0 = 0.55±0.02 eV corresponds, within the experimental uncertainties, to
the difference between valence band position and the PCBM LUMO energy at
the interface φ0 = Ex=0

V − Ex=0
LUMO i.e. to the barrier height estimated in C-V

experiment (ΦB(C−V ) = 0.6± 0.05 eV ).
With respect to the space charge region generation model for the reverse cur-

rent, the contribution of an analogous generation mechanism to the photocurrent
for photon energies in the range of 1.1 eV≥ h̄ω ≥0.55 eV can be ruled out by
the fact that such an effect is not observed for classic Si p-n junctions where the
reverse current is known to be dominated by space-charge region carriers gener-
ation [5]. Moreover the observed voltage dependence of photoresponse does not
follow the square root dependence expected for space-charge region generation.
It also does not follow the observed voltage dependence of the dark current shown
in Fig. 4.17, which is, as discussed in Section 4.2.1.2, most likely dominated by
space-charge region carrier generation.
Instead, Fig. 4.33 shows that the photocurrent is proportional to V 1/p, where
2
7
< p > 2

5
is obtained, depending on photon energy.

Other possible explanation of the photoresponse mechanism might be a pro-
cess of an optical excitation of near-interface bandgap states in the PCBM, which
has been described in the book by Afanas’ev on Internal Photoemission(IPE)
Spectroscopy [92] and referred to as a pseudo-IPE process (see Fig. 4.30). The
localized interface states in the PCBM gap are being re-filled by the electrons
tunneling from the Si VB across the interface providing a steady photocurrent.
The excited states, resulting from the photoexcitation of electrons from the sub–
bandgap localized states, are characterized by relatively long lifetimes due to the
fact that their relaxation mechanism is limited to low–efficient interactions with
phonons only. Typically for IPE process the excited electrons in metals or narrow–
bandgap semiconductors exhibit an inelastic electron–electron scattering before
they reach the interface. In case of pseudo-IPE process the energy of excited
electrons is lower than the bandgap of the material in which the photoexcitation
occurs, as a result the relaxation by inelastic electron–electron scattering is not
present. Due to relatively long lifetimes of the excited states, the quantum yield
of the pseudo-IPE may be large, even if the density of contributing initial sub-
bandgap states is low. The spectral dependencies of the quantum yield of the
pseudo-IPE are expected to be determined by the energy distribution of the gap
states involved in the photoexcitation.

This mechanism has been assumed to explain the photocurrent excitation
in the GaAs Schottky contacts modified by a molecular interlayer [94, 95]. A
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characteristic mark of the pseudo-IPE process is the lack of dependence of PC
spectra on the Density–of–States (DOS) of emitter and its Fermi level, in our
case on the p-doping concentration of the silicon substrate. Such an approach
was used to identify the photon-stimulated tunneling (PST) current in Si/SiO2
structures [96], the effect of photoemission itself allowed to analyze the defect
states in the oxide layer. Thus a systematic proof of the independence of the
photocurrent onset on NA should allow to clarify whether or not the pseudo-IPE
process occurs in our devices.

The presence of localized sub-bandgap state i.e. a polaron(anion) C−60 was
predicted theoretically [97, 98] and reported experimentally [99], see Chapter 5
for details. Moreover it was also seen in the photoconductivity of C60 OFET
presented in this work. The transistor contains no Si/fullerene interface, yields
however a photoresponse, which can be attributed to anion absorption with on-
set energy virtually equal to the PC onset of the diode investigated here (see
Fig. 5.15). Additionally the same onset is seen in the photo induced absorption
(PIA) experiment done on C60/CuPC blend where the excitation of an anion
state is clearly visible (see Fig. 5.13).
Thus, in such a model, the observed photoresponse would be a photoconductive
one (for Vbias 6= 0), what could explain the slight increase of forward bias current
under illumination shown in Fig. 4.21.

However, it has to be pointed out that based on the obtained results of pho-
tocurrent spectra for short circuit conditions and reverse bias, we are not able to
distinguish between the two proposed models namely the interface photoexcita-
tion from Si VB directly into LUMO of PCBM or a process with an intermediate
step featuring a photoexcitation of localized state in organic layer and tunneling of
holes into the Si (pseudo-IPE). Similarly, the interface generation-recombination
of charge carriers without illumination, which ideally should be responsible for the
reverse current density (but is obscured by a parallel process) and is believed to
be enhanced by photon absorption under illumination, can not be distinguished
as two-states process or a process with and intermediate step. In the model
for interface generation-recombination without illumination, presented in Sec-
tion 4.2.1.2, the potential role of an intermediate step should be reflected in the
corresponding probabilities of hole capture cp and emission ep, without resulting
in changes to the described formalism.

The question arises, if a potentially present localized state involved in PC
generation is an interface state or a bulk one with possibility to facilitate the
hopping transport, discussed in Section 4.2.1.2 as an alternative transport model
under the reverse bias. Based on the available data, a final conclusion with
respect to the carrier excitation path (direct excitation across the interface or via
an intermediate localized state) can not be made at this stage.
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Figure 4.30: Graphical representation of Internal Photoemission process (A)
and pseudo-IPE process (B), featuring photoexcitation of electron from near-
interface defect level filled by electron tunneling from conducting electrode.
Figure taken from [92].

4.2.2.2 Bias dependence of PC

The influence of the applied external bias has been measured at 100 K to provide
the insight to possible changes of both IR part and the Si peak of the PC spec-
trum. Fig. 4.31 shows that no obvious changes of the spectral shape are induced
by applying either negative or positive bias. Generally an increase of responsivity
with increasing reverse bias is observed and a decrease with increasing positive
bias. Finally at +0.5 V, when the injection starts, the PC signal disappears. A
detailed spectral analysis of photocurrent at higher forward bias, corresponding
to photoconductivity seen in Fig. 4.21 was not performed.
The rates of the bias induced changes are different for different photon energies
in the IR part and for Si peak (see Fig. 4.32). The PC associated with band to
band transition in Si increases at -4 V only 1.3 times respective to its value at 0 V,
whereas a two fold increase is observed for PC at 0.8 eV. The bias dependence
varies also for different energies in the IR tail. Fig. 4.33 reveals a dependence
PC ∝ V 2/5 for 0.6 eV and PC ∝ V 2/7 for 0.8 eV.
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Figure 4.31: Bias dependence of responsivity spectra of Al/p-Si/PCBM/Al
heterojunction, measured behind Si band-pass filter at temperature 100 K.
The guide lines at 0.6 eV, 0.8 eV and 1.12 eV mark the energies at which the
PC vs bias is shown in Fig. 4.32 Inset: lower energies view.
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Figure 4.32: Relative responsivity vs bias. The values for each energies
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Measured at temperature 100 K.
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Figure 4.33: Relative responsivity vs bias for 0.6 eV, 0.8 eV plotted with a
corresponding power resulting in linear dependence.

Important to notice is also the fact that the onset of the photocurrent
(Fig. 4.34) remains the same for all bias voltages investigated, at least within
the resolution of onset estimation. This finding is in agreement with the main
result that the onset energy for the photo excitation is given by the difference
between the position of ELUMO and EV , which is independent of external bias.
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Figure 4.34: Semi-log plot, Bias dependence of responsivity spectra of Al/p-
Si/PCBM/Al heterojunction measured at 100 K. The uncertainty of the onset
estimation is shown.

4.2.2.3 Top Metal electrode dependence of PC

In order to further validate the presented model for sub-bandgap absorption dif-
ferent metals have been used as the top electrode. The ohmic Al contact has
been replaced with Au that is known to form a non-ohmic electron contact to
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PCBM [78]. Both devices were fabricated on the same silicon 15·15 mm2 sub-
strate in order to provide identical fabrication conditions, the only difference was
the final metal evaporation step.
Additionally a sample with both Al and Ag contacts have been studied. Silver
is known to form an ohmic contact with PCBM and is widely used in bulk-
heterojunction solar cells [78]. The J-V characteristics shown in Fig. 4.35 con-
firms that the difference between Al and Ag electrode is marginal, whereas the
PCBM/Au device exhibits a much lower rectification ratio and the total current
might be influenced by combined effect of two diodes in series. The discussed
characteristics as compared with the clearly ohmic room temperature J-V char-
acteristics of the p-Si/metal (Al,Ag,Au) device shown in Fig. 4.53, Fig. 4.54 and
Fig. 4.55 proves that the rectifying behaviour of the discussed hybrid device should
be ascribed to the inorganic–organic interface.
The existence of a barrier at PCBM/Au electrode could lead to photocurrents
in sub-bandgap energy range induced by internal photoemission at PCBM/metal
interface [92]. Therefore, if the IR response was influenced by PCBM/metal
contact, a change to non-ohmic contact could lead to enhancement of the PC
and/or a change of the onset energy. The PC at 0.8 eV for the device with Au
contact was in the same order as the one with Al contact (see Fig. 4.36), and
the onset energy remained unchanged.
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Figure 4.35: J-V characteristics of Al/p-Si/PCBM/metal devices with differ-
ent metal used as top electrode, measured at 300 K.

Similarly the measurement of PCBM/Ag device proved that substitution of
Al with Ag has no effect on the onset of energy of PC (see Fig. 4.37). The
device with Ag exhibited a responsivity higher by factor 1.25, but such small
changes might as well stem from different PCBM layer thicknesses of two different
devices fabricated on a single p-Si substrate due to non-uniformity of organic layer
thickness deposited by spin coating.
It can be concluded that the PCBM/metal contact is not influencing the onset
and/or the shape of the IR response. Hence internal photoemission from metal to
the PCBM is not present and photoexcitation process originates from p-Si/PCBM
interface and/or bulk of PCBM.
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Figure 4.36: Top metal electrode dependence of responsivity spectra of Al/p-
Si/PCBM/metal heterojunction at 77 K. Both devices were fabricated on the
same substrate.
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Figure 4.37: Top metal electrode dependence of responsivity spectra of Al/p-
Si/bisPCBM/metal heterojunction at 77 K. Both devices were fabricated on
the same substrate.

4.2.2.4 PCBM derivative dependence of PC

Devices with different PCBM derivatives have been fabricated and measured in
order to examine the possible influence of position of LUMO level measured for
pristine material on the onset energy of the photocurrent. The used derivatives
were reported in [83, 100, 101] to exhibit the following difference in position of
LUMO levels as compared to [60]PCBM, regardless of actual reported absolute
values, which are known to depend strongly on on the electrochemical setup:
[70]PCBM: ∆ = 0 eV, bisPCBM: ∆ = +0.1 eV, [84]PCBM: ∆ = −0.35 eV.
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Fig. 4.40 shows the normalized photocurrent spectra for all studied derivatives.
The fact that shape of spectral dependence for [60]PCBM is slightly different
and the onset is sharper than for the other derivatives can be ascribed to the
fact that the presented spectral curves were normalized to the maximum value
of each one. Thus, the curve of the sample with generally higher signal to noise
ratio and better rectifying properties i.e. the [60]PCBM will exhibit the highest
dynamical range. See Fig. 4.38 for the comparison of J-V curves for different
derivatives.

Under the proposed assumption that the interface band alignment defines the
onset energy and if the position of the LUMO level at the interface equals to
the value in the bulk of pristine material one should expect a shift of the onset
energy by +100 meV and -350 meV for the bisPCBM and [84]PCBM devices
with respect to the onset of the [60]PCBM device, respectively. Such a shift
is by far larger than the assumed uncertainty and would be easily recognized
even for a measurement using a 0.95 eV band-pass filter with low signal to noise
ratio in the onset range. In the case of bisPCBM a shift by around +40 meV
is observed whereas for [84]PCBM no shift is present. The small difference in
onset energy for bisPCBM and the invariance of the onset for [84]PCBM suggests
that with respect to the presented model of photoexcitations of electrons from
the valence band of Si to the LUMO of fullerene, the energetic position of the
LUMO level at the interface is not related to the difference of LUMO levels
measured for pristine PCBM derivatives, i.e. the difference does not follow the
Schottky-Mott limit [80, 81]. Such an observation might be a hint that the
photocurrent mechanism is governed by the excitation of electrons from deep
trap states in PCBM into delocalized states with higher mobility. Such deep
trap states could be interface states or PCBM bulk states. In the former case,
the pseudo-IPE process as discussed in Section 4.2.2.1 would be an adequate
model for the PC generation mechanism, in the latter case, the PC response
would be photoconduction. The energetical position of such an assumed localized
state would be required to be independent of the PCBM derivative. Such an
independence of the trap energy from the PCBM modification might be the
property of a polaron state of the fullerene cage, which is locally (i.e. on the
scale of the diameter of the carbon rings) similar in all PCBM modifications.
Experimentally, no data exist on the polaron energies for [60]PCBM, [70]PCBM,
bisPCBM and [84]PCBM, only for C60 a polaron state energy was theoretically
calculated [97,98] and observed [99] at ' 0.7 eV below the C60 LUMO level, see
Chapter 5 for details.

65



−4 −3 −2 −1 0 1 2
10

−10
10

−9
10

−8
10

−7
10

−6
10

−5
10

−4
10

−3
10

−2
10

−1

Bias / V

J 
/ A

/c
m

2

 

 

[60]PCBM
[70]PCBM
bisPCBM

Figure 4.38: J-V characteristics of Al/p-Si/PCBM/Al devices with different
fullerene derivative, measured at 300 K.
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Figure 4.39: J-V characteristics of Al/p-Si/PCBM/Al devices with different
fullerene derivative, measured at 77 K.
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Figure 4.40: PCBM derivative dependence of photocurrent spectra of Al/p-
Si/PCBM/Al heterojunction. Measured at 77 K. The uncertainty of mea-
surement for [60]PCBM is shown.

4.2.3 Device improvement by adding LiF current en-
hancement layer to the top contact

In this section the influence of LiF/Al contact as top electrode and compari-
son of electrical properties and photoresponse of Al/p-Si/PCBM/Al and Al/p-
Si/PCBM/LiF/Al will be presented.
It has been shown in literature that thermal deposition of Al on thin film of LiF
evaporated on the organic semiconductor layer such as Alq3 or C60 induces the
dissociation of LiF [102–105] and as a result dopes locally the organic material
and enhances the electron injection into organic semiconductors, reducing the
barrier height between organic material and metal electrode [104,106–108]. The
use of LiF/Al has become a standard in the fabrication of organic light emitting
diodes (OLED).

In order to ensure the same fabrication condition, both Al/p-Si/PCBM/Al
and Al/p-Si/PCBM/LiF/Al heterojunctions haven been fabricated with the pre-
viously described procedure on one 15·15 mm2 p-type Boron doped [100] silicon
substrate. The top contact to fullerene has been fabricated by either single ther-
mal evaporation of Al or evaporation of LiF(1-2 nm) followed by evaporation of
Al. The electrodes area was 14 mm2 for all devices.
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Figure 4.41: J-V characteristics of Al/p-Si/PCBM/electrode devices with
two different top electrodes.

Fig. 4.41 shows the J-V characteristics of both investigated device structures
at 300K. For a bias variation from -1 to +1 V current rectification ratio of 1.7·104

and 2.7 · 105 is observed for Al and LiF/Al top electrodes respectively. The
higher forward bias current observed for LiF/Al electrode can be assigned to
enhanced injection due to organic material/metal barrier lowering effect of LiF/Al
[104, 106–108].
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Figure 4.42: 1/C2 vs V characteristics of Al/p-Si/PCBM/Al and Al/p-
Si/PCBM/LiF/Al heterojunctions.
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Figure 4.43: Arrhenius plot of dark current at reverse bias -1.5 V for two
electrodes. Inset: Bias dependence of activation energy.

The result of C–V measurement presented in Fig. 4.42 reveals no difference
between both electrodes suggesting that the assumption of absent localized
charges in the PCBM layer is valid for LiF/Al device as well. This observa-
tion suggests that C−60 anions that might diffuse into the PCBM layer upon LiF
dissociation as described in [105] for a 35 nm layer of C60 , either do not dif-
fuse through a 165 nm layer of PCBM or their concentration is too low to be
seen in C-V measurement or their emission-time constant is too high as com-
pared with used 1 kHz frequency. Also, the observed barrier is independent of
top electrode. The same analysis as in Section 4.2.1.1 yields for both electrodes
the following parameters values: NA = 1.81 · 1015cm−3, Vbi= 0.35±0.06 V and
ΦB(C−V ) = 0.6± 0.06 eV .

In order to investigate the possible influence of LiF/Al electrode on the re-
verse current addressed previously for Al electrode a thermal activation energy
is estimated from the Arrhenius plot of dark current at reverse bias -1.5 V for
both types of electrodes (Fig. 4.43). The J-V sweep has been recorded every 1 K
during self cooling of the sample from 340 K to room temperature. At -1.5 V
the activation energy Ea = 0.53 eV and 0.54 eV is found for Al and LiF/Al top
electrode respectively. The activation energy exhibits a slight voltage dependence
(inset of Fig. 4.43). The virtually equal values of activation energy suggest that
the same ambiguous mechanism described above is responsible for the reverse
dark current in both studied devices.

No further conclusions on the nature of the reverse current generation-
mechanism as discussed in Section 4.2.1.2 can be made based on the additional
data for the devices with LiF/Al as top contact.
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Figure 4.44: Responsivity spectra of Al/p-Si/PCBM/Al and Al/p-
Si/PCBM/LiF/Al heterojunctions. Inset: semi-logarithmic scale plot.

The influence of LiF/Al electrode on photocurrent is shown in Fig. 4.44. As
stated before the dissociation of LiF upon Al evaporation lowers the barrier height
at PCBM/electrode interface which results in a 2.4 fold increase of PC value at
0.8 eV (1.55µm). Virtually equal onset energy '0.52 eV (inset of Fig. 4.44)
suggests that the photocurrent generation mechanism described in Section 4.2.2
remains independent of top electrode. Presented enhancement of forward bias
current and photocurrent, as well as the invariance of the barrier height with
respect to the top electrode seen in C-V characteristics and the invariance of
thermal activation energy of dark reverse current prove the well established con-
cept that the main role of lithium fluride is the decrease of barrier height at the
organic/metal interface.
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4.3 p-Si/C60 heterojunction photodiodes

In this section the current density-voltage characteristics and the spectrally re-
solved photocurrent of the Al/p-Si/C60/Al heterojunction diodes will be pre-
sented. The C60 layers were deposited with the hot–wall–epitaxy technique de-
scribed at the beginning, with the same substrate preparation and contact de-
position method as p-Si/PCBM diodes. The HWE itself as a vacuum method
provides much cleaner conditions than spin-casting in an inert atmosphere, and,
thus, should result in less contaminated and better performing devices. More-
over, the C60 exhibits a much higher electron mobility than its soluble derivative.
Mobilities for the polycrystalline C60 films in range of 1 cm2/Vs measured in Or-
ganic Field Effect Transistor (OFET) configuration were reported in [65, 67],
whereas values for spin-casted PCBM films, reported in [75], were in the range
of 0.05 − 0.2 cm2/Vs. However, it was found out that the deposition of C60 in
vacuum alone on a substrate cleaned in the same way as for PCBM devices does
not provide a sufficient cleanness level and results in devices of inferior quality,
exhibiting a much lower photocurrent than the PCBM samples and a rectification
ratio on the order of only 10. The possible explanation might be the role of a
self-cleaning effect in case of spin-coating method. Therefore, before the HWE
growht it is crucial to perform an in-situ substrate annealing at 600 ◦C in high
vacuum (10−7 mbar) for 15 min for the removal of the hydrogen termination and
various contaminants resulting in a clean surface.
An important advantage of HWE technique is the possibility to control the thick-
ness of the organic layer during deposition, which is not so easily and reproducibly
achieved in case of spin coating. Due to the lack of thickness control in the spin-
coating process in a straightforward way, the dependence of thickness on diode
characteristics and detector performance has not been studied. It will be shown
theoretically in Appendix A that the thickness of the organic layer defines the spa-
tial distribution of light in the device and when correctly tuned might theoretically
improve the performance.

The comparison of J-V characteristics for different C60 and PCBM devices
is presented in Fig. 4.45, showing a superior quality of the 25 nm annealed
C60 device. Based on the similarity of J-V characteristics and assuming simi-
lar properties of PCBM and C60 we can conclude that the J-V of C60 device can
be modeled with the same recombination-generation equation as previously de-
scribed for PCBM device. Due to the lack of corresponding C-V data, the barrier
height and built-in field were taken from data for PCBM, in agreement with the
observed photocurrent onset (associated with the barrier height), which is equal
for both PCBM and C60 based devices.
For J0 = 9 · 10−17 A/cm2 the ideal generation-recombination current density as
calculated from Eq. 4.50 is shown by the green line in Fig. 4.46, and the total
current density including a series resistance Rs = 4 kΩcm2 is shown by the red
line.
The 100 nm annealed device exhibits a huge series resistance and a reasonable
fit can not be obtained suggesting that different unknown effects dominate the
electronic transport.
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Figure 4.45: Comparison of current density-voltage characteristics Al/p-
Si/C60 /Al heterojunctions with and without annealing step before
C60 deposition and of Al/p-Si/PCBM/Al. Measured at 300 K. In each case
the thickness of fullerene layer has been marked.
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Figure 4.46: J-V characteristics of Al/p-Si/C60 /Al structure. The results of
the modeling using the ideal generation-recombination model (Eq. 4.50) are
shown by the green line. Including parasitic series resistance, the red line
results as fit to the experimental J-V curve in forward direction. For reverse
bias the results of modeling using Si space charge region generation current
is shown.
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Figure 4.47: Arrhenius plot of dark current at reverse bias -1.1 V. Al/p-
Si/C60 /Al annealed sample, C60 thickness = 25 nm.

Fig. 4.47 shows the temperature dependence of the dark current under re-
verse bias for the annealed 25 nm C60 device. The activation energy can not be
unambiguously obtained from the linear fit of the data in the whole measure-
ment range. Possible explanation might be the presence of the phase transition
of C60 in the crystalline phase at 261 K (1000/3.83). Above this temperature the
crystalline structure is fcc (face centred cubic) whereas below it is sc (simple cu-
bic) structure [109]. It has been shown in literature that close to phase transition
temperature many physical properties of C60 exhibit anomalies [66]. However a
detailed x-ray diffraction study proving the crystallinity in the case of discussed
films was not performed.
The value of activation energy obtained from the fit between room temperature
and 276 K (1000/3.75) is 0.51 eV±0.02 eV what is close to the value obtained
for Si/PCBM, however the origin of dark reverse current remains similarly to
previous case ambiguous within the models presented in Section 4.2.2.1.

Fig. 4.48 shows the comparison of detector performance between the studied
devices. For photons energy 0.8 eV the responsivity of the annealed 100 nm thick
C60 device matches the responsivity of the PCBM device (with 165 nm layer),
and is 3 times higher than for the unannealed 100 nm C60 device. The thinner
25 nm C60 device exhibits the highest responsivity, what might be related to the
enhanced injection and better rectification ratio. However, the theoretical anal-
ysis of light intensity distribution in the device given in details Section A shows
that the thicker sample should result in an increased photocurrent through in-
creased absorption. The opposite obtained result suggests that photocurrent is
transport limited and despite the higher amount of generated charges in case of
thicker sample they are extracted and do not contribute to the observed pho-
tocurrent. More details will be given in Section 6.1.4 for the analogous case of
p-Si/DiMe-PTCDI device.

The onset energy for the unannealed C60 sample, and the annealed 25 nm
C60 sample remains the same as for the PCBM device. The apparent shift of the
onset energy for the annealed 100 nm C60 diode lays towards larger energies is
most likely due to the fact that this particular spectra has been recorded with
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30 ms integration time and is relatively noisy, therefore the correct shape of the
responsivity spectra in the range close to onset value is not seen. The more de-
tailed measurement behind germanium filter for 25 nm C60 device at 300 K (see
Fig. 4.49), which was similarly to PCBM case difficult to record and suffered a
low SNR, revealed an onset value of 0.55±0.03 eV. i.e. in same range as for
PCBM.
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Figure 4.48: Comparison of responsivity spectra of Al/p-Si/C60 /Al hetero-
junctions with and without annealing step before C60 deposition and of Al/p-
Si/PCBM/Al. Measured at 300 K. In each case the thickness of fullerene layer
has been marked.
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Figure 4.49: Semi-logarithmic plot, responsivity spectra of Al/p-Si/C60 /Al
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The most evident difference between evaporated and annealed C60 devices
and spin-casted PCBM was seen in the temperature dependence of responsivity
spectra. In case of C60 devices, the signals at 300 K and 77 K were virtually the
same resulting in equal responsivity spectra (see Fig. 4.50 and Fig. 4.51), whereas
for the spincoated PCBM devices a significant temperature dependence is shown
in Fig. 4.24.
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Figure 4.50: Responsivity spectra of Al/p-Si/C60 /Al heterojunction mea-
sured at 300 K and 77 K. Thickness of C60 layer was 25 nm The sample was
annealed at 600 K in vacuum right before C60 deposition.
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Figure 4.51: Semi-logarithmic plot. Responsivity spectra of Al/p-Si/C60 /Al
heterojunction measured at 300 K and 77 K. The onset estimation uncer-
tainty is shown. The sample was annealed at 600 K in vacuum right before
C60 deposition.

Additionally the influence of metal used as a top electrode has been stud-
ied. The comparison of responsivity spectra for Al, Ag and Au top contacts
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(Fig. 4.52) shows even more pronouncedly than for the PCBM devices that the
spectral shape, the onset energy and responsivity value are independent of the
top electrode metal.

All presented results lead to the conclusion that the sub-bandgap absorption
mechanism, via which the PC is generated, and which was described in details
in previous sections, is the same for all studied types of p-Si/fullerene devices.
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Figure 4.52: Comparison of responsivity spectra of Al/p-Si/C60 /metal het-
erojunctions with different top electrode. Samples fabricated without anneal-
ing step before C60 deposition. Measured at 300 K.

4.4 Reference Schottky diodes

In order to stress the significance of the invariance of the onset energy with
respect to the metal used as top electrode (see Fig. 4.36), which indicates the
dominant role of the p-Si/fullerene interface in the photoemission process, the
electrical and the photoelectrical characteristics of p-Si/metal (Schottky diode)
will be presented in the following.
As mentioned in the beginning of Section 4.2.2, typically for a rectifying metal–
semiconductor contact, a photocurrent in the sub-bandgap range can be mea-
sured due to the internal photoemission phenomenon [92].
The set of Al(alloyed)/p-Si/metal samples has been prepared under the same con-
ditions as the heterojunction diodes omitting the organic layer deposition step.
Fig. 4.53, Fig. 4.54, Fig. 4.55, show the J-V characteristics for Schottky diodes
with Al, Ag, and Au, fabricated on one 15·15 mm2 Si substrate. None of the mea-
sured devices exhibit a rectifying behaviour at room temperature, therefore no
photocurrent due to internal photoemission can be measured at this temperature
(see Fig. 4.56).
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Figure 4.53: J-V characteristics of Al(alloyed)/Si/Al structure at different
temperatures.
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Figure 4.54: J-V characteristics of Al(alloyed)/Si/Ag structure at different
temperatures.
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Figure 4.55: J-V characteristics of Al(alloyed)/Si/Au structure at different
temperatures.
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Figure 4.56: Temperature dependence of the responsivity of an Al(alloyed)/p-
Si/Al Schottky diode under illumination with a 1.55µm laser diode. Measured
at short circuit condition. Above 210 K, the contact is ohmic, no barrier exist,
thus no internal photoemission occurs and the measured current is the noise.

For T=77 K the spectral dependence of the photocurrent shown in Fig. 4.57
and in semi-logarithmic scale in Fig. 4.58 is different for each electrode. The
classic Fowler plot Y1/2 vs hν [92,93] (Fig. 4.59) yields the linear dependence only
for Au and Al electrode, with small deviations suggesting that the actual exponent
of Eq. 4.59 is slightly different from 2. For the device with the Ag top electrode
an even higher exponent like 3 should be used. The onset energy differs between
electrodes as expected from the theory and literature data. The value of the PC
onset identified using the simple Fowler plot equals for Al ΦAl = 0.39 eV and for
Au ΦAu = 0.36 eV, however, as it is seen at semi-logarithmic Fig. 4.58, in case
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of gold the actual extends the lower energies and is limited by the cut-off energy
0.33 eV of the FTIR spectrometer beamsplitter spectra (see Fig. 3.5). Applying
the previously introduced method for onset estimation from semi-logarithmic plot
we get for Ag ΦAg = 0.42 eV.
The absolute value for the photoemission onset energy i.e. of the barrier height of
a metal–semiconductor interface is strongly influenced by the existence of surface
states due to surface treatment, contamination of the surface and the possible
presence of few nm thick interlayers [110]. Table. 4.3 shows the comparison of
the values measured in this work and reported in literature.

Table 4.3: Barrier height of the Al(alloyed)/Si/metal Schottky diodes.
Metal Barrier height Barrier height

measured in this work reported in literature
Al 0.39 eV 0.58 eV [56]
Ag 0.42 eV 0.54 eV [56]
Au 0.36 eV 0.34 eV [5]

In general literature values differ depending on the surface treatment proce-
dures, this could explain the discrepancies between obtained onset values and the
barrier height values found in literature.
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Figure 4.58: Semi-logarithmic plot. Comparison of spectral dependence of
responsivity of Schottky diodes with different metals and p-Si/PCBM hetero-
junction measured at T=77 K. In all cases the back contact to p-Si is ohmic
(alloyed Al).
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Figure 4.59: Plot in Fowler co-ordinates. Comparison of spectral dependence
of responsivity of Schottky diodes with different metals and p-Si/PCBM het-
erojunction measured at T=77 K.

Moreover, Fig. 4.58 shows that the onset energy for each electrode metal
is different than the one measured for p-Si/PCBM/metal heterojunction diode,
indicating that the sub-bandgap absorption in the IR spectral range originates
from either the silicon–organic interface or the bulk of organic layer.
It is important to stress that although at lower temperatures the Schottky diodes
fabricated in the same procedures as silicon/PCBM heterojunctions exhibit higher
responsivity (by factor 27 for 0.8 eV) they do not exhibit any photocurrent for
temperatures above 207 K (see Fig. 4.56) and as such they do not present equally
interesting alternative for applications as infrared sensor working at room tem-
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peratures and have been presented here just for a comparative scientific reasons.
The drawback of Schottky diodes as infrared sensors lies thus in the mentioned
before difficulty to achieve a reproducible device with reproducible absorption
spectra using low cost methods that can be easily applied in case of organic
semiconductors.
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Chapter 5

Spectrally resolved
photocurrent of C60 Organic
Field Effect Transistors

5.1 Fabrication and characteristics of C60 OFETS

The fabrication of the studied organic field effect transistor (OFET) has been
described in [111]. The geometric structure of the device is shown in Fig. 5.4.
To summarize, the device was fabricated on a glass substrate, in the first step
the gate electrode was formed by evaporation of Al, followed by anodization of
Al in order to form an Al2O3 dielectric layer, the thickness of oxide was con-
trolled by the bias applied during the anodization. Afterwards the alumina layer
was passivated by spin coating with divinylsiloxane bisbenzocyclobutene (BCB
crosslinkable resin, Dow Chemicals, brand name ”Cyclotene”) for improving the
performance [112]. Finally a C60 layer was thermally evaporated, followed by
thermal evaporation of LiF/Al electrodes providing ohmic contacts to fullerene.
Similar devices were reported before in [65], and showed a satisfying performance
with mobilities in range of 1 cm2/Vs.

Two devices with different thickness of C60 layer were studied: 100 nm and
300 nm. Fig. 5.1 and Fig. 5.2 show the output characteristics and transfer char-
acteristics of the 100 nm device.
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Figure 5.1: Output characteristics of studied transistor with 100 nm C60 layer.
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Figure 5.2: Transfer characteristics of studied transistor with 100 nm
C60 layer. Relation of photocurrent at 1 eV vs gate voltage is shown.

5.2 Measurement setup of spectrally resolved

drain-source photocurrent

The drain-source photocurrent of C60 OFET was spectrally resolved using the
FTIR spectrometer setup pictured in Fig. 5.3. The main measurement regime was
the same as in previously described diodes measurements, with the investigated
transistor working as an external detector of the spectrometer. Due to the low
signal the measurement was performed in step-scan mode allowing a long time
averaging. The transistor was mounted in the measurement compartment of
the spectrometer and illuminated with mechanically modulated probe beam of
the spectrometer. A constant bias VDS was applied between drain and source
electrodes of the transistor (see Fig. 5.4). The drain-source current composing
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of a constant DC component and additional light induced AC component that
was fed into the signal input of lock-in amplifier. The chopper modulation signal
served as reference input. The amplified in-phase signal was used as an external
detector input of the spectrometer. At the same time a constant bias VGS was
applied to the gate electrode. The setup allowed for the variation of both applied
voltages.
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Figure 5.3: FTIR setup - measurement of spectrally resolved drain-source
photocurrent of OFET
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Figure 5.4: Schematic structure of studied transistor with electrical connec-
tions

5.3 Results, discussion and comparison with

fullerene diodes

The results of the spectrally resolved drain-source photocurrent are shown for the
OFET with 100 nm C60 layer thickness in Fig. 5.5 and Fig. 5.6 and for the OFET
with 300 nm C60 layer thickness in Fig. 5.7, Fig. 5.8 and Fig. 5.9. These figures
show that the photocurrent is activated by increasing gate voltage. The peak
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around 2 eV (Fig. 5.7) is associated with band to band absorption in C60 with the
onset energy of 1.7 eV (see Fig. 4.2 for comparison with absorption spectra). On
the other hand, the low energy feature with onset in the range of 0.52± 0.03eV
for 300 nm sample (Fig. 5.9) and 0.51 ± 0.03eV for 100 nm sample (Fig. 5.6) is
not a typical absorption feature of C60, and rises linearly with increasing gate
voltage (Fig. 5.2). Similar behavior was seen at lower temperatures (Fig. 5.10)
with a slight decrease of signal but constant photoresponse onset down to 77 K.
The possible origin of the observed photocurrent is the photoexcitation of C−60
anions (or negatively charged polarons), which are induced in the transistor chan-
nel by increasing gate voltage. The excitation of electron from the polaron level
into the C60 LUMO results in a drain-source current enhancement (see Fig. 5.11
for a schematic representation of the proposed process). The fact that even at
VGS = 0 V the photocurrent at sub-bandgap energies is measured is associated
with the nature of the transistor itself. Due to its architecture, even at VGS = 0 V
the transistor is in ”on state” with current flowing (see Fig. 5.2). The photocur-
rent in the IR almost disappears close to -0.4 V (Fig. 5.6), around the onset of
the drain-source current seen in the transfer curve.
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Figure 5.5: Spectrally resolved drain-source photocurrent of OFET with
100 nm C60 layer. Measured behind 800 nm low-pass filter, with varying gate
voltage VGS and constant drain-source voltage VDS = 0.7 V.
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Figure 5.6: Semi-logarithmic plot, spectrally resolved drain-source photocur-
rent of OFET with 100 nm C60 layer. Measured behind 800 nm low-pass filter,
with varying VGS and constant VDS = 0.7 V.
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Figure 5.7: Spectrally resolved drain-source photocurrent of OFET with
300 nm C60 layer. Measured under full spectrum illumination of FTIR NIR
lamp, with varying VGS and constant VDS = 0.4 V. The structure at 2 eV
corresponds to the HOMO–LUMO transition of C60 . Inset: Zoom into low
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Figure 5.8: Spectrally resolved drain-source photocurrent of OFET with
300 nm C60 layer. Measured behind 800 nm low-pass filter, with varying VGS

and constant VDS = 0.4 V.
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Figure 5.9: Semi-logarithmic plot, spectrally resolved drain-source photocur-
rent of OFET with 300 nm C60 layer. Measured behind 800 nm low-pass filter,
with varying VGS and constant VDS = 0.4 V.
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Figure 5.10: Temperature dependence of drain-source photocurrent of OFET
with 300 nm C60 layer. Measured behind 800 nm low-pass filter, with constant
VGS = 0.4 V and VDS = 0.4 V. Measured with 6 mm aperture for 300 K and
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Figure 5.11: Scheme of photoexcitation of C60 anions and a transition of
electron to LUMO state from polaron state.

The anion (polaron) excitation with onset energy close to 0.5 eV and a max-
imum close to 0.7 eV has been theoretically predicted in Ref [97] and Ref [98]
and assigned to the transition between singly occupied molecular orbital and next
LUMO level. Thus the transition was described as a consequence of the splitting
of LUMO of the undoped system. The predicted excitation was experimentally
measured with a photomodulation (PM) technique at both 80 K and 300 K and
for modulation frequency lower than 1 kHz (the excitations was denoted as C1 in
Fig. 5.12 (b) and (c)) and identified as excitation of spin 1/2 polarons (C−60) by
absorption-detected magnetic resonance technique [99]. The other photoexcita-
tions seen in the PM spectra presented in Fig. 5.12 (a) and (b) were identified as
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neutral excitations of spin 1 (triplet excitons) [99]. The calculated energy levels
of all discussed excitations are shown in the inset of Fig. 5.12 (b).

Figure 5.12: Photomodulation spectra of C60 film at different modulation
frequency and sample temperature θ: (a) f = 20 kHz, θ = 80 K, (b) f =
20 Hz, θ = 80 K, (c) f = 500 Hz, θ = 300 K. Figure taken from [99]. The red
circle marks the polaron excitation at energy around 0.6 eV.

The assumption of C−60 absorption can be further endorsed by a photoin-
duced absorption (PIA) experiment performed within this work on the blend of
copper-phthalocyanine (CuPC) and C60 [113]. In the discussed experiment a
CuPC/C60 blend was pumped with a 720 nm (1.72 eV) laser, exciting the ph-
thalocyanine and inducing a charge transfer into C60 forming a C−60, which was
simultaneously probed by the FTIR beam. Fig. 5.13 shows the correspondence of
OFET photocurrent spectra and PIA spectra close to the onset energy.Significant
is the fact that, due to the difference in the experimental method, the peak close
to 1.1 eV associated with the photoexcitation of triplet exciton [99] is seen only
in the PIA experiment. In PIA the absorption of investigated sample is mea-
sured optically, thus the photo-creation of both mobile and immobile charges
can be detected. Whereas in spectrally resolved photocurrent experiment only
mobile photo-created charges can be detected. The presence of a C−60 in zinc-
phthalocyanine ZnPC/C60 blend upon pumping with a 633 nm (1.96 eV) laser and
a subsequent charge transfer was also confirmed in the light induced electron spin
resonance (L-ESR) experiment [114].
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Figure 5.13: Comparison of spectrally resolved photocurrent of C60 OFET
with spectra of photoinduced absorption (PIA) in CuPC/C60 blend.

Additionally a qualitative study of light intensity dependence of drain-source
photocurrent was done. Fig. 5.14 shows the rise of photocurrent with increasing
light intensity, realized by using different aperture size limiting the probe beam.
However due to the lack of intensity measurement available a direct dependence
of photoresponse on intensity can not be plotted.
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Figure 5.14: Light intensity(aperture) dependence of drain-source photocur-
rent of OFET with 300 nm C60 layer. Measured behind 800 nm low-pass filter,
with constant VGS = 0.4 V and VDS = 0.4 V.

Since the sub-bandgap excitation was observed both in p-Si/fullerene hetero-
junction and in C60 based OFET it interesting to compare both results. Fig. 5.15
reveals the photoresponse onset of 0.53 eV, i.e. virtually equal for both exper-
iments within uncertainties ±0.03 eV. As mentioned before such a correspon-
dence might be hint that the photoresponse in heterojunctions originates from
excitation of a sub-bandgap localized state into delocalized band of LUMO. The
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discussed state should be, analogously to transistor, understand as a polaron
state, created by donation of electron tunneling from the silicon. It remains an
open question whether this state is an interface or bulk state. The assumption of
interface state would match with the explanation of diodes photocurrent given as
pseudo-internal-photoemission, whereas bulk state interpretation would endorse
the proposed mechanism of dark reverse current realized by hopping of charges
through organic layer. In case of transistor one should expect an interface state
since the conduction channel is usually formed at the interface between semicon-
ductor and dielectric, however a bulk contribution can not be ruled out.
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Figure 5.15: Comparison of spectrally resolved photocurrent of C60 OFET
with photocurrent of a p-Si/C60 heterojunction, measured at 300 K, at short
circuit condition and restricted by Ge filter.
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Chapter 6

Other p-Si/organic
heterojuntion photodiodes

In this Chapter we will present the results of a study on inorganic–organic photo-
diodes based on various materials other than fullerenes, namely the derivative of
perylene DiMe-PTCDI and two materials from the group of Indigoids (Indigo and
Tyrian Purple). The analyzed devices proved to be of superior quality as com-
pared with p-Si/PCBM devices, featuring an almost two orders of magnitude
higher responsivity in the IR. A short characteristics of each of the used materi-
als will be given at the beginning of each part, followed by the results of electrical
and photoelectrical characterization of the diodes, performed in the same setups
as described above. Due to a relatively high signal level in the spectrally resolved
photoresponse experiments it was possible to operate the FTIR in the fast scan
mode for all measurements. The calibration of the devices responsivities was
performed with 0.8 eV laser diode and a calibrated InGaAs detector as described
in Section 3.2.
Since equally detailed studies as for PCBM based devices have not been done,
only a brief report of measurements will be given for each material. As a summary,
all results will be compared and followed by conclusions towards the applicability
of the photodiode operation model developed for p-Si/fullerene devices.

6.1 p-Si/perylene diimide heterojunction diodes

6.1.1 DiMe-PTCDI material characteristics

Perylene chromophors are widely used industrially as dyes for paints, textiles,
and cosmetics, allowing the realization of various colours by the utilization of
alternative side groups attached to the polymer backbone. The solubility of the
material can be adapted analogously.

Perylene as well as its derivatives are characterized by their thermal, chem-
ical, and photochemical stability, i.e. a high stability to environmental factors
matching the demands of industrial use [115].

In contrast to the unsubstituted perylene molecule [116], perylene diimides
are considered as an electron conducting materials, and have been successfully
used in organic solar cells [34, 117, 118] as well as in thin film transistors with
n-type mobilities on the order of up to 1 cm2/Vs [21, 119–121].
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The chemical structure of perylene derivative N,N’-Dimethyl-3,4,9,10- Perylenete-
tracarboxylic diimide (DiMe-PTCDI) is shown in Fig. 6.1.

The molecule DiMe-PTCDA is made by derivatizing electron-rich perylene
with two mutually-conjugated electron-withdrawing imide groups, resulting in a
material with high electron affinity [122]. It is widely believed [17, 120] that
the electron withdrawing imide groups are lowering the electron density as well
as lowering the energetic levels of the electron-conducting π∗ molecular orbitals
(LUMO) in the inner ring π-system. The bandgap of DiMe-PTCDI was reported
to be 2.2 eV [17].

Figure 6.1: Chemical structure of the Perylene-diimide derivative: N,N’-
Dimethyl-3,4,9,10-Perylenetetracarboxylic diimide (DiMe-PTCDI).

6.1.2 Morphology of the organic layer

The DiMe-PTCDI layer was deposited on p-Si substrate by evaporation from a
hot–wall–epitaxy source at a rate of 0.1 Å/s, see Section 3.1 for details. The
scanning electron microscope images in Fig. 6.2 and Fig. 6.3 show the formation
of a closed DiMe-PTCDI layer on top of the p-Si substrate. From the topography
of the DiMe-PTCDI surface, it appears that crystallites with a lateral dimensions
of several hundred nanometers are formed. Such a formation of a closed layer
followed by crystallites is a growth mode which typically arises, if the interaction of
the molecules with the substrate (e.g. within the first few monolayers of growth)
is dominant in comparison to the intermolecular attraction. With increasing
layer thickness the growth is not anymore dominantly influenced by Si surface,
and the intermolecular attraction between the DiMe-PTCDI molecules leads to
the formation of crystallites [123].
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Figure 6.2: Scanning electron microscope cross section (viewing angle is 45◦)
of the DiMe-PTCDI/p-Si heterojunction. A groove through the heterojunc-
tion is made with an focused ion beam (FIB). The grove is not ‘sharp’ and the
resulting contrast in the picture is not uniform as seen by the gray regions.

Figure 6.3: Scanning electron microscope picture of surface of DiMe-
PTCDI/p-Si heterojunction. Viewing angle is 45◦.
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6.1.3 Electrical characteristics

Fig. 6.4 shows the current density-voltage characteristics of Al/p-Si/DiMe-
PTCDI/Al heterojunction with thickness of organic layer on the order of 25 nm,
measured at 300 K and 77 K. The diodes exhibited generally similar dependence
to the p-Si/PCBM diodes with similar observed rectification ratio of 1·104, be-
tween -2 V to +2 V at 300 K and 7.4·1010 at 77 K what is in comparison with
fullerene device two times lower at 300 K and in the same range at 77 K. On
the other hand the series resistance hampering the injection in forward direction
was in perylene devices lower, resulting in an order of magnitude higher current
density at 2 V.
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Figure 6.4: Current density-voltage characteristics Al/p-Si/DiMe-PTCDI/Al
heterojunction measured at 300 K and 77 K. Thickness of organic layer was
25 nm. Additionally the characteristics of Al/p-Si/PCBM/Al at 300K is
shown for comparison.
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between each measurement point. The voltage sweep was done starting from
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from +1 V to -1 V (Backward direction).

Fig 6.5 shows the result of capacitance-voltage analysis on DiMe-PTCDI de-
vice. The presence of a barrier for charge carriers is clearly visible, however a
detailed study of voltage dependence revealed a hysteresis of the capacitance
values. The measurement was done in two modes: for increasing and subse-
quently for decreasing external bias from -1 V to +1 V and +1 V to -1 V, and
in the opposite direction starting at +1 V to -1 V and back. Regardless of the
starting point the result remained the same, suggesting that the crucial part is
the decrease of bias into negative direction where a shift in the 1/C2 curve in
negative direction is observed. The magnitude of the shift depends on the time
delay between the measurement steps. For a longer time (300 ms) the hysteresis
is very small and extends for a fast measurement done with 0 ms delay. This
suggests that charge traps are present at the interface and/or in the bulk of or-
ganic material. However a more detailed transient studies would be necessary to
analyze the nature and the energy of those levels. It is clear that the application
of the C-V model developed for p-Si/PCBM devices might lead to erroneous
conclusions in the presence of charge traps, therefore a Vbi estimation from C-V
measurement was not performed.
Nevertheless, based on the fact that the LUMO level in pristine DiMe-PTCDI was
measured electrochemically to be at -4.15 eV i.e. similarly to fullerenes higher
than the VB of Si (-4.8 eV [82]), we assumed at least qualitatively a similar
band alignment at the interface. Moreover, by assuming that the barrier height
is associated with the onset of photocurrent (0.45±0.03 eV see Fig. 6.13), the
electron conducting extended electronic states (i.e. the LUMO and the higher
unoccupied states) of the organic thin film are energetically within the bandgap
of the p-Si. The assumed value of barrier height allows us to draw a schematic
picture of energy-band alignment at the interface (see Fig. 6.6).
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Figure 6.6: Energy-band diagram for the Al/p-Si/DiMe-PTCDI/Al hetero-
junction photodiode at zero bias. Parameters used in energy levels calcula-
tion: εDiMe−PTCDI [124], d = 25 nm.

At forward bias (p–Si positive relative to the DiMe-PTCDI) electrons are
efficiently injected from the Al top–contact into the DiMe-PTCDI layer. The
electron injection from the DiMe-PTCDI into the Si conduction band (CB) is
energetically unfavorable and the current has to traverse the inorganic–organic
interface as a recombination current between electrons in the DiMe-PTCDI and
holes in the p–Si. However due to possible influence of interface trap states seen
in the hysteresis of C-V data, we do not present an equally detailed analysis as
given for PCBM.

On the other hand, since the width of the depletion layer in Si is on the same
order as in PCBM based device (compare Fig. 4.10 and Fig. 6.6), the almost two
order of magnitude larger reverse current can not be attributed to the genera-
tion in the Si space-charge region. Alternative transport channels like enhanced
interface tunneling due to for example band bending in the DiMe-PTCDI layer
or hopping via deep trap states have to be assumed.
Those channels are opened by the tempering step, since without this step, dark
current densities in agreement with the Si space-charge generation-recombination
model are observed.

Also for the activation of the dark-reverse current features inconsistent with
the Si space charge generation-recombination model are observed. In Fig. 6.7
it is shown that the dark reverse current is thermally activated with the two
distinctive activation energies estimated to be 0.47±0.02eV for temperatures
between 250 K and 300 K, and 0.22±0.02eV for temperatures lower than 200 K.
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Figure 6.7: Arrhenius plot of dark current at reverse bias -1.1 V.

6.1.4 Photoresponse - spectrally resolved photocur-
rent

In this section the results of photoresponse spectral studies of Al/p-Si/DiMe-
PTCDI/Al devices will be shown, with focus on a detailed estimation of PC
onset energy, the temperature dependence and the influence of the organic layer
thickness on the responsivity values.

At the beginning we will present the complementary current density-voltage
characteristics under illumination of the device presented in the previous Section
under dark conditions. The photovoltaic effect is observed at room temperature
(Fig. 6.8) as well as at 77 K (Fig. 6.9) under the illumination of both the spectrally
restricted NIR lamp of FTIR spectrometer and a laser diode emitting at 0.8 eV.
Fig. 6.10 and Fig. 6.11 show the room temperature and 77 K J-V characteristics
presented in the linear scale. The observed open circuit voltage VOC at room
temperature was close to 10 mV under the illumination of a 0.8 eV laser diode,
whereas at 77 K it was in the range between 0.33 V to 0.37 V depending on the
light source used.
The short circuit current density JSC under 0.8 eV laser diode illumination was
4.3µA/cm2 at room temperature and 5.8µA/cm2 at 77 K. The measured value
of JSC corresponds to a signal-to-noise ratio of 242 (see Fig. 6.12).

A more detailed temperature dependence of JSC, under illumination converted
to responsivity is presented further on in Fig. 6.14 and Fig. 6.15 .
Fig. 6.8 and Fig. 6.10 reveal a photoconductivity effect under forward bias, with
signal-to-noise ratio in the range of 1 to 2. The origin of this photocurrent could
be possibly ascribed to the optical excitation of electrons trapped in localized
states at the interface and/or bulk of the organic material. Those states might
be responsible for hysteresis observed in C-V measurement. However, a more
detailed studies of spectrally resolved photoresponse at forward bias is required
to identify the origin of observed photoconductivity.
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Figure 6.8: The comparison of J-V characteristics of Al/p-Si/DiMe-
PTCDI/Al diode in dark and under illumination with a tungsten lamp of
FTIR spectrometer restricted with Si filter and with 0.95 eV band-pass filter
and a J-V characteristic under illumination with a laser diode emitting at
0.8 eV (1.55µm) with power of ≈ 200 mWcm−2. Measured at room temper-
ature.
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Figure 6.10: J-V characteristics of Al/p-Si/DiMe-PTCDI/Al diode measured
at 300 K in dark and under illumination of a laser diode emitting at 0.8 eV
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Figure 6.11: J-V characteristics of Al/p-Si/DiMe-PTCDI/Al diode measured
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Figure 6.12: Signal to Noise Ratio of Al/p-Si/DiMe-PTCDI/Al diode mea-
sured at 300 K under illumination of a laser diode emitting at 0.8 eV (1.55µ)
with power of 4.9 mW.

To get the possibly best insight into the onset energy of photocurrent at
short circuit condition a spectral measurement with tungsten lamp restricted by
germanium filter was done. Fig. 6.13 shows the result of the measurement at
300 K. The estimated onset energy is 0.45±0.03 eV.
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Figure 6.13: Responsivity spectra of Al/p-Si/DiMe-PTCDI/Al heterojunc-
tion, measured short circuit condition, at 300 K, behind 0.95 eV band-pass
filter and Ge filter. Thickness of DiMe-PTCDI layer was 25 nm Inset: semi-
logarithmic plot, the uncertainty of onset estimation is shown.

From the detector performance point of view it is important to point out
that the responsivity of perylene based device at photon energy 0.8 eV equals
6.94·10−5 A/W, what is an order of magnitude higher than for the C60 based
device and almost two orders of magnitude higher than for the spin-casted PCBM
based device (see Tabel 7.1 for comparison).
Fig. 6.14 shows the temperature dependence of a short circuit photoresponse
spectra measured behind a 0.95 eV band-pass filter.
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The detail study behind germanium filter of the temperature dependence on
onset energy has not been done and

As can be seen from the inset of Fig. 6.14 for the given very low signal-to-noise
ratio close to the photoresponse onset, the onset value seems to be independent
of the temperature and is estimated to be 0.55±0.03 eV. This results is 0.1 eV
higher than the more accurate value obtained from the measurement using Ge
filter for 300 K. Figures 6.14 and 6.15 reveal the temperature dependence of the
responsivity. For a photon energy of 0.8 eV at 300 K a drop to 80% of the value
at 77 K is observed, what indicates a better temperature stability than for the
PCBM device where a drop to 50% was observed (see Fig. 4.25). However for
C60 device no significant difference between 300 K and 77 K in photoresponse was
observed (see Fig. 4.51).
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Figure 6.14: Temperature dependence of responsivity spectra of Al/p-
Si/DiMe-PTCDI/Al heterojunction, measured behind 0.95 eV band-pass fil-
ter. Thickness of DiMe-PTCDI layer was 25 nm Inset: semi-logarithmic plot,
the uncertainty of onset estimation is shown.
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Figure 6.15: Temperature dependence of responsivity of Al/p-Si/DiMe-
PTCDI/Al heterojunction measured at 0.8 eV (1.55µm).

To study the dependence of the responsivity on the organic layer thickness,
three different sets of samples were fabricated with 100 nm, 25 nm and 12 nm
thickness. The superior sample proved to be the one with 25 nm thick DiMe-
PTCDI layer, see Fig. 6.16 and Fig. 6.17, showing around two orders of magni-
tude higher responsivity than for the 12 nm and 100 nm samples. However the
theoretical analysis of light intensity distribution in the device presented in Ap-
pendix A shows that the thicker sample should result in an increased photocurrent
through increased absorption. However, since the absorption in discussed case is
a sub-bandgap process, for simplicity the model used in Appendix A assumed a
non-absorbing media (extinction coefficient k = 0) and allowed only calculation
of light intensity distribution in the multilayer structure. Assuming only interface
absorption, for a 100 nm thick structure around 3.3 times more light (photon
energy 0.8 eV) is present at the interface than for a 25 nm (see Fig. 6.18). If
we include the possible additional bulk absorption through excitation of charges
from localized sub-bandgap levels into delocalized LUMO level the influence of
thickness in the total absorption is even higher, an integration over the total
thickness of the light intensity distribution function predicts an order of magni-
tude higher intensity of absorbed light of 0.8 eV energy for a 100 nm sample than
for 25 nm sample (see Fig. 6.19). The opposite obtained result suggests that the
photocurrent, regardless of the actual generation mechanism, is transport limited
and despite the higher amount of generated charges in case of thicker layers they
are not able to be extracted and contribute to the observed photocurrent. The
limitation might be related to the increased number of boundaries between crys-
tallites and/or to the reduction of grain sizes in the material that would hamper
the transport and reduce the effective mobility severely [125, 126]. On the other
hand the 12 nm thick sample resulted in a two orders of magnitude lower PC
than the 25 nm sample, from the transport limitation point of view the oppo-
site should be expected, and from the light intensity distribution point of view a
decrease for the thinner sample of only factor 2 in case of interface effect and
factor 3.4 in case of bulk effect is predicted. This might suggest that for such a
thin layer, the layer morphology is different as compared the thicker layers and

103



leads to a more complicated picture of thickness dependent transport limitation.
In general one should expect an optimal thickness for which all competing pro-
cesses are balanced. A further study with a broader range of thickness including
device performance measurement, transport properties and morphology should
be performed to clarify this issue.
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Figure 6.16: Dependence of the responsivity spectra on organic layer thick-
ness of Al/p-Si/DiMe-PTCDI/Al heterojunctions.
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Figure 6.19: Relative light intensity for a photon energy of 0.8 eV absorbed
in the whole bulk of organic layer (integrated from x = 0 to d) according to
Eq. A.20 as a function of the organic layer thickness.

6.1.5 The influence of p-Si surface treatment on elec-
trical characteristics and photoresponse

Similarly to the results presented in Section 4.3 for C60 based diodes, the crucial
point in device fabrication is the thermal treatment of silicon surface right before
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the deposition of organic material, resulting in a surface clean of various contam-
inants and free of hydrogen termination. The discussion presented in previous
Sections refers to samples that were annealed at 600 K before the deposition of
organic layer. In the following Section they will be compared qualitatively with
the sample fabricated without annealing step.

It has been reported in literature that the special surface treatment might
enhance the interaction of organic molecules with the surface. Particularly a
dipole layer formation at the interface between perylene derivatives PTCDA and
DiMe-PTCDI and Se and S passivated GaAs surface was reported in [127, 128]
and a chemisorption of PTCDA on clean unpassivated Si surface was reported
in [123].
In our previously presented model, the origin of the photoresponse remains am-
biguous being dominantly either related to interface generation or bulk excitation
of electrons. Nevertheless, in both cases the interface plays an important role
since even in bulk excitation model we defined a surface tunneling process which
is a part of conduction mechanism through localized states. Thus an enhance-
ment of interface interaction at the surface might be responsible for an almost
two orders of magnitude increase of photoresponse observed in the samples that
were annealed. Table 6.1 summarizes the responsivities of various perylene di-
imide based diodes.

Table 6.1: Comparison of responsivity at 0.8 eV of p-Si/DiMe-PTCDI devices
annealed at 600◦C before deposition of oragnic layer and unannealed devices

Sample Thickness Responsivity / A/W
Nr 1 annealed 100 nm 6.6E-07
Nr 2 annealed 25 nm 6.9E-05
Nr 3 annealed 25 nm 6.9E-05
Nr 4 annealed 12 nm 6.7E-07
Nr 5 annealed 12 nm 1.1E-06
Nr 6 unannealed 25 nm 1.1E-06
Nr 7 unannealed 25 nm 4.5E-07

Interesting to see is the difference in J-V characteristics between annealed
and unannealed devices (Fig. 6.20). The unannealed samples exhibit a higher
series resistance thus a more non-ideal characteristics in the forward direction,
what might be intuitively explained in terms of contribution of contamination
for the series resistance. On the other hand those samples at the same time
exhibit under the reverse bias a current density at the same level as PCBM based
devices, which is 30 times lower current than for the annealed DiMe-PTCDI
based devices, as explained in Section 6.1.3.
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Figure 6.20: Comparison of J-V characteristics of p-Si/DiMe-PTCDI devices
annealed at 600◦C before deposition of organic layer and unannealed devices.
Thickness of organic layer in all cases was 25 nm.

6.1.6 Photodetector performance

6.1.6.1 Detectivity measurements

To further characterize the studied device as a potential candidate for a practical
IR-detecting applications, the specific detectivity D∗ is calculated. D∗ is an
efficient figure of merit and is defined by the reciprocal of the noise equivalent
power per bandwidth (NEP) normalized to the detector sensitive area A, and is
given by:

D∗ =
√
A/NEP (6.1)

where NEP =
√
〈i2n〉/∆f/R, R is the responsivity, 〈i2n〉/∆f is the mean square

of the thermal noise current per bandwidth ∆f . In Fig. 6.21 a room tempera-
ture spectral noise current-density at 0 V bias of the p-Si/DiMe-PTCDI photo-
diode is plotted (red line) in comparison with the one of a 10 kΩ resistor (green
line). The mean square of the noise current-density of a resistor r is given by
〈i2n〉/∆f = 4kT/r [129] and agrees with the measured data and hence supports
the realistic value of D∗. At low frequencies an 1/f noise is observed followed by
a nearly flat (white) region up to the roll-off (f > 100 kHz) of the I-V amplifier.
The capacitance of the photodiode causes the slight decrease of the low roll-off
frequency of the I-V amplifier compared to the pure resistive load. In the white
noise region (3 kHz–30 kHz) we find a D∗ value of ∼ 7 · 107 Jones.

6.1.6.2 Response time measurements

In standard heterojunction photodiodes based on absorption in the bulk of one (or
both) of the materials by means of band-to-band excitation followed by charge
separation by an electric field in the depletion layer, the response time depends
on diffusion of carriers generated outside the depletion layer, the drift time in
the depletion layer and the capacitance of depletion layer [5]. In the case of
our silicon–organic heterojunction, the absorption in the sub-bandgap range is
assumed to take place at the interface and/or in the bulk of the organic material
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tion (red) and of a 10 kΩ metal-film resistor (green).

due to promotion of electrons from localized to delocalized states. Therefore,
the response time is limited by both the drift time through the organic material
and by the capacitance of the device. The drift time can be roughly estimated
from time-of-flight equation: µ = d

t·E , where µ ' 0.5 cm2/Vs [21, 130] is the
electron mobility, d ' 25 nm is the organic layer thickness and E ' 6 · 105 V/m
is the electric field in the device at 0 V taken from the formula presented for
PCBM in Eq. 4.4. The above estimation yields a drift time t ' 0.6 ns. However,
in the case of the studied devices with relatively large electrode area (on the
order of 0.1 cm−2) and hence large capacitance, the dominant role seems to be
the RC time constant [131]. The time resolved photoresponse was measured
in the setup consisting of a laser diode emitting at 1.55µm controlled by a
function generator, and beam splitter dividing the beam into the reference beam
detected by a calibrated commercial InGaAs photodiode (green line in Fig. 6.22)
and the probe beam detected by the heterojunction device under investigation
(red line in Fig. 6.22). The sample output signal was additionally amplified.
Both the amplifier and the function generator were chosen with care not to limit
the response of time of the investigated photodetector. The rise and fall times
obtained from Fig. 6.22 are in the range of 400 ns, resulting in the bandwidth of
2.5 MHz, what clearly shows the limiting role of capacitance. An important step
in the improvement of the device bandwidth should therefore be a reduction of
electrode area.
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Figure 6.22: Time-resolved photocurrent of Al/p-Si/DiMe-PTCDI/Al diode
at 0 V bias upon excitation by a pulsed laser diode emitting at 1.55µm, in
comparison with response of reference InGaAs photodiode.

6.2 p-Si/Indigoids heterojunction diodes

The molecular structure of both investigated Indigoids (Indigo and Tyrian Pur-
ple) is shown in Fig. 6.23. Both materials are naturally occurring and are today
synthetically produced in the large scale by the dye industry for textile colouring,
paints, cosmetics. As such, they are nonhazardous, environmentally friendly, low
cost materials.

Indigo is an organic semiconductor of a natural origin, occurring in the plants
indigofera tinctoria and isatis tinctoria. The history of colouring of textiles in dif-
ferent parts of the world (Egypt, China, India) dates back to ancient times. Since
the end of 19th century Indigo is produced synthetically. The present production
capacity reaches the amount of millions of tons per year, what is the highest
number among dyes. The price on the order of few USD/kg places Indigo in an
economically favorable position compared to other organic semiconductors used
in modern organic electronics. An excellent degradation stability in the air is one
of a key factors in industrial application of the dye [132].
Important for electronic application is the ambipolarity of Indigo, seen in OFETS,
with electron and hole mobilities on the order of 10−2 cm2/Vs [133]. The cyclic
voltammetry experiment reported in [132] showed a reversible two-electron oxi-
dation and reduction, illustrating the ambipolarity of transport properties. The
high values of mobilities can also be elucidated by a strong π–π stacking, mani-
fested in the electronic and vibrational spectra of Indigo solutions [134–136]. The
inter– and intramolecular hydrogen bonding, characteristic for the whole group
of Indigoids, is responsible for the minimal solubility and a high melting point of
390 ◦ [133].

Tyrian purple (6,6
′
-dibromoindigo) was regarded as the most desirable dye of

ancient times. It was in the centre of interest even before Indigo [137] and was
produced from sea snails. The dye used in our studies has been prepared using
known synthetic procedures [138] and purified twice by temperature gradient
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sublimation. The heterojunctions were fabricated by evaporation from a hot–
wall–epitaxy source at a rate of 0.1 Å/s (see Section 3.1). The material exhibited
ambipolar properties and in a standard OFET configuration showed mobilities
more than an order of magnitude higher than Indigo, i.e.: µe = 0.31 cm2/Vs,
µh = 0.42 cm2/Vs [139].

Figure 6.23: Molecular structure of Indigo and Tyrian Purple.

Both Indigoids form a rectifying contact with p-Si with rectification ratio
between -1 V and +1 V on the order of 1.7 · 103 in case of Indigo (see Fig. 6.24)
and 3.7 · 103 in case of Tyrian Purple (see Fig. 6.25). Under illumination of a
0.8 eV laser diode, a photovoltaic effect was observed in both samples, resulting
in short circuit current density JSC = 0.1µA/cm2 for Indigo (see Fig. 6.24)
and JSC = 2.4µA/cm2 for Tyrian Purple (see Fig. 6.26). In both devices the
observed open circuit voltage was around 1 mV. Fig. 6.26 reveals a forward bias
photoconductivity in p-Si/Tyrian Purple device, with signal to noise ratio around
1.1. The origin of this effect remains unclear.
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Figure 6.24: J-V characteristics of Al/p-Si/Indigo/Al heterojunction mea-
sured at 300 K in the dark and under illumination of 0.8 eV laser diode.
Inset: linear plot for low voltages showing the values of JSC and VOC .
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Figure 6.25: J-V characteristics of Al/p-Si/Tyrian Purple/Al device. Two
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Fig. 6.27 shows temperature dependence of the dark reverse current for p-
Si/Tyrian Purple heterojunction. The thermal activation energy is estimated to
be Ea = 0.51± 0.02 eV.
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Figure 6.27: Arrhenius plot of dark current of Al/p-Si/Tyrian Purple/Al
device measured at reverse bias -1.1 V.

Fig. 6.28 and Fig. 6.29 show the spectrally resolved photoresponse of both
Indigoids diodes. The observed onset energy was 0.54±0.03 eV and 0.48±0.03 eV
for Indigo and Tyrian Purple respectively. The observed value is again lower than
the bandgap 1.7 eV of Indigo [133] and 1.8 eV of Tyrian Purple [140]. Important
to notice is the fact that the Tyrian Purple exhibited a photoresponsivity similarly
to perylene diimide device on the order of 10−5 A/W, and the photoresponse of
the device was stable in air with the slight deterioration of the diode itself (see
Fig. 6.25).
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Figure 6.28: Responsivity spectra of Al/p-Si/Indigo/Al device. Measured at
300K, behind 0.95 eV band-pass filter and Ge filter. Inset: Semi-logarithmic
plot, uncertainty of onset energy estimation is shown.
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sured at 300K, behind 0.95 eV band-pass filter and Ge filter. Inset: Semi-
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Chapter 7

Comparison of all studied
heterojunctions, general
conclusions

Tabel 7.1 summarizes the measurements results of all types of devices studied in
this thesis. The comparison of responsivity is shown in Fig. 7.1. From the detec-
tor performance point of view the superior devices were those with DiMe-PTCDI
and Tyrian Purple. However, the mechanisms of diodes operation remain am-
biguous. The detailed study performed on PCBM diodes allowed to estimate the
barrier height from C-V measurement and to apply a generation-recombination
model for the diode operation. Due to the lack of detailed comprehensive studies,
a direct application of the same model for other devices was not possible within
this thesis.
Even for relatively well studied fullerene devices, the origin of dark reverse current
and photocurrent remains ambiguous, with pros and cons of proposed models de-
scribed in Section 4.2. The electrical studies, photocurrent onset and dark current
activation energy results of all studied devices lead to the following conclusions:

• Assuming for all devices interface photogeneration of a charge carrier from
the silicon VB into LUMO of the organic material as the mechanism of
photoresponse in IR, we could conclude that the slightly different values
of PC onset correspond to different band alignment at the interface (see
black squares with error bars in Fig. 7.3). However, for the studied ma-
terials other then PCBM, a C-V analysis should be performed in order to
estimate the built-in field and consequently the barrier height. For this
purpose diodes with good rectification and no hysteresis in the C-V char-
acteristics are required.
In this scenario, the dark reverse current should be treated as resulting from
the generation in the space charge region of silicon. In agreement with this
interpretation, the obtained results for the dark reverse current activation
energy (' 0.5 eV) i.e. all similar to half of the silicon bandgap (see red
circles with error bars in Fig. 7.3) within the measurement uncertainties.
The drawback of this approach for the studied devices with organic lay-
ers other than fullerenes is the observed one order of magnitude higher
current density than for the PCBM devices (see Fig. 7.2). The compari-
son of the measured values with the theoretical curve for the generation-
recombination process in the Si depletion region results in effective life
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times of charge carriers one order of magnitude lower than reported in lit-
erature [89]. Moreover, a slight deviation from the predicted square root
voltage dependence of the reverse current is observed. However, due to
the lack of knowledge of the built-in potential and the exact energy level
values at the interface from reliable C-V studies a detailed analysis was not
performed.

• Table 7.2 summarizes the LUMO levels measured electrochemically for all
pristine materials studied in hybrid diodes. Assuming that the differ-
ence between the Si VB (ESi

V ) and the LUMO of the organic materials
(ELUMO) corresponds to the barrier height and is manifested in the pho-
tocurrent onset (EPC), a linear relation for all studied materials is expected:
EPC = ELUMO − ESi

V . Fig. 7.4 reveals that the expected linear depen-
dence is not matched and specially a huge deviation is seen in the case of
Indigoids and [84]PCBM. Since the exact absolute value of LUMO levels
is not known, it can only be concluded, basing on barrier height estimated
from C-V measurement for PCBM and comparison of relative LUMO levels,
that for all materials the LUMO level is situated above the Fermi level of the
p-type silicon substrate used in this work (-4.8 V) [82]. Moreover, it is clear
that the band alignment at the interface is not determined by a value of dif-
ference between work function of Si and electron affinity in organic material,
i.e. for all studied materials the Schottky-Mott limit does not define the
barrier height. As reported in literature for various interfaces (organic semi-
conductor/metal [86], organic semiconductor–organic semiconductor [87],
organic semiconductor–insulator [111] or organic semiconductor–inorganic
semiconductor [114,141]) the band alignment is defined by dipoles formed
at the interface. A more detailed interface analysis with photoemission and
inverse photoemission method should be performed in order to identify the
relative position of respective bands at the hybrid interfaces studied in this
work.

• The measurement of a spectrally resolved photoresponse at short circuit
condition, for determining the onset energy is not sufficient to identify the
phototransition of electron as either direct i.e. from the VB of p-Si to the
LUMO of the organic material, or via an intermediate step i.e. a localized
state in the organic material at the interface, referred to as pseudo-IPE
(see Fig. 4.30).

• Assuming for all devices deep trap photogeneration in the organic layer
as the PC mechanism, we could assign the different values of the PC
onsets to different energetical positions of localized levels in the organic
layer. The presence of such localized states at energies ' 0.5 eV below
LUMO, either interface or bulk, has not been reported except for the case
of C60 (see Chapter 5). The presence of localized polaron C−60 was predicted
theoretically [97,98] and reported experimentally [99]. Moreover it was also
seen in the photoconductivity of C60 OFET presented in this work.

• The deep trap photogeneration could be responsible for the observed pho-
toconductivity under forward bias in p-Si/DiMe-PTCDI and p-Si/Tyrian
Purple devices shown in Fig. 6.11 and Fig. 6.26 respectively.
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• An open question remains whether the possible presence of deep trap states
responsible for photoresponse implies their participation in the proposed
reverse current mechanism via hopping transport through localized states.
Such an explanation could be endorsed if we, assume (based on Fig. 7.3)
the correspondence of PC onset and activation energy for each material.
However, a deep trap states with high enough density forming a band
throughout the bulk of the material were up to now not reported in litera-
ture.

• Important to notice is the observed hysteresis in perylene device which
might suggest the presence of an interface dipole that might be responsible
for a superior responsivity through increase of local electric field.

To conclude, further detailed studies are required in order to analyze the origin
of photocurrent in devices based on DiMe-PTCDI and Indigoids. Nevertheless
their superior quality makes them an interesting and relatively easy (due to high
signal-to-noise ratio in photoelectrical experiments) object to study.
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Figure 7.1: Comparison of responsivity spectra of all studied types of devices.
Measured at 300 K, behind germanium filter. Onset uncertainty for each case
is shown. Different noise level for each sample stems from the fact that during
the measurement we tried to achieve a similar level of signal at the lock-in
amplifier with different sensitivity for each sample corresponding to the value
of measured photocurrent
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Figure 7.2: Comparison of reverse bias J-V characteristics of all studied types
of devices. Measured at 300 K. Dotted line shows a results of modeling with
depletion layer generation formula (Eq. 4.58) for p-Si/DiMe-PTCDI device,
assuming effective life time of thermally generated minority carriers τe = 9 ns,
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Table 7.1: Comparison of responsivity measured at photon energy 0.8 eV
and 300 K, photocurrent onset energy, activation energy and barrier height
obtained from C-V measurement (if measured) for all studied devices Al/p-
Si/organic layer/Al.
Organic layer Thickness Responsivity PC Onset Eactivation ΦB from CV

A/W at 300 K / eV eV eV
DiMe-PTCDI 25 nm 6.9E-05 0.45±0.03 0.47±0.02
Tyrian Purple 30 nm 4.3E-05 0.48±0.03 0.51±0.02
C60 25 nm 7.4E-06 0.55±0.03 0.51±0.02
Indigo 50 nm 1.9E-06 0.54±0.03
PCBM 165 nm 1.4E-06 0.51±0.03 0.54±0.02 0.6±0.05
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Figure 7.3: Comparison of photocurrent onset energy and dark current acti-
vation energy for all studied Al/p-Si/organic layer/Al devices.

Figure 7.4: Values of PC onset of different devices presented as a function of
LUMO levels of different materials. The red line represents the hypothetical
linear dependence EPC = ELUMO − ESi

V , where ESi
V was used as a fitting

parameter and the value -4.68 eV results from a least-square fit.
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Table 7.2: Comparison of photocurrent onset energy, reverse current acti-
vation energy for all studied devices Al/p-Si/organic layer/Al and energy of
LUMO level for all studied materials. The LUMO values for [60]PCBM,
DiMe-PTCDI, Tyrian Purple and Indigo were obtained electrochemically
using the same setup and the same reference electrode. The values for
[70]PCBM and C60 were assumed equal to [60]PCBM following reported ob-
servations [83], similarly the value for bisPCBM was assumed 100 meV higher
than for [60]PCBM [100] and for [84]PCBM was assumed around 350 meV
lower than for [60]PCBM [101].

Organic layer PC Onset Eactivation ELUMO

eV eV eV
[60]PCBM 0.56±0.03 0.54±0.02 -4.2
[70]PCBM 0.54±0.03 -4.2
bisPCBM 0.6±0.03 -4.1
[84]PCBM 0.56±0.03 -4.5
C60 0.55±0.03 0.51±0.02 -4.2
DiMe-PTCDI 0.45±0.03 0.47±0.02 -4.15
Tyrian Purple 0.48±0.03 0.51±0.02 -4 [140]
Indigo 0.54±0.03 -3.8 [133]

119



Chapter 8

Summary and outlook

In summary this work demonstrated that an inorganic-organic heterojunction
diodes can be utilized for sensing NIR light (specifically at 1.55µm). A pho-
tovoltaic effect is observed up to a wavelength of 2.7µm and it is argued that
it originates from an optical excitation of electrons from the Si valence band
into the LUMO level of an organic material, with possible intermediate step
i.e. an occupied localized states in the organic thin film with a subsequent
charge–carrier separation at the heterointerface. A novel comprehensive model
for the operation of p-Si/PCBM hybrid diode, based on an interface generation–
recombination current, was proposed. The band diagram based on energy values
obtained experimentally from C-V measurement was presented. Based on the
detailed understanding of the diode operation principle, further improvements of
the device with respect to its application as infrared photodetector compatible
with standard Si technology [142] as well as the development of photodetectors
based on alternative organic semiconductors becomes possible. The simple fab-
rication, operation at room-temperature, compatibility with the CMOS process
together with the responsivity, specific detectivity and response time reported
here demonstrate a high potential of this IR detector concept.

In order to increase the performance of the device further, basic physical stud-
ies of existing detectors and organic materials are planned. These experiments
will be aiming at comprehensive understanding of physical processes governing
the light absorption in sub-bandgap range responsible for photodetector opera-
tion. The experiments planned within future project will feature:

• studies of the influence of different Si doping concentrations on the pho-
tocurrent onset, in order to identify whether the onset is independent of
the doping concentration in Si and whether the photoexcitation process
can be described as pseudo-IPE process

• probing of density and energy position of localized states at the interface
and/or in the bulk of the organic material with electrical transient meth-
ods, photoemission spectroscopy (in situ UPS studies) and photoinduced
absorption

• investigation of OFETs fabricated from different materials, in order to study
the possible excitation of polaron states generated in the transistor channel
as a result of increasing gate bias
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• spectral analysis of the photoconductivity observed in pSi/DiMe-PTCDI
and pSi/Tyrian Purple diodes under forward bias, to measure the onset
energy of PC and compare with short circuit PC

• further detailed analysis of hysteresis observed in C-V experiments on
pSi/DiMe-PTCDI diodes with transient electrical methods

• detailed analysis of pSi/Indigo, pSi/Tyrian Purple diodes: C-V investigation
of possible existence of hysteresis observed for DiMe-PTCDI, J-V, SEM

• optimization of response time of the detector by reduction of active elec-
trode area, thus reduction of RC limitation of the bandwidth

• analysis of n-Si/Indigo, n-Si/Tyrian Purple diodes with respect to their
ambipolarity seen in OFETs [133, 140]

• analysis of n-Si/p-organic material (a p-type material of choice, quinacridone)

• studies of the influence of the doping level of the organic material on the
operation of a photodiode

In his review from 2003 [35] Forrest asked for an application niche for such a
device concept where its advantages over conventional or even all-organic devices,
such as low environmental and energetic cost of fabrication and integration with
Si integrated circuits, room temperature operation and low power consumption
(short circuit operation), would be shown. The use of such a structure for IR
detection could indeed be one.
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Appendix A

Cavity analysis

In this Section, a theoretical analysis of light intensity distribution in a multilayer
structure is presented. Table A.1 presents schematically the investigated Al/p-
Si/organic/Al multilayer structure with the values of material properties and
variables used in the optical analysis. The back Al contact is omitted as it does
not lay in the optical path, the Si substrate layer is considered as semi-infinite
due to its huge thickness (250µm) compared to the wavelength (1-3µm).

Table A.1: Investigated multilayer structure. A
′
n and B

′
n are the respective

amplitudes of plane waves in medium n at x = xn−1 An and Bn are the
respective amplitudes of plane waves in medium n at x = xn. The reported
values of refractive indexes are for a photon energy 0.8 eV.

Si SiO2 organic Al vac.
n0 n1 n2 n3 = nR3 -ik3 n4

3.4 [143] 1.44 [144] 1.85 [145] 1.44-ı16 [144] 1

A0 A
′
1 A1 A

′
2 A2 A

′
3 A3 A

′
4

B0 B
′
1 B1 B

′
2 B2 B

′
3 B3 B

′
4

x0 x1 x2 x3

d1 d2 d3

To analyze the theoretical distribution of light intensity in the investigated
structures we will apply the matrix formulation for multilayer system presented
in a textbook by Yeh [146]. The xy plane is considered as the plane of incidence
and the whole medium is homogenous in the y-direction. The electric field of a
plane-wave solution of the wave equation can be written as:

~E = ~E(x)ei(ωt−kyy) (A.1)

where the x-direction is perpendicular to the interfaces. For any value of y = y0,
the electric field distribution ~E(x) consists of right-traveling wave (A(x)) and
left-traveling wave (B(x)) and for the given multilayer structure is:

Ey(x) =


A0e

−ik0x(x−x0) +B0e
ik0x(x−x0), x < x0

A1e
−ik1x(x−x1) +B1e

ik1x(x−x1), x0 < x < x1
A2e

−ik2x(x−x2) +B2e
ik2x(x−x2), x1 < x < x2

A3e
−ik3x(x−x3) +B3e

ik3x(x−x3), x2 < x < x3
A

′
4e
−ik4x(x−x3) +B

′
4e
ik4x(x−x3), x > x3

(A.2)
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where we have assumed that the electric field vector is polarized perpendicular
to the plane of incidence (s–polarization). For p–polarization (the magnetic field

vector ~H perpendicular to the plane of incidence) similar ansatz has to be made
for the corresponding component of magnetic field vector Hy(x).
In Eq. A.2 knx are respective x components of the wave vectors:

knx =

[(nnω
c

)2
− k2y

]1/2
=
(ω
c

)
nn cos θn =

2π

λ
nn cos θn (A.3)

where θn is the angle of incidence, (normal incidence θn = 0). The y components
of the wave vectors must have the same value in all the layers in order to satisfy
the boundary conditions at the interfaces.
Imposing the boundary conditions of Maxwell equation i.e. the continuity of
tangential components of the electric field vector ~E and magnetic field vector ~H
at the interface between two media leads to a set of linear equations describing
the system. Those equations can be presented using the matrix formulation,
what for the given structure leads to:(

A0

B0

)
=

(
M11 M12

M21 M22

)(
A

′
4

B
′
4

)
(A.4)

with the matrix M given by:(
M11 M12

M21 M22

)
= D−10

[
3∏

n=1

DnPnD
−1
n

]
D4 (A.5)

The matrices Dn are so-called dynamical matrices of the medium n stemming
from boundary conditions of Maxwell equations and can be written as:

Dn =

(
1 1

nn cos θn −nn cos θn

)
for s polarized waves (A.6)

Dn =

(
cos θn cos θn
nn −nn

)
for p polarized waves (A.7)

and Pn is the so-called propagation matrix, which accounts for propagation
through the bulk of the layer:

Pn =

(
eiφn 0

0 e−iφn

)
(A.8)

where φn is given by: φn = knxdn Using the matrix equation A.4 we can obtain
the general reflection coefficient for the plane wave that is incident from medium
0 (silicon):

r =

(
B0

A0

)
B

′
4=0

=

(
M21

M11

)
(A.9)

Similarly to Eq. A.4 we can formulate the relation between amplitudes in
media 0 and 1:(

A0

B0

)
= D−10 D1

(
A

′
1

B
′
1

)
= D

(
A

′
1

B
′
1

)
=

(
D11 D12

D21 D22

)(
A

′
1

B
′
1

)
(A.10)
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and (
A

′
1

B
′
1

)
= P1

(
A1

B1

)
=

(
eiφ1 0
0 e−iφ1

)(
A1

B1

)
(A.11)

what using the expression for r gives:

r =
B0

A0

=
D21A

′
1 +D22B

′
1

D11A
′
1 +D12B

′
1

(A.12)

finally A
′
1:

A
′

1 = B
′

1

D22 − rD12

rD11 −D21

= B
′

1∆
−1 (A.13)

and A1 and B1 are:
A1 = e−iφ1A

′

1 (A.14a)

B1 = eiφ1B
′

1 (A.14b)

Using Eq. A.10, Eq. A.13 and Eq. A.14 we can express A1 and B1 as A0:

A0 = D11A
′

1 +D12B
′

1 = D11A
′

1 +D12A
′

1∆ (A.15)

A
′

1 =
A0

D11 +D12∆
(A.16)

A1 = e−iφ1
A0

D11 +D12∆
(A.17a)

B1 = eiφ1
A0∆

D11 +D12∆
(A.17b)

we can now formulate the expression for electric field of the plane wave in the
organic layer:

E(x) = A1e
−ik1x(x−d1) +B1e

ik1x(x−d1) =

A0

D11 +D12∆

(
e−iφ1e−ik1x(x−d1) + ∆eiφ1eik1x(x−d1)

)
(A.18)

Finally the time averaged light intensity as a function of photon energy, or-
ganic layer thickness and the position in the organic layer can be obtained from:

I ∝ E · E∗ (A.19)

where ∗ denotes the conjugation. To study the influence of organic layer thickness
on the intensity of light that is absorbed and induce photocurrent, assuming that
the absorption takes place at the interface we calculate Eq. A.19 as a function
of organic layer thickness for x = 0 and for a given photon energy. On the
other hand assuming the bulk absorption we can calculate the total absorbed
light intensity (for a given photon energy) in the whole bulk of organic layer
depending on thickness:

Ihν1absorbed(d1) =

∫ x=d1

x=0

Ihν1(d1, x)dx (A.20)
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Appendix B

Analysis of applicability of
Schottky model

In this section we will analyze the applicability of Schottky metal–semiconductor
model regarding the studied devices p-Si/organic layer/metal. The ideal J-V
characteristics of a Schottky diode can be expressed as [5, 147]:

J = J0 (exp(eV/kBT )− 1) (B.1)

where J0 i.e. the saturation current density can be given by:

J0 = A∗T 2 exp(−eΦ/kBT ) (B.2)

where A∗ is the effective Richardson constant and Φ is the barrier height at the
metal–semiconductor interface.
Fig. B.1 and Fig. B.2 show the Richardson plot in 1/T vs ln J/T 2 coordi-
nates [148] at 1 V reverse bias for respectively p-Si/PCBM/AL and p-Si/DiMe-
PTCDI/Al junctions. The linear fit yields from the intersection with y-axis
A∗PCBM = 6 · 10−3 A/cm2K2 and A∗DiMe−PTCDI = 17 · 10−3 A/cm2K2 and from
the slope the barrier height of ΦPCBM = 0.5 eV and ΦDiMe−PTCDI = 0.44 eV.
The obtained values of barrier height for both materials match within measure-
ment uncertainties the photo current onset energy that is believed to be defined
by band discontinuities at the interface. The value for PCBM is a bit smaller than
the barrier height obtained from C-V ΦB(C−V ) = 0.6 ± 0.05 eV. However, the
values of Richardson constant for both devices are several orders of magnitude
smaller than the typical value of the Richardson constant for a p-Si/Al Schottky
diode: A∗ = 32 A/cm2K2 [5, 149]. From this simple analysis it is concluded,
that thermionic emission is not the dominant mechanism describing the (actually
much lower) measured saturation current density.
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Figure B.1: Richardson plot at 1 V reverse bias for Al/p-Si/PCBM/Al het-
erojunction.

Figure B.2: Richardson plot at 1 V reverse bias for Al/p-Si/DiMe-PTCDI/Al
heterojunction.
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