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Euxaplotieg

H SutAwpatik pou gpyacio amoteAel Tnv oAokARpwon Twv omoudwv pou oto EBvikd
MetooBlo MoAutexveio g 2xoAng Edappoopévwv Mabnuatikwv kat Quolkwv
Emotnuwv. Mavw amd oAa euxoplotw Toug yoveig pou Mapia MmakdAou-Pouoon,
dW\oAoyo, kal Os6bwpo Polaon, Latpo, yla tTnv umootnplén, t BonbsLa, Tnv Katavonon
KalL TNV TMeplooeLla ayarmn Toug Kotd Tn SLAPKELA TWV OTIOUS WV HoU.

ISlaitepa, Ba nBeha va suxapotnow tnv Kabnyntpia Anuntpa Mamadnuntplou,
EruBAEnovoa TG SUTAWUATIKAG MOV EPYACLOG, TTIOU HOoU £6WOE TNV EMLOTNUOVIKI, aAAd
KOL TNV OLKOVOULKN umoothplen He umotpodia Tou mpoypappatog Erasmus, wote va
TaldéPw Kat va SouAéPw Tn SuTAwpATIKA pou epyacia oto MNavemniotiuwo Tor Vergata,
otn Pwpun. H peAétn kat o xapaktnplopog QwtoBoAtaikwy Itoweiwv (HAlakwv KupeAwv
®Bahokuavivng MoAUBdou) mnpaypatonolibnkov OTO €pPyooTHPLO TOU OMOTLUOU
kaBnyntry tou MoAutexveiou tou BepoAivou Wolfgang Richter pe ouvepyalopevo
kaBnyntr) Tov Maurizio De Crescenzi kol gpeuvntég toug Ap. Linda Riele kat Ap. Luca
Camilli. Me tn BonBela kat tnv kaBodnynon twv kabnyntwv A. Mamadnuntpiouv, W.
Richter, kat M. De Crescenzi otaBnke Suvatn n eknmaidevon pou oe evOLADEPOVTEG
ETILOTNMOVIKOUG TOUEIC Kol n oAokAnpwon tng SUTAWUOTIKAG HOU €pyaciag otnv
Texvoloyia Opyavikwv QuwtofoAtaikwv. Ot KaBnynTtéG KaL Ol CUVEPYATEG TOUG HE
BonBnoav 1600 otnv Katavonon tng AEToupyiag Kal TOo XOPOKTNPLOUO TwV NALOKWY
KUPEAWV WG TIPOG TNV amddoaor| Toug, 000 Kal otn cuyypadn TnG Epyaciag Lou.

Eniong, Ba nBela va suxaplotiow toug diddokovteg tng IxoAng EM®E tou EMM mou
poodEPouV ApLOoTo eninedo popdwaong.

Akopa, BEAW va euxaplotow Toug Gpiloug Kat Tig Ppideg ocuvadéAdoug Kal pn, O Uou
KAavave opopda Ta GoLTNTIKA Pou Xpovia. To cuvexeg evlladépov cuyyevwy Kot dilwy
and Tov €UPUTEPO KOLWVWVLKO KUKAO OIMOTEAOUCE TAVIA KIVNTPO yLO TN GUVEXLON TWV
TPOOTIABELWV OV KOL TOUG EUXAPLOTW Beppa.

H oAokAnpwon autr twv ormoudwv pou amoteAel epodlo {wrcg, TOoo Amod TIC YVWOELC
TIOU OMEKTNOA OCO0 KOl amod TNV €motnuUovikg HEBodo mou Sibaytnka. H ouvexng
avalntnon ¢ yvwong Kal TG SnULoupyLKOTNTAG O EMIOTNMOVIKA O€pata, Kabwe Kal n
OUVEPYOOLUOTNTA e TOug omoudaioug avBpwrmoug — ¢iAoug Tmou améKTnoa oTov
MOAUTEXVELAKO KOL TOV EUPUTEPO ETILOTNOVIKO XWPO OMOTEAOUV HOVIUO OTOXO Hou. To
ETILOTEYOOUA TWV MIPOOTIAOELWV HOU €lval N amoKTNon Tou AUTAWHATOS pou wg Duatkol
Edbappoywv EMIM. Amotelel T oAAG Kal UTIOXPEWGN HMOU TPpog TNV MOAUTEXVELQKD
KOLvOTNTA KAl TNV Kowwvia va otabw cav oAoKANPWHEVOG AVOPWITOG KO ETILOTILOVAG
npog 6deAog TNG kKowwviag.
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A. Introduction- Motivation

In this work, organic solar cells based on lead phthalocyanine (PbPc) grown on two
different surface reconstructed Gallium Arsenide substrates GaAs(001), As-rich c(4x4)
and stoichiometric B2(2x4), were structurally and electrically characterized. The
PbPc-GaAs(001) c(4x4) and PbPc-GaAs(001) B2(2x4) bilayers were grown by Dr. P. Vogt
(Workgroup Prof. Dr. M. Kneissl) at the Technical University of Berlin.

PbPc is an organic molecule with very good optoelectronic properties promising to be
used in organic thin film solar cells or combination of organic and inorganic thin film
solar cells [1]-[4]. Different substrates are exploited, because changes in the behavior of
phthalocyanines and different molecule qualities have been reported in dependence of
the substrate surface-structure [5]-[7]. In particular, PbPc belongs to the category of
metal phthalocyanines that change their molecular ranking when they are deposited on
different substrates by taking the orientation of the substrate surface-reconstruction,
which means that they change their absorption properties. The experimental research
and the results we gain can show us, which sample is efficient in absorbing solar
radiation and can thus be used as solar energy converter. Understanding the material
properties is important for potential applications and improvements in view of their use
as molecular solar cells and their use as thin film interlayer to improve the electronic
properties of optoelectronic devices. It is also important to study the interaction
between the molecules and the substrate as this interaction can be strong, leading to
the formation of chemical bonds between them. This interaction can also alter the
chemical bonds of the molecules and, therefore, their structure. For this reason, the
growth (usually epitaxial) of organic molecules on inorganic substrates is an actual and
intensive research topic.

The electrical conductivity of lead phthalocyanine (PbPc), studied in this work, and that
of metal phthalocyanines, in general, depends on the orientation of the molecules. Many
parameters’ are important to consider for the orientation and the arrangement of the
organic molecules in a layer, but the research is focused on the interaction of the organic
layer with the substrate and the arrangements of the organic molecules in the first
monolayer of the interface of the organic layer-substrate (inorganic—bio mainly).

RAMAN Spectroscopy has been applied for the structural characterization of PbPc on
GaAs substates within this diploma-thesis. Since PbPc was deposited on GaAs substates

! Important parameters for the control of the ordering of the molecules are the substrate temperature,
evaporation rate and post evaporation annealing.



from the vapor phase, the Raman spectrum of PbPc in-vapor-phase has been studied. In
these experiments, the organic molecules are formed following the crystalline ordering
of the substrates they lay on. Raman scattering is a non-invasive experimental method?
that detects the vibration of a molecule and identifies its characteristic spectral pattern
(fingerprint). Samples can be examined in the solid-, liquid- or vapor-phase, in hot or
cold states, in the bulk, as microscopic particles, and as surface layers.

The sample used for the Raman study was powder of lead phthalocyanine in glass
container that was heated to produce PbPc free molecules in vapor phase. The study of
PbPc in vapor phase was important as PbPc in the electrically characterized solar cells
was deposited after being vaporized. The information of structural characterization of
PbPc in vapor phase that is given by its Raman spectrum is considerable, since it provides
us with information before the electrical characterization of the solar cells (PbPc on GaAs
substrates). The spectral pattern of PbPc in vapor phase was initially recorded and the
vibration modes of PbPc free molecules were extensively analyzed and presented within
the frame of the doctoral thesis of L. Riele [6]. Assignment of the vibrational modes of
PbPc powder was then at that time already known, since it has been reported by Dr. V.
Stamelou in her doctoral thesis [7]. Apart from the experimental work referred, there
are theoretical calculations of density functional theory (DFT) on the mode vibrations of
PbPc molecules published by Yuexing Zhang and Xianxi Zhang [8] and by I.M. Kupchak in
Ref. [6] which seem to be in agreement, when referring to mode vibrations and mode
frequencies.

In the present diploma thesis, the Raman spectrum of PbPc in-vapor phase has been re-
evaluated. Mode vibrations have been re-assigned by taking into account theoretical and
experimental results known from the Literature. This new interpretation is in accordance
with the results of DFT calculations reported in Ref. [8] and the Raman analysis of PbPc
powder in Refs. [6]-[7]. For PbPc in-vapor, however, a mode-shift has been added in the
evaluation of Raman-spectra by L. Riele [6] to account for additional motion (degrees of
freedom) of vaporized molecules. On the contrary, the present evaluation is based on
the fact that the molecule vibrations are drastically constrained by the presence of the
heavy metal atom. Bearing in mind that the protruding lead cation (Pb*) is responsible
for the spatial distribution and the asymmetry of the molecule, it is assumed that it is
also, to a great extend, responsible for the molecule vibrations and that mode-
frequencies are not significantly altered in both, the solid (PbPc powder) and the vapor
phase (PbPc in vapor).

In the following, the |-V characteristics of PbPc-GaAs(001) c(4x4) and PbPc-GaAs(001)
B2(2x4) solar cells and the Raman-spectrum of PbPc in-vapor-phase, as “start” material
for the solar absorber, will be presented and discussed inclusive the basic principles of
operation of photovoltaic cells and the principles of Raman scattering as the main
material characterization technique. In addition, the instrumentation of the laboratory
will be presented in the Experimental part so far it has been used in the referred
experimental measurements.

> Raman scattering may lead to sample degradation and fluoresce although the recent advances in the
instrumentation have limited these defects.
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B. Photovoltaic technology and Physical principles
1.1 Photovoltaic Technology

Photovoltaic technology is the technology that generates electrical power from
semiconductors when they are illuminated by light. Electricity is important to humanity
(unfortunately not yet acquired by the third world) as it provides us with services such as
electric light, radio, television, telecommunications, health services, clean water, cooling
and heating, electromechanical energy etc.

Photovoltaic technology is of great importance as it uses solar energy for the production
of electricity and/or heat (electrical plants and/or electrical thermal plants). The rising of
photovoltaic technology coincides with the 70s when the oil fuel crisis started®. The
demand for alternative sources of energy grew continuously and the research in this
field increased enormously. Another factor that has driven humanity towards the study
of environmentally friendly forms of energy is the severe pollution of the environment
during this century such as global warming. The concern for global warming was
declared by 191 countries, all members of the European Union, in the Kyoto protocol®
(December 1997, Japan). Greece was among those countries. The universal interest has
turned then to environmentally friendly forms of energy.

Even today, in the 21" century, one third of humanity does not have access to electricity
and hence to a large number of electricity-based services and commodities. Millions of
people die every year from drinking polluted water, while others suffer from the lack of
basic medical services. llliteracy denies millions of people any possibility of gaining
access to ideas for a better living. Electricity properly applied could help resolve many of
these ailments of society; photovoltaic systems may be the best solution for rural
electricity so as to ameliorate the life of the third world countries.

* The 1973 oil crisis started in October 1973, when the members of Organization of Arab Petroleum
Exporting Countries proclaimed an oil embargo to NATO.

* Kyoto protocol is one the protocols of Rio Conference, held in 1992, that have been signed by countries
universal for the protection of the environment and have global strength. Especially, Kyoto protocol
declares the global interest to reduce the Greenhouse gases: Carbon dioxide (CO2),
Methane (CH4), Nitrous oxide (N20), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs) and Sulphur
hexafluoride (SFs).
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Figure 1.1 Environmentally friendly sources of energy
1.2 Solar Energy

Solar energy is renewable, ecologically friendly, and non-polluting energy supply
contrary to fossil fuel that produced the green house effect or nuclear energy that has
led to tremendous disaster sparked by accident in Chernobyl (Ukraine, 1986) and
Fukushima (Japan, 2010) nuclear plants. In addition, solar energy is more prosperous
than the other green energy sources (wind, biomass, hydropower, and geothermal) as
the technical knowledge is broader and it can provide us with sufficient energy.

Photovoltaic (PV) technology has a range of terrestrial and space applications nowadays,
such as power supply of satellites (since 1958) for telecommunication systems, remote
sensing and navigation, cladding of buildings, grid-connected and autonome PV-plants
for the supply of electricity, etc. Main advantages of photovoltaic applications are: low
operational and service costs, long lasting efficient operation for 20-30 years, easy
integration in facades and roofs of buildings, and embodiment in constructions with
simultaneous cost reduction. Another advantage of the photovoltaic systems is that they
can be integrated in the current grid of electricity power to an extra price per-kWh
“feed-in-tariff” by offering long-term contracts to solar energy producers. The possibility
of the creation of solar energy farms in deserts is also under consideration. Solar energy
converted into electricity meets high expectations for the future in the field of
renewables that can also be the solution for rural and remote areas supplies.



Figure 1.2. The 25.7 MW Lauingen Energy Park in Bavarian Swabia, Germany.

The disadvantages of the solar cells are their considerably high cost of production (PVs
cost more than the usual forms of energy e.g. coal) and the technical difficulties in
fabrication of large area cells.

Countries that have turned to solar energy and have photovoltaic considerable power
stations are USA, Germany, Canada, France, India, China, Italy, Spain, Portugal, Ukraine,
Thailand, Czech Republic and Bulgaria.

Our country Greece, although it has a lot of sun has not exploited this technology so
much until now due to economic reasons, private households, and lack of space. On the
other hand, it is worth to be mentioned that there are 6 PV parks: a 10 MWp park by
Selective Volt located in Larissa, a park by Infoquest in Beiotia (7.5 MWp), in
Peloponnese (6 MWp) by EDF, two 5 MWp, one in Thebes and another one in Drama,
and the last one at Eleutherios Venizelos airport with 8 MWp power.

The following figure shows the cost of electricity by energy source. It is clearly depicted
that solar energy is much more expensive than the other forms of energy supply. This is
one major reason, why it is not sufficiently used, although it is beneficial compared to
other sources.
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Cost of Electricity by Energy Source
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Figure 1.3 A bar chart of the cost of electricity by production source. Note that solar
energy bar reflects the fact that such energy can cost between 25¢ and 50¢ per kWh,
depending on the technology used and the estimated lifetimes of the cells [13].

1.3 Photovoltaic Effect

The photovoltaic effect converts solar energy to electricity [9]-[13]. It was first reported
by Edmund Bequerel, in 1839, when he observed that the action of light on a silver
coated platinum electrode immersed in electrolyte produced an electric current. The
term "photovoltaic" comes from the Greek ¢p@g (phds) meaning "light", and from "volt",
the unit of electro-motive force, the volt, which in turn comes from the last name of
the Italian physicist Alessandro Volta (Alessandro Giuseppe Antonio Anastasio Volta (18
February 1745 — 5 March 1827), inventor of the battery (electrochemical cell) in 1800.
The term "photo-voltaic" has been in use in English since 1849.

Solar radiation consists of photons, the particles of light, each with quantized energy.
The photons of the solar radiation with a sufficient energy are absorbed by proper semi-
conducting materials and their transfer of energy creates an exciton, e.g. an electron-
hole pair. The energy of photons E(y)=hv must be higher than the energy gap of the

semiconductor EG so as to be absorbed. In a photovoltaic device, however, there is some

built-in asymmetry which pulls the excited electrons away, before they can relax, and
feeds them to an external circuit. The extra energy of the excited electrons generates a
potential difference or electromotive force. Electrons are driven to the negative (n)
region of the semiconducting material and holes (a theoretical assumption which
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determines the lack of the electron) are driven to the positively (p) charged region of the
semiconductor. Then the electrons pass to an external circuit with an application of a
voltage through a selective contact where they produce electricity. Figure 1.4 describes
the physical basis of the photovoltaic effect in a solar cell: a photovoltaic panel with p-
and n-type silicon layers is depicted.

For the p-type layer, silicon (Si) was doped with electron acceptors (Al, B), while, for the
n-type layer, it was doped with electron donors (P, As). The p-n junction, where the
photovoltaic effect occurs, is built between them. Photons of energy equal or higher
than the band gap energy of the solar absorber (Si) transfer their energy to its atoms;
each photon causes an electron to move from the valence to the conduction band
leaving behind a hole also able to move across the junction, thus giving rise to charge
carrier generation.

Sunlight

Electron

Flow
% - W T ¥ -
@Y £ . | &
n-type p-type
3 ﬂt ,ﬂ'.ﬂ =ilicon silicon
7 N\, |
Junction
"Hole™
Flow Solar Panel

Diagram

= Ron Curtis B MrSclarcom
Figure 1.4. Description of the photovoltaic effect in a solar cell

When a load is positioned at the cell’s terminals, electrons will pass through the external
circuit, produce electricity, lose their energy and circulate back to the holes of the
p-region.
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2.1 P-N Junction

The physics behind a solar cell are explained in this part, as the p-n junction is the central
region, where the PV effect takes place. Mathematical formulas [10] are used for in
depth physical understanding of the phenomenon and of the reaction in a solar cell. The
p-n junction, where the phenomenon occurs, is of great importance so as to refer to the
electrostatics related to it. In thermal equilibrium, there is no net current flow and by
definition the Fermi energy must be independent of position.

Depletionregion
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>Figure 2.1.a P-N junction

In figure 2.1.a, a simple solar cell structure used to analyze the operation of a solar cell is
shown. Free carriers diffused across the junction (x=0) leaving a space-charge or
depletion region practically devoid of any free or mobile charges. The fixed charges in
the depletion region are due to ionized donors on the n-side and ionized acceptors on
the p-side of the junction. The photovoltaic effect, as discussed previously, takes place in

the p-n junction of the semiconductor. When the p-doped region (NA) with an electron
deficit is brought into contact with the n-doped region (N)) with an electron excess, the

e- diffuse from the n material to p. At a length X and X, the region becomes

negatively charged, at the p-region, and positively charged, at the n-region, respectively.
The space-charge region or depletion region is created. An electric field (electrostatic
potential difference) is thus set up between them tending to force electrons back to the

Valence band is the highest band that would be filled at OK while the next highest seperated by a
bandgap of forbidden energies is the conduction band. The conduction band is mostly empty so the
electrons that are in it can move relatively easily.
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n-region and holes to the p-region. The electrostatic potential difference resulting from
the junction formation is called the built-in voltage Vb_ . A junction is now set up. By
I

placing metallic contacts on the p and n region a diode is obtained. A diode permits the
current flow only to one direction and it resembles a solar cell in the dark.

Built-in electric field

photon

Conduction band

E—— =

Carrier

Valence band

Figure 2.1.b Absorption of a photon at the Fermi level, carrier generation, paths of electrons,
in the conduction band, and holes, in the valence band, and build-in electric field created by
the diffusion of carriers.

One of the cornerstones of electrostatics is the set-up and solving the problems that are
described by the Poisson equation. Finding ¢ for some given f is an important practical
problem, since this is the usual way to find the electric potential for a given charge
distribution described by the density function. The electrostatics of this situation
(assuming a single acceptor and a single donor level) are governed by

a NBJ (2.1.1)

2
Poisson’s equation Vig=———-
g(n,-p,-N,)

¢ is the electrostatic potential, q is magnitude of the electron charge, € is the electric
permittivity of the semiconductor, P, is the equilibrium hole concentration, N, is the

equilibrium electron concentration, N, is the ionized acceptor concentration, and N[;is
the ionized donor concentration.

Within the depletion region, defined by -X<X<X, it can be assumed that P, and N, are

both negligible compared to |NA-ND | so that equation (1) can be simplified to
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VZb=-qeN,, for X,<x<0 (2.5.2)
V'b=qgeN,, for 0<x<x, (2.5.3)
Outside the depletion region, charge neutrality is assumed
V=0, for X< and X 2 X, (2.5.4)

This is commonly referred to as “the depletion approximation”. The regions on either
side of the depletion regions are the quasi-neutral regions.

The electrostatic potential difference across the junction is the built-in voltage V}; and
can be obtained by integrating the electric field,

E=-Vd (2.5.5) «

Xp Xp d(b Vix,)
[Edx=-["2= ] db=dlx)- 006)= Y, (256
-Xn Xn V(xy)

Another type of a junction diode, except from the p-n, is the Schottky junction formed by
a metal and a semiconductor. The total charge at either side of the depletion region
balances and, therefore, the depletion region extends furthest into the more lightly
doped side, as depicted by the equation

XnNp =XpN, (2.5.7)

ND, NA are the densities of donors and acceptors (number of atoms/cm?). The depletion

width Vg under equilibrium conditions (at a constant temperature with no external
injection or generation of carriers) is

/28 N,+N
WD=Xn+Xp= E%Vm (258)
A" D

Under non-equilibrium conditions, the electrostatic potential difference across the
junction is modified by the applied voltage V.

2 (N, +N,)
WD=Xn+Xp=\/; |\?N > (Vbi-V) (2.5.9)
A" D
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KT. | N,N
and Vbi=—ln{ AZD} (2.5.10)
q n

The Fermi function determines the ratio of filled states to available states at each energy
at thermal equilibrium (i.e. at a constant temperature with no external injection or
generation of carriers) and is given by

1
f(E)=—F7 (2.5.11),
l+e /AT

Where E; is the Fermi energy, k is Boltzmann’s constant, and T is the temperature in
Kelvin. At absolute zero, it is a step function and all the states below E;are filled with
electrons and those above E;are completely empty. As the temperature increases,
thermal excitation will leave some states below E. empty and the corresponding

number of states above E; will be filled with the excited electrons.

When the Fermi energy, E;, is sufficiently far (>3 kT) from either band edge, the carrier
concentrations can be approximated (to within 2%) as

(EF'EC) (E, -E¢)
n,=N.e %T (2.5.12), p,=N,e KT (2.5.13)

and the semiconductor is said to be non-degenerate. In non-degenerate
semiconductors, the product of the equilibrium electron and hole concentrations is
independent of the location of the Fermi energy and is just

E,-E
p0n0=n$=Nche( v %T (2.5.14)

E,-E.=-E5 (2.5.15)

The conduction-band and valence-band effective densities of state (cm™), are the

N.and N,, respectively.

The Fermi energy E=E., in an intrinsic semiconductor, is

E +E. kT N
E=—"<4+—In| - | (25.16
Bk K M )

The intrinsic carrier concentration is typically very small compared to the densities of
states and typical doping densities and intrinsic semiconductors behave very much like
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insulators; that is, they are not very useful as conductors of electricity. The number of
electrons and holes in their respective bands, and hence the conductivity of the
semiconductor, can be controlled through the introduction of specific impurities, or
dopants, called donors-electrons and acceptors-holes. Generally, the donors and

acceptors are assumed to be completely ionized, so that T}J=NJ in n-type material and

PN, in p-type material.

The photoelectric effect takes place when the incident light interacts with the electron in
the medium with sufficient energy to unbound the electron from the medium (higher
energy than the binding energy of the electron) [9]-[13].

Figure 2.1.c Photoelectic effect

The Work Function @ is another important quantity. It is the minimum energy with
which an electron is bound to the metal and it is characteristic of every metal. It is of the

order of a few electron volts. ®=h* fo , where fo is the threshold frequency of the metal
and Planck’s constant h=6,626*10734 J*s.
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Figure 2.1.d Energy bands and work function of a metal

2.2 Solar Cell

A solar cell is a device that converts the energy of the sun into electrical energy. This
device is usually a semiconductor that has the capacity to absorb light and to deliver a
portion of the energy of the absorbed photons to the carriers of the electrical current:
electrons and holes. A semiconductor diode separates and collects the carriers and
conducts the generated electrical current preferentially in a specific direction. A
schematic of a simple conventional solar cell is depicted below. Sunlight is incident from
the top on the front of the solar cell. A metallic grid forms one of the electrical contacts
of the diode and allows light to fall on the semiconductor in between the grid lines and
thus be absorbed and converted into electrical energy. An antireflective layer between
the grid lines increases the amount of light transmitted to the semiconductor. The metal
grids are the electrodes that collect the electrons and lead them to the external circuit.
They are more than two so that the collection of electrons is sufficient and they do not
recombine with holes.



( )|
L\ 9
sunligh
metal grid I I I l l I I
onthe —
antireflective Bl L] L | | [
layer n-type layer

Metallurgical
junction —

p-type layer

Metal contact

Figure 2.2.1. A solar cell with the following layers: metal contact at the bottom, p-doped region,
n-doped region, an antireflective layer and metal grids. The creation of an electron and a hole
pair takes place, between the p-n junction, with the absorption of the sunlight.

The semiconductor diode is fashioned when an n-type semiconductor and a p-type
semiconductor are brought together to form a metallurgical junction. This is typically
achieved through diffusion or implantation of specific impurities (dopants) or via a
deposition process. The other electrical contact of the diode is formed by a metallic layer
on the back of the solar cell.

Photovoltaic cells require an extended sequence of successful photophysical processes in
order to efficiently convert sunlight into electrical energy. As already mentioned, the
fundamental sequence is as follows: light absorption generates an electronically excited
state. The excited state must either appear at or migrate to an interface or
heterojunction, where an electron transfer can take place, since the oxidized and
reduced species (holes and electrons) must be able to migrate to opposite sides of the
cell where they can be collected as electrical energy. A typical solar cell thus needs at
least three key components: a light-absorber, a hole-transport agent, and an electron-
transport agent.

Sometimes one component is forced into multiple duties, as in a typical silicon cell,
where silicon is the absorber and with different doping also serves as either a hole-
transport (p-type) or electron-transport (n-type) agent. Many organic solar cells apply a
similar approach using light-absorbing dyes as charge-transport agents, but other
approaches separate all three functions to different materials.
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Figure 2.2.2 Maximum theoretical efficiency (Shockley—Queisser limit) for
solar cells under AM1.5 illumination without concentration. The bandgaps
of absorber materials (c-Si- monocrystalline Si, CdTe, CIGS, CZTS- Copper
zinc tin sulfide) and (CdS, ZnO) are shown for comparison.

Harvesting of a significant fraction of the solar spectrum, that can happen at
wavelengths below the 700nm, is important as almost the half of the energy of sunlight
appears in this region of the spectrum. Additional absorption, at longer wavelengths, can
gain additional efficiencies up to a point. The theoretical optimum band gap is at about
1.1 eV (1100 nm) and the maximum efficiency is 33.7% (single-junction cells). The
maximum efficiency of 34% for single junction solar cells is a limit calculated
theoretically by William Shockley and Hans Queisser at Shockley Semiconductor, in
1961, and it is therefore called Shockley-Queisser limit [14]. This is very important for
solar cells as these two scientists have taken in consideration many of the parameters
that determine the efficiency of a solar cell. These are the blackbody radiation, the
phenomenon of radiative recombination, the spectrum losses and the limited mobility.
Although a smaller band gap (at longer wavelengths) allows for harvesting a larger
fraction of the solar spectrum, there are diminishing returns caused by the effect of
degrading higher-energy photons to the level of the decreasing band gap. Thus an ideal
solar absorber would appear black — absorbing all the ultraviolet and visible and into the
near infrared. Silicon is indeed tough competition, with a broad absorption out past 900
nm.
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Figure 2.2.3 Electromagnetic spectrum

Following solar light harvesting, charge separation is the next essential step. Typically,
this requires an interface or heterojunction involving differently charged materials. The
excited states generated upon light absorption must transfer an electron (either
oxidatively or reductively) in order to generate opposite charges. The energetic
requirement is that the two different materials must have offset energy levels suitable
for an electron transfer rapid enough to compete with deactivation of the excited state
(typically nanoseconds). The physical requirement is that the two different materials
must be close enough for this reaction to be that rapid.

Finally, the separated charges (oxidized and reduced equivalents, or holes and electrons)
must be able to migrate substantial distances (typically a few micrometers at least) to be
collected at the opposite electrodes. However, getting charges through organic material
that is being studied in the following chapter is rather problematic. Electron and hole
mobilities are low for most organic compounds. Hence conductive polymers are of
particular interest. For example, polythiophenes and poly(phenylenevinylenes) are
common constituents of BHJ cells (Bulk heterojunction, the analysis of this form of cell is
given in chapter 3.2.A).

2.3 |-V characteristic graph

This characteristic graph is very important for the characterization of a solar cell. The
photovoltaic characterization of a solar cell provides information on the efficiency of the
cell. This information is mainly given by the I-V graph.
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Solar efficiency can be measured as a quantum yield, ¢ (number of electron/hole pairs
collected per absorbed photon, sometimes called internal quantum efficiency, IQE) or as
an incident-photon-to-current efficiency (IPCE, number of electron/hole pairs collected
per incident solar photon, sometimes called external quantum efficiency, EQE).

A more comprehensive efficiency measure is the overall power conversion efficiency (n),
sometimes called PCE (power cell efficiency), which compares the total electrical energy
output with the total energy contained in the solar irradiance. A standard solar
irradiance is typically taken as the integrated solar spectrum as it reaches Earth’s surface
after traversal of 1.5 atmosphere thickness (AM1.5 Global standard).
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Figure 2.3.a |-V characteristic graph of a solar cell®

Experimentally, the output of a photovoltaic cell is given by a photocurrent voltage (I-V)
curve (Fig. 2.3.a). The photocurrent is generally the most sensitive measure of the
performance of a photovoltaic cell. It depends on the light-harvesting efficiency (the
absorption spectrum), the quantum efficiency of charge separation, and the avoidance
of undesirable back reactions (effectively representing short circuits). Photovoltage is
primarily determined by the choice of materials and their relative energy levels, although
kinetic factors can also diminish photovoltage. A comparable curve is also determined in
the dark, typically showing simple diode behavior — zero current at applied voltages until
a breakdown potential is reached.

® Figure from http://blog.disorderedmatter.eu
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The main formulas that describe the efficiency and the characteristics of a solar cell [9]-
[11] as well as the characteristic |-V graph of a solar cell in dark (the curve passes from
zero) and under illumination (the curve has the short circuit current under illumination
with zero voltage) are presented in the next page. The important parameters of every
cell are

. V. is the Open Circuit Voltage,
. s is the Short Circuit Current,
. P_ ., or MPP is the maximum power point of the solar cell under illumination.

In Fig. 2.3.a, maximum power is given by the yellow parallelepiped and is the
multiplication of the respective current (I) and voltage (V).

max

The fill factor of the cell is given by FF= and it describes the percentage of the P,
SC "ocC
to the ideal power obtained by the two maximum characteristics of the solar cell. It is

the characteristic of the ideality of the solar cell.

The overall solar energy conversion efficiency is the maximum power extracted
compared to the incident solar power and it is measured by the following formulas:

| P
n:pp% or n= ;ax , Ps = power of the source.
S

S

Optimizing the output of a typical photovoltaic cell requires maximizing the short-circuit
photocurrent, the open-circuit photovoltage, and the fill factor so as to achieve the
maximum possible efficiency [12].

The fill factor is governed primarily by cell resistances: internal shunt (parallel)
resistances and series resistances. In an ideal cell, parallel resistances would be infinite
(no shunts) and series resistances would be negligible. Such a cell would be an ideal
diode, for which the IV plot would follow an exponential curve and would have a fill
factor of 0.89.
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Figure 2.3.b The circuit is a model for a solar cell. Rs is the series resistance and RSH is the

shunt resistance. |L is the current from the photovoltaic effect.

3.1 Materials in photovoltaic technology

Semiconductors are the most appropriate materials in optoelectronics and solar cells.
They have weakly bonded electrons occupying the valence band. When absorbed energy
of a photon exceeds the band gap energy of the semiconductor, the electron from the
valence goes to the conduction band where it can “conduct” electricity through the
material. Then, electrons are driven through the circuit to the valence band.

The most used material in current technology of solar cells is silicon (Si), covering 90% of
the market. It is an abundant element on earth as it can be found in sand, second to
oxygen. It is available in non-crystalline form as amorphous Si (a-Si) and in the crystalline
form (c-Si). The latter covers the following material types: monocrystalline,
polycrystalline, microcrystalline, and ribbon. It is environmentally friendly in disposal and
recycling. Silicon is a semiconductor with an indirect band gap of 1,12 eV which allows
the material to absorb photons in the infra-red region of light. It belongs to the first
generation of solar cells and it is relative expensive to produce, but it has the highest
reported single-junction cell efficiency in comparison with the second and third
generation solar cells described below. The first generation silicon solar cells were
developed in Bell laboratories, in 1954, with an efficiency of 6%. This was the first
inorganic solar cell ever developed. Nowadays, the efficiency of single-crystal Si solar
cells has reached 27,6%.

The second generation solar cells are thin film solar cells made from direct energy gap
semiconducting materials. The materials used are gallium arsenide (GaAs, Eg=1,43eV),
indium gallium phosphide (InGaP), copper indium (gallium) (di)selenide CI(G)S and
copper indium (di)selenide CIS which are chalcopyrite absorbers and cadmium telluride
(CdTe). CdTe, GaAs, and copper indium gallium (di)selenide (CIGS) have been widely
studied, but do not have large market shares. Among them, chalcopyrite absorber (CIS
and CIGS) based solar cells are lower in production costs and compete currently with the
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most efficient Si solar cells (record efficiencies of CIGS cells 20,8% [15]). Polycrystalline
silicon solar cells (poly-Si) have efficiencies up to 20%, while the most advanced GaAs
cells tend above 40%. GaAs failed to be widely commercialized (outside of niche markets
like space) mostly because of its high production costs. Environmental issues (toxicity of
cadmium) and lower efficiencies have limited the chances of CdTe solar cells for
competition.

Another category of solar cells known as the third generation solar cells are the multiple-
junction or tandem solar cells with three or four p-n junctions each tuned to a different
wavelength of light so that their efficiency may strongly increase and reach in case of
GaAs cells 86%. Because of their high efficiencies and high costs, they are applied in ex-
terrestrial use only (satellites). Dye sensitized solar cells DSSCs (a combination of organic
and inorganic materials) belong also to the third generation solar cells and are cheaper,
but with the lowest efficiencies until now. Promising new materials have been also
developed [16]-[20], as for example the molecular organic semiconductors embedded in
organic solar cells with efficiency up to 12% [20].
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band 9 band
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Figure 3.1. Direct gap as GaAs and Indirect gap as Si

An indirect band gap occurs when the valence and conduction band edges are not
aligned in k space. k space is a coordinate system, which is used for counting quantum
states and describing band gaps. When the momentum (k-x axis) is the same at the
valence and conduction band, the band gap is direct and an electron can directly emit a
photon, otherwise it is an indirect band gap and an intermediate state is needed, e.g. the
electron has to pass through an intermediate state and transfer momentum to the
crystal lattice assisted by a phonon. The physical laws govern these two transitions are
(1) the energy conservation and (2) the momentum conservation.
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3.2.A Organic films —Organic solar cells

From the early 50’s onwards, scientific and industrial laboratories are searching for new
materials (organic compounds containing carbon’) for photovoltaic technology. The
photovoltaic effect was first observed on an organic material in the 60s after it was
discovered that some common dyes had semiconducting properties. The breakthrough
in the field came in 1986 due to Tang’s patent of creating a heterojunction solar cell. In
1991, Gratzel created the first dye-sensitized solar cell with an efficiency of 11% [21], the
greatest reported until now in organic solar cells. Common materials for organic solar
cells are phthalocyanines (especially metal-phthalocyanines as p-type materials),
porphyrins, chlorins and close to those tree macrocycles [22]-[29]. The first requirement
is the harvesting of a significant fraction of the solar spectrum. Almost half of the total
energy of sunlight appears at wavelengths below 700 nm, a region typically covered well
by the porphyrin and phthalocyanine families. Porphyrins and related derivatives having
extended conjugation are a common approach to extending the range of the absorption
spectrum into the near infrared [25].

A problem that arises in organic materials is to collect electric carriers (electrons and
holes) with the electrodes. Electron and hole mobilities are low for most organic
compounds. Hence, conductive polymers are of particular interest. Polythiophenes and
poly(phenylenevinylenes) are two of them. In addition, porphyrins and their derivatives
organized as liquid crystals or as conductive nanostructured polymers have been studied
as improved charge carrier materials for solar cells.

Organic films deposited on semiconductor surfaces have gained interest due to their
semi-conductive properties which make them candidates for optoelectronic and
electronic devices such as organic field effect transistors (OFETs), organic light emitting
diodes (OLEDs), chemical sensors, and organic solar cells. Another important factor of
the heterostructures of organic films on semi-conductive materials is their modification
in terms of their optoelectronic and electronic properties by changing the assembly of
the molecules or the semi-conductive surfaces they are absorbed in.

Organic solar cell research has been developed during the past 30 years; especially in the
last decade, it has attracted scientific and economic interest triggered by a rapid increase
of power conversion efficiencies. This was achieved by the introduction of new
materials, improved materials engineering, and more sophisticated device structures.
Today, enhanced conversion efficiencies have been accomplished with several device
concepts [16]-[21], [25]. Commercial efficiencies usually reach 6%-7%. Generally,
efficiencies of these thin-film organic devices have not yet reached those of their
inorganic counterparts (n = 10-20%), but the perspective of cheap production employing
roll-to-roll processes drives the development of organic photovoltaic devices further in a
dynamic way. The organic solar cells in the market have the schematic of the figure
below. The materials vary having from one central to three layers organic.

7 Of the 2000 compounds known, approximately 90% are organic.



One of the principle difficulties when trying to fabricate an organic solar cell is the
instability of most cell materials in ambient conditions. Most of the cells presented in the
literature are fabricated and characterized without ever being exposed to air. They also
have very short lifetimes making them useless in any real application without some type
of encapsulation that adds cost and difficulty of manufacture. These disadvantages need
more research to be solved.

Figure 3.2.A1 Thin film organic solar cell (Fraunhofer ISE)

As it is mentioned above, the first report on the development of an organic solar cell was
published by Tang, in 1986. It is an organic solar cell composed of Cu-phthalocyanine and
a perylene derivative. Since then, the field expanded rapidly and now includes a wide
variety of “small” molecule solar cells containing phthalocyanines or porphyrins as dyes,
conjugated polymers as the p-type donor phase, and Ceo or perylene derivatives as the
acceptor phase [23]-[25]. Phthalocyanine is a p-type, hole conducting material that
works as electron donor, whereas perylene and its derivatives show an n-type, electron
conducting behavior and serve as electron-acceptor material. Research on organic solar
cells — OPVs (organic photovoltaics) generally focuses either on solution processable
organic semiconducting molecules/polymers or on vacuum-deposited small-molecular
materials.
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In general, organic semiconductors can be regarded as “intrinsic wide band gap
semiconductors”® (band gaps above 1.4 eV) down to “insulators” (band gaps above 3 eV)
with a negligibly low intrinsic charge carrier density at room temperature, in the dark.
Chemical, photochemical, or electrochemical doping is used to introduce extrinsic charge
carriers into organic semiconductors. For example, photo-induced electron transfer from
a donor to an acceptor-type organic semiconductor film introduces free charge carriers
(positive charge carriers on the donor layer, i.e., p-type, and negative charge carriers on
the acceptor layer, i.e., n-type). Donor-acceptor-type bi-layer devices can thus work like
classical p-n junctions. Chemical doping of a semiconductor matrix by introducing small
concentrations of reagents (dopants) has also been reportedg.

hv
hv

ITO (Indium Tin Oxide) ITO-top electrode

Fullerene- polymer blend h-transporting layer

Active layer
Absorbing layer
Al

e- transporting layer

Bottom electrode of
metal

Figure 3.2.A2 Schematic layouts of organic bulk heterojunction solar cells.

Other materials used to create organic solar modules are the fullerene/polymer blends
created by solution-based technologies.

Some more specific studied combinations of the materials used in organic solar cells
found in literature are presented in the following:

® The band-gaps of organic semiconductors are between 1,4 eV and 2,5 eV.

9 Al, Ca, Ag that are used as back electrode have work function ® more positive than ITO.
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1. Evaporated films — phthalocyanine (donor) / fullerene®- Cso (acceptor) solar cells.

° Copper Pc (CuPc)

° Palladium Pc (PdPc) mettaloPcs / C60

. Zinc Pc (ZnPc)/

. Tin Pc (SnPc) / Ceo

° Alluminum Phthalocyanine Chloride (CIAIPc) /Cs0
. Boron Subphthalocyanine Chloride/Ceo

2. Thin porphyrin or phthalocyanine films with electron acceptor Ceo or PCBM™ (a
fullerene derivative of Ce0)

3. Tandem organic solar cells with the combination of (1),(2)

4, Porphyrins or phthalocyanines incorporated into polymer solar cells.

Many other forms and chemical types of polymers, fullerenes, porphyrins, and
phthalocyanines and combinations of them have been studied.

Another material that replaces ITO (transparent conductive glass), or is combined with
it, is PEDOT:PSS that serves to make efficient electrical contact to the organic
photoactive layer. The PEDOT:PSS also serves to smooth out the extremely thin active
layers (10-200 nm), can often serve as a contact point for a short-circuit in a solar cell
device. The photoactive layers are evaporated, printed, or solution cast onto the
ITO/PEDOT: PSS electrode.

OPVs can be divided into three categories: 1. Dye Sensitized Solar Cells, 2. small
molecular organic solar cells, 3. Polymer solar cells (or else called plastic cells). A
question is raised for their stability as their lifetime stability in commercial use (glass
encapsulated modules from Konarka) is of 3-4 years by now, whereas that of the
commercial solar cells of inorganic compounds is of 25-30 years.

Dye-Sensitized Solar Cells were initially reported in 1991 by the researchers O’Regan and
Gratzel. Generally, the components of the cells are inexpensive and the overall efficiency
can be up to 11%, therefore, it can be a low-cost alternative to standard silicon
photovoltaics.

% Fullerene is any molecule composed entirely of carbon. Ceo was the first fullerene molecule prepared
and discovered in 1985 by Richard Smalley, Robert Curl, James Heath, Sean O'Brien, and Harold
Kroto at Rice University. Generally, fullerene molecules occur in nature.

"1 pCBM is the common abbreviation for the fullerene derivative [6,6]-phenyl-Cq;-butyric acid methyl ester.
It is being investigated in organic solar cells. It was first synthesized in the 1990s by Fred Wudl's group. It is
an electron acceptor material and is often used in plastic solar cells or flexible electronics in conjunction
with electron donor materials such as P3HT or other polymers. It is also a highly cost derivative for
commercial application.

2 |ndium Tin Oxide
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The most common implementation of the DSSC uses (42Ru) ruthenium-based dyes.
Unfortunately, ruthenium is not an earth-abundant element, and it is unlikely that the
supply and/or cost of ruthenium will allow such DSSCs to be as widely adopted as
needed for a true solar-based economy. In order to solve this problem extensive
research has and is being done to replace the ruthenium sensitizer with a dye that can
achieve the same or better efficiency while remaining inexpensive and easy to
synthesize. Porphyrinoid molecules have received a great deal of attention in that regard
because of their versatility, ease of construction, long-term stability, and relation to
natural photosynthesis. The report of a porphyrin solar cell with 11% efficiency clearly
shows that these compounds can match up with the best of sensitizers for DSSCs. The
five main tetrapyrrole structures that have been used in DSSCs are porphyrins, chlorins,
bacteriochlorins, phthalocyanines, and corroles.

The usual organic photovoltaic device architectures are:

1. Bilayer devices
2. Bulk heterojunction devices (BHJ)

In a bilayer heterojunction device, p-type and n-type semiconductors are sequentially
stacked on top of each other. Such bilayer devices using organic semiconductors were
realized for many different material combinations. In such devices, only excitons created
within the distance of 10-20 nm from the interface can reach the heterojunction
interface. This leads to the loss of absorbed photons further away from the interface and
results in low quantum efficiencies. The efficiency of bilayer solar cells is limited by the
charge generation 10-20 nm around the donor-acceptor interface. Using thicker films
creates optical filter effects of the absorbing material before the light gets to the
interface, resulting in a minimum photocurrent at the maximum of the optical
absorption spectrum. Also, the film thicknesses have to be optimized for the
interference effects in the multiple stacked thin film structure.

Bulk heterojunction (BHJ) is a blend of the donor and acceptor components in a bulk
volume. It exhibits a donor-acceptor phase separation in a 10-20 nm length scale. In such
a nanoscale interpenetrating network, each interface is within a distance less than the
exciton diffusion length for the absorbing site. The bulk heterojunction concept has
heavily increased (orders of magnitude) the interfacial area between the donor and
acceptor phases and resulted in improved efficiency solar cells.

While in the bilayer heterojunction the donor and acceptor phases are completely
separated from each other and can selectively contact the anode and cathode, in the
bulk heterojunction both phases are intimately intermixed. This mixture has a priori no
symmetry breaking in the volume. There is no preferred direction for the internal fields
of separated charges, that is, the electrons and holes created within the volume have no
net resulting direction they should move. A symmetry breaking condition (like using
different work-function electrodes) is thus essential in bulk heterojunctions. Otherwise,
only concentration gradient (diffusion) can act as driving force. Furthermore, separated
charges require various pathways for the hole and electron transporting phases to the
contacts. In other words, the donor and acceptor phases have to form a nanoscale,
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bicontinuous, and interpenetrating network. Therefore, the bulk heterojunction devices
are much more sensitive to the nanoscale morphology in the blend, which will be
discussed in more detail below. Bulk heterojunctions can be achieved by co-deposition
of donor and acceptor pigments or solution casting of either polymer/polymer,
polymer/molecule or molecule/molecule donor-acceptor blends.

hv hv

ITO (Indium Tin Oxide)/PEDOT:PSS ITO (Indium Tin Oxide)/PEDOT:PSS

P-type (hole) Active layer

Aluminium Aluminium

t

Figure 3.2.A3 Bilayer configuration in organic solar cell, 2. Bulk heterojunction configuration in
organic solar cell.

As it was mentioned before, PEDOT-PSS (poly(3,4-ethylendioxythiohene)-polystyrene-
para-sulfonic acid) improves the surface quality of the ITO electrode (reducing the
probability of shorts) as well as facilitates the hole injection/extraction.

To conclude: with organic solar cells, it is advisable to refer to their structure. The
general structure used for organic solar cells is similar to the organic light emitting
diodes LEDs. The devices are fabricated in sandwich geometry. As substrates,
transparent conducting electrodes (for example, glass or plastic covered with ITO) are
used. ITO (indium tin oxide) electrodes are transparent and conductive, but expensive.



32

—
| S—

3.2.B Optical excitations in organic semiconductors

In organic donor-acceptor (D-A) heterojunctions the nature of optical excitations is
different from that of the inorganic semiconductors. In inorganic semiconductors, the
absorbed photons instantly generate free electrons and holes at room temperature (25
degrees Celsius or 298 degrees Kelvin). Organic semiconductors have a lower dielectric
constant than the inorganic semiconductors (~3 in contrast to ~12 in Si) and thus less
electric field screening. Hence, the absorbed photons generate tightly bound singlet
(spin=0) excitons.

Exciton is the consideration of an electronic excitation as a quasi-principle, capable of
migration. It is also a bound electron—hole pair which is chargeless in its unity. Such
excitons, so called Frenkel excitons named after Yakov Frenkel®, are typical in organic
materials and have a small diffusion length of the order of 5-10 nm and their binding
energies are in the order of ~ 1eV which is several times more than the thermal energy
at room temperature kT (~1/40 eV).

@ Qb
@ Q& U
G bbb

Figure 3.2.B1 Molecular picture of Frenkel excitons in organic material of crystalline order.

B vakov Frenkel, Russian (10 Feb. 1894, Rostov-on-Don - 23 Jan. 1952, Leningrad) was a Soviet physicist
renowned for his works in the field of condensed matter physics.
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Ground state Frenkel exciton

Figure 3.2.B2 exciton generation

The absorbed photons generate a singlet exciton (tightly bound electron-hole pair) in the
material, the donor or the acceptor. The singlet exciton, a neutral quasi particle, will
diffuse into the junction. The energy level difference between the HOMO (Highest
Occupied Molecular Orbital) levels of the donor and acceptor will cause the electron to
dissociate into a negative polaron (an electron charge coupled with a cloud of photons at
the acceptor side), and a positive polaron at the donor side. The negative and the
positive carriers will stay bound at the interface. To separate them, an external electric
field is needed. The external electric field arises from the metal junctions’ field and the
PV field. For most organic polymers and molecular structures, the energy required to
separate an exciton into a hole and an electron must be larger than the Coulomb
attraction between hole and electron, typically around 0.3-0.4 eV.

The free positive and negative charges will transport by hopping across the donor and
acceptor material, respectively. From the point of view of the system chemistry, what
happens is a photon induced redox reaction, where electron and holes hop through a
series of chemical reactants after the singlet exciton is dissociated at the donor-acceptor
interface.
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Copyright © 2006 Pearson Education, Inc., publishing as Benjamin Cummings.

Figure 3.2.B3 Schematic drawing of a Redox (reduction-oxidation) reaction: Oxidation occurs
with the loss of an electron (here), hydrogen, or a gain of oxygen. Reduction is the inverse
process.

Increasing the solar spectral response of the photoactive layer is an important goal for
organic solar cells, especially when utilizing porphyrins and phthalocyanines whose
visible light absorbance onset is usually at 650 nm for porphyrins and at 750 nm for
metallophthalocyanines (Cu, Zn, Pd) [23], [25].
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Figure 3.2.B4'* HOMO - LUMO molecural orbitals in the ground state and, with the absoption
of a photon, in an excited state.

HOMO is the highest occupied molecular (HOMO) level of the donor (quasi Fermi level of
the holes) and LUMO is the lowest unoccupied molecular orbital (LUMO) level of the
acceptor (quasi Fermi level of the electrons).

The following figure 3.2.B5 shows the optical transition in a typical organic solar cell in
which the photoactive layer consists of two materials: an electron donor (such as a
conjugated polymer) and an electron acceptor (such as fullerene derivatives). As we can
see in the figure below a difference in energy level between polymer donor and acceptor
is essential for efficient exciton creation (1) and electron transfer (2).

' Figure from http://www.chem.ucla.edu/harding/IGOC/H/homo _lumo_gap.html
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Figure 3.2.B5 Generation of free carriers (electron and hole) and transfer of electron to the
acceptor material which is in less energy level.

3.3 Phthalocyanines

The family of phthalocyanines (Pcs) represents one of the most promising candidates for
organic thin films as these systems offer excellent film growth properties as well as
possessing advantageous optoelectronic properties and chemical stability, low cost,
flexibility in functional group substitution and high tendency of self organization [22]-
[29]. Pcs are particularly prominent in molecular solar cells. They have been used as
important dyes and pigments since their synthesis at the beginning of the last century. In
recent years, phthalocyanine derivatives have been used as charge carriers in
photocopiers and laser printers and materials for optical storage. The semiconducting
properties of single phthalocyanines have been studied since the 60's and in recent years
there has been a renewed interest in small molecular films, their growth and electrical
properties. Phthalocyanines are also used in Dye- sensitized solar cells. In addition, the
fact that Pc’s have similar structural relationship to chlorophyll, which performs the
sunlight harvesting for the ultimate solar energy conversion process “photosynthesis”,
gives further encouragement to their use in solar cells.

Phthalocyanine (Pc) is a symmetrical 18 p-electron aromatic macrocycle of four
iminoisondole units, closely related to the naturally occuring porphyrins. Like the
porphyrins, the Pc macrocycle can play host to over seventy different metal ions in its
central cavity and the choice of central metal cation can strongly influence its physical
properties. Especially, the central cavity of phthalocyanines is known to be capable of
accomodating 63 different elemental ions, including hydrogens (metal-free
phthalocyanine, H2-PC). A phthalocyanine containing one or two metal ions is called a
metal phthalocyanine (M-PC). In the last decade, as a result of their high electron
transfer abilities, M-PCs have been utilized in many fields such as molecular electronics,
optoelectronics and photonics. More recently they have been employed in several 'hi-
tech' applications such as the photoconducting material in laser printers and the light
absorbing layer in recordable CDs. They are also used as photosensitisers in laser cancer
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therapy, as nonlinear optical materials and as industrial catalysts. In photodynamic
therapy of cancer they have been used as they have strong absorption in the infrared
region (650-800nm). The name was conceived by the researcher Linstead™ as a
combination of the prefix phthal, originally from the Greek naphtha (rock oil) to
emphasize the association with its various phthalic-acid- derived precursors and the
Greek cyanine, blue. Their use as industrial colorants started in 1935 (manufacture of
copper Pc), then Pcs are not found in nature. Another great application of
phthalocyanines16 is in molecular physics due to their stability. Therefore, for many new
experimental techniques, they have bridged the gap between crystalline inorganic
materials (e.g. metals and ionic crystals), originally used to develop the technique, and
molecular materials.

23 24

22 25

10 9

Figure 3.3.1 The structure of phthalocyanine with sixteen possible sites for macrocycle
substitution at the benzo-positions: The 2,3,9,10,16,17,23,24 carbon atoms are termed the (p)
peripheral sites and the 1,4,8,11,15,18,22,25 are denoted the non-peripheral sites (np).

> Researcher at the Imperial College Reginald P. Linstead (1902-1966).

¢ pcs were accidentally found (1907 and 1927); research began after J. Monteath Robertson reported the
first single-crystal structures of phthalocyanine complexes in 1935.
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Phthalocyanine-based organometallic complexes used for DSSCs have reached
conversion efficiencies of about 4% for monochromatic illumination. Metal
Phthalocyanines MPcs are semiconductors with a band gap that depends on the metal
bound in phthalocyanine molecule.

Some Metal Pcs are created with the following metals: Fe, Co, Ni, Cu, Zn, Mg and Pb [26].
The strongest absorption of M-PCs in the visible region, the so-called Q band, can be
attributed to the allowed highest occupied molecular orbital (HOMO) - lowest
unoccupied molecular orbital (LUMO) (rt-rt*) transition.

Pc materials are used in the two classical solar cell formations: p-n junction and
semiconductor metal (Schottky) junction. The Schottky junction device of Pc are
composed by a Pc film sandwiched between two electrodes. One of the metal electrodes
with the relatively low work function @ (its main characteristic is that it donates electrons
readily) forms the Schottky junction. The other electrode with higher work function
(gold-Au or Indium Tin Oxide) creates the Ohmic contact and serves to connect the
device to an external circuit.

light

Al

Pc

Au

Figure 3.3.2 Schottky-junction of Pc film formed
between the layers of Pc-Al and Pc-Au.

The creation of a p-n junction with organic compounds, most common Pc and perylene
(Pe) derivatives as p-type and n-type semiconductors, respectively, produces greater light
absorption over the entire solar spectrum. Phthalocyanine and perylene have common
applications in thin film organic solar cells. Phthalocyanine is a p-type hole conducting
material that works as electron donor, whereas perylene and its derivatives show a n-
type, electron conducting behavior and serve as electron-acceptor material. In addition,
phthalocyanines have advantages of using over porphyrins in a blended OPV. These are:
wider spectral range, longer exciton diffusion lengths, and higher hole mobility.
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3.4 Gallium Arsenide reconstructed surfaces

Gallium Arsenide substrates were used to deposit the lead phthalocyanine (PbPc) thin
films and develop the solar cells studied in this work. Hence, it is important to refer to
the reconstruction surfaces of GaAs [22], [30] and especially the two of them used for
deposition.

GaAs is lll-V semiconducting material and it is often used for the epitaxial growth of
semiconductors. It has a direct band gap of 1,424eV at 300K which results in infrared
emission at 870nm and its crystal structure is zinc-blende. Similar to Diamond
(or Sphalerite), the zinc-blende structure consists of a face centered cubic (fcc) Bravais
point lattice which contains two different atoms per lattice point. The distance between
the two atoms equals one quarter of the body diagonal of the cube. Generally, the zinc-
blende and the diamond structures are important because the majority of the
semiconductors belong to these; for example, Si and Ge belong to diamond structure,
while GaAs and ZnSe to the zinc-blende.

o 4

Figure 3.4.1 zinc-blende structure (yellow is Ga and purple As).

For the development of solar cells, in this work, we used GaAs (001) substrates; (001) are
the direction indices - Miller’s indices of GaAs.

The surfaces reconstructions of GaAs (100) we studied in our hybrid cells are:

% c(4x4) , As-anion rich surface
%* B2(2x4), moderately As rich — stoichiometric surface

There are another 4 main reconstruction surfaces of GaAs (001):

(2x6) , Asrich

a2(2x4) , moderately Ga rich
{(4x2) , Ga rich

mixed dimmer.

In Figure 3.4.5, the top views of GaAs (001) reconstruction surfaces used in the
experiments as substrates are depicted. Empty (filled) circles represent Ga(As)
respectively. Larger circles indicate the position of the atoms in the uppermost two
atomic layers. Arsenides are toxic materials and possibly carcinogens.
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Figure 3.4.2 one of the three most important planes of a cubic cell (100)
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Figure 3.4.3 the other two important planes of a cubic cell (110) and (111)

Substrates of GaAs

GaAs ¢ (4x4) GaAs B2(2x4)

?___.

Figure 3.4.5 top views of GaAs (001) c(4x4) and $2(2x4)




C. Experiment

Electrical Characterization of PbPc/GaAs organic solar cells

4.1 Electrical Characterization set-up

The experimental set-up for the electrical characterization (I-V and EQE) of the two
different solar cells of lead phthalocyanine ultra thin films of 20nm thickness deposited
on two different reconstruction surfaces of GaAs, PbPc/GaAs(001)-c(4x4) and
PbPc/GaAs(001)-B2(2x4), was operated in the laboratory of Professor Maurizio de
Crescendi, in the Physics Department of the University of Rome “Tor Vergata”. The
efficiency of the developed solar cells was determined by measuring the photocurrent
spectra. An optical set-up consisting of a Xenon spectral-lamp, a monochromator,
focusing and collecting optics, a reflecting chopper, and lock-in electronics was used.

It is noted, that the spectrum of a Xe-lamp is very similar to that of the sun. The sun
radiation can, therefore, be simulated to measure the solar cells.

Optical setup

External quantum efficiency

Lock-in amplifier

Labview

interface amplifier y I(/l)
. . C.
QI == =100
Si photodetector € ( )
Sample
/ Monochromator
XY,Z stage '
Mirrored
chopper
PC
interface

Sourcemeter

Figure 4.1.1 The experimental SET-UP used to determine the External Quantum Efficiency (EQE)
of solar cells.
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The operation-principle of a Xe spectral lamp is based on the excitation of the Xe gas
atoms by an electrical discharge ignited by high voltage (1500V). The emitted light
passes throught a monochromator scanning the entire wavelength range by a step of
5nm. After being monochromatized, the light is focused by a lens alternately, one time
on the sample, and the next time on a silicon photodiode through the reflective chopper.
Generally, a photodiode is a p-n junction that can convert light into current or voltage
depending upon the operation. The Si-photodetector used (wavelength—-range from
190nm to 1100nm) converts light into voltage. In this way, the reflective chopper, made
from aluminium, allows the light one time to be focused on the Si-diode detector and
amplified by lock-in electronics in order to measure the incident power and the other
time to reach the sample. The light spot size on the sample was (0.5x3)mm?. The sample
absorbes the light and produces photovoltaic power. The photovoltage and the initially
detected photodiode signal are compared and give the External Quantum Efficiency
(EQE) of the sample. The equation of EQE is derived below. For allignment purposes, the
sample holder is mounted on (x,y,z)-stage that can move the sample in all three
directions.

o

- -

-

Figure 4.1.2 Detail of the experimental set-up of Figure 4.1.1 showing the two
different paths of the Xe-lamp light: 1) focused by two lenses on the sample and 2)
after the first focusing lens, it hits the reflective-chopper and is forwarded to
photodiode detector.
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The photocurrent generated by the sample was too small. A pre-amplifier was used to
amplify it so that it could be measured by the lock-in electronics. The lock-in electronics
eliminate the background steming from the diffuse light of the room (optical noise) and
the electronics. The sourcemeter (Keithly Instruments) measures the |-V characteristic
graphs. A low noise amplifier is needed in our experiment because of the low signal of
our sample (micro amperes YA). In case of samples that give higher currents the low
noise amplifier is not in use.

1.Electronics for the monochromator
2.Electronicsfor the chopper
15  3.Electronicsfor the photodiode

Sun Simulator A
NOT USED IN THE EXPERIMENT |
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Figure 4.1.4 the electronics of the Figure 4.1.5 lock-in electronics
monochromator, the aluminum chopper, and and source-meter
the photodiode detector



This instrumentation measures the |-V curves and the external quantum efficiency (EQE)
of a solar cell. With EQE, the optical response of the sample for every wavelength is
found, while with the |-V curves the following parameters of the solar cell are obtained:

1. short circuit current, Isc
2. open circuit voltage, Voc
3. maximum power point, MPP

Sample preparation

Electrodes from silver:

Metallic electrodes of silver (Ag) in solution (silver and solvent acetone which
evaporated) were dropped on the sample PbPc/GaAs B2(2x4). Silver is used because it
has good conductivity.

Sample holders

Figure 4.1.6 The first sample holder (a) is used for top- down configuration and the second (b)
for planar configuration. These are the directions of current flow generated and are also
designated in the following figures 4.1.7, 4.1.8.

The two different sample holders, in Figure 4.1.6, are used to measure different current
flow in our samples. The sample holders are designed for measurements in two different
configurations, e.g. perpedicular and parallel to the layer stack, as demonstrated in the
following figures 4.1.7, 4.1.8: the top—down configuration and the planar configuration.
Top—down configuration is when the current is collected form the bottom and the top
electrodes at the same time, while in planar configuration, the current is collected from
the top electrodes only. In these figures, the arrows point to the direction of the current
flow. We study both configurations in order to extract, which configuration has better
signal, and in accordance with that to optimize the way of harvesting solar energy.
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Figure 4.1.7 PbPc/GaAs solar cell in top-down configuration: GaAs is n-type (donor) and PbPc is
p-type (acceptor). The front parts of Ag connected built the positive electrode and the bottom,
the negative. In this configuration, the current flow is measured between the front and the
bottom Ag-contact (white arrows depict the current flow).

Electrode + Electrode =

Figure 4.1.8 PbPc/GaAs solar cell in planar configuration. The direction of current flow through
the layer of PbPc is depicted by the arrows. PbPc is the active layer for exciton generation; this
layer contains the electrons that pass through the negative electrode to the external circuit
and are collected back to recombine with the holes through the positive electrode.
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The photocurrent density, I(A), was measured under illumination as a function of the
incident photon wavelength A. The number of incident photons that contribute to

current efficiency is defined as the fraction of the incident photons, N:h' converted into

photocurrent, i.e. the number of the generated e —h" pairs, Ne_h, multiplied by the

electronic charge e . The number of the incident photons is then evaluated in terms of
AP(A)
hc

the power density of the Xe lamp, P(A), since N,,= . Therefore, the Incident Power

Cell Efficiency (IPCE) is given by:

electrons  100hc I(A)
photons B AP(A)

IPCE= (%) = (4.1)

I(A) was measured by modulating the light by an optical chopper and recovering the
amplified current signal (converted to voltage) by a lock-in amplifier locked on the
chopper frequency. The lamp power P(A) was measured simultaneously in a similar way
by a calibrated Si photodiode. The power density of the Xe-lamp ranges from 0,5 to 3
mWcm™ over the investigated spectral region. Using a Keithley 2602A source-meter, we
recorded the current by focusing the light beam on several spots of the cell surface, at
variable distance from the metallic contact electrode, at which the signal is measured
and to which the bias can be applied both, in the dark and under illumination. In this
way, we obtained the current—voltage curves. Generally, solar cells are measured in
Standard Test Conditions (STC) which are: a temperature of 25 °C and an irradiance of
1000 W/m? with an air mass 1.5 (AM1.5) spectrum. These conditions correspond to a
clear day with sunlight incident upon a sun-facing 37°-tilted surface with the sun at an
angle of 41.81° above the horizon.

In addition, it is important to mention that many losses in the efficiency can be counted.
These are:

1. Reflectance losses which are accounted for by the quantum efficiency value, as
they affect "external quantum efficiency".

2. Recombination losses are accounted for by the quantum efficiency, Voc, and fill
factor values.

3. Resistive losses are predominantly accounted for by the fill factor value, but also
contribute to the quantum efficiency and Vqc values.
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4.2 Results

Current-Voltage (I-V) characteristics and External Quantum Efficiency (EQE)

Gallium Arsenide (GaAs) was measured in order to compare the photoresponce of the
PbPc/GaAs with that of the GaAs substrate without coverage. The response was low as
expected for the substrate. The substrate forms a Schottky junction due to the contact of
Ag and GaAs. For this reason no linear dependence is observed with increasing negative
voltage. In solar cells, Ohmic (instead of Schottky junction) should be warranted at the
metal-semiconductor interface, so as the photocurrent should flow without resistance.
The maximum power of the substrate was found to be 0,341nW. I-Vs of PbPc/GaAs
B2(2x4) and PbPc/GaAs c(4x4) will be compared with the |-V of the bare GaAs-substrate

and thus estimate how efficient our solar cells are and how much PbPc layers have
ameliorate their efficiency.

a. GaAs (gallium arsenide) substrate graphs of dark current & under illumination

green line: under i rradiation
3 < blue line: dark current
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Graph 1. I-V of GaAs substrate in the dark and under illumination
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Graph 2. Details of the I-V of GaAs substrate in the dark and under illumination
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Graph 3. Power — Voltage of GaAs substrate: Vm=0,031V for the maximum power point
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PbPc/GaAs 62 (2x4) graphs of dark current and under illumination
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Graph 4. I-V of PbPc/GaAs B2 (2x4) in the dark and under illumination
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Graph 5 Details of the I-V of PbPc/GaAs B2 (2x4) in the dark and under illumination
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Graph 6 Power-Voltage of PbPc/GaAs B2(2x4): Vm=0,1912V at the maximum power point
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Discussion of the graphs of PbPc/GaAs 2(2x4) top-down configuration

Graphs 4-6 depict the |-V curve of sample PbPc/GaAs (001)-B2(2x4). Measurements were
performed in the dark (the blue curve), without illumination, and under illumination (the
orange curve). For clarity purposes, the voltage region that provides information about
the cell activity appears enlarged in Graph 5. The dark current curves pass through zero,
while the I-V curve under illumination, at zero voltage, measures the short circuit current
(Isc). Short circuit current and open circuit voltage are two parameters that describe a
solar cell and are marked in Graph 5. The area of the rectangle, in Graph 5, represents
the maximum power. The respective current and voltage of the Maximum Power Point
can then be obtained. For evaluation purposes, first, the power-in-relation-to-voltage
characteristic curve is drawn to find the maximum power point, then the maximum
power rectangle, and, at the end, I, and V.. are estimated. The voltage at which we
found the maximum power is Vm=0,1559V. The maximum power of the substrate is
0,341nW, while the maximum power of PbPc/GaAs B2(2x4) is 32nm (0,032uW),
therefore, it is about two orders of magnitude higher than that of the bare GaAs
substrate.

Graph 4 is indicative of a double diode behavior (see the figure below) as the
exponential curves show the characteristics of a double diode behavior. This is due to
the presence of another junction beyond the PbPc — GaAs Schottky junction. The other
Schottky junction emerges between GaAs and Ag. Instead of an Ohmic junction, another
Schottky junction is formed, especially in the top-down configuration. Generally, high
performance solar cells have Ohmic junctions at all their electrodes and the I-V, at
negative voltages, is parallel to the voltage-axis.

GaAs/Ag GaAs/PbPc

Figure 4.2.1 double diode behavior. The
phenomenon of a double diode behavior is due to
two continuous and different junctions.
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PbPc/GaAs c(4x4) - Au graphs of dark current and under illumination
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Graph 7 I-V of PbP¢/GaAs c(4x4) — Au in the dark and under illumination
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Graph 8 Details of the I-V of PbPc/GaAs c(4x4) — Au in the dark and under illumination



( ]
L 33 )
PbPc/GaAs(001) c(4x4)/Au
MPP=0,061V
0,010 |
0,005 +
Z
? 0,000
o
a
-0,005 4
-0,010

' Ll ' Ll ' Ll ' T . T . T . T ' Ll ' Ll ' Ll ' 1
-0,02 0,00 002 0,04 0,08 008 0,10 0,12 0,14 0,16 0,18 0,20
Voltage(V)

Graph 9 Power-Voltage of PbPc/GaAs c(4x4) — Au: Vm=0,061V at the maximum power point

Discussion of the graphs of PbPc/GaAs c(4x4) top-down configuration

Graphs 7-9 depict the |-V curves of sample PbPc/GaAs c(4x4) in the top-down
configuration. Measurements were performed in the dark (the blue curve) and under
illumination with white light (the green curve). Gold contacts were used to increase the
conductivity of the sample; however, the evaporation of gold may have led to a short
circuit, as can be seen with respect to the first curve (the blue one). In fact, the behavior
of the sample, in the dark, is a line with very low current although a voltage of 1,5 V was
applied.

On the other hand, the I-V under white light illumination (green curve) indicates a
double diode behavior of the sample. This behavior leads to a small value of Fill Factor
and, thus, a small value of cell efficiency n.

Summary: Calculation of efficiencies

The Fill Factor and the efficiency of GaAs, PbPc/GaAs B2(2x4), and PbPc/GaAs c(4x4) are
calculated in the following. The formula are

Ime ISCVOC
FF= (4.2.1) n=FFP— (4.2.2)

ISC ocC S

|m and Vm are the current and the voltage of the maximum power point, MPP. Ps, the
power of the source, is given for the Xenon lamp equal to 21mW.
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Table 1. Fill Factor and Efficiency of GaAs, PbPc/GaAs B2(2x4), and PbPc/GaAs c(4x4)

Pinc=21mW

I(uA), V(V) Fill Factor % n (efficiency)%
1.GaAs

Im=-0,011 Vm=0,031

26,4 0,016 x10™
Isc=-0,019 Voc=0,068

2.PbPc/GaAs 62(2x4)

Im=-0,191 Vm=0,169

44,3 1,537 x10*
Isc=-0,219 Voc=0,333
3.PbPc/GaAs c(4x4)

Im=-0,167 Vm=0,061

8,0 0,485 x10™
Isc=-0,510 Voc=0,249

The calculations are rounded in the last digit. The results imply that the maximum Fill
Factor and Efficiency are observed on the sample PbPb/GaAs B2(2x4).
The enhancement factor is given by the formula

fo;flloo (4.2.3)

1

fz relates to the parameters of the higher fill factor/efficiency sample and

fl to the parameters of the lower one.

Thus, comparing PbPb/GaAs B2(2x4) and GaAs substrate, we find that the Fill Factor
enhancement is 67,8 % and the efficiency enhancement is 95,1 %. The PbPc/GaAs has
increased very much those factors compared to bare GaAs. The maximum efficiency of
PbPc/GaAs B2(2x4) is 1,537 x10™ %; it is very low compared to the less efficient polymer
based organic solar cells with maximum efficiency 3,0%. It can be improved with the
methods described in the following. By comparison of the two samples of PbPc on the
two different substrates of GaAs(001), it is evident that PbPc on GaAs B2(2x4) is more
efficient than PbPc on GaAs c(4x4). This is partially due to the layer of gold (Au)
deposited on the sample that did not bring the expected results. On the contrary, it has
probably produced a short circuit in our solar cells. The enhancement of the efficiency of
sample 2 compared to sample 3 is more than double. We cannot directly compare
PbPb/GaAs c(4x4) and GaAs substrate, as the deposition of gold (Au) affects mainly
PbPc/GaAs c(4x4) - Au and not its substrate. It is advisable that more research is done on
those combinations with stable parameters.
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d. External Quantum Efficiency of lead phthalocyanine layers on different
reconstructions of gallium arsenide
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Graph 11. Spectral efficiency (EQE) of PbPc/GaAs c(4x4), PbPc/GaAs B2(2x4), and
PbPc/GaAs B2(2x4)/Ag

The EQE gives the percentage of electrons generated in the sample by the incident
photons.

EQE = number of e

100 (4.2.4)
number of photons

The formula used for wavelength — energy conversions in the following are:

0 12408 ) he
Wavelength (A ) = (4.2.5) and derives from E=hv="= (4.2.6),
E(eV) A
c=3*¥10®m/s, h=6,626 10 J*s=4,136 eV*s,

~12,408¢10”

o) (4.2.7)
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The band at 900-1000nm (infrared A>700nm) is an artifact induced by the Xenon
lamp and appears in all three graphs.

The band gap energy of GaAs (E=1,424 eV at T=300K) is located at 870nm
(871,34nm), which is observed in the first spectrum. In the other two spectra, EQE
converges to zero at this wavelength.

In the ultraviolet and violet region, the phthalocyanine is the major contributor to
the EQE, while, in visible, the EQE response is dominated by the absorption of GaAs.

In the first two spectra, it can be seen, how the substrate orientations change the
photo-response of the sample. In fact, the maximum EQE for the sample with c(4x4)
reconstruction surface is at 390nm (E= 3,18eV), while for the sample with B2(2x4)
reconstruction surface is shifted towards the ultraviolet region A<336nm. In the EQE
spectrum of the sample with substrate orientation 2(2x4), the band 336 nm (E=3,69
eV) corresponds to the B band of the absorption spectrum of lead phthalocyanine.
There are no peaks related to the Q band of lead phthalocyanine although the Q
band is more intense than the B band, as shown in following Figure 4.2.2. In both
samples, the maximum EQE is (3,5+0,5)%. The EQE analysis shows that both samples
have almost the same photo-response and produce the same current.

Absorption (arb. units)

|
1
151 20 25 3.0 '3} 4.0 4. 50 5.5I
] Eneragy (eV) I |
lll.lll"lll'lllllllllll.ll'lllll'llll'lll'l.
827,2 620,4 496,3 413,6 354,5 318,2 275,7 248,16 225,6
Wavelength (nm)

Figure 4.2.2 The upper curve is the UV-VIS absorption of the family of phthalocyanines.
The second curve is the Low Energy loss Spectrum. This spectrum applies to the whole
family of phthalocyanines except of the LMCT peak which is unique for every
phthalocyanine.



58

—
| —

Graph 11, includes also the EQE spectrum of the sample where more silver paint was
deposited to improve the contact. There is no photocurrent generation due to the
excess of the metal silver deposited. In fact, silver prevents the incident light to
reach the photoactive junction between phthalocyanine and GaAs, because it
reflects and/or absorbs the light. This “light attenuation” through silver does not
produce photocurrent because excitonic lifetimes are too short to separate and
collect electrons and holes.

In order to improve the solar cell efficiency we have to

1. create an Ohmic contact at the bottom and top electrode.

This can be done with the usage of an intermediate material between GaAs
and Ag with a work function similar to the work function of GaAs.
Commercial solar cells have Ohmic junctions between their electrodes and
the semi-conductive material. The double diode behavior, as demonstrated
in Graph 4, is due to the failure to create an Ohmic junction. With an Ohmic
junction, the |-V at negative voltages will be aligned parallel to the Voltage-
axis.

2. reduce the series resistance.
The reduction of series resistance will increase the power generated by the
solar cell.

a. More electrodes (in a grid-like structure) can be brought at the front
to collect more electrons, as shown in the following figure 4.3.1. In
this way, the path of an electron collected and transferred to the
external circuit is smaller, therefore, the resistance too.

b. Generally, the thickness of the phthalocyanine layer is 25nm-300nm.
The thickness of this layer in our samples was 20 nm. Experiments can
be done with thicker layers for the reduction of the resistance.
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4.3 Improvements of the cell-structure

PbPc

Figure 4.3.1 More electrodes can be used at the front contact (in a grid-like structure) to
improve the efficiency of a solar cell

Generally, in our solar cell structure PbPc/GaAs(001), electrons from PbPc should be
collected at the top Ag electrodes and electrons from GaAs at the bottom Ag layer.
However, the top electrodes, we put, were in liquid phase and they may have
penetrated the layer of PbPc creating a direct contact with the GaAs, therefore,
result in a short circuit. This decreases the performance of our sample by reducing
the Open Circuit Voltage. A possibility to avoid the short circuit is to put an
intermediate layer between Ag and GaAs, as presented in the following Figure 4.3.2.



Electrode + Electrode -

Figure 4.3.2 An intermediate layer (for example Ni) can be inserted between electrodes
and PbPc to avoid the short circuit Ag-GaAs.

Conclusive Remarks

The samples of PbPc/GaAs(001) studied produced low efficiency in comparison with
the lowest efficiency of 3% that organic solar cells usually exhibit. Further research
with variation of the material and device parameters is required as the combinations
we used are only start attempts for controlling the properties of organic solar cells
through the substrate orientation.
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D. Experiment

Optical characterization of PbPc free molecules — Raman spectroscopy

5.1 The Raman Effect

The Raman Effect is observed by the interaction of light and matter [32]-[33]. The
scattering of light, as a result of its interaction with matter, can be classified as
elastic (Rayleigh or Mie-Tyndall scattering) or inelastic (Raman or Brillouin
scattering). In elastic scattering, the scattered light is observed at the same
frequency as the incident light. In the second case of inelastically scattered light, this
is detected at different frequencies of the incident light and constitutes the Raman
or Brillouin spectrum of the sample.

The phenomenon of inelastic scattering of light was first predicted theoretically by
Smekal'” in 1923 and first observed experimentally (in liquids) by Raman®® and
Krishnan in 1928, therefore, it is referred as the Raman Effect since then. In the
original experiment, sunlight was focused by a telescope onto a sample which was
either a purified liquid or a dust free vapor. A second lens was placed after the
sample to collect the scattered radiation. A system of optical filters was used to
show the existence of scattered radiation with an altered frequency of the incident
light, -the basic characteristic of Raman spectroscopy.

In molecules, Raman scattering deals with the interaction of vibrational and/or
rotational motions of the molecules with the electromagnetic radiation. Brillouin
scattering involves the translational motion of molecules and produces very small
frequency shifts which have not yet yielded important applications.

In Raman inelastic scattering process, the two photons are not identical and there is
a net change in the state of the molecule. When the created photon is less energetic
than the annihilated one, the scattered light is observed at a lower frequency than
the incident light. This is Raman-Stokes scattering. When the created photon is more
energetic of the two, the Raman frequency will be higher than that of the laser and
the anti-Stokes spectrum will be observed.

The scattering process described above is illustrated in Figure 5.1.

7 pdolf Gustav Stephan Smekal (September 12, 1895, Vienna, Austria — March 7, 1959, Graz, Austria)
was an Austrian theoretical physicist, with interests in solid state physics, known for the prediction of
the inelastic scattering of photons.

¥ Sir Chandrasekhara Venkata Raman (7 November 1888 — 21 November 1970) was an Indian
physicist whose ground breaking work in the field of light scattering earned him the 1930 Nobel Prize
for Physics.



62

—
| —

The laser excitation at a frequency V, reappears as the relative strong Rayleigh line.
The much weaker Raman ‘sidebands’ are the result of inelastic scattering by a
molecular vibration V,. The efficiencies of these scattering processes are very low.

In order of magnitude, the intensity of the Rayleigh line is about 10 with respect to
the incident excitation, while Raman features are at least another factor 10 weaker.
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Figure 5.1 Raman and Rayleigh scattering of excitation at a frequency V,. A molecular

. o . . 19
vibration in the sample is of frequency V,.

Raman scattering and infrared absorption are two of the main spectroscopic
techniques to detect vibrations in molecules. They are used to provide information
on chemical structure and physical properties, to identify substances from the
characteristic spectral patterns (the ‘Raman fingerprint’), and to determine
guantitatively or semi-quantitatively the amount of a substance in a sample.

The important characteristics of Raman spectroscopy are related to two
fundamental optical considerations: the focusing of the excitation laser beam on the
sample and the collection of the scattered light. Raman spectroscopy uses a single
frequency of radiation to irradiate the sample and the radiation scattered from the
sample is detected shifted in energy with respect to the energy of the incident beam.

9 Figure of the book ‘Raman Microscopy’ of George Turrell, first chapter ‘Raman Effect’.
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5.2 Raman spectroscopy- Theory
The theory of Raman spectroscopy will be further discussed in this chapter.

The interaction of light and matter can lead to the absorption or scattering of light.
Light is absorbed, when the energy of the incident photon corresponds to the energy
between the ground and the excited state of a molecule.

When a light wave interacts with a molecule, it distorts the cloud of electrons around
the nuclei. This phenomenon differs from the phenomenon of absorption as it does
not promote any electron to an excited state of the static molecule. The lifetime of
the excited state is very short compared to most absorption processes. The entire
process is completed within picoseconds or less. More specifically, while the light
passes over the molecule, it polarizes the molecule and simultaneously it promotes
the electrons in a higher energy state. At that instant, the energy present in the light
wave is transferred into the molecule.

This interaction can be considered as the formation of a very short-lived ‘complex’
between the photons and the electrons in the molecule in which the nuclei do not
have time to move appreciably. This results in a high energy form of the molecule
with different electron geometry but without any large nuclei movement. This
‘complex’ between the light and the molecule is not stable and the light is released
immediately as scattered radiation. It is often called the virtual state of the molecule,
as we can see in the following figure 5.2.

Further, the actual shape of the distorted electron arrangement will depend on how
much energy is transferred to the molecule and hence it depends on the frequency
of the laser used. Thus, the laser defines the energy of the virtual state and the
extent of the distortion. This virtual state is a real state of the transitory ‘complex’
formed. The radiation is scattered as a sphere and not lost by energy transfer within
the molecule or emitted at a lower energy. In addition, there is a link between the
polarization of the exciting and scattered photons which can be of value in assigning
particular vibrations.

Raman and Rayleigh scattering are illustrated in figure 5.2. Rayleigh scattering is an
elastic process (no change in the energy). When the electron cloud relaxes without
nuclei movement, the scattered light retains its initial energy state. Rayleigh
scattering is the most usual scattering of photons, therefore, it is so intense. Raman
scattering, on the other hand, is a much rarer event which involves only one in 10° —
10® of the photons scattered. This occurs when the light and the electrons interact
and the nuclei begin to move at the same time. Since the nuclei are much heavier
than the electrons, there is an appreciable change in energy of the molecule to
either lower or higher energy depending on whether the process starts with a
molecule in the ground state (Stokes scattering) or from a molecule in an excited
vibrational state (anti-Stokes scattering).



64

—
| —

More specifically, Stokes scattering is observed, when a molecule in the ground
vibrational state absorbs energy and is promoted to an excited vibrational state.
Anti-stokes scattering is observed, when a molecule is at an excited vibrational state
(probably due to thermal energy) and, by interaction with a photon, the molecule
transfers part of its energy to the photon, and then rests at the ground state. At
room temperature (27°C or 300K), the majority of the molecules are in low energy
states — ground vibrational states, therefore, the phenomenon of Anti-Stokes®
scattering is rare.

1 } Virtual states
A A -
Vo Vo - Vvib Vo + Vvib
v Ground
¥ I Vvib ¥ electronic

RAYLEIGH STOKES ANTISTOKES ~ States
RAMAN RAMAN

Figure 5.2 Raman and Rayleigh scattering

In Raman spectroscopy, radiation of light is used to excite the molecules and the
difference in energy between the ground and the excited vibrational state of the
molecule is measured by subtracting the energy of the scattered photon from that of
the incident light beam [32]-[33].

Generally, Raman spectroscopy deals with the analysis of the inelastically scattered
light from atoms, molecules, and solids. Due to the interaction of light and matter,
absorption or emission of phonons® are possible processes leading to changes of the
frequency of the incident light.

20 . . . .
As temperature increases, the Anti-Stokes scattering becomes more intense as more molecules

acquire more energy and occupy excited vibrational states, while Stokes scattering becomes a little

weaker.

21 . . . . . . . . .
A phonon is a collective excitation in a periodic, elastic arrangement of atoms or molecules in

condensed matter such as solids and some liquids.
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The practical applications of Raman spectroscopy beyond pure science are:

. Raman gas analyzers used in medicine for real-time monitoring of anesthetic
and respiratory gas mixtures during surgery.
. Spatially offset Raman spectroscopy (SORS), which is less sensitive to surface

layers than conventional Raman, used to discover counterfeit drugs without opening
their packaging and for non-invasive monitoring of biological tissue.

° Raman spectroscopy used to investigate the chemical composition of
historical documents with a non-invasive way.

Raman techniques are applied mainly in physics and chemistry, apart from medicine
and archeology mentioned above, as it can identify vibrational and rotational modes
of a molecule by analyzing its Raman spectrum. In our experiment, we are searching
for the ‘fingerprint’ (the rotational and vibrational modes) of gas lead
phthalocyanine (PbPc) — free molecules.

PbPc contains 8 nitrogen atoms, 32 carbon atoms, 16 hydrogen atoms and one metal
atom and its fundamental vibrational modes for Raman and infrared spectra are:

[vib (PbPc)= 22A1 (IR, Ra) +41E (IR, Ra) +21B1 (Ra) + 21B2 (Ra)+ 19A2 [36],
A'is the symmetrical breathing mode and B,E are the anti-symmetrical modes.

5.3 Experimental set-up of Raman spectrometer

The experimental set-up consists of an Ar'-laser able to produce an intense beam,
reflecting mirrors and lenses to guide, focus, and enhance the beam on the sample
by aligning the beam to the focus point, a Dilor Charge-Coupled Diode (CCD), which
is a very sensitive detector of light, cooled to minimize the background noise.

The sample container was tied around with a ribbon of glass fibers that inside had a
wire of wolfram. The wire was connected to a power supply and the current flow
raised the wire temperature. The temperature of the sample was measured by a
thermocouple. The container was heated to evaporate the PbPc powder inside. It
was important to reach the sublimation temperature of PbPc powder of 500°C, so
that the PbPc molecules are in the gas phase and therefore free. Heating was done
under conditions of high vacuum. In the vacuum chamber, where the PbPc powder
was evaporated, a pressure of approximately 8%10° mbar was achieved. The
spectrum of the molecules was recorded in vacuum.

The following figures show the experimental set-up, the light path, and the mirror-
lens apparatus used to focus on the sample.
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Figure 5.3.b Optical path with mirrors and lenses to guide the laser beam through the
sample container; the metallic rings were used to raise the temperature at the windows
for optical measurements.
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The alignment of the Raman equipment and the pass through the glass container
with the sample needed time and trials. Special care was taken to avoid
contamination of the container and the sample inside it, since it may lead to false
results; additionally, we were very careful with the lenses and the glass containers by
using plastic gloves.

The Raman spectrometer used in the experiments is described in the following:

1. Ar*-laser’? operated at 514,5 nm (green). Generally, argon ion lasers emit at
13 different wavelengths from ultraviolet, through visible, and up to near-infrared
spectrum: 351.1 nm, 363.8 nm, 454.6 nm, 457.9 nm, 465.8 nm, 476.5 nm, 488.0 nm,
496.5 nm, 501.7 nm, 514.5 nm, 528.7 nm, 1092.3 nm with the most prominent and
most used wavelengths the 514.5 nm (green) and the 488.0 nm (blue-green)
emission lines.

2. Lenses and mirrors to guide and focus the laser beam on the sample as well
as to reflect back and re-focus the beam on the same sample spot (multi-pass) in
order to increase the intensity of the scattered light which is low as the sample is in
the gas phase (Figure 5.3.b).

3. Charge—Coupled Diode (CCD) detector cooled with liquid nitrogen. Raman
scattering consists of a very low signal, therefore, the background noise of the
instrumentation has to be minimized.

TTHV chambre

Fresnel rombs
M4 s ﬂ ﬂ 3 Liqmd mitrogen
M5 cooled CCD detector

\ DILOR spectrometer

Laser Espansion

diclcc%‘ic filter M2
M3 L a
A - aperture Laser
M - muror [I P | 1 1,
L - lense 1 -1 1 "Ml
Al

Figure 5.3.c Experimental set-up of Raman spectrometer inclusive sample container

?2 The Argon lon laser was invented in 1964 by William Bridges at Hughes Aircraft and is one of an
lon-laser family that uses a noble gas as the active medium.
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For the sample, we used two different glass containers. Glass (as water) is a strong
absorber of infrared radiation and they are both weak scatterers, which makes them
(and especially the glass container we used) suitable for Raman spectroscopy 2. The
purpose was to heat the PbPc powder to its sublimation temperature (500°C) in
order to establish an ensemble of free molecules in the gas phase and then record
the Raman spectrum (the fingerprint) of the free PbPc molecules .

In the following, the accessories related to the sample are described in detail

1. Glass cell: in order to eliminate optical background interferences, one of the
two glass cells, we used, was made of glass of very good optical quality.
2. Metallic rings in order to maintain high temperature at the optical windows

and avoid sublimation of the molecules on these. Despite the use of metallic rings, it
has not been possible to eliminate the phenomenon of sublimation on the windows.
Heat gun has been also applied.

3. Heating of the sample: The wire of wolfram used as heater was twiddled (two
wires), so that its resistance (R=pL/A ) was lowered and the temperature was
increased. A ribbon of glass fibers tied in grid surrounded the glass contained, so that
the sample is heated homogeneously with the wolfram wire inside the ribbon. The
power supply was programmed to raise the temperature of the sample up to 570°C,
since the quartz glass container of the sample has a softening temperature of 580°C.
4, Thermocouple of nickel chrome and nickel aluminum.

We tried to heat the sample homogeneously using the glass ribbon with the wolfram
wire inside, the metallic rings, and the heat gun, because it is very important, for the
Raman measurements, that any focal point®* produces the same results and the
sample homogeneity means a lot. Since we were investigating the gas phase of PbPc,
we needed a considerable number of molecules in the gas phase per unit volume
and used a quite long glass container, as can be seen in the following figure 5.3.d.
The glass container should be clean from fingerprints which may cause fluorescence.
Besides, the sample should be tied carefully with the glass ribbon in grid, so that the
cell is well covered in order to be heated homogenously. The current to the sample
heater was applied with a small step in order to avoid huge and rapid differences in
temperature, which might damage or break the glass container of the sample. The
highest temperature reached was 565°C. At higher temperatures, the molecules of
lead phthalocyanine could be destroyed (burnt). The main problem we faced was the
sublimation of the molecules on the optical windows, which was difficult to avoid as
the temperatures differences at these parts of the sample container forces the
molecules to stack on them, so that the laser beam cannot pass through. As already
mentioned, a solution for this problem was to use a heat gun for extra heating on
these parts.

23 Glass and water produce Raman spectra that need to be considered in case the Raman spectrum of
the material studied is weak and shadowing by the interfering elements cannot be excluded.

2% The focal point is essential, since the Raman data are collected from this point.
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Figure 5.3.d Glass container of PbPc powder with Heater ribbon

The glass container of the PbPc sample was initially evacuated, so that the measured
spectra are the Raman “Fingerprint” of lead phthalocyanine molecules in the gas
phase, and not any other contaminators (molecules of air etc).

The Raman-Stokes spectra (cm™) were recorded. Raman scattering is referred to as
shift in energy with respect to the excitation laser beam and should be expressed in
Acm™; for simplicity, it is usually expressed in cm™. Stokes scattering is produced by
the vibration of the molecules that absorb light (photons) of the laser. The absorbing
molecules change their vibration frequency. The scattered light (photons) with less
energy and lower frequency than those of the laser beam is spectrally analyzed.
Since every molecule vibration has a specific Raman frequency, we can identify the
vibration modes of molecules with respect to their peaks in the Raman spectra. The
spectra are recorded keeping a distance from the Rayleigh line (the elastic scattered
light), which is very intense and could damage the CCD. Usually, Raman spectra are
recorded up to 100 cm™ from laser beam (and not lower); however, with modern
technical equipment, exposure down to 10 cm™ is possible. The intensities of the
bands in the Raman spectra are dependent on the nature of the vibration being
studied and on instrumentation and sampling factors. Modern instruments can be
calibrated to remove the instrumental factors and the intensity to noise ratio can be
drastically improved.
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The Raman spectrum of PbPc in vapor phase (Graph 12) was recorded under
excitation with the 514,5 nm (2,4 eV) line of Ar*-laser with output power 5,4 W. For
mode assignment of the Raman modes of vapor PbPc, we used the results of Density
Functional Theory (DFT) calculations of I.M. Kupchak in Ref. [6] and Yuexing Zhang
and Xianxi Zhang [8] listed in Table 2, columns 3-5. DFT calculations® predict spectra
of single molecules in vapor phase as in case of the PbPc molecules studied. It should
be noted, that during our Raman experiments with PbPc free molecules, we
observed occasionally cosmic rays superposed to the Raman spectrum. Cosmic rays
induce highly intensive peaks with a very narrow bandwidth. The peaks assigned to
cosmic rays are designated in the Raman spectrum of PbPc in vapor phase (Graph
12).

The Raman bands were fitted with Lorentzians. The fitting results are partially listed
in Table 2, column 2, and are given fully in the Appendix (peak position, amplitude,
and width). The experimentally recorded Raman spectrum of PbPc in vapor phase
ranges from 100 cm™ to 800 cm™. It consists of 19 peaks with 17 peaks assigned to
Raman modes and 2 very narrow peaks, at 753 and 763 cm™, induced by cosmic rays.
Though narrow Raman widths can also be observed on PbPc in vapor phase with low
pressure and low temperature, this does not apply in our case. The Raman spectra
were acquired shortly after evaporation of the PbPc powder and the PbPc molecules
in the gas phase are expected to maintain a relatively high temperature. Most
important, except for the very narrow line-width of the peaks at 753 and 763 cm™,
the measured Raman band-widths were in the range 10-30 cm™. For Raman mode
assignment, all of the following factors were simultaneously taken into account

e mode symmetry

e mode frequency

e mode intensity

e mode “coupling” with neighbor modes

A linear shift of mode frequencies accountable for anharmonicity and correlation
factors to the same extend for modes of totally different symmetry, as suggested in
Ref. [8], seems rather unlikely particularly in case of non-planar molecules as the
metal-phthalocyanines.

In Graph 12, the Raman mode frequencies are the fitting results of the spectrum of
PbPc in the gas phase measured in our experiment, while mode assignment is in
accordance with DFT calculations (Table 2, columns 3-5). For comparison, in Table 2
(columns 6-7), the mode frequencies of the experimental Raman spectra of PbPc
powder referred in [6]-[7] are also given. Apparently, a considerable number of
Raman modes are in agreement with those identified in PbPc powder. On the other
hand, the PbPc is a large molecule with a rich Raman spectrum. It is possible to
observe deviations in band frequencies and intensities in case of modifications in the
composition of the material.

2 DFT calculations of solids and liquids can have band shifts due to molecular interactions.
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Graph 12 Raman spectrum of PbPc in vapor phase
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Table2 : Fitting results of vibrational mode frequencies of PbPc in vapor phase in this work (col.2) in
comparison with the results of Density Functional Theory (DFT) and mode assignment by .M. Kupchak
in Ref. [6] including DFT scaled by L.Riele [6] (col.3), DFTcalculations and mode assignment by Y.Zhang &
X.Zhang [8] (cols.4-5), and the results of the experimental Raman spectra of PbPc powder Ref. [6] (col.
6) and Ref. [7] (col.7). Abbreviations used in mode assignment: N: nitrogen, H: hydrogen, and C: carbon
atom, IPB: in plane bending, OPB: out of plane bending, sy: symmetric, str: stretching, bre: breathing,
Ben. exp.: benzene expanding (*753, *763 are very narrow-width peaks assigned to cosmic rays).

RAMAN SHIET DF_T DET Vibrational Exp.data | Exp. Data
Raman . calculations by . Mode PbPc PbPc
of PbPc in calculations by .
peak vabor b I.M. Kupchak Y Zhane & Assignment by | powder powder
Nr. filztin y (scaled DFT by X Zhaﬁ Y.Zhang & by L. by V.
g L.Riele) ' 8 X.Zhang Riele Stamelou
RAMAN SHIFT RAMAN SHIFT
-1 -1
RA'\(/IC?:”S)/HIFT (vilf)(;g?cio)nal (vié)Cr:jcio)nal RAMAN | RAMAN
. . SHIFT SHIFT
intensity mode mode (cm™) (cm™)
(a.u.) assignment)/ assighment)/
intensity (a.u.) | intensity (a.u.)
1 100/0.2 107 (150:;) (B)/ 102,97 (E) /5.29 - - -
125 (121) (B2) 121,33(B2) | PbN, alternately
2 117/1.0 /19.5 /19.65 stretching
148 (143) (E) / 142,67(E)
3 149/2.3 06 /0.64 146 150,151
165 (159) (B2) | 158,63 (B2)/
4 178/ 1.3 /10.2 102 - 169 -
211 (203) (B1) 203,24(B1)/
c 216 /0.3 /12.7 12.67 210 207
252 (242) (E)/ | 241,89 (E)/
6 245/0.8 33 3.802 - 245 -
298 (287) (B2) | 286,69 (B2)/
7 282 /3.8 /3.8 3.80 272




()
8 420/1.7 442(‘:)2'? )71 424,9a(8)/ 0.06 i i i
o 3713 | 455 (/4373 (A1) 43763.3(7A1)/ CHa S:BB, cc _ _
10 293714 | °1? (?g) (E)/ 493'.11;?/ CHCCCNOPB | 493 i
1 s62/03 | >0 (E)/ 25261 (E) / : : 566
o | e | WO | e s ||
13 685/30 |1 /(ggi)s(Al) 64‘2’2(1) g;l) / '\CIIT\I(:l(I:D(I::)Iilyl (E:;cz: 674 680
' ' str., CH IPB
o | s | o | |
15 717709 | /18 (/?51; (B2) 690'1557_3(52) / i 729 | 721,722
o | s | o | P wesem | |
7 | e || o |||
| g | AUSNE TS kot | g |
' ' CN PbN str.
o | mne | mem | Mo |




74

—
| —

To the notation in Table 2

IPB : in-plane bending

OPB: out-of—plane bending

sy. : symmetrical vibration

str. : stretching vibration

bre. : breathing mode of the molecule
Ben. exp: the benzene expanding

N : nitrogen, C: carbon, and H : hydrogen.

NouswN e

e A, B Non-degenerate (single) modes: one set of atom displacements.
Symmetric (A) breathing mode or anti-symmetric (B).

e E Doubly degenerate mode. Two sets of atom displacements, symmetric or
anti-symmetric.

A B E
4
{}
1D 1D 2D
On-phese A nti-phese Double degenerae

Figure 5.4.1 A,B,E vibrational modes

The PbPc molecule vibrations can be understood in terms of intra-molecular bonding
and molecule asymmetry depicted in following Figures 5.4.2-5.4.3. Figure 5.4.2
presents the internal bonds of the atoms in the molecule and their positions. Figure
5.4.3 demonstrates that the PbPc molecule is non planar, since the lead-ion (Pb**) is
larger than the central cavity and lies above the molecule of phthalocyanine. N1 is
the nitrogen atom joined to the central metal ion; the Pb-N1 symmetrical stretching
vibration is referred to this bond. Similarly, the Pb-N, C-N, C-C, C-H bonds are also
involved in mode vibrations denoted in Table 2. Generally, the symbols a, B, y, 6 are
indices added to describe that the respective atoms begin as isoindole units from the
N1. In Pcs, there are only a and B connections.



HPB HB

Figure 5.4.2 PbPc molecule and its bonds (top-view)

1,4nm
PbPc non-planar

Figure 5.4.3 PbPc molecule and its bonds (side-view) demonstrating that it is a non-planar
molecule
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Eloaywyn

Me otoxo tnv avamtuén xapnAol koéotougc — uPnAng amodoong OpyaviKwv
dwtoBoAtaikwy, otV mMapovoa AUTAWUATIKI) EPyQoiol ETLXEIPEITAL O EAEYXOC TWV
duokwv WotNTwy (SopLlkwy, OMTIKWY, NAEKTPIKWV) OpYavIKwV ¢GwTtoBoATaikwy
NULOYWYWV HECW TOU TIPOCOVATOALOHOU TwV HOPLwV Tou amoppodnth pe emtatia
0t KATAANAQ TIPOCOVOTOALOUEVO UTIOOTPWHO. JUYKEKPLUEVA, HEAETATAL N
ouuneplpopd Tou opyavikou popiou tng dBalokuavivng poAuBdou (PbPc) o Suo
Sladpopetik@ umootpwpata  yoAAiou apoevikoU  (GaAs) pe  emidPAVELAKEG
oavadounoELC:

1) GaAs c(4x4) pe mAedvaoua popiwv apoevikou (As), Kat
2) GaAs B2(2x4) otolxeloleTPLKN (EVOANAKTIKA, LE UIKPN TiEplooela popiwv As)

H ¢OBalokuavivn poAUBSou (PbPc) eival opyavikO poplo, He TOAU KOAEG
OTITONAEKTPOVIKEG LOLOTNTEG, KATAAANAO yla XprHon O£ opyavikad ¢wrtoBoAtaika
AEMTWV UPEVIWY N 05 OUVOUAOUO OPYOVIKWV KoL ovopyovwyv GpwTtofoAaikwv.
Xpnotpomotndnkav dUo SLadopPETIKA UMOCTPWHATA apoevioUxou yoAliou (GaAs),
wote va efetaotel, av UumMApxel aAAayn-BeAtiwon otn  cupmepldpopd  TNG
dBadokuavivng oe oxéon HE TIC €TULPAVELAKEG QAVAOOUNOEL TOU OPOEVIOUXOU
vaAiou. H  ¢dBalokuavivn  poAUBSou  avhikel  otnv  opada  Twv
petaAlodpBalokuaviviov, Opyavikwv UALKwv, Tou oAAGlouv Tn HOPLaKN TOUG
otoiylon, 6tav evamnotiBevtal oe SladopeTIKA UTOOTPpWHUATA, akoAouBwvtag Tnv
KateLBUVON TwWV EMLPAVELAKWY OVASOUNCEWV TOU UTIOOTPWHATOC, WOTE UE TOV
TPOMo autd aAAAlel n amoppPodNTIK TOUG LKAvVOTNTA. H TELpAUATIK HEAETN OF
QUTA TA UAWKA ME BAon TOV TPOCOVATOALOMO TOU UTIOCTPWUATOG MTopel va
umodeigel, ToOLO¢ CUVOUAOUOG EMLOTPWLATOG-UTIOOTPWHATOG €ival Mo amodoTIkOg
yla LEAAOVTLKEG TEXVOAOYLKEG epaployEG. Emiong, peAetiBnke n aAAnAenibpaon Twv
00 UAWKWV (tng dBaiokuavivng poAuBdou kat Tou yoAAiou apoevikou), emeldn Oa
pmopovuoav va oxnuatifovrat xnuikot deopol petafd toug ) va petafdAlovtal ot
Xnuikot deopol tou poplou tng PpBalokuavivng kat n doun ™G H emtadiaxn
EVOOBEDN OpYaVIKWY HOPlwV O avopyavo UTIOOTPWHATA €lval, YEVIKOTEPQ,
KOLVOTOUO OVTIKELUEVO £€peuvag AOYyw Twv TOWKIAAWY SloTATWY Tou Hmopel va
npokUuPouv.

JTO MELPAMOTO, TTOU TpayUaTonolnonkav ota mAaiola g mapoloag spyaciag, Ta
puopla tne pBaiokuavivng poAuBdou (PbPc) ntav os kpuoTaAAKr) popdn PV TNV
gevamoBeorn Tou¢ ota umootpwpota GaAs. H emavoBeon mpoaypotonoldnke pe
g€axvwon Kol OCUMMUKVWON Twv OTUWV PbPc emdavw otnv emdavela Tou
UTIOOTPWHATOG. H NAEKTPLKN aywyllotnta Twv Hopiwv PbPc, OmMwg yevika Twv
petaAodpBalokuavivwy, e€0PTATAL QMO TOV MTPOCAVATOALCUO TOU UTIOCTPWHLATOC.
Mapdapetpol mou ennpealouv TNV KAteLBuvon Kal Tn SLATaEn TWV OPYAVIKWY Hopilwy
elval: To apykd kevo oto BAalapo, n BepUoKpaoia TOU UTTOCTPWHATOC, TO TTOCOOTO
UALKOU TIOU €€QXVWVETOL, TO TOCOOTO UALKOU TIOU €VamotiBetal, To mMAxo¢ Tou
opyavikoU Upeviou, KATL. H €peuva pog emkevipwBdnke otnv alAnAemibpaon tou
OPYQVLKOU HOPLOKOU UMEVIOU UE TNV ETLPAVEL TOU OVOPYOVOU UTIOCTPWLOTOG KAl
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dlaitepa TNV KOTAOTOON TIOU ETUKPATEL OTI TIPWTEG UTEPAEMTEG OTPWOELG TOU
0OPYOVIKOU UMEVIOU AOYw TNC Loxupng aAANAEMiSpaonG ToUC UE TO UMOoTpwia. Ta
vpévia dpBalokuavivne poAUBSou evamotednkav pe e€axvwon OTA UTTOOTPWHATA
Tou yaAAiou aposvikoU. To Selypa Ntav apxlkd oe popdr okovng dBalokuavivng
HoAUBSou og Soxeio (cwArva) amd yuaAi, To onoio Bepudvape (wg 565 °C), wote Ta
popta PbPc va eivat petafouv otnv aépla ¢aon. To maxog Twv UUEVIWY ATav nepi Ta
20 nm. MponynBbnke SOULKOC XOPAKTNPLOUOG TwV UUEViwY PbPc otnv aépla daon, pe
ontikr HéBodo (pacuatookomia Raman), Kol oTn CUVEXELD AKOAOUBNOE NAEKTPLKOG
XOPAKTNPLOUOC TWV NALAKWY KUPEAWV.

Mo Tov NAEKTPLKO XOPAKTNPLOUO, KATaypAdpnKav Ol XOPAKTNPLOTIKEG KOUTMUAEC
pevpatoc-taong (I-V) twv Sopwv PbPc/GaAs oe oUykplon e tnv |-V Ttou
umooTpwpatog GaAs.

Mo To SOUIKO XapPOKTNPLOMO, Xpnolpomnolnonke dacpackonioa Raman. MeAetOnke
n ¢Baiokuavivn poAUBSou oe aépwa dpacn. H daopaokomia Raman eivat pn
EMEUPATIKN TELPAUATIK UEOOSOG MOU aviXVeVEL TIC TOAAVIWOELG TOU Hoplou Kal
avayvwplleL To XapakTNPLOTIKO GACHATIKO TOU amotunwua. Ta delypata pumopouv
va €€ETAOTOUV OE HoPdr) OTEPEWV, UYPWV KOL AEPLWY, KOTA OYKO, OE ULKPOOKOTILKA
owpatidla N oe emidpavelakég otpwoels. Kataypadnke to ddaopa Raman twv atpuwv
PbPc kat Tautomoltnkav ot TpOmoL TaAdviwong Tou poplou otnv aépla ¢aon. H
TAUTOMOLNGCN TWV TPOMWV TAAAVTIWONG Tpayuatonolnonke pe Bacn Bewpntikolg
urmoAoylopoug tng Mukvotntag Kataotdoewv (Density Functional Theory twv
Yuexing Zhang & Xianxi Zhang and .M. Kupchak). Ta amoteAéopata cuykAivouv pe
ekelva mou avadépovrtal otig Adaktopikég AtatplBeg twv L. Riele kat B. ZtapéAou
yla dBalokuavivn poAuBdou oe okovn.

21N SUTAWMATIKN gpyacia, mapouaotalovtal aVOAUTIKA:

H uéBodog tng dacpatookomiag Raman kot n HéEBodoG TOU NAEKTPLKOU
XOPOAKTNPLOMOU péow Kataypoadng KAUMuAwv pevpatog-taong (I-V) nAtokwv
KU EAWYV, OL TTELPAPOTLKEG SLataelg omou AfdOnKav oL LETPAOELG, TA AMOTEAETHATA
TWV HETPACEWV KOL N EPUNVELX TOUG, KoL oulnNToUVTAL AETITOUEPELOKA OL AmodOOELg
nALakwv KuPpeAwv PbPc/GaAs kat ol Suvatotnteg BeAtiworg Toug.

QwTtoPoAtaikn texvoloyia

H ¢wtoBoAtaikn texvoloyla eivol UETOTPETEL TNV NALOKN EVEPYELD OE NAEKTPLKO
peVMA. H nAekTplKr EVEPYELX €lval ONUAVIIKA yla TtV avBpwmnotnta, £pocov
e€aodalilel mapoxég, OMwG NAEKTPIKO GwC, KALMATIONOC, SWAlon vepou, Kot
UTINPEODLEC, OWG padLlodwvo, TNAEOPACT), TNAETILKOWVWVIEC, KATL.

H ¢wrtofoAtaik Ttexvoloyla elval onuavtiky odol XpnoLUOmoLlel TNV nAlokn
EVEPYELD YlOL TNV Tapaywyn nAeKTplopol (nAektplkol otabuol) pe TepaAcTia
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anoBépata kat xwpilg pumavon tou meptpailovioc. H £€apon tng dwtofoAtaikng
texvoloyiog oupmintet pe tv metpehaikh kpion®®, to 1970. Tote, n mehétn
EVOAAOKTLKWV TINYWV EVEPYELAG ATOV O {NTNON KOL N €PEUVA TAVW OE OUTEC
avéndnke. Evag aAAog mapdyovtag, mou wbnoe tnv avBpwnotnta mpog TG GLALKES
TPOG TO MePLBAAAOV TINYEG EVEPYELOG, NTAV N EMLBAPNUEVN KATAOTACN TOU PpUOLKOU
nieptBarlovtog pe tnv €vapén tou Plopnxavikou awwva 1900-2000, WSlaitepa n
HOAUVON HE padlevepyd KOl XNUWKA Katdlouta kot n avénon Tng HEONG
Beppokpaciag. To evéladépov Tng avBpwndTnTag yia TNV avénon tng Beppokpaciag
Tou TmeplBarloviog Slaknpuxbnke kot umoypddnke oamd 191 xwpeg HE TO
MpwTtdkoAAo tou KLoto, to AskéupBplo tou 1997, otnv lanwvia. AVAUESA O QUTEG TLG
XWPEG ATav OAa ta HEAN Tng Eupwmnaikng évwong kabwg kat n EAAada. Etol to
naykooulo evéladépov otpadnke o GIAKEG PO To TEPLBAANOV HOPDEC EVEPYELAC.

Napdlavuta, akdun kot cipepa, otov 21° awwva, To éva Tpito Tng avlpwndtntag Sev
€XEL MpoOoPBacn e NAEKTPLOUO, APO KOL OE UTNPECLEC TIOU TIPoodEPOVTAL HECW
ouUTOU, Kuplwg umnpecie¢ mou adopolv otnv Uyeia, OnMw¢ To KabBapd vepo.
Ekatoppupla avBpwmot xavouv tn Iwn TOu¢ amd HOAUCUEVO VEPO KL AGAAOL
urntodépouv amo EAewn Baolkwy LOTPIKWY umtnpecwv. O avaAdaBntiopog otepet
and eKATOPUUPLO avOpwIoug TNV emadr Ue VEEG OEeg yia tn BeAtiwon tng lwng
TOUuG. H nAekTpLKn evépyela, owaota edpappolopevn, Ba punopouoe va Slopbwaoel kat
va BeAtiwoel T¢ {wEC Twv avBpwnwv ot XWPES Tou Tpitou KOOHou. e KAOe
nepintwon, ta dwtofoAtaikd cuothpata eivat pio KA AUoN yla OMOUOVWLEVEG
QYPOTLKEG I BAAAOOLEC TIEPLOXEG.
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Ewova 1 : Dkég tpog tov rieplBAAov HopdEg evépyeLag

*® Tov OktwPpPLo Tou 1973 Eekivnoe n metpeaikn kpion, dtav ta uéhn tou Opyaviopol ApaBikwv
XWPwv, Tou e€nyayav MeTPEAALO, TIPOKNPUEAV TO TIETPEAAIKO eumapyko oto NATO.



Nepapoatikn dSiatagn NAEKTPLKOU XOLPAKTNPLOHOU

Ol TELPAUATIKEG HETPAOELS NAEKTPLKOU XOPAKTNPELWOHOU Twv SU0 SLadopeTIKWY
nAtakwv kupelwv pBarokuavivng LOAUBSOU UTEPAENTWY UHEVIWV Twv 20 nm TaAvw
oe O8U0 empavelakég avadounoel yalliou apoevikoU c(4x4) kat P2(2x4)
Tipaypatonolfnke oto epyaotrpLlo tou tuRpatog Quoikng tou Mavemotnuiov Tor-
Vergata t¢ Pwung umo t ouv-emifAsPn tou kaBnynti Maurizio de Crescendi.
YnohoyioOnke o ouvteheotng amodoon¢ (n) twv nAltakwv kuelwv. Emiong,
HeTPAONKav Ta dpacpata KRavikng anodoonc. Ta acpata petprndnkav os diataén
mou meplAapBavel: daocpatik Avxvia Xe (Eévou), povoxpwuATOpd, KATOMTPA KoL
OUYKEVTPWTLKOUG ¢akoUC yla thv odnynon kol eotiacn tng O£oung ¢wtog,
OVOKAQOTLKO HNXAVIKO Slalp€tn e mreplyla amd aAoupivio (Al) kal nAeKTpoviko
ocuoTnua evioxuong kat kataypadng onuatog. H Auxvia Xe xpnotpomnotr0nke, emetdn
0 dAcpa TNG ElvOl CUYKPLOLUO HE TO NALOKO Kal KATAAANAO yla TO XAPAKTNPLOUO
NALOKWY KUPEAWV.

Optical setup

Lock-in amplifier

Labview External quantum efficiency

interface amplifier
EQER) =214 19
Si photodetector AP ("{’)
Sample
/ Monochromator
X.Y.Z stage '
Mirrored
chopper

PC —
interface “ .

_‘“.‘pooo

Sourcemeter

Ewkova 2: melpapotiky Stdtagn yla th HETpnon TNS KBavTkng anodoong nALakwyv KUPeAwv
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To ¢wg ™G Auxviag Xe avalUeTol amo To0 LOVOXPWHATOPA UE BAMA 5 nm Katd Tt
0ApPWON TWV UNKWV KUPATOG. MovoxpwpaTiko ¢wg 1) eotidletal Katd tn StEAeuon
HECW TOU HNXOVLIKOU SLalp€Tn mavw oto Selypa kat 2) kateuBuvetal otn pwtodiodo
(61061KO avIXVEUTH TUPLTIOU) KATA TNV AVAKAQCN OTA MTEPUYLA TOU HNXQAVLKOU
SLalp£€Tn. AnAadn, o avaKAQAOTIKOG UNXAVLKOG SLaLPETNG, GTLAYUEVOG OO AAOULLVLO,
ETUTPENEL 0TO PwG pia Ppopa va mepacel otn ¢wrtodiodo amod mupitio, wote va
HeTPNBel n mpoomnintovoa aktivofolia kal tTnv aAAn ¢opd va ¢tacel oto deiyua,
wote to Selypa va anoppodnoel TNV aktvoBoAia kal va KAvel Tn dwrtofoAtaikn
petatporr. Autd ta SUo orpata cuykpivovtal kat divouv tnv KBavtikn anodoon tng
nALoknG kKuPEAng. H e€iowaon yla Tov mpoodloplopo tng KRavtikng anodoong (EQE =
External Quantum Efficiency) &ivetatl mapakatw. O Selypatodpopéag eivat Suvato va
petakivnBel ot 3 Slaotdoelg (x,y,z), WOTe TO TPOOTIMTOV W va UMopel va
eotiaotel oe Sladopa onueia tou delypatoc. H pwtodiodog sival pwtoavixveutng
amo mupitio pe VPO PacUATIKAG avixveuong amno 190 wg 1100nm.

Ewkova 3: HOVOXPWHATOPAS, CUYKEVIPWTIKOL ¢GaKol, aVOKAQOTIKOC HNXOVIKOG SLalpgtng
(chopper) kat dwtodiobdog avixveuong
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To pelpa TOU TAPATNPOUVTAV WG OMOKPLON OO TIG NALAKEG KUWPEAEG NTAV TIOAU
HLKPO Kal €TOL XpNOLOMoLOnke avakAaoTAPAG-TIOAAQMAQOLOOTHG Yla va augnOel
KOl v Hmopel va petpnBel amd tov NAEKTPOVIKO €EOMALOMO. O NAEKTPOVIKOG
€EOTALOMOG €VIOXUEL TO onua Kal e€acBevel To BOpuBo MoOU TPOEPXETAL ATO TO

SLAXUTO GWTIOPO KOl TA NAEKTPOVIKA TOU gpyaoctnpiou. To pelpa TOU WPETPHONKe
ATOV TNG TAENG TwV YA,

iectronicsfor the monochromator
ectronicsfor the chopper
Sun Si tor i ectronics for the photodiode

&

m

TR

|i!*

1|i
l:..
||||

Ewkova 4: e€omALOUOC TOU £pyaoTnpiou NAEKTPLKOU XOpOKTNPLOUOU

H mewpapatikn didtagn, mou meplypAadnke, LETPAEL CUYXPOVWG TN XOPAKTNPLOTIKN
KOUTUAN pevpatog — taong (I-V) twv nAtakwv kKuPeAwv Kot TNV KBavtikn anodoorn)
touc (EQE). Me tnv EQE kaBopiletal n omtikn anokplon tn¢ Kabe nAtakng KuPEAng
(n amoppodnon tTng) yla KABe HAKOC KUUATOC, EVW UE TNV KAUTTUAN PEULOTOC- TAONG
oL mapAapeTpol mou poadlopilovral eival

1. To pevpa BpaxukUkAwaong tng nAtakng kuPEANg (short circuit current, Isc)
2. H tdon avoulxtou kukAwpatog (open circuit voltage, Voc)

3. To onuelo HéyLotng LoXUoG (maximum power point, MPP)
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INUELWVETAL, OTL Ypnowiomow|Bnkav MeTOAALKA nAekTpoSla Ag UuMO  popdn
PWIOUATWY amd apyupo o SLaAupa akeTdvng yla to deiypa PbPc/GaAs B2(2x4). O
ApyuUpPOG XPNOLUOTIOLNONKE, EMELSN €XEL KOAN OYWYLULOTNTA, WOTE TO GWTOPEVHA VA
elval BéAtioto. H knAlda pwtog, katd tnv eotiaon navw ota delypata, eixe péyebog
0,5x3 mm2. XpnowomnowOnkayv, emiong, Suo dladopetikol delypatodopeic yia
HETPNOELC TTapAAANAa Kal KABeTA oTal AEMTA UMEVLA TwV NALOKWY KUPEAWY WOTE va
aviyveuBolv SU0 SLOPOPETIKEG POEG PEVATOG.

Elkdva 5: ot Vo Sladopetikoi delypatodopeic mou xpnaotponotidnkav yla T HETpnon Tou
dwropelpatog mapdAAnAa kat KABeta 0Tl oTPWOELS NALOKWY KUPEAWY PbPc/GaAs.



( )|
L % )
100pum
PbPc 20nm
o 500pm
o 100pm
3.

Elkova 6: pétpnon tng pong pevpatog Kabeta ota Aemtd uuévia PbPc/GaAs

Electrode + Electrode =

Ewova 7: pétpnon tng pong pevpartog mopdAnia ota Asmtd vpévia PbPc/GaAs

Itnv kaBetn Sapdpdwon, to PeVUO HETPATOL AVAUECA OTA TAVW KOl KATW
(front-to-back) nAektpddia tng nAtakng KUPEANG, onwe dpaivetal otnv elkOvVa 6, EVW
otnv MapdAAnAn Stapopdwaon, To peUa CUANEYETOL LOVO amd Ta TAvVw NAEKTPOSLA.
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To GaAs ival 80tn¢ (n-type), evw n PbPc eivat 6£€ktng nAektpoviwv (p-type).

H amoboon petatpornic (IPCE = Internal Power Conversion Efficiency) opiletal wg:
IPCE(%)=nAektpovia ou dnpoupyouvial/ Gpwtovia mou IPOoTIMTouV
IPCE(%)=100 * hcl(A) / A P(A)

omou I(A) to pwtdpevpa, P(A) n mukvotnta woxvog NG Auxviag Xe amnod 0,5 €wg 3,0
mWcm™ (o€ 6A0 T UPOC TOU PAGUATOC PWTAC TTOU HETPOVUCOE).

Metproelg ANdOnkav umd okOTOG Kal LE aKTLVOBOANGCN, WOTE va POodLopLoTEL N
amodoon UETATPOMNAG TwV NALOKWY KUPEAWV.

Fevikd, oL NALaKEG KUWPEAEG HETPAONKAV OE ‘KAVOVIKOTIOLNUEVEG - KOVOVIKEC
ouvOnkeg (Standard Test Conditions), &nAadn: Oepuokpacia 25°C, mukvotnta
aktwoBoliac 1000 W/m? kat pdla aépoc 1.5 (AM1.5). AUuTEC OL OUVOIKEC
OVTLOTOLYOUV O€ pLa aibpla nuépa PE NALO KOl HETPNON O ywvia MPOOTTWONG TNG
nAtakng aktwoBoAiag 41,81° mdvw arnod tov opilovta.

Apxka petpnBnkav ot |-V tou yaAAilou apoevikoU ylo va cuykplBolv, oTn CGUVEXELQ,
pe s -V nAtakwv kupehwv pe eniotpwon pBarokuavivng poAuBdou. H amokplon
oto GaAs ival pkpr oAAG avapevopevn, epOCOV HETPOULE HOVO TO UTIOOTpWHA. To
unootpwpa oxnuatilel emadn schottky pe ta nAektpodia tou apyvpou kat divel Eva
aoBevéc ofjpa tou armokAivel armo to pndevikd (n kaumVAn oto 3° teTapTNUOPLO, 0TN
HETPNON XWPLG dwTLopO, Sev Tautiletal pe Tov afova y).

ZTG NALAKEG KUWPEAEG TIPETEL VO EXOUUE WHLKEG eMOdEG peTall nAektpodiwv Kal
UALKOU, WOTE TO PEUMA VO PEEL XWPLG AVTLOTACELG.

H péylotn oxug, ou HETPRBONKE 0TO UTIOOTPWHA, NTav Pmax= 0,341nW.

OL KopmUAeg twv nAlokwv KupeAdwv PbPc/GaAs c(4x4) kot PbPc/GaAs [B2(2x4)
OUYKPLVOUEVEG E QUTEG TOU UTOOTPWHOTOS Ba pag Sei€ouv mooo anodoTikES eival
oL NALakeéG KUPEAEG Kal Katd mooo n emniotpwon 20nm PbPc obnyel og nAlakég
KUPENEG pe tkavomoLnTiki anodoaon.
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AnoteAéopata- Npadripata

Ot KapumUAeg pevpatog- taong (I-V), mou petprnBnkav, ivat ot akOAouBOeg:

a. Ynootpwua GaAs

4 -
green line: under ilrradiation
3 - blue line: dark current
—_ 2
<
=
=
o
5 1
3 i
0 4
/”_ /
-1 I ' / ! I ! I ' I ' I
-1,5 , 0,0 0,5 1,0 15 2,0
Voltage (V)
0,005
aximum power
-0,005 -
= =0,341nW
3
S 0010
§ Im=-0,011p MPP
-0,015
| green line: under irradiation
blue line: dark current
-0,020 ~ / Isc=-0.019uA
-0,025

Ll Ll Ll I I I i Ll T 1
-0,01 0,00 001 002 003 004 005 006 007 008 009 0,10
Voltage (V)

padniuata 1, 2. Ynootpwpa GaAs: PeTpNOelg |-V UTO OKOTOG (UMAe KOUMUAN) Kol He
akTwoPBoAnon (mpactvn KapumuAn).
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X=0,031V

5

i
-
o

|

15

Power(uW)

-20 4

25 4

. T . — — ——
-2,0 -15 -1,0 -0,5 0,0 05 1,0 1,5 2,0

Voltage(V)

lpadnua 3. Yrootpwpa GaAs: XapaKTNPLOTIKY KaumUAn amnddoong woyxvog - tdong e
péyloto taong Vm=0,031V
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b. PbPc/ GaAs B2(2x4)
0,5 -
PbPc
0.4 - blue line:dark current
03 orange line: under irradiatipn
0,2 4
2 O1- )
3 .
b= 0,0
o i
§ -0,1 - /
-0,2 -
i 7
-(].3 —
-0,4
-0.5 —
T T T T T T T T T T 1
2,0 -1,5 0,0 05 1.0 1.5 2,0
Voltage(V)
02 PbP)
blug line:dark current
organge line: under irradiation
0,1 -
< 0,0
= 0c=0.333V
@
= POWER=
° 014 32nW
02 PP(0.191V, -0.169uA)
s _ =
-0.3 T T T T T T T r T T T
0,1 0,0 0,1 0,2 0,3 0,4 05
Voltage(V)

lpadruata 4,5. HAuaky kupéAn PbPc/GaAs B2(2x4): petpnosig I-V umd okdtog (UrAe
KOUTTUAN) Kot He akTvoBoAnaon (moptokaAl KaumuAn).
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x=0,1912V
0 //’—
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= ]
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-2,0 -1.5 -1,0 -0,5 0,0 0,5 10 1,5 2,0
Voltage(V)

Mpadnua 6. HAlakA kuPéAn PbPc/GaAs B2(2x4): XOpaKTNPLOTIKA KAUTIUAN anodoong Loxuog
- TAoNG Pe Yéyloto taong ota Vm =0,1912V

H kaumUAn umd okotog mepvd amd to onuelo (0,0). Amo tnv KaumuAn umo
aktwoPoAnon, oe undeviki taon mpoodlopiletal To pevpa BpaxukUKAWONG, EVW
UNOEVIKO pevpa  avTloTolkel otnV TAON OQVOLKTOU KUKAWMOTOG. To pelpa
BpaxukukAwong Isc kal n tacn avolxtol kKukAwpoato¢ Voc eival U0 OnNUAVTLKEG
TOPAETPOL TIOU Yopaktnpilouv pia nAtakn KuPEéAn kol amelkovilovtal ota
vpadnuoata. Ano to opBoywvio (oKlaopévo oto ypadnua), urtoloyilovtal To pevpa
KOl n Tdon Tou onueiou péylotng oxvog (MPP). To epBadodv tou opBoywviou Sivel
N Méylotn V. H péylotn oxug Tou umootpwpatog GaAs eivat 0,34nW, evw n
péylotn oxVE tne nAtaknc KuPEAng PbPc/GaAs B2(2x4) eivat 32 nW, dnAadn dvo
Tagelg pey£Boug peyoAutepn.
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c. PbPc/GaAs c(4x4)-Au

PbPc/GaAs(001) c(4x4)

10

10 4

Current(uA)

20 |

blue line dark current

30 green line under irradiation

. T .
0,0 0,5 1,0 1,5
Voltage(V)

bPc/GaAs(001) c(4x4)/ Au

0,1
4 _ __/
0 J Vm=0,061V
Voc=0,249V

1 maximum
014 power= 10 n

02 Im=10,167uxX PP

-0,3 4

Current(uA)

0,4 -

-05 4

| I37=—0,510pA

-06 . . . , .
0,0 0,1 0.2 03

Voltage(V)

padpnua 7, 8. HAwakr kupéAn PbPc/GaAs c(4x4)-Au: petproelg |-V umod okotog (UrAe
KOUTTUAN) Kal pe aktvoBoAnon (mpdaoivn KapmuAn).
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Mpadnua 9. HAlokn kupéAn PbPc/GaAs c(4x4)-Au: XapakTtnploTiKA KAUTUAn amodoong
Lox0o¢ - TAoNG e Péyloto taong Vm= 0,061V

Ou petpnoeig I-V oe nAiakn kupEéAn PbPc/GaAs c(4x4) mou mpaypotonol)onkav
KaBeta ot oTpwoelg tNG KUPEANG umodelkvuouy, OTL n KUPEAN €XEL ONUOVTIKA
ULKpOTEPN amodoon. Evééxetal n avadounon tng emipavelag GaAs c(4x4) va €xel
odnynoeL avootoATiKA otn ¢wTtoBoAtaikr) Hetatpom 1 n KUPEAN va eival
BpaxukukAwpévn. Emedn ywa TNV avénon TtNc aywyluotntag tng KUYPEANC
xpnotpornotBnkav nAektpodia amod xpuoo (Au), evééxetal n e€dxvwaon Tou xpuoou
va obnynoe oe BpaxuKUKAwHA TG KUPEANG. Ao tn HETPNON UTO OKOTOG (UTTAE
KOUTTUAN), SLOTLOTWVOUUE, OTL YLt OPVNTIKEG TIMEC TAoNG (-1,25V) N XOpaKTNPLOTIKN
KOUTTUAN |-V mopouolalel ONUOVTLKE OTTOKALON OE €VTOVA QPVNTIKEC TLUEG PEVUATOC
(-0,5UA) CUYKPLTIKA PIE TIC AVTIOTOLXEC TLUECG TNG KUWEANG PbPc/GaAs B2(2x4) (-1,25V,
-0,05 pA). EmutAéov, n kuP€An und oKOTOC MaPoUCLAlel EAAXLOTO peUA OTNV £€060
NG, mapotL edpappoletal taon 1,5V. Inuewwvetal, OTL N METPNON UE AKTWVOBOANGN
(mpaotvn kapmuAn) Seixvel cupnepidpopd SUTAAG S1060U Tou 0dnyel og pLKPN TR
Tou mapayovta nmAnpwong (Fill Factor) kat tng anoédoong n.
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O noapayovtag mAnpwonc FF (fill factor) kat n amodoon n (efficiency) tou
umootpwpatoc GaAs, tne pBaAokuavivng poAUBSou PbPc oe undéotpwpua yaAiiou
opoevikoU GaAs B2(2x4) (PbPc/GaAs B2(2x4)) kat tne ¢pOaAokuavivng poAuBSou
PbPc o umootpwpa yoAliou apoevikol GaAs c(4x4) (PbPc/GaAs B2(2x4))
umoAoyioTnkayv oo Toug MOPAKATW TUTOUG:
A A
ISCVOC S

omou Im, Vm 1o pelpa Kal n tTaon Tou onueiov péylotng oxvog, Isc, Voc 1o pevpua
BpaxukUKAwGONG KaL N TAON avoLXToU KUKAWHOTOC, XOPOAKTNPLOTIKA TWV NALAKWV
kupeAwy, kat Ps n ox0g tng mnyns ¢wtog. MNa tn Auxvia Xe, mou xpnoLuomnolidnke,
Atav 21 mW.

FF

Nivakag 1: mapayovtag Anpwonc (Fill Factor) kat amodoon (n)

Pinc=21mW

I(LA), V(V) Fill Factor % n (efficiency)%
1.GaAs

Im=-0,011 Vm=0,031

0,016 x10™
Isc=-0,019 Voc=0,068 26,4 X

2.PbPc/GaAs 682(2x4)
Im=-0,191 Vm=0,169 .
Isc=-0,219 Voc=0,333 44,3 1,537 x10

3.PbPc/GaAs c(4x4)

Im=-0,167 Vm=0,061
-4
Isc=-0,510 Voc=0,249 8,0 0,485 x10

JUpudwva PE TO ATTOTEAECUATA TWV HETPHOEWY, O UEYLOTOG TTOPAYOVTAC TANPWONG
Kol n péylotn amodoon mapatnpouvtal otnv nAtakn KupEAn tne dBalokuavivng
HoAUBSou oe umbotpwpa yoAdiou apoevikou P2(2x4) (PbPc/GaAs B2(2x4)).
Juykpivovtog T SUo kupéAeg PbPc/GaAs PB2(2x4) kot PbPc/GaAs c(4x4),
SLamLIoTWVOUHE, OTL 0 apayovtog TMANpwong spdaviletal katd 67,8% avénuévog
Kot n amodoon kata 95,1 %. H oxetikn avénon umoloyiletal anod tov TUmno:

uloo
f

1
H anddoon tne kubéAne PbPc/GaAs B2(2x4) eival 1,537 x10™ %, evw ta opyavikd
dwtoPoAtaika otolyeia napouvotalovv eAaylotn anodoaon nepinou 3,0%. BEATIWOELG
UIopoUV va yivouv pe emihoyr) KAatdAAnAou cuvluaopol UETOAAKWY CUAAEKTWV
(Quikwv emadwv) kat pe avénon tou maxoug tou amoppodntr. Eival okomipo va
VIVEL peyaAUTEPNC EKTAONG EPEUVO OE OLUTOUG TOUG CUVOUOOHOUC NALAKWY KUPEAWV.
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d. KBavtikn anédoon nAtakwv kupeAwv pOalokvavivng poAvBéou os
Stadopetikég avadopunoelg yaAliov apoevikoU

wavelenght(nm)
300 400 500 600 700 800 900 1000

5 . . : : . '
L [(390nm, 3.89%) ! r ' ' ]
4t | ——c(4x4)] .
3+ .
2 | ]
1 M N ]
B I 1 | 1 | 1 | 1 1 | 1 | 1
o 4 {336nm, 3.28%) ——p2(2x4)| .
w 3+ .
g /\(\/\’\"\_’\_— ]
w 2 i
1L I~ ]
B I 1 | 1 | 1 | 1 1 y
oL | ——p22x4)/Ag| ;
3l Q:698 ]
2r Q:640 7
1L |B:332,5 |
0 - f | i | i 1 M Ml :
300 400 500 600 700 800 900 1000
Absorption bands
wavelength(nm) of PbPe "

Mpadpnua 10. kBavtikn anddoon nAtakwv kupeAdwv PbPc og untootpwpata GaAs B2(2x4) kot
GaAs c(4x4)

H kBavtiki anédoon (EQE =External Quantum Efficiency) mepiypddetl tov aplbuo
TwV nAekTpoviwv Tou &nuloupyolvtal amd Tov aplOpd Twv TPOCTILITTOVIWY
dwtoviwyv

_apibudg niektpoviav

EQE 100

ap1Buog portoviwv

OL TUTtOL TTOU CUOYXETI{OUV TNV EVEPYELA LE TO MNKOG KUUATOG TNG akTvoBoAiag (kat
QVTLOTPOdWC) eival

A (A) =12400/E(eV) kot E=hv=hc/A
émou c=3x10°m/s taxvutnta wtdc oto kevod kat h=6,626x10>"Is=4,136eVs n otabepd
Planck.
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JYta ¢paopata EQE, n Lwvn ota 900-1000nm, oto unépuBpo (A>700nm), odeiletal
oTNV KMo TG Auxviog Xe. MNa 1o Adyo auto, UTIAPXEL Kal ota Tpia ¢pacpata. To
EVEPYELOKO Yaopa tou GaAs mapatnpeital, oto ¢acpa PbPc/GaAs c(4x4) ota
871,34nm.

Me oUykplon twv ¢aopatwv PbPc/GaAs c(4x4) kat PbPc/GaAs B2(2x4),
SLamIOTWVOUUE, OTL To Oladopetikd umndotpwpa, O&nAadr, oL SladopEeTIKES
erLpaveLaKEG avaSOUNOELG TOU UTTOOTPWHATOG GaAs, emnpedlouv TN GpwToamoKkpLon
Twv KuPeAwv. To péyloto NG KPavtikng anddoong tng KUPEANG pe emudavelakn
avadounon c(4x4) epdpaviletal oe pnkog KUpatog A=390nm kot evépyela E=3,18 eV,
EVW ylat TNV nAakn KUPEAN pe emudavelakn avadounon umootpwuatog B2(2x4)
elval petatomniopévo otnv umeplwdn meploxn A=336 nm kot evépyela E=3,69 eV. To
péyloto TnG KBavtikig anodoong (EQE) tng dBaiokuavivng, kat ota Svo deiyupara,
elvat (3,5%0,5)%. Autd umodelkvUel, OTL kal ta Suo OSelypata €xouv tnv Wbla
dwtoamokplon kal mopdyouv Tov i6lo Tepimou aplBud nAektpoviwv katd TNV
aktwvoBoAnon ue tnv dla oxy, aAAd ta dawvopeva Petadopds Kal CUAAOYAG TwV
bopEwV MaPoUCLATOUV CNUAVTIKEG SLOPOPES UE ATIOTEAECLA ONUOVTLKN LElwon TOu
ouvteheoty amddoong NG KUPEANG PbPc/GaAs c(4x4). InUElwveTal, OTL N
dOalokvavivn poAUBSou cuvelodEpel pe amoppodnon otnv UTEPLWEN TEpLOXN,
EVW N ATOKPLON OTO 0paTO OdEIAETAL OTO APOEVIOUXO YAAALO.

To tpito paoua, oto ypadpnua 10, avriotolxel o nAtaky KUPEAN pe emipaveLokn
avadounon vnootpwuatog B2(2x4), 6mou n mpoobnkn apyupou ota NAEKTPOSLA yia
va BeAtwdel n amodoon tnNg nAwokng kuPéAng odnynoe oe «okloon» Tou
anoppodntr. Napatnpeital, otL dev £xoupe dSnuoupyla dwrtopelpaTog, EpoOcov n
mPooBnNKn apyupou Sev eTUTPETEL 0TO dwC va PTacel tn pwrtoevepyn Evwon (p-n
junction).

InUElwVETAL, OTL ota pacpata KBavikng andodoong PbPc/GaAs bev spdavilovrtat
Kopudpéc Tmou pmopolVv va  amodoBouv otnv Q-lwvn amoppddnong TNG
dOalokvavivng poAuBdou, mapoAo mou eival Lo Loxupn amo tn B wvn.

To ¢aopata amoppodnong twv dBalokvavivwv mapouactalovtol oty okoAoubn
Ewova 8 :



97

—
| —

Absorption (arb. unils)

I I ]
1.5 1 20 2.5 3.0 3.% 4.0 4.3 50 5.5:

| Ene {eV) I

827,2 620,4 496,3 413,6 354,5 310,2 275,7 248,16 225,6
Wavelength (nm)

Ewova 8: Dddaopata ¢pBarokuavivwy: {wveg anoppodnong ¢Barokvavivwyv oto utEpubpo
Kol opato dacpa (Gvw) kot paopa anwAswwv Aoyw amoppddnong (katw). Ta ddaopota
QVTUTPOCWITEUOUV GUVOALKA TNV OLKOYEVELX Twv GOaAoKUOVIVWY, EKTOC Ao TNV Kopudn
LMCT mou elval XapakTnpLloTtikn yla kabs pBalokuavivn.
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OMTIKOC XOPAKTINPLOMOG Twv eAevBepwv popiwv PbPc pe
daopaokonia Raman

Newpapatikn Siataén Raman

To ¢aopatopetpo Raman (Dilor spectrometer) meplapBavel laser 1ovtwv apyou,
dakoug Kal KAatomrtpo yla tnv odnynon Kal gotioon tng déoung oto Seiyua,
aviyveutry CCD, moAU evuaicBnto otnv avixveuon dwtog Kal Pe YPuén oe xaunAn
Beppokpacia yla tnv glaylotonoinon tou Bopufou. MNa tn ARPn Twv dacudtwv
Raman ¢BaAokuavivng poAuBdou (PbPc) otnv aépla daon, e€axvwbnke okdvn PbPc.
To Selypa ftav o yudAvo cwhiva, und kevéd 8x10° mbar, Tepttuypévo pe QUIKN
omneipa amod iveg yuaAlou, mou eixe pEoa cUppa amo BoAdpdplo, wg BepUAVTIKO
otolxelo. Me tnv mapoxrn nAekTplkoU pevpaTog, Atav duvaty n avénon tng
Bepuokpaciog oto olpua we tn Beppokpacia e€dxvwong (repimou 570 °C), wote ta
popla tg dpBalokuavivng va sival oe agpla ¢don Kal, wg €k Toutou, eAeVBepa.
INUELWVETAL, OTL TO YUOoAlL amd yaAallo tou Selypoatodopéa £xel Bepuokpacia
arnookAfipuvong mept 580 °C. MNa tn pétpnon tng Beppokpaciog tou Ssiypatog,
xpnotpornoenkav Beppootolyeia vikeAiou xpwuiou kal vikeAiou aAoupviou.

Fevikn amoyn tTnG MELPOUATIKAG Slatagng, mou xpnotpomotndnke ywo tn AnPn twv
daopatwv Raman, mapouctaletal otnv Ewkdova 9, evw AenmTOUEpPElEG UE TO

Sdewypatodopea PbPc kal tnv eotiacn ¢ déoung mapouaoialovtal ot Elkoveg
10-11, mou axkoAouBoUlv.

TTHV chambre

\ DILOR spectrometer

Fresnel rombs

M4, e ﬂ ﬂ 4 Liquid mitrogen
= e ‘ M5 cooled C'CD detector
dielectric filter
) n M2

M3 d i

A - aperture i

M - mirror | |'I | L

L - len=e 4 b d I 1 “ M1

Ewkova 9: daopatouetpo Raman
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Ewkova 10: paopatopetpo Raman pe detypoatodopéa PbPc

y& \ 2 . ‘;‘
The mirror reﬂectslﬂ'é light
of _the sample back

q :

n$ from which the light

pdssing to the sampte
U

Ewkova 11: omtikry Stadpoun tng Séoung péow tou Seiypartog (ta petaAAikd Saxtulibia
xpnotpomnotionkav yla va auvénBbel n Beppokpacia oTnv MEPLOXH TWV OMTIKWV opaBUpwv).
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AVOAUTIKQA, N Ttelpapatikn dtataén Raman nmepthapBavet:

1. Ar*-laser?’ ouvtoviopévo oe pAKoC KUpatoc 514,5 nm (mpdowo). Ta laser
LOVTWV apyol eKTMEUTIOUV O 12 pAKN KUPOTOG amod To UMEPLWOEG, PLECW TOU
opatol, w¢ to unépubpo: 351,1 nm, 363,8 nm, 454,6 nm, 457,9 nm, 465,8
nm, 476,5 nm, 488,0 nm, 496,5 nm, 501,7 nm , 514.5 nm, 528,7 nm, 1092,3
NM L€ TILO CUXVA XPNOLOTIOLOUEVA KN KUpatog ta 514,5 kot 488,0 nm.

2. @®akol¢ Kal KATomTpa yla TNV eubuypappion tng d€oung Kabwg Kat yla TNV
e€aodalion tng eotiaong tng Séoung oto Selypa, PETA amd OAAEMAAANAEG
avakAAoelg, £€tol wote va auénBel n €vtaon Tou CHUOTOC, N omola elval
XapnAn, enetdn 1o Selypa eivat otnv aépla daon.

3. Aviyveutng oulevypévwy poptiwv (CCD), o omolog Puxetal pe vypo alwto. H
okedaon Raman €xeL TTOAU XONAO onUaL KaL, w¢ K TOUTOU, €lval amapaitnto
va geAaxLotonolnBet to unéfabpo BopuBou.

MNa to deiypa, xpnowomnowndnkav dvo dadopetikol detypatodopeic amod yuali, ek
TwV omolwyv, To éva amo xahalia MOAU KAAAG KPUOTOAALKNAG TolOTNTAG. TO YUOAL,
OTIWG TO VEPO, €lval LoXUPOL amoppodnTEG TG UTEPUBPNG akTvoBoAiag kot aoBeveic
okebaotég otn daopatookomia Raman, 1610tnteg, oL omoie¢ ta kablotoluv
KATAAANAQ yLO TIG LETPIOELG OTNV OpOUCA EPYAOiaL.

H opoloyévela tou Seilypatog ival oAU onUavTik, wote KABe onuelo eotiaong va
napayel ta dla anoteAéopata. Na to Adyo auto, ival anapaitntn n opoldpopdn
Béppavon tou Oeilypatog mou efaodaliotnke pe To Beppavtikd oTolElo, T
peTaAAka SaxtuAiSia yUpw amd Ta OMTKA Tapabupa, KoL TN CUUITANPWUATIKN
Béppavon pe TO TILOTOAL Oepudtntag. Me T OCUUMANPWUATIKY B€puavon
OVTLUETWTILOTNKE €va TPOBANLO TTOU TIPOKUTTEL Ao TNV MPOooKOAANon Twv poplwy
PbPc ota mapabupa ylo OnTIKEG HETPrOelg Aoyw Sladopdc Bepuokpaciag wg mpog
TV agpla ¢paon.

Katd tnv HeAETn TG aéplag ¢paon Twv popiwv tng PbPc eival emiong onuavtiko, o
aplOUOC TwV poplwv og agpla pacn ava Hovada OyKou va elval OXETIKA ULKPOG. MNa
TO OKOTIO QUTO, 0 SelypatodopEag, ou XPNOLUOMOLONKE, ATAV YUAALVOG CWARVAG
LE OXETIKA HEYAAO HMAKOG, OMw¢ daivetal otnv akoAoudn Ewkova 12. O cwAnvag
ATOV UTIO KEVO, WOTE VO HMETPATAL ATMOKAELOTIKA N okédacn Raman twv popiwv
dBarokuavivng poAUBSou otnv aépla ¢aaon, Kot OXL IPOCKIEEWV 1) PUTTAVTIWV.

27 . i 1s . . y
To Ar*-laser edeupeBnke to 1964 amno tov William Bridges oto Hughes Aircraft kot avikeL otnv
OLKOYEVELDL TWV laser LOVTWVY MoV XpNOLUOTIOLOUV EVYEVEC AEPLO WG EVEPYO UETO.
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Ewkova 12: yuaAwog Selypatodopéag tng okovng PbPc n omoia efayxvwvetal pe taon
edpappolouevn oto cupua BoAdpapiou amo to BepUavtikd oToLXELO

AnoteAéopata

H &téyepon tng okédaong Raman popiwv pBalokuavivng poAUBdou oe aépla dpdaon
npaypotonoriBnke e aktwvoBolia Ar'-laser prjkoug kUpatog 514,5 nm Kat LoxVog
g€obou 54 W. To ¢aopa Raman PbPc otnv aépia ¢dacn mapouctdletol oTo

padnua 11.

210 ¢aopa, amnelkoviletal: n €vtaon tou okedalopevou GwTOg WG ouUVAPTNON TNG
Hetatomone Raman-Stokes (cm™). H oké6aon Stokes epdaviletal o ouyvotnta
XOUNAOTEPN amo TN ouxvotnta tng S€oung laser mMou XPNOLUOTIOLELTOL Yla TN
SLéyepon. H kataypadn tng okéSaong Raman napouctaletal povo we pacpa Stokes
(ko oL avti-Stokes) emeldn eival onpavtikd uPnAotepng €vtaonc.

KaBe toAdviwon tou poplou PbPc €xel plwo ouykekpuuévn ouxvotnta Raman.
JuVENWG, amo TS KOopudEG Tou UTApxouv oto ¢aopa, eivat Suvatd va
TPoodLopLOTEL 0 TPOTOC TOAGVTWONG Tou popiou. To ddopa AfdBnke 100 cm™ amd
™ ypauun Rayleigh tou elaotikd okedalopevou Ppwtog, €mMeldr) auth €ival oAU
€vtovn kat Ba unopouvoe va kataotpéPel to CCD, ald kat emeldr to paoua PbPc
ePAaUPBAVEL TIC TIEPLOCOTEPEG ATIO TLC XAPOKTNPLOTIKEG TAOAAVTWOELG TOU Hoplou o€
KupataplOpoug dvw twv 200 cm™. Ot evtdoelg twv {wvwv oto ¢pdopa Raman
e€aptwvrtal ano ™ $uvon tng TaAdvtwong, mou peAetatot. MNa tn BeAtiwon tou
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AOyou onuatog tpog 60pufo, xpnoLlpomolndnke evioxutrng eykAeidwong ocuxvotnTag
(lock-in), wote va €AoXLOTOMOLOUVTOL Ol TIOPAYOVTEC OMTIKOU KOl NAEKTPOVIKOU
BopuBou.

H tautomoinon twv TpOmMwv TaAdviwon¢ Tou popiou PbPc éywve pe Baon
umoAoylopoug tng Mukvotntag Kataotdoswv (DFT =Density Functional Theory). Ot
urtohoylopol DFT?® yapaktnpilouv eAevBepa popLa, GMWC 0TO MElpApA yLa To HopLaL
NG PbPc o€ aépla dpadon.

MNa tnv eneepyacia tou Paopato¢ PbPc kat tov Tmpoodloplopd Twv
XOPOAKTNPLOTIKWY COUXVOTATWV Raman xpnowuonow)dnke to mpoypappa Datlab. Ot
TPOMOL TAAGVTWONG TOU HOpLlou Kol Ol OVTIOTOLYEC OUXVOTNTEG KOL EVIAOEL, TWV
{wvwv Raman €xouv kataxwpnOel otov MNivaka 2.

To ¢dopa Raman, otnv meploxn 100-800 cm™, mapouotdlel 19 Kopudég, amod TG
omoieg ot 17 tawtomnotnOnkav pe SovnoeLg Tou popiou. O kopudég ota 753 kat 763
cm™ BewpnBnkav, 0Tl odeilovial o€ KOOWULKEG AKTIVEG AOYw TOU €SALPETIKA ULKPOU
geVpoUG TOUG. MikpoU €Upoug Kopudég pmopel va mapatnpnBolv oe agépla Ue
XOUNAR mieon kat xapnAn Oeppokpacio. Autd Opwg Ba odnyoloe o€ OTEVEG
KopudEG o OAo To GACHA, EVW OTN CUYKEKPLUEVN TIEPIMTWON TO €UPOG TWV {WVWV
PbPc kupaivetal and 10 wg 30 cm™. Ta kputfipla mou AfdBnkav umoyn yla thv
TAUTOTOLNGoN TwV Kopudwv NTav Ta akoAouba:

e H ouppETpla TWV TPOTWV TAAAVTWONG TOU Hopiou
e Houyvotnta otnv onoia epdavilovrot oL KopudEC
e H évtaon Twv kopudwv

e Hevdexopevn aAANAETiSpaon YELTOVIKWY TAAOVTWOEWV

Onwg nmapouctdletal otov mapakdtw Mivaka 2, urtdpxouv SladopEg OTLG EVIATELS
TwV Kopudpwv oe oUYKPLON ME EKEIVEG TTIOU avapévovtal pe BAon TG BewpnTIKES
nipoPAEPelg tng DFT. Mwa miBavn €€Aynon Sivetal amod to yeyovog, otL n PbPc gival
€val LeyaAo popLo pe va mhovolo paopa Raman kat, wg ek toutou, eivatl Suvatd va
napatnpnBbolv SladopEG OTIGC CUXVOTNTEG KL OTLG EVIAOELG, EAV UTIAPYXOUV OKOUA
Kol kpég Stadopég otn olvBeon Tou UALKOU.

28 I} i I3 I ’ i i .
Daopata Twv untoAdoylopwv DFT og oteped Kal uypa pmopoLv va epdavifouv PETATOTIOEL {WVWV
Tiou odeilovral o poplakég aAAANAETILOPAOELS
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104

—
| —

Nivakag 2: JuXVOTNTEG KoL EVTAOEL TwV Kopudwv Raman popiwv PbPc otnv aépla,
ddon olpdpwva pe ta amotedéopota tng mapovoac epyaciag (othin 2"), ko
oUYKpLON HE BewpnTiKa TIPOPAETMOUEVEG CUXVOTNTEG KOL EVTAOELS TWV OVTIOTOL(WV
TPONWV Talaviwong (otnAeg 3-5) Kal pe TIg ouxvotnteg dpaocpdtwv Raman PbPc og
okovn (oTtnAeg 6-7).

RAMAN SHIET DET DET Vibrational Exp.data | Exp. Data
Raman . calculations by . Mode PbPc PbPc
of PbPcin calculations by .
peak vaor b I.M. Kupchak Y Zhane & Assignment by | powder powder
Nr. fir’itin y (scaled DFT by X Zhaﬁ Y.Zhang & by L. by V.
g L.Riele) ' g X.Zhang Riele Stamelou
RAMAN SHIFT RAMAN SHIFT
-1 -1
RAMAN_1SHIFT .(cm. ) .(cm. ) RAMAN | RAMAN
(em™)/ (vibrational (vibrational
. . SHIFT SHIFT
intensity mode mode (cm™) (cm™)
(a.u.) assignment)/ assignment)/
intensity (a.u.) | intensity (a.u.)
1 100/0.2 107 (150:) (E)/ 102,97 (E) /5.29 - - -
125 (121) (B2) 121,33(B2) PbN, alternately
2 117/1.0 /19.5 /19.65 stretching
148 (143) (E) / 142,67(E)
3 149/2.3 06 /0.64 146 150,151
165 (159) (B2) 158,63 (B2) /
4 178/ 1.3 /102 10.2 169
211(203) (B1) | 203,24(B1)/
5 216/0.3 /12.7 1267 210 207
252 (242) (E)/ 241,89 (E)/
6 245/0.8 33 3.802 245
298 (287) (B2) 286,69 (B2)/
7 282 /3.8 /3.8 3.80 272
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8 420/1.7 442(‘:)2? )/ 424,94(€)/ 0.06 i i i
o 3713 | 455 (/43.75) (A1) 43763.3(7A1)/ CHa S:BB, cc _ _
10 293714 | °1? (?g) (E)/ 493’%&” CHCCCNOPB | 493 i
» s62/03 | 57 (?)%:) (E)/ 5526§;5(E)/ _ _ e
o | e | WO | e s ||
13 685/30 | °/1 /(ggi)s(Al) 64‘2’2(1) g;l) / '\CIIT\I(:l(I:D(I::)Iilyl (E:;cz: 674 680
' ' str., CH IPB
w | e ome || |
15 717709 | 18 (/61951; (B2) 690'1557_3(5 2)/ i 729 | 721,722
o | s | o | e | wesem |y |
o | e | e e ||
| g | AUSNE TS kot | g |
' ' CN PbN str.
o | mne | mem | Mo |
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Ytov Mivaka 2, XpNoLLomoLloUVTOL Ol CUVTOUEVUOELG:

N= al{wto, H= udpoyovo, C= avBpakag,

IPB= taAdvtwon kapdng oto eninedo tou popiou,

OPB= talavtwon kapPng kabeta oto eninedo tou popiou,
SY. Str.= CUMUETPLKI EKTATIKNA TAAAVTWON,

Bre.= amoAUTA CUMMETPLKI TAAGVTWON («avarmvon»),

Ben. Exp.= EMEKTATIKI TAAAVTWON ApWHATIKOU SakTuAiou.

To poplo t¢g pBaiokvavivng HoAUBSOU pe TouG SEOUOUG HETAEY TWV ATOUWY TOU
amekoviletal mapaotatikd otnv Ewova 13, wote va KATaoTel Katavontd, o€ moLo
Sdeopo AapPavel xwpa n kaBe taddviwon, av ival EVIOTOUEVN R av avadEpeTal o€
OAO TO HOPLO, KOL TL TAAGvVTWON Elval.

JupBoAilovtal pe: N1 to alwto, TO TMPOCOESEUEVO OTO KEVIPIKO KATLOV TOU
HoAUBSou Pb, N2 to alwto, To cuvdedepévo pe avbpaka C, H to udpoyovo. Kabwg
QTOUOKPUVOUOOTE OO TO KEVIPLKO KATLOV Pb, Tl dtopa twv 1ooivooAlkwv povadwv
€Xouv w¢ SelkTeg IKpaA ypappata Tt aAdapntou o,B,y,6.

To poépo ev eivat eminedo, ebdoov To KaTLOV Tou poAUBSou Pb* eival peyalUtepo
NG Ko\otNnTag tng pOaokuavivng Kal IPoeEEXEL amo To HOpPLo, OMwe dalvetal otnv
napakatw Ewkova 14.

O OUMPBOALOHOG TWV TPOTIWV TOAAVTWONG TPOEPXETAL amod tn Bswpia opadwv. A
elval (amoAuTa) CUPPETPLIKOG TPOTOG TaAdvtwong tou popiou (breathing mode), B
QVTLOU LUETPLKOC TPOTOG, VW E €ival SUTAA eKPUALOHEVN KOTAOTAGCN UE CUMUETPLKN
f QVTL-OUMUETPLKN Sdvnon.
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Ewkova 13: To poplo tng pBakokuavivng poAuBdou

1,4nm

PbPc non-planar

Ewkova 14: un eninedo poplo PbPc



1D
Arti-phase

Ewkova 15: A,B,E tpomol taAdviwaong

Double degenerate



G. APPENDIX

Fitting Results of Raman-spectrum of PbPc in vapor-phase

Peak 1
Position:

Amplitude:

Width:

Peak 2
Position:

Amplitude:

Width:

Peak 3
Position:

Amplitude:

Width:

Peak 4
Position:

Amplitude:

Width:

Peak 5
Position:

Amplitude:

Width:

Peak 6
Position:

Amplitude:

Width:

Peak 7
Position:

Amplitude:

Width:

Peak 8
Position:

Amplitude:

Width:

100,29 cm™
0,21 a.u

16,12 cm™

117,15 cm™
0,97 a.u

10,34 cm™

148,83 cm™
2,31a.u

15,85 cm*

177,72 cm™
1,28 a.u

16,45 cm™

215,65 cm™
0,30 a.u

0,35cm™

244,90 cm™
0,76 a.u

8,07 cm*

281,83 cm™*
3,76 a.u

18,79 cm™

420,47 cm™
1,72 a.u

8,75 cm™®
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+ 8,06 cm™
0,18 a.u
2,77 cm™

+1,26cm™
0,22 a.u
+443 cm*

+0,60 cm™
+0,17 a.u
+2,06 cm™

+1,10 cm™®
+0,18 a.u
+3,88cm™

+1,20cm™
+372cm*
+1,23cm™

0,23 a.u
+374cm*

+0,38 cm™
+0,15a.u
+1,23cm*

+3,26 cm™?
0,16 a.u

estimated value

estimated value



Peak 9
Position:

Amplitude:

Width:

Peak 10
Position:

Amplitude:

Width:

Peak 11
Position:

Amplitude:

Width:

Peak 12
Position:

Amplitude:

Width:

Peak 13
Position:

Amplitude:

Width:

Peak 14
Position:

Amplitude:

Width:

Peak 15
Position:

Amplitude:

Width:

Peak 16
Position:

Amplitude:

Width:

Peak 17
Position:

Amplitude:

Width:

437,37 cm™
1,27 a.u

6,83 cm™

492,73 cm™
1,36 a.u

31,94 cm™

562,00 cm™
0,30 a.u

0,35cm™

595,79 cm™
2,84 a.u

13,62 cm™

685,10 cm™*
2,99 a.u

21,24cm™

702,81 cm™
1,18 a.u

17,57 cm™*

716,53 cm™
0,91a.u

17,80 cm™

738,24 cm™
3,53 a.u

11,28 cm™

753,26 cm™
0,84 a.u

5,56 cm™
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+0,68 cm™
+0,26 a.u
+2,53 cm?

+1,51cm*
+0,12a.u
+550cm™

+0,42 cm™
+0,17 a.u
+1,34cm*

+0,87 cm™?
+0,24a.u
+2,44 cm™

+2,33cm™
+0,38 a.u
+8,78 cm?

+2,85 cm?
+0,35a.u
+9,62cm’

+0,34 cm™
+0,20a.u
+1,31cm*

+0,92 cm™
+0,27 a.u
+3,02 cm™

estimated value
estimated value
estimated value
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Peak 18
Position:

Amplitude:

Width:

Peak 19
Position:

Amplitude:

Width:

763,17cm™
1,70 a.u
1,06 cm?

7,82 cm™
2,64 a.u
10,60 cm™

—
| —

+0,17 cm?
+1,70a.u
+1,15cm™

+0,39 cm™
+0,20a.u
+1,28 cm™
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