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Summary

Summary

Polymer solar cells look promising but have only an efficiency of 5%. The PPV/PCBM solar
cell is electrically characterized in this research.

PPV is a conjugated material that conducts holes. Under illumination the light will cause
electron-excitation in the PPV from the HOMO to the LUMO. Because of the lower LUMO of
PCBM, the electrons will be transferred to the PCBM, decreasing the chance of recombination.
With the contact materials aluminum and PEDOT:PSS the electrons and holes will drift to the
electrodes.

Samples are made of an ITO layer, a PEDOT:PSS layer, an active layer of PPV, PCBM or a
blend of these, an optional 1nm LiF layer and an aluminum layer. The samples are reproducible.
Research is done with IV-measurements and impedance spectroscopy, in the dark and under
illumination at different temperatures.

A cell consisting of pure PPV is still working as a solar cell. At high voltages double carrier
injection occurs. PCBM does not react on light. Double carrier injection is possible above the
built-in voltage.

Some of the properties of the blend can be understood from the properties of the pure
materials. For the permittivity, the blend is higher than both the components. For the mobility, the
blend is more than the sum of the components, bipolar conduction.

The behavior of the blend on traps and double carrier injection for different temperatures
cannot be understood from the behavior of the pure materials. Only the effect that double carrier
injection occurs up to higher frequencies can be expected because PPV is expected to conduct
better in the blend.

In terms of the injection barriers the blend is the combination of the pure materials. LiF does
not change the possibility in describing the blend as a sum of the PPV and the PCBM. LiF does
decrease the Fermi-level of the Al, making the band-gap smaller.

Combining the drift-diffusion equation, Poisson's equation, the Einstein relation and detailed
balance we can determine an analytical model for the temperature dependent built-in potential.
Measured built-in voltages fit very well with this model.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1: Polymer solar cells

The demands for energy are still increasing. This while it will get a problem to satisfy even
today's demand with fossil sources'”. Therefore other sources of energy are explored. Solar cells
are available yet but do not contribute more than a few percent of the demand. The manufacturing
of the cells is expensive. Better cells are needed. A promising direction for cheap solar cells are
the polymer solar cells, made of conjugated polymers’. Therefore, and because of scientific
interest, research is done on a specific polymer solar cell.

Since the discovery of the luminescent properties of PPV (poly (p-phenylene vinylene)) there
has been an increasing interest for its application in devices as light emitting diodes and solar
cells. This is because of a unique combination of properties that has demonstrated its potential in
a number of applications that is still increasing®. Its most important feature is the combination of
solubility and the semi-conducting or metallic electronic structure.

Today, one of the best polymer solar cells consists of poly (phenylene vinylene) PPV in
combination with the conducting PCBM. The research will be done on this solar cell. The
efficiency of this cell however is only 3%°, what is less than inorganic solar cells. To compete
with inorganic cells, the efficiency must be improved. PPV is the photoactive material in the
PPV/PCBM solar cell. Under illumination the light will cause electron-excitation from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
Because the LUMO of PCBM lies below that of PPV, the electrons will be transferred to the
PCBM. Once an electron is transferred to the PCBM, the chance that it will recombine with a
hole has become very small. With well-chosen contact materials, in this research aluminum and
PEDOT:PSS, the electrons and holes will drift to the electrodes because of the resulting built-in
field.

1.2: Research goal

Up till now, many investigations have been done to optimize this particular cell®. The transport
on the micro level is yet not fully understood. A series of questions arise from the way the
PPV/PCBM solar cell works. What are the effects of the mixing of PCBM and PPV? What effect
does this have on the permittivity and the mobility? Will traps be filled and if so, how is this a
sum of those two materials? With PPV a hole conductor and PCBM an electron conductor, the
blend conducts both. But is this simply a sum of those two? What will happen to the band-
alignment, that is the level and course of the HOMO and LUMO? Adding LiF has an
improvement on the performance. How does this happen?

To answer these questions, this research is done. IV-measurements are done at different
temperatures to learn about the mobilities and band alignment via the built-in potential. To
determine the permittivity and traps impedance spectroscopy is done. With impedance
spectroscopy the different effects like trapping and double carrier injection can be discriminated
for all have their specific reaction times. All these measurements are done with and without LiF
so they can be compared.

This report is set up in a similar way: chapter two discusses the theory, chapter three explains
the experimental set-up and chapter four discusses preliminary measurements about the reliability
of the set up and some interesting effects that are caused by the set-up. Chapters five and six deal
with the measurements of the cell with only PPV and only PCBM respectively, followed by
chapter seven that deals with the blend. Chapter eight is about the effect of LiF. The IV-
measurements of chapters five to eight led to a theory of the temperature dependence of the built-
in potential. This theory is discussed in chapter two, and compared with the measurements in
chapter nine. Chapter ten gives a short discussion on in what extend the blend can be assumed as
the sum of the materials.

The characterization as described above will give quantitative results about the mobilities and
more qualitative trends.



Chapter 2: Theory

Chapter 2: Theory

2.1: Conjugated polymers

An introduction will be given about the \/\\/\\/
properties of conjugated materials. The C
atom in the ground state has an electron-
configuration of 1s*2s*2p®. This means that
there are four electrons in the outer \/\//\/
electronic orbitals. If this atom forms one or Figure 2.1: the chemical structure of
more bonds with other molecules the outer 5/ acetylene in the twofold degenerate
electrons may form sp, sp” or sp’ orbitals. ground state
sp> has one unhybridized p, orbital. If the
neighbor atom is a C-atom with the same hybridization, these orbitals may form a molecular
bonding 7 and an anti-bonding n*. In combination with the o-bond between the two C-atoms,
created by two hybridized sp” orbitals, this results in a double bond between the two C-atoms’. It
is possible to form a chain of C-atoms with a single-bond double-bond structure as drawn in
figure 2.1. The positions of the single and the double bond may be exchanged without changing
the energy of the molecule. This is called a conjugated structure. A simple and well-known
example is the benzene molecule with a delocalized electron cloud around the carbon ring
structure. The m-electrons dominate the electronic properties of these molecules and thus of
systems made up by these molecules. Because the o-bonds remain stable on introduction of
electrons and holes and during the transition of electrons from the 7 to the n* orbital, from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO),
the molecular structure remains stable?.

If an electron is removed from the +
conjugated polymer, the remaining hole can
easily move from one location to another as \/\/
shown in figure 2.2. This delocalization
results in a (semi-) conducting polymer: the

charge can easily be transported within the \/\_/\\/

molecule. . . .
Figure 2.2: the chemical structure of excited

In macroscopic structures, the ) p o th 1d d
conductivity however is not dominated by the polyacetylene in the twofs old aeg enerate o
ground state; the charge is transported within

conductivity within the polymer molecule.

Depending on the system, the molecules may the molecule
be organized in a disordered way. Within the disordered polymer groups of polymers may form
relatively well-ordered structures or domains. Charge transport within such a domain is easier
than from one domain to another. The transport takes place by activated tunneling of charges
from one site to another and is called hopping. This transport dominates the electrical properties
and is influenced by a macroscopic disorder-term. The disorder-term includes many phenomena.
For example the dispersion in the molecular structure, the length of the conjugated materials, the
morphology, defects and impurities are such phenomena’. However, if the investigated samples
are big enough, similarly prepared samples will behave similarly on a macroscopic scale®.

2

2.2: Polymer Light Emitting Diode

Conjugated polymers can act as photonic devices; amongst others as light-emitting diodes,
photo detectors and solar cells’. The pLED, the photo detectors and the solar cells consist of an
active layer between two electrodes. The pLED is the simplest photoactive device and will be
discussed here. If the electrodes are different, the diode has a built-in potential: below this
potential only a small leakage-current is possible. This built-in potential will be discussed first.

Every material has a number of discrete energy levels. At OK these energy levels are filled
with electrons up to the Fermi-energy Er. The energy up to which the energy bands are filled is
called the work function. The Fermi-energy can correspond with one of the energy levels; this

2



Chapter 2: Theory

occurs as one of the levels is only partly filled. This is the case in a metal. If at OK all levels are
completely filled or completely empty, the material is an isolator or semi-conductor. In isolators
and semiconductors the HOMO and LUMO levels are respectively several and a few eV apart.

Vacuum-level

cuum-level
LUMO
\EHMO\

Er.
HOMO e
Cathod
HO
Figure 2.3a: the active layer between two Figure 2.3b: the active layer between two
not-connected electrodes (i.e. at the built-in connected electrodes at V=0

potential)

Figure 2.3 shows the idea of the term built-in potential. It shows the active energy-bands.
When the electrodes are not connected all materials have their own specific work functions in
relation to the vacuum level, as can be observed in figure 2.3a. The Fermi-level is between the
HOMO and the LUMO and not close to either one of them. When the electrodes are connected,
and no voltage is applied, there should be no current. So, the electrodes must have the same Eg.
The Er of the cathode drops in comparison to that of the anode, as can be observed in figure 2.3b.
If a voltage is applied the energy levels of the electrodes will change in comparison to each other.
The built-in potential is defined thus that at Vy; the level of the active layer is again a flat band.
Figure 2.3a shows both the not-connected situation as the connected situation with a voltage
applied of Vy;. Above this Vy,; injected electrons can drift from the cathode to the anode and holes
from the anode to the cathode contact because of the created electrical field. Below this voltage
only a leakage current will flow because the effective field is in the wrong direction®. This is the
explanation of the built-in voltage, though the situation sketched here is simplified. A more
detailed description will be given in paragraph 2.5.

The behavior as a pLED is schematically drawn in figure 2.4. The pLED is a photoactive layer
and two electrodes. Above the built-in potential the electrodes inject carriers because of a voltage,
and these carriers recombine creating a photon.

The electrodes are chosen to
minimize the barrier for charge- Vacuum-level
injection, for these barriers should be
overcome to inject charges. If for an
optimal performance the injection
barriers are minimized the current will
become bulk-limited instead of injection
limited. Though the work function of a
great deal of materials is known, it is
difficult to predict the quantitative
barrier. To determine the properties of a
diode, the work functions can only be
used as a rule of thumb. Photoemission
spectroscopy has however proved that
vacuum-level alignment is not generally
valid. Moreover, for several materials,
the precise work function is debated
within a range of 0.2eV”*’ or more.

photon

Figure 2.4: schematic representation of the
transport phenomena in a pLED: injection,
transport and recombination; V is above Vy,
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2.3 Polymer solar cell

The solar cell also consists of an
active layer between two electrodes.
Instead of creating a photon with
charge-recombination, accepting a
photon for charge-separation is the
driving force. One of the properties of
an ideal solar cell is that it should
absorb all photons and every photon
should create an electron-hole pair. As
a result of the created charges, there
will be a current at V=0V. This
situation is described in figure 2.5'.

The photo-absorbent polymer that
is used in this research is poly[2-
methoxy-5-(3’,7” -dimethyloctyloxy)-
1,4-phenylene vinylene] (MDMO-
PPV). The structure of this molecule
can be observed in figure 2.6. The
typical mobility for electron and hole
transport in PPV has been determined
to be 3x10” and 3x107 cm’/V s at
zero electric field and room
temperature'.

To improve the performance as a
solar cell the possibility of decay must
be reduced. Therefore PPV is mixed
with another material that easily
accepts one of the carriers. When the
electrons are separated from the holes
because they are in different
molecules, their recombination will
decrease. This situation is shown in
figure 2.8. In this research, an electron
acceptor material is added: 1-(3-
methoxycarbonyl)propyl-1-phenyl-
[6,6]-methanofullerene (PCBM). The
structure of this molecule can be
observed in figure 2.7. The energy
difference between the LUMO of
MDMO-PPV and PCBM is about 1
eV”®°. The optimum in donor-
acceptor ratio for this charge transfer
process depends on the phase
separation of the materials and the
exciton size and diffusion length in
MDMO-PPV", The film-thickness is
also very important because it
influences the absorption and the
charge transport. Such a cell
consisting of a blend of various
materials is named bulk
heterojunction solar cell. The cell
consisting PPV and PCBM with all

energy levels is shown in figure 2.97%°.

photon

Vacuum-level

Figure 2.5: the solar cell, V=0V. An incoming
photon creates an electron-hole pair. The electron
goes to the excited state, and then to the LUMO
where it drifts towards the cathode; the hole vice
versa

Figure 2.6: Chemical Figure 2.7: Chemical

structure of MDMO-PPV  structure of PCBM
photon
: electron
transporting

molecule

photo-
active
material

Figure 2.8: the effect of mixing with an electron
transporting material; the electrons and holes are
transported by different materials and therefore
cannot recombine
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The photoactive layer should be Vacuumlevel
chosen to match the solar spectrum. 50-
Because this spectrum is fairly broad, 2.6- 5‘ 1dv
the efficiency can be increased 7 8¢ : 4.2-
combining more materials with a 4.3eV

variety of bandgaps in order to cover
as much of the spectrum as possible.
The choosing of the bandgap has a
great effect on the efficiency: a small
bandgap will only absorb photons
with low-energy and therefore
produce little energy; a bandgap that
1s too big will absorb almost no
photons'®. In this research MDMO-
PPV is the active polymer that makes
the photon-absorption. PPV has a IR
bandgap of 2.2 to 2.5¢V"%. Figure 2.9: the polymer solar cell consisting of PPV
After the creation of the electron-  and PCBM in band diagram; the anode and the

hole pair the electron and the hole  cathode are not connected”®’

should escape their coulomb
potential and be transported to the
electrodes. This migration leads to
an electric field opposing the
"original" open circuit field. This
will reduce the "original” field up
to a certain distance from the
electrodes. This effect is drawn in
figure 2.10. As both charge
carriers will reach the opposing

photon photon

EF cath EF cath

electrodes a continuous current
flow is created. The resulting
electric field in the polymer layer
depends thus the free electron and
hole concentration, their drift and diffusion mobility. In the description so far charge transfer has
been represented as an irreversible process. In reality there is a finite probability that free charge
carriers again form an exciton. In fact, this does limit the efficiency at low bias'*. Only charges
that reach the electrodes and do not recombine in the active layer give a contribution to the actual
current. This means that we should take the recombination into account.

Figure 2.10: the change in band alignment because of
charge transport

2.4: Transport

In a LED the electrons and holes should be transported through the active layer to combine
and form a photon. In a solar cell the created electrons and holes should be transported to the
electrodes. The transport processes are described qualitatively in the previous sections. Here, a
more quantitative approach will be made.

Charge transport is due to drift, which is caused by the electric field, and diffusion because of
density gradients'. For one carrier, the dependence of the current can be described with:

J =eunE —eD— 2.1

J: current density (A/mz)

e: proton charge, 1.602*¥10°C
p: mobility (m*/Vs)

n: charge-density (m™)

E: Electric field (N/C or V/m)
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D: diffusion constant (m?/s)
X: position (m)

The electric field and the charge density are related by Poisson's equation:
dE_ 1
dx &,€,

g€p: permittivity in vacuum, 107/4mc? (C*/Nm?)
g, relative permittivity of the material

(2.2)

en(x)

If the material is bulk limited and not injection limited, and diffusion is ignored, a common
approximation for an ohmic contact is E(x=0)=0. If the mobility is constant the current because of

a single carrier can be described with'®:
V 2
2 (2.3)

J = ggogrﬂn.p —i3_

n,p: electrons, holes
V: voltage (V)
L: distance between the electrodes (m)

This is the space-charge limited current. The width of the energy bands at finite temperatures
determine the mobility according'”:

30
—C* - == 24
u=C exp[ (5 D (2.4)

C: material constant (m2/V S)

o: band-widening constant (J)

k: Boltzmann constant, 1.380%10°J/K
T: temperature (K)

In the formulas 2.3 and 2.4 no build-in potential is assumed. If there is a build-in potential, this

should be taken as V=0, so V should be replaced with V-Vy,.
The Einstein relation, which is valid under Boltzmann statistics, relates the mobility and the

diffusion constant:

eD
=== 2.5)
H# kT
For two carriers the drift-diffusion equation becomes:
%)
9 en P 2.6)

J = u nekE + el —eD
M, H, D " O ? 3

D,,: diffusion constant for electrons and holes (m%/s)
n,p: charge density of electrons and holes (m™)

Taking into account the generation and recombination the charge density can be described
with the continuity equation:
a
qa—" =-VJ+4¢G—gR @.7)
t
g: charge of a carrier, here -e for an electron, e for a hole (C)
n: charge density, both electrons and holes (m™)
t: time (s)
G: generation (m>s™)
R: recombination (ms™)

Where the generation can be described in a simplified way:

G =FP 2.8)
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F: flux of light (m?s™)
P: probability that a photon will be absorbed (m™)

The simplest form for bimolecular recombination scales with the mobilities and the densities
as stated in formulas 2.9 and 2.10'%,

R=1pn (2.9)
v: recombination rate constant (m’/s)

Where according to Langevin y can be approximated by":

° (u,+u,) , (2.10)
£,E

7/:

r

2.5: Interface band-bending

As stated the description of the built-in potential in paragraph 2.2 is simplified: only drift is
taken into account, where diffusion can be important as well. The situation is explained with
figure 2.11. For the electron-injecting material, the cathode, electrons will diffuse from the metal
to the polymer because of the large density gradient at the interface. This will create a charged
interface: negative charges at the polymer part, positive at the metal part. At the hole-injection
part the same process occurs, but with holes to the polymer and electrons to the anode. This will
cause a change in the band at the "original" Vy;. This is called band bending®. This is shown in
figure 2.11a. To reach flat-band conditions again, the "new" Vy,, the potential must be lowered.
This is shown in figure 2.11b.

LUMOQ ——

N

EF ca_th

Figure 2.11a: the change of band alignment Figure 2.11b: lowering the potential with
because of diffusion. Electrons diffuse from A4V, makes the bands flat again.
the cathode, holes from the anode

Because diffusion is temperature dependent, the change in the built-in potential is also
temperature dependent. This temperature dependence can be calculated if Boltzmann statistics are
assumed. These calculations were done as a part of the research about the characterization of
polymer solar cells.

We have the drift-diffusion equation (2.1), Poisson's equation (2.2) and the Einstein relation
(2.5). We need one more equation, detailed balance. That states the relation of the density on both
sides of the interface.

-

n,=n, e’ 2.11)

no: charge density at the polymer side of the interface (m™)

n,: charge density at the metal side of the interface (m'3)

¢: barrier for injection (J)

Combining the drift-diffusion equation (2.1), Poisson's equation (2.2) and the Einstein relation
(2.5) we find when J=0:
7
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2 2
J=e/zd—E£°8’E—eﬂkT8°8’d f=0:>iE— _krd f (2.12)
dx e e e dx dx e dx
J: current density (A/m?)
e: proton charge, 1.602*10°C
p: mobility (m*/Vs)
E: Electric field (N/C or V/m)
x: place (m)
€o: permittivity in vacuum, 10"/4rc? (CY/Nm®)
€. permittivity of the material
k: Boltzmann constant, 1.380*%10J/K
T: temperature (K)

Solving 2.12 gives:
2kT 1
= _2kT (2.13)
e X—Xx,

Xq: Integration constant (m)

Constant E is also a solution of 2.12 but implies zero charge injection what is in contradiction
with the boundary condition 2.11. Combining 2.13 with Poisson (2.2) gives us for n:
= 2kTe\e, 1

2.14)
e’ (x— x0)2
Knowing n(x=0) from 2.11 we can determine for xg:
- (4
—  2kTeg,e, 1 2kTeE, ==
nx=0)=n,e’ =——tL— = x, =1 |— L (2.15)
e X en,

With 2.15 we have a complete description of the electrical field E, which is dependent
on the temperature, the amount of charges in the contact-material, the permittivity of the
material and the injection barrier. This is for one polymer/contact-surface only. To get an
impression of the character of the charge density, an example-graph is shown in figure
2.12. Here, xo 1s taken negative, as will be explained.

3

107

3

_ 107
@ 3
£
P 3
1021_;
3 F
10" — ' et - 10
1 10 100 1000
x (nm)

Figure 2.12: example of the charge density field as a function of the distance. T=300K, ¢,=3,
n,=10°%. At low o there is a change in the density in the distance.

Integration of the electrical field, 2.13, gives us for the difference in built-in potential:
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L
_2kr 1 dx——-yf—]:[l (L—x,)—1In(—x,)] (2.16)

L
AV, = [Edx=
0 0o € X%

AVy,;: difference in built-in potential (V)

L: thickness of the layer (m)

This means that x4 <0, that is the minus sign in equation 2.15.

So far, we only considered one contact. Considering Boltzmann statistics and assuming that
the surfaces are independent we can sum the contributions to the change in the built-in voltage.
So, for two contacts, we must integrate twice over half the distance between the electrodes, with
different n,, for different contacts. Altogether this gives us a formula for AVy, for two contacts
with contact materials A and B and layer C:

[ Pac bac ) |
h{£+ 2UTe,e 'Cew} 1r{ 2UTe,e ,Cem}r
2

821’1 6211 )
AV, = _2T " " (2.17)

¢BC ¢BC
¢ ln(—§+ /_2_](_3_8&_'06%]_11{ 2](7;8—%62”]
en, .. € n.p

2.6: Impedance Spectroscopy

The study of the charge transport in polymer photonic devices is done in steady state (I-V
curves) and frequency resolved. Frequency resolved measurements are done with impedance
spectroscopy. Impedance spectroscopy is performed by applying a bias (dc)-voltage and adding
an ac-voltage of a given frequency. The admittance (one over the impedance) is defined as*":

Y(w)=—"*=G(w)+iwC(w) (2.18)
Y: admittance (Q)

o: angular frequency (s™)

I.: alternating current (A)

V,.: alternating voltage (V)

G: conductance (S); real part admittance

C: capacitance (F), C=Q/V; imaginary part admittance

Q: charge (C)

The relation between different contributions to the current is explained in paragraph 2.4. It is
not possible to solve the given set of time dependent equations analytically. To be able to make
quantitative conclusions simulations are done to understand the conducting processes and to
extract information about the mobilities from the admittance spectra. However, it is possible to
evaluate the dependence of the admittance (conductance and capacitance) on parameters
qualitatively. The dependence on parameters of the admittance is:

G,Cu,.u,,np,G,,R) (2.19)

Mnp: mobility of electrons and holes (m%/Vs); temperature dependant (formula 2.5)

n,p: charge density of electrons and holes (m™); temperature dependant (formula 2.11)
G.,: Generation (m s ) G in 2.7 and 2.8 but G, here not to confuse with the conductance
R: Recombination (m>s™)

With the mobility and the charge density temperature dependent, the admittance is also
temperature dependent.
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The capacitance is the ability to store charges. When there is no active layer between the
electrodes, there is a short circuit with no capacitance, C=0. (ohmic behavior) In absence of
charge injection the capacitance equals the geometric capacitance:

A
C=¢g,, Z (2.20)

€¢: permittivity in vacuum (F m’'=C*Nm?)
g,: relative permittivity in materials

A: device area (%)

L: layer thickness (m)

Formula 2.20 shows that the capacitance is dependent on the material and the geometrical
shape. The capacitance is expected to be the geometric capacitance at 0V bias and beyond OV
bias as long as the voltage remains below Vi;. This is only true in a certain frequency-regime,
1/t <<mw<<1/tp. T, is the transit-time; 1 is the Debye relaxation- or dipole-relaxation time that
describes the relaxation of permanent dipoles present in the polymer. The Debye-effect can be
modeled with formula 2.21%,

&, — &
I+Gwry,)

The value of tp is low. This leads to an effect at high frequencies only, above 1MHz, where in

this research only up to IMHz measurements are done. This effect is therefore negligible.

The transit time is the time a carrier needs to travel from one electrode to another. Under space
charge limited current conditions the transit-time can be calculated with formula 2.22 2

4
T, ==
3 ,U|V - Vbi|
The transit time for a layer of 100nm PPV between PEDOT-PSS and Aluminum (V=0.75V)
is in the order of 10”s for V=0V. For a single carrier device, for frequencies much lower than 1/t

C=3/4 of Cyeomenic because of density and velocity effects”’. The effects of the transit- and
relaxation-time are shown in figure 2.13.
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Figure 2.13: the course of the capacitance. Values are typically for the used cells, 100nm
thickness, €,=3, A=Icm’. The capacitances with only a transit time effect and with only a Debye
relaxation are added.

At voltages that do not equal zero, and under illumination, the capacitance can differ from the
geometrical capacitance”. To understand this, one should remind that the capacitance is the
stored charge per bias. If the capacitance is higher than the geometrical capacitance, this can be
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Chapter 2: Theory

explained with trap-states: charges get trapped what makes it possible to store more charges. This
will only work up to a certain frequency. Beyond that frequency the traps cannot follow the field
modulation and therefore can no longer contribute to the capacitance.

If the capacitance is lower than the geometrical capacitance or even becomes negative, there is
a contribution from a double carrier. As written before, the capacitance is the stored charge per
bias. The presence of space charge will thus give a different capacitance. Because space charge
lags behind the field that created this charge, its contribution is negative. For bipolar currents the
positive and negative charges compensate each other. Therefore, the amount of space charge can
be larger than in the unipolar situation®*. This will make it possible that the negative change in
the capacitance is larger than the geometrical capacitance and therefore the capacitance will
become negative.

The relevant time scales can be understood by the response to a step potential”. For high
frequencies, only the displacement current contributes to the capacitance, which will become the
geometrical capacitance. For low frequencies, both carriers will contribute to the capacitance. As
the injection barriers at both sides of the active layer are set ohmic, the fastest carriers will
determine the field in the following time interval. This field remains stable until the second
carrier responds, changing the field. This is followed by a response on the fastest carrier, and this
will go on till the field and thus the currents have converged towards the equilibrium. This
equilibrium is determined by the mobilities of both carriers and the recombination rate*.

The capacitances with traps and with double carriers are also plotted in figure 2.13.
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3.1: Sample preparation

Figure 3.1 describes the structure of the samples that are Source and
made. Glass with an ITO structure is commercially available. measuring
The glass with ITO is cleaned using acetone, soap and iso- equipment
propanol. Then the sample is placed under UV-ozone for 30
minutes. Polyethylenedioxythiophene:polystyrenesulfonate

(PEDOT:PSS) is filtered and then spin coated on top of the
ITO. The sample is annealed by 180°C for two minutes to
remove water from the PEDOT:PSS layer. The active layer, [0 T
solved in chlorobenzene and stirred overnight, is spin coated fij 1F{Inm) (Optlonal N
on top of the PEDOT:PSS. The blend and the sample are kept | -Active layer (~1000m) |
out of the light as much as possible. After spin coating the S RN
active layer, the sample is brought into a glove box filled with 3\@@ N
nitrogen and from there brought in an evaporation chamber ARHHIITIHRY
under a shadow-mask. In the evaporation chamber 1 nm of LiF SO
(optional) and 100nm of Al are evaporated on the sample Sl
while the maximum temperature was kept below 40°C.' Glass

Screwing gold contacts to the sample can make a circuit:
one to the Al, the other on a place where there was no Al Figure 3.1: the structure of
evaporated because of the shadow-mask to the ITO. To screw . < o1l The active
to and not through the Al, what would give a short circuit, isa ayer can be PPV, PCBM or
problem tackled by inserting a spring in the screw. Other a blend of PPV and PCBM.
experimentalists locally remove ITO by etching from the part
where the aluminum-contact would be set before spin-coating
the PEDOT:PSS.

The described procedure gives working devices and is reproducible, as will be further
discussed in paragraphs 4.2 and 4.3.

Aluminium (100nm)

3.2: Electrical measuring set-up

As described in 1.2 and 2.6, I-V measurements and impedance spectroscopy-measurements
are done on the devices. To measure IV-curves and impedance-spectroscopy with different
temperatures, a set-up is built. The set up is described in figure 3.2.

Nitrogen transfer tube
flow
computer controller

Temperature -

controller COlld finger

Source sarhple with| measuring A v

contacts equipment
Lam
Liquid N,
Cryostat

Figure 3.2: the set-up for electrical measurements. The sample is situated in a cryostat with
contacts to an external device. This can be a Keithley for IV characterization or an HP
impedance-measurer. The temperature is regulated with a flow of liquid nitrogen cooling and an
intelligent temperature controller heating. A white-light halogen lamp can illuminate the sample.

The set-up is designed to reach each temperature between 80K and 300K and remain stable at
that temperature. In the dark, this is extremely stable, in an hour the temperature changes less
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Chapter 3: Experimental Set-Up

than 0.2K. Under illumination, the accuracy of the temperature is about 0.2K. The sample can be
set in the dark as well as set under illumination. In the glove box IV-measurements are done with
a halogen lamp with a power of 150mW/cm®. In the cryostat, illumination was done with a
halogen lamp. The short-circuit current was comparable with the measurements in the glove box
if the lamp was set on its maximum value of 4A. Most measurements were done with the current
through the lamp set on 2.5A instead of the maximum 4A, for the maximum value would cause
too much degradation to the sample. The set value is also under the value where the short-circuit-
current has its maximum. '

I-V-measurements can be done as well as impedance measurements. They cannot be done at
the same time. I-V measurements are done with a Keithley 2410 and have no big uncertainties in
I or V, they are reliable within 1% and 0.001V respectively. Impedance spectroscopy is done with
an HP 4192A. Impedance spectroscopy gives some problems: there is a serial resistance in the
apparatus. The resistance changes when one changes from one regime to another, typicalty
around the resistance and capacitance of the used solar cells, that is ~1k( and ~10nF. Therefore
every set bias-voltage is measured with a multi-meter before the measurements begin. Even with
this correction the accuracy of the applied bias-voltage is disputable within 0.05V.

Considering all these qualities, the set-up functions very well in controlling the temperature,
the illumination and measuring I-V characteristics. The impedance, mostly the applied voltage,
must be taken with a relatively high uncertainty of 0.05V. The given frequency is reliable within
0.1%.
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4.1:Thickness measurements

Thickness-measurements are carried out on dummy-samples to learn the thickness of the
different layers. The dummy-samples were made in the same procedure as the corresponding
samples but without the evaporation of the top-electrode. Then, a scratch was made on these
dummies. With an alpha-stepper, that uses a needle taken over a surface, the depth of the scratch
and thus the thickness of the layer were measured. This gives different thicknesses for different
series of samples. Different measurements on the same dummy can make a difference up to 13nm
for the standard samples and the pure PCBM samples. The pure PPV dummy had a spread of
18nm.

For the standard-samples the thickness including PEDOT-PSS changes from 160 to 190nm
over all samples. The PCBM samples were made on difficult circumstances because of the low
viscosity of PCBM in benzene solvent. The set made on November 4th had a thickness of only
99nm including PEDOT. The sets made on November 18th and December 3d had thicknesses of
125 and 136nm including PEDOT. Pure PPV gives a thickness of 218nm including PEDOT.
Dummy samples with only PEDOT-PSS had thicknesses of ~80nm. A thickness of 80nm is
assumed in the further report.

All results of the thickness-measurements are presented in appendix 1.

4.2: Comparable samples from different days: I-V measurements

It is important to know the reproducibility of the measurements. Therefore measurements have
been done on a group of samples. These samples were made according the same procedure but on
different days. At room temperature I-V and impedance spectroscopy measurements were done.
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Figure 4.1: Current, normalized for thickness and length (L), as a function of voltage. The
samples used consist of an ITO-layer, a PEDOT-PSS layer of ~80nm, a blend-layer of MDMO-
PPV and PCBM in the ratio of 1:4 with a thickness between 80 and 110nm, different for different
samples, a LiF-layer of Inm and an Al-layer of 100 nn. All measurements were taken at room
temperature. Different symbols of the same color are different measurements on the same sample.

Figure 4.1 shows the current as a function of the applied voltage for similar samples. It gives
an impression of the reproducibility of the measurements. The forward current can differ from
different samples, up to a factor of 3 at 2V. The leakage current can also differ within one sample,
up to an order. The forward current differs less than a factor of 2 within one sample. The built-in
potential, at about 0.8V, does reproduce within (0.1V. The built-in potential is determined by
extrapolating the line above V,; down to zero. Where the line crosses the x-axis is Vbi.
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Chapter 4: Preliminary Measurements

Comparable samples of which the results are not shown here had much higher leakage-
currents, orders, than the results shown. Samples where a too high voltage was applied, that is
above 3V, or that were illuminated too long, that is for several hours, also had a much higher
leakage current. These measurements are not shown because of their small accuracy. So we can
conclude that the difference in leakage-current strongly depends on the fabrication and the history
of the sample.

For the given voltages, between -2V and 2V, we can state that the uncertainty only depends on
the equipment that gives the voltage and is accurate within 0.01V. The given temperature is
accurate within 0.1K. The measurement of the current depends only on the measuring equipment.
This equipment is accurate. The uncertainty in the values of the current is given by the sample
preparation and the history.

4.3: Comparable samples from different days: impedance spectroscopy

Figure 4.2 shows the capacitance as a function of frequency for two similar samples made on
different days at a bias-voltage of OV. The used samples are the same as in figure 4.1. The
capacitance at low frequencies, 10Hz to 10kHz, is the geometrical capacitance. As can be
observed in figure 4.2, these geometrical capacitances are the same for the two samples within
InF. At high frequencies, f>10kHz, the capacitance drops to zero. This occurs at different
frequencies for the two samples. The contact materials cause this effect, as will be analyzed in
paragraph 4.5.
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Figure 4.2: Capacitance as a function of frequency at 300K and OV in the dark. The geometrical
capacitances are the same.

Figure 4.3 shows the conductance of the two samples at room temperature with different
positive bias-voltages. First, we focus on the low-frequency behavior. At OV bias, the
conductance results from the leakage-current only and is about 2 to 3*10°S. Increasing the
voltage to 0.5V does make a small increase of the conductance, as it does with the leakage current
as can be seen in figure 4.1. Then, both samples have a large increase of the conductance between
0.5V and 0.75V. At higher bias the conductance increases to a maximum, which is different. The
maximum conductance at high biases is the same as the conductance at high frequencies.

The conductance reproduces within a factor 2. Only the difference in leakage-current is
observed again. The differences at 0.75V partly are because of the set-up of the impedance-
spectroscopy where the given voltage is not necessary the applied voltages. These voltages are
checked with a multi-meter. Still, there is an uncertainty of 0.05V, which is also frequency
dependent. For 1.25V the difference is a factor 3 what is consistent with figure 4.1. At higher
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frequencies, above 1kHz, the conductance raises to a maximum that is the same within one
sample for all voltages. This effect will be further discussed in paragraph 4.5.
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Figure 4.3: Conductance as a function of frequency at 300K in the dark. For low frequencies, the
samples have the same leakage-conductance at low bias and a maximum conductance at high
bias. This maximum conductance is the same as the maximum conductance at high frequencies.

Figure 4.4 shows the capacitance as a function of the frequency with several bias-voltages. At
low frequencies, the capacitances of the samples are the same for small voltages, below 0.75V. At
0.75V bias for both samples the capacitance decreases - that is, for frequencies above 50Hz. At
higher voltages, for both samples the capacitances become negative.
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Figure 4.4: Capacitance as a function of frequency at 300K in the dark. For low frequency and
low bias, the capacitances are the same. At high biases the capacitance decreases to zero and to
negative values, which differ for the two samples.

At 0.75V and 1.25V bias, the values seem of little accuracy. This is because of the described
problems of setting the bias-voltage with the HP that has an uncertainty of 0.05V. Around and
above the built-in potential little changes in the voltage can have a relatively large effect on the
admittance and thus on the capacitance. Another problem is that the HP cannot measure the
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capacitance when the impedance is too low, below 100Q2. The signs however, both absolute as in
reference to the geometrical capacitance, seem to have qualitative meaning.

We can conclude from the presented data that quantitative impedance measurements can only
be done in a limited parameter space. The uncertainty for the impedance-spectroscopy
measurements is because of the preparation and history, and because of the uncertainty of the
given voltage. Contact effects also do play an important role at frequencies above 10kHz, as will
be discussed in paragraph 4.5.

At V=0V the capacitance is reliable and depends on the preparation only. At V=V,; the
uncertainty in the capacitance is large because of the uncertainty in voltage. Above Vy; the
uncertainty increases because the capacitance is highly voltage-sensitive. Trends, as an increase
of an order of magnitude in the conductance, or the capacitance becoming negative for example,
do reproduce. So we can conclude we have reproducible samples within the limits indicated
above and can make reproducible measurements.

4.4: Electrical wear

Not every measurement on one sample is exactly the same: the history of the sample can play
an important role, as stated in paragraph 4.2. Therefore some measurements have been done to
compare the performance of a sample at its first measurement, after cooling, after illuminating
and after waiting. All measurements were done at room temperature at OV bias. Figure 4.5 shows
the results.
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Figure 4.5: Conductance and capacitance as a function of frequency at OV bias for different
sample-history at 300K in the dark. The sample consist of an ITO-layer, a PEDOT-PSS-layer of
80nm, a 20%PPV/80%PCBM layer of 110nm and an Al layer of 100nm. The history seems to
have little influence on the sample.

As can be observed, the geometrical capacitance does only change within 1nF. The frequency
where the capacitance decreases does decrease after illumination over almost an order. The
conductance increases after series of measurements of the sample, up to a factor of 2 to 3. This
increase of the leakage-conductance however is small. We can conclude that the performance of
the sample for low frequencies, below 10kHz, does change but within a factor 3 for the
conductance and InF for the capacitance, so that we can compare measurements made on
different days. The increase of the conductance and the decrease of the capacitance at high
frequencies are explained in paragraph 4.5.
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4.5: High frequency effects

As can be observed in figures 4.2, 4.4 and 4.5, the capacitance drops to zero at high
frequencies. This is in contradiction with the description in 2.6. A consistent explanation is
assuming that the contact-electrodes have a resistance that cannot be neglected. In the original
model' the set-up is described as a parallel resistance and capacitance, both dominated by the
behavior of the photoactive layer. In the new model, also recently used by others®, there is a
resistance in series with this layer, which is caused by the PEDOT:PSS and possibly other
resistances. To compare the two models, figure 4.6 shows both.

Cal Ca| |
! .
— - — R }—
—_Re_|—
Figure 4.6a: the classic model describing Figure 4.6b. the new model, where the
the set-up; this is highly dominated by the resistance of the PEDOT-PSS and the wires
photoactive layer cannot be neglected

In the situation where the total resistance is highly dominated by the photoactive layer, the
admittance Y is:

Y:l:G+iwC=L+ia)CA 4.5)
Z B

With Z the impedance. When |0, G— 1/Rg and C—C4. Measurements with a multi-meter on
the samples used in 4.2 and 4.4 give Rp=10°Q, what does seem to fit with the conductance at low
frequencies at OV bias. C, is simply the geometrical capacitance. When w—oo, the same
conditions for G and C are still valid, when the Debye relaxation is not taken into account.

In the situation that the resistance of the other parts also plays a role of importance, as
described in figure 4.6b, the total impedance is:

Ry
Zrotal = . + RC (46)
1+iwC, R,

Which gives an admittance Y of:
(@2C2R2R, + R, + R, )+ia(C,R2)
@*C2RIR: + (R, +R.)

Assuming Rp>>Rc this gives us for the limits of ®: ©|0: G—1/Rg and C—C,, the same when
the resistance of the photoactive layer is taken as highly dominant. But for ®m—c0: G—1/R¢ and
C—0. This is consistent with the measurements shown in figures 4.2 and 4.3 if Rc=10-100€. The
resistance may be different for different samples but should lie within this range.

Measurements are carried out to find out the resistance RC3 . These measurements were done
on a sample consisting of an ITO-contact, PEDOT-PSS, a gold contact and the normal used wires
with a multi-meter. The measured value is 60Q, what is in the given area. With this value, the
typical frequency where the resistance of the PEDOT-PSS becomes dominant is between 10* and
10° Hz. This is also consistent with the data shown in figures 4.2 and 4.3.

We can conclude that the measurements are well described with the model that takes the
resistance of the PEDOT-PSS and other elements in account.

Y=G+iwC =

4.7
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In this chapter the results of the electrical characterization of the sample with PPV are shown
and are shortly discussed. The PPV sample consists of ITO/PEDOT:PSS/PPV/LiF/Al. A picture
of the structure can be viewed in figure 3.1. The PEDOT:PSS is ~80nm thick, the PPV-layer
1384+9nm, the LiF 1nm and the Al 100nm. First, the characterization with IV measurements is
done, in the dark and under illumination, at different temperatures. Then the impedance
measurements are shown. We hope to find what carriers there are, some clues of the mobilities
and their behavior in dark and under illumination. The results shown here are only the most
important; the sample is measured at five temperatures with different bias-voltages. The other
results are in appendix IL

5.1: IV-measurements in dark and light

IV-measurements were done on the sample with PPV under different temperatures. To fully
observe the electrical phenomena a comprehensive treat of this sample is necessary. From the
temperature measurements we can expect a rise in the mobility with rising temperatures, and
therefore a rise in the current and the conductance. The results of the [V-measurements are shown
in figure 5.1.
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] o
001 a 0.01
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Figure 5.1: IV-curve of the PPV sample at different temperatures under illumination and in the
dark. The build-in potential is about 1.3V increasing with decreasing temperatures. The sample
behaves like a solar cell.

Figure 5.1 shows the IV-measurements done on the sample. In the dark, we see a small current
below the built-in potential, the leakage current. There is a drop of the leakage current when
decreasing the temperature, except for the measurement at 264K. This exception at 264K is
because of wear; this measurement is done after cooling to 194K and illumination. At 1V the
leakage current drops an order when the temperature drops from 300K to 194K.

At Vi, 1.3V, the current rises fast due to the onset of the space charge limited current. The
built-in potential is determined by extrapolating the line above Vy; down to zero. Where the line
crosses the x-axis is Vy;. Decreasing temperature leads to a small increase in the built-in potential,
about 0.05V, and a large decrease in the current. At 2V the current decreases an order decreasing
the temperature from 300K to 264K. Below 194K, there is almost no current that can be
discriminated from the leakage-current. This temperature dependence is expected, for a higher
mobility is expected for higher temperatures.
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With formula 2.3 we can calculate the mobilities for the different temperatures. The results are
shown in table 5.1. With these mobilities we can determine the band widening o by plotting
according formula 2.4, what gives 0.094+0.02eV. The graph can be observed in paragraph 8.1,
figure 8.4. The value of 0.094eV is near the value of 0.11eV from literature'.

Table 5.1: Mobility as a function of temperature; ¢ is 0.094+0.02¢V

T(K) p(cm/Vs)
300 2.5+0.2%10°°
264 4+0.6%107
235 1.3+£0.4%107
194 4+2%10”°

Under illumination, there is a huge increase in the current below V¢, the open-circuit voltage
where the current is zero. At -1V, this is more than an order. At OV, there is a significant current,
in contrast to the current in the dark. Therefore we can conclude that this sample behaves like a
solar cell, even without PCBM. Increasing the temperature from 194K to 300K gives an increase
of the current below Vy; of almost an order. Above Vgc the current in the dark and under
illumination are almost the same, within the uncertainty. Only at 194K the current is much higher
under illumination in comparison to the dark, a factor of 3.

The difference in increasing Voc and V,; with decreasing temperatures is because different
effects determine the specific voltages. Voc is determined by the parameters that determine Vy;,
the dissociation probability of a bound electron-hole pair into free charge carriers, the generation
rate of bound electron-hole pairs G and the Langevin recombination rate of free electrons and
holes R®.

We can conclude that this cell is a solar cell with a temperature-sensitive mobility: the current
is temperature sensitive and below 194K the current is not significant different from the leakage-
current.

5.2: Impedance in the dark

Impedance spectroscopy is done on the PPV sample. Figure 5.2 shows the conductance at
room temperature for different bias-voltages.
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Figure 5.2: Conductance at 300K at different bias in the dark. There is a significant rise at 1.5V

At low frequencies, 10-100Hz, the conductance is the leakage conductance below Vy,; of 10°¢
~107S. With a bias higher than 1.25V the conductance rises up to 0.03S at 3V and remains at this
value. Above 3V the conductance remains the same. This is consistent with the I-V measurements
where the values of the current rise fast above Vy; but seem to reach a maximum above 2V. In
figure 5.1, the curve only goes to 2V, but a change in the slope is visible. I-V measurements are
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done up to 4V, where the change in the current between 2V and 4V is only an order, what is

consistent with figure 5.2.

The capacitance is shown in figure 5.3. At OV, the capacitance is the geometrical capacitance.
This geometrical capacitance is only 80% of the expected capacitance from formula 2.20,
possible because of the PEDOT:PSS that could partly contribute to the thickness. Increasing the
voltage above 1V the capacitance rises for frequencies below 1kHz. This indicates the filling of
traps. This continues beyond the built in potential to 1.5V. Then, there is a drop, leading to
negative capacitances for high voltages, above 2V, indicating double carrier injection.
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Figure 5.3: Capacitance at 300K at different bias in the dark. There is a serious rise to 1.75V

followed by a drop to negative values.
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Figure 5.4: Conductance at 2V at different temperatures in the dark. There is a significant

decrease with temperature

Figure 5.4 shows the conductance at 2V as a function of temperature. At low frequencies,
there is a decrease with decreasing temperature, from 2*10™*S at 300K to 3*10°S at 194K. This is
consistent for the behavior of currents in figure 5.1. At 194K the conductance is in the same order
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as the leakage conductance, the conductance at OV.
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At OV, the temperature has almost no effect on the capacitance, which stays the same within a
nF. At 1V at low temperatures, 213K, there is no trapping of charges. Above V,; the temperature
has effect on the capacitance. As can be seen in figure 5.5, the filling of traps is temperature
dependent and occurs only above 235K.
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Figure 5.5: Capacitance at 1.5V at different temperatures. There is a significant decrease of the
capacitance with decreasing temperatures.

As can be seen in figure 5.6, at 2.5V above 235K the capacitance becomes negative at higher
frequencies with increasing temperature, indicating double carrier injection. At 3V, the

capacitance crosses the x-axis at higher frequencies than at 2.5V. Also trapping occurs.
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Figure 5.6: Capacitance at 2.5 and 3V at different temperatures in the dark. There is a
significant change in crossing the X-axis with temperature
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5.3: Impedance under illumination

Under illumination, charges are created. An increase of the conductance is expected,
especially at OV. Because charges are generated in pairs, one expects two carriers.
In figure 5.7 one can see that illumination has only a small effect on the conductance, an

increase of less than an order at OV. At higher bias there is also a small increase of the
conductance.
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Figure 5.7: Conductance at OV at different temperatures under illumination and in the dark.
There is only a small increase under illumination

For the capacitance, at OV illumination has little effect, the capacitance remains the
geometrical capacitance within 1nF. Though there are two carriers, there is no negative
capacitance. Because the change in the conductance is also small, the effect of the illumination
seems to be small. For higher voltages, the frequencies where the capacitance is negative
decreases under illumination in comparison of the frequencies in the dark, but less then an order,

as can be observed in figure 5.8. The filling of traps remains the same under illumination as in the
dark.
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Figure 5.8: Capacitance at 3V at different temperatures in the dark and under illumination.
There is a decrease in the frequency where the capacitance is zero
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5.4: Conclusions

The most important features about this characterization of the PPV sample are shortly
presented here. At bias voltages above the built-in potential trapping becomes important, and at
higher voltages, 2V, there is double carrier injection. This means that the Al electrode does inject
electrons.

At low temperatures, below 235K, there is almost no current, a very low conductance and a
geometrical capacitance. While, as we will see in chapters 6 and 7, PCBM and the blend of PPV
and PCBM do conduct well, discriminative from the leakage conductance, at even lower
temperatures. Any temperature effect in the blend below 235K therefore must be because of the
PCBM.

The band-widening o is 0.094+0.02¢V, which is in agreement with literature.

Without PCBM, PPV does behave like a solar cell; there is a current at OV under illumination.
This performance is however three orders less then in the blend as will be shown in figure 7.2.
The effect of light on the conductance and the capacitance is small, indicating that charge
separation is weak, which is in agreement of the performance as a solar cell that is much less than
the performance of the blend.
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Chapter 6: Results PCBM

As discussed in the theory, adding PCBM to PPV improves the separation of photo-generated
charges. To understand this blend better, also an electrical characterization of PCBM is made.
The sample now consists of [TO/PEDOT:PSS/PCBM/LiF/Al. The PEDOT is about 80nm thick,
the PCBM varies in thickness, the LiF Inm and the Al 100nm. Because of the variation of the
different samples, the results are either normalized for the thickness or the thickness is mentioned.
First, the characterization with IV measurements is done, without and with light, at different
temperatures. Then the impedance measurements are shown. The complete set of measurements
is in appendix IIL.

6.1: IV-measurements in dark and light

IV-measurements were done on the sample with PCBM under different temperatures. From
the temperature dependent measurements we can expect a rise in the mobility with rising
temperatures, and therefore a rise in the current and the conductance. The results of the IV-
measurements are shown in figure 6.1.

O 300K Light
* 300K PPV

J*L (A*nm/cm2)

1E-5 _— % | {E-§

Figure 6.1: -V curve of the PCBM cell. The current is multiplied by the thickness for comparison
reasons: the PPV layer was 7 times as thick as the PCBM layer. Illumination has no effect. For
comparison, the current in the PPV sample is shown. The current is several orders higher for
PCBM than for PPV. The leakage current is relative high, but this can be because of the small
thickness of the sample, that is only 19nm.

As can be seen in figure 6.1, the current is several orders higher in PCBM than in PPV: 3
orders at 1.5V. The leakage current is relatively large because of the small thickness; this is just
thick enough to make it a proper sample. Illlumination has clearly no effect at all, as is expected
because PCBM does not absorb photons in the visual range.

The temperature dependence is not that dominating as with the PPV sample: at 113K there
still is a difference visible between the leakage current and the current above Vy;, where for PPV
there was no difference below 194K. At 1.5V for example, the current is a factor 2 of the leakage
current at 113K. Vy; is about 1V, increasing up to 1.2V with decreasing temperatures up to 113K.

The mobilities are presented in table 6.1. With these mobilities we can determine the band
widening o by plotting according formula 2.4, what gives 0.015+0.006eV. The graph can be
observed in paragraph 8.1, figure 8.4. The value of 0.015+0.006eV is within an order consistent
with literature, which give 0.073eV'. The difference is because of the LiF, as will be shown in
paragraph 8.1.
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Table 6.1: Mobility as a function of temperature; o is 0.01530.006eV

T(K) p(cm*/Vs)
300 1+0.2*10°°
194 8+2%107
143 6+2%107
113 5+£2%107

6.2: Impedance

The geometrical capacitance of the PCBM-sample is about 1.2 to 1.3 times the geometrical
capacitance of the PPV sample. This can be explained with the higher relative permittivity of
PCBM; 3.9 for PCBM and 3.0 for PPV!? Both capacitances are however 20% lower than the
capacitance calculated with formula 2.20. This could be because of the PEDOT:PSS that could

partly contribute to the thickness.
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Figure 6.2: the capacitance at 1.5V bias at different temperatures in the dark. There is a negative

capacitance at 300K.The thickness of the sample here is 56nm

As can be observed in figure 6.2, at lower temperatures, 113K and lower, trap-states occur. At
just below 1kHz. This
indicates a bipolar current. This is in contradiction with ref [3], where it is claimed that PCBM in
this configuration is a unipolar electron conductor. The negative capacitance here is only slightly
negative, one nF, and is within the uncertainty of the HP analyzer. At other measurements, the

room temperature the capacitance becomes negative at a frequency

negative capacitance is much more clear, as can be observed in figure 6.3.
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Figure 6.3: the capacitance at 2V bias at 194K for a sample without LiF in the dark. The

capacitance clearly becomes negative at frequencies below 0.1kHz. The thickness of the sample
here is 45nm

6.3: Conclusions

From the sample with only PCBM, two major conclusions can be made from the impedance

spectroscopy. First, it does not behave like a solar cell, as expected. Second, it can conduct both
types of carriers.

The mobility is less temperature sensitive and 6=0.015+0.006eV.
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Chapter 7: Results Blend

In this chapter the results of the electrical characterization of the PPV/PCBM blend are shown
and are shortly discussed. The blend sample consists of ITO/PEDOT-PSS/PPV-PCBM/LiF/Al,
with about 80nm PEDOT, 97nm active layer, Inm LiF and 100nm Al. The blend consists of
20%(wt) of PPV and 80%(wt) of PCBM. A picture of this sample can be observed in figure 3.1.
Comparing the results with the results of the pure PPV and the pure PCBM sample will help to
understand the behaviour of the blend. The fact that PPV does hardly conduct at temperatures
below 194K helps discriminate the different contributions of the materials.

7.1: IV-measurements in dark and light

Measurements were done on the standard sample. For comparison reasons, also the results of
the pure materials are shown. The IV-characterization in the dark can be observed in figure 7.1.
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Figure 7.1: IV-curve of the blend at different temperatures in the dark; the built-in potential is
around 0.75V, increasing with decreasing temperatures. The leakage current is about 107 times
the current at 1V. The thickness is 97nm here. The current is normalized for the thickness,
because the thickness varies a factor 7 between the samples with PCBM and PPV.

Figure 7.1 shows the I-V curves of the sample. We can observe a leakage current at negative
voltage and small positive voltage. Then we can observe a huge increase of the current of three
orders around Vy;, 0.75V. Decreasing the temperature from 300K to 113K leads to an increase of
Vi from 0.7V to 1.1V and a decrease of the current of an order at 2V. The temperature has little
effect on the leakage current, a factor of two from increasing from 80K to 300K at -2V.

Comparing with the pure materials, the currents are much higher, more than two orders at 2V,
than for the PPV sample. This could be expected because of the higher mobility for the PCBM
sample. The leakage current is an order higher for the PCBM-sample than for the blend. This is
probably because of the thickness: this sample is only 19nm thick, almost not thick enough to be
a proper cell, what will lead to a relatively large leakage current. The current at high
temperatures, 300K, above Vy,, is also higher for the blend in comparison to PCBM, a factor 5 at
1.5V. This is more than the sum of the currents for PCBM and PPV. This is because PCBM
conducts electrons very well, but is a poor hole-conductor and PPV conducts holes very well.
Together, they can conduct both carriers very well. This is called bipolar conduction. PPV is also
suspected to conduct better if blended with PCBM.

At low temperatures, 113K, the currents for PCBM and the blend are almost the same, PCBM
a little higher than the blend, possibly because the mobility in the PPV decreases fast with
decreasing temperature.

28



Chapter 7: Results Blend

Under illumination, the blend cell behaves like a solar cell, as can be observed in figure 7.2.
Below Vg, the open-circuit voltage where the current is zero, there is an almost constant current,
decreasing with decreasing temperatures, a factor 3 between 300K and 113K at -2V. At 113K
there is still a photocurrent, while there was no current in the PPV. This means that there is still
charge separation because of light at these temperatures. The reason this doesn't show up in PPV
is the high recombination rate without PCBM.

The photocurrent is more than an order higher than the leakage current at -2V. At room
temperature the open circuit voltage Vo is comparable with the built-in potential. The difference
is less than 0.1V, as expected. The current above Vg is only a factor 2 bigger under illumination
than in the dark. With decreasing temperature the V¢ increases not as fast as Vy;. This makes a
huge difference in the current just above Voc, up to an order at 143K. The difference in increasing
Voc and Vy,; with decreasing temperatures is because different effects determine the specific
voltages. Voc is determined by the parameters that determine V), the dissociation probability of a
bound electron-hole pair into free charge carriers, the generation rate of bound electron-hole pairs
G and the Langevin recombination rate of free electrons and holes R. The generated electrons
influence the electric field and thus the voltage where a positive current is possible’.
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Figure 7.2: IV-curve of the blend at different temperatures under lllummatlon the cell behaves
like a solar cell. The thickness is 97nm here.

7.2: Impedance in the dark

The geometrical capacitance of the blend is 1.15 times the capacitance of the PCBM sample
and 1.5 times the capacitance of the PPV sample, as can be observed in figure 7.3. The blend has
more charge storage then the components. In the samples shown here there is LiF. In paragraph
8.2 it will show up that this higher capacitance is due to the LiF. Where the measured
capacitances from the PPV and PCBM were less then the capacitances calculated with formula
2.20, for the blend, the measured en calculated capacitances are comparable.

Changing the temperature has little effect on the geometrical capacitance; it changes less than
one nF or 3%.
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Figure 7.3: Geometrical capacitance for the blend in comparison to PPV and PCBM at V=0V in
the dark

For a bias of 0.75V, there is an effect: at lower temperatures, 194K, 0.75V is far, >0.1V, from
the built-in potential. Thus, the conductance and the capacitance behave like at a bias of OV. For
higher voltages, the potential is above Vy,; and there is a change in conductance and capacitance;
therefore only these higher voltages are discussed in more detail. At 1.25V, the conductance
increases with increasing temperatures analog with the rising current in figure 7.1.
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Figure 7.4: Capacitance as a function of frequency at different temperatures for a blend sample
at 1.25V bias in the dark. The capacitance decreases with increasing temperature for increasing
frequencies. Geo is the geometrical capacitance from measurements at OV bias.

As can be observed in figure 7.4, for all temperatures above 80K at low frequencies the
capacitance differs from the geometrical capacitance at 1.25V bias. The capacitance between -2V
and 0.5V changes only 1nF between the different temperatures.

Between 113K and 194K the capacitance for low frequencies becomes negative indicating
double carrier injection. The frequency where the capacitance crosses the x-axis increases with
the temperature, from 50Hz at 113K to 7kHz at 194K. A double carrier below a temperature of
194K suggests that PCBM conducts both charges, for the mobility of PPV is very low there;
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however, PPV is claimed to conduct better in the blend what can also be an explanation of the
double carrier at 194K.

The frequency where the capacitance becomes negative is the highest for the blend, then for
PCBM, as can be observed in figure 7.5. This indicates that the double carrier injection for the
higher frequencies is possible in the blend where this is not possible for any of the components,
what is expected, for the blend conducts both carriers. In figure 7.5 the capacitance is only -1nF
for the PCBM and the blend sample. There were no other measurements on all three samples at
one temperature and voltage. Other measurements were consistent with the trend.
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Figure 7.5: Capacitance as a function of frequency at 300K for different samples. The voltage is
0.4V above V. The thicknesses are 138nm for PPV, 56nm for PCBM and 97nm for the blend.

7.3: Impedance under illumination

A series of impedance measurements are done on this blend sample under illumination. Figure
7.6 shows the conductance and the capacitance as a function of frequency at different
temperatures at OV bias. As can be observed, at room temperature illumination seems to have an
effect on the conductance only. The conductance increases an order, because the amount of
charges increases. There is no effect on the capacitance because the created charges compensate
each other.

The capacitance at OV seems to be highly dependent on the temperature, where the
conductance is temperature independent. For low frequencies, SOHz, the capacitance increases
and the capacitance becomes frequency dependent. This effect increases up to SnF as the
temperature decreases. At ~5kHz the capacitance under illumination and in dark are the same. A
possible explanation is that dissociation/association between electrons and immobile holes can
behave like trapping. At low temperatures this will lead to a behavior comparable with trapping.

Under illumination, there are two carriers, but at OV there is no double carrier injection from
the contact electrodes, for there is no negative capacitance.

The conductance at OV increases an order under illumination, what is consistent with the
increase in leakage current as shown in figure 7.2. The conductance at OV is temperature
independent, what is different from the expectations from 7.2.
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Figure 7.6: Conductance and capacitance as a function of frequency at different temperatures
under illumination at OV bias for the blend sample. For comparison, the capacitance and the

conductance in the dark are plotted, which are temperature independent. G seems temperature
independent.

Applying a negative bias at room temperature in the dark does not change the capacitance;
neither does it at room temperature under illumination. Under illumination at low temperatures,
the capacitance increases at V=0V. As can be seen in figure 7.7, the capacitance approaches the
geometrical capacitance as the negative bias increases. This is probably because the electrical
field makes it possible to transport the holes and thus to eliminate the effect.

40+ ‘ - 40
| * © OOOOOOOOOOdoQOOOO ” |
30-0st : L 30
ke
i OO",,r
£ o
o *
2 20 O x - 20
8
= o *
(0]
& O %
O
104 * OV Dark O x -10
OV Light O »
¢ -1V Light %,
o -2V Light q
0 AR T MRSARM | Ty T T T T "'9'6'? 0
0.01 0.1 1 10 100 1000

Frequency (kHz)

Figure 7.7: Capacitance as a function of frequency at different bias voltages at 80K for a
standard sample. The capacitance decreases as the bias becomes more negative.

Figure 7.8 shows the capacitance at 1.25V under illumination. For comparison, the
capacitance in the dark is plotted as well. The capacitance at high bias-voltages, here 1.25V,
changes under illumination. At high temperatures, above 194K, the capacitance does not change
qualitatively.

When the temperature is decreased to 143K the capacitance under illumination is high, uF,
and positive at low frequencies, 50Hz, indicating traps, where there were no traps in the dark; in
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the dark, the capacitance is highly negative. The illumination creates electron-hole pairs.
Probably these created charges fill traps.

Decrease of the temperature from 194K to 94K makes the capacitance in the dark less
negative, the capacitance under illumination more positive. Under illumination, more charges are
trapped, where in the dark the minority carrier injection stops at lower frequencies. This stops
below 94K where both with and without illumination approach the geometrical capacitance. The
capacitance becoming less negative with decreasing temperature is consistent with the decreasing
mobility in PPV with decreasing temperatures; with a low mobility in PPV double carrier
injection is more difficult.
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Figure 7.8: Capacitance as a function of frequency at different temperatures with 1.25V bias for
a standard sample under illumination. At low temperatures the capacitance differs a lot.
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Figure 7.9: Capacitance as a function of frequency at different temperatures with 0.75V bias for
a blend sample under illumination. At low temperatures the capacitance differs more than 10nF

At 0.75V bias, much closer to Ve and Vi, there is a different trend in the capacitance as can
be observed in figure 7.9. Under illumination the capacitance at low frequencies increases as a
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function of temperature and keeps on increasing. In the dark the capacitance increases to a
maximum at 194K. Further decrease of the temperature makes the capacitance in the dark
decrease and go to the geometrical capacitance. The trend in the dark can be explained by the
increasing of Vy; with decreasing temperature, as can be observed in figure 7.1. From 80K to
194K the voltage approaches V. At higher temperatures, V>V,; and the same trends occur as
with 1.25V. Under illumination however there seems to be another trend: at 143K trapping seem
to occur, which is consistent with figure 7.8 where traps also play an important role. These traps
do thus get filled at voltages below the built-in voltage. This can be explained with
dissociation/association of electrons with immobile holes that can behave like trapping, as
discussed after figure 7.6.

7.4: Conclusions

From the characterization of the blend we can draw some conclusions. Most important is that
there is a double carrier in the blend, as expected. This is also the case for temperatures where the
mobility in the PPV approaches zero. No traps occur in the dark. Under illumination, traps occur.
Above Vy,, at low temperatures, 94K-143K, and at OV.

The conductance under illumination at OV is an order higher than in the dark. Under
illumination, there are two carriers, but at OV there is no double carrier injection from the contact
electrodes.
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Chapter 8: Results Without LiF

In the previous chapters, all samples had a thin, 1nm, LiF layer. Adding this material helps the
efficiency of the solar cell, though there are several possible explanations'. It is expected to
contribute to the dipole layer at the surface and thus to higher the work function, to protect the
active layer against the Al bombardment during evaporating and to dissociate and form doping.
To learn more about this layer, also measurements without LiF are done for the pure materials
and the blend. The samples now consist of ITO/PEDOT:PSS/active layer/Al. Here, PEDOT is
about 80nm thick, Al 100nm. Only the most important results are discussed here. All results are
shown in appendices V (PPV), VI (PCBM) and VII (blend).

8.1: I-V measurements in dark and light

In figure 8.1 we can observe a large difference in Vy,; between the samples with and without
LiF, 0.3V. The current seems higher here but this is because of this change in built-in potential.
The mobilities are determined and can be observed in table 8.1. The mobilities are comparable.
So there is no significant effect in the bulk as expected. The increase of Vy; with decreasing
ternperature is small, only 0.1V between 300K and 235K.
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Figure 8.1: [V-measurements on PPV with and without LiF in the dark. There is a difference of
0.3V in built-in potential

Table 8.1: Mobility as a function of temperature for PPV with and without LiF; o is
0.09440.02¢V with and without LiF

T(K) p(cm?/V s) p(cm*/V s)

LiF without LiF
300 2.5+0.2*10°° 3.5+0.4%10°
264 4+0.6%107 4+0.5%107
235 1.3+0.4%107 8+1*10°
194 4+2%107

For PCBM, there is a difference in Vy; of about 0.1V as can be observed in figure 8.2. This
indicates that the LiF indeed has an effect on the work function: a higher work function would
make a difference in the built-in potential for PPV, where it would make no or just a small
difference for PCBM. This is explained in figure 8.3.
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Figure 8.2: IV-measurements on PCBM with and without LiF in the dark. The current is
normalized for the thickness because the thickness of the two different samples differs a factor of
two. There is a difference in the current above Vy;
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HOMO

Figure 8.3: changing of work function because of LiF. In the left picture is the situation without
LiF, in the right with LiF. Electrons would flow until the charges would create a field that makes
the LUMO higher.

The small difference in Vy; in PCBM is because the work function of the cathode with LiF
would be lower than the LUMO (the gap would be smaller), what is not possible and therefore
leads to band-bending. Therefore the built-in potential does not change if the cathode in higher.
See also figure 2.9. As analyzed in paragraph 2.5, this number is only a rule of thumb, but it does
explain the qualitative effect. The same effect is expected for the blend: a small or no change in
the built-in potential. For PPV, with LiF the LUMO remains the same because the work function
of the cathode remains higher then the LUMO, but the Vy; does decrease because of lower
cathode.

For PCBM, the current is lower without LiF than with LiF, especially at lower temperatures.
The mobilities are determined and presented in table 8.2; the difference is significant.

Table 8.2: Mobility as a function of temperature for PCBM with and without LiF; o is
0.015+0.006¢V with and 0.053+0.015e¢Vwithout LiF

T(K) wem/V s) p(cmV s)
LiF without LiF

300 1£0.2*10°° 3+0.5%107

235 8+3%10°

194 8+2%107 4+2*10°

143 6+2%107

113 5+£2*107

With these mobilities we can determine the band widening ¢ by plotting according formula
2.4, as can be observed in figure 8.4. ¢ is 0.094+0.02eV for PPV, both with and without LiF,
0.015+£0.006eV for PCBM with LiF and 0.053+0.015eV for PCBM without LiF. The value of
0.053eV approaches the value from literature of 0.073eV. The resemblance for ¢ in PPV and the
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difference in PCBM with and without LiF is clearly visible in figure 8.4. The change in the bend
widening with LiF is remarkable.

LiF No LiF
B PPV measurements
1E-55 PCBM " " 1E-5
] N PPV line to determine sigma
] PCBM " "
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Figure 8.4: mobility as function of one over the temperature squared for PPV and PCBM with
and without LiF, The mobilities for PPV are on a single line, where for PCBM the mobilities with
and without LiF are on different lines.

For the blend, at room temperature there is no difference in the current with and without LiF,
as can be observed in figure 8.5. This is consistent with the previous graphs, where the difference
in mobility in PPV and PCBM hardly changed at room temperature if LiF was added. For PPV
the change in the current is because of the change in the built-in potential, and so is the change in
the current for PCBM at room temperature. With an equal built-in potential, the currents should
be the same. At lower temperatures, 113K, there is a large difference, an order at 2V. This is
consistent with the lower mobility at lower temperatures in PCBM without LiF. The difference in
the built-in potential is small, less than 0.1V.

100 100
LiF No LiF
10{ = 300K 10
194K L .
1 143K ' 1
113K ;
)
é 0.1 1 0.1
E
= 0.01 0.01
1E-3 1E-3

Figure 8.5: IV measurements on the blend with and without LiF in the dark. At low temperatures
there is a difference in the current above Vy,

The performance as a solar cell with LiF in comparison to without LiF is especially increasing
at low temperatures. In the light, the currents behave in the same trend: comparable at room
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temperature, and without LiF lower at lower temperatures. The performance as a solar cell is
however also better at room temperature with LiF. With LiF, the fill factor is 0.50+0.05 for the
blend with LiF, and 0.48+0.02 for the blend without LiF; the efficiency 1.11+£0.14% and 0.92+10
respectively. The uncertainties are 68% interval.

8.2: Impedance

The geometrical capacitance of PPV remains the same within 5%. The capacitance for PCBM
without LiF drops to the level of the PPV, as can be observed in figure 8.6. The capacitance for
the blend without LiF drops to the capacitance of PCBM with LiF. The higher capacitance with
LiF for PCBM and the blend can be explained with the higher work function. When the work
function of the cathode would be higher than the LUMO, the LUMO will bend till the flat part of
the band is in level with the cathode; else, electrons would keep on flowing to the LUMO. See
also figure 8.3. This leads to a high concentration of charges within the LUMO at the interface
with the cathode, so the active layer is quasi-metallic here, what leads to a higher permittivity and
thus to a higher capacitance. However, apart from the capacitance of the blend with LiF, all
measured capacitances are only 80% of the calculated capacitances. This is possibly because of
the PEDOT:PSS that could partly contribute to the thickness.
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Figure 8.6: measured geometrical capacitance of PPV, PCBM and the blend, with and without
LiF; V=0V in the dark

At high voltages, the character of the capacitance of the PPV changes: without LiF, there are
no double carriers anymore, only traps instead, and the traps start at higher voltages, as can be
observed in figure 8.7. LiF thus lowers the injection barrier for the minority carriers, so double
carrier injection is possible. Protection by the LiF of the PPV against the bombardment of Al-
atoms probably prevented some trapping at voltages below Vy,.
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Figure 8.7: capacitance of PPV at 300K with and without LiF in the dark, there are no double
carriers without LiF

For the PCBM sample, without LiF there are no traps, as can be observed in figure 8.8. Did
the LiF protect so trapping of holes could decrease in PPV, the trapping of electrons increase with
LiF on PCBM. The geometrical capacitances seem the same but are not normalized for surface
and thickness, which are different, 1.06cm” and 56nm with LiF and 0.90cm’ and 45nm without
LiF respectively.
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Figure 8.8: capacitance at 1.5V for PCBM with and without LiF in the dark. Without LiF there
are no traps.

For the blend, without LiF there are less traps, as can be observed in figure 8.9. This is
consistent with the decrease of traps in PCBM, considering the holes as the minority carriers and
thus as the minor traps. LiF probably lowers the injection barrier for electrons a little bit, as in the
PPV, and prevents trap-formation for holes and helps trap formation for electrons. Double carrier
injection stops at lower frequencies, but this effect is small and within the uncertainty.
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Figure 8.9: capacitance at 1.25V for the blend with and without LiF in the dark. Without LiF,
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there are less traps and double carrier injection stops at lower frequencies.

8.3: Conclusions

From the characterization of the samples without LiF we can draw some conclusions. The LiF
seems to decrease the work function of the cathode, which leads to a lower built-in potential for
PPV and a higher capacitance for PCBM and the blend. LiF also seems to increase the mobility at

low temperatures in PCBM, what leads to a decrease of the band-widening c.

With LiF the fill-factor and the efficiency increase with 4 and 21% respectively.
LiF lowers the injection barrier for electrons, helps filling traps for electrons and prevents

filling traps for holes.
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Chapter 9: Interface Band-Bending

In paragraph 2.5, a model for the interface band-bending is distracted from the Poisson and
drift-diffusion equations and the Einstein-relation. In this chapter this formula will be compared
with the experimental data from the IV-measurements from the different samples.

9.1: Comparison of model with measurements

A great number of built-in voltages are determined from IV-measurements. The built-in
potentials are determined by exceeding the lines above V,; down to zero. Where the line crosses
the x-axis is Vbi. In figure 9.1 the measured built-in voltages are shown (symbols). They are
compared with the model (lines). Here, the fit-parameters of the model are chosen to fit the
measurements, with the constraints mentioned in paragraph 2.5. As can be observed, the
difference between the model-fit and the measured values is within the spread of those values.

“1 model measurements

06-|LF NoLiF LiF NoLiF 0.6
i ® 0O Blend

04]em—— @ O PCBM 0.4

0.24— * thin PCBM 0.2
- PPV

0.0 . . : ————0.0
50 100 150 200 250 300

T(K)

Figure 9.1: the measured built-in voltages as a function of temperature, the scatter, compared
with the model, the lines. The spread of the scatter is bigger than the difference between the lines
and the scatter. The lines for PCBM with and without LiF are the same.

A thin PCBM sample, only 20nm thick, is shown in figure 9.1 by stars. This sample has values
of Vy; lower than should be expected from the model. For the fit, it is assumed that the bandgap is
smaller. The used parameters for all the lines in figure 9.1 are listed in table 9.1.
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Table 9.1: Parameters in the model; some are measured (1) dependent on other parameters (2)
or taken from literature

PPV PCBM Blend Thin PCBM
thickness (nm)’ 140 56 100 20
effective 70 28 50 10

thickness (nm)"

& 3 3.9 3.72 3.9

Noar (M°)° 1.81*10% 1.81%¥10% 1.81%10% 1.81%10%
NopEpoT (M) 3*%10%° 3*10°° 3%10%° 3%10%

ny (m°)’ 3%107° 3*10°° 3%10%° 3%10%°
Eg.p (V) 24° 2.4° 1.35 22

@ (€V) 0.85 0.05 0.05 0.05

our (€V) 0.45 0’ 0 0

Ppepot (€V) 0.1° 0.85 0.1 0.85

Vo (V) 1.45 1.5 1.2 1.3

Viio, LiF (V)° 1.85 1.55 1.25 1.35

The parameters for the model are chosen to match the measurements. The actual number of
free parameters however is small: only five, not mentioning the thin PCBM sample. The
thicknesses are measured. The permittivity of PPV and PCBM*>? is known in literature. The
permittivity of the blend is taken as a weighted average. The charge density of aluminum is the
same as in literature, the density of PEDOT taken equal to no in PPV, which is an order above
literature®, which is 1.8%10%”m™. The gaps of PPV and PCBM do match literature™®’, and so does
the injection barrier of LiF in PCBM® and PEDOT in PPV®, Since Al is an electron injector,
PEDOT a hole injector, PCBM an electron conductor and PPV a hole conductor we can state that
the electron injection barrier of Al and LiF into the blend are the same as into PCBM, and the
hole injection barrier of PEDOT into PPV is the same as into the Blend. The built-in potential at
OK is the energy gap minus the injection barriers. So, only the injection barriers of Al into PPV
and PCBM, LiF into PPV, PEDOT into PCBM and the energy gap of the blend are chosen to
match the measurements.

So only five fitting parameters are used to match the measurements, where this model
describes the measurements well.

9.2: Dependence Vy;

Figure 9.1 gives an impression of the dependence of the built-in voltage on the temperature.
The built-in voltage is however also dependent on the thickness, the injection barrier and the
charge density. In the previous paragraph, the freedom of these parameters is shortly discussed.
Here, the dependence on these parameters will be shown.

A sample with an g of 3 is assumed. Also we assume only one contact here and a gap of
1.35eV, and V=1.2V at OK. An injection barrier of 0.1eV, a thickness of 100nm and a charge
density of 1¥10®m™ are assumed, unless stated otherwise. The results can be observed in figures
9.2,9.3 and 9.4.

As can be observed in figure 9.2, the dependence on the thickness is small; the thickness has
to change orders to make a serious difference, more than 0.1V, where the accuracy of the
measurements of Vy; is about 0.1V.
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Figure 9.2: built-in voltage for several thicknesses; only the slope changes

As can be observed in figure 9.3, the injection barrier determines the temperature where the
band bending starts. This is almost a linear process. Above 0.5eV increasing the injection has no
effect up to 300K. The values of the injection barrier between Al and PPV and the injection
barrier between PEDOT and PCBM, that are high, do not influence the curves. These two
injection barriers are not really fitting parameters. The injection barrier has no effect on the slope
of the curve as long as the density of states in the polymer does not equal its maximum. For
¢=0eV this does occur what leads to a smaller density, which leads to less band-bending. For ¢ is
0.2eV and higher this does not happen.
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Figure 9.3: built-in voltage for several injection barriers, the knee changes

As can be observed in figure 9.4, the charge density of the electrode has an effect on the slope
of the curve. The effect is however small, the density should increase two orders for a change of
0.1V at 300K. For charge densities above ng the slope changes from a certain temperature.
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Figure 9.4: built-in voltages for several charge densities of the contact electrode, the slope

changes

From the graphs we can conclude that the injection barrier, if small, less than 0.5e¢V, has the
most effect on the built-in voltage. The thickness and the charge density determine the slope.

9.3: Conclusions

The measured built-in voltages do match the model described in paragraph 2.5. Only a small
set of three fit parameters is used: the injection barriers of Al into PCBM, LiF into PPV and the
energy gap of the blend. Therefore we can conclude that the model is promising. It is also well
comparable with the model of Simmons® from 1971, but has the advantage of the analytical

approach.
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Chapter 10: Conclusions and Discussion

In the previous chapters dealing with the results, a start has been made in drawing conclusions
and starting a discussion. That was mostly of the results in the particular chapter. Here, an
approach will be made to discuss if the blend solar cell can be described as a combination of the
PPV and PCBM samples, and what features in the blend are really new. This both for the samples
with and without LiF. Here the parameters as permittivity, mobility, traps, double carrier and
band alignment will be discussed.

10.1: Permittivity

With LiF, the permittivity of the blend is not a weighted average of the permittivity of PPV
and PCBM, as can be observed in figure 8.6: the geometrical capacitance of the blend is bigger
than the geometrical capacitances of both PPV and PCBM. This is because the bending of the
LUMO what makes the sample behave quasi-metallic, and thus will lead to a higher capacitance.
LiF helps the blend and the PCBM to store charges.

The relation between the geometrical capacitances of PPV and PCBM however can be
explained with the ratio between the permittivities. Calculating the expected capacitances
according formula 2.20, there is a difference of 20% between the measured and calculated
capacitances, except for the capacitance of the blend with LiF. The measured capacitances are
lower than the calculated capacitances. This is possibly because of the PEDOT:PSS that could
partly contribute to the thickness.

10.2: Mobility

The current in the blend is higher than the sum of the currents of the pure materials. This is
because PCBM conducts electrons very well, but is a poor hole-conductor and PPV conducts
holes very well. Together, they can conduct both carriers very well. This is called bipolar
conduction. PPV is also suspected to conduct better if blended with PCBM. At low temperatures,
113K, the currents for PCBM and the blend are almost the same, PCBM a little higher than the
blend, because the mobility in the PPV decreases fast with decreasing temperature.

For the mobility at high temperatures the blend cannot be described as a sum of the PPV and
the PCBM. At low temperatures, T<194K, the mobility in PPV decreases and the effects in
PCBM and in the blend are almost the same, both with and without LiF.

10.3: Traps and double carriers

In the dark, traps occur in PPV and PCBM, but not in the blend. Under illumination, traps do
occur in the blend, as in the PPV and the PCBM. For double carrier injection, the blend injects
both carriers at higher frequencies, probably because the mobility of PPV is higher in the blend.

Under illumination, at OV at low temperatures there are traps in the blend that are not in the
PPV or the PCBM. Without LiF under illumination, there are less traps and more double carriers
in the blend, while there are more traps and less double carriers in the PPV and the PCBM.

In these features, the blend cannot be understood as the combination of the pure materials.

10.4: Band alignment

The parameters describing the band bending are well comparable, assuming PEDOT:PSS to
be the hole injector, with a low barrier for PPV and high for PCBM, and Al and LiF to be the
electron injectors with low barriers to PCBM and high to PPV. Combining these materials the
blend has the injection barrier of PEDOT into PPV and Al and LiF into PCBM. With the gap the
built-in voltages thus are described in a correct way. LiF seems to simply increase the work
function of Al; it is less negative. Here, the bend is the combination of the components.
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10.5: Summary conclusions

The blend is in many ways a combination of the components. For the permittivity, the blend is
bigger then both components. For the mobility the blend is the combination of the components,
bipolar conduction.

For traps and double carriers, the blend cannot easily be described as a combination of the
pure materials.

In terms of the injection barriers with the band alignment, the blend is the combination of the
pure materials. LiF does not change the possibility in describing the blend as a sum of the PPV
and the PCBM.
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Appendix [: Thickness
Appendix II: PPV with LiF

II.1: IV-measurements

I1.2: Capacitance
1L.3: Conductance
Appendix I1I:

IL.2: Capacitance
11.3: Conductance
Appendix IV:

I1.2: Capacitance
II.3: Conductance
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I1.2: Capacitance
I1.3: Conductance
Appendix VI:

I1.2: Capacitance

I1.3: Conductance
Appendix VII:

II.1: IV-measurements

I1.2: Capacitance

IL.3: Conductance

Appendix I: Thickness

Table 1.1: Thickness measurements; all including PEDOT:PSS

PCBM with LiF
II.1: IV-measurements

Blend with LiF
I1.1: IV-measurements

PPV without LiF
IL.1: IV-measurements

Blend without LiF

PCBM without LiF
I1.1: IV-measurements

50
51
51
51
53
56
56
57
59
62
62
64
66
70
70
70
71
72
72
72
73
74
74
75
77

Sample Measured thicknesses (nm)

8 sep (blend) 169

14 sep (blend) 163 161

30 sep (blend) 180 174

19 oct (blend) 203 190

4 nov (PCBM) 105 92

18 nov (PCBM) 120 130

3 dec (PCBM) 134 138 138
17 dec (PPV) 225 212 218
14 jan (PEDOT) 88 86
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Appendix II: PPV with LiF

All measurements are on the same sample made on 17 December (approximately 138nm
thick).

I1.1: IV-measurements

Dark Light
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£
o
E - 1E-7
ey
| 1E-8
F1E-9
1E-10

V(V)

Figure I1.1: I-V measurements on PPV in light and dark for different temperatures. All
measurements are on the same sample

I1.2: Capacitance
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Figure I1.2: capacitance in dark and light of PPV with LiF at 300K
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Figure 11.3: capacitance in dark and light of PPV with LiF at 264K
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Figure 1L.4: capacitance in dark and light of PPV with LiF at 235K
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Figure 1L.5: capacitance in dark of PPV with LiF at 213K
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Figure I1.6: capacitance in dark and light of PPV with LiF at 194K
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Figure IL.7: capacitance in dark and light of PPV with LiF at negative voltages

I1.3: Conductance
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Figure I1.8: conductance in dark and light of PPV with LiF at 300K
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Figure 11.9: conductance in dark and light of PPV with LiF at 264K
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Figure I1.10: conductance in dark and light of PPV with LiF at 235K
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Figure I1.11: conductance in dark of PPV with LiF at 213K
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Figure I1.12: conductance in dark and light of PPV with LiF at 194K
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Figure I1.13: conductance in dark and light of PPV with negative voltages
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Appendix III: PCBM with LiF

For the IV measurements samples from different data are used, for the impedance
measurements a sample of 3 December is used (approximately 56nm thick)

II1.1: IV-measurements

14 £ 1
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g
1E-34 F1E-3
1E-4 — T . 1E-4
-1 0 1
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Figure I11.1: [-V measurements on PCBM in light and dark for different temperatures. All
measurements are on the same sample (3) made on 4 November
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Figure I11.2: [-V measurements on PCBM in dark for different temperatures. All measurements
are on the same sample (3) made on 4 November
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Figure IIL.3: I-V measurements on PCBM in dark at 300K for different samples.
111.2: Capacitance
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Figure IIL.4: capacitance in dark of PCBM with LiF at 300K
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Figure IIL.5: capacitance in dark of PCBM with LiF at 194K
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Capacitance (nF)
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Figure I11.6: capacitance in dark of PCBM with LiF at 143K
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Figure II1.7: capacitance in dark of PCBM with LiF at 113K
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Figure IIL8: capacitance in dark of PCBM with LiF at 94K
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Figure II1.9: capacitance in dark of PCBM with LiF at 80K
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Figure II1.10: capacitance in dark of PCBM at with LiF with negative voltages

II1.3: Conductance
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Figure II1.11: conductance in dark of PCBM with LiF at 300K
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Figure I11.12: conductance in dark of PCBM with LiF at 194K
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Figure I11.13: conductance in dark of PCBM with LiF at 143K
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Figure 111.14: conductance in dark of PCBM with LiF at 113K
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Figure IIL.15: conductance in dark of PCBM with LiF at 94K
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Figure I11.16: conductance in dark of PCBM with LiF at 80K
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Figure I11.17: conductance in dark of PCBM

with LiF with negative voltages
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Appendix IV: Blend with LiF

The sample used in the impedance measurements is of 30 September (approximately 97 nm
thick).

IL.1: IV-measurements

J*L (A*nm/cm2)

V(V)

Figure IV.1: I-V measurements on the blend in the dark for different temperatures on a sample
(2) made on 14 September
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Figure IV.2: I-V measurements on the blend in the dark for different temperatures on a sample
(3) made on 30 September

62



Appendices

1] ™ 25augss —
30 sep s1 o
] D 19 octs3 =
0.14 19 oct s4 . j0.1
& 19 oct s4 u i
5 0.011 2 [ 0.01
s ] i & E
=~ 1E-34 o - 1E-3
b i =
1E-4 = GRS L 1E-4
T E
1 R m
1E-54 — < . L 1E-5
-2 -1 0 1 2

V(V)

Figure 1V.3: I-V measurements on the blend in the dark for different samples at 300K; the
thickness of the sample of 25 August is not measured but assumed to be 85nm
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Figure 1V .4: I-V measurements on the blend in the light for different temperatures on a sample
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1V.2: Capacitance
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Figure 1V.5: capacitance in dark and light of the blend with LiF at 300K
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Figure 1V.6: capacitance in dark and light of the blend with LiF at 194K
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Figure IV.7: capacitance in dark and light of the blend with LiF at 143K
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Figure IV.8: capacitance in dark and light of the blend with LiF at 113K
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Figure IV.9: capacitance in dark and light of the blend with LiF at 94K
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Figure IV.10: capacitance in dark and light of the blend with LiF at 80K
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Figure IV.11: capacitance in dark of the blend with LiF at negating voltages
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Figure IV.12: capacitance in light of the blend with LiF at negating voltages

IV.3: Conductance
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Figure IV.13: conductance in dark and light of the blend with LiF at 300K
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Figure 1V.14: conductance in dark and light of the blend with LiF at 194K

Conductance (S)

EO.1

5-0.01
F1E-3

L 1E-4

i 1E-5
1000

—
100
Frequency (kHz)

143K

Dark Light

ov
0.25V
0.5V
0.75V
1V
1.25V
1.5V
1.75V
2v

*ovAO4dPon
ovaodQPboan

Figure IV.15: conductance in dark and light of the blend with LiF at 143K
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Figure IV.16: conductance in dark and light of the blend with LiF at 113K
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Figure IV.17: conductance in dark and light of the blend with LiF at 94K
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Figure IV.18: conductance in dark and light of the blend with LiF at 80K
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Figure IV.19: conductance in dark of the blend with LiF at negative voltages
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Figure 1V.20: conductance in light of the blend with LiF at negative voltages
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Appendix V: PPV without LiF

All measurements were on the same sample of 17 December

V.1: IV-measurements
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Figure V.1: I-V measurements on PPV in light and dark for different temperatures. All
measurements are on the same sample

V.2: Capacitance
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Figure V.2: Capacitance of PPV in dark without LiF at different temperatures
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V.3: Conductance
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Figure V.3: Conductance of PPV in dark without LiF at different temperatures
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Appendix VI: PCBM without LiF

All measurements were on the same sample of 18 November that has a surface of 0.90cm®.

VI.1: I'V-measurements
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Figure VL1: I-V measurements on PCBM in dark for different temperatures

VI1.2: Capacitance
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Figure VL.2: Capacitance of PCBM in dark without LiF at different temperatures
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V1.3: Conductance
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Figure V1.3: Conductance of PCBM in dark without LiF at different temperatures
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Appendix VII: Blend without LiF

All measurements were on the same sample of 19 October.

VII.1: IV-measurements

A 300K
300K
235K

0.01 4

4
L X}

1E-34
194K

*» 740
®O0CO0

1E-4
143K
143K
126K
* 113K
E 103K
* 94K
86K
o} 80K

J (A/lecm2)

1E-5

1E-64

1E-7]

0.01 = e 300K
235K
o o 194K
1E-3 A 164K
: 143K
~ 126K
E 184 A v 113K
2 . 113K
™ 1E-54 Y 108K
P * @ 94K
] % [ 86K
1E-6 4 ’ . L 1E-6 * O 80K
A
1E-74+—— —— —T — 1E-7
2 -1 0 1 2

vV

Figure VIL2: [-V measurements on the blend in light for different temperatures
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VIL.2: Capacitance

Figure VIL3:
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Figure VIL4: capacitance in dark and light of the blend without LiF at 194K
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Figure VILS5: capacitance in dark and light of the blend without LiF at 143K
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Figure VIL6: capacitance in dark and light of the blend without LiF at 113K
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Figure VIL.7: capacitance in dark and light of the blend without LiF at 94K
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Figure VIL.8: capacitance in light of the blend without LiF at 80K
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Capacitance (nF)
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Figure VIL9: capacitance in dark of the blend without LiF with negative voltages
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Figure VIL.10: capacitance in light of the blend without LiF with negative voltages

VI1.3: Conductance
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Figure VIL.11: conductance in dark and light of the blend without LiF at 300K
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Figure VIL12: conductance in dark and light of the blend without LiF at 194K
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Figure VII.13: conductance in dark and light of the blend without LiF at 143K
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Figure VIL.14: conductance in dark and light of the blend without LiF at 113K
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Figure VIL.15: conductance in dark and light of the blend without LiF at 94K
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Figure VIIL.16: conductance in light of the blend without LiF at 80K
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Figure VIL.17: conductance in dark of the blend without LiF at different voltages
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Figure VIL.18: conductance in light of the blend without LiF at different voltages
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