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1 Photovoltaics

The history of photovoltaics goes back more than 150 years to 1839 when

Alexandre-Edmond Becquerel discovered the photovoltaic effect. Becquerel

found that shining light on an electrolytic cell containing silver chloride in acidic

solution connected to two platinum electrodes would produce a voltage and a

current. The effect is also known as the Becquerel effect. In 1876 Adams and

Day observed the photovoltaic effect in solid selenium [9], which lead to the

development of the first working solar cell by Charles Fritts in 1883 [10]. The

cell was based on selenium coated by a thin gold layer and had a sunlight to

electric energy conversion efficiency of about 1 %.

1.1 The p− n junction

The development of modern day type solar cells began when Russell Ohl at Bell

Labs discovered the p − n junction in 1939 while working with silicon. Based

on his discovery, Ohl made and patented the first p − n junction based solar

cell which had an efficiency of about 1 %. Thirteen years later, in 1954, Daryl

Chapin, Calvin Fuller and Gerald Pearson significantly improved the silicon cell

by doping domains of the material with Boron and Arsenic. This way they

were able to achieve low migration of the dopant atoms and good contacting to

external circuits. On April 25, 1954, Bell labs could announce the invention of

the first modern solar cell and demonstrate an efficiency of 4.5 %, this number

was raised to 6 % only a few months later [11].

The operating principle of a p− n junction solar cell is shown schematically

in Figure 1.1. The cell typically consists of a single crystal of semiconducting

material so that no grain boundaries are present, which would severely reduce

its efficiency by scattering electrons and holes. One side of the crystal, called the

n side, is doped with an element which at room temperature donates electrons

to the conduction band, while the other side, called the p side, is doped with an

element which removes electrons from the valence band, leaving behind vacant

states or ’holes’ which behave as positive charge carriers. The extra electrons in

an n doped material cause the Fermi energy EF to shift up to higher energies
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14 Photovoltaics 1.1
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Figure 1.1. (a) p−n junction under dark conditions: Opposite charge accumulation

in the space charge region close to the interphase gives rise to an intrinsic electrostatic

field which causes the conduction band edge Ec and valence band edge Ev to bend.

(b) p − n junction exposed to light: Electron-hole pairs are optically generated, and

the intrinsic field in the space charge region drives the electrons towards the n region

and the holes towards the p region. This causes a reduction in the bending of the

conduction- and valence bands. In the non-equilibrium condition under light exposure,

the Fermi level is higher in the n region EF,n than in the p region EF,p.

as compared to the undoped material, and the missing electrons in a p doped

material cause EF to shift down. This causes electrons to migrate from the

n to the p side, and equivalently holes to migrate from the p to the n side

to equalize EF. Thus a layer of net negative charge on the p side and net

positive charge on the n side is formed. Together these two regions are called

the space charge region. The depletion of positive charge carriers from the

p region and negative carriers from the n region causes the lower edge of the

conduction band Ec and the upper edge of the valence band Ev to shift to higher

energies on the p side and lower energies on the n side, this situation is shown

in Figure 1.1 (a). When optical photons are absorbed in the semiconducting

material, they generate free electrons in the conduction band and free hole states

in the valence band, Figure 1.1 (b). The intrinsic field then drives the electrons

into the positively charged n side and the holes into the negative p side. Thus

charge separation is achieved, and a voltage difference can build up between

the p and the n regions. The output voltage of the solar cell, given by the

difference between the quasi fermi levels in the p and n regions, EF,p and EF,n

respectively, depends on the resistance or ‘load’ connected to the solar cell in

an external circuit, and the energy conversion efficiency of a solar cell depends

on the voltage at which it operates. A high output voltage would be expected
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1.1 Photovoltaics 15

to yield a high conversion efficiency as the output power P is the product of

the output voltage V and the current I, but a large difference between EF,p

and EF,n also means a smaller driving force for electron-hole separation. Since

the separation and extraction of photogenerated carriers is in competition with

carrier recombination mechanisms as described below, there will be an optimal

output voltage for which the product I · V is the highest, see section 3.A.

(a)

Ec

Ev

Eg

e
-

h
+

(b)

Ec

Ev

e
-

h
+

e
-

h
+

e
-

h
+

e
-

e
-

1 2

3 4

Figure 1.2. Various energy loss mechanisms in a semiconductor based photovoltaic

device. (a) Transmission of below bandgap photons as opposed to the absorption of

above bandgap photons. (b) Carrier energy loss mechanisms; radiative recombination

(1), Auger recombination (2), hot carrier relaxation (3), and carrier trapping (4).

As illustrated in Figure 1.2, there are many sources of energy loss in the

conversion of optical to electronic energy. Firstly, any photon with energy lower

than the bandgap energy is not absorbed in the cell, and its energy is not con-

verted, this is illustrated by the red arrows in Figure 1.2 (a). Photons of energy

greater than the bandgap can be absorbed, and the excess photon energy is

distributed on the photoexcited electron and hole. The excess energy is typi-

cally lost as the ’hot’ carriers relax to the band edges via emission of phonons,

mechanism 3 in Figure 1.2 (b). But as we show in chapters 3 and 4, this excess

carrier energy can also be transferred to additional electron-hole pairs, caus-

ing increased energy conversion efficiencies at high photon energies. Another

energy loss mechanism is radiative recombination (mechanism 1 in Figure 1.2

(b)) where an electron in the conduction band recombines with a hole in the

valence band while emitting a photon. Band to band recombination can also

occur through Auger recombination (mechanism 2) where an electron or hole

transfers energy to a second electron, or hole respectively, which gets excited

within the band, and recombination occurs without photon emission. Lastly,

electrons in the conduction band or holes in the valence band can be trapped
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16 Photovoltaics 1.2

in defect states with energies within the bandgap. These defects can arise from

physical irregularities such as vacancies and boundaries, or from chemical im-

purities. Assuming that each photon of above bandgap energy gives rise to one

photoexcited electron-hole pair, and considering only radiative recombination

and carrier cooling as loss mechanisms, it can be shown that the maximal ob-

tainable conversion efficiency of a single p − n junction PV cell is 33.7 %, see

[12] and section 3.A. This is known as the Shockley-Queisser (SQ) limit.

With some modifications to the original design, silicon p− n junction solar

cells constitute more than 90 % of present day photovoltaics sales [13]. A record

energy efficiency of 25 % has been reported for a single crystal silicon solar cell

[14, 15], and the efficiency of present day commercial silicon cells are typically in

the range of 15–20 %. However, the production of the high quality, defect free

silicon needed for high efficiency solar cells requires high temperatures, which

means high production costs [16].

1.2 Organic photovoltaics

A promising alternative approach to solar cell manufacture which may signifi-

cantly reduce the production cost is organic photovoltaics (OPV). This technol-

ogy utilizes carbon based semiconducting materials, typically polymers whose

backbones are comprised of alternating C-C and C=C bonds. Electrons delo-

calized along the conjugated backbone give rise to the semiconducting behavior

of these polymers. Polymer solar cells can be processed from solution in organic

solvents, and thin film architectures can be employed because of the high optical

absorption coefficients, resulting in low material consumption. Together with

low material costs these properties make OPV a prime candidate for inexpensive

photovoltaics.

In contrast to inorganic crystalline semiconducting materials, organic semi-

conductors have low dielectric constants, ϵ ≈ 2–4, [17] versus 11.97 for silicon

[18]. The low dielectric constant means less electrostatic screening between elec-

trons and holes, and in turn a larger attractive force. Electrons and holes in

these systems therefore tend to bind together in charge neutral quasi particles

known as excitons. In inorganic materials of high ϵ such as silicon, excitons are

not stable at room temperature, but the high exciton binding energies in organic

systems, on the order of 0.3–1 eV [17, 19], is much higher than the thermal en-

ergy, meaning that the primary photoproducts in OPV materials are excitons,

see section 2.4.3. A way to split the excitons was presented in 1979 when Tang

introduced the donor-acceptor bilayer, initially achieving a conversion efficiency
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1.2 Photovoltaics 17
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Figure 1.3. Schematic of an organic heterojunction solar cell. Excitons optically

excited from the highest occupied molecular orbital (HOMO) to the lowest unoccupied

molecular orbital (LUMO) in the p and n type semiconducting phases do not have

enough energy to dissociate in the bulk, but if the band offset at the interphase is

larger than the exciton binding energy, it provides a pathway for exciton dissociation.

of 1 % [20, 21]. This architecture consists of a heterojunction between two

phases of organic semiconductors named donor(-p) and acceptor(-n), analogous

to the two doped regions of the inorganic p−n junction. Excitons are separated

by the energy offset at the donor-acceptor interphase, see Figure 1.3. The sep-

arated electrons and holes can subsequently be collected in external electrodes.

Organic photovoltaics falls into a category that has been named excitonic solar

cells [22]. These types of cells are characterized by having the electron-hole

pairs photogenerated in a material bound in excitons, and subsequently having

the free charge carriers simultaneously generated and separated across a het-

erointerphase. This is in contrast to the inorganic p−n junction cells where free

carriers are generated throughout the bulk of the semiconductor. In excitonic

solar cells the driving force that spatially separates the electrons and holes is

the chemical potential gradient created by the population of holes generated at

p side of the interphase, driving them towards the positive electrode, and the

population of electrons generated at the n side, driving them towards the neg-

ative electrode. Conversely, in a p− n junction the driving force that separates

the free charge carriers is the intrinsic electric field.

A major breakthrough in OPV was the application of C60 fullerenes and their

derivatives, such as [6,6]-phenyl-C61-butyric acid methyl ester, PCBM [23], as

the n type electron acceptor. Electron transfer from a conjugated polymer to a

fullerene derivative was independently shown by Heeger et al. [24] and Yoshino

et al. [25] in the early 1990s. The strong electronegativity and high electron
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18 Photovoltaics 1.3

mobility of the C60 derivatives have made them the standard n-type material

for OPV applications. The first planar hetero junction solar cell based on C60

was shown in 1993 [26].

As the photogenerated excitons have to diffuse to the donor-acceptor in-

terphase to be separated, recombination of excitons before they reach the in-

terphase represent an important loss mechanism in OPV. Owing to their low

excitation lifetimes and slow diffusion, the exciton diffusion length in most OPV

materials is typically below 20 nm, meaning that only the excitons generated

within 20 nm of the interphase will contribute to the cell current [27]. This lim-

itation can be overcome by mixing the donor and acceptor to achieve a ‘bulk’

interphase of higher surface area than the planar interphase, see Figure 1.4.

Here the distance the exciton has to travel to reach the interphase can be sig-

nificantly reduced. The concept was first demonstrated by Hiramoto et al. by

co-evaporation of relatively small donor and acceptor molecules [28]. The first

efficient cells based on bulk heterojunctions were independently reported in 1995

by the groups of Heeger [29] employing a polymer - C60 blend, and Friend [30]

employing a polymer - polymer blend. Efficiencies were on the order of 3 %.
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Figure 1.4. Two types of interphase between the p (white) and the n (grey) phases.

(a) planar interphase. (b) bulk interphase. The bulk interphase significantly reduces

the distance the exciton has to travel before being split into a free electron and -hole.

Currently, energy conversion efficiencies exceeding 10 % have been achieved

with OPV technology [14], making it a promising approach for inexpensive solar

cell applications in the future.
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1.3 Photovoltaics 19

1.3 Dye sensitized solar cells

Another type of excitonic cell that has gained popularity recently is the dye

sensitized solar cells (DSSCs) [31]. The unique feature of these cells is that

light absorption, electron transport, and hole transport are each handled by a

separate material. Light absorption takes place in a sensitizing dye anchored to

a wide-bandgap semiconductor such as TiO2, SnO2 or ZnO which acts as the

electron acceptor [32]. The hole acceptor is typically an ionic redox couple in

solution [33]. In this type of excitonic solar cell the exciton is generated and

split at the same position, and no exciton diffusion is necessary. The operating

principle of a DSSC is shown schematically in Figure 1.5.
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Figure 1.5. Operating picture of dye sensitized solar cell. (a) Spatial picture: An

exciton is created and split at the interphase between the oxide and the electrolyte.

The resulting free electron travels through the oxide phase to reach the negative elec-

trode while the hole is shuttled to the positive electrode by the electrolyte. (b) Energy

picture: The dye has a HOMO-LUMO gap corresponding to wavelengths in the solar

spectrum, and the energy level of the LUMO favours injection into the conduction

band of the oxide. The electrolyte redox couple has a redox potential above the

HOMO of the dye, enabling hole transfer to the redox couple in the electrolyte, which

is subsequently reduced at the counter electrode as the hole is extracted.

It was O’Regan and Grätzel who first presented an efficient DSSC in 1991

[34]. They employed TiO2 nanoparticles sintered together to form a meso-

porous film with a surface area many times larger than bulk. This dramatically

increased the number of dye molecules that would anchor to the oxide surface,
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20 Photovoltaics 1.4

and in turn the light absorption. The initial efficiencies reported by O’Regan

and Grätzel were as high as 7.9 % [34]. After the initial discovery, the concept

was optimized by employing organometallic ruthenium based complexes [35],

and the iodide/triiodide (I−/I−3 ) redox couple [36, 37]. The current efficiency

record for DSSCs is 11.9 % [14].

1.4 Future concepts

In section 1.1 we saw that an important energy loss channel in a photovoltaic

cell is the thermalization of carriers excited far above the semiconductor band

edges. Therefore various new theoretical PV concepts have been proposed to

collect the excess energy of the photoexcited charge carriers and potentially

increase the energy efficiency of a PV cell beyond the SQ limit of 33.7 % (see

[12] and section 3.A). One of these prospective concepts is called hot carrier

solar cells [38]. Here the thermalization losses are expected to be avoided

by extracting the high energy ‘hot’ photoexcited carriers by suitable contacts

before they thermalize. These hot carrier devices are theoretically able to pro-

duce very high photovoltages and light-to-current conversion efficiencies beyond

60 % [6]. Another concept for utilizing the excess energy of the photoexcited

carriers is based on a process called carrier multiplication (CM) [39, 40]. In this

process, the excess energy of a high energy photoexcited electron and/or hole is

transferred to additional electron-hole pair(s) excited across the bandgap. The

increased number of photogenerated electron-hole pairs give rise to a higher

photocurrent, and theoretical conversion efficiencies as high as 44.4 % have

been predicted, [41] and section 3.A.

Many of the photovoltaic concepts presented in the sections above will be

touched upon in the following chapters of this thesis: Using time resolved THz

spectroscopy described in the next chapter, we quantify the efficiency of carrier

multiplication type processes in two very different systems, explore the photo-

products in new organic semiconducting materials and study the charge carrier

transport in colloidal TiO2 films commonly used in DSSCs.


