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Dye-sensitized solar cells (DSSCs) and perovskite solar cells are emerging as promising po-

tential low-cost alternatives to established crystalline silicon photovoltaics. Of the employed

functional materials, however, many fundamental optoelectronic properties governing pho-

tovoltaic device operation are not sufficiently well understood. This thesis reports on a

series of studies using ultrafast THz and photoluminescence spectroscopy on two classes of

such materials, providing insight into the dynamics of charge-transport and recombination

processes following photoexcitation.

For TiO2-nanotubes, which have been proposed as easy-to-fabricate electron transporters

for DSSCs, fast, shallow electron trapping is identified as a limiting factor for efficient charge

collection. Trapping lifetimes are found to be about an order of magnitude shorter than

in the prevalently employed sintered nanoparticles under similar excitation conditions and

trap saturation effects are not observed, even at very high excitation densities.

In organo-lead halide perovskites - specifically CH3NH3PbI3 and CH3NH3PbI3−xClx, which

have only recently emerged as highly efficient absorbers and charge transporters for thin-

film solar cells, carrier mobilities and fundamental recombination dynamics are revealed.

Extremely low bi-molecular recombination rates at least four orders of magnitude below the

prediction of Langevin’s model are found as well as relatively high charge-carrier mobilities

in comparison to other solution-processable materials. Furthermore a very low influence

of trap-mediated recombination channels was observed. Due to a combination of these

factors, diffusion lengths reach hundreds of nanometres for CH3NH3PbI3 and several microns

for CH3NH3PbI3−xClx. These results are shown to hold for both, solution processed and

vapour-deposited CH3NH3PbI3−xClx and underline the superb suitability of the materials

as absorbers in solar cells, even in planar heterojunction architectures.

The THz-frequency spectrum of the conductivity of the investigated perovskites is con-

sistent with Drude-like charge transport additionally exhibiting weak signatures of phonon

coupling. These coupling effects are also reflected in the luminescence of CH3NH3PbI3−xClx,

where they are believed to be the cause of the observed homogeneous spectral broadening.

Further photoluminescence measurements were performed at temperatures between 4 K and

room temperature to study the nature of recombination pathways in the material.
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1

Introduction

Photovoltaic (PV) energy conversion is not at all a new technology. In fact the first

patent of a device producing an electric voltage upon irradiation with visible light

dates back to 1941 [1, 2]. Even solar cells with relatively high efficiencies on the order

of 20 % have been available for more then 30 years [3]. However, it was not until

the past few years, that solar energy from photovoltaic cells contributed any notable

amount to grid-electricity generation. After the strong political incentivization in

the past decade, installed PV capacity has seen a rapid rise from 1.3 GW in 2000 to

136.7 GW in 2013 [4]. However, in spite of the dramatic decrease in module costs

that has recently been achieved, photovoltaic energy conversion still faces a number

of issues on its way to become competitive to the dominant conventional grid energy

source coal [5]. These on one hand include infrastructural provisions to cope with

the intermittent nature of solar power. On the other hand further cost reductions are

required to alleviate the need for high up-front investment and government subsidies.

The commercially most successful technology at present is based on a p-n-junction in

crystalline silicon and offers high efficiencies (up to 25 % [3]), very good longevity and

reliability. Silicon solar-cell- and solar-cell-production technologies have advanced to

a very mature and highly optimized state, such that costs for large scale production

are now primarily dominated by material costs [6], which impose a fundamental limit

on the potential future price development for photovoltaic energy conversion based

1



2 1. INTRODUCTION

on silicon. In order to achieve significant further reductions, it therefore appears to

be inevitable to explore alternative PV technologies that either require less mate-

rial, cheaper materials or materials that can be processed in a cheaper way. Thin

film solar cell technologies are a highly active field of research aiming to offer such

low-cost alternatives to crystalline silicon based photovoltaics at similarly high power

conversion efficiency, reliability and longevity [6, 7, 8, 9, 10]. Several approaches are

currently being pursued based on a variety of device architectures and employing an

even broader variety of functional materials. For many of these materials, funda-

mental optoelectronic properties governing photovoltaic device operation are not yet

sufficiently well understood to create a complete and consistent picture of the under-

lying physics. Often however, such in-depth knowledge is the key to fully exploiting

the potential of these materials in terms of device performance and reliability.

This thesis reports on a series of experimental studies conducted on the dynamics

of photoexcited charge carriers in materials recently employed in two low-cost thin-

film solar cell designs, the dye-sensitized solar cell (DSSC) and the perovskite solar

cell. The DSSC was invented in the early 1990s [11] and has since seen continuous

improvement through optimization of materials and processing methods [7]. Organic-

inorganic hybrid perovskites were only discovered a few years ago to be highly suitable

absorber materials for sensitized solar cells additionally exhibiting semiconducting

properties [12, 13, 14]. This has lead to the emergence of a new class of devices

branching off from the sensitized device architecture, currently attracting great re-

search interest due to their extremely promising power conversion efficiencies [8, 9, 10]

Both, dye-sensitized and perovskite solar cells are introduced in detail in Chapter 2.

The main experimental techniques employed in this work - optical-pump-THz-probe-

and photoluminescence spectroscopy - are described in Chapter 3. These techniques

allow to perform time-resolved investigations of charge transport and recombination

processes with nanosecond to picosecond resolution.
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TiO2 nanotubes grown by anodization of Ti foil have been considered as promising

alternatives to sintered TiO2 nanoparticles as electron transport materials in dye-

sensitized solar cells. However, in spite of more direct electron percolation paths

from the point of injection to the outer electrode, no enhancement of charge collec-

tion has been found so far. The work reported in Chapter 4 reveals unusually fast

electron trapping in TiO2 nanotubes more than an order of magnitude faster than

in nanoparticles, which can be linked to inhibited carrier diffusion within a multi-

trapping transport model. Evidence is found that the corresponding trap states are

not predominantly concentrated at the surface of the tubes and that a variation of

the wall thickness via the anodization temperature has at most small influence on

trapping lifetimes. Extracted THz carrier mobilities are similar in TiO2-nanotubes

and sintered TiO2-nanoparticles.

The organo-lead halides CH3NH3PbI3 and CH3NH3PbI3−xClx are currently the most

successfully employed active materials in perovskite solar cells [15, 16, 17]. In Chap-

ters 5 and 6 it is shown that both compounds, prepared in the same mesoporous

morphology as found in devices, exhibit exceptionally low mono-molecular and bi-

molecular charge-carrier decay rates, undercutting the theoretical value from the

Langevin model by at least 4 orders of magnitude. Lower bounds for the THz

charge-carrier mobility of 11.6 cm2/(Vs) for CH3NH3PbI3−xClx and 8 cm2/(Vs) for

CH3NH3PbI3 are established, which are remarkably high for solution-processed ma-

terials. Carrier diffusion lengths are deduced as a function of charge density and values

exceeding a few microns for CH3NH3PbI3−xClx are obtained under typical device op-

erating conditions. In CH3NH3PbI3, diffusion lengths are a factor ∼4 lower because of

higher mono- and bi-molecular recombination rates. Together, these findings under-

line the suitability of organo-lead halides also for planar-heterojunction device struc-

tures, first reports of which were surfacing simultaneously to the conclusion of this

work. Following this trend, a similar study is performed on solid, vapour-deposited

films of the mixed halide perovskite CH3NH3PbI3−xClx, where charge-carrier mobil-
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ities ≥ 33 cm2/(Vs) and similarly low bi-molecular recombination rates as for the

mesostructured material are determined. Diffusion lengths are shown to be only

limited by slow mono-molecular decay processes, and approach three microns under

realistic solar cell operating conditions. THz photoconductivity spectra are consistent

with Drude-like charge transport and show no signs of localization effects.

A further investigation reported in Chapter 7 focusses on the unclear nature of the

radiative decay channels in organo-lead halide perovskites, which show strong and

broad photoluminescence (PL) around their bandgap energy of about 1.6 eV. In order

to reveal the spectral broadening mechanisms in vapour-deposited films of CH3NH3-

PbI3−xClx time- and excitation-energy dependent photoluminescence spectroscopy is

used. It is shown that the PL spectrum is homogeneously broadened with a line width

of 103 meV most likely as a consequence of phonon coupling effects. Further analysis

reveals that defects or trap states play a minor role in radiative decay channels.

Photoluminescence and optical absorption studies are extended to low temperatures in

Chapter 8 to supplement the proposed interpretation of spectral broadening through

a polaronic mechanism. The transition of the CH3NH3PbI3−xClx-films to a low-

temperature phase, which has been anticipated based on the well-known transition in

CH3NH3PbI3 at 160 K, is located and found to occur with large hysteresis. Recom-

bination dynamics are investigated in this phase and an accelerated charge-carrier

decay is observed. However, rather than suggesting intrinsically higher rate constants

at low temperature, the data points towards the existence of scarce inclusions of do-

mains of the high-temperature phase, in which a large fraction of photoexcited carriers

agglomerates and subsequently recombines.



2

Background

2.1 Dye-Sensitized Solar Cells

One of the great challenges in designing cheap yet efficient solar cells is to find ac-

tive materials fulfilling a broad variety of requirements simultaneously. These are

economic requirements such as price and abundance, technical requirements includ-

ing large scale, low energy processability, and physical requirements such as strong

optical absorption, a suitable bandgap, good charge conductivity and long photoex-

cited carrier lifetimes. The concept of the dye-sensitized solar cell (DSSC), pioneered

by O’Regan and Grätzel [11] in the early 1990s aims to tackle some of these tough

constraints by employing separate materials for light harvesting (absorption) and

transport of the separated charges to the contacts of the device.

In a typical DSSC, incident light is absorbed by a dye which is deposited as a single

molecular layer on a porous semiconductor. This geometry allows for the generated

free electrons to rapidly transfer to the conduction band of the semiconductor, which

acts as the electron transport material (ETM) and enables electrons to travel to the

anode contact while the absorber itself is usually an insulator. The resulting nanos-

tructure is infiltrated with either a redox electrolyte or a solid state hole transport

material (HTM) for conduction of the holes to the cathode contact. Figure 2.1 shows

a simplified sketch and energy level diagram of a typical DSSC. Before proceeding

5
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Figure 2.1: Simplified sketch and energy diagram of a dye sensitized solar cell. Note that

ETM, dye and HTM layers are drawn flat for clarity, while the actual structure is meso-

porous (see Figure 2.5(a)).

with a systematic description of its photovoltaic operation, the most important rela-

tive advantages and drawbacks of the DSSC with respect to conventional, crystalline

silicon based devices shall be summarized.

Among the benefits of DSSCs is a high degree of tunability of the absorption spectrum

through the choice of an appropriate dye, which also makes these devices suitable for

application in semi-transparent glazing or as architectural design elements. Moreover,

so called tandem cells can in principle defy the fundamental Schockley-Queisser-Limit

for single junction cells [18], if the absorption edges of the individual light harvesters

are well engineered [19, 20, 21]. Due to the very high extinction coefficients achievable

in many dyes the overall thickness of the device can be reduced a few micrometers

[22], which in turn tremendously brings down material costs for DSSCs.

On the downside, as a consequence of the separation of absorber and transporters,

at least two injection steps are involved in the charge extraction process, which are

both inevitably accompanied by a certain potential drop. Therefore, the open circuit

voltage of the cell is significantly reduced with respect to the energy difference between



2.1. DYE-SENSITIZED SOLAR CELLS 7

ground state and excited state of the absorber. Another performance-limiting factor

arises from the nanostructured morphology of the electron extracting semiconductor.

Due to their high surface-to-volume ratio, nanostructured materials naturally exhibit

a higher concentration of interband states than their bulk counterparts as a direct

consequence of the lattice discontinuity and often through increased adsorption or

incorporation of impurities. These interband states act as traps for charge carriers

limiting their mobility and often facilitating recombination. [23, 24, 25] Providing a

clearer picture of transport limiting processes in nanostructured TiO2, the most widely

used electron extraction material in DSSCs and the possible benefits of using ordered,

tubular structures instead of sintered nanoparticles is the objective of Chapter 4 of

this thesis.

Aside from factors directly relating to power conversion efficiency, further challenges

in the development dye-sensitized solar cells pertain chemical stability, especially of

the employed dye in the presence of oxygen or moisture, which reduce the overall

usable lifetime of the device. Fortunately, great progress has been made on this issue

with certain compositions suffering only moderate performance degradation under

accelerated ageing tests over several thousand hours [7, 26].

2.1.1 Photovoltaic Operation

The essential processes governing photovoltaic power conversion in dye-sensitized so-

lar cells can be summarized as follows. (Note that despite this list being numbered

the enumerated processes do not necessarily take place in strictly the listed order.)

1. Photoexcitation of the dye

2. Electron transfer (injection)

3. Hole transfer (dye regeneration)

4. Electron transport to the anode contact



8 2. BACKGROUND

5. Hole transport to the cathode contact

Efficient charge separation requires that, upon photoexcitation, electrons are rapidly

injected into the conduction band of the electron transport material to avoid charge

recombination on the dye. Successful material combinations often exhibit sub-ps in-

jection dynamics which are facilitated by favourable energy level alignment and the

fact that the electron wavefunction of the excited state of the absorber is concen-

trated close to the surface of the accepting semiconductor [27]. Although the charge

injection process is often described in terms of electron transfer being followed by

regeneration of the dye from the hole transporter, the reverse order process is also

possible. Rapid hole extraction in systems with solid state HTMs has been shown to

have a substantial effect on the efficiency of electron injection as it causes an energy

shift of the lowest unoccupied molecular orbital (LUMO) of the dye and thereby al-

ters its relative alignment to the conduction band of the ETM (reductive quenching).

[28, 29].

Electron transport to the contacts is dominantly driven by diffusion rather than drift

due to electric field screening by the HTM [30]. As mentioned above, nanostructured

semiconductors often show inhibited charge transport due to the presence of interband

trap states. A widely accepted model for conductivity in TiO2 nanoparticle matrices

assumes a distribution of shallow traps below the conduction band edge from which

carriers can escape (’detrap’) again thermally. [31, 32, 33] As a prediction of this

model, the conductivity of the nanostructure becomes dependent on electron density

due to trap-filling effects [34]. At the same time it has been observed that recombi-

nation rates R of electrons with holes either on the oxidized dye or the hole transport

material show a similar dependence such that the diffusion length LD =
√
Dτ with

the diffusion constant D = µ · kBT/e (µ: carrier mobility) and the recombination

lifetime τ = 1/R becomes constant over a wide range of densities. [35] A possible

interpretation of these observations leads to a model of kinetic (’transport-limited’)
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recombination, which essentially assumes that recombination occurs once an electron

travels through the capture radius of a hole. As a consequence, an increase in electron

mobility, for example through reduction of the trap density, would not lead to more

efficient charge collection [34, 36].

An alternative interpretation could be termed ’trap-limited recombination’ building

upon the result of several studies showing that recombination of electrons with holes

on the HTM is mediated by surface traps states on the nanostructured TiO2 [23, 24,

25, 37]. Equally to the transport-limited model it results in simultaneously increasing

conductivity and recombination with electron density rate. However, in the trap-

limited model, a conductivity enhancement through the reduction of trap density is

expected to lead to an increase in diffusion length.

2.1.2 Materials and Device Architectures

The original DSSC design employed a ruthenium-based charge-transfer dye sup-

ported by a 10µm thick layer of sintered TiO2 nanoparticles with an average di-

ameter of about 15 nm [11]. An iodide-triiodide liquid electrolyte was used as

a hole transporter. Concerns regarding the feasibility of appropriate sealing for

cells containing liquid components have subsequently directed much of the atten-

tion towards all-solid-state dye-sensitized solar cells (sDSSCs) after their success-

ful demonstration by Bach et al. [38]. This trend continues despite the fact that

even to date these devices have only reached about half of the power conversion

efficiency (6.1 % [39]) of those using liquid electrolytes (13 % [40]). Interestingly

the by far most widely used solid state hole transporter 2,2’,7,7’-tetrakis-(N,N-di-p-

methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD) is still the same material

as the one employed by the first sDSSC reported. The same applies to the electron

transporting semiconductor TiO2.

TiO2 exists in three different crystallographic morphologies, anatase, rutile and
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brookite, out of which the first plays the prevalent role in DSSC applications. There-

fore, in this thesis, the formula TiO2 is used in short for anatase TiO2 unless explicitly

stated otherwise. TiO2 is an indirect, wide-gap semiconductor with a band gap en-

ergy of 3.2 eV [41] corresponding to an absorption onset in the ultraviolet at about

390 nm. Any possible charge-carrier generation in DSSCs through absorption in TiO2

therefore plays at most a negligible role as only about 3 % of the solar intensity

spectrum extends into the UV range beyond this wavelength. The electron mobility

in single crystalline anatase at room temperature of 15 cm2/(Vs) as determined by

means of hall effect measurements [42] is relatively low in comparison to other in-

organic semiconductors commonly employed in solar cells such as silicon or gallium

arsenide, which exhibit room temperature mobilities on the order of 1000 cm2/(Vs)

and 8000 cm2/(Vs), respectively [43]. The polaronic nature of carriers in the mate-

rial at moderate electron densities provides an explanation for the low conductivity

observed [44]. For nanoparticulate TiO2 even lower mobilities four to six orders of

magnitude below the bulk single crystal value have been determined using time of

flight [45] and transient photocurrent [46] measurements. This discrepancy has been

subject of several studies and was by most authors attributed to the abovementioned

multi-trapping phenomenon [36, 37, 47, 48, 49, 50, 51]. Studies using THz spec-

troscopy, which provide a figure for the ‘local’ and ‘quasi-instantaneous’ mobility (i.e.

with carrier displacements much smaller than the particle size and at early times after

charge-carrier generation and before significant trapping is likely to have occurred)

have indeed revealed values closer to the single crystal mobility (0.01− 0.1 cm2/(Vs))

[52, 53]. A calculation by Hendry and co-workers suggest that the remaining dis-

crepancy can be accounted for by the strong electric field screening effects due to the

permittivity of TiO2 [52].

In DSSCs using liquid electrolyte hole transporters, charge recombination rates have

been found to be exceptionally low such that despite the relatively low charge-carrier

mobilities of TiO2, diffusion lengths reach the order 40−70µm [35], which exceeds the
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typical thickness of the DSSC active layer (3− 10µm) [7, 40] enabling near complete

electron collection. This ratio becomes less favourable in solid state DSSCs, where

faster interfacial charge recombination and diffusion lengths of only about 6µm have

been determined under full sun operating conditions [54, 55]. Insufficient diffusion

length might be partly accountable for the inferior power conversion efficiency of

devices with solid state hole transporter. However, another factors, which is believed

to play an at least equally important role is related to de-wetting of the pores following

the infiltration of the nanostructure with the dissolved hole transporter leaving behind

areas of un-contacted dye [56].

Although many attempts have been taken to create efficient DSSCs based on other

wide-gap semiconductors as ETMs with higher carrier mobilities such as SnO2 or ZnO

[57, 58], efficiency records are still held by devices based on sintered TiO2 nanoparti-

cles [39, 40].

2.1.3 TiO2 Nanotubes

An alternative approach to improving electron extraction in DSCs without the need to

abandon TiO2 as the semiconductor material seeks to replace the dominant nanopar-

ticulate topology by one-dimensional structures such as nanorods of nanotubes, which

ought to provide a more direct percolation path for electrons to the anode contact.

A sketch of corresponding device structures is shown in Figure 2.2. TiO2 nanotubes

can be easily and cheaply fabricated by an anodization process [59]. For this a ti-

tanium electrode is placed in a suitable fluorine-containing electrolyte together with

a platinum counter-electrode. Under an applied voltage of between a few and a few

ten volts the titanium is oxidized while, once a compact layer has formed, diffusion

of fluoride ions into the material leads to etching of pores. In an equilibrium be-

tween dissolution and oxidation, growth of regular arrays of TiO2 nanotubes can be

achieved [60]. It has been found that control over the tube diameter can be exerted
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Figure 2.2: Sketch of possible structures of dye-sensitized solar cells based on TiO2 nanopar-

ticles (a) and TiO2 nanotubes (b) as their electron transport material.

via the anodization voltage while anodization temperature has a strong influence on

tube wall thickness [61].

As-anodized TiO2 nanotubes are amorphous; therefore an annealing step is required

to obtain polycrystalline material in either anatase or rutile structure depending on

the annealing temperature used (roughly: > 250◦C for anatase, > 450◦C for rutile

[62]).

Several attempts have been undertaken to fabricate dye-sensitized solar cells based

on TiO2 nanotubes [63, 64, 65, 66]. However, in spite of respectable power conversion

efficiencies of up to 7.37 % [67] that have been achieved using a liquid electrolyte

hole transporter, it has not been possible to break the records set by nanoparticle-

based devices or demonstrate superior performance of nanotube-based ones in a direct

comparison. [64]

An obvious drawback of nanotubes (and other 1-D nanostructures) in comparison to

nanoparticles with respect to DSSC applications is their lower specific surface area,

which leads to a slightly higher thickness required to support a sufficient amount

of dye for complete absorption of the incident light. This in turn further increases

the demands on diffusion length. A comparative study of solar cells employing TiO2
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Figure 2.3: Comparison of collection time (here referred to as ’transport time’, from

intensity-modulated photocurrent spectroscopy (IMPS)) (a) and recombination lifetime

(from intensity-modulated photovoltage spectroscopy (IMVS))(b) in TiO2 nanotube- and

nanoparticle-based DSSCs as a function of incident photon flux. Reprinted with permission

from [64]. Copyright (2007) American Chemical Society.

nanoparticle and nanotube films of the same thickness has revealed markedly en-

hanced recombination lifetimes for nanotubes, which may provide the necessary in-

crease in diffusion length (see Figure 2.3. Reprinted with permission from [64]. Copy-

right (2007) American Chemical Society.). However, faster charge collection owing

to shorter percolation paths has surprisingly not been observed, which suggest that

electron mobility in TiO2 nanotubes might on the other hand be reduced. This could

be preventing nanotubes from unfolding greater potential as electron transporters

in DSSCs. The study in Chapter 4 investigates the fundamental charge-carrier dy-

namics in this material with the intention to unravel the mechanisms underlying the

observation of possible transport limiting effects in TiO2 nanotubes.
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2.2 Organometal Perovskite Solar Cells

The name perovskite in its original meaning refers to a mineral composed of CaTiO3.

However, the term is also used collectively for compounds of the chemical formula

ABX3 adopting the perovskite structure depicted in Figure 2.4. In its undistorted

form, this structure consists of a cubic lattice of A-cations with body-centred B-

cations and face-centred X-anions. From a perspective of the B-cation, the structure

can be described in terms of surrounding, corner-sharing octahedral cages formed by

X- anions with A-cations filling the voids in between these octahedra.

The present work studies a hybrid from of perovskites, in which an organic molecule

replaces the (usually inorganic) A-cation. This modification makes these materials

suitable for low-temperature solution processed fabrication routes [68], which intro-

duces a major advantage towards low-cost large-scale device applications. As several

organic-inorganic perovskites exhibit semiconducting properties, notable research ef-

forts targeted at applications in thin-film transistors and light-emitting diodes were

undertaken in the 1990s [69]. Investigations into this novel material class penetrated

a large spectrum of varieties that hybrid perovskites can exist in, which also include

0D- and 2D- structures composed of larger organic A-cations separating layers of

BX-octahedra or isolating individual octahedra.

First attempts to employ hybrid perovskites in solar cells were reported in 2006 by

Kojima et al. using the (3D) compound methylammonium lead bromide (CH3NH3-

PbBr3) as an absorber in a device architecture entirely analogous to a liquid-

electrolyte dye-sensitized solar cell [12]. It was possible to improve the obtained

power conversion efficiency of 2.19 % in the following years by optimization of the

processing conditions and by moving to the triiodide perovskite CH3NH3PbI3, which

exhibits a more favourable bandgap than CH3NH3PbBr3 [70, 71]. The breakthrough

however was only achieved through a shift from liquid electrolyte hole transporters,
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Figure 2.4: Sketch of the perovskite crystal structure. White: A-cation, red: B-cation, blue:

X-anion.

which were found to rapidly decompose the perovskite, to the solid-state material

spiro-OMeTAD, leading to the demonstration of device efficiencies around 10 % by

two different groups in 2012 [13, 14].

The unique quality of organo-lead halides as solar cell sensitizers can be seen in

a combination of solution-processability and strong optical absorption on one hand

with good semiconducting properties on the other hand. Being able to transport

photoexcited charge carriers, perovskite absorbers gain a tremendous advantage over

dye sensitizers, due to the fact that they are not restricted in thickness to molecular

mono-layers. This in turn enables much thinner active layers down to a few hun-

dred nanometres and hence shorter distances for the extraction of photogenerated

charges [15, 16, 72]. Upon this realization it was then discovered that solar cells using

the mixed organo-lead halide CH3NH3PbI3−xClx do not even require the electron-

transporting mesoporous TiO2 and in fact work more efficiently with the perovskite

deposited on a passive Al2O3-scaffold, the conduction band edge of which is lies too

high to allow electron injection [14].
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From this point on, the further development of perovskite solar cells divided up into

two paths pursuing two different designs. The first type may be categorized as a

sensitized architecture, where the pure triiodide material CH3NH3PbI3 is still de-

posited on mesoporous TiO2 [13, 16, 73], whereas the second type abandons the

electron-transporting scaffold and relies on the apparently superior charge-extraction

performance of the mixed halide material CH3NH3PbI3−xClx [14, 15, 72]. The ben-

efit of the latter approach arises from the fact that the potential drop required by

the electron injection step can to some extent be avoided and the open circuit volt-

age of the cell can thereby be increased [14]. Alternative to replacing mesoporous

TiO2 by Al2O3 for this purpose it has later been demonstrated that devices based on

planar heterojunction architectures without any mesostructured scaffold can be real-

ized with at least equally high power conversion efficiencies [15, 72, 74]. This again

opens up possibilities for using a wider range of fabrication routes, such as vapour

deposition techniques, which are capable of producing particularly homogeneous and

reproducible films [15].

For both types of perovskite solar cells with and without electron transporter, remark-

able progress in device performance has been made within less than two years through

careful optimization of the processing routes. At present, the highest published power

conversion efficiencies have reached the mark of 15 % for both types [15, 16]. Interest-

ingly the composition of the main functional materials (HTM, absorber, ETM) have

not changed during this time.

While earlier research on organic-inorganic perovskites had a rather broad scope en-

compassing a large variety of material sub-classes, the recent surge of interest stimu-

lated by the development of perovskite solar cells has focussed the greatest part of the

attention on the two record-efficiency materials CH3NH3PbI3 and CH3NH3PbI3−xClx.

Yet, the understanding of the fundamental optical and electronic properties of these

systems is still at an early stage and a complete and detailed picture of the photo-
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voltaic operation of perovskite solar cells is still emerging. In this work, ultrafast time-

resolved studies of charge-carrier dynamics in CH3NH3PbI3 and CH3NH3PbI3−xClx

are conducted to reveal the fundamental transport and recombination processes in

these materials. Results obtained through THz- and photoluminescence spectroscopy

are presented, which contribute to a better understanding of how organo-lead halide

perovskites achieve such ground-breaking performance in solar cells and where fur-

ther potential improvements are possible. The following section briefly reviews the

current state of knowledge and the most important open questions in respect of the

optoelectronic properties of the materials.

2.2.1 Optoelectronic Properties of Organo-Lead Halide Per-
ovskites

Perhaps the most relevant figure among the optoelectronic properties of a photovoltaic

absorber material is its intraband absorption onset. For the compounds of interest

here, in which exciton binding energies are relatively small (see below), the absorption

onset is located close to the band gap energy. In Table 2.1, reported values are

summarized for the two materials, CH3NH3PbI3 and CH3NH3PbI3−xClx, which are

in the focus of this study, as well as for related materials with different organic

cation, metal-ion or halide-ion. In most of the cited studies, band gap energies were

obtained from optical absorption spectra, which is subject to uncertainties as an exact

physical description of the nature of the onset is not yet available. Although band

structure calculations unanimously indicate a direct band gap [75, 76, 77, 78] (see

also Figure 8.1) and provide a description of the curvature of the band edges, which

allows for a simulation of the absorption onset, the effects of excitonic enhancements

cannot be appropriately accounted for at this point. Therefore, a rigorous distinction

between the position of the absorption onset and the bandgap energy is not applied

in this context.
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Material Eg Method / Ref. Comment

CH3NH3PbI3 1.678 OA [79]
1.65 OA / PL [80]

1.52 - 1.54 PC [81]
1.5 OA [13] on mesoporous TiO2

1.54 OA [82]
1.57 OA [83]
1.57 OA [84]
1.6 OA [85]

CH3NH3PbI3−xClx 1.55 IPCE [14]
1.6 OA [85]
1.6 OA this work

CH3NH3PbBr3 2.33 OA / PL [80]
2.35 OA [86]
2.29 OA [84]

CH3NH3PbCl3 3.12 OA / PL [80]
3.11 OA [86]

FAPbI3 1.48 OA [83]

CH3NH3SnI3 1.20 - 1.28 OA [82] dep. on preparation method

Table 2.1: Overview of the band gap energies (or optical absorption onsets) (Eg) of CH3NH3-

PbI3, CH3NH3PbI3−xClx and related 3D-organic-inorganic perovskites. Acronyms: OA -

optical absorption, OR - optical reflectance, PC - photocurrent, IPCE - incident photon

conversion efficiency, PL - photoluminescence, FA - formamidinium.
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It has been demonstrated that the absorption onset can be continuously tuned through

synthesis of the mixed halides CH3NH3PbI3−xBrx [84] and CH3NH3PbBr3−xClx [86]

with the appropriate mixing ratio x. This does however not appear to be possible in

the case of CH3NH3PbI3−xClx, where it was observed that only a small amount of

chlorine on the order of a few percent can be incorporated into CH3NH3PbI3, before

a second phase of CH3NH3PbCl3 is segregated [85]. For this reason the absorption

onset of the mixed halide compound is practically the same as for the pure triiodide.

The determination of only a small fraction of chlorine in CH3NH3PbI3−xClx is also

remarkable given the strongly enhanced charge collection capabilities observed.

The ideal value of the bandgap energy for a solar cell with a single absorbing transi-

tion is given by the Shockley-Queisser-Limit [18]. Under illumination by an AM1.5

solar spectrum the ultimate (i.e. highest theoretically possible) power conversion ef-

ficiency of 33.7 % can be attained by a device with an absorption onset at 1.34 eV ∗.

With regards to bandgap optimization, CH3NH3PbI3 is hence the ideal choice among

the methylammonium lead halides. Whether a major shift of the attention to FAPbI3

or CH3NH3SnI3 as absorbers with an even more ideal bandgap is likely to occur in

the near future depends on many other factors determining the suitability of the

materials for photovoltaic device applications, such as long-term stability under op-

erating conditions. Note that CH3NH3SnI3 comes with the additional advantage of

not containing the toxic element lead.

As mentioned before, the perhaps most crucial advantage of perovskite absorbers over

sensitizing dyes is their semiconducting behaviour, which strongly facilitates charge

extraction. Hence, two further very relevant quantities for their photovoltaic applica-

tion are their charge-carrier mobility and lifetimes. These properties are in the main

focus of this work on lead-halide perovskites. At the time the experimental stud-

ies for this thesis commenced, very little knowledge on charge-carrier dynamics in

∗The original publication states an ultimate efficiency of 44 % for an absorption onset at 1.1 eV
based on a black body radiation spectrum at T = 6000 K.
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CH3NH3PbI3 and CH3NH3PbI3−xClx existed. However, due to the surge of research

interest in this field, several other studies aimed at similar questions were conducted

very recently by other groups. The most important results shall be summarized in

the following. Stoumpos et al. reported very detailed structural, optical and elec-

trical data on bulk poly- and single-crystalline samples of several organic-inorganic

iodide perovskites including CH3NH3PbI3 and CH3NH3SnI3 [82]. Among these, elec-

tron mobilities of 66 cm2/(Vs) for CH3NH3PbI3 and 2320 cm2/(Vs) for CH3NH3SnI3

were determined by means of Seebeck- and Hall-Effect measurements. Stranks et

al. investigated the decay time and quenching of photoluminescence emission due to

hole or electron transfer from the perovskite to an adjacent layer of spiro-OMeTAD

or PCBM, respectively [87]. The authors modelled the carrier diffusion across the

distance from the point of photoexcitation to the interface, where the recombination-

preventing charge transfer occurs. With additional knowledge of the recombination

lifetimes of the material in absence of attached quenching layers, carrier diffusion

lengths of just over 1µm in CH3NH3PbI3−xClx and just over 100 nm in CH3NH3PbI3

could be extracted. The corresponding carrier lifetimes (at low excitation density)

are 273 ns (CH3NH3PbI3−xClx) and 9.6 ns (CH3NH3PbI3). Charge-carrier mobilities

of 1.8 - 2.3 cm2/(Vs) (CH3NH3PbI3−xClx) and 0.47-0.72 cm2/(Vs) (CH3NH3PbI3) can

be computed from the diffusion coefficients reported in the article. A similar study

of only CH3NH3PbI3 coming to very similar results for this material was conducted

by Xing et al. [88]. It remains unclear from these investigations however, whether

the reported diffusion lengths and mobilities are to be ascribed to free electrons and

holes or excitons.

Reported exciton binding energies in CH3NH3PbI3 range from 19 meV (from

temperature-dependent photoluminescence emission) [89] to 37 meV (from the dia-

magnetic shift of the absorption edge) [90]. For CH3NH3PbI3−xClx 55 meV were very

recently determined by D’Innocenzo et al. from the temperature-dependent width

of the lifetime broadened peak created by resonant excitonic enhancement of optical
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absorption at its onset [91]. Due to the closeness of these binding energies to the

characteristic thermal energy at room temperature (kBT ≈ 25.2 meV @ T = 293 K),

dynamically interchanging populations of both, free carriers and excitons have to be

considered. To the present day, a consistent picture of the coexistence of the the two

species is still emerging.

2.2.2 Fabrication of Active Layers for Perovskite Solar Cells

Typical perovskite solar cells are composed of the following components (see Fig-

ure 2.5):

• Glass substrate

• Transparent electrode: usually fluorine-doped tin oxide (FTO)

• Electron-selective contact (hole-blocking layer): usually compact TiO2

• Perovskite absorber layer: predominantly either CH3NH3PbI3 on mesoporous

TiO2 (sensitized mesostructured type) or CH3NH3PbI3−xClx on mesoporous

Al2O3 (ETM-free, meso-superstructured type) or compact CH3NH3PbI3−xClx

(ETM-free, flat heterojunction type)

• Hole transporter: usually spiro-OMeTAD

• Back contact: e.g. gold, silver or aluminium

In the vast majority of device studies on mesostructured cells, the TiO2 or Al2O3

nanoparticle layer is spin-coated [14, 16, 72], doctor-bladed [13] or screen-printed [73]

on top of the hole-blocking layer from a colloidal solution or paste. After drying

[72] and, if required, sintering [13], the perovskite precursor solution (CH3NH3I and

PbI2 for CH3NH3PbI3 or CH3NH3I and PbCl2 for CH3NH3PbI3−xClx in DMF or

γ-butyrolactone), which infiltrates the mesoporous oxide, is deposited in a further

spin-coating step [14, 72]. During subsequent annealing at temperatures of about
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Figure 2.5: Sketches of the structures of a typical dye-sensitized, perovskite-sensitized,

meso-superstructured perovskite, and planar heterojunction perovskite solar cells.
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100-150 ◦C the perovskite structure is formed [14, 74]. Alternatively, Burschka et

al. were able to prepare very high efficiency sensitized mesoporous cells by first spin

coating a solution of only PbI2 and then dipping the dried film into a solution of

CH3NH3I [16]. To prepare flat heterojunction cells, the precursor is spun directly

onto the hole-blocking layer [74, 92].

Solution processing techniques enable low-temperature, large-scale fabrication routes

for thin film devices. It is however challenging to control the homogeneity of such

films and to avoid defects such as short-circuiting pin-holes arising from de-wetting

effects [74]. An alternative process for very high-yield and high-quality perovskite

film production is dual-source vapour deposition [15]. The precursors (e.g. CH3NH3I

and PbCl2 for CH3NH3PbI3−xClx) are placed in two separate crucibles inside a high-

vacuum chamber. These are then heated to individually optimized temperatures to

create a vapour phase precursor with appropriate stoichiometry. Through condensa-

tion on the rotating substrates the film is grown. Finally, a similar annealing step is

required as for solution processed films to allow the perovskite structure to form [15].

Figure 2.6 shows a comparison of scanning electron microscopy images of CH3NH3-

PbI3−xClx films processed from solution and through dual-source evaporation.

In this thesis, attention is devoted to the properties of both, solution-processed (Chap-

ter 5) and vapour-deposited perovskites (Chapters 6 and 7).
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Figure 2.6: Scanning electron microscopy images of CH3NH3PbI3−xClx-films grown by dual-

source evaporation (a, c, e) and from solution (b,d,f). (a,b) Top-views of perovskite films

on compact TiO2/FTO/glass (i.e. the bottom half of the full device structure). (c-f) Cross-

sections of complete devices containing the perovskite as their absorber layer. Reprinted

with permission from [15]. Copyright (2013) Nature Publishing Group
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Experimental Techniques

Under investigation in this work are the dynamics of photoexcited charge carriers re-

lated to photovoltaic device operation. To study these processes experimentally, two

advanced, time-resolved techniques - THz- and photoluminescence spectroscopy - are

used. Both of these are based on a scheme in which the sample is first excited using

an (ultra-)short light pulse before a time-resolved measurement of the response of the

material is performed. In THz-spectroscopy, the transient conductivity provided by

photoexcited charge carriers is probed by a short pulse of THz radiation incident on

the sample at a precisely set time-delay with respect to the pump pulse. PL spec-

troscopy records the light emission from the various decay processes of photoexcited

charges. The following sections describe the details of the experimental implementa-

tion of these techniques in this work as well as the fundamental steps of the associated

data analysis.

3.1 THz Spectroscopy

Electromagnetic radiation can be used as a very versatile contactless probe for elec-

tronic processes in solids. Depending on the frequency range used, different inter-

actions can be exploited to obtain information on the electronic state of the system

[93, 94]. THz radiation, usually referring to radiation in the frequency interval be-

25
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tween about 100 GHz and 20 THz, interacts strongly with mobile charges and therefore

provides a means for studying the dynamics of those processes affecting the charge

conductivity of a material [95, 96, 97, 98, 99, 100]. Within the photovoltaics-related

context of this thesis these processes include charge injection, trapping and recom-

bination. Furthermore, by excitation or injection of a defined number of free charge

carriers into the material, the mobility of these carriers can be determined through

measurement of the change in transmittance of THz radiation.

THz spectroscopy constitutes a relatively modern field in experimental materials sci-

ence, since the generation and detection of THz radiation requires advanced methods

often relying on modern electronics or optical technology. Its applications overlap

with those of microwave-based techniques, which are also able to probe the dynamics

of mobile charges [101]; however, the time resolution of THz spectroscopy, which is

ultimately limited by the frequency of the probing radiation, is naturally much bet-

ter that that of microwaves and hence provides access to ultrafast processes on the

time-scale down to a few picoseconds.

3.1.1 Optical-Pump-THz-Probe Spectroscopy

As described in detail in Section 3.1.3, short, single-cycle THz pulses can be readily

generated from ultrashort laser pulses in the visible or near-infrared range. This

allows to work with precisely temporally correlated THz and optical pulses. In optical-

pump-THz-probe (OPTP) experiments, an ultrashort optical pulse excites the sample

before a THz pulse incident after a well-defined time-delay probes the response of

the material. This scheme, which the remainder of this sections describes in detail,

is sketched in Figure 3.1. OPTP spectroscopy is widely used in this work to study

the decay processes of photoexcited free charge-carrier populations by observing the

time-evolution of the photoinduced conductivity.

The detection of THz pulses is also conveniently accomplished in temporal correlation
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Figure 3.1: Sketch of the principle operation of an optical-pump-THz-probe experiment.

Note that a transmitted pump (excitation) pulse is drawn for better illustration of the

time-delay. In reality however, the excitation pulse is often fully absorbed in the sample.

Furthermore the gate-pulse does not propagate through the sample and is overlapped with

the probe pulse behind it (see Figure 3.2).

with ultrashort optical pulses using electro-optic sampling or photoconductive anten-

nas (see Section 3.1.4). These methods allow the full reconstruction of the electric

field waveform of the THz pulse in the time-domain. For this reason the described ex-

perimental technique relating to generation and detection of THz probe pulses is also

often referred to as THz time-domain spectroscopy (THz-TDS). As a consequence, not

only the change in the amplitudes but also in the phases of the frequency components

of the probe-pulse can be obtained through Fourier Transformation. This provides

access to the full complex photoconductivity spectrum. Furthermore analogous to ob-

serving the relative conductivity change upon photoexcitation, careful comparison of

the dark THz transmission of the sample to an appropriate reference (e.g., in the case

of a thin film, an exactly identical substrate) allows direct extraction of the complex

dielectric function in the THz range.
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3.1.2 Data Analysis

For a thin slab of material with thickness d � λ the complex sheet conductivity

can be calculated from the relative photoinduced THz transmission change ∆T/T =

(Tilluminated − T )/T using the relation [102]

∆S = −ε0c(nA + nB)

(
∆T

T

)
. (3.1)

Here, T and Tilluminated are the transmitted THz electric fields of the sample in the

dark and after photoexcitation, respectively; nA and nB are the refractive indices

of the media surrounding the thin film (usually vacuum nvac = 1 and the substrate

material nz−quartz = 2.13).

In order to derive the charge-carrier mobility µ from the photoinduced sheet conduc-

tivity, the number of photo-excited charge carriers N needs to be determined using

N = φ
E

hc
(1−Rpump)(1− Tpump) (3.2)

Here, E is the energy contained in an optical excitation pulse of wavelength λ, Rpump

is the reflectivity of the sample at normal incidence of the excitation beam, Tpump

the (small) fraction of light transmitted through the sample and φ is the ratio of free

charge carriers created per photons absorbed, commonly referred to as the photon-

to-charge branching ratio, which is technically undetermined in the experiment and

related to factors such as the exciton binding energy in the material. The charge-

carrier mobility µ is given by

µ =
∆SAeff

Ne
(3.3)

where Aeff is the effective area of the overlap of optical pump and THz probe pulse

(taking into account the spatial beam profiles), and e is the elementary charge. With

φ unknown, the quantity which can be directly derived from the experiment is the
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effective mobility µ̃ = φµ where

φµ = −ε0c(nA + nB)
Aeffhc

Eeλ(1−Rpump)(1− Tpump)

(
∆T

T

)
(3.4)

Because 0 ≤ φ ≤ 1, the effective mobility represents a lower limit, which becomes

identical to the actual mobility for full photon to free carrier conversion. The deter-

mined charge-carrier mobility usually arises from the contributions of both electrons

and holes, which often cannot be separated. Therefore, the extracted mobility value

is, if not stated otherwise, the sum of electron and hole mobilities. To allow accurate

determination of φµ it must be ensured that excitation conditions are in the linear

regime, i.e. the initial amplitude of the THz response is proportional to excitation flu-

ence. At strong excitation, nonlinear processes such as two-photon absorption usually

create a sub-linear dependence.

The experimentally obtained THz conductivity covers the frequency range contained

in the probe pulse, which in this work extends to 0.2-0.3 THz on the low end and

2-3.5 THz on the high end depending on the combination of emitter and detector in

use. The response of most materials over this range shows a frequency dependence,

which reveals valuable information about the nature of charge transport and the

influences it is limited by. In order to obtain the complex frequency spectrum of

the THz conductivity σ(ω) with a maximum bandwidth of ωmax and a resolution of

δω one has to acquire the transmitted THz waveforms in the time domain T̂ (t) and

T̂illuminated(t) over a time interval of ∆t ≥ 1/∆ω with a time-step of δt = 1/(2ωmax).

The conductivity spectrum can then be computed by applying the Inverse Fourier

Transform:

σ(ω) =
∆T (ω)

T (ω)
=
F−1[∆T̂ ](ω)

F−1[T̂ ](ω)
=

(
F [∆T̂ ](ω)

F [T̂ ](ω)

)
(3.5)

The inverse transform is applied as most of the literature uses a definition of the

conductivity j(ω) = σωE(ω) based on a time-dependent electric field expressed as
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Ê(t) =
∫
E(ω)e−iωt dt = F [E](t) (i.e. where the transition from the frequency- to the

time-domain is defined through the non-inverse transform).

Within the limits of time-frequency uncertainty ∆t ≥ 1/∆ω, conductivity spectra are

acquired at specific pump-probe time-delays τ . For the determination of the transient

photoconductivity, i.e. ∆T/T as a function of the time-delay τ , in general full spectra

have to be recorded over a range of time-delays to obtain the individual transients for

every frequency component. However, if only negligible changes in the spectral shape

are observed over the investigated time-delay interval, a frequency-averaged transient

can be established by measuring the THz transmission change ∆T̂ (t) at a fixed point

t within the waveform. Usually the point of maximum electric field is chosen for this

purpose.

As mentioned at the end of the previous section, a dark conductivity spectrum of a

thin film sample can be obtained in an analogous way to a photoconductivity spectrum

by measuring the THz electric field transmission of the sample and of the appropriate

reference. Equation 3.1 retains its validity with ∆T = Tsample − Tref and T = Tref .

The complex permittivity can then be calculated from the (sheet) conductivity by

[103]

ε(ω) = 1 + i
σ(ω)

ε0 ω
= 1 + i

S(ω)

d ε0 ω
. (3.6)

3.1.3 Generation of Terahertz-Pulses

There are several ways to generate THz pulses from ultrashort light pulses including

photoconductive antennas [104], air plasmas [105] or nonlinear optical rectification

[106], which differ in duration (and thereby bandwidth) and intensity of the emitted

pulse. Moreover the available optical pulse energy and duration play an important

role in selecting a suitable generation method and have a potentially high influence

on its performance. In this work, optical rectification in one of two available emitter

materials is used, which again differ in bandwidth and intensity of the produced pulse.



3.1. THZ SPECTROSCOPY 31

The first emitter, a 2 mm thick ZnTe crystal produces strong THz emission with a

bandwidth of about 2 THz from the output of a regenerative Ti:sapphire amplifier.

Alternatively a 450µm thick GaP crystal is used emitting slightly weaker pulses

with a bandwidth however of 3.3 THz. Optical rectification relies upon the nonlinear

optical process of difference frequency generation between the frequency components

contained in the incident optical pulse. Because of the high line-width of femtosecond

pulsed lasers (∆λ ≈ 25 nm at λ ≈ 800 nm, corresponding to ∆f ≈ 12 THz) the

available spectrum of difference frequencies is broad and hence conversion to radiation

in the THz frequency is possible.

3.1.4 Detection of Terahertz-Pulses

There is a similar variety of methods for the detection of THz radiation as there is

for its generation, analogously achieving different specifications in terms of sensitivity

and bandwidth. These again include photoconductive antennas [107] and air-plasma

based techniques [108] as well as electro-optic detectors [106], which can in some way

be seen as the counterparts to optically rectifying emitters and are based on the same

or similar materials. In the present case, ZnTe crystals of different thicknesses are

employed for electro-optic detection. For this technique a weak ultrashort optical

probe pulse is overlapped with the THz pulse. In the crystal, the THz electric field

changes the refractive indices of the birefringent material through the electro-optic

effect, causing a proportional rotation of the polarization of the optical probe pulse.

By adjusting the relative time-delay of THz and optical pulse, the electric field at

selected points in the time-domain waveform of the THz pulse can be measured. This

in turn allows to extract amplitude as well as phase information in frequency space.

When choosing the thickness of the electro-optic detector, a balance has to be struck

between two requirements. First, the total polarization rotation is proportional to the

thickness of the detector and hence thicker crystals offer higher sensitivity. However,

if the detector is too thick, the difference between THz and optical refractive indices
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changes the temporal alignment of the pulses during propagation and therefore limits

the bandwidth of the detection. On the other hand, if the crystal is too thin, the twice

internally reflected THz pulse follows the original pulse in quick succession, which

limits the available window in the time-domain and hence the frequency resolution

of the measurement. The latter issue can be mitigated by using a fused combination

of a thick crystal in an inactive orientation (e.g. (100)-ZnTe)) and a thin layer of the

same material in its active orientation (e.g. (110)-ZnTe). For early experiments in

this thesis, either 0.2 or 2 mm thick (110)-ZnTe was used for THz detection, whereas

for later measurements a 0.2 mm (110)-ZnTe layer on a 3 mm (100)-ZnTe crystal was

available.

3.1.5 Experimental Setup

The experimental setup for all optical-pump-terahertz-probe experiments is sketched

in Figure 3.2. Light pulses of 40 fs duration are emitted by a Ti:Sapphire based

regenerative amplifier system. The ultrashort pulses are first generated in a mode-

locked Ti:Sa laser and then amplified by passing multiple times through another Ti:Sa

crystal, which is pumped by a high energy Nd:YLF laser. The beam is then split into

two equally intense parts, one of which is later used for the optical excitation of the

sample after a possible wavelength conversion (pump). The other part generates the

THz probe pulse (probe) after a third beam of 2 % of the original intensity is split off

to serve the THz detection (gate).

Optical excitation of different samples may require light of very different wavelengths

depending on the band structure of the contained materials. To meet this require-

ment, various options for wavelength conversion have been integrated into the setup.

An optical parametric amplifier (OPA) combined with two additional mixer stages

provides continuous tunability of the output wavelength over a range of 240 nm to

2600 nm. However, when two mixing processes as well as optical parametric amplifi-
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Figure 3.2: Setup of the optical-pump-terahertz-probe experiment. (NDF: neutral density

filter, C: chopper, P: polariser, L: lens, TE: THz emitter, TD: THz detector, λ/4: quarter-

wave plate, WP: wollaston prism, OAP: off-axis parabolic mirror, RM: removable mirror,

BS: beam splitter, red-dashed beam: gate, blue-dotted beam: pump, solid beam: probe)
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cation are involved in the light conversion, which is neccesary to generate wavelengths

below 400 nm, the output pulse energy can be prohibitively low. To be able to opti-

cally excite samples at low wavelengths with as high energy as possible, the second

and third harmonic of the original pulse are alternatively generated directly using

beta-barium borate (BBO) crystals (not using the OPA). This provides between five

times (3rd harmonic) and 50 times (2nd harmonic) higher pulse energies at the ex-

pense of missing tunability. In more detail, the third harmonic (266 nm), which is

used for the excitation of TiO2, is obtained in a two-stage process, where the second

harmonic is generated first and mixed with the remaining fundamental wave after

polarization rotation and adjustment of temporal overlap. In order to generate a

finely adjustable delay (a few fs) of up to 2 nanoseconds between pump-, probe- and

gate-pulse, motorized mechanical stages are employed, which create these delays by

extending the optical path length of a chosen beam.

Since water has some strong absorption lines in the THz spectral range, the parts of

the experiments the THz pulses travel through have to be placed in a sealed box, which

is either evacuated or flushed with dry nitrogen. The first component in the path of

the probe beam after entering the box is the THz emitter. A PTFE beam blocker

stops the remainder of this pulse while transmitting THz radiation with practically

no attenuation. Two gold off-axis parabolic mirrors collimate and then focus the THz

pulse onto the sample with a profile of about 2 mm FWHM in diameter, overlapped

by the larger profile of the optical pump pulse, the diameter of which is controlled by

lens L1. Depending on the positions of the delay stages, the pump pulse arrives at a

well-defined time before the probe pulse.

Another PTFE block stops any remaining parts of the pump pulse while the THz

probe pulse is collimated and focused into the detector crystal by another pair of gold

OAPs. With the focus of L2 set close to the detector crystal, it is ensured that the

gate beam samples the probe pulse’s electric field in a very narrow region right in
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the centre of its profile, since the high frequency components possesses a comparably

small beam waist.

The gate beam is linearly polarised before it enters the detector crystal, where this

polarization is, in general, turned into an elliptic one. A quarter-wave plate is placed

in the gate beam such that an unaffected linear polarization would be turned into a

perfectly circular polarization. The Wollaston Prism then separates horizontally and

vertically polarised components, leading to a levelled illumination of the balanced

photodiodes in this case and hence zero output. If a rotation of polarisation is induced

by a THz pulse while passing through the detector, the gate beam will leave the QWP

with a slightly elliptical polarization with its main axis rotated and hence the balanced

photodiodes will measure a difference in the intensity of polarization components.

The signals measured are generally very weak and hard to separate from the noise

floor. By using a lock-in technique, which is based on modulation of the corresponding

excitation onto a chosen carrier-frequency, these signals can be reliably recovered.

Here, modulation is achieved by periodically blocking the excitation beam using a

rotating light chopper wheel. The carrier frequency component in the output of the

photodiodes is then isolated using a lock-in amplifier. The OPTP experiment employs

two stages of signal lock-in. The generation of the THz-probe pulse is modulated onto

a high carrier frequency. In a second stage the effect of the optical excitation of the

sample is locked-in using an about ten-times lower frequency.

3.2 Photoluminescence Spectroscopy

Much valuable information about the nature of excited states and their associated

decay routes in functional photovoltaic materials can be obtained by observation of

the light emission (luminescence) during these decay processes [109]. The term pho-

toluminescence (PL) describes the emission of light by a material caused by prior

photoexcitation. In the simplest case of an ensemble of identical two-level systems
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with a dipole-allowed transition between ground- and excited state, a photon is emit-

ted upon every decay event back into the ground state. Time-resolved detection of

this emission then allows extraction of the lifetime of the excited state. In more com-

plex cases, multiple decay routes exist, possibly involving several intermediate states.

The transitions between these may be partly or fully non-radiative and hence not or

only weakly contributing to PL emission. The combination of time- and spectrally

resolved detection and tunable excitation helps to isolate individual transitions in

order to reconstruct the overall decay process as accurately as possible.

In this work two experimental setups were used to perform PL spectroscopy, one

based on a mode-locked Ti:sapphire femtosecond pulse laser and another one using a

set of pulsed diode lasers. Both are capable of time- and spectrally resolved detection

and provide more or less variability in the photoexcitation of the sample. However,

the relevant specifications of the two systems including the available ranges of excita-

tion power, repetition rate, excitation and detection wavelength as well as detection

sensitivity and time resolution differ considerably. Before describing the individual

setups in detail, a common technique for time-resolved PL detection, time-correlated

single photon counting (TCSPC), shall be introduced. TCSPC can be performed on

both systems and has been used for all time-resolved PL measurements presented in

this thesis.

3.2.1 Time-Correlated Single Photon Counting

Straightforwardly, the time-dependent light emission from a sample may be recorded

in a simple way using a fast photodetector (e.g. a biased photodiode or a photomul-

tiplier tube) a wide-band amplifier and a fast analog-to-digital (ADC) converter (e.g.

in form of a PC based DAQ system or an oscilloscope). Difficulties with this approach

arise when pulsed light sources with high repetition rates are employed (up to 80 MHz

in this work), as it becomes technically extremely demanding to record and process
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full intensity time traces in the correspondingly short time intervals. Furthermore,

the time-resolution of such a system is limited by the rise-time of the detector, the

bandwidth of the amplifier and the sampling rate of the ADC. Using very advanced

electronics, figures down to a nanosecond may be reached. Better time resolutions

of down a few ten picoseconds are possible by moving to an acquisition scheme that

solely relies on the timing of the detection of single photons. More importantly such

a scheme also reduces the processing effort per cycle from a full intensity time-trace

to a single timing-value. Measurements of short delay times can be realized without

great technological effort, even in the range of tens of picoseconds. Hence the time-

resolution of TCSPC is practically only limited by the rise-time of the photodetector.

Note that as single photon detection merely involves registration of the detector out-

put crossing a certain threshold value, accuracies even below the detector rise time

are achievable.

In detail the acquisition scheme of TCSPC, which is illustrated in Figure 3.3 works

as follows: The PL emission of the sample is attenuated to an extent that the prob-

ability of detecting any photons during a single photoexcitation cycle is low (usually

below 1 %), i.e. the detection (counting) rate is much lower than the repetition rate

(of photoexcitation). As a consequence the probability of detecting multiple photons

during one cycle is again much lower than detecting a single one. This is essential

to the correct operation of the system, because it is generally only possible to time

the first incident photon. Multi-photon-events would lead to a bias towards short

time-delays as later photons would be systematically ignored. During the course of

the acquisition a histogram of the photon arrival times is created, which eventually

represents the photoluminescence flux as a function of time. Further to the improved

time resolution this method features excellent linearity as the photon flux values are

simply a result of countings. The sensitivity of TCSPC (i.e. the ability to measure

the time-dependence of very weak PL) is naturally extremely high and only limited

by the efficiency with which single photons can be detected. In cases of strong photo-
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Figure 3.3: Sketch of the principle procedure of time-correlated single photon counting.

Note that a transmitted excitation pulse is drawn for better illustration of the time-delay.

In reality however, the excitation pulse is often fully absorbed in the sample.

luminescence emission, TCSPC has the disadvantage of always requiring a minimum

acquisition time determined by the signal-to-noise level that is supposed to be reached.

This is due to the aforementioned limit for the counting rate.

3.2.2 Experimental Setup

The fundamental structure of the two PL spectrometers used in this work is very

similar. Both systems can be decomposed into the following fundamental components

(See also the sketches of the experimental setups in the following subsections):

1. Excitation light source: pulsed laser

2. Excitation conditioning: variable attenuator and polariser

3. Sample chamber: vacuum cell or cryostat

4. PL collection optics: lens or curved mirrors

5. PL conditioning: variable attenuator

6. PL filtering: analyser, long pass filter and monochromator
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7. Photodetector

Light pulses from the source are attenuated to the desired pulse energy to control the

excitation density in the sample. The PL is (partly) collected by a lens or curved mir-

ror covering a substantial solid angle from the perspective of the sample. A detection

attenuator reduces the intensity of the collected PL if required to prevent saturation

of the detector or to meet the count rate limit for TCSPC experiments. Excitation

light scattered from the sample is blocked by a long-pass filter. If PL at wavelengths

very close to or around the excitation light wavelength is to be detected, a long-pass

filter cannot be used. In these cases a crossed pair of polarisers in the excitation and

detection beam path can provide some filtering of scattered excitation light instead.

Finally the collected light is spectrally filtered in a grating monochromator before

being measured by a photodetector.

3.2.3 Setup 1: Mode-Locked fs-Laser-Based

The fs-laser based PL spectrometer (Figure 3.4) uses a mode-locked Ti:sapphire laser,

optionally in combination with an optical parametric oscillator (OPO) to generate

light pulses for the excitation of the sample. The output wavelength of the laser itself

is continuously tunable between 690 nm and 1040 nm. Pulses of an energy of up to

∼30 nJ at a duration of 100 fs and a fixed repetition rate of 80 MHz can be gener-

ated. If the OPO is used, the wavelength tuning range extends to 345 nm - 2500 nm;

however, the maximum achievable pulse energy is reduced depending on the chosen

wavelength range (e.g. max 0.3 nJ at 510 nm). A combination of half-wave-plate

and polariser provides variable excitation attenuation. A small fraction of the excita-

tion pulse is split off onto a fast photodiode, which provides the timing reference for

time-resolved experiments. The sample is either placed in a simple vacuum cell or a

liquid helium microscope cryostat (Oxford Instruments Microstat). PL is collected,

collimated and refocussed by a pair of off-axis parabolic mirrors (OAPs) and, if nec-
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essary, attenuated using neutral density filters. Two detectors are available working

in conjunction with the grating monochromator - an avalanche photodiode and a sil-

icon CCD. The avalanche photodiode, provides excellent sensitivity, low dark-count

rate and a short rise-time allowing time-dependent measurements with up to 35 ps

resolution. The silicon CCD does not provide time resolution, but in turn enables

the acquisition of a full PL emission spectrum in parallel (while, to perform such an

acquisition using the photodiode, a sequential scan of the desired wavelength range

is required). In order to be able to record optical transmittance spectra in alterna-

tion with the PL during temperature-dependent measurements the setup has been

extended. White light from an incandescent lamp (100 W) is guided onto the rear-

surface of the sample and the transmitted light collected using the detection optics

already available for PL.

3.2.4 Setup 2: Diode-Laser-Based

The diode-laser sources of the second PL spectrometer (Figure 3.5) only offer the four

discrete excitation wavelengths 405, 450, 510 and 635 nm. Their maximum output

pulse energy of up to ∼ 30 pJ is significantly lower than that of the fs-laser. On the

other hand the diode lasers offer a widely variable repetition rate from arbitrarily

low frequencies up to 40 MHz. Low repetition rates are required for time-resolved

measurements of slow processes on correspondingly long time scales. This most im-

portantly includes the determination of long decay lifetimes, where the observation

of a sufficiently long interval of the decay trace is necessary for accurate extraction

of the lifetime. The perovskite materials investigated in Chapters 5, 6 and 7 for ex-

ample exhibit photoexcited carrier lifetimes of hundreds of nanoseconds which are far

outside the accessible time-scale of 12.5 ns of the fs-laser system. Excitation attenua-

tion is accomplished through a discrete neutral density filter wheel, while a variable

aperture in the collimated PL beam is responsible for detection attenuation. The

sample is kept in a vacuum chamber. PL from the sample is collected and collimated
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Figure 3.4: Setup of the fs-pulse-laser based photoluminescence experiment. (RM: remov-

able mirror, λ/2: half-wave plate, BS: beam splitter, PD: photodiode, P: polariser, OAP:

off-axis parabolic mirror, NDF: neutral density filter, L: lens, A: analyser, LP: long-pass

filter, S: shutter, G: grating, APD: avalanche photodiode)

by a lens and detected by a hybrid photodetector (HPD). In essence an HPD consist

of a photocathode from which photoelectrically released electrons are accelerated to-

wards an avalanche diode, where impact ionization induces an amplified current. The

achievable time-resolution on the diode-laser based system is about 150 ps.
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4

Charge-Carrier Dynamics in TiO2
Nanotubes

During the past ten years, several studies have investigated the capabilities of TiO2-

nanotubes as an alternative to the dominantly employed nanoparticles as electron

transport materials (ETMs) in dye-sensitized solar cells (DSSCs). With anodization,

a relatively simple and scalable fabrication technique exists for films of highly ordered

TiO2-nanotube-arrays. In Section 2.1.2 it was highlighted that the long-range charge-

carrier mobility in nanoporous TiO2 is dramatically lowered compared to that of the

bulk material and that - particularly in solid state DSSCs - reduced diffusion lengths

may be a critical limiting factor for device performance. On first sight, nanotubes

seem to promise superior charge extraction by providing continuous percolation paths

for electrons from the point of injection to the anode contact. It therefore appears

sensible to explore the potential of such one-dimensional structures as alternative

ETM morphologies. So far however, device studies show that although recombination

lifetimes in nanotube based DSSCs under full sun operating conditions surpass those

of nanoparticle based ones, record-breaking efficiencies and - most importantly - faster

charge collection are not achieved (see Section 2.1.3).

In this chapter, results from optical-pump-terahertz-probe experiments on TiO2 nan-

otubes prepared by anodization are presented. These indicate that trapping of elec-

43
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trons occurs on timescales of a few ten picoseconds, which is about 20 times faster

than in sintered nanoparticles at similar photoexcitation density. The observations

are interpreted within a model involving shallow traps, from which thermal detrap-

ping is possible and deep traps, which irreversibly immobilize carriers. The influence

of the wall thickness of the tubes, which can be varied through temperature control

of the anodization bath, on trapping lifetimes is studied. Finally, it is discussed in

how far this phenomenon can be responsible for the less-than-ideal charge transport

in devices.

4.1 Experimental Details

4.1.1 Samples

TiO2 nanotube films were prepared on quartz substrates by anodization at different

temperatures and subsequent annealing. The substrates were cleaned in ultrasonic

baths of acetone and isopropanol for 30 min each and by oxygen plasma treatment.

Using a Surrey Nano-Systems Gamma 1000C sputter coating system, approximately

1 µm of Ti was DC sputtered at 500 ◦C under an Ar atmosphere at a pressure of

4 mTorr. Afterwards the samples cooled down slowly under high vacuum. Anodiza-

tion was performed in an ethylene glycol bath with 0.3 wt% NH4F (Sigma Aldrich)

using a Pt counter electrode. Two batches of samples were anodized at a range of

temperatures between 5 ◦C and 55 ◦C in steps of 10 ◦C, at an anodization voltage of

20 V and for durations between 1 min and 2 h. Afterwards the samples were rinsed

with water and ethanol and dried in air. Since anodization produces amorphous nan-

otubes, the films were annealed to obtain polycrystalline material. Annealing of the

first batch was performed ramping the temperature up to 450 ◦C at a heating rate of

3 ◦C/min in ambient atmosphere under observation by means of in-situ x-ray. The

second batch was annealed for three hours at 310 ◦C, which is closely above the crys-

tallization temperature of the anatase phase found in the x-ray study. This batch has
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also been checked for complete crystallization by XRD after the annealing process.

At a later stage, the nanotubes were covered in a monolayer of a ruthenium based

dye (Z907) by immersion in a solution of 3 mg Z907 in 20 ml ethanol for 18 h (The

terms undyed and dyed are used in this chapter to distinguish between the state of the

samples before and after this processing step). In preparation for the dye attachment,

the films were heated up to 200 ◦C in order to remove any surface adsorbed water.

After immersion, excess dye was removed by cleaning the samples in acetonitrile.

Finally, the dye was removed from one batch of samples again by immersion in base

(KOH in ethanol) for 5 h. These samples were then cleaved and sputter-coated in

2 nm of Pt for scanning electron microscopy (SEM) imaging.

A set of reference samples of 20 nm TiO2 nanoparticles have been prepared by spin-

coating a 1:1.5 solution of Dyesol nanoparticle paste in ethanol at 1000 rpm for 10 s

followed by 2000 rpm for 40 s on a quartz substrate. The films were then dried and

sintered for 30 min at 450 ◦C. The thickness of the reference samples is about 3 µm

as determined by surface profiling.

4.1.2 Scanning Electron Microscopy (SEM)

Top-view and cross sectional SEM images were taken of all samples of the first batch

(annealed at 450 ◦C) after all spectroscopic experiments were completed. A Hitachi

S-4300 microscope was used at an acceleration voltage of 5 kV, an emission current

of 10µA and 14 mm working distance.

4.1.3 THz Time-Domain Spectroscopy

An optical-pump-THz-probe setup based on a regenerative Ti:Sapphire amplified fem-

tosecond laser as described in Section 3.1 was used. Terahertz pulses were generated

by optical rectification in a 2 mm thick ZnTe crystal and detected by electro-optic sam-

pling in another ZnTe crystal of 0.2 mm thickness. Undyed TiO2-nanotubes were ex-
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cited directly at a wavelength of 266 nm corresponding to a photon energy of 4.66 eV,

which is well above the bandgap of anatase-TiO2 (3.2 eV [41, 110]). Pulses of this

wavelength are generated by third harmonic generation (THG) [111] of the laser out-

put. Dyed samples on the other hand were excited at 545 nm using the output of

the optical parametric amplifier (OPA). The corresponding photon energy of 2.27 eV

lies well below the bandgap of anatase, but is at the same time strongly absorbed by

the dye Z907. If not explicitly stated otherwise, measurements have been performed

with the sample in an evacuated chamber, at a pressure in the range of 10−2 mbar to

10−1 mbar.

4.2 Results and Discussion

4.2.1 Morphological Characterization

Figure 4.1 shows a typical SEM cross sectional image of one of the nanotube films.

The most notable feature is that the morphology of the tubes differs from the top,

where the surface is smooth, to the bottom, where the tubes exhibit rings similar to a

bamboo-stick. This phenomenon can be observed on all samples with the exception of

the one anodized at 55 ◦C; it has been reported before by various groups [59, 60] and is

commonly termed ripples (while bamboo-rings generally refers to a more pronounced,

intentionally created feature). Ripples have been associated with regular current

fluctuations, the occurrence and amplitude of which depends on the acid concentration

in the anodization bath [112]. Analysis of the full set of images reveals a pore-to-pore

distance of about 80 nm (independent of the tube wall thickness as reported in [61])

and tube lengths between 1 µm and 2 µm for all samples.
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500nm

Figure 4.1: SEM cross sectional image of TiO2 nanotubes anodized at 45 ◦C. The image

has been taken at Vacc = 5 kV after sputtering a 2 nm layer of platinum onto the cross

sectional area.

4.2.2 Decay Dynamics - Undyed TiO2 Nanotubes

As a starting point for the study of the early-time carrier decay dynamics in TiO2

nanotubes, the excitation-density dependent transient THz photoconductivity was

recorded. Previous reports have already shown that the response of photoexcited

TiO2 to a THz probe [53, 113] or a microwave probe [114] is dominated by the

contribution from electrons. Further evidence for this will also be presented later in

this chapter.

Figure 4.2 shows the photoinduced THz response of a TiO2 nanotube film as a function

of time after excitation with fluences between 13 and 126µJ/cm2. Here, the term

THz response is used in short for the change in electric field transmission, which

according to Equation 3.1 is proportional to the conductivity of the probed thin

film, i.e. the product of free carrier density n and mobility µ. In general, changes

in both charge-carrier mobility and concentration determine the shape of the THz

transmission transient. However, the most plausible cause for the partially rapid

dynamics displayed by the curves in Figure 4.2 is a decay of free carrier population

through mechanisms like trapping or recombination. This interpretation is supported



48 4. CARRIER DYNAMICS IN TIO2 NANOTUBES

0 50 100 150 200

0

1

2

3

4

5

6

7

Delay [ps]

−
∆

T
/T

 [
1

0
−

4
]

 

 
126 µJ/cm

2

86 µJ/cm
2

43 µJ/cm
2

13 µJ/cm
2

0 50 100 150
0

5

Fluence [µJ/cm
2
]

−
(∆

T
/T

)(
0
) 

[1
0

−
4
]

Figure 4.2: THz transmission transients (266 nm excitation in vacuum) of undyed TiO2

nanotubes (Tano = 5 ◦C) for a range of excitation fluences. Symbols: Experimental data.

Lines: Simultaneous fits to Equation 4.2 as described in the text. Inset: Amplitudes of the

initial THz response vs. excitation fluence.
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by the invariance of the THz photoconductivity spectra taken at different pump-probe

delays, which are shown in Section 4.2.5. If there was a change of the intrinsic mobility

on the investigated timescale, e.g. due to carrier cooling effects or a reduced influence

of carrier-carrier scattering processes, its frequency dependence would be likely to

change as well. The data however does not show any changes of the spectral shape

with increasing pump-probe delay. Here, an approach is therefore made to interpret

the THz transmission transients on the assumption that their shape is predominantly

determined by the decay of carrier concentration while the carrier mobility is taken

to be constant, at least over the picosecond-to-nanosecond observation window. The

most striking feature of the data in Figure 4.2 is a rapid population decay within tens

of picoseconds irrespective of the excited carrier density, which indicates that it arises

from a mono-molecular process such as carrier trapping. The data additionally shows

a longer-lived component; hence a simple mono-exponential decay function alone does

not provide an adequate model for extraction of physically sensible lifetimes.

It has been well established that charge transport in nanostructured TiO2 is inhibited

by frequent trapping-detrapping events [115, 116, 117, 118] (see also Section 2.1.1).

Such trapping events are very likely to be reflected in the transient THz response

as already observed for TiO2 nanoparticles [53]. Further studies on nanoparticles

using photoluminescence and visible/IR transient absorption [119, 120] have suggested

that the carrier recombination process also involves deep trap sites assignable to

surface states or defects such a oxygen vacancies [121, 122], to which shallowly trapped

carriers can transfer, but from which no thermal escape is possible. On the basis of

these insights a model is formulated, which describes the observed decay dynamics

in terms of trapping, detrapping and deep-trapping processes as expressed by the
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following equations:

d

dt
nfr(t) = −ktrnfr(t) + kdtrntr(t)− kdeepnfr(t)

d

dt
ntr(t) = ktrnfr(t)− kdtrntr(t)− kdeepntr(t) (4.1)

Here, nfr is the density of free electrons and ntr the density of shallowly trapped

electrons. Furthermore, ktr represents the shallow-trapping rate, kdtr the detrapping

rate (from shallow traps) and kdeep the deep-trapping rate. This system of equations

can be solved analytically resulting in a bi-exponential expression for the free-electron

density:

nfr(t) =
nfr(0)

ktr + kdtr

(
ktr e

−(kdtr+ktr+kdeep) t + kdtr e
−kdeep t

)
ntr(t) =

nfr(0)

ktr + kdtr

(
−ktr e

−(kdtr+ktr+kdeep) t + ktr e
−kdeep t

)
(4.2)

The solution was simultaneously fitted to the THz photoconductivity transients for

all excitation fluences, i.e. the entire dataset shared a single common fit parameter

for each rate constant. Figure 4.2 displays this fit as solid lines showing that these

are able to reproduce the shape of the decays well. The resulting rate constants,

expressed in terms of lifetimes are: τtr = 1/ktr = (27 ± 6) ps, τdtr = 1/kdtr = (43 ±

10) ps, and τdeep = 1/kdeep = (140 ± 16) ps. In the scenario described by the model

the simultaneous processes of trapping and detrapping lead to a relaxation into an

equilibrium. Eventually, on a longer timescale, all carriers are immobilised irreversibly

in deep traps.

In the next step, the observed carrier recombination dynamics in TiO2 nanotubes are

compared to those in sintered TiO2 nanoparticles. Figure 4.3 displays THz photo-

conductivity transients for both morphologies. It is immediately visible that under

comparable excitation conditions, the early time decay of the free electron population



4.2. RESULTS AND DISCUSSION 51

0 200 400 600

0

0.2

0.4

0.6

0.8

1

1.2

Delay [ps]

−
∆

T
/T

 (
n
o
rm

a
liz

e
d
)

 

 Nanoparticles

Nanotubes (bottom)

Nanotubes (top)

10 30 50
0

25

50

75

   T
ano

 [°C]

τ
1
 [
p
s
]

Figure 4.3: THz transmission transients (-dT/T, normalized) after excitation with a

40 fs/266 nm light pulse in vacuum. Open circles: TiO2 nanotubes (Tano = 5 ◦C, undyed,

excitation fluence: 125 µJ/cm2), excited from their free side. Open squares: TiO2 nan-

otubes (Tano = 5 ◦C, undyed, excitation fluence: 100 µJ/cm2), excited from the substrate

side. Closed circles: Sintered TiO2 nanoparticles (Dyesol, 20 nm, undyed, excitation fluence:

125 µJ/cm2). Lines: Fits to Equation 4.2 (bi-exponential) as described in the text. Inset:

Shorter decay time constant from fit τ1 = τtr + τdtr + τdeep for TiO2 nanotubes anodized at

different temperatures, symbol assignment as in (a).
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is at least an order of magnitude faster in nanotubes, which suggests a much higher

density of trap states present in this material.

The variations in the fast trapping lifetimes are compared between the top and the

bottom part of the nanotubes as well as between samples to different tube wall thick-

nesses. A separate investigation of the top and bottom parts is possible due to the

fact that the absorption depth of the excitation light into the films is only about

70 nm compared to a film thickness of the order of 1µm.∗ As shown in Figure 4.3,

slightly, but not significantly slower trapping (τtr = (57± 40) ps) is found in the bot-

tom parts. The inset compares the results from tubes grown at different anodization

temperatures, which allows a variation of the tube wall thickness over about a factor

of 2 as demonstrated in [61] (higher TAno leads to thinner walls). Unfortunately, due

to the critically low signal to noise ratio achievable with reasonable experimental ef-

fort, only trends can be extracted from this comparison. A systematic dependence

of lifetimes on wall thickness is not observed, particularly not in a way that thinner

walls (i.e. higher TAno) lead to faster decay as it might be expected for a predominant

concentration of traps at the surfaces of the tubes. The trend of slower trapping in

the bottom parts of the tubes appears to be confirmed across different wall thick-

nesses. As the SEM image in Figure 4.1 indicates, the geometrical differences along

the growth direction of the tubes are very small, hence an explanation of the change

in trapping lifetime is more likely to relate to the growth process itself. Such a connec-

tion could e.g. exist through the longer exposure of the top parts to the ammonium

fluoride containing bath introducing impurities into the material [124, 125], which

may be responsible for the incorporation of trap states. Alternatively a variation in

ionic concentrations in the bath during the procedure could have a similar effect.

Since it is well known that exposure to oxygen can cause tremendous DC conductivity

∗An absorption depth of about 35 nm has been reported for single crystalline anatase [123] and
it is assumed that the absorbance approximately scales with the volume filling fraction, which is
about 0.5 for the NT samples studied here).
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Figure 4.4: Comparison of THz transmission transients (266 nm excitation at fluence:

55 µJ/cm2) of undyed TiO2 nanotubes in vacuum (blue squares), immediately after ex-

posure to air (pink diamonds) and after at least four hours of exposure to air (red circles).

Inset: Result of the same experiment on sintered, undyed TiO2 nanoparticles.
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changes in TiO2 [122, 126], measurements under ambient air were performed in order

to reveal its influence on the THz response. Unless explicitly stated otherwise, all

other OPTP experiments have been performed under vacuum (< 10−1 mbar). The

study of the influence of air is additionally useful considering that only limited control

can be exerted over how much oxygen is adsorbed to the nanotube surface at the time

when the sample chamber is evacuated.

Measurements were taken in air at atmospheric pressure, at low vacuum (10−1 mbar)

and at high vacuum (10−4 mbar). Changes under exposure to the UV pump pulses

were continuously monitored. No changes in the THz transmission transients were ob-

served between a pressure of 10−1 mbar and even lower pressures (down to 10−5 mbar).

However, comparing measurements taken in air at atmospheric pressure (∼30 % rel-

ative humidity) to those at 10−1 mbar or less as shown in Figure 4.4, it is found that

already during the first acquisition after exposure to atmospheric air, a long-lived

component (with a lifetime much longer than the experimentally accessible 1.2 ns)

emerges in the decay curves. Later, on timescales of tens of minutes to a few hours,

it is also observed that the amplitude of the THz response decreases. This change is

reversible on slightly longer timescales (several hours) under exposure to the 266 nm

excitation light.

The interaction of ambient gases with TiO2 surfaces is complex and has been subject

to numerous studies [122, 127, 128]. In particular adsorbed oxygen has been found to

cause tremendous changes to carrier dynamics in TiO2 due to its ability to scavenge

free electrons. It can thereby turn an oxygen deficient n-doped surface into a p-doped

one. Desorption of oxygen can occur after electron capture and is hence facilitated by

UV irradiation [129]. The observed drop in THz conductivity under air-exposure may

be caused by a reduction of the incident photon-to-free-charge conversion ratio φ. This

may occur through several potential mechanisms such as ultrafast immobilization of

carriers on the sub-ps timescale, the emergence of additional absorbing states and
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transitions which do not lead to the creation of free charges. With respect to the

slow emergence of a long-lived component under oxygen exposure, diffusion processes

of oxygen (and titanium) atoms from and into the bulk of the material may cause

changes of the concentration of deep trap states arising from oxygen vacancies [122,

130, 131]. The data obtained in this work is not sufficient to point out the exact

mechanism causing the observed changes, but with respect to the present study of

electron lifetimes it is concluded that, in spite of the changes caused by the presence

of air, the initial fast trapping process still appears to be active as the cause for the

immobilisation of a large part of the initial free carrier population on an unaltered

timescale. In particular it is noted that an influence of surface doping on fast trapping

in TiO2 nanotubes is therefore unlikely.

4.2.3 Decay Dynamics - Dye-Sensitized Nanotubes

After up to this point, electrons in TiO2 have been excited directly from the va-

lence band by the pump pulse, the attention is now turned to dye-sensitized nan-

otubes as they would be used in actual dye-sensitized solar cells. In these, excitation

takes place in the dye and electrons are subsequently injected from the dye into the

TiO2-nanostructure [132]. A wavelength of 545 nm is chosen for photoexcitation of

sensitized samples, which corresponds to a photon energy of 2.27 eV well below the

bandgap of anatase TiO2. This way it is ensured that no direct excitation of the

nanotubes themselves takes place. The most important difference in this situation is

that no holes are generated in the TiO2 and recombination can only take place with

the oxidized dye at the surface.

THz-conductivity decay curves on dyed samples for a range of excitation fluences

are shown in Figure 4.5(a). The fluence dependence of the signal amplitude (at zero

pump-probe delay) is linear indicating that charge injection is not limited by satura-

tion effects within the employed range of excitation fluences. The shape of the decay
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Figure 4.5: THz transmission transients (545 nm excitation, in vacuum) (a) of dye-

sensitized TiO2 nanotubes (Tano = 5 ◦C) for different excitation fluences. Inset: Amplitude

of the initial THz response and the long-lived (constant) contribution vs. excitation fluence

as extracted from fits (see text); (b) of dye-sensitized TiO2 nanotubes (as in (a), highest

fluence) in comparison to dye-sensitized, sintered TiO2 nanoparticles (20 nm, Dyesol).
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curves closely resembles the undyed case with the one very notable difference that the

conductivity does not fully decay to zero within the experimentally accessible time

range of 1.2 ns, but rather levels off to a constant value, i.e. a very long-lived contri-

bution remains. A similar behaviour has also been observed in sintered nanoparticles

[53]. Here, data on dyed TiO2 nanoparticles was taken as well to serve as a reference

measurement and is shown in Figure 4.5(b). An almost complete elimination of early

time decay of the free-electron population is observed.

The influence of dye-sensitization may be explained as follows: From photovoltage

decay measurements it is known that recombination lifetimes of injected electrons

with the oxidized dye are on the order of milliseconds or even seconds [34, 47]. As

the excitation pulse repetition rate is 1.1 kHz, i.e. the time between subsequent

pump-probe cycles is shorter these lifetimes, it can be expected that deep interband

trap states which usually mediate recombination processes are gradually filled by

injected electrons and hence passivated [32]. Consequently an equilibrium between

trapping and detrapping of electrons in shallow trap states is reached on a nanosecond

timescale with a certain fraction of the initially excited carriers in the conduction

band. Figure 4.6 gives a simplified illustration of the charge generation, injection and

recombination processes for the dye-sensitized and the undyed case as proposed and

modelled here. In the case of nanoparticles, where the concentration of shallow traps

was concluded to be significantly lower than in nanotubes, it appears to be possible

that even these states are entirely passivated.

A rough comparison of conductivity decay in dyed and undyed samples (Figures 4.5

and 4.2) suggests similar to slightly higher trapping lifetimes in both systems and

the same excitation-density independent behaviour. Sensible fitting of the data for

the dyed case is difficult, since there might be injection dynamics on the ps-timescale

superposing carrier decay processes [53]. However, in order to verify mono-molecular

decay behaviour and to come to at least a rough estimation of the fast decay life-
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Figure 4.6: Illustration of processes within the applied model for charge-carrier dynamics

in (a) undyed and (b) dye-sensitized TiO2 nanotubes. Possible hole trapping processes

are neglected here. The deep trap state in (b) is greyed out to depict that this state is

almost permanently filled due to the recombination process with the oxidized dye (DRec)

being much slower than the trapping process (DpTr). The corresponding recombination

path is therefore very slow overall as indicated by the dotted arrows. See text for details.

Closed circles/ellipses: electrons, Open circles/ellipses: holes/normally unoccupied electron

traps. Acronyms: CB: conduction band, DpTr: deep trapping, DRec: recombination with

oxidized dye, dTr: (shallow) detrapping, Ex: (optical) excitation, HOMO: highest occupied

molecular orbital, Inj: injection, LUMO: lowest unoccupied molecular orbital, TAR: trap-

assisted recombination, Tr: (shallow) trapping, VB: valence band.
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time, bi-exponential fits according to Equation 4.1 were again applied - here with

an additional constant contribution reflecting the long-lived electron population after

saturation of all available deep trap states. All lifetimes and the relative magnitude of

the long-lived component are shared among all transients for the different excitation

fluences and globally optimized.

For the initial fast decay component (first term in Equation 4.2) a time constant

of 26 ps is obtained in comparison to 14 ps for undyed samples. The similarity of

trapping times under direct excitation and after electron injection is worth noting

as it suggests that shallow trap states occur homogeneously distributed throughout

the bulk of TiO2 nanotubes rather than predominantly at the surface. For this argu-

ment, the plausible assumption is made that direct interband excitation results in a

homogeneous photoexcited carrier density over the cross-section of the tubes, whereas

electrons injected from an attached dye would mainly be found close to the surfaces.

Consequently, if shallow trap states were also predominantly located at the tube

surfaces, reduced lifetimes would be expected for injected electrons in dye-sensitized

samples. Here, on the contrary, slightly longer lifetimes are determined, which may

be the result of a weakly passivating effect of dye-attachment or simply reflecting a

superposition of population decay with a finite injection-related rise time component.

4.2.4 Estimation of THz Electron Mobilities

Early-time THz-mobilities of free electrons in TiO2 nanotubes can be estimated from

the data acquired in this chapter. Before proceeding to the results, two important

potential sources of systematic error have to be remarked, which cause an underesti-

mation of the absolute mobility value of nanostructured TiO2 from the photoinduced

THz transmission change. Firstly, the calculation of carrier mobilities from photo-

conductivity data requires an assumption on the efficiency of incident photon-to-free

carrier conversion as detailed in Section 3.1.2. It was discussed in conjunction with
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the results on the influence of ambient air, which has been shown to cause a drop

in the initial THz response, that several possible processes may potentially reduce

the conversion ratio φ. These include ultrafast immobilization processes, immediate

formation of excitonic states [133] or non-intraband absorption. In the case of dye-

sensitized nanotubes, the injection efficiency affects the value of φ as well. Hence the

values reported here, namely the effective mobilities φµ represent a lower limits to

the actual carrier mobility.

Secondly, since the relative permittivity of TiO2 is high (bulk anatase THz permit-

tivity: εbulk ≈ 30 [134, 135]) and the characteristic structure size is well below the

THz wavelength, the bulk of the structure is partly screened from the electric field of

the THz wave. This issue has been identified before by Hendry et al. [52] and while

the authors employ Maxwell-Garnett effective medium theory to account for electric

field screening, here a numerical calculation is performed to estimate the strength of

this effect. Figure 4.7 shows the 2D-electric field distribution in a cross-section of

a TiO2-nanotube array as obtained by numerically integrating Maxwell’s equations

under the boundary conditions of a given potential difference from north to south.

Periodic boundary conditions are applied at the east- and west-ends of the matrix.

The results of these calculations show that the extent to which screening reduces

the strength of the electric field inside the material is highly dependent on the gap

between the tubes. This makes it difficult to obtain a reliable correction factor, as

the width of these gaps is hard to determine and not constant along the length of the

tubes due to the ripples in the walls observed under the SEM.

Electron mobilities are calculated using Equation 3.4. Evaluating several measure-

ments on dye-sensitized samples of all available wall thicknesses, values between

φµn = 0.07 cm2/(Vs) are obtained for the sample anodized at TAno = 55 ◦C (thinnest

walls) and φµn = 0.2 cm2/(Vs) for the sample anodized at TAno = 5 ◦C (thickest

walls). For undyed samples the resulting values are: φµn + φµp = 0.1 cm2/(Vs) for
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Figure 4.7: Simulated distribution of the electric-field amplitude in a 2D-cross-section of

TiO2-nanotubes (εr = 30) surrounded by vacuum (εr = 1) for three different sizes of the

gap x between neighbouring tubes with respect to their diameter d (x = 0, x = d/25 and

x = d/5). Below the colormap plots, the averaged value of the electric field amplitude

within the nanotubes normalized to the average electric field across the matrix is stated.

TAno = 55 ◦C and φµn + φµp = 0.4 cm2/(Vs) for TAno = 5 ◦C. The discrepancy

between the results for dye-sensitized and undyed samples may go back to less-than-

unity injection efficiencies, the precise value of which is unknown and can hence not

be factored into the mobility calculation. When accounting for electric field screen-

ing based on the performed simulation, the stated values increase by a factor of 1.5

or more depending on the size of the gap between the tube walls. This effect may

also be a cause for the variation of the as-measured mobility with anodization tem-

perature consistent with the observation of greater spaces between tubes at higher

temperatures [61].

With regards to the charge extraction performance of TiO2-nanotubes in dye-

sensitized solar cells this study provides two main results. Firstly it is noted that

the THz electron mobilities on TiO2 nanotubes determined here are similar to those

found for sintered TiO2 nanoparticles (φµNP ≈ 0.1 cm2/(Vs) [53]). Hence electron

motion on very short time- and lengthscales ought to be similarly fast in both mate-

rials. Secondly however this study revealed an order of magnitude faster trapping of
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electrons in shallow traps as a transport-limiting phenomenon. The fraction of elec-

trons immobilized in photovoltaic devices at any one time can be predicted from the

shallow trapping and detrapping rates ktr and kdtr. Considering that deep intraband

trap states are expected to be filled under steady state illumination conditions and

hence kdeep ≈ 0 (see sketch in Figure 4.6), the equilibrium between shallow trapping

and detrapping is reached at ntr/nfr = ktr/kdtr following Equation 4.1. A fraction of

immobilized electrons of ntr/(nfr + ntr) ≈ 63 % is obtained using the values extracted

from the data on undyed nanotubes in Figure 4.2. This is consistent with the obser-

vation of a long-lived free electron population in actual dye-sensitized tubes, which

is found to consist of about 36 % of the initially injected density. In dye-sensitized

nanoparticles on the other hand, a near-complete saturation of trap states is observed.

The circumstance that only about a third of the injected electrons are available as

free carriers in TiO2-nanotubes reduces the long-range mobility in the material ac-

cordingly. Moreover it is noted that trapping events act as a scattering process, which

further slows down diffusion. Hence, overall the observed much fast electron trapping

provides a plausible explanation for why TiO2-nanotubes so far failed to outperform

sintered nanoparticles in terms of charge collection times despite the existence of more

direct percolation paths.

4.2.5 THz Conductivity Spectra of TiO2 Nanotubes

Photoinduced THz conductivity spectra were taken on dyed and undyed TiO2 nan-

otubes at early and at later time after excitation with respect to the timescale of the

fast trapping process. The results are shown in Figure 4.8. Undyed TiO2 nanotubes

show a predominantly flat response with a negligible imaginary part. Note that the

slight drop-off towards low frequency can be attributed to an artefact arising from the

diffraction limited THz beam waist approaching the size of the optical pump beam

spot. The spectrum is otherwise compatible with drude-like transport at frequencies

below the characteristic relaxation rate (f � 1/τ) [100]. This stands in contrast
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Figure 4.8: THz conductivity spectra (closed symbols: real part, open symbols: imaginary

part). a: undyed TiO2 nanotubes, at early time (5 ps) and at 50 ps after excitation at

266 nm (Fluence: 125 µJ/cm2). b: dyed TiO2 nanotubes, at early time (10 ps) and at

200 ps after excitation at 545 nm (Fluence: 680 µJ/cm2). All spectra taken in vacuum

(p ≈ 2 · 10−2 mbar). A 450 µm GaP wafer has been used for THz generation in these

measurements.
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to the THz photoconductivity spectra of TiO2 nanoparticles [52, 53], which exhibit

clear localization effects [136, 137]. The different behaviour may be attributed to

the slightly larger ’free path’ for the electron in the cross-section of the nanotubular

structure (diameter ∼50 nm) than in the one of the nanoparticle matrix (diameter

∼20 nm), particularly given that the probing electric field primarily penetrates the

section of the tube walls tangential to the direction of the field vector as shown in

Figure 4.7.

Dye-sensitized nanotubes on the other hand show a very similar THz-conductivity

spectrum to nanoparticles, indicating significant localization effects as expressed in the

strong decrease of conductivity towards low frequencies and the negative imaginary

part leading to a ’capacitive’ behaviour. A reason for the altered spectral response

may lie in the spatial distribution of carriers which is spread out through the bulk

for the case of direct excitation in undyed TiO2 and concentrated at the surfaces for

the case of electron injection from a dye. Coulombic interactions with the negatively

charged, oxidized dye may strengthen this effect. Other possible explanations may

be based on the presence of a (trapped) electron population which has built up over

many injection cycles due to the slow back-transfer to the oxidized dye altering the

shape of the electric potential within the tubes.

Previously, Richter et al. [133] have reported a resonant feature in the spectra of TiO2

nanotubes at about 1.8 THz, which is ascribed to an exciton-like state. The authors

argue this state acts as a trap which limits carrier mobility. Such a resonance was

not observed in any of the samples here; however it has to be noted that the growth

conditions and the resulting tube dimensions differ significantly between the said

study and this work. Richter et al. studied about 30 times longer tubes with an about

three times larger diameter, which resulted from at least 25 times longer anodization

time. Given that the excitonic state was linked to an increased concentration of trap

states arising from fluorine and titanium impurities, which are introduced during the



4.3. CONCLUSION 65

growth process, the absence of this state in the samples used here can be plausibly

explained.

4.3 Conclusion

In conclusion, the decay dynamics of directly excited and of injected free electrons in

TiO2 nanotubes were studied by means of optical-pump-terahertz-probe spectroscopy.

The results may be described within a simple model of shallow trapping, detrapping

from shallow traps, and irreversible immobilization in deep traps. Interestingly shal-

low trapping lifetimes are found to be as short as 20-50 ps and thereby making the

decay process at least an order of magnitude faster than in sintered TiO2 nanoparti-

cles. This provides a possible explanation for why the charge-collection performance

of TiO2 nanotubes in dye-sensitized solar cells does not seem to surpass that of TiO2-

nanoparticles despite their more direct electron percolation paths. A comparison of

nanotube samples, which were anodized at different temperatures and therefore have

different wall thicknesses, showed no significant influence of this parameter on car-

rier lifetimes. Similarly fast trapping dynamics were observed upon direct interband

excitation of the material and upon injection from an attached dye. These results

suggest that there is no predominantly high concentration of shallow traps at the

surface of the tubes. Under sufficiently strong electron injection it is revealed that

while dye-sensitized nanoparticles exhibit almost complete elimination of carrier de-

cay on the nanosecond timescale due to trap-filling, no saturation effects are observed

for shallow traps in nanotubes. Effective early time carrier mobilities were found to

be similar in both materials with values on the order of 0.1 cm2/(Vs). It is noted

that due to electric field screening effects, this value represents a lower limit with the

actual electron mobilities expected to be higher by at least a factor 1.5. In view of

device applications the results from this chapter suggest that potential improvements

to the charge transport performance of TiO2 nanotubes may be achieved, if modifi-



66 4. CARRIER DYNAMICS IN TIO2 NANOTUBES

cations to the anodization process can be identified which reduce the concentration

of incorporated trap states.



5

Charge Transport and
Recombination in
Meso-Superstructured
Organo-Lead Halide Perovskites

Given the rapid rise in performance of lead-halide perovskite photovoltaic devices, lit-

tle is known about what makes these materials so successful at generating and trans-

porting photocurrents. Some work on transport properties has been published on the

related tin halides [138, 139] and recently Hall-effect conductivity measurements have

been performed on CH3NH3PbI3 [82]. Other studies on lead halides mostly focused

on optical and excitonic properties [69, 79, 140, 141] or theoretical band structure

calculations [75, 76, 77, 78]. It has recently been shown that charge carriers are capa-

ble of travelling over distances of up to a micron in some perovskite absorbers, which

exceeds their typical absorption depth [87]. However, the mechanism causing such an

extended diffusion range remains mysterious, given that long charge-carrier diffusion

distances require both low recombination rates and/or high charge mobility. Satis-

fying both requirements simultaneously is generally difficult given the fundamental

proportionality relation between them established by the Langevin model for kinetic

recombination, which typically applies for conductors with charge mobilities below

the order of 1-10 cm2/(Vs) [142, 143].

67
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In this chapter, it is shown that both CH3NH3PbI3 and CH3NH3PbI3−xClx exhibit

unexpectedly long charge-carrier diffusion lengths because of non-Langevin charge-

carrier recombination. Using ultrafast optical-pump-THz-probe spectroscopy, unusu-

ally low bi-molecular recombination rates are determined in these materials, falling

at least four orders of magnitude short of the Langevin prediction. Lower bounds

for the high-frequency charge mobility are established of 11.6 cm2/(Vs) for CH3NH3-

PbI3−xClx and 8 cm2/(Vs) for CH3NH3PbI3, which are remarkably high for solution-

processed materials. The combination of high charge mobility and low bi-molecular

recombination leads to carrier diffusion lengths that exceed one micron and are sig-

nificantly longer for the mixed halide system. It is proposed that such reduced bi-

molecular charge recombination arises from spatial separation of electrons and holes

in the system, which may be tuned through substitutions affecting the electronic

structure of the metal-halide system.

In order to highlight the relevance of this spectroscopic study to solar cell opera-

tion, the spectroscopic findings of this chapter are correlated with the performance of

matching devices. Figure 2.5(c) shows a schematic of the device structure employed:

the metal-halide perovskite acts as both, light absorber and charge transporter while

spiro-OMeTAD functions as the hole transporter. The organo-lead halide perovskite is

infiltrated into a 400 nm-thick scaffold layer of Al2O3 nanoparticles whose main func-

tion is to improve uniformity of coating, inhibiting pin-hole formation and the associ-

ated dark current leakage [72, 74]. Here, this device is termed a meso-superstructured

solar cell (MSSC); however, it is important to note that electrons and holes have to

travel through the perovskite layer to reach the respective extraction layers, compact

TiO2 and spiro-OMeTAD, in analogy to a planar-heterojunction device structure. For

spectroscopic measurements, metal-halide perovskite films were deposited under iden-

tical conditions on z-cut quartz, but with the electrodes and spiro-OMeTAD layers

omitted.
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The mixed halide perovskite CH3NH3PbI3−xClx was synthesized as described in [14]

and [72] with excess methylammonium which may compensate losses of the organic

material during the annealing process. The triiodide halide perovskite CH3NH3PbI3

reported in [13] and [73] on the other hand was synthesized at a 1:1 molar ratio of

CH3NH3I to PbI2. For best comparability, two kinds of CH3NH3PbI3 materials were

prepared the non-stoichiometric type with excess methylammonium (3:1) and the

stoichiometric type (1:1). Spectroscopy samples and devices were made using the

same stock of perovskite precursor. Full details are given in the following section. All

samples and devices were prepared by Giles E. Eperon.

5.1 Experimental Details

5.1.1 Material Synthesis

CH3NH3PbI3−xClx precursor: Methylammonium iodide (MAI) was prepared by re-

acting methylamine, 33 wt% in ethanol (Sigma-Aldrich), with hydroiodic acid (HI)

57 wt% in water (Sigma-Aldrich), at room temperature. HI was added dropwise

while stirring. Upon drying at 100 ◦C, a white powder was formed, which was dried

overnight in an open dish on a hotplate before use. To form the non-stoichiometric

CH3NH3PbI3−xClx precursor solution, methylammonium iodide and lead (II) chlo-

ride (Sigma-Aldrich) are dissolved in anhydrous N,N-Dimethylformamide (DMF), at

a 3:1 molar ratio of MAI to PbCl2, with final concentrations 0.88 M lead chloride

and 2.64 M methylammonium iodide. This solution is stored under a dry nitrogen

atmosphere.

Stoichiometric precursor: MAI was dissolved in a 1:1 molar ratio with lead (II) iodide

(Sigma-Aldrich) in DMF, with final concentrations 0.88 M.

Non-stoichiometric precursor: MAI was dissolved in a 3:1 molar ratio with lead (II)

iodide (Sigma-Aldrich) in DMF, with final concentrations 0.88 M lead iodide and

2.64 M MAI.
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Device substrates: Devices were fabricated on fluorine-doped tin oxide (FTO) coated

glass (Pilkington TEC7, 7 Ω/sq). Initially FTO was removed from regions under the

anode contact, to prevent shunting upon contact with measurement pins, by etching

the FTO with 2 M HCl and zinc powder. Substrates were then cleaned sequentially in

2 % hallmanex detergent, acetone, propan-2-ol and oxygen plasma. A hole-blocking

layer of compact TiO2 was deposited by spin-coating a mildly acidic solution of tita-

nium isopropoxide in ethanol, and annealed at 500 ◦C for 30 min.

5.1.2 Sample Preparation

Perovskite solar cells: A colloidal dispersion of <50 nm Al2O3 nanoparticles in iso-

propanol was spin-coated on the substrates followed by drying at 150 ◦C. Then,

to form the perovskite layer, the perovskite precursor solution was deposited and

spin-coated at 2000 rpm. Films were then annealed at 100 ◦C for 10 min (stoichio-

metric CH3NH3PbI3), 150 ◦C for 15 min (non-stoichiometic CH3NH3PbI3), or 100 ◦C

for 45 min (CH3NH3PbI3−xClx). A hole-transporting layer was then deposited in air

by spin-coating at 2000 rpm a 0.79 M solution in chlorobenzene of 2,2’,7,7’-tetrakis-

(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (spiro-OMeTAD), with additives

of lithium bis(trifluoromethanesulfonyl)imide and 4-tert-butylpyridine [144]. Devices

were then left overnight in air for the spiro-OMeTAD to dope via oxidation. Finally,

60 nm gold electrodes were thermally evaporated under vacuum of ∼ 10−6 mbar, at

a rate of ∼ 0.1 nm/s, to complete the devices.

Samples for THz and PL experiments: Samples for THz and PL measurements con-

sist of a layer of perovskite infiltrating a film of 500 nm mesoporous Al2O3. This

layer was deposited by spin coating on 2 mm thick z-cut quartz in the same way as

described above for the active layer of the solar cells.
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5.1.3 Solar Cell Characterization

The current density-voltage (J-V) curves were measured (2400 Series SourceMeter,

Keithley Instruments) under simulated AM 1.5 simulated sunlight at 100 mW/cm2

irradiance generated by an Abet Class AAB sun 2000 simulator, with the intensity

calibrated with an NREL calibrated KG5 filtered Si reference cell. The mismatch

factor was calculated to be less than 1 %. The solar cells were masked with a metal

aperture to define the active area, typically 0.09 cm2 and measured in a light-tight

sample holder to minimize any edge effects and ensure that the reference cell and test

cell are located in the same spot under the solar simulator during measurements.

5.1.4 THz Time-Domain Spectroscopy

The optical-pump-THz-probe setup (described in detail in section 3.1) uses a

Ti:Sapphire regenerative amplifier to generate 40 fs pulses at 800 nm wavelength and

a repetition rate of 1.1 kHz. Terahertz pulses are generated by optical rectification

in 450 µm thick (110)-GaP and detected by electrooptic sampling in ZnTe crystal

(0.2 mm (110)-ZnTe on 3 mm (101)-ZnTe). Pulses for optical excitation of the sam-

ples at a wavelength of 550 nm have been generated using an optical parametric

amplifier (OPA). Optical excitation was carried out through the substrate side of the

sample. The diameters of pump and probe beam at the sample position are 2.6 mm

and 1.5 mm (FWHM). Measurements have been performed with the entire THz beam

path (including emitter, detector and sample) in an evacuated chamber at pressure

p < 10−1 mbar.

5.1.5 Photoluminescence Spectroscopy

The experimental PL setup based on a pulsed didode laser and described in Sec-

tion 3.2.4 is used as it provides sufficiently low repetition rates required for the mea-

surement of long mono-molecular decay lifetimes (see 5.2.3). The excitation wave-
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length for all acquisitions is 510 nm and the repetition rate was chosen as 1 MHz.

Counting rates were kept below 1 % of the repetition rate to avoid multi-photon events.

All PL measurements were performed with the sample under vacuum (p < 10−5 mbar).

5.2 Results and Discussion

5.2.1 Device Performance

Figure 5.1(a) displays typical current-density-voltage-characteristics of solar cells in-

corporating the three different lead-halide perovskites. Maximum power conversion

efficiencies (PCE) recorded under simulated sunlight (AM1.5) were 12.7 % for the

mixed halide, 8.5 % for the non-stoichiometric (3:1) triiodide, and below 1 % for the

stoichiometric (1:1) triiodide lead perovskite. Table 5.1 lists detailed statistics. Min-

imum, maximum and average values for power conversion efficiency (PCE), short

circuit current density (jSC), open circuit voltage (VOC) and fill factor (FF) for all

batches are summarized in the table. The low performance of devices incorporating

CH3NH3PbI3 (1:1) may in part be attributed to poor film formation as evidenced by

the large amount of scattering seen in the corresponding UV/vis absorption spectrum

(Figure 5.1(b)).

5.2.2 THz Charge-Carrier Dynamics

In the next step, THz spectroscopy is used to unravel the charge dynamics in the per-

ovskite materials following pulsed photoexcitation. It is still unclear to what extent

primary photoexcited species in lead-halide perovskites at room temperature divide

into free charges or exciton populations. Exciton binding energies of between 37 meV

[90] and 50 meV [141] have been proposed for (orthorhombic) CH3NH3PbI3 at low

temperature (5 K). ∗ In both studies the diamagnetic shift of the magnetoabsoption

∗After the conclusion of the analysis for this chapter, further reports of exciton binding energies
were published [89, 91]. See Section 2.2.1 for details.
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Figure 5.1: (a) Current density-voltage characteristics of photovoltaic devices employing

triiodide (CH3NH3PbI3) and mixed halide (CH3NH3PbI3−xClx) lead perovskite absorbers,

recorded under 1.5 AM simulated sunlight. Full device performance statistics are given in

Table 5.1 [Data kindly provided by Giles E. Eperon]. (b) Absorbance spectra of thin

films of CH3NH3PbI3−xClx (red line) CH3NH3PbI3 (3:1) (blue line) and CH3NH3PbI3

(1:1) (green line) together with photoluminescence spectra collected following excitation at

510 nm (CH3NH3PbI3−xClx (red squares) CH3NH3PbI3 (3:1) (blue circles) and CH3NH3-

PbI3 (1:1) (green triangles)).
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Absorber Material jSC VOC FF η
[mA/cm2] [V] [] [%]

min 4.9 0.67 0.57 2.6
CH3NH3PbI3−xClx max 18.9 1.05 0.68 12.7

avg 12.6 0.98 0.64 8.0

min 3.9 0.92 0.46 2.3
CH3NH3PbI3 (3:1) max 13.6 1.04 0.74 8.5

avg 10.0 0.99 0.60 6.7

min 0.5 0.79 0.34 0.2
CH3NH3PbI3 (1:1) max 1.9 0.91 0.72 0.9

avg 1.1 0.86 0.56 0.5

Table 5.1: Device performance statistics for solar cell batches fabricated with the mixed

and triiodide halide perovskites as absorbers on mesoporous Al2O3 scaffolds, fabricated

as described in the main manuscript. The numbers of devices tested were: 44 (CH3NH3-

PbI3−xClx), 37 (CH3NH3PbI3 (3:1)) and 26 (CH3NH3PbI3 (1:1)). [Data kindly provided

by Giles E. Eperon]

spectrum was measured to magnetic fields in excess of 40 T and the exciton binding

energy was derived making assumptions about the value of the high frequency di-

electric function [90]. Here, it is found that emission spectra and absorption onsets

(Figure 5.1(c)) for all three investigated metal-halide perovskites are very similar,

therefore any variation in exciton binding energy is likely to be relatively small. The

proposed exciton binding energies of 37-50 meV are comparable to thermal energies

at room temperature kBT ≈ 26 meV. Following photoexcitation, both free charge

carriers and excitons may therefore be present, with their populations interchanging

dynamically over the course of their lifetime.

Figure 5.2 displays the transient THz transmission dynamics following photoexcita-

tion of CH3NH3PbI3−xClx and CH3NH3PbI3 for a range of different excitation flu-

ences. In these experiments, the sample is excited by an optical light pulse at a

wavelength of 550 nm and subsequently probed by a terahertz-frequency pulse after a

well defined delay (see Section 3.1 for details of the apparatus). In the presence of free

charges, the measured relative change in THz electric field transmission is proportional

to the photoinduced conductivity in the material (see Section 3.1.2). In principle, any
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Figure 5.2: THz photoinduced absorption transient of (a) CH3NH3PbI3−xClx, (b)

CH3NH3PbI3 (3:1), and (c) CH3NH3PbI3 (1:1) after excitation at 500 nm for fluences be-

tween 6µJ/cm2 and 320µJ/cm2. Solid lines are fits based on second- and third-order charge

recombination as described in the text.
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photoexcited species coupling to electro-magnetic THz radiation may be responsible

for the observed THz transmission transients. Here it is argued that the observed dy-

namics arise solely from the photoconductivity of free charges. First, for an assumed

exciton binding energy of∼40 meV, the energy of probe photons employed here (1 THz

corresponds to 4 meV) is too low to couple to significant intra-excitonic resonances.

Second, the shape of the transient THz spectra (see Section 5.2.5) is incompatible

with an excitonic absorption and more akin to those reported to describe charge mo-

tion in polycrystalline materials [100]. Third, it is shown below that the shape of the

fluence-dependent transients is incompatible with a significant mono-molecular decay

contribution from geminate recombination of excitons. It shall however be noted that

a presence of excitons in the materials following photoexcitation is not ruled out; they

simply do not appear to couple effectively to the THz probe.

Figure 5.2 reveals striking differences in the photoconductivity decay dynamics be-

tween the mixed halide and triiodide perovskites. Both CH3NH3PbI3−xClx and

CH3NH3PbI3 show a fast initial decay component that becomes increasingly signifi-

cant with increasing excitation fluence. However, for the triiodide perovskite, the fast

component is much more pronounced at identical fluences. The lowest fluence em-

ployed (6µJ/cm2) corresponds to an absorbed peak photon density of ∼ 6×1017 cm−3.

At elevated charge-carrier densities, higher-order effects such as bi-molecular (second

order) and Auger (third order) charge recombination processes increasingly come into

play. While bi-molecular recombination simply relies on an overlap of electron and

hole wavefunctions, Auger processes involve energy and momentum transfer of the

recombining electron-hole pair to a third charge carrier [145, 146].

To determine the charge recombination rates associated with both mono-molecular

(arising e.g. from trap-assisted recombination) and higher-order processes, solutions
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to the differential equation

dn(t)

dt
= −k3n

3 − k2n
2 − k1n , (5.1)

where n is the photoinduced charge-carrier density, are fitted to the transient THz

photoconductivity data. The fitting of this model is based on the assumption that

the photoconductivity decay is solely influenced by a change in charge-carrier density,

rather than mobility, which is reasonable given the absence of visible photoconduc-

tivity decay in the low fluence regime over the observation window (Figure 5.2a).

For the correct scaling of the fit-results it has to be considered that the experimentally

observed quantity is the photoinduced THz transmission change x(t)
def
= (∆T/T )(t),

which relates linearly to the free carrier density (see Equation 3.1 and 3.3):

n(t) = φCx(t) (5.2)

Here C = ñ0/x(0) is the proportionality factor between the immediate THz response

x(0) and the absorbed photon density

ñ0 =
Eλα(λ)

hcAeff

(1−Rpump), (5.3)

which can be calculated from the pump beam parameters and the absorption coeffi-

cient of the sample α at the excitation wavelength λ. Due to the onset of nonlinear

interactions, x(0) does not remain proportional to ñ0 at very high excitation fluences

(> 50µJ/cm2). The dependence of the initial amplitude of the THz response on

excitation fluence was evaluated and a significant effect of nonlinear processes was

only observed at fluences beyond 60µJ/cm2. The constant C is therefore determined

based on data acquired in the weak excitation regime below this limit.
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Substituting (5.2) into (5.1) yields

dx

dt
= −C2φ2k3x

3 − Cφk2x
2 − k1x (5.4)

= −A3x
3 − A2x

2 − A1x

with Ai = Ci−1φi−1ki. Numerical solutions to this equation are fitted simultaneously

to all acquired THz transients of a fluence-dependent set (i.e. there is only one globally

optimized value Ai for each rate constant, which is applied to all fluences).

A good reproduction of the data could be achieved even if the linear term was omited.

Hence, fits are performed without the linear terms in order to determine the second-

and third-order decay constants with high accuracy. By comparison to the full fits

with the linear component inserted it is verified that neglecting the first order contri-

bution was actually justified, and upper limits of values for k1 of (25 ns)−1 = 4×107 s−1

for CH3NH3PbI3−xClx and (6 ns)−1 ≈ 1.6× 108 s−1 for CH3NH3PbI3 were established

in agreement with visually flat curves observed for CH3NH3PbI3−xClx in the low

fluence regime over the 2.5 ns window.

As the photon-to-free-carrier conversion ratio φ is unknown, strictly speaking, only the

values φ2k3, φk2 (and k1) can be deduced from the fits. These equal the actual decay

rate constants k3, k2 (and k1) in case the material exhibits full photon-to-free-charge

conversion. All fit results are summarized in Table 5.2. To account for the spatially

varying charge density profile, the fit routine takes into account the exponential charge

density profile created by the pump beam by dividing the sample into 50 equally thick

slabs and computing the decay function for all of these individually.

Two striking observations are made from the results of the fits. First, the mono-

molecular charge-carrier recombination rate is found to be exceptionally low in the

investigated organo-lead halide perovksites. Such absence of trap- or impurity-assisted

recombination over the timescale of nanoseconds is excellent news for use of these
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materials in solar cells and is in contrast with other materials commonly used, such as

GaAs [147] and mesoporous TiO2 [53]. Second, the bi-molecular charge recombination

rate extracted for the mixed halide perovskite is an order of magnitude lower than

for the triiodide materials. As shown below, this leads to markedly larger diffusion

lengths even at elevated charge-carrier densities for the mixed halide making this

material more suitable for planar-heterojunction devices.

Performance differences between the three organo-lead-halide perovskites could also

potentially arise from discrepancies in the charge-carrier mobility µ. Such effects are

elucidated by deriving the effective charge-carrier mobility for the three organo-lead-

halide perovskites in the low-fluence regime. These values can be directly derived from

the photoinduced change of THz electric field transmission ∆T/T using Equations 3.1

and 3.3. The effective charge-carrier mobility φµ is extracted from the photoconduc-

tivity onset value (prior to charge recombination) with knowledge of the absorbed

photon density and optical parameters (see Section 3.1.2). Here, φ is the ratio of free

charge-carrier density generated per photon density absorbed, which is unknown and

may depend on factors such as the exciton binding energy. Excitation conditions are

again ensured to be in the linear regime (fluence here: 6µJ/cm2) to avoid systematic

errors in the determination of the photoexcited carrier density due to multi-photon

absorption processes.

Effective mobilities are determined of 11.6 cm2/(Vs) for CH3NH3PbI3−xClx and

∼8 cm2/(Vs) for both CH3NH3PbI3 variants. These values are exceptionally high for

solution-processed materials, surpassing charge mobilities reported for mesoporous

TiO2 used in dye-sensitized solar cells by at least a factor of 20 [52, 53], and those

of typical π-conjugated molecular semiconductors by several orders of magnitude

[148, 149]. Note that effective charge-carrier mobility values represent lower bounds

for the actual mobilities since the photon-to-charge branching ratio φ must fall be-

tween 0 and 1. Interestingly, Stoumpos et al. recently reported a DC dark electron
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mobility of ∼66 cm2/(Vs) for unintentionally doped single crystalline bulk CH3NH3-

PbI3 obtained from 4-probe resistivity and Hall-effect measurements [82]. Comparison

with the values measured here suggests that, within the nanosecond diffusion range,

the investigated solution-processed materials do not incur substantial charge-carrier

mobility losses at grain boundaries. It shall be stressed that effective charge-carrier

mobilities are relatively similar for the mixed and pure halide perovskite materials.

Given that the emission spectra for the two types of materials suggest similar exciton

binding energies, φ is likely to vary little, and hence the cause in the differences in

planar-heterojunction PV performance is unlikely to arise from differences in charge-

carrier mobility. It is therefore proposed that the improved performance of the mixed

halide in perovskite MSSCs originates from lower charge recombination rates, rather

than better charge mobility.

Table 5.2 summarizes the second- and third-order recombination constants and effec-

tive mobilities determined for the three lead-halide perovskite materials. From these

values, the ratio, k2/µ, of the bi-molecular recombination constant to the charge-

carrier mobility may be computed and compared to the value expected from Langevin

theory, e(εrε0)−1, where e is the elementary charge and εr the appropriate value of the

dielectric function [142, 143]. Remarkably, all three lead-halide perovskite materials

exhibit recombination rates at least 4 orders of magnitude short of the theoretical

value from the Langevin model (see Table 5.2). The Langevin model is based on a

purely kinetic approach assuming that recombination will occur once an electron and

a hole move within their joint capture radius, which is presumed to be larger than

their mean free path [142, 143]. Materials in which the ratio of k2/µ falls substan-

tially short of the Langevin limit are naturally highly suitable for use in photovoltaics,

allowing a low charge recombination rate without the penalty of lowered charge mo-

bility. Note that charge recombination rates beyond the Langevin limit have been

observed in other low-mobility materials that have been successfully incorporated in

photovoltaic cells, such as solution-processed de-mixed blends of conjugated polymer
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Material Charge-Carrier Decay Constants Mobility Langevin Device

3rd order 2nd order 1st o. (PL) φµ (k2/µ)ex
(k2/µ)L

ε−1
r PCEmax

CH3NH3. . . [cm6s−1] [cm3s−1] [µs−1] [cm2/(Vs)] [%]

. . . PbI3−xClx 9.9× 10−29 8.7× 10−11 4.9 11.6 4.2× 10−6 12.7

. . . PbI3 (3:1) 3.7× 10−29 9.4× 10−10 15 8.1 6.4× 10−5 8.5

. . . PbI3 (1:1) 1.3× 10−28 9.2× 10−10 14 8.2 6.2× 10−5 0.9

Table 5.2: Charge-carrier decay constants, Langevin ratio, charge mobility and device effi-

ciencies for the investigated lead-halide perovskite materials listed in Column 1. Columns

2 and 3 show the third (φ2k3) and second (φk2) order charge-carrier decay constants as

determined from fits to the excitation-fluence dependence of the THz transient photocon-

ductivity data (Figure 5.2). Column 4 gives mono-molecular recombination rates k1 derived

from mono-exponential fits to the tails of photoluminescence decay transients taken under

low-fluence excitation (see Figure 5.3). Column 5 lists the effective charge-carrier mobilities

φµ at THz frequencies taken from low-fluence THz transient photoconductivity traces (Fig-

ure 5.2). Since the branching ratio φ of generated free charge-carrier density per absorbed

photon density is unknown, the second- and third order decay constants, k2 and k3 and the

charge-carrier mobility µ can only be determined subject to multiplication with φ. Since

0 ≤ φ ≤ 1, values listed in Columns 2, 3, 4 represent lower limits of k2, k3 and µ. Column

6 compares the bi-molecular-recombination-rate-to-mobility ratio (k2/µ)ex (from Columns

3 and 5) to that expected from Langevin theory (k2/µ)L = e(εrε0)−1, multiplied by ε−1
r .

The possible range for εr is limited to the interval between the electric permitivities of its

consituents: Vacuum (ε = 1), Al2O3 (ε ≈ 1.77, [150]) and CH3NH3PbI3 (ε ≈ 6.5, [90]). Col-

umn 7 lists maximum power conversion efficiency achieved with the material incorporated

into full photovoltaic device structures.
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with fullerene derivatives [148, 151] and amorphous silicon [152]. In the former, such

effects have been attributed to electrons and holes being separated into two material

components, while in the latter, spatial charge separation through a random poten-

tial landscape has been postulated. As further discussed later in this chapter, the

metal-halide electronic structure may induce an intrinsic spatial charge separation

that reduces recombination rates.

5.2.3 Time-Resolved Photoluminescence

To be able to assess the lifetimes of charge carriers at very low excitation densities,

where bi-molecular processes become negligible, the value of the mono-molecular re-

combination rate has to be determined. As the THz photoconductivity study shows,

a suitable experiment requires access to timescales of the nanosecond to microsec-

ond range and sufficient sensitivity to work at very low carrier densities. For these

reasons, time-resolved photoluminescence spectroscopy by means of time-correlated

single photon counting (TCSPC) is chosen for this purpose (see 5.1.5). The dynam-

ics observed with this technique may reflect a combination of both excitonic and

free charge-carrier populations. However, given the relatively low estimates for the

exciton binding energy in these systems, excitons and charges may coexist and are

probably influenced by similar mono-molecular decay channels. In addition, in the

low-fluence regime, exciton formation will most likely precede charge recombination.

The determined mono-molecular rates therefore represent an upper limit to what free

charge carriers will experience and provide a useful reference point. Note that both

exciton geminate recombination, and trap-assisted recombination (if outside the sat-

uration regime) may lead to the observed fluence-independent, mono-molecular PL

decay components. While both channels may be either radiative, or non-radiative,

they will decimate the exciton and/or charge population which will be reflected in

the observed PL dynamics.
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Figure 5.3: Time-resolved photoluminescence of CH3NH3PbI3 and CH3NH3PbI3−xClx for

excitation fluences of 3 µJ/cm2, 0.3 µJ/cm2 and 0.03 µJ/cm2. (Excitation wavelength:

510 nm). A first order decay function was fitted to the tails of the lowest fluence data

to extract an estimate of the mono-molecular decay rate.
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Time resolved photoluminescence traces of CH3NH3PbI3 and CH3NH3PbI3−xClx were

acquired for three fluences in the interval of 3µJ/cm2 down to 0.03µJ/cm2, which cor-

respond to initial absorbed photon densities between 6×1017 cm−3 and 6×1015 cm−3.

The data is displayed in Figure 5.3. Based on the rate constants determined by THz

spectroscopy, bi-molecular recombination is expected to only contribute significantly

at the highest fluence of this range, and for lower fluences at early times before the

charge density has decayed significantly. However, for the 700-ns observation win-

dow, significant charge-carrier diffusion is expected to occur, which will complicate

any analysis of the decay traces in terms of higher-order decay mechanisms. In order

to extract a value for the mono-molecular decay constants, the attention is therefore

directed towards the longer-delay, low fluence data which will be mainly dominated

by first-order processes. Figure 5.3 shows that indeed at longer delays the decay

approaches a mono-exponential shape reflecting the mono-molecular contribution; a

small curvature however remains which introduces a systematic error of ∼10 % to

the analysis. The mono-molecular rate constants are extracted from the tails of the

lowest fluence PL data by performing a mono-exponential decay fit to an appropri-

ate interval (i.e. as far from the initial steep decay as possible, but still sufficiently

wide). The rate constants k1 obtained from fits shown as solid lines in Figure 5.3 are:

CH3NH3PbI3−xClx: 4.9× 106 s−1, CH3NH3PbI3 (3:1): 15× 106 s−1 and CH3NH3PbI3

(1:1): 14× 106 s−1.

5.2.4 Charge-Carrier Diffusion Lengths

To illustrate their relative contributions to the overall charge decay rate (Rtotal),

Figure 5.4(a,b) shows the first-, second- and third order electron-hole recombination

rates as a function of charge-carrier density in the medium. The decay rates were

computed from the rate constants summarized in Table 5.2 (k1 as extracted from PL

measurements, k2 and k3 as extracted from OPTP measurements) according to the
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Figure 5.4: Charge-carrier decay rates and diffusion lengths of lead-halide perovskites

as a function of charge-carrier concentration, extracted from analysis of transient photo-

conductivity and photoluminescence measurements. (a/b) Charge-carrier decay rates for

CH3NH3PbI3−xClx and CH3NH3PbI3 (3:1) as a function of nφ, where n is the charge-

carrier density in the materials and φ the ratio of n to the absorbed photon density. Rates

are computed from the rate constants determined in this work (see Table 5.2). Plotted

are the 1st (mono-molecular, solid), 2nd (bi-molecular, dashed) and 3rd order (Auger, dot-

ted) contribution to the total decay rate (black, solid), where R1 = k1, R2 = φk2 (n/φ),

R3 = φ2k3 (n/φ)2 and Rtotal = dn/(ndt) is the sum total. (c) Charge-carrier diffusion

lengths L = (µkBT/(eRtotal))
1/2 for CH3NH3PbI3−xClx (red), CH3NH3PbI3 (3:1) (blue)

and CH3NH3PbI3 (1:1) (green) as a function of charge-carrier concentration n, derived

from charge-carrier decay rates and THz mobilities of 11.6cm2/(Vs), 8.1cm2/(Vs) and

8.2cm2/(Vs) (φ = 1).
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expression:

Rtotal(n) = − 1

n

dn

dt
= φ2k3 (n/φ)2 + φk2 (n/φ) + k1

def
= R3 +R2 +R1. (5.5)

Figure 5.4(a,b) shows that both mono- and bi-molecular recombination make domi-

nant contributions at effective charge-carrier densities of nφ = 1015 − 1017 cm−3, but

the associated rate constants (k1 and k2) are significantly lower for the mixed halide

than the triiodide halide perovskite under typical device operating conditions.

From these rates and the effective mobilities, charge-carrier diffusion lengths are com-

puted as a function of carrier density as follows:

L(n) =

√
D

Rtotal(n)
=

√
µkBT

eRtotal(n)
(5.6)

Here, D = µkBTe
−1 is the diffusion constant at room temperature T = 293 K as

determined from the carrier mobility. The total charge-carrier recombination rate

Rtotal(n) is determined from Equation 5.5.

Figure 5.4(c) displays the dependence of the diffusion length on charge-carrier density

derived for the cases of a photon to charge branching ratio of 1, corresponding to THz

mobilities of 11.6cm2/(Vs) and 8.1cm2/(Vs) for CH3NH3PbI3−xClx and CH3NH3PbI3

(3:1), respectively. Note that for φ < 1 diffusion lengths would be even larger. The

plots show that substantial diffusion lengths in the micron-range are achievable for low

charge-carrier densities, in agreement with recent measurements based on diffusive

exciton quenching [87]. In accordance with device performance, the mixed-halide

perovskite exhibits a diffusion length that is up to a factor four larger than that of

the triiodide perovskite over charge-carrier densities corresponding to realistic device

operating conditions. In the presence of long range structural disorder, diffusion

lengths may be somewhat shorter, as THz conductivity probes sample the material

mobility on shorter length scales that may not include full conduction pathways to
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electrodes [58]. Such extended charge diffusion lengths are to be expected, given that

planar-heterojunction devices have now been realized [15], which require diffusion

lengths to be comparable to or exceed optical absorption depths (typically 445 nm at

700 nm excitation and 120 nm at 500 nm excitation wavelength). Here it is shown that

the reason for the long charge diffusion lengths is that lead-halide perovskites show

strongly sub-Langevin carrier recombination rates. If bi-molecular decay processes

were as fast as derived from a kinetic model (Langevin theory), charge diffusion

lengths would be reduced to the tens of nanometre range necessitating the use of a bulk

heterojunction (mesostructured) device layout. These findings therefore show that

the observed combination of low charge-carrier recombination and high mobility is

crucial to the development of planar heterojunction photovoltaic devices incorporating

organo-lead-halide perovskites.

To propose an explanation for these effects, interesting parallels with early low-

temperature measurements on lead-halide ionic crystals are pointed out, which showed

that while PbI2 exhibited sub-nanosecond PL lifetimes [153], the lighter-halide PbCl2

[154] exhibited much longer (microsecond) lifetimes. In some metal halide systems,

such effects have been attributed to spatial localization of the hole in the halide vicin-

ity [155]. Clearly, in the lead-halide perovskites under investigation here, charges are

found to be highly mobile and trapping mechanisms surprisingly absent. However,

a weak preferential localization of electrons and holes in different regions of the per-

ovskite unit cell may still result in a reduction in the spatial overlap of electron and

hole wavefunctions and hence recombination rates. Note that density functional cal-

culations on lead-iodide perovskites have revealed that valence band maxima consist

of 6s- and 5p orbitals of lead and iodine, respectively, while conduction band minima

mostly incorporate 6p-orbitals of lead [78]. This scenario is reminiscent of the case of

metal alkali halides for which long life times had been reported earlier [155]. Such spa-

tial charge separation may explain the stark deviation from Langevin theory observed

here for charge recombination in the organo-lead-halide perovskites. Understanding
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and predictive modelling of such effects will therefore allow for directed photovoltaic

material and device development.

5.2.5 THz Conductivity Spectra

In order to support the assumptions made for the modelling of THz photoconductivity

transients (i.e. in terms of the decay of the free carrier population), and to obtain

further insights into the nature of charge transport in the materials, frequency spectra

of the THz photoconductivity were acquired. These are shown for CH3NH3PbI3 and

CH3NH3PbI3−xClx in Figure 5.5 as recorded at pump-probe delays between 5 ps and

2 ns. Importantly for each sample there is no significant change in the spectra as a

function of time after photoexcitation (i.e. no pump-probe delay dependence of the

photoinduced phase shift of the transmitted THz pulse in the time domain). In this

case carrier dynamics may be recorded by observing changes in the peak terahertz

signal in the time domain as a function of pump-probe delay [100].

The shape of the transient THz photoconductivity spectra are consistent with the

motion of photogenerated free charge exhibiting long-range scattering [98, 99, 100,

136, 137, 156]. Over the measurable frequency range (0.2–3 THz) the real part of

the conductivity (∝ ∆T/T see Eqn. 3.1) is offset from zero and relatively constant

and the imaginary part of the conductivity is close to zero. This is consistent with a

Drude conductivity, with relaxation rate � 3 THz [99, 100]. In addition the features

observable at 1 THz and 2 THz originate from a photoinduced modulation of LO-

phonon modes superimposed on the Drude response. The LO-photon modes can be

seen in the absorption spectrum of the unilluminated samples, which are shown in

Figure 5.6.

Furthermore a control experiment was performed showing that the shape of the THz

spectrum is independent of the electric field strength of the THz pulse (see Figure 5.7),

to confirm that the THz pulse was acting as a weak probe.
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Figure 5.5: Photoinduced THz absorption spectra of CH3NH3PbI3 and CH3NH3PbI3−xClx

at various times after excitation. (Excitation wavelength: 550 nm), fluence: 320 µJ/cm2.

For comparability, all spectra are normalized by their frequency-averaged absolute value.
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Figure 5.6: Dark THz absorption spectra of CH3NH3PbI3−xClx and stoichiometric

CH3NH3PbI3.
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Figure 5.7: Photoinduced THz absorption spectra of meso-superstructured CH3NH3-

PbI3−xClx at various electric field strengths of the THz probe pulse. (Excitation wavelength:

550 nm), fluence: 320 µJ/cm2. The legend indicates the relative electric field strengths used.

For comparability, all spectra are normalized by their frequency-averaged absolute value.
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5.3 Conclusion

The results presented in this chapter reveal that CH3NH3PbI3 and CH3NH3PbI3−xClx

are particularly well-suited as light absorbers and charge transporters in photovoltaic

cells, because they allow an unexpected combination of both low charge recombination

rates and high charge-carrier mobilities. Lower bounds of ∼10 cm2/(Vs) for the high-

frequency charge mobility are established, which is remarkably high for a solution-

processed material. Planar heterojunction photovoltaic cells may only be achieved

because the ratio of bi-molecular charge recombination rate to charge mobility is

over four orders of magnitude lower than that predicted from Langevin theory. Such

effects are likely to arise from spatial separation of opposite charge carriers within the

metal-halide structure. Modelling and tuning recombination channels, e.g. through

halide and metal substitutions, will hold the clue to raising material performance.



92 5. CARRIER DYNAMICS IN MESO-PEROVSKITES



6

Charge Transport and
Recombination in
Vapour-Deposited, Compact Films
of CH3NH3PbI3−xClx

Vapour deposition is a well-established technique in the commercial fabrication of

optoelectronic devices, offering a wide range of benefits in terms of cost, scalability,

environmental impact and high film quality [157, 158, 159]. An exciting recent exam-

ple has been the demonstration of thin-film organo-lead halide perovskites solar cells

from a simple dual-source evaporation protocol [15]. These cells were found to exhibit

high power conversion efficiencies of up to 15.4 % based on a simple planar heterojunc-

tion device design. In comparison to solution processing techniques, vapour deposition

allows for high film homogeneity, avoiding problems caused by de-wetting and sub-

sequent pin-hole formation [72]. In addition, vapour deposition greatly simplifies the

fabrication of tandem cells comprising material layers of complementary absorption

spectra, obviating the need for orthogonal solvents and more elaborate cross-linking

schemes. Such tandem cells can potentially surpass the theoretical Shockley-Queisser

limit for the power conversion efficiency of 33 % for single-junction cells [18, 21]. For

cells based on CH3NH3PbI3−xClx, this concept is particularly attractive since the

bandgap energy of near 1.6 eV (see Figure 5.1) is larger than the optimum value,

93
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leaving a wide spectral range in the near-infrared unused.

The past year has seen a tremendous surge of research on organo-lead halide per-

ovskites after the first high-efficiency solid state solar cells based on these materials

were reported [13, 14]. Data on many fundamental material properties of these ma-

terials is emerging and the understanding of the principal optoelectronic processes

governing photovoltaic operation has increased significantly [9, 10]. Apart from the

intrinsic material properties that render organo-lead halide perovskites so suitable as

absorbers in solar cells, non-intrinsic factors such as morphology [74, 160], crystallinity

and stoichiometry ([77] and Chapter 5) have been found to have considerable effects

on device performance [161]. However, past studies have almost exclusively been per-

formed on materials prepared through solution-based deposition protocols. Given the

attractive benefits of vapour deposition, further knowledge on relevant properties for

photovoltaic operation of these films is therefore urgently required. Such information

may also reveal which particular aspects of the charge generation and recombination

processes are inherent to a given material, and which elements may be further tuned

through suitable alterations of the fabrication protocol.

In this chapter, recombination lifetimes and carrier mobility as two key properties

for photovoltaic operation are measured in vapour-deposited films of the lead halide

perovskite CH3NH3PbI3−xClx in a similar way as done for the meso-superstructured,

solution processed perovskties in the previous chapter. Materials were made using a

dual-source evaporation protocol (CH3NH3I / PbCl2) in the same way as previously

reported for incorporation in high-efficiency solar cells [15]. Again, the photoinduced

THz conductivity of the film was monitored over a wide range of excitation den-

sities and recombination rate constants extracted. In addition, a remarkably high

charge-carrier mobility in excess of 33 cm2/(Vs) is determined. Taken together, the

results in this chapter show that vapour-deposited CH3NH3PbI3−xClx-films allow for

charge-carrier diffusion lengths in excess of several microns under typical solar-cell
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operating conditions. As also observed in meso-superstructured, solution processed

materials, these long diffusion lengths result from a combination of both, low bi-

molecular electron-hole recombination rates far below the prediction of the Langevin

model, and slow effective trap-mediated recombination of charge carriers.

6.1 Experimental Details

6.1.1 Sample Preparation

Thin films of the perovskite CH3NH3PbI3−xClx were deposited by Mingzhen Liu using

dual-source evaporation as described in detail in [15]. Lead chloride (PbCl2) and

methylammonium iodide (CH3NH3I) were deposited simultaneously onto 2 mm thick

z-cut quartz substrates under high vacuum. Before starting the evaporation, the

tooling factor (which is a ratio of the material deposited on the sensors to that on

the samples) was estimated for each source individually.

Approximately 500 mg of CH3NH3I and 100 mg of PbCl2 were loaded into separate

crucibles and the substrates were placed in a substrate holder above the sources.

To eliminate volatile impurities in the chamber before coating the substrates with

perovskite, the two crucibles were heated above the desired deposition temperatures

under high vacuum (10−5 mbar) for approximately 5 min. To prepare representative

perovskite films, key deposition parameters such as the deposition rates and duration

for the two sources were set as previously optimized for best performance of the ma-

terial in solar cells [15]. This includes using a CH3NH3I:PbCl2 molar ratio of 4:1 and

deposition rates of 5.3 Ås−1 for CH3NH3I (crucible temperature around 116 ◦C) and

1 Ås−1 for PbCl2 (crucible temperature of around 320 ◦C), maintained for approxi-

mately 128 min of evaporation. The substrate holder was rotated to ensure uniform

coating while the film was deposited on the substrate. Annealing the as-deposited

films at 100 ◦Cfor 45 min in a N2-filled glove box enabled full crystallization of the per-
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ovskite, darkening the colour and resulting in an apparent growth of crystal features

visible in SEM images [15]. The resulting film thickness is 330± 5 nm.

6.1.2 THz Time-Domain Spectroscopy

The optical-pump-THz-probe setup used is identical to the one described in 5.1.4.

6.2 Results and Discussion

6.2.1 THz Charge-Carrier Dynamics

For the interpretation of the photoinduced THz response of CH3NH3PbI3−xClx, sim-

ilar considerations apply regarding which photoexcited species the THz probe pulse

couples to, as in Chapter 5. First the frequency spectrum of the photoinduced THz

response is therefore analysed, which reveals information about the types of excita-

tions the probe pulse interacts with. Figure 6.1 shows THz photoinduced absorption

spectra for CH3NH3PbI3−xClx recorded at 20 ps and 2 ns pump-probe delay. The

spectral shape does not change with time after excitation and displays an essentially

flat real part and only a very small imaginary component. Such a response is consis-

tent with the predictions of a standard Drude conductivity model for free carriers at

frequencies much lower than the relaxation rate [99, 100]. It is therefore concluded

that also in evaporated films, the observed OPTP signal predominantly arises from

the interaction of the THz probe with free charge carriers.

It is also worth noting that the THz spectra show no substantial signs of disorder-

induced scattering phenomena, which generally cause a drop of the real part and the

emergence of a non-zero imaginary part of the conductivity towards low frequencies

[136, 137]. This is in agreement with the existence of relatively large crystalline

domains previously reported for these vapour-deposited thin films [15].

It can also be seen that the THz spectra show some weak additional features centred
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Figure 6.1: (a) Normalized, complex THz photoinduced absorption spectra of vapour-

deposited CH3NH3PbI3−xClx (closed symbols real parts, open symbols imaginary parts)

for two different time-delays (20 ps and 2000 ps) after excitation at 550 nm (2.25 eV) with

pulse fluence 280µJ/cm2. The slight drop-off towards low frequencies (< 0.5 THz) is due

to an artefact resulting from the large diffraction limited beam waist for these frequency

components approaching the diameter of the optical pump beam. (b) THz dark permittivity

spectra (no photoexcitation), fitted with the output of a Lorentz Oscillator model including

two resonances as described in the text.
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at around 1 THz and 2 THz. Such features may arise from resonant interaction of

light e.g. with phonon modes or intra-excitonic transitions [103, 162]. To examine

the origin of these features, the THz permittivity spectrum was also measured in

absence of photoexcitation, which is shown in Figure 6.1b. These spectra show two

clear resonances in the same spectral regions for which weak features are observed in

the photoinduced conductivity spectra. The contribution of these resonances to the

dark spectra can be modelled as Lorentzian oscillators resulting in the Drude-Lorentz

response described by the equation [103]:

εph(ω) = −∆εs
ω2

0

ω2 − ω2
0 + iγω

(6.1)

Here, ∆εs is the contribution of the mode to the static permittivity, ω0 its (angular)

resonance frequency and γ its half line width. The complete expression includes the

sum of the two oscillator terms as well as the (high-frequency) background permit-

tivity ε∞ arising from all contributions above the accessible frequency range.

ε(ω) = ε
(1)
ph (ω) + ε

(2)
ph (ω) + ε∞ (6.2)

This complex valued function was fitted simultaneously to the real and imaginary

part of the measured permittivity. The results are summarized in Table 6.1. The

low-frequency permittivity (i.e. the high-frequency background for the range below

0.5 THz) may be calculated as

εs = ε∞ + ∆ε(1)
s + ∆ε(2)

s (6.3)

The spectral resolution of the measurement is given by the Fourier-transform limit

through the length of the acquired interval in the time-domain (∆t = 5 ps) resulting

in ∆ω = 2π/∆t = 1.26 THz. The widths of the Drude-Lorentz peaks determined

through the fits (2γ > 1.26 THz) are therefore not affected by the spectral resolution



6.2. RESULTS AND DISCUSSION 99

limit. Note that phonon lifetimes can be directly obtained from these line width as

τ = 1/γ [103].

The fits yield resonance frequencies f
(1)
0 = 0.96 THz and f

(2)
0 = 1.96 THz. A mode

centred at a wavenumber of 62 cm−1 (1.86 THz) has previously been observed in Ra-

man spectra of CH3NH3PbCl3 [163] and CH3NH3PbI3 [164], and was assigned to

vibrational modes associated with bending and stretching of the lead-halide bonds.

The features observable in the photoconductivity spectra therefore most likely arise

from a photoinduced modulation of such lead-halide sub-lattice phonon modes su-

perimposed on the Drude conductivity response. This scenario suggests that charge

carriers couple effectively to lattice vibrations in CH3NH3PbI3−xClx. Hence pola-

ronic effects may have to be taken into account when the electronic properties of this

material are considered.

In the following charge-carrier recombination dynamics in vapour-deposited CH3NH3-

PbI3−xClx films are investigated in a similar way as in Chapter 5 through analysis

of the results from time-dependent optical-pump-THz-probe experiments. Figure 6.2

shows THz absorption transients after photoexcitation at 550 nm (2.25 eV) for a range

of excitation fluences between 6 and 188µJ/cm2. Again, the time-dependence of the

transients is modelled in terms of a free-charge population decay, neglecting possible

changes of carrier mobility on the investigated timescale.

First a value is extracted for the charge-carrier mobility at THz frequencies for the

material from the photoinduced THz transmission change extrapolated to zero pump-

ε
(1)
ph ε

(2)
ph ε∞ εs

∆εs 4.8 7.98 6.81 19.59
ω0 = 2πf0 [THz] 6.04 12.28
γ [THz] 1.60 5.11

Table 6.1: Results of the fit of Equation 6.2 to the THz permittivity spectra. Note that εs

is given as calculated from Equation 6.3 and not itself a fit parameter.
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Figure 6.2: THz photoinduced absorption transients of vapour-deposited thin films of

CH3NH3PbI3−xClx at excitation fluences between 6 and 188µJ/cm2 and for excitation

wavelength 550 nm (2.25 eV). Solid lines represent fits with a 1st-, 2nd- and 3rd-order decay

function with globally optimized rate constants (equal for all fluences) as described in the

text.

probe delay. Regarding the relevance of the photon-to-free-carrier conversion ratio

φ, very similar arguments apply as for the experiments on meso-superstructured,

solution processed perovskites. Hence, while noting the same highly non-resonant

excitation conditions, which in principle ought to primarily generate free carriers, the

effective carrier mobility φµ is stated as a lower limit to the actual mobility (since

0 < φ < 1).

A value of φµ = 33 cm2/(Vs) is calculated, which is remarkably high, in agreement

with the efficient charge extraction from photovoltaic devices made from such films

[15]. This effective mobility for films of evaporated CH3NH3PbI3−xClx is higher than

that determined in Chapter 5 for the solution-processed material within a mesoporous

scaffold, which is most likely the result of the different film morphologies and crys-

talline domain sizes [15, 72]. Note moreover that φµ as determined here is only a

factor of two lower than the value of µ obtained by means of Hall-effect measure-
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ments for annealed polycrystalline pellets of the related CH3NH3PbI3 [82]. This

observation suggests that the photon-to-free-charge conversion efficiency φ is size-

able in these materials, i.e. for the non-resonant excitation used in the experiments

here, the majority of species generated appear to be free charges, rather than exci-

tons. Therefore, it seems that free charges are readily available in these materials

following non-resonant photoexcitation, which is highly advantageous for their use in

photovoltaic energy conversion.

In the next step, the charge-carrier recombination dynamics that govern the decay

of the photoconductivity transients shown in Figure 6.2 are analysed. Drawing from

the insights of Chapter 5, a simple model involving recombination processes of first,

second and third order as described by the rate equation

dn(t)

dt
= −k3n

3 − k2n
2 − k1n , (6.4)

is applied, where k3 is the decay constant describing Auger recombination [145, 146],

k2 the bi-molecular recombination constant, and k1 the rate for mono-molecular pro-

cesses such as trap-assisted charge recombination. Note that, again, fitting the above

rate equation to the transients actually results in the extraction of the decay constants

k3φ
2, k2φ and k1, with the former two representing lower limits to the actual values

k2 and k3 (refer to 5.2.2 and specifically Equation 5.4 for the mathematical details

of the fits). Decay constants were only allowed to vary globally (i.e. had constant

values across curves taken at all fluences). The resulting fits are plotted as solid lines

in Figure 6.2 with the extracted values for the effective second- and third-order de-

cay constants given in Table 6.2. A generally low value for the effective bi-molecular

recombination rate is found, which is similar to (i.e. 20 % lower than) the value de-

termined previously for meso-superstructured, solution-processed CH3NH3PbI3−xClx

(see Chapter 5).

While extracting the mono-molecular rate constant k1 from the fits to the THz pho-
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Material CH3NH3PbI3−xClx

Decay constants
3rd order (φ2k3) 2.7× 10−29 cm6s−1

2nd order (φk2) 1.1× 10−10 cm3s−1

1st order (k1, see Chapter 7) 1.2× 107 s−1

Eff. mobility (φµ) 33 cm2/(Vs)

Langevin Ratio 2× 10−6 × εr

Table 6.2: Charge-carrier decay rate constants and mobility for vapour-deposited CH3NH3-

PbI3−xClx. Strictly, the given values for second and third order decay constants, and the

effective charge-carrier mobility are lower limits to the actual values of k2, k3 and µ because

the photon-to-free-charge conversion efficiency φ may be lower than unity (0 ≤ φ ≤ 1). The

Langevin Ratio denotes the ratio between the observed value of k2/µ to that theoretically

predicted by the Langevin model e/(ε0εr). The value stated is exclusive of the factor

accounting for the relative permittivity. The static dielectric constant of CH3NH3PbI3

εs = 60 [165] may serve as an upper limit. The mono-molecular decay rate k1 is determined

from time-resolved photoluminescence measurements in Chapter 7.

toconductivity transients, again extremely low values are also found for this rate-

constant, indicating than a precise measurement requires a longer accessible time-scale

than the THz experiment provides. From the uncertainty of the fits an upper limit

can however be established for k1 of approximately 2×107 s−1. As explained in detail

in 5.2.3 an estimate of the mono-molecular charge-carrier decay rate may be derived

from the time-resolved photoluminescence (PL) decay, which can straightforwardly

be acquired over timescales of hundreds of nanoseconds by means of time-correlated

single photon counting. This data has been collected in the course of the study pre-

sented in Chapter 7 (Figure 7.3b). There it is shown that for low-fluence excitation,

the PL transients exhibit mono-exponential decay tails from which a mono-molecular

rate constant k1 = 1.2× 107 s−1 = (83 ns)−1 is extracted. It was argued in 5.2.3 that

although possibly reflecting a combination of both excitonic and free charge-carrier

populations, the dynamics observed through time-resolved PL provide a useful refer-

ence point and at least an upper limit for k1. This assumption is supported by recent

observations of similar decay dynamics observed for both photoinduced absorption
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and PL emission in CH3NH3PbI3−xClx films [87], and a study of transient microwave

conductivity of CH3NH3PbI3 on nanosecond-to-microsecond timescales showing coin-

ciding decay lifetimes for photoluminescence and photoconductivity [166]. The mono-

molecular decay rate for vapour-deposited CH3NH3PbI3−xClx determined through PL

spectroscopy is very low for a polycrystalline material, and only slightly (by about a

factor of two) higher than that for meso-superstructured, solution processed CH3NH3-

PbI3−xClx. This result suggests that CH3NH3PbI3−xClx has a generally low propen-

sity to trap free charge carriers, regardless of the general processing route taken.

A comparison of the determined bi-molecular recombination rate to the prediction

of Langevin theory [142, 143] (k2,L = µe(ε0ε)
−1) yields a discrepancy of about five

orders of magnitude (i.e. tremendously slower recombination then predicted) in

agreement with the results on meso-superstructured, solution-processed CH3NH3-

PbI3−xClx. This organo-lead halide perovskite therefore fundamentally appears to

exhibit particular mechanisms inhibiting electron-hole recombination, independent of

the deposition route. In Chapter 5 it was proposed that polarization of free-charge

pairs across the metal-halide bond may be a cause of stabilization for a spatially

charge-separated state. Such effects have been intensively examined for a range of

ionic solids such as alkali halides [155], for which the valence band has strong halide

character (i.e. localizing the hole in the halide vicinity), and they are also apparent

in recent density-functional calculations for CsPbI3 perovskites [78].

Alternatively, more extended electron-hole spatial separations may be induced

through built-in electric fields. Many materials in perovskite structures with lack

of inversion symmetry display ferroelectric effects [167, 168], allowing such fields to

be present even in the bulk material. The extent to which CH3NH3PbI3−xClx and re-

lated compounds exhibit ferroelectricity is still unknown, however, if such effects were

to be present, they could aid photovoltaic performance by facilitating initial charge

separation and by inhibiting subsequent recombination [168]. An understanding of
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the mechanisms for the observed strongly non-Langevin electron-hole recombination

dynamics would allow design rules to be established for a wider class of materials for

photovoltaics.

6.2.2 Charge-Carrier Diffusion Length

With knowledge of charge-carrier mobility and lifetimes in CH3NH3PbI3−xClx the

charge diffusion length may be calculated, which is central to the performance of

absorber layers in solar cells. Especially in planar heterojunction device architectures,

charge-carrier diffusion lengths are required that sufficiently exceed the thickness of

the active layer (currently∼330 nm in planar heterojunction CH3NH3PbI3−xClx based

cells [15]) to achieve satisfactory current densities under working conditions where no

electric field is present.

LD is evaluated as a function of n as described in 5.2.4, using the determined recom-

bination rate constants and charge mobility listed in Table 6.2. The resulting plots

are shown in Figure 6.3 for which a photon-to-free-charge conversion ratio φ = 1 was

assumed for simplicity. For charge-carrier concentrations covering realistic solar cell

operating conditions, it can be seen that the diffusion length in CH3NH3PbI3−xClx

is on the order of microns (2.7µm at n = 1015 cm−3) and is only limited by mono-

molecular decay processes. At higher concentrations (n ≥ 1018 cm−3) bi-molecular

and finally Auger recombination reduce the diffusion length to the sub-micron range.

Note that these diffusion lengths are probed at THz frequencies causing only short-

range carrier displacement and thus the long-range DC values may be somewhat

shorter, if the mobility is strongly inhibited by grain boundaries. On the other hand,

if φ was to be lower than unity, the calculated diffusion lengths would be even larger.

In addition, Figure 6.3 also shows the diffusion lengths expected for the two hypothet-

ical cases of (i) solely kinetically limited bi-molecular recombination rates (Langevin

recombination, k2 = µe(ε0ε)
1), and for (ii) complete absence of mono-molecular decay
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Figure 6.3: Charge-carrier diffusion lengths as a function of charge-carrier density, calculated

from the decay rate constants in Table 6.2, assuming a photon-to-free-charge conversion ef-

ficiency φ = 1. The blue line shows the actual diffusion length to be expected from the

measured first-, second- and third-order rates. The red and green lines show hypotheti-

cal values for the two cases of (i, green): bi-molecular recombination rates instead being

governed by Langevin recombination, i.e. k2 = µe(ε0ε)
1, taking the low-frequency limit

of ε = εs = 60 [165], and for (ii, red): complete absence of mono-molecular decay chan-

nels (k1 = 0). A recent estimation suggests that realistic carrier concentrations in working

CH3NH3PbI3−xClx-based solar cells are on the order of 1015 cm−3 or less [91].
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channels (k1 = 0). The plot shows that the situation would change dramatically if

the material were to exhibit Langevin-recombination (case (i)). Here, bi-molecular

recombination would dominate through the entire density range shown in the plot

limiting the diffusion length to a few tens of nanometres at a carrier concentra-

tion of 1015 cm−3. Without the observed non-Langevin decay mechanisms, these

materials would therefore only find application as thin sensitizer layers on nano-

or meso-structured electron- and hole-extracting layers, such as those employed in

dye-sensitized solar cells. For case (ii) on the other hand, the elimination of trap-

mediated decay channels would enhance the diffusion length significantly (29µm at

n = 1015 cm−3) and make it dependent on absorbed photon flux over the typical solar

cell operating range.

Note that previously reported values of k1 for solution processed films ([87] and Chap-

ter 5) are lower than the mono-molecular rate measured here for vapour-deposited

films. This comparison suggests that the mono-molecular charge recombination rate

is governed at least to some extent by defects or impurities in the bulk and at grain

boundaries, which can be targeted by careful engineering of the processing route. In

this respect, improvements of the vapour deposition protocol could very well hold

the potential for solar cells showing even higher photocurrents and power conversion

efficiencies.

6.3 Conclusion

In this chapter, two key properties for photovoltaic operation, charge-carrier mobility

and lifetime, were investigated for vapour-deposited films of the organo-lead halide

perovskite CH3NH3PbI3−xClx. The high-quality films obtained through dual-source

evaporation show excellent charge-carrier mobility of at least 33 cm2/(Vs), and low

bi-molecular recombination rates that defy the prediction of the Langevin model by

about five orders of magnitude. As a result, the diffusion lengths are only limited
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by mono-molecular decay processes under realistic solar cell operating conditions. It

is found that the extracted long diffusion lengths approaching 3 microns result from

the combination of both non-Langevin bi-molecular electron-hole recombination, and

exceptionally low trap-induced mono-molecular charge recombination pathways.

In comparison to the results from Chapter 5 on meso-superstructured, solution-

processed films of CH3NH3PbI3−xClx, vapour-deposited films exhibit higher charge-

carrier mobilities and mono-molecular recombination rates, but similar bi-molecular

recombination. This change in the former two parameters coincidentally cancels when

the diffusion lengths are evaluated, leading to similar calculated values of LD for the

two processing methods. Comparison of parameters obtained for the two deposition

routes suggests that while the non-Langevin bi-molecular decay rates are an inherent

property of this material, charge-carrier mobilities and trap densities may vary with

processing conditions. Finding ways to identify and eliminate traps, and to enlarge

crystallite size further, would therefore allow further increases in photovoltaic device

efficiencies.

In addition, there is a clear need for finding an explanation for the underlying mech-

anism causing the observed non-Langevin charge recombination. This mechanism

could also be to some extent responsible for the large fraction of initially generated

free-charge carriers that appear to be present following light absorption. Such an un-

derstanding would greatly aid the development of new material classes that not only

exhibit excellent photovoltaic performance, but also have additional benefits such as

higher long-term stability or lead-free composition.
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7

Spectral Broadening of
Photoluminescence Emission from
CH3NH3PbI3−xClx

In the previous chapters, some of the very favourable optoelectronic properties of

CH3NH3PbI3 and CH3NH3PbI3−xClx for photovoltaic applications were highlighted.

The most important ones are strong optical absorption in the visible and ultraviolet

spectrum [14], long free charge-carrier lifetimes and high carrier mobilities (see also

[87, 88, 169]). These properties are also highly desirable for many other optoelec-

tronic applications, where organic-inorganic perovskites could once more lead to a

step change in feasibility or performance. However, little in-depth knowledge exists

to date on what governs the behaviour of the emissive species in these materials.

In this chapter the intense, broad band-edge luminescence from CH3NH3PbI3−xClx is

investigated with the intention of unravelling the nature of the emission line broad-

ening and the underlying radiative recombination processes. This study focusses on

thin films fabricated from thermal vapour deposition, which allows for smooth film-

formation and high crystalline order making them very suitable for general device

applications [15]. Using photoluminescence spectroscopy with continuously tunable

excitation energy, the broadening mechanism in the mixed halide CH3NH3PbI3−xClx

is scrutinized, which features an emission peak around its band gap energy (1.62 eV)

109
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with a full width at half maximum (FWHM) of 103 meV. By scanning the excitation

energy across the width of this peak while observing the spectral shape of the PL

emission, it is established that the spectral broadening is homogeneous. Furthermore,

time-resolved emission spectra are acquired, which show an invariant shape over the

captured interval between 200 ps and 200 ns after excitation, suggesting an absence of

significant disorder-related effects in the emissive species. Based on the observations

in this chapter, strong phonon coupling of charge carriers arising from their polaronic

properties is proposed as a likely source of the homogeneous broadening. Owing to

the uncertainty relation between pulse duration and frequency bandwidth manifested

in the natural spectral line width, a broad emission spectrum is one of the primary

prerequisites for gain materials in ultrashort (femtosecond) pulsed lasers [170]. Here,

perovskites could also offer a perspective for electrically pumped designs creating a

significant advantage over many well-established fs-laser gain materials which require

optical pumping. With the observed spectral width of 103 meV, the homogeneous

gain medium could sustain amplification of light pulses as short as 6.4 fs.

7.1 Experimental Details

7.1.1 Sample Preparation

Samples were prepared in the same way as described in 6.1.1.

7.1.2 Photoluminescence Spectroscopy

Excitation-energy-dependent PL

PL with continuously tunable excitation is performed using the experimental setup

described in 3.2.3 based on a tunable Ti:Sapphire laser operated in continuous wave

mode. The intensity incident on the sample is stabilized at about 5 W cm−2 across the

full photon energy range. Samples are mounted in a vacuum cell maintaining a pres-
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sure below 10−5 mbar. In this environment the materials is observed to be stable over

days involving exposure to the excitation light for many hours, with no degradation

in PL or visual change in film appearance observed for the duration of the measure-

ments. Entry slit width and grating constant of the monochromator are chosen to

achieve a spectral resolution ∆Λ better than 0.5 nm. The spectrally resolved PL is

detected by a nitrogen cooled Si-CCD detector and corrected for spectral response

of the apparatus by using a tungsten filament lamp of known emissivity spectrum.

Unless otherwise stated, measurements were taken at room temperature (297 K).

Time-resolved PL

Time-resolved PL experiments are performed by means of time-correlated single pho-

ton counting using the setup described in 3.2.4. A pulsed diode laser operating at

a photon energy of 1.96 eV (634 nm) excites the sample, which is contained in a

vacuum chamber at pressures below 105 mbar, with a repetition rate of 2 MHz. The

grating monochromator is configured to provide spectral filtering with a resolution

∆Λ of about 2 nm. The variable attenuator in the emission path is used to ensure

counting rates are kept below 1 % of the repetition rate to avoid multi-photon events.

All measurements were taken at room temperature (297 K).

7.1.3 Optical Transmittance and Reflectance Spectroscopy

Optical transmittance and reflectance spectra were acquired in a Perkin-Elmer

Lambda 1050 UV/VIS/NIR spectrophotometer operated at a spectral resolution of

2 nm.
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7.2 Results and Discussion

7.2.1 Optical Properties

Figure 7.1a displays the optical transmission and reflection spectra of a vapour-

deposited CH3NH3PbI3−xClx film in the NIR/vis range. The onset of inter-band ab-

sorption can be identified as an edge centred at 1.64 eV, in agreement with previously

published data on thin films of solution-processed mixed halide CH3NH3PbI3−xClx

[14, 82, 87] and trihalide CH3NH3PbI3 [171] materials. At photon energies below

the steep absorption onset at 1.64 eV, the transmittance and reflectance spectra ex-

hibit clear thin-film-interference (Fabry-Perot) effects, which indicates that the film

thickness is very uniform and the surface optically flat, preventing any substantial

light scattering. From the data in Figure 7.1a, and the film thickness d = 330 nm

(determined from SEM cross sectional imaging) the absorption coefficient shown in

Figure 7.1b is obtained together with the PL emission spectrum. Since information

on excitonic effects is still emerging and the exact nature of the electronic structure

near the band edge is still being explored, extraction of the precise band gap energy

is difficult due to the lack of an unambiguous physical description of the absorption

onset. A direct semiconductor in accordance with the results of band-structure cal-

culations [75, 76, 77, 78] ought to exhibit a broad regime for which α ∝ (E − Eg)
1/2

near the absorption onset [103]. Such a square-root behaviour would at best partly fit

the initial steep rise around 1.64 eV leaving the following sharp transition to a flatter

regime difficult to account for. On the other hand, absorption enhancements at the

band edge caused by resonant exciton creation would provide a plausible explana-

tion for an initially steeper rise of the absorption coefficient [172]. Exciton binding

energies have been reported for the pure halide CH3NH3PbI3 to range from 20 meV

[89] to 37 meV [90], which is sufficiently high for enhancement effects to be observed

at room temperature, given that for T = 297 K the characteristic thermal energy is

kBT = 25.6 meV. Note that reliable clarification of the nature of the absorption onset
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Figure 7.1: (a) Optical transmittance (Text = Itransmitted/Iincident, blue) and reflectance

spectra (R = Ireflected/Iincident, green) of evaporated films of CH3NH3PbI3−xClx. Text was

determined in specular transmission geometry and R in specular reflection geometry at close

to normal (6◦) incidence. (b) Black curve: absorption coefficient α = −1/d ln(Text/(1−R)),

calculated from the data in (a) and the film’s thickness d = 330 nm (black). Red circles:

Photoluminescence emission spectrum at 1.96 eV excitation energy (λ = 634 nm), 6µJ/cm2

fluence and 2 MHz repetition rate. Inset: magnification of the plot in the energy range

around the absorption edge and PL emission.
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may require in-depth theoretical modelling e.g. in conjunction with low-temperature

absorption data to allow isolation of individual contributions.

7.2.2 Photoluminescence

The photoluminescence emission spectrum of vapour-deposited CH3NH3PbI3−xClx

is shown along with the absorption data in Figure 7.1b. The full-width-at-half-

maximum (FWHM) of this spectrum is 103 meV. With its centre of mass (1.617 eV)

near the low-energy tail of the absorption edge, the PL emission appears to show

a slight down-shift in energy with respect to the band gap. The magnitude of any

potential shift is however subject to some uncertainty due to the aforementioned

ambiguities in the precise location of the band gap energy. Such Stokes shifts are

commonly observed in different materials for a variety of reasons including migra-

tion of excitations to low-energy sites [173] and lattice relaxation (polaronic effects)

[109, 143]. More remarkable is the apparent presence of additional broadening mecha-

nisms resulting in the emission line width being almost twice as broad as the spectral

width of the absorption onset (56 meV, determined as the FWHM of the derivative

of the absorption edge).

To probe the mechanisms that underlie the broadening of the PL emission spectrum,

photoluminescence spectra are recorded while scanning the excitation energy through

the absorption edge and across the full range of the emission spectrum. For this

experiment the Ti:Sapphire pump laser was operated in continuous wave mode to

allow spectrally narrow excitation of the sample. A representative subset of the

acquired spectra is shown in Figure 7.2a. Since it is experimentally impossible to

fully separate scattered excitation light from the photoluminescence, the spectra also

exhibit additional sharp peaks at the corresponding excitation energy. Below, in panel

(b) the spectrally integrated PL emission intensity is plotted as a function of excitation

energy. For this purpose, the PL intensity was normalized for excitation photon flux
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Figure 7.2: (a) PL emission spectra of evaporated CH3NH3PbI3−xClx films on glass (PL

intensity vs. emission energy), taken at excitation energies close to the absorption edge

ranging from 1.55 eV (dark red) to 1.73 eV (dark blue). The excitation intensity was held

constant at 5 W cm−2. The narrow peaks originate from scattered excitation light and can

be used as a visual indicator of the excitation energy. (b) Spectrally integrated PL intensity

as a function of excitation energy for evaporated films CH3NH3PbI3−xClx as extracted from

the data shown in (a). (c) Energy of the PL emission maximum extracted from the data

shown in (a) plotted against excitation energy (green squares). The energies at which the

emission reaches half its maximum intensity are shown as red and blue circles.
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and the scattered excitation light peaks removed through data interpolation.

From the excitation energy dependent PL data the striking observation can be made

that the shape of the emission spectrum is identical across the entire excitation range.

While this result is visually apparent from the spectra shown in Figure 7.2a, further

analysis is provided by extracting the energy of maximum emission and the positions

of the left and right half-maxima as a function of excitation energy in Figure 7.2b.

While the uncertainty increases in the regime of weaker PL emission (as indicated

by the error bars), Figure 7.2b confirms that the emission spectrum of CH3NH3-

PbI3−xClx is independent of excitation energy across the inter-band absorption onset.

It is therefore concluded that the broadening mechanism must be homogeneous, i.e.

the emission at every single site is itself equally and fully broadened. If this were

not the case, selective excitation within a distribution of inhomogeneous sites would

generate charge-pairs only at those sites that are tuned to the particular excitation

energy used. As a result, the excitation energy would be site-selective, and the emis-

sion spectra shift to reflect the local nature of the sites selected. Such site-selective

emission shifts can for example be observed for thin films of disordered polymeric

semiconductors exhibiting significant inhomogeneous spectral broadening [173]. In

contrast, the observation of shape-persistent emission spectra for resonant excitation

throughout the emission spectrum of vapour-deposited CH3NH3PbI3−xClx highlights

the low degree of disorder present in these thin films.

To gain further insights into the dynamics of radiative decay channels in CH3NH3-

PbI3−xClx and the factors determining the spectral shape of the emission, time-

resolved photoluminescence spectra were recorded by means of time-correlated single

photon counting (TCSPC). PL decay traces were taken for a range of regularly spaced

emission energies and the spectra at the desired time-delays reconstructed from the

data. Figure 7.3a shows the resulting three-dimensional plot of the emission spectra

at various times after pulsed excitation at 1.96 eV. Visual inspection of these data
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Figure 7.3: (a) 3D representation of the time-resolved PL emission spectrum of evaporated

CH3NH3PbI3−xClx acquired by means of time-correlated single photon counting at various

emission energies (Excitation energy: 1.96 eV, fluence: 6µJ/cm2, repetition rate: 2 MHz.)

(b) Time-resolved PL emission decay at the spectral maximum for excitation fluences of

6µJ/cm2 and 0.6µJ/cm2 acquired in the same way as the data in (a). Red line: fit of a

mono-exponential decay function to the low-fluence data for the time-delay interval from

100 ns to 300 ns. The resulting decay time constant is (94.2± 0.9) ns with χ2
red = 1.04. (c)

Photon energy at the emission maximum (green), and the energies at which the emission

reaches half its maximum intensity (red and blue) as extracted from the data shown in (a),

plotted against the time delay between excitation and emission.
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reveals an essentially time-independent spectral shape of the PL emission. Again the

energetic positions of the emission maximum and half-intensity points of each spec-

trum are extracted, to allow for better inspection of potential changes in the spectrum

over time (see Figure 7.3c). This plot clearly confirms that the PL emission spec-

trum of CH3NH3PbI3−xClx is time-independent for time delays between 200 ps and

200 ns. Again these results suggest an absence of significant inhomogeneous broaden-

ing arising from energetic disorder. For materials incorporating a broad distribution

of energetic sites, as for example semiconducting polymer films [174, 175] porous sili-

con [176], or heavily doped crystalline GaAs [177], pulsed excitation of the material is

usually followed by gradual emission shifts towards lower energy with time, resulting

from migration to lower-energy sites in the inhomogeneous distribution. The absence

of such emission energy shifts with time after excitation in CH3NH3PbI3−xClx films

is therefore fully compatible with the prior observation of a predominantly homoge-

neously broadened emission line width.

Figure 7.3b shows that the PL emission intensity from vapour-deposited CH3NH3-

PbI3−xClx decays relatively slowly over a few 100 nanoseconds after excitation, in sim-

ilarity to previous reports [87, 88] for solution-processed films of CH3NH3PbI3−xClx.

The observed PL transients are almost fully mono-exponential and only exhibit very

slightly increasing decay rates for increased excitation fluences. As previously seen in

Chapter 5 for solution-processed CH3NH3PbI3−xClx films, such effects arise mainly

from the onset of bi-molecular charge recombination, which becomes more and more

dominant as the charge-carrier density is increased. From the PL decay at low exci-

tation fluence (0.6µJ/cm2) and at longer delays (> 100 ns) after excitation, a mono-

molecular decay lifetime of 94 ns can be extracted by fitting a single exponential decay

function to the data. It shall also be noted that while there is some fluence-dependence

of the PL decay rate, the shape of the emission spectra was found to be independent

of excitation fluence for values up to at least 20µJ/cm2 (not shown). This observation

again suggests an absence of disorder-related effects such as potential saturation of
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low-energy states in the tail of an inhomogeneously broadened density of states that

would induce spectral shifts with increasing excitation fluence.

7.2.3 Mechanisms of Spectral Broadening

For the discussion of the above findings several processes are considered that can

potentially cause substantial homogeneous PL emission broadening and the observed

asymmetry with the spectral broadening of the absorption edge. The simplest ori-

gin of homogeneous broadening is given by the natural line width of ∆E = h̄/τ

caused by the finite lifetime τ of the excited state [170]. The observed asymmetry

between absorption and emission broadening would in this case require at least one

additional intermediate state in the recombination process with an extremely short

lifetime ≤ 6.4 fs (corresponding to ∆E = 103 meV), which is seven orders of magni-

tude shorter than the overall decay dynamics actually observed in time-resolved PL

(Figure 7.3c). In addition, lifetime broadening would have to result in a Lorentzian

emission line shape [170]; however, the observed spectra (Figure 7.2), and in particu-

lar the shape of the tails which resemble those of a Gaussian, are not consistent with

a Lorentzian distribution function. It is therefore concluded that lifetime broadening

is not responsible for the dominant contribution to the observed broad emission line

width.

Another possible source of homogeneous broadening lies in the participation of

phonons in the radiative recombination process. Figure 7.2 clearly shows that the

PL emission spectra feature a superposition of at least two peaks. It appears that

a possible underlying composition could consist of a band-edge emission peak and a

number of side bands responsible for the shoulder at about 1.58 eV and the broad

tails. PL side-bands are commonly found to arise from phonon creation or annihila-

tion and have been observed in a whole variety of materials, ranging from inorganic

semiconductors such as silicon [178] to metal halides [155, 179, 180] and organic
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(molecular) semiconductors [173]. In Chapter 5 is was shown that the low-frequency

photoconductivity spectra of solution-processed CH3NH3PbI3−xClx and CH3NH3PbI3

films contain the signature of metal halide lattice vibrations. It therefore seems likely

that the emission from such photogenerated charge pairs is also subject to interaction

with phonons. Given the large size of the crystallites for these vapour-deposited films

of CH3NH3PbI3−xClx (extending up to hundreds of nanometres [15]) and the absence

of time-dependent spectral emission features, the phonon coupling mechanism will

most likely arise directly from the intrinsic nature of the bulk material, rather then

derive from surface mediated effects.

In the picture of electronic band structure, processes involving phonon creation or an-

nihilation simultaneous to the emission of the photon are of particular importance in

indirect gap semiconductors where a third particle is needed during electron-hole re-

combination to accept the momentum difference between conduction band minimum

(CBM) and valence band maximum (VBM). Luminescence from indirect semicon-

ductors hence often exhibits a broadened spectrum as e.g. observed in crystalline

silicon [178]. Band structure calculations have so far postulated a direct band gap

for the methylammonium lead halides CH3NH3PbI3 [75, 76, 77, 78], CH3NH3PbCl3

[77] and CH3NH3PbI3−xClx [77]. Similar recombination dynamics to those in indirect

semiconductors could however also arise from the existence of a second conduction

band valley that is only separated from the main (Γ-) valley by a low energy barrier

allowing rapid equilibration of their populations. The low bi-molecular decay rates

and the observation of Auger processes in CH3NH3PbI3−xClx (see Chapter 6) suggest

that recombination via the direct transition is in some way inhibited, which leaves

the possibility for an additional indirect transition to become a dominant recombina-

tion pathway. It must be noted that the likelihood of this scenario to apply in the

present case is reduced by the fact that calculations of the electronic band structure

of CH3NH3PbI3−xClx have so far not indicated the presence of a second valley [77].
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As an alternative concept, the observed broadening may be attributed to polaronic

effects, similar to those observed in molecular semiconductors [181, 182] or metal

halides [155]. Here, the photo-generated electron-hole pair strongly couples to the

underlying lattice, which leads to a geometric lattice relaxation around the created

charge. As a result, the emission is found to be Stokes-shifted from the absorption

edge and likely contains phonon features. For materials with strongly ionic bonding

and hence strong exciton-phonon interaction, Coulomb-correlated electron-hole pairs

have therefore also been referred to as self-trapped excitons [155]. Such phenomena

have been evoked in alkali halides [183], transition metal halides [180] and also cer-

tain perovskites [184, 185]. They are therefore likely to also play a role in the related

compounds here. Note that for metal halides, the barrier to self-trapping was found

to be generally low and the process appeared to occur on ultrashort (sub-picosecond)

timescales related to the involved lattice vibration periods [155]. A signature of

self-trapping dynamics would therefore not necessarily be expected to appear in the

time-resolved PL spectra shown in Figure 7.3a, as these were taken with much lower

time-resolution. Earlier work on alkali halides often revealed significant Stokes shifts

between absorption and emission [155]. For the CH3NH3PbI3−xClx films under in-

vestigation here, the lack of an unambiguous physical decomposition of the broad

absorption and emission features prevent the extraction of an exact Stokes shift.

However, by visual inspection of Figure 7.1b it is clear that possible values could

at most be of the order of 30 meV. This suggests that any polaronic effects in this

system are comparatively low, in agreement with the high charge-carrier mobilities

found in Chapter 6 and long diffusion lengths recently reported for solution-processed

methylammonium lead halide perovskite films [87, 88]. Hence while polaronic effects

may be present in these materials, they appear to be sufficiently low to still allow

excellent charge extraction and high open-circuit voltages in planar-heterojunction

photovoltaic device architectures [15].

The observation of a strongly homogeneously broadened emission line shape has two
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implications for device applications. First, the absence of spectral shifts resulting

e.g. from site-selective excitation or excitation migration in these materials suggests

that disorder and trapping is scarce, at least for the dominant bulk-like emissive

species. This finding again highlights the suitability of these materials for photovoltaic

applications, for which material disorder in systems such as organic semiconductors,

mesoporous metal oxides and amorphous silicon, has been shown to correlate with a

reduction in photovoltage [186]. The presence of disorder or traps near the surfaces

of the perovskite cannot be ruled out, as these contribute little to the overall emission

in terms of volume fraction. However, surface states are also highly accessible to

passivation treatments [53, 187] that can be more easily applied here than throughout

the bulk structure. Second, materials with broad homogeneous emission line shapes

fulfil a central requirement for gain media in femtosecond lasers due to the high natural

bandwidth of ultrashort pulses (103 meV at 6.4 fs). Organolead halide perovskites

already show many of the required properties for lasing operation, such as strong

emission and a sufficiently long-lived upper state. The potential for electrical injection

due to the good charge conductivity of the material may create a crucial advantage

over existing gain media enabling more compact and efficient laser systems than those

relying on optical pumping.

7.3 Conclusion

The origin of spectral broadening in the emission of vapour-deposited CH3NH3-

PbI3−xClx was investigated. By recording PL spectra while continuously tuning the

excitation energy across the spectral range of the emission peak it is revealed that

no observable selective excitation occurs of sub-sites in resonance with the respective

energy. It is hence established that the broadening mechanism is homogeneous with

an associated width of 103 meV. It is furthermore shown that the PL emission spec-

trum does not exhibit a dependence on time after excitation or excitation fluence,
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suggesting a high degree of order present in the film. The slightly Stokes-shifted and

homogeneously broadened PL spectra exhibit features consistent with phonon cou-

pling as the dominant spectral broadening mechanism of the emission from CH3NH3-

PbI3−xClx. The findings in this chapter underline the potential of organometal halide

perovskites for a wider range of optoelectronic applications beyond photovoltaic en-

ergy conversion. In particular, the observed broad homogeneous line width ought

to allow amplification of Fourier-transform limited pulses with sub-100 fs duration,

making these materials interesting for pulsed laser operation.
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8

Charge-Carrier Recombination
Channels in the Low-Temperature
Phase of CH3NH3PbI3−xClx Thin
Films

During the past two years, remarkable progress has been made in revealing what

enables organo-lead halide perovskites to deliver their impressive power conversion

efficiencies in solar cells. In order to substantiate the understanding of the underly-

ing photophysics, studies with a scope beyond the conditions defined by a particular

application can provide essential further contributions and help verify theoretical pre-

dictions from structural and band-structural calculations, which have recently been

undertaken by several groups [77, 78, 85, 188, 189, 190, 191]. Valuable insights can

often be gained by isolating the influence of thermal excitation and broadening mech-

anisms in the system through temperature-dependent studies. Given that reported

exciton binding energies in CH3NH3PbI3 and CH3NH3PbI3−xClx are close to the

characteristic thermal energy at room temperature (kBT ≈ 25 meV) [89, 90, 91], low-

temperature measurements may shed more light on the role of excitonic states in

carrier recombination processes. Furthermore, it was shown in the previous chapters

that phonon-interactions have a significant impact on the luminescence and charge

transport properties of these perovskites.

125
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To date the results of several temperature-dependent studies on bulk CH3NH3PbI3

have been published, which provide important information on structural phase tran-

sitions in the material. At temperatures above ∼330 K the compound adopts the

simple cubic perovskite structure (space group Pm3m) [192], although a very small

ferroelectric-type displacement of the lead-cation has been observed [82], which -

strictly speaking - creates a tetragonal unit cell (space group P4mm). The transition

to the room-temperature phase involves a collective rotation of the PbI6-octahedra

around the c-axis [193, 194], which is well-known from many inorganic perovskites and

which leads to closer packing within the ab-plane. The resulting unit cell is tetragonal

with space group I4cm and has doubled in volume with respect to the cubic unit cell

[193, 194].

A further transition to an orthorhombic phase is observed at 160 K [193, 195]. This

transition is accompanied by a tilting of the PbI6-octahedra out of the ab-plane and

a corresponding further doubling of the unit cell volume (space group Pnma) [195].

An analysis of the symmetries of the tetragonal and the orthorhombic shows that

a continuous transition between the two space groups is not possible. Therefore, a

transient intermediate phase has been postulated, but not yet been resolved [195]. The

behaviour of the A-cation CH3NH+
3 , which, other than in purely inorganic perovskites,

possesses several rotational degrees of freedom in the high-temperature phase, has

been investigated by means of NMR- spectroscopy [196] as well as IR-vibrational

spectroscopy [197], calorimetry [197] and dielectric measurements [165, 193]. It was

found that the cubic symmetry of the high-temperature phase is effectively preserved

through rapid random reorientations of the CH3NH+
3 -cation. From its 24 possible

orientations, 8 remain in the tetragonal phase. Eventually, in the orthorhombic phase,

all degrees of freedom are frozen [196, 197].

Information on optical and electronic properties of CH3NH3PbI3 at low temperature is

very scarce. Apart from the aforementioned dielectric studies reflecting the behaviour
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of the CH3NH+
3 -cation, some data is available on resistivity showing a decrease with

increasing temperature as is typical for undoped semiconductors [82]. Very recently,

DInnocenzo et al. conducted a study of the excitonic properties of the mixed halide

perovskite CH3NH3PbI3−xClx for which temperature-dependent optical absorption

data has been acquired [91]. The focus of the report however mainly lies on the

behaviour of the material within the tetragonal (room-temperature) phase. PL and

diffuse reflectance spectra at low-temperature were also recently acquired by Yamada

et al. on the pure triiodide CH3NH3PbI3 as infiltrated into mesoporous TiO2 [198].

In this chapter, a study of the optical absorption and luminescence properties of

CH3NH3PbI3−xClx is presented, scrutinizing the temperature-dependent evolution of

recombination pathways in this system.

8.1 Experimental Details

Compact films of about 330 nm thickness were prepared by dual-source evaporation on

glass as described in detail in 6.1.1. Photoluminescence measurements were performed

on the experimental setup based on a tunable Ti:Sapphire laser described in 3.2.3.

Samples were mounted in a liquid-helium cryostat (Oxford Instruments Microstat),

where they remain under vacuum (p < 10−5 mbar). Optical absorption spectra were

acquired in the same experimental setup through the same collection optics as the

PL spectra. A 100 W incandescent lamp was used as a light source.

8.2 Results and Discussion

8.2.1 Optical Absorption

First the optical absorption spectra acquired across the temperature range from 4.2 K

to 297 K are discussed. It has been shown previously that a shift of the absorption edge

in energy at about 140 K can be identified in films of CH3NH3PbI3−xClx (and at about
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170 K in CH3NH3PbI3) [91]. This shift very likely reflects the same orthorhombic-

to-tetragonal phase transition as occurs in the pure halide perovskite CH3NH3PbI3,

for which an increase in bandgap energy has also been predicted computationally

[189, 195]. In Figure 8.1, the electronic band structure diagrams obtained by Baikie

et al. using density functional theory (DFT) [195] are reproduced showing the direct

bandgap of the material at the Γ-point in both phases with a slight down-shift of the

valence band maximum as the symmetry of the Brillouin zone is lowered during the

phase transition.

The optical absorption data recorded in this study are displayed in Figure 8.2a. It

shows the expected leap of the onset from ∼1.7 eV to ∼1.6 eV between 120 K and

140 K, superimposed on a continuous shift towards higher energy with increasing

temperature. The latter represents an unusual behaviour of the perovskite when

compared to most direct semiconductors, which was recently reproduced in band-

structure calculations [189]. At low temperature the absorption edge is relatively

steep and exhibits an overshoot-feature which is most probably to be attributed to

resonant formation of excitons [172]. This feature becomes less pronounced towards

high temperature along with a continuous broadening of the absorption onset.

In order to locate the orthorhombic-to-tetragonal phase transition more precisely,

Figure 8.1: Calculated band structures (based on density functional theory) of the (a)

tetragonal and (b) orthorhombic phase of CH3NH3PbI3. Reprinted with permission from

[195]. Copyright (2013) The Royal Society of Chemistry.
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Figure 8.2: (a) Optical absorbance spectra of CH3NH3PbI3−xClx recorded at temperatures

between 4 K and 297 K. (b) Optical density at 1.65 eV photon energy recorded while cooling

the sample from 160 K to 40 K (blue squares) at -6 K min−1 and while subsequently heating

the sample from 40 K to 160 K at 6 K min−1 (red circles). (c) Photon energy of maximum PL

emission vs temperature (ignoring the higher-energy peak emerging in the low-temperature

phase) at excitation fluence 50 nJ/cm2 during an identical cooling and heating cycle as in

(b).
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the temperature range around 140 K is scanned with higher resolution. As shown in

Figure 8.2b, where the optical density at 1.65 eV is plotted against temperature as an

indicator of the completeness of the phase transition, strong hysteretic behaviour is

found with an about 40 K lower transition when cooling as compared to when heating

the sample. Note that even stronger hysteresis is observed when performing an even

slower cooling- and heating-cycle (not shown). Previous studies have not come to

unique results on this point. While dielectric measurements of CH3NH3PbI3 crystals

only reveal a hysteresis of a few kelvin [165], resistivity measurements also on crystals

exhibit a span of about 30 K between the corresponding features in the heating and

the cooling cycle [82].

8.2.2 Photoluminescence Spectra

Photoluminescence (PL) emission was recorded in identical cooling- and heating cy-

cles as performed for optical absorption measurements. Figure 8.3 shows a series of

temperature-dependent PL spectra at two different excitation fluences. The features

of room-temperature emission were discussed in Chapter 7. There, the relatively

large spectral width and the structure of the peak was attributed to a homogeneous

broadening mechanism arising from phonon coupling effects. Within the tetrago-

nal phase the shape of the peak remains essentially unchanged between 140 K and

297 K, however the overall spectral width decreases with temperature consistent with

a smaller available phonon population. The shape of the PL emission is also found

to be independent of excitation fluence in this phase ruling out contributions of de-

fect broadening. Such contributions would be expected to show either saturation

effects or decrease in their relative strength when entering the regime of bi-molecular

recombination processes at stronger excitation.

Interestingly, at temperatures below the phase transition and under high-fluence ex-

citation, emission centred around the same energy as in the high-temperature phase
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Figure 8.3: Photoluminescence spectra of CH3NH3PbI3−xClx at temperatures between 4 K

and 297 K taken at excitation fluences 5µJ/cm2 and 50 nJ/cm2. Spectra were taken in a

single temperature sweep from 4 K to 297 K.
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is continued to be observed. This is surprising given the increase in bandgap energy

by 0.1 eV seen in the optical absorption data. In Figure 8.2c, the transition regime

is inspected more closely by plotting the position of the emission maximum against

temperature. A feature consisting in a sharp reversal of the continuous drift of the PL

peak is identified. For both, the heating and the cooling cycle, this feature coincides

with the spontaneous shift of the absorption edge (Figure 8.2b). The fact that no

spontaneous shift of the PL peak is observed, suggest that emission still originates

from the same intraband transition on both sides of the structural phase transition.

Towards lower temperatures, a second, small, higher-energy emission peak appears

gradually, which is located close to the corresponding absorption onset. Note that the

spectral width of this peak does not decrease with temperature and substantial broad-

ening is still effective even at 4 K. This observation is consistent with the polaronic

mechanism suggested for the homogeneous spectral broadening at room temperature,

which has been shown to characteristically lead to a remaining finite line width, even

at very low temperatures [155, 180]. Overall, the PL emission spectrum becomes

strongly dependent on excitation fluence below the phase transition. While at low

excitation fluence the higher-energy peak almost disappears, the lower-energy peak

significantly broadens and drops to even lower energy.

As an explanation for the observed emission behaviour in the low-temperature phase

the possibility of small inclusions of crystallites adopting the high-temperature tetrag-

onal phase is considered. Coexisting crystallographic phases have been observed in

several inorganic perovskite materials of mixed [199, 200, 201] and pure [202, 203, 204]

composition. For the latter case it has been shown that the secondary phase can be

stabilized through the effect of strain imposed on a thin film by the substrate [202, 203]

or through external pressure [204]. Despite the fact that CH3NH3PbI3−xClx-films

studied here were grown on an amorphous glass substrate, and hence any lattice-

mismatch of the as-grown sample is ruled out, unequal thermal expansion and, more

importantly, the spontaneous change of the in-plane lattice constants during the



8.2. RESULTS AND DISCUSSION 133

phase-transition [195] may well cause a significant amount of strain to the film.

Tetragonal inclusions in the orthorhombic phase of CH3NH3PbI3−xClx can potentially

trap photoexcited carriers due a possibly lower-lying conduction band in this phase

(as suggested by the 0.1 eV lower gap). Thus, a large density of carriers would ag-

glomerate and eventually recombine within these inclusions. This scenario straightfor-

wardly rationalizes the fluence-dependent emission spectra. Under strong excitation,

the carrier density in tetragonal crystallites saturates, such that a significant number

of carriers remains in the orthorhombic phase, hence causing substantial emission at

the correspondingly higher energy. In contrast, under weak excitation, the low num-

ber of initially free carriers can just partially fill the sub-gap distribution of states

in the tetragonal crystallites. A high density of sub-gap states located at the phase

boundaries is plausible, if individual crystallites are assumed to be very small. As a

consequence a broadened and down-shifted emission is observed from these carriers.

In order to verify the proposed physical mechanism for the emission characteristics in

the low-temperature phase of the CH3NH3PbI3−xClx film, excitation-energy depen-

dent PL spectra were recorded. In Figure 8.4a the spectrally integrated emission is

plotted against excitation energy at 40 K. From comparison of emission and excita-

tion spectrum it becomes clear that, although the strongest emission is observed at

about 1.6 eV, i.e. corresponding to the bandgap of the tetragonal phase, measurable

excitation through this transition does not appear to be possible. In fact photoex-

citation seems to occur exclusively through the higher-energy transition at 1.7 eV

corresponding to the bandgap of the orthorhombic phase. This suggests that the rel-

ative volume fraction of low-energy sites is very small, while at the same time these

sites provide the dominant radiative recombination route.
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Figure 8.4: Normalized photoluminescence excitation spectra (red circles), i.e. spectrally in-

tegrated PL emission as a function of excitation energy, at (a) 40 K and (b) 160 K, recorded

under continuous wave excitation at an intensity of 5 W cm2. To provide sensible reference

points, normalized PL emission spectra as displayed in Figure 8.2 (fluence 5µJ/cm2) are

added to the plot (blue circles).
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Figure 8.5: Time-resolve photoluminescence emission recorded by means of time-correlated

single photon counting at various temperatures, excitation fluences and emission energies:

(a) T = 40 K. Traces were recorded at both spectral emission maxima. Labels on curves

show excitation fluence and detected energy. (b) T = 160 K. Traces were recorded at the

spectral emission maximum. Labels on curves show the excitation fluence. (c) Comparison

of time-resolved PL at 4 K, 160 K and 297 K at excitation fluence 500 nJ/cm2. Traces were

recorded at the (higher energy) spectral emission maximum. Excitation energy in all panels:

2.43 eV.
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8.2.3 Time-Resolved Photoluminescence

Further insight into the recombination pathways in the orthorhombic and tetrago-

nal phases of CH3NH3PbI3−xClx films can be gained from studying their dynamics

through time-resolved PL measurements. PL decay traces were recorded by means

of time-correlated single photon counting below and above the phase transition. Fig-

ure 8.5a shows time-dependent PL at 40 K under two different excitation fluences at

the maxima of both emission peaks. First, it can be observed that decay lifetimes as

compared between the two emission energies (1.61 eV and 1.69 eV) at the same exci-

tation fluence are very similar. Focussing on the signal rise it can furthermore be seen

that the low-energy emission builds up with about one nanosecond delay with respect

to the emission at higher-energy. These observations support the proposed scenario

of excited carriers largely transferring to low-energy sites (i.e. small tetragonal crys-

tallites) before recombining there. As a consequence of the charge-carrier migration

being much faster than their recombination, the decay of both populations, in the

orthorhombic host-phase and the tetragonal inclusions, is predominantly governed by

the (faster) recombination process within the inclusions.

It is found that the decay lifetime of photoexcited carriers in the CH3NH3PbI3−xClx-

film depends significantly on excitation fluence, with the decay becoming faster for

higher carrier density. This is a signature of a bi-molecular recombination compo-

nent. In contrast only a negligible excitation fluence dependence of the PL decay is

observed above the phase transition (see Figure 8.5b). The latter agrees well with

room temperature studies, which show that within the range of excitation densities

used (∼ 5×1015 cm−3 for 50 nJ/cm2), carrier decay is dominantly governed by mono-

molecular processes, since, as revealed in Chapter 6 the bi-molecular rate constant

is very small in the material. This does however not imply that the tetragonal-to-

orthorhombic phase transition involves a dramatic increase of the bi-molecular rate

constant, since it can already be accounted for by the assumed carrier migration to
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small tetragonal phase inclusions. Because the effective carrier density within these

would be much higher than in a homogeneous distribution upon photoexcitation, a

substantial rise of bi-molecular contributions is expected even if the intrinsic rate con-

stant does not change. This observation also explains the overall faster carrier decay

in the low-temperature phase indicated by Figure 8.5c, which directly compares PL

transients at 40, 160 and 297 K.

8.3 Conclusion

In summary, the temperature dependent optical absorption and photoluminescence

emission was investigated from thin CH3NH3PbI3−xClx-films grown by thermal dual-

source evaporation. A broad phase transition exhibiting strong temperature hys-

teresis has been located in the range between 100 K and 140 K. During this transi-

tion, which can very probably be identified with the well-established tetragonal-to-

orthorhombic phase-transition in the pure triiodide CH3NH3PbI3, the absorption edge

shifts upwards in photon energy from about 1.6 eV to 1.7 eV. In the room-temperature

(tetragonal) phase the PL emission spectrum consists of a single broad peak in the

vicinity of the absorption edge. This peak continues to exist below the phase transi-

tion while a second, smaller peak gradually emerges close to the absorption edge of

the low-temperature (orthorhombic) phase. The spectral width of this peak remains

constant under further cooling, consistent with polaronic broadening mechanisms as

previously proposed to account for the large homogeneous emission line width at

room temperature. The observation that, even below the phase transition, PL is

dominantly emitted near the bandgap energy of the room-temperature phase may

be explained by the presence of small inclusions of the tetragonal crystal structure,

in which a large fraction of photoexcited carriers agglomerate. Excitation-energy-

dependent PL data shows that any possible absorption from such inclusions does at

most contribute a negligible amount to carrier generation and therefore indicates that
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their total volume-fraction in the film is very small. Time-resolved PL measurements

were performed and a clear signature of carrier migration to lower-energy sites was

observed. Very similar lifetimes were found for higher- and lower-energy emission

indicating that the decay of the photoexcited carrier population is predominantly

governed by recombination within the tetragonal crystallites. These lifetimes are, in

comparison to those measured above the phase transition, considerably shorter and

notably fluence-dependent. This can be explained by the strongly increased carrier

density within the inclusions giving rise to significant bi-molecular recombination and

hence does not imply intrinsically higher decay rate constants in the orthorhombic

phase. These findings further the understanding of how structural phase transitions

in thin films of organometal halide perovskites influence their film morphology and

in turn their optoelectronic properties.



Outlook

To conclude this thesis, a brief perspective on the significance of the main results and

desirable further developments in the concerned fields shall be given.

TiO2 Nanotubes

The discovery of fast shallow trapping in TiO2 nanotubes described in Chapter 4 con-

stitutes an important step in understanding the limiting factors for electron-transport

in this nanomaterial. Although it may have to be expected that the dye-sensitized so-

lar cell will loose much of the research focus it has enjoyed during the last two decades

to perovskite-based devices, the range of possible applications for TiO2-nanotubes will

not collapse to zero. First, it is noted that one of the major designs of perovskite so-

lar cells equally relies on a nanostructured TiO2 anode (see [13, 16] and Section 2.2).

Although the author is not aware of any reports of perovskite devices employing

TiO2 nanotubes so far, the material holds some benefits which may make it worth

being considered as an alternative to nanoparticle matrices in the function of the

nanostructured semiconducting scaffold. First, with the anodization-method a very

simple and well-established route exists for large-scale fabrication [59, 63]. Second, the

reproducibility and production yield may be enhanced as a result of the predictable,

ordered morphology of the tubes.

At the same time, owing to the semiconducting properties of the employed hybrid

perovskites, the restriction to monolayer coverage of the nanotubes by the sensitizer

139
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is lifted. Hence the original drawback of a reduced specific surface area and a conse-

quently higher required active layer thickness in TiO2-nanotube-DSSCs compared to

those based on nanoparticles does not persist.

Outside the field of photovoltaic energy conversion, it is noted that TiO2 nan-

otubes also play an important role for photocatalysis- [205, 206] as well as sensing-

applications [207, 208].

Although first steps in understanding the cause of inhibited electron-transport have

been made, a clear route to alleviating the trapping-phenomenon is still to be found.

In Chapter 4 evidence was obtained that impurities introduced from the electrolyte

during the anodization process (e.g. fluorine) may be the origin of the observed

shallow trap states. With optical-pump-THz-probe spectroscopy as a straightforward

tool to probe the prevalence of charge-carrier trapping, a follow-up study on sets of

TiO2-nanotube films prepared in different electrolytes may reveal a strategy to reduce

the density of impurities in the material or to replace potential contaminants with

those not inducing transport-limiting trap-states.

Organic-Inorganic Perovskites

The work on organic-inorganic perovskites presented in this thesis was conducted in

a somewhat different context to the work on TiO2 nanotubes despite targeting very

similar questions concerning a very similar application. While TiO2 can certainly

be referred to as a well-studied functional material with a large amount of literature

available on its electronic properties [122, 209], the field of hybrid perovskites is still

in its infancy. Research efforts have only recently started to concentrate on a few,

most application-relevant compounds within this very diverse material class. These

are primarily the pure and mixed methylammonium lead halides CH3NH3PbI3 and

CH3NH3PbI3−xClx [8, 9, 10, 210] but ongoing investigations should be mentioned into

the possibilities of replacing the toxic element lead by tin [211, 212] or the organic
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cation with one of different size creating a material with an even more favourable

bandgap for solar cell applications [83, 213]. Due to the early state of knowledge in the

field, the spectroscopy studies here were aimed at establishing the very basic charge

transport and recombination behaviour of the materials. Approaches to interpreting

observed phenomena did not rarely raise several new questions for every one question

answered.

In Chapters 5 and 6 results on central optoelectronic properties which govern photo-

voltaic device operation and have direct impact on device performance were presented.

These include charge-carrier mobilities, decay dynamics, and diffusion lengths. It was

found that due to surprisingly low bi-molecular recombination rates in the materi-

als, the decay of the free carrier population under solar cell operating conditions is

only substantially driven by (presumably trap-mediated) mono-molecular processes,

which also turn out to be slow. In combination with the comparatively high carrier

mobilities within the realm of solution-processable materials, charge-carrier diffusion

lengths of up to several micrometers were shown to be achieved. Such long diffusion

lengths mark a milestone in the development of low-cost thin-film solar cells. De-

vice architectures based on simple planar heterojunction suddenly become feasible

eliminating the need to employ nanostructured materials.

The determined values for the decay rate constants now bring up extremely interest-

ing and important questions about the underlying physics responsible for the slow

recombination dynamics. It has been discussed in Chapters 5 and 6 that a huge

gap of more than four orders of magnitude exists between the theoretical prediction

by the Langevin model and the actually observed bi-molecular rate constants. It

was suggested that a mechanism separating electron- and holes either in position- or

momentum-space must be in force to explain this discrepancy. In recent publications,

possible scenarios have been investigated in which a ferroelectric polarization consis-

tent with the observed weak inversion-symmetry breaking in the perovskite CH3NH3-
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PbI3 [82] may have the suspected, favourable effect on charge separation [189, 214].

Another heavily debated issue revolves around the function and stoichiometry of

chlorine in the mixed halide perovskite CH3NH3PbI3−xClx. Studies published to date

have found that the actual chlorine content in this compound seems to be very low

(x � 1) [77, 85] supported by the observation of a very similar bandgap energy to

that of CH3NH3PbI3. In this work and also in [87] it was however clearly shown that

charge-carrier lifetimes are strongly enhanced in the mixed halide as compared to the

pure triiodide. By means of electron-beam-induced current measurements, Edri et

al. have obtained evidence that differences in charge-collection efficiency primarily

originate at crystallite boundaries which were found to be a much greater barrier to

charge transport in the pure than in the mixed halide perovskite [215].

These and other aspects of hybrid perovskites relating to the physical origin of their

superb performance in low-cost solar cells can be expected to be subject to a great

amount of studies in the near future. Given the various degrees of freedom in tuning

the properties of organic-inorganic metal halides, an overarching physical picture

of the photophysical processes would hold great promise for a continuation of the

currently ongoing continuous efficiency improvements of perovskite solar cells [3].

Chapters 7 and 8 primarily revealed insights into phenomena with less direct impact

on solar-cell operation, but certainly of general material-scientific interest and possible

relevance to other applications. Carrier-phonon-coupling with notable influence on

photoconductivity and luminescence properties has been observed. A homogeneous

broadening of PL emission was established in CH3NH3PbI3−xClx and ascribed to

these coupling effects. Temperature dependent measurements have brought early

results for the structural phase-transition behaviour of the material and a possibly

strain-induced coexistence of two phases at low temperature.

The consideration of potential applications of hybrid perovskites beyond photovoltaics

is particularly important as the universally favourable properties of the materials may
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well prove to be useful in a broader variety of optoelectronic devices, such as e.g.

pulsed lasers [216, 217]. It is moreover desirable for the development of the field

that the next years also see a significant, further broadening of fundamental research

activity on organic-inorganic metal halides expanding beyond the scope of any device

applications.
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[137] Němec, H., Kužel, P. & Sundström, V.: Far-infrared response of free charge

carriers localized in semiconductor nanoparticles. Phys. Rev. B 79, 115309

(2009).

[138] Mitzi, D., Feild, C., Schlesinger, Z. & Laibowitz, R.: Transport, optical, and

magnetic properties of the conducting halide perovskite CH3NH3SnI3. J. Solid

State Chem. 114, 159 – 163 (1995).

[139] Takahashi, Y., Obara, R., Nakagawa, K., Nakano, M., Tokita, J.-y. & Inabe, T.:

Tunable charge transport in soluble organicinorganic hybrid semiconductors.

Chem. Mater. 19, 6312–6316 (2007).

[140] Hirasawa, M., Ishihara, T. & Goto, T.: Exciton features in 0-, 2-, and 3-

dimensional networks of [PbI6]4− octahedra. J. Phys. Soc. Jpn. 63, 3870–3879

(1994).

[141] Tanaka, K., Takahashi, T., Ban, T., Kondo, T., Uchida, K. & Miura, N.:

Comparative study on the excitons in lead-halide-based perovskite-type crystals

CH3NH3PbBr3 CH3NH3PbI3. Solid State Commun. 127, 619 – 623 (2003).

[142] Langevin, P.: The recombination and mobilities of ions in gases. Ann. Chim.

Phys. 28, 433–530 (1903).

[143] Pope, M. & Swenberg, C. E.: Electronic Processes in Organic Crystals and

Polymers. Monographs on the Physics and Chemistry of Materials (Oxford

Science, New York, 1999).



158 BIBLIOGRAPHY

[144] Abate, A., Leijtens, T., Pathak, S., Teuscher, J., Avolio, R., Errico, M. E., Kirk-

patrik, J., Ball, J. M., Docampo, P., McPherson, I. & Snaith, H. J.: Lithium

salts as redox active p-type dopants for organic semiconductors and their im-

pact in solid-state dye-sensitized solar cells. Phys. Chem. Chem. Phys. 15, 2572

(2013).

[145] Beattie, A. R. & Landsberg, P. T.: Auger effect in semiconductors. P. Roy.

Soc. Lond. A Mat. 249, 16–29 (1959).

[146] Haug, A.: Band-to-band auger recombination in semiconductors. J. Phys.

Chem. Solids 49, 599 – 605 (1988).

[147] Lloyd-Hughes, J., Merchant, S. K. E., Fu, L., Tan, H. H., Jagadish, C., Castro-

Camus, E. & Johnston, M. B.: Influence of surface passivation on ultrafast

carrier dynamics and terahertz radiation generation in GaAs. Appl. Phys. Lett.

89, 232102 (2006).

[148] Parkinson, P., Lloyd-Hughes, J., Johnston, M. B. & Herz, L. M.: Efficient

generation of charges via below-gap photoexcitation of polymer-fullerene blend

films investigated by terahertz spectroscopy. Phys. Rev. B 78, 115321 (2008).

[149] de Haas, M. P., Warman, J. M. & Anthopoulos, T. D.: The mobility and decay

kinetics of charge carriers in pulse-ionized microcrystalline PCBM powder. Adv.

Funct. Mater. 16, 2274 (2006).

[150] Defranzo, A. C. & Pazol, B. G.: Index of refraction measurement on sapphire at

low-temperatures and visible wavelengths. Appl. Optics 32, 2224–2234 (1993).
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[177] Göbel, E. O. & Graudszus, W.: Optical detection of multiple-trapping relax-

ation in disordered crystalline semiconductors. Phys. Rev. Lett. 48, 1277–1280

(1982).

[178] Haynes, J., Lax, M. & Flood, W.: Analysis of intrinsic recombination radiation

from silicon and germanium. J. Phys. Chem. Solids 8, 392 – 396 (1959).

[179] Ikehara, T. & Itoh, T.: Dynamical behavior of the exciton polariton in cucl:

Coherent propagation and momentum relaxation. Phys. Rev. B 44, 9283–9294

(1991).

[180] von der Osten, W. & Stolz, H.: Localized exciton states in silver halides. J.

Phys. Chem. Solids 51, 765 – 791 (1990).

[181] Heeger, A. J., Kivelson, S., Schrieffer, J. R. & Su, W. P.: Solitons in conducting

polymers. Rev. Mod. Phys. 60, 781–850 (1988).

[182] Furukawa, M., Mizuno, K.-i., Matsui, A., D. D. V. Rughooputh, S.

& C. Walker, W.: Time-resolved excitonic luminescence processes in

poly(phenylenevinylene). J. Phys. Soc. Jpn. 58, 2976–2987 (1989).

[183] Känzig, W.: Electron spin resonance of v1-centers. Phys. Rev. 99, 1890–1891

(1955).

[184] Lewis, J. T., Kolopus, J. L., Sonder, E. & Abraham, M. M.: Reorientation and

motion of the self-trapped hole in KMgF3. Phys. Rev. B 7, 810–818 (1973).

[185] Tale, I., Springis, M., Rogulis, U., Ogorodnik, V., Kulis, P., Tale, V., Veis-

pals, A. & Fitting, H.-J.: Self-trapped holes and recombination luminescence

in LiBaF3 crystals. Radiat. Meas. 33, 751 – 754 (2001).

[186] Nayak, P. K., Garcia-Belmonte, G., Kahn, A., Bisquert, J. & Cahen, D.: Pho-

tovoltaic efficiency limits and material disorder. Energy Environ. Sci. 5, 6022–

6039 (2012).

[187] Tiwana, P., Docampo, P., Johnston, M. B., Herz, L. M. & Snaith, H. J.: The

origin of an efficiency improving ”light soaking” effect in SnO2 based solid-state

dye-sensitized solar cells. Energy Environ. Sci. 5, 9566–9573 (2012).



162 BIBLIOGRAPHY

[188] Even, J., Pedesseau, L., Jancu, J.-M. & Katan, C.: Dft and k p modelling of

the phase transitions of lead and tin halide perovskites for photovoltaic cells.

Phys. Status Solidi A 8, 31–35 (2014).

[189] Frost, J. M., Butler, K. T., Brivio, F., Hendon, C. H., van Schilfgaarde, M. &

Walsh, A.: Atomistic origins of high-performance in hybrid halide perovskite

solar cells. Nano Lett. 14, 25842590 (2014).

[190] Umari, P., Mosconi, E. & De Angelis, F.: Relativistic gw calculations on

CH3NH3PbI3 and CH3NH3SnI3 perovskites for solar cell applications. Sci. Rep.

4, 4467 (2014).

[191] Wang, Y., Gould, T., Dobson, J. F., Zhang, H., Yang, H., Yao, X. & Zhao,

H.: Density functional theory analysis of structural and electronic properties

of orthorhombic perovskite CH3NH3PbI3. Phys. Chem. Chem. Phys. 16, 1424–

1429 (2014).

[192] Weber, D.: CH3NH3PbX3, ein Pb(II)-system mit kubischer perowskitstruktur.

Z. Naturforsch. B 33, 1443–1445 (1978).

[193] Poglitsch, A. & Weber, D.: Dynamic disorder in methylammoniumtrihalogeno-

plumbates (ii) observed by millimeter-wave spectroscopy. J. Chem. Phys. 87,

6373–6378 (1987).

[194] Kawamura, Y., Mashiyama, H. & Hasebe, K.: Structural study on cubic–

tetragonal transition of CH3NH3PbI3. J. Phys. Soc. Jpn. 71, 1694–1697 (2002).

[195] Baikie, T., Fang, Y., Kadro, J. M., Schreyer, M., Wei, F., Mhaisalkar, S. G.,

Grätzel, M. & White, T. J.: Synthesis and crystal chemistry of the hybrid

perovskite (CH3NH3)PbI3 for solid-state sensitised solar cell applications. J.

Mater. Chem. A 1, 5628–5641 (2013).

[196] Wasylishen, R., Knop, O. & Macdonald, J.: Cation rotation in methylammo-

nium lead halides. Solid State Commun. 56, 581 – 582 (1985).

[197] Onoda-Yamamuro, N., Matsuo, T. & Suga, H.: Calorimetric and {IR} spectro-

scopic studies of phase transitions in methylammonium trihalogenoplumbates

(ii). J. Phys. Chem. Solids 51, 1383–1395 (1990).

[198] Yamada, Y., Nakamura, T., Endo, M., Wakamiya, A. & Kanemitsu, Y.: Near-

band-edge optical responses of solution-processed organicinorganic hybrid per-

ovskite CH3NH3PbI3 on mesoporous TiO2 electrodes. Appl. Phys. Expr. 7,

032302 (2014).



BIBLIOGRAPHY 163

[199] Saito, K., Kurosawa, T., Akai, T., Yokoyama, S., Morioka, H., Oikawa, T. &

Funakubo, H.: Characterization of epitaxial Pb(Zrx,Ti1−x)O3 thin films with

composition near the morphotropic phase boundary. In Symposium U Ferro-

electric Thin Films XI, vol. 748 of MRS Online Proceedings Library (2002).

[200] Yokoyama, S., Honda, Y., Morioka, H., Oikawa, T., Funakubo, H., Iijima,

T., Matsuda, H. & Saito, K.: Large piezoelectric response in (111)-oriented

epitaxial Pb(Zr,Ti)O3 films consisting of mixed phases with rhombohedral and

tetragonal symmetry. Appl. Phys. Lett. 83, 2408–2410 (2003).

[201] Kelman, M. B., McIntyre, P. C., Hendrix, B. C., Bilodeau, S. M., Roeder, J. F.

& Brennan, S.: Structural analysis of coexisting tetragonal and rhombohedral

phases in polycrystalline Pb(Zr0.35Ti0.65)O3 thin films. J. Mater. Res. 18, 173–

179 (2003).

[202] Zeches, R. J., Rossell, M. D., Zhang, J. X., Hatt, A. J., He, Q., Yang, C.-H.,

Kumar, A., Wang, C. H., Melville, A., Adamo, C., Sheng, G., Chu, Y.-H.,

Ihlefeld, J. F., Erni, R., Ederer, C., Gopalan, V., Chen, L. Q., Schlom, D. G.,

Spaldin, N. A., Martin, L. W. & Ramesh, R.: A strain-driven morphotropic

phase boundary in BiFeO3. Science 326, 977–980 (2009).

[203] Chen, Z., You, L., Huang, C., Qi, Y., Wang, J., Sritharan, T. & Chen, L.:

Nanoscale domains in strained epitaxial BiFeO3 thin films on LaSrAlO4 sub-

strate. Appl. Phys. Lett. 96, 252903 (2010).

[204] Ehm, L., Borkowski, L. A., Parise, J. B., Ghose, S. & Chen, Z.: Evidence of

tetragonal nanodomains in the high-pressure polymorph of batio3. Appl. Phys.

Lett. 98, 021901 (2011).

[205] Macak, J., Zlamal, M., Krysa, J. & Schmuki, P.: Self-organized tio2 nanotube

layers as highly efficient photocatalysts. Small 3, 300–304 (2007).

[206] Adachi, M., Murata, Y., Harada, M. & Yoshikawa, S.: Formation of titania

nanotubes with high photo-catalytic activity. Chem. Lett. 29, 942–943 (2000).

[207] Varghese, O., Gong, D., Paulose, M., Ong, K., Dickey, E. & Grimes, C.: Ex-

treme changes in the electrical resistance of titania nanotubes with hydrogen

exposure. Adv. Mater. 15, 624–627 (2003).

[208] Mor, G. K., Carvalho, M. A., Varghese, O. K., Pishko, M. V. & Grimes, C. A.:

A room-temperature tio2-nanotube hydrogen sensor able to self-clean photoac-



164 BIBLIOGRAPHY

tively from environmental contamination. Journal of Materials Research 19,

628–634 (2004).

[209] Chen, X. & Mao, S. S.: Titanium dioxide nanomaterials: Synthesis, properties,

modifications, and applications. Chem. Rev. 107, 2891–2959 (2007). PMID:

17590053.

[210] Nazeeruddin, M. K., Gao, P. & Grätzel, M.: Organohalide lead per-

ovskites for photovoltaic applications. Energy Environ. Sci. in press, DOI:

10.1039/C4EE00942H (2014).

[211] Noel, N. K., Stranks, S. D., Abate, A., Wehrenfennig, C., Guarnera, S.,

Haghighirad, A., Sadhanala, A., Eperon, G. E., Pathak, S. K., Johnston, M. B.,

petrozza, a., Herz, L. & Snaith, H.: Lead-free organic-inorganic tin halide per-

ovskites for photovoltaic applications. Energy Environ. Sci. in press, DOI:

10.1039/C4EE01076K (2014).

[212] Hao, F., Stoumpos, C. C., Cao, D. H., Chang, R. P. H. & Kanatzidis, M. G.:

Lead-free solid-state organic-inorganic halide perovskite solar cells. Nat. Pho-

ton. in press, DOI: 10.1038/nphoton.2014.82 (2014).

[213] Pellet, N., Gao, P., Gregori, G., Yang, T.-Y., Nazeeruddin, M. K., Maier, J. &

Grätzel, M.: Mixed-organic-cation perovskite photovoltaics for enhanced solar-

light harvesting. Angew. Chem. Int. Edit. 53, 31513157 (2014).

[214] Brivio, F., Walker, A. B. & Walsh, A.: Structural and electronic proper-

ties of hybrid perovskites for high-efficiency thin-film photovoltaics from first-

principles. APL Mat. 1, 042111 (2013).

[215] Edri, E., Kirmayer, S., Henning, A., Mukhopadhyay, S., Gartsman, K., Rosen-

waks, Y., Hodes, G. & Cahen, D.: Why lead methylammonium tri-iodide

perovskite-based solar cells require a mesoporous electron transporting scaffold

(but not necessarily a hole conductor). Nano Lett. 14, 1000–1004 (2014).

[216] Deschler, F., Price, M., Pathak, S., Klintberg, L., Jarausch, D. D., Higler, R.,

Huettner, S., Leijtens, T., Stranks, S. D., Snaith, H. J., Atature, M., Phillips,

R. T. & Friend, R. H.: High photoluminescence efficiency and optically-pumped

lasing in solution-processed mixed halide perovskite semiconductors. J. Phys.

Chem. Lett. 5, 1421–1426 (2014).



BIBLIOGRAPHY 165

[217] Xing, G., Mathews, N., Lim, S. S., Yantara, N., Liu, X., Sabba, D., Grätzel, M.,

Mhaisalkar, S. & Sum, T. C.: Low-temperature solution-processed wavelength-

tunable perovskites for lasing. Nat. Mater. 13, 476–480 (2014).



166 BIBLIOGRAPHY



List of Acronyms

AM Air-Mass

BBO Beta-Barium Borate

CB Conduction Band

CCD Charge-Coupled Device

DSSC Dye-Sensitized Solar Cell

EBIC Electron-Beam-Induced Current

ETM Electron Transport Material

FA Formamidinium

FF Fill-Factor

FIR Far Infrared

FTO Fluorine-Doped Tin Oxide

FWHM Full Width at Half Maximum

HOMO Highest Occupied Molecular Orbital

HTM Hole Transport Material

IR Infrared

LUMO Lowest Unoccupied Molecular Orbital

MA Methylammonium

MAI Methylammonium Iodide

MSSC Meso-Superstructured Solar Cell

NIR Near Infrared

NP Nanoparticle

NREL National Renewable Energy Laboratory

NT Nanotube

OPA Optical-Parametric Amplifier

OPO Optical-Parametric Oscillator

OPTP Optical-Pump-THz-Probe

PCE Power Conversion Efficiency

PL Photoluminescence

PV Photovoltaic(s)
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sDSSC solid state Dye-Sensitized Solar Cell

SEM Scanning Electron Microscopy

TCSPC Time-Correlated Single Photon Counting

TDS Time-Domain Spectroscopy

UV Ultraviolet

VB Valence Band

XRD X-Ray Diffraction


