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Solution-processable semiconductors offer a potential route to deploy solar panels on a 

scale, based on the possibility of reduced manufacturing costs by using earth-abundant materials 

and inexpensive production technologies, such as inkjet or roll-to-roll printing. Understanding 

fundamental physics underlying device operation is important to realize this goal. This 

dissertation describes studies of two kinds of solar cells: hybrid polymer/PbS quantum dot solar 

cells and organometal halide perovskite solar cells. Chapter two discusses details of the 

experimental techniques. Chapter three and four explore the mechanisms of charge transfer and 

energy transfer spectroscopically, and find that both processes contribute to the device 

photocurrent. Chapter four investigates the important question of how the energy level 

alignment of quantum dot acceptors affects the operation of hybrid polymer/quantum dot solar 

cells, by making use of the size-tunable energy levels of PbS quantum dots. We observe that 

long-lived charge transfer yield is diminished at larger dot sizes as the energy level offset at the 

polymer/quantum dot interface is changed through decreasing quantum confinement using a 

combination of spectroscopy and device studies. Chapter five discusses the effects of TiO2 

surface chemistry on the performance of organometal halide perovskite solar cells. Specifically, 

chapter five studies the effect of replacing the conventional TiO2 electrode with Zr-doped TiO2 

(Zr-TiO2). We aim to explore the correlation between charge carrier dynamics and device 

studies by incorporating zirconium into TiO2. We find that, compared to Zr-free controls, solar 

cells employing Zr-TiO2 give rise to an increase in overall power conversion efficiency, and a 

decrease in hysteresis. We also observe longer carrier lifetimes and higher charge carrier 

densities in devices on Zr-TiO2 electrodes at microsecond times in transient photovoltage 

experiments, as well as at longer persistent photovoltages extending from ~millisecond to tens 

of sec. Finally, we characterize the combined effects of pyridine treatment and Zr-TiO2 on 

device performance and carrier lifetimes.  
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Chapter1: Introduction      
1.1 Photovoltaics (Thin film technology) 

The development of new energy technologies is important to meet increasing global 

energy consumption. From the standpoint of long term sustainability, solar energy provides a 

clean, renewable source of energy. Solar technologies have been fabricated from a wide variety 

of materials, with varying power conversion efficiencies (Figure 1).1 Crystalline silicon solar 

panels currently dominate the photovoltaic market.2 However, none of current technologies have 

yet met the challenge of low cost cells with low cost manufacturing along with an earth 

abundant non-toxic material that can be scaled to terawatt (TW) levels of power generation.  

Solution-processable semiconductors have the potential to significantly decrease the 

manufacturing costs of photovoltaics by using methods such as inkjet or roll-to-roll printing. 

Organic photovoltaics (OPVs) have attractive advantages including light weight, mechanical 

flexibility, and high absorption coefficients. OPV devices are often based on conjugated 

polymers whose backbones are composed of alternating carbon-carbon single and double bonds, 

thereby allowing electron delocalization on the polymer backbone and resulting in the 

semiconducting properties. Photoexcitation of the conjugated polymer creates tightly-bound 

excitons (electron-hole pairs bound by Coulombic force), resulting from their low dielectric 

constants (εr ≈ 2-4)3 compared to inorganic semiconductors (PbS, εr ≈ 17.2).4 The large binding 

energy of the exciton, which is in the range of 0.1-0.5 eV, prevents exciton dissociation by the 

built-in electric field of a solar cell.5, 6 One technique for splitting excitons is by means of a bulk 

heterojunction (BHJ) between donor and acceptor materials with different electron affinities. In 

particular, BHJs rely on the difference of energy levels between the donor and acceptor 

materials to align in a type-II heterojunction, (staggered energy levels) which provides the 

driving energy for exciton dissociation at donor/acceptor interface to generate free charges 

(Figure 2). Typical exciton diffusion lengths in organic semiconductor are ~10 nm. However, 

nanoscale phase separation allows more excitons to reach a donor/acceptor interface prior to 

recombination.7 The most commonly studied OPV devices are made from BHJ blends of a 

conjugated polymer and a fullerene derivative, such as poly 3-hexylthiophene (P3HT): 

6,6-phenyl C61 butyric acid methyl ester (PC60BM).8 

The use of quantum dot acceptors in place of fullerene, in principle, offers the advantage 

of harvesting of a larger portion of the solar spectrum than polymer/fullerene blends. Quantum 

dots could increase the efficiency of bulk heterojunction solar cells by increasing the dielectric 

environment, resulting in decreased Coulombic attraction between charges and, in turn, reduced 

non-geminate recombination and longer carrier lifetimes.9 These blends also retain many of the 

advantages of OPVs, such as solution-processability and mechanical flexibility. Furthermore, 

the synthesized quantum dots are coated with an oleate capping layer on the quantum dot 
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surface.10 However, the oleate capping ligand on the quantum dot surface works as an electrical 

barrier due to both the long chained length and the lack of conjugation.11 Therefore, the 

quantum dot surfaces or polymer/quantum dot interface can be modified with shorter organic 

ligands (e.g. EDT: 1,2-ethanedithiol and MPA: 3-mercaptopropionic acid) through the exchange 

of long organic ligands while still retaining the quantum dot size, increasing charge carrier 

mobility in quantum dots11, 12 and improving charge transfer at the polymer/quantum dot 

interface9 due to the decrease of inter-particle distance and the distance between a polymer and 

quantum dots. Moreover, the ligand exchange process changes the chemical identity on the 

quantum dot surface which alters the surface dipole, leading to the energy level shifts of the 

conduction and valance bands.13 More importantly, since the energy levels of the nanocrystals 

can be tuned through size-dependent quantum confinement effects, polymer/quantum dot blends 

allow us to systematically vary the energy level offsets between donor and acceptor to 

investigate the mechanism of photocurrent generation at polymer/quantum dot interface using 

photo-induced absorption (PIA) spectroscopy. Chapter four discusses these details. 

Within the last few years, a new material has emerged in the PV field. Organometal 

halide perovskites which are of the formula CH3NH3PbX3 (X= I, Cl, Br) serve as excellent 

light-harvesting materials and have rapidly reached 19% conversion efficiency.14, 15 Furthermore, 

these perovskite solar cells have a potential for low fabrication costs due to solution 

processability and earth abundant materials.15 Current thought is that the high device 

performance could be attributed to high charge-carrier mobilities intrinsic to these materials, 

which lead to the long carrier diffusion lengths16, 17 or a large dielectric constants.18 

Demonstrating long charge-carrier diffusion lengths, Stranks et al. measured charge carrier 

diffusion lengths exceeding 1 µm for the mixed halide perovskites.17 They argue that this allows 

the photo-generated electrons and holes to migrate long distances for extraction before they 

recombine and energy is lost as heat. The high quantum efficiencies and photocurrents observed 

in these systems are a direct result of the long carrier lifetimes.  

However perovskite solar cells are not without their challenges. So far, most reported 

devices exhibit hysteresis in current-voltage curves.19 Although no one has ever said so directly, 

Snaith et al. has assumed that hysteresis effects might be charge carrier trapping/detrapping in 

the defects of perovskite itself or interfaces between perovskite and charge collection layers, ion 

migration or ferroelectric properties.19 Furthermore, they have reported that this hysteresis 

behavior might be attributed to the interface between perovskite and charge collection layers 

rather than the perovskite itself. This was shown by fabricating devices either with no compact 

TiO2 (electron transporting layer) or no spiro-OMeTAD (hole transporting layer), and observing 

increased hysteresis.19 Baumann et al. observed persistent photovoltages on longer timescale 

(several tens of seconds) in the perovskite (CH3NH3PbI3) device through transient photovoltage 
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(TPV) experiments.20 They argued that the persistent photovoltage could result from the back 

transfer of electrons or holes that are populated in the transporting layer into perovskite, or the 

slowly detrapped carriers due possibly to the presence of defects and grain boundaries within the 

perovskite film or at the transport layer interfaces, even as a result of a light induced ferroelectric 

polarization.20  

In this dissertation, we investigate the effects of TiO2 surface chemistry on the 

performance of organometal halide perovskite solar cells. Chapter five discusses these details. 

The following two sections focus on the basic properties of quantum dots regarding hybrid 

solar cells, and properties of organometal halide perovskites. 

 

1.2 What are quantum dots?  

Quantum dots are semiconducting nanocrystals with energy levels and optical spectra 

that depend upon particle size due to quantum confinement effects. The quantum effects arise 

when the size of the quantum dots becomes smaller than the exciton Bohr radius of the first 

exciton state in the bulk semiconductor. In this size regime, the electron and hole energy levels 

become size dependent, and therefore the optical and electronic properties of crystals undergo 

drastic changes with crystal size. If an exciton is strongly confined to a sphere of radius R by an 

infinite potential V, 

 ���� � �0          � 	 

∞         � � 

 

 

(1.1) 

then for r>R, the wave function must be zero. This model is found in many textbooks21. The 

particle-in-a-sphere wavefunctions can be written as a product of a radial and an angular 

component, 

 Φ�,ℓ,���, �, �� � � �ℓ���, ���ℓ���,ℓ��
�  

 

(1.2) 

where C is a normalization constant, �ℓ���, �� is the spherical harmonic, and �ℓ���,ℓ�� is 

the ℓth order spherical Bessel function, where ��,ℓ � ��,ℓ 
⁄  and ��,ℓ is the �th zero of �ℓ. 

The energy levels of electrons and holes in such a nanocrystal are given by:  

 ��, � !"��,ℓ"
2$%

� !"��,ℓ"
2$%
" 

 

(1.3) 

where ! is the reduced Planck’s constant and $% is the mass of the particle. Equation 1.3 

predicts the confinement energy of the particle in the sphere is inversely proportional to the 

square of the radius. As the nanocrystal radius decreases, the distance between the energy levels 
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of nanocrystal increases.  

The aforementioned model describes empty sphere, whereas a spherical potential well 

is filled with semiconductor atoms. However, the particle-in-a-sphere model can be applied to 

this problem using a wave function that satisfies the periodic crystal potential. For direct band 

gap semiconductor, the energy of conduction and valence bands are approximated by using the 

effective mass approximation derived from Bloch’s theorem.22 
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where �&  is the energy of the particle as a function of wave number k. �*is the semiconductor 

bandgap. $'( and $+(  are the effective masses of carriers in the conduction and valence bands, 

respectively. The effective mass approximation provides charge carriers in the semiconductor 

behave as if they have a mass different from the mass of free particles, allowing us to treat the 

electron and hole as free particles (with a different mass).   

In turn, these excited carriers do not behave as free carriers even if the effective mass 

approximation is applied to the particle-in-a-sphere model. The electron and hole are bound 

together in the quantum dots as an electron-hole pair due to Coulomb interaction energy 

between them. If a carrier is excited with larger energy than the bulk bandgap �*, the energy of 

the first excited states � can be written as23, 24 

 � � �* ) !"-"
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"  ) !"-"
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(1.6) 

where the final term is Coulomb interaction energy. Here, e is the electron charge, and the 

dielectric constant of the semiconductor and the permittivity of free space are ε and ε0, 

respectively.  

In this dissertation, we use lead sulfide (PbS) quantum dots in the hybrid 

organic/inorganic solar cells. Bulk lead sulfide has an infrared band gap (0.41 eV) that shifts to 

the near IR region due to quantum confinement effects for the quantum dots as a result of the 

small effective mass ($.( = 0.085, $/(  = 0.085) and the large exciton Bohr radius (18 nm).4, 25 

This enables the energy gap of the solar cells to be tuned into the near infrared (1.3 eV-0.7 eV) 

by altering the quantum dot size between 3 and 7 nm.25-27 Furthermore, lead sulfide has a high 

dielectric constant (εr ≈ 17.2)4 that may be beneficial in screening Coulombic interactions 
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between the carriers to generate free charge carriers from photoexcited bound excitons, leading 

to reduced non-geminate recombination and longer carrier lifetime.9   

 

1.3 Organometal halide perovskites 

Organic-inorganic perovskites have been studied due to their interesting physical 

properties, such as superconductivity, magnetoresistance and ferroelectricity.28, 29 The general 

crystal structure of organometal halide perovskites is ABX3, where A is a monovalent metal 

cation or an organic ammonium cation (R-NH3+), B is a divalent metal cation (e.g. Ge2+, Sn2+, 

Pb2+) and X is a halogen anion (e.g. Cl-, Br-, I-) that bonds to both cations.30, 31 This structure 

consists of a three-dimentional (3D) network of corner-sharing BX6 octahedra, where B is 

located at the center of the octahedra and X sits in the corner around metal cation B. The 

organic ammonium cation A is located in the 12-fold coordination sites between the octahedra 

to satisfy the charge-balancing of the whole network (Figure 3a).31, 32 Ideally this perovskite 

structure shows the cubic unit cell.33 However, many physical properties, particularly electric, 

dielectric, and ferroelectric properties are influenced by a distorted cubic structure due to tilting 

of the octahedral framework or off-center displacement of the metal cation.34 Typically the 

physical properties of perovskites can be tailored by substituting chemical composition, 

resulting in different exciton binding energy35 or band gap.34  

An organic cation A can influence the whole lattice by changing the B-X bond length.32 If 

the organic cation is too large, 3D perovskite structure can’t be formed due to space limitations, 

leading to a lower (2D) layered perovskite structure (Figure 3b).31 For instance, crystals of the 

form (RNH3)2BI4 (R=CnH2n+1-) correspond to a 2D layered perovskite structure which have 

large exciton binding energies (150-540 meV) 35, 36 because they form a type I quantum well 

structure, composed of semiconducting metal halide layers sandwiched between organic 

insulating layers.32 2D layered perovskite structures show interesting optical properties, such as 

efficient photoluminescence36 or bright electroluminescence.37 In contrast, CH3NH3PbI3 has a 

3D cubic perovskite structure which lack organic barrier layers.32 The exciton binding energy of 

CH3NH3PbI3 is only 45 meV35 which is only slightly larger than thermal energy kbT at room 

temperature (25 meV), where kb is the Boltzmann constant and T=298K.35 Furthermore, the 

small ionic radius of organic cations (e.g. methylammonium: CH3NH3
+ or formamidinium: 

NH=CHNH3
+) which forms a 3D perovskite structure can extend the band gap toward near IR 

region.38  

The excitonic absorption and light emission of organometal halide perovskites can be 

readily tuned by changing different metal cations or halides. For a metal cation B (e.g. B= Ge, 

Sn or Pb), as the difference between the electronegativity of the B-X bond increases, the B-X 

bond length decreases.34 Therefore, the light emission of organic metal halide perovskite 
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crystals can be shifted to a longer wavelength when changing the metal cation from Pb to Sn to 

Ge.39 When the atomic size of the anions changes from Cl to Br to I with the increase in lattice 

constants, excitonic absorption spectra for Pb halide perovskite shows a red-shift when 

changing halogen from Cl to Br to I.40 On the other hand, the use of mixed halide for perovskite 

structure (e.g. iodide with bromide or bromide with chloride) can tune the bandgap and the 

optical absorption to cover the whole visible spectrum.34  

 

1.4 Thesis statement 

In this dissertation I describe significant progress in terms of two kinds of solar cells: 

hybrid polymer/ PbS quantum dot solar cells and organometal halide perovskite solar cells. First, 

chapter two introduces experimental techniques to characterize my devices, especially 

photoinduced absorption spectroscopy (PIA) and to fabricate the perovskites device. In chapter 

three, I discuss experiments in terms of energy transfer in the polymer/quantum dot blend using 

photoluminescence excitation spectroscopy, where I found that energy transfer can effectively 

generate photocurrent within the devices. In chapter four, I discuss polymer/quantum dot blend 

(PTB1/PbS quantum dot) that works efficiently in photovoltaics. I observed that both the PIA 

signal associated with charge formation on the polymer, as well as the external quantum 

efficiency of the hybrid photovoltaic devices decrease in magnitude with increasing quantum 

dot size, despite the broader absorption spectrum of the larger dots. Finally, in chapter five I 

discuss the effects of TiO2 surface chemistry on the performance of organometal halide 

perovskite solar cells. 
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Figures for Chapter1: 

 
Figure 1 Best Research-Cell Efficiencies plotted by NREL. This chart consists of different 

kinds of solar cells: multijunction cells and single junction GaAs (purple), crystalline silicon 

(Si) cells (blue), thin-film technologies (green) and emerging PV (red). This chart is free and 

open to the public and can be downloaded on the NREL site http://www.nrel.gov/ncpv/. 
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(a) 

 

 

 

(b)  
 

Figure 2 OPV devices based on donor–acceptor heterojunction architectures. (a) Energy level 

diagram with type-II heterojunction (b) Bulk heterojunction configuration 
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(a) 

  

(b) 

 

Figure 3 (a) Crystal structure of cubic metal halide perovskites of general formula ABX3: A 

(blue) organic or inorganic cations, B(M) (grey) metal cations, X (yellow) halides. (b) 

Schematic representation of the 2D layered perovskite structure consists of metal halide layers 

sandwiched between organic insulating layers. The increase in layer number (n) of the inorganic 

framework leads to the lattice change toward 3D structure (n=∞). Reproduced with permission 

from Ref. 31. Copyright 2014 RSC  
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Chapter2: Materials and Methods 
2.1 Photoinduced absorption spectroscopy 

Quasi-steady state photoinduced absorption (PIA) spectroscopy is a pump-probe 

technique used to characterize long-lived (µs-ms) photogenerated species, such as polarons. 

Polarons are positively charged species on the polymer backbone, created by charge transfer to 

an acceptor species following photoexcitation. Structural reorganization in the polymer leads to 

a change in the polymer electronic structure with unique spectral features. A probe beam 

measures these new sub-bandgap transitions on the polymer. For polymer/QD blends, polarons 

are generated on the conjugated polymer when photoinduced electron transfer occurs from the 

excited polymer to the quantum dots, or photoinduced hole transfer occurs from the excited 

QDs to the polymer. Here, I explain basic principles of photoinduced absorption (PIA) 

spectroscopy following a book chapter by Wohlgenannt, Ehrenfreund and Vardeny.1 

In a PIA experiement, a sample is excited by the modulated pump beam. The measured 

intensity of pump beam in the film is given by 

 I8�9� �  I8 e�; < =�>?�@>?A
B � �  I8 e�;=>� 

 

(2.1) 

where I8 is the incident light intensity and α is the film absorption coefficient at the pump 

energy. This intensity profile generates some photoexcitation population density N(x,t) which 

give rise to variations, Δα�E, x, t�: 

 Δα�E, x, t� � σ�E�N�x, t� 

 

(2.2) 

where σ is the cross-section for absorption at photon energy E, x is position in the sample and t 

is time. The changes in absorption coefficient are directly proportional to the photoexicted 

population density N(x,t) and the cross-section for absorption. If we measure the PIA signal, 
JK
K  

can be written as  

 , ΔT
T �E, t� � 1 , eM; < J=�N,>,O�@>P

B Q 

 

(2.3) 

where d is a film thickness of a sample. In practice, the measured PIA signal 
JK
K R 10;S  T 1  

and thus, we can approximate equation 2.3 as 

 , ΔT
T �E, t� U V Δα�E, x, t�dx

@

6
 

 

(2.4) 

Therefore, the polaron signal 
JK
K  corresponds to the photoinduced absorption of the sample. 
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Furthermore, in case of thin film (e.g. d=100 nm) which shows low optical density, thus 

αd T 1, equation 2.4 can be written as 

 , JK
K �E, t� X Δαd � σ�E�N�x, t�d 

 

(2.5) 

The PIA signal can be regarded as being directly proportional to the photoexcited population 

density. Furthermore, the above equations show that the PIA signal is dependent on pump light 

intensity and pump modulation frequency. In the pump modulation-dependence technique, a 

modulated pump intensity I�t� at a frequency ω can be written as I�t� � I6 �cos �ω]� ) 1�, 

where I6 is the pump light intensity (t = 0). We can investigate the recombination mechanism and 

the decay kinetics of photoexcited species by measuring the PIA signal as a function of 

pump-modulation frequency. Since the photoexcited population density N(t) are proportional to 

the measured PIA signals, the measured signals in both in-phase (N^) and out-of-phase (N%) 

components can be written as 

 N^ � V N�t� cos�ω]� dt  

(2.6) 

 N% � V N�t� sin�ω]� dt  

(2.7) 

 

In case monomolecular decay of the photoexcited carriers, the rate equation can be 

described as2 

 dN�t�
dt � gI�t� , γN�t� 

 

(2.8) 

where 
@c�O�

@O  is the change in the photoexcited carrier density per unit time,  g is the generation 

rate constant, gI�t� is generation rate, γ is the monomolecular recombination constant which is 

the inverse monomolecular decay lifetime of the carrier (γ = 1/τ) and thus the decay rate is 

γN�t�. Equation (2.8) can be solved by using an approximation for the steady-state case (t d τ�, 

and leading to the equation which represents the photoinduced steady state signal Nf:2 

 Nf � gI6τ
g1 ) �ωτ�" 

(2.9) 

where Nf  is proportional to ΔT and thus the PIA signal is linearly dependent on pump 

intensity. Furthermore, for ωτ d 1 (at high frequency), the signal is inversely dependent on 

pump modulation frequency (Nf∝ ω;h), while for ωτ T 1 (at low frequency) the signal is 

independent on the pump modulation frequency.  

In case of bimolecular recombination, the kinetics equation is given by2 
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 dN�t�
dt � gI�t� , βN"�t� 

(2.10) 

where β is the bimolecular decay constant, thus the decay rate is βN"�t�. When bimolecular 

recombination dominates, the steady-state photoinduced signal is given approximately by2  

 

Nf �
jgI6β � tanh���

� ) tanh���  

(2.11) 

where for small values of  � � m
nop

 �ωτf d 1�, Nf∝ ω;h, while for large values of � (ωτf T

1), Nf � ggI6/β and τf � h
grs^B

. Thus, the PIA signal is independent of ω and shows a 

square root dependence on the pump light intensity.  

 ΔT
T t gI6 

(2.12) 

Consequently equations (2.9) and (2.11) allow us to assign two types of recombination 

processes by means of the dependence of the PIA signals on pump light intensity and pump 

modulation frequency. For low pump light intensity, monomolecular and bimolecular 

recombination are effective, while bimolecular recombination becomes dominant for high pump 

light intensity due to high photoexcited carrier density. Furthermore, both recombination 

processes show similar frequency dependent behavior. However, at low frequency (near the 

steady state), they can be distinguishable based on their light intensity dependence. In the case 

of monomolecular decay, the PIA signal is linearly dependent on the pump light intensity. On 

the other hand, the signal is dependent on gI6 for bimolecular decay. Therefore, in the case of 

both recombination processes occurring simultaneously or where recombination is dispersive, 

the PIA signal can be fitted by using a power law with power that lies between 0.5 and 1. 

 ΔT
T t �I6�u 

(2.13) 

where 0.5 	 w 	 1. For purely first-order monomolecular recombination, 
JK
K  should be linear 

in light intensity (b=1), while purely for second-order bimolecular recombination, 
JK
K  should be 

scaled in light intensity by means of a power law with b = 0.5.  

Ultimately, PIA spectroscopy allows us to understand the dependence of a long-lived 

excited state population on the modulation frequency for pump excitation and the pump light 

intensity, thereby, access the information pertaining to recombination dynamics and decay 

kinetics of the photogenerated species through PIA data.   
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Experimental details: 

Figure 1 shows the experimental setup for acquiring PIA spectra using standard lock-in 

techniques.1, 3 The sample is excited with an electrically modulated light emitting diode (LED; 

Luxeon Rebel) using an Agilent 33120A arbitrary waveform generator (function generator) with 

a home-built driver circuit and probed with a monochromated tungsten halogen lamp. The 

resulting signal is detected via a Si/InGaAs dual-band photodetector (Thorlabs, DSD2) with 

sensitivity from the visible to the near-IR (500−1700 nm). The use of a second monochromator 

and a longpass filter in front of the photodetector facilitates better isolation of the PIA signal 

from the pump beam. A preamplifer (SR570) and a lock-in amplifier (SR830) are used to detect 

the small fractional changes in the probe beam transmission (∆T) at each measured probe beam 

wavelength, which are corrected by subtracting sample photoluminescence (PL) or scattered 

pump beam from the PIA signal, and normalized to the probe beam transmission (T) as ∆T/T. 

The sample’s PL spectra were acquired in parallel with the PIA signal by blocking the probe 

beam at each wavelength using an automated shutter. The lock-in is phased to a modulated 

pump frequency (200Hz) of scattered LED pump beam without longpass filter prior to 

measurement. The lock-in was phased such that signal with a short lifetime, such as the 

scattered pump excitation, was entirely a positive signal in the X-channel (in-phase) of the 

lock-in. As a result, signals arising due to photoinduced absorption are negative in the X channel. 

PIA signals lasting longer than the inverse of the pump frequency appear positive in the 

Y-channel (out-of-phase), which is 90° phase lagged from the X-channel. The total PIA signal is 

expressed by R = (X2 + Y2)1/2, where the X and Y are components of the X channel and Y 

channel, respectively. Samples were held under active vacuum during PIA measurements.  

 

2.2 Perovskite device fabrication 

Figure 2a shows an illustration of the device configuration of the perovskite solar cells I 

used in this dissertation. The device structure, from bottom to top, consists of a transparent 

electrode, which is a transparent conducting oxide, usually fluorine-doped tin oxide (FTO) or 

indium-doped tin oxide (ITO). This is followed by n-type metal oxide (e.g. ZnO or TiO2) as an 

electron transporting layer (ETL). Next, the photoactive layer consists of an organometal 

perovskite material (e.g. CH3NH3PbI3− xClx). The 2,2′,7,7′-Tetrakis (N,N-di-p-methoxy 

phenylamine)-9,9′-spirobifluorene (spiro-OMeTAD) is used for a hole transporting layer (HTL) 

(Figure 2b). Finally, the bottom contact is composed of a metal electrode, such as silver (Ag) or 

gold (Au). The following section describes the device fabrication techniques. 

 

Methylammonium iodide. Methylammonium iodide was prepared following a previous 

report.4 24 mL of methylamine solution (0.193 mol, 33% in ethanol, Sigma) was diluted with 
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100 mL of ethanol. 10 mL aqueous solution of hydriodic acid (0.076 mol, 57 wt% in water, 

Sigma) was added to this solution under constant stirring. After a reaction time of 1 h at room 

temperature, the resulting solution was evaporated at 100°C for more than 12 hours. The 

obtained crude product was washed with dry diethyl ether, and then recrystallized using a mixed 

solvent of ethanol and ether. Finally the obtained white crystals were dried under vacuum 

overnight. This white crystalline powder should be stored under a dry nitrogen atmosphere. 

 

Perovskite precursor solution. 0.8 g of dried methylammonium iodide (MAI) and 0.46 g of 

lead(II) chloride (PbCl2, 99.999%, Alfa Aesar) were dissolved in anhydrous 

N,N-dimethylformamide (DMF, Sigma) at a 3:1 molar ratio of MAI to PbCl2, with final 

concentrations 0.83 M lead chloride and 2.5 M methylammonium iodide to form the 

non-stoichiometric CH3NH3PbI3− xClx precursor solution. This solution should be stored under a 

dry nitrogen atmosphere. 

 

Sol-gel TiO2. The preparation of sol-gel TiO2 was carried out in air ambient at room 

temperature.5 5 mL Titanium (IV) n-butoxide (1.43 mmol, 97%, Sigma) was mixed with 4 mL 

of triethanolamine (98%, Sigma) and 25 mL of anhydrous ethyl alcohol in a flask under 

continuous magnetic agitation for 1 h, ((where a 0.34 mL of Zirconium (IV) butoxide solution 

(0.74 mmol, 80 wt. % in 1-butanol, Sigma) would be added for Zr-doped TiO2 electrodes, Zr/Ti 

molar ratio being 5%.)) 5 mL of Acetic acid (glacial, Macron Fine Chemicals) and 5 mL of 

deionized water were then added into the mixture with continuous magnetic agitation for 24 h. 

The resulting solution was clear and transparent. The solution was filtered through a 0.45 µm 

PTFE syringe filter prior to spin-coating.  

 

Perovskite solar cells. FTO coated glass sheets (7 Ω/sq, Aldrich) were etched with zinc powder 

and HCl (4 M) to obtain the required electrode pattern. The sheets were then washed with soap 

(2 vol % Micro-90, International Products Corp., in purified deionized water), deionized water, 

acetone, and isopropanol and finally treated under oxygen plasma for 10 min to remove the last 

traces of organic residues prior to spin-coating. The sol-gel derived TiO2 electrodes were coated 

on FTO substrates using spin-coating with following heat treatment. 60 µL of the sol-gel TiO2 

solution were deposited on the FTO substrates by dynamical spin-coating at 3500 rpm for 1 min, 

following by heat treatment in air on a hotplate at 500 ºC for 1 hour to achieve full anatase 

crystallization. To form the perovskite layer for devices, the non- stoichiometric precursor was 

spin-coated on the prepared TiO2 films in a nitrogen- filled glovebox, at 2000 rpm for 60 s. 

After spin-coating, the films were left to dry at room temperature in the glovebox for 30 minutes, 

to allow slow solvent evaporation. They were then annealed on a hotplate in the glovebox at 
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90 °C for 120 minutes, and then heating at 120°C for 15 min. During the annealing procedure at 

90°C, the coated substrate changed color from light yellow to dark brown, indicating the 

formation of the perovskite film. After drying, the films were covered with Spiro-OMeTAD 

(Borun Chemicals, 99.47% purity). 96 mg of Spiro-OMeTAD were dissolved in 1 mL of 

chlorobenzene and mixed with 10 µL 4-tert -butylpyridine (t BP, 96%, sigma) and 43 µL of a 

175 mg mL−1 bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99.95% sigma) solution 

in acetonitrile. This solution was spincoated at 4000 rpm for 1 min. Before evaporating the gold 

electrodes, Spiro-OMeTAD was allowed to oxidize in air over night at room temperature in the 

dessicator. For the counter electrode, a 100 nm-thick Au was deposited on the top of the 

Spiro-OMeTAD over layer by a thermal evaporation, where Au evaporated with a base pressure 

below 5 × 10−7 Torr. 
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Figures for Chapter2: 

 

 

Figure 1 Schematic illustration of PIA setup (top) and photograph of the PIA bench (bottom). 
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Figure 2 (a) Schematics of common layer structure of perovskite devices (b) The structure of 

2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD). 
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Chapter 3:  
Charge Generation and Energy Transfer in Hybrid Polymer/Infrared Quantum 

Dot Solar Cells 

 

Reproduced by permission from “Charge Generation and Energy Transfer in Hybrid 

Polymer/Infrared Quantum Dot Solar Cells” E. Strein, A. Colbert, S. Subramaniyan, H. 

Nagaoka, C. W. Schlenker, E. Janke, S. A. Jenekhe and D. S. Ginger, Energy Environ. Sci., 

2013, 6, 769 Copyright (2014) The Royal Society of Chemistry 

 

The original article can be found at 

http://pubs.rsc.org/en/content/articlehtml/2012/ee/c2ee24175g  

 

In this chapter, we study photocurrent generation processes in hybrid polymer/quantum 

dot photovoltaics by comparing device performance and photoinduced absorption (PIA) spectra 

across blends of 3 different conjugated polymers, poly(2,3-bis(2-(hexyldecyl)-quinoxaline- 

5,8-diyl-alt-N-(2-hexyldecyl)-dithieno-[3,2-b:20,30-d]pyrrole) (PDTPQx-HD), poly[(4,40-bis 

(3-(2-hexyl-decyl)-dithieno[3,2-b:20,30-d]pyrrole)-2,6-diyl-alt-(2,5-bis(3-(2-ethyl-hexyl)-thioph

en-2yl)thiazolo[5,4-d]thiazole)] (PPEHTT), and poly[(4,40-bis(2-octyl)dithieno [3,2-b:2030-d] 

silole)-2,6-diyl-alt-(2,5-bis(3-octylthiophen-2yl)thiazolo[5,4-d]thiazole)] (PSOTT) with PbS 

quantum dots. The PIA spectra and device performance provide evidence for long-lived 

photoinduced charge separation and bulk heterojunction device operation for blends of both 

PDTPQx-HD and PPEHTT with PbS. In contrast we find that PSOTT/PbS blends can produce 

viable solar cells without any evidence for long-lived charge transfer in the PIA spectra. Even so, 

the external quantum efficiency (EQE) spectra of PSOTT/PbS solar cells indicate that the 

polymer plays a significant role in light harvesting. We use photoluminescence excitation 

spectroscopy to confirm that the polymer funnels energy to the PbS quantum dots via energy 

transfer, and speculate that these blends may operate as PbS Schottky diodes sensitized by 

energy transfer from the semiconducting polymer host. 

I partially contributed to this work that is particularly photoluminescence excitation 

spectroscopy experiments to determine if energy transfer is a possible mechanism for 

photocurrent generation for a specific polymer/quantum dot blend (PSOTT/PbS). To test the 

plausibility of this energy transfer hypothesis, we collected photoluminescence excitation (PLE) 

spectra by monitoring the quantum dot photoluminescence signal while sweeping the excitation 

light on the following three different films: pristine PSOTT, neat PbS and a PSOTT/PbS blend. 

Figure 1 shows the resulting PLE data. As expected, the PLE trace for the pristine quantum dot 

film detected at the quantum dot emission peak (dashed green line) tracks the quantum dot 
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absorption spectrum. Likewise the neat PSOTT polymer film shows no detectable emission at 

the quantum dot emission peak (thin gray line), and a PLE trace that follows the polymer 

absorption spectrum when detected at the polymer emission peak (dotted blue line). Notably, the 

PLE trace for the PSOTT/PbS quantum dot blend (collected at the quantum dot emission) shows 

a strong feature that exactly matches the polymer absorption peak, providing strong evidence 

that energy transfer can indeed occur from PSOTT to PbS quantum dots in this size range.  

 

Experimental methods   

Photoluminescence Excitation Measurements. Photoluminescence excitation (PLE) samples 

were made by spin coating on glass in the same way as the PIA samples. Since EDT treatment 

tends to quench the signal41 we need to monitor (the quantum dot photoluminescence) the 

presented samples were left untreated. The same monochromated tungsten halogen lamp used 

for PIA spectroscopy was used as the excitation source and sample photoluminescence intensity 

was monitored with the same Si/InGaAs dual-band photodetector (ThorLabs, DSD2). A 900 nm 

long pass filter was used to filter excitation light in the pristine PSOTT spectrum, and a 1300 

nm long pass filter was used to filter both scattered excitation light and polymer PL in the 

pristine PbS, PSOTT/PbS, and pristine PSOTT control samples. Samples were held under 

dynamic vacuum with the film facing the excitation light. Emitted light was wave-guided from 

the side of the glass substrate and focused using two aspheric lenses mounted in front of the 

photodetector. A fraction of the excitation light was split with a glass microscope slide to 

monitor the excitation intensity with an amplified silicon (λ <= 1000 nm) or an amplified 

InGaAs (λ > 1000 nm) photodetectors. All spectra were normalized to the excitation intensity. 

Spectra for Pristine PbS and PSOTT/PbS were normalized to the nanocrystal exciton peak at 

~1160 nm. The pristine PSOTT spectra were scaled to match the blend intensity at 600 nm. 

Figure 2 shows schematic diagram of the experimental setup for PLE measurements.  
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Figures for Chapter3: 

 

 

Figure 1 Photoluminescence excitation data. The red (solid) line is signal from light detected at 

wavelengths greater than 1200 nm for PSOTT blended with PbS. The blue (dotted) line is signal 

from light detected at wavelengths greater than 900 for a pristine PSOTT. The green (dashed) 

line is signal from light from neat PbS detected at wavelengths greater than 1200 nm. The gray 

(thin solid) line shows that no signal is detected from pristine PSOTT at wavelengths greater 

than 1200 nm.  

  

Figure 2 Schematic of the PLE set up 
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Chapter 4: 
Size-Dependent Charge Transfer Yields in Conjugated Polymer/Quantum Dot 

Blends 

 

Reprinted with permission from “Size-Dependent Charge Transfer Yields in Conjugated 

Polymer/Quantum Dot Blends” H. Nagaoka, A. E. Colbert, E. Strein, E. M. Janke, Michael 

Salvador, C. W. Schlenker, and D. S. Ginger, J. Phys. Chem. C, 2014, 118 (11), 5710–5715 

(2014) Copyright (2014) American Chemical Society 

 

The original article can be found at http://pubs.acs.org/doi/abs/10.1021/jp412545q 

 

Introduction 

Hybrid photovoltaics based on composites of conjugated polymers and inorganic 

semiconductors have attracted attention due to their potential as renewable energy sources with 

low fabrication costs.1-16 Furthermore, understanding charge collection and recombination at the 

organic/inorganic interface is important for both organic solar cells,17 and possibly for hybrids 

made from perovskites with organic hole transport layers.14 Inorganic PbS QDs are not only 

attractive models for studying basic charge generation processes, but are also viable potential 

substitutes for fullerene acceptors due to their tunable band gaps, broad absorption spectra 

extending into the infrared, the possibility for carrier multiplication,18-20 and their good carrier 

mobilities.21,22 Furthermore, the use of nanocrystalline inorganic acceptors such as quantum dots 

in place of fullerenes could increase the efficiency of bulk heterojunction solar cells by 

increasing the local dielectric constant,4,23,24 while retaining many of the mechanical and 

processing advantages of a flexible polymer solar cell. While polymer/quantum dot solar cells 

are among the most efficient nonfullerene bulk heterojunctions so far reported,25 the 

performance achieved by hybrid quantum dot/organic cells still lags behind the efficiencies 

reported with both all-organic cells using fullerene as acceptors26 and purely inorganic solar 

cells made using only quantum dots27 or nanocrystal precursor inks.28 A better understanding of 

the operating mechanisms of polymer/quantum dot cells has the potential not only to improve 

the performance of this class of devices, but also to provide insight into the limits of 

fullerene-based cells by allowing one to vary systematically properties such as the energy offset 

at the donor/acceptor interface by tuning the quantum dot size. 

Early on, it was assumed that polymer/quantum dot cells would operate as bulk 

heterojunction cells, with type II heterojunctions supporting bidirectional charge transfer across 



27 

 

the polymer/quantum dot interface. There is strong evidence that some cells do behave as bulk 

heterojunctions, with charge transfer between the polymer and quantum dots.2,3 However, recent 

evidence indicates that the rates of forward (electron) and reverse (hole) charge transfer are not 

always equal in these blends.7 Furthermore, we have hypothesized that some polymer/quantum 

dot composites may operate, at least in part, as energy-transfer-sensitized Schottky-diode cells.6 

Thus, there is interest in exploring the operational mechanism of polymer/quantum dot blends, 

especially as one varies the energy level offset at the polymer/quantum dot interface. 

Herein, we study blends of a newer high-performance conjugated polymer, 

poly((4,8-bis(octyloxy)benzo(1,2-b:4,5-b′)dithiophene-2,6-diyl)(2-((dodecyloxy)carbonyl)thien

o(3,4-b)thiophenediyl)) (PTB1), with PbS quantum dots of various sizes. We aim both to 

explore the mechanism of photocurrent generation in these blends and, importantly, to 

understand how changing the energy level alignment of the quantum dot acceptor with quantum 

dot size affects their operation. Perhaps surprisingly, we find that for the PTB1/PbS blends 

described here, increasing the size of the quantum dots so that they harvest more of the solar 

spectrum has the consequence of reducing photocurrent by decreasing the yield of 

photogenerated charges in the film. 

 

Experimental methods 

Materials. PTB1 was purchased from 1-Material. Lead(II) oxide powder (PbO; 

99.999+%), oleic acid (technical grade, 90%), 1-octadecene (ODE; >95%), zinc acetate 

dihydrate (≥98%), potassium hydroxide (≥85%), hexamethyldisilathiane (HMDS; synthesis 

grade), 3-mercaptopropionic acid (≥99%), and butylamine (>99.5%) were purchased from 

Sigma-Aldrich. All organic solvents were purchased from Sigma-Aldrich. 

PbS Synthesis. PbS quantum dots were synthesized via a modified protocol reported by 

Hines et al.29 The first excitonic peaks of PbS quantum dots were tuned by controlling reaction 

temperatures and the concentrations of precursors. A typical synthetic procedure for PbS 

quantum dots with a characteristic first excitonic peak of 1.30 eV is as follows. The lead 

precursor solution is prepared by stirring 2 mmol of lead(II) oxide with 4 mmol of oleic acid in 

14 g of 1-octadecene in a three-neck flask under vacuum at 110 °C for at least 1 h. After 1 h, the 

solution is typically clear, and the flask is placed under flowing nitrogen gas and the 

temperature is raised to 140 °C. Simultaneously, a sulfur precursor solution of 1 mmol of 

hexamethyldisilathiane and 4 g of ODE is prepared in another sealed flask under flowing 

nitrogen gas. Using a syringe with a 13 gauge needle, the sulfur precursor is rapidly injected 

into the hot lead precursor. The flask containing the mixture is then cooled in a water bath to 

quench the reaction. The products are isolated from unreacted precursors and other impurities 
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by precipitation with acetone followed by centrifugation. The resulting precipitate is dispersed 

in a minimum volume of hexanes and extracted at least three times with methanol. The final 

products are stored in hexanes in the dark. 

Butylamine Ligand Exchange.The quantum dot ligand exchange procedure is carried 

out in air through a modified protocol reported by Noone et al.3 2 mL of butylamine is added to 

the dried products of a typical synthesis; this suspension is allowed to sit for 20 min with 

sonication to aid the dispersion of the quantum dots before being precipitated with excess 

methanol, and then centrifuged at 3500 rpm (Eppendorf Centrifuge 5804). The supernatant is 

discarded, and the precipitate is dried under nitrogen gas. The dry precipitate is redispersed in 

another 2 mL of butylamine, again with the aid of sonication for 20 min, and then precipitated 

with excess isopropanol, centrifuged, the supernatant is discarded, and the dot pellet dried. The 

quantum dots are then dispersed for a third and final time in 2 mL of butylamine and allowed to 

sit with sonication for 20 min. The ligand exchanged quantum dots are isolated by adding just 

enough isopropanol to precipitate them and then centrifuging. The dots are then dried and 

immediately dispersed into filtered dichlorobenzene in the glovebox. Once dissolved, these 

solutions are allowed to sit with sonication to aid the dispersion of the quantum dots, 

centrifuged at 3500 rpm to remove any aggregates, and then filtered through 0.45 µm PTFE 

syringe filters to prepare them for use in active layers for PIA or device experiments. 

Colloidal ZnO Nanocrystal Synthesis. ZnO nanocrystals are prepared according to a 

literature method developed by Sun with some modification.30 Zinc acetate dihydrate (Zn 

(Ac)2·2H2O, 0.8182 g, 3.73 mmol) was added into a flask containing 42 mL of methanol. The 

solution was heated to 60 °C with magnetic stirring. Potassium hydroxide (KOH, 0.4859 g, 7.22 

mmol) was dissolved in 23 mL of methanol as the stock solution and then dropped into the flask 

within 10 min. It was prepared with magnetic stirring at a constant temperature of 60 °C for 2 h. 

The resulting opaque white colloid was isolated from unreacted precursors by centrifugation at 

1000 rpm (Eppendorf Centrifuge 5804). The isolated nanocrystals were cleaned three times by 

the addition of 20 mL of methanol, agitated by vortexing, and centrifuged. The supernatant was 

discarded between cycles. This cleaning process was repeated three times. Finally, 10 mL of 

chloroform and 400 µL of n-butylamine were used to disperse the ZnO nanocrystals at a 

concentration of ∼20 mg/mL. 

Active Layer Solution Protocol. All solutions were prepared in filtered dichlorobenzene. 

A 10 mg/mL solution of a PTB1 polymer was prepared in anhydrous dichlorobenzene and 

stirred at 80 °C for at least 12 h before making blend solutions. All solutions were filtered 

through 0.45 µm PTFE syringe filters before combining with the PbS solutions. 

Device Fabrication Protocol. 1.5 cm × 1.5 cm indium tin oxide (ITO) substrates were 

first scrubbed with detergent solution (2 vol % Micro-90, International Products Corp., in 
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purified deionized water), and then cleaned by subsequent sonication in purified deionized water, 

acetone, and then isopropanol for 10 min each. The ITO was then etched with 1 M FeCl3 in 

hydrochloric acid to produce a 9 mm wide strip of ITO in the center of the substrate. The etched 

ITO was then further cleaned in a second round of subsequent acetone and then isopropanol 

with sonication for 20 min each. The ITO substrates were then cleaned by air plasma treatment 

for 10 min. ZnO was immediately spin-coated from a chloroform solution at 2500 rpm to give a 

∼30 nm coating of ZnO nanocrystals (as measured by surface profilometery). Coated substrates 

were annealed at 300 °C for 30 min in air, and then cooled to room temperature. All subsequent 

sample preparation steps were performed in a nitrogen glovebox. A blend solution was prepared 

by mixing the PTB1 and PbS QDs solutions in a 1:9 (w/w) ratio, and stirring at 80 °C for at 

least 1 h. PTB1/PbS active layers were then spin-coated on ZnO-coated ITO for 1 min at 1000 

or 1500 rpm. For PIA samples, films were spin coated under the same conditions onto 1.5 cm × 

1.5 cm glass microscope slides. Spin-coated films were treated with 3-mercaptopropionic acid 

to remove ligands and passivate the surface according to a procedure adapted from the 

literature.21 Films were treated with a 0.002 M solution of MPA in anhydrous acetonitrile by 

coating the film surface with the solution, waiting for 2 min, then spin-casting the film for 15 s 

at 1000 rpm. The films were subsequently washed with anhydrous acetonitrile by spin-coating 

twice to remove residual quantum dot ligand. Photovoltaic device back contacts of MoOx (8 

nm)/Ag (100 nm) were deposited by consecutive thermal evaporations from a base pressure 

below 5 × 10–7 Torr. Individual pixels were defined by a shadow mask. 

PIA Measurements. PIA spectra were acquired using standard lock-in techniques as 

discussed in detail elsewhere.2 Briefly, a 447 nm light-emitting diode (LED; Luxeon Rebel, 700 

mA, LXML-PR01) with a home-built driver circuit was used as the excitation source and was 

electronically modulated by transistor circuit gated by an Agilent 33120A arbitrary waveform 

generator. The excitation source was modulated at 200 Hz. A monochromated 100 W tungsten 

halogen lamp was used as the probe beam, which was detected via a Si/InGaAs dual-band 

photodetector (Thorlabs, DSD2) with sensitivity from the visible to the near-IR (500–1700 nm). 

A Stanford Research Systems lock-in amplifier (SR830) was used to detect the small fractional 

changes in the probe beam (dT), which are reported normalized to the probe transmission (T) as 

dT/T values. The phase of the lock-in was set such that scattered LED pump light appeared 

entirely as a positive signal in the x-channel. Thus, a fast absorption induced by the pump 

appears as a negative dT/T signal in the x-channel. Corrections were made to subtract any film 

photoluminescence (PL) or scattered pump light from the PIA spectra by acquiring data with the 

probe beam blocked at each wavelength. The PL spectra were collected in parallel with the PIA 

data, using an automated shutter to block the probe light. 

Device Measurements. All photovoltaic measurements were conducted under dynamic 
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vacuum of approximately 20 mTorr. I–V curves and photocurrent spectra were measured using a 

Keithley 2400 source measure unit. Photocurrent spectra were collected using a 100 W 

tungsten-halogen bulb (Oriel) passed through a monochromator (Acton 2150). Calibrated 

silicon (OSI optoelectronics) and InGaAs (Thorlabs) photodetectors were used to calculate 

external quantum efficiencies. The device pixels and the calibrated photodiode were masked to 

identical 1.22 mm2 active areas. Light I–V curves were collected under illumination of AM 1.5 

G light from a solar simulator (Solar Light Co. model 16S-300). 

 

Results and Discussion 

We investigated BHJ blends of PbS QDs with the low band gap polymer PTB1 (Eg
opt ≈ 

1.6 eV).31 Figure 1a shows the absorbance and photoluminescence (PL) spectra of neat PTB1 

(the chemical structure in the inset). Figure 1b shows the absorbance spectra of the different 

sized PbS QDs used in this study, while Figure 1c shows the approximate energy level positions 

for all materials as estimated from literature reports.31-33 Although there may be systematic shifts 

between solution (electrochemical) and solid-state measurements for the positions of these 

energy levels,32 the qualitative size dependence of the energy levels is what is important for our 

measurements here. The driving force for charge separation via photoinduced electron transfer 

from the excited polymer to the QDs is determined by the energy difference between the 

excited-state ionization potential (IP*) of the donor polymer and the ground-state electron 

affinity of the QD acceptor,34 and will decrease as the QD size decreases (QD band gap 

increases). Conversely, the driving force for charge separation via photoinduced hole transfer 

from an excited QD is determined by the energy offset between the QD valence band and the 

ground-state IP of the polymer,34 and will decrease as the QD size increases. In either case, the 

offset at the valence band edge is much smaller than the offset at the conduction band edge at 

least using the values shown in Figure 1.31-33 

We used photoinduced absorption (PIA) spectroscopy to screen for the generation of 

long-lived charged species, such as polymer polarons, in BHJ composites of PTB1 and PbS 

QDs. The quantum dots first underwent a solution-phase ligand exchange with butylamine (BA). 

This treatment removes excess oleate and helps facilitate spin-coating of a mixed polymer/QD 

solution. We then prepared each film by spin coating a PTB1/PbS QD blend solution at a ratio 

of 1:9 (w/w). A postdeposition ligand exchange with 3-mercaptopropionic acid (MPA) was 

subsequently performed on the films as described in the Experimental Methods. The motivation 

for using this two-step ligand exchange is that devices using QDs that first underwent treatment 

with butylamine show significantly improved photocurrent generation as compared to devices 

made with oleate-capped PbS quantum dots that undergo the same MPA postdeposition ligand 
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exchange but without butylamine exchange (Appendix 1: Figure S1). MPA treatment has been 

shown to improve carrier mobility and decrease carrier trapping in PbS assemblies21 and thus is 

expected to improve carrier collection. In our case, the postdeposition MPA treatment may 

improve both charge generation at the donor/acceptor interface and charge transport in the QD 

phase. 

Figure 2 shows the PIA spectra of polymer/QD blend films at room temperature with 

varying sizes of PbS QDs. The signal magnitudes are scaled by the absorbed photon flux at the 

excitation wavelength (ΦAbs with unit of mol cm–2 s–1). The PTB1/PbS blend with QD band gap 

at 1.28 eV shows a broad photoinduced absorption feature below the polymer band gap at 〜1.1 

eV. We attribute this broad absorption feature to long-lived polarons on the PTB1 polymer 

chains, consistent with the PIA spectra of a PTB1/fullerene blend (Appendix 1 Figure S2). 

The PIA spectra of blends with 1.13 and 0.92 eV band gap QDs appear similar. However, 

the polaron absorption is partly obscured by the overlapping ground-state bleach of the quantum 

dot first excitonic transition as indicated in Figure 2 (black arrows). The polaron feature appears 

to decrease for the larger dot sizes; however, the QD bleach obscures the signal considerably, 

making qualitative analysis difficult. Nevertheless, the largest dots, with the least bleaching 

interference in the polaron band over 〜1.0–1.6 eV, also show the smallest photoinduced 

absorption due to the polaron, consistent with this film having the lowest photocarrier yield. 

Although the data in Figure 2 suggest that the largest QDs are leading to the least amount 

of long-lived photoinduced charge generation, we performed additional PIA experiments to 

clarify this trend. To do this experiment, we removed most of the interference between the 

polymer polaron peak and the QD absorption bleach. Because the bleach signal in QDs arises 

primarily due to state blocking,35,36 rather than depletion of the ground state, charged QDs with 

the carriers residing in traps show much less bleach signal than dots with carriers in delocalized 

states.37 We exploit this effect by performing spectroscopy using butylamine-exchanged dots 

without the MPA-treatment (as MPA is known to remove carrier traps) to allow QD/polymer 

charge transfer while suppressing the QD bleach. 

To this end, Figure 3 compares the effect of QD size on the PIA spectra of PTB1/PbS 

films with no postdeposition MPA-treatment (which thus show less interference from the PbS 

bleach signal). Now, the PIA signal clearly diminishes with decreasing QD band gap, with the 

polaron signal being the largest for the 1.25 eV dots, smallest (almost nonexistent) for the 0.90 

eV dots, and decreasing monotonically in between. The data in Figure 3 represent one of the 

central results of this article, that the yield of charge carriers measured with PIA decreases with 
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increasing QD size (decreasing QD band gap) in PTB1/PbS blends. Indeed, virtually no 

long-lived polaron signal is seen in the blend of PTB1 with the 0.90 eV band gap quantum dots. 

As discussed below, the device data from solar cells made with blends of PTB1 and PbS QDs 

are consistent with this conclusion. While the size-dependent charge transfer has been reported 

at QD/TiO2 interfaces,38 it is far rarer in polymer/QD blends.2 

Next, we consider the effect of quantum dot size on the efficiency of solar cells made with 

blends of PTB1 and PbS quantum dots. Figure 4a shows the J–V curves of photovoltaic devices 

with the device structure shown in the inset (ITO/ZnO/active layer/MoOx/Ag). The active layer 

of each device was treated with MPA via the same procedure as that for the films shown in 

Figure 2. Notably, the devices made from the largest quantum dots have the lowest JSC values, 

despite having a broader absorption spectrum. Figure 4b shows the external quantum efficiency 

(EQE) spectra for the same devices. The spectral photocurrent is collected with significant 

efficiency from both components of the blend film and is dominated by the polymer absorption 

peak (∼2.0 eV) and the quantum dot absorption (<1.5 eV).  

Comparing hybrid devices fabricated from PbS QDs with band gaps of 1.32, 1.23, 1.12, 

and 1.02 eV (Figure 4b), we observe that the EQEs are lowest for the devices made from the 

largest quantum dots, consistent with the J–V curves in Figure 4a, and in good qualitative 

agreement with the decreasing carrier yields shown in Figures 2 and 3. Interestingly, the largest 

decrease in quantum efficiency seems to originate from the polymer region, especially at the 

polymer absorption peak. Figure 4a and Table 1 show the J–V characteristics of PTB1/PbS 

blends after MPA treatment, measured under AM1.5G illumination at 100 mW/cm2. The FF and 

VOC do not appear to correlate strongly with QD band gap, despite the clear correlation of 

decreasing JSC with increasing quantum dot band gap. Devices using 1.32 eV band gap QDs 

exhibited the best device performance with a JSC of 15.8 mA/cm2, a VOC of 0.49 V, and a FF of 

36%, giving an overall PCE of 2.8%. While the trend of decreasing JSC with decreasing QD 

band gap is qualitatively consistent with the PIA data, we note that even the devices with the 

largest QDs still produce photocurrents with EQEs of up to 〜30% even though very little PIA 

signal is observed for those blends. Given that the EQE at the QD absorption peak is insensitive 

to QD size, while the EQE at the polymer peak is size-dependent, we speculate that these blends 

may be operating partially as QD Schottky diode cells, in parallel with a polymer/QD bulk 

heterojunction. This hypothesis would explain both the size-dependent EQE and the PIA spectra, 

as well as the relative insensitivity of the IR photocurrent peak to the QD size (the Schottky 

diode current being independent of charge transfer at the polymer/QD interface). 

In summary, we have studied charge generation in hybrid solar cells consisting of the 

conjugated polymer PTB1 with PbS quantum dots of various sizes. When using smaller PbS 

QDs (e.g., PbS QDs with band gaps of 1.32 eV), these solar cells exhibit EQE’s of over 70% 
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and power conversion efficiencies of 2.8%, comparable to some of the better polymer/PbS 

blends so far reported.8,9,13 However, when larger quantum dots are used, the JSC drops 

significantly due predominantly to a decrease in the EQE in the region of the spectrum where 

the polymer dominates the film absorption. This size-dependent decrease in EQE agrees well 

with our PIA data, which show a significant reduction in the population of long-lived positive 

charge carriers on the polymer when larger PbS QDs are used. We thus conclude that PTB1/PbS 

solar cells are operating, at least in part, as bulk heterojunction solar cells, and we interpret the 

reduction in long-lived charge as resulting from the changing energy level offset at the 

polymer/QD interface. Such strongly size-dependent quantum yields in conjugated polymer/QD 

blends are relatively rare; indeed early studies of polymers and CdSe quantum dots looked for 

such an effect but were unable to find significant differences based on QD sizes.2 Future studies 

should examine whether these size-dependent changes in long-lived photogenerated charge 

yield arise from changes in driving force for the initial electron or hole transfer event, or rather 

from size-dependent changes in back transfer/recombination rates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



34 

 

 

Figures for Chapter4: 

 

Figure 1 (a) Absorption (solid line), photoluminescence (dotted line), and the chemical structure 

of the polymer PTB1. (b) Absorption spectra for different sizes of PbS quantum dots (QDs) 

suspended in tetrachloroethylene showing the size-tunability of the quantum dot band gap. (c) 

Energy levels for the PTB1 polymer and varying sizes of PbS quantum dots reported from the 

literature using cyclic voltammetry (CV) or photoelectron spectroscopy in air (PESA). Energy 

levels for the PTB1 polymer and the PbS QDs are estimated according to refs 31, 32, and 33. 
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Figure 2 Photoinduced absorption (PIA) spectra (X-channel) of MPA-treated PTB1/PbS QD 

blends with varying QD band gaps: 1.28 eV (blue), 1.13 eV (green), and 0.92 eV (red). PIA 

spectra were scaled by the absorbed photon flux (ΦAbs) under 2.77 eV excitation. The arrows 

indicate PbS quantum dot bleaches, and the black dotted line indicates polymer polaron 

absorption. 

 

 
Figure 3 X-Channel (in-phase) photoinduced absorption spectra of polymer/PbS QDs blends 

with varying QD band gaps, 1.25 eV (blue), 1.22 eV (green), 1.05 eV (gray), and 0.90 eV (red) 

(butylamine treated). PIA spectra were scaled by the absorbed photon flux (ΦAbs) under 2.77 eV 

excitation 
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Figure 4 (a) J–V curves of MPA treated PTB1/PbS QDs as a function of the band gap of QDs 

using 1.32 eV (blue), 1.23 eV (green), 1.12 eV (gray), and 1.02 eV (red) QDs. The inset shows 

the device structure: ITO/ZnO/active layer/MoOx/Ag. (b) External quantum efficiency of 

MPA-treated PTB1/PbS QDs photovoltaic devices as a function of the QD band gap 
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Table 1. Summary of Device Performance in MPA-Treated PTB1/PbS Photovoltaics as a 

Function of the QDs Band Gap 

Band gap 

(eV) 

Voc 

(V) 

Jsc              

(mA/cm2) 

FF PCE 

(%) 

Estimated 

Jsc  

(mA/cm2) 

1.32 0.49 ± 0.01 15.8 ± 0.6 0.36 ± 0.01 2.77 ± 0.13 15.8 ± 0.5 

1.23 0.48 ± 0.01 13.8 ± 0.4 0.40 ± 0.01 2.66 ± 0.12 13.4 ± 0.3 

1.12 0.48 ± 0.02 11.5 ± 0.3 0.35 ± 0.01 1.93 ± 0.07 11.6 ± 0.3 

1.02 0.52 ± 0.02 9.2 ± 0.5 0.46 ± 0.02 2.20 ± 0.27 9.2 ± 0.6 

Estimated Jsc is calculated from the EQE spectra. The data are the averages and standard 

deviations of 6 pixels. 
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Chapter 5: 
 
Zr-doped TiO2 Electrodes Reduce Hysteresis and Improve Performance in Hybrid 

Perovskite Solar Cells while Increasing Carrier Lifetimes 

 

Hirokazu Nagaoka, Fei Ma, Dane W. deQuilettes, Sarah M. Vorpahl, Micah S. Glaz, Adam E. 

Colbert, Mark Ziffer and David S. Ginger. 

 

Abstract 

We investigate the effect of zirconium (Zr) doping into the titanium dioxide (TiO2) electron 

transporting layer commonly used in hybrid organometal halide perovskite solar cells. We find 

that, compared to Zr-free controls, solar cells employing Zr-doped TiO2 (Zr-TiO2) give rise to an 

increase in overall power conversion efficiency, and a decrease in hysteresis. While fill factor 

(FF), open circuit voltage (Voc) and short circuit current density (Jsc) all improve with Zr-TiO2 

electrodes, the relative changes in FF are largest. We use transient photovoltage and 

photocurrent extraction to measure charge carrier lifetimes and densities as a function of light 

intensity for devices prepared with and without Zr incorporated into the TiO2 layer. We observe 

longer carrier lifetimes and higher charge carrier densities in devices on Zr-TiO2 electrodes at 

microsecond times in transient photovoltage experiments, as well as at longer persistent 

photovoltages extending from ~millisecond to tens of sec. We characterize the surface 

stoichiometry, change in work function and reduction potential of the TiO2 upon incorporation 

of Zr, and discuss the charge recombination at the perovskite TiO2 interface in the context of 

these variables. Finally, we characterize the combined effects of pyridine treatment and Zr-TiO2 

on device performance and carrier lifetimes. We find that pyridine-treatment and 

Zr-modification of the electrodes exhibit complicated competing effects on the lifetimes, but 

that devices with Zr-TiO2 electrodes and pyridine treatment show even better performance than 

either modification on their own. 

 

Introduction: 

Organometal halide perovskite semiconductors of the chemical formula CH3NH3PbX3 

(X= Cl, Br, I) have attracted the interest of many scientists working on thin film photovoltaics 

(PV) due to their low cost, potential ease of processing, and efficient performance.1, 2 The device 

performance of perovskite solar cells already reached 19% within just a few years.3-6 These 

successes have been achieved by optimizing the device architecture5, 7 the perovskite layers8, 9 

and the carrier transport layers.4, 10 The high device efficiencies have been attributed to long 

carrier lifetimes and large transport lengths,11, 12 high charge-carrier mobilities,13 as well as their 
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high dielectric constants.14                                     

However, despite their high efficiencies, most reported planar heterojunction perovskite 

devices exhibit hysteresis in their current-voltage curves.15-17 Snaith and co-workers have 

speculated that these hysteresis effects might result from charge carrier trapping/detrapping in 

the defects of perovskite itself, at interfaces between perovskite and charge collection layers, or 

even as a result of ion migration or ferroelectric properties.15 In addition, Baumann et al. 

recently observed persistent photovoltages at longer timescales (several tens of seconds) in 

perovskite (CH3NH3PbI3) devices during transient photovoltage (TPV) experiments.18 They 

argued that the persistent photovoltage could result from a number of possibilities, including the 

back transfer of electrons or holes that are populated in the transporting layer into perovskite, or 

slow detrapping of carriers possibly due to the presence of defects and grain boundaries within 

the perovskite film or at the transport layer interfaces.18   

 The charge transporting layers also play an important role by enhancing selective charge 

collection in the efficient perovskite solar cells. N-type metal oxide materials such as TiO2 and 

ZnO, are widely used in most studies5, 19 because they can help prevent shunting and reduce 

leakage currents under reverse bias.20 Others have shown how manipulating the interfacial 

chemistry at the electrodes can have a beneficial effect on both overall performance, and 

hysteresis.19, 21  

Tailoring the metal oxide layer is an approach that has been pursued across a number of 

photovoltaic technologies, as it can offer advantages such as optimized energy levels, more 

favorable surface energies, or increased carrier concentrations, resulting in enhanced 

performance.4,10 Doping of metal oxides has also been used to decrease interfacial 

recombination.22, 23 The use of mixed zirconium-titania (Zr-TiO2) instead of pure TiO2 has been 

used successfully in dye-sensitized solar cells and quantum dot solar cells.24-26 For instance, Liu 

et al. have reported the performance of PbS quantum dot solar cells was improved by changing 

energy levels and electron density with zirconium inclusion into the TiO2.
25 Along with doping 

of metal oxides, others have shown surface passivation of the perovskite is an interesting 

technique that remove trap states and surface defects in perovskite.27, 28 Noel et al have reported 

that post-deposition pyridine treatments improved device performance, proposing that Lewis 

base molecules might bind to the under-coordinated Pb ions in the perovskite crystal.27 

Here, we investigate the effects of zirconium incorporation into titanium dioxide electron 

transporting layer (ETLs) in organometal halide perovskite solar cells. We find that devices with 

Zr-TiO2 electrodes show longer carrier lifetimes and higher charge carrier densities, resulting in 

improved device performance. We also investigate how the surface chemistry and electronic 

properties of the Zr-TiO2 influence device operation. Finally, we study the effect of combining a 

pyridine treatment of the perovskite with Zr-doping of the TiO2 on the device performance and 



hysteresis of perovskite solar cells and show that the effects are additive.

 

Results and discussion: 

(a) 

                                                                              

(b)                                      

Figure 1 (a) Cross-sectional scanning

perovskite (CH3NH3PbI3–xClx,) 

(blue filled circle), TiO2 (black empty circle), Zr

TiO2/pyridine treatment (green empty square) 

reverse scan (from open-circuit to short

from the bottom are: FTO / Zr-TiO

curves of devices with Zr-TiO2 electrodes and pyridine treatment acquired at the scanning rate 

of 0.15V/s. 
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hysteresis of perovskite solar cells and show that the effects are additive. 

                                                                              

                                      (c) 

sectional scanning-electron microscope (SEM) image of a mixed halide 

,) device architecture. (b) J-V curves of devices based Zr

(black empty circle), Zr-TiO2/pyridine treatment (red filled square) and 

/pyridine treatment (green empty square) measured at the scanning rate of 0.15V/s and 

circuit to short-circuit). The inset shows that the layers in the device 

TiO2 or TiO2/ Perovskite/ Spiro-OMeTAD / Au. (c) Typical 

electrodes and pyridine treatment acquired at the scanning rate 

 

                                                                              

 

mixed halide 

V curves of devices based Zr-TiO2 

/pyridine treatment (red filled square) and 

measured at the scanning rate of 0.15V/s and 

The inset shows that the layers in the device 

(c) Typical J-V 

electrodes and pyridine treatment acquired at the scanning rate 
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Table 1. Summary of average device performance  

 Voc 

(V) 

Jsc              

(mA/cm2) 

FF PCE 

(%) 

TiO2 0.90 ± 0.004 14.1 ± 0.25 0.62 ± 0.02 8.1 ± 0.32 

Zr-TiO 2 0.93 ± 0.005 14.4 ± 0.23 0.67 ± 0.01 9.1 ± 0.28 

TiO 2/pyridine 0.93 ± 0.003 14.7 ± 0.15 0.67 ± 0.01 9.2 ± 0.18 

Zr-TiO 2/pyridine 0.96 ± 0.002 14.9 ± 0.08 0.69 ± 0.01 9.8 ± 0.1 

The values reported are the averages and standard deviations of the mean for 21 pixels     

from (7 devices) per row.  

Figure 1a shows a cross-sectional scanning-electron microscope (SEM) image of a 

typical perovskite solar cells employing mixed Zirconium/Titanium dioxide TiO2 (Zr-TiO2) 

electrodes. We fabricated p-i-n planar heterojunction perovskite solar cells with the structure: 

glass / fluorine-doped tin oxide (FTO) / Zr-TiO2 (or TiO2) / perovskite / spiro-OMeTAD / Au 

(fabrication procedures are described in Materials & Methods). We prepared both Zr-free TiO2 

and Zr-doped TiO2 by sol-gel methods following previous reports.25 We used a mixed halide 

perovskite (CH3NH3PbI3–xClx,) for the active layer, which has a valence band maximum (VBM) 

and the conduction band minimum (CBM) reported to be -5.3 and -3.75 eV, respectively.4 We 

used the standard 2,2′,7,7′-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene 

(spiro-OMeTAD) and gold as our hole transporting layer and electrode, respectively.  

Figure 1b shows the improvements realized with Zr-TiO2 electrodes by comparing 

typical JV characteristics of perovskite devices made at the same time using the same active 

layer solutions, but with different electrodes and post-deposition treatments. We compared 

Zr-TiO2 electrodes, TiO2 electrodes, Zr-TiO2 electrodes with pyridine treatment, and TiO2 

electrodes with pyridine treatment. Table 1 shows average device performance values across 

many separate devices, (and many more pixels), that are consistent with the individual devices 

shown in Figure 1b. Notably, the devices with Zr-TiO2 electrodes that have undergone pyridine 

treatment exhibit the highest average device performance with a JSC of 14.9 mA/cm2, a VOC of 

0.96 V, and a FF of 69%, giving an overall PCE of 9.8%. We also found that devices employing 

both Zr-TiO2 and pyridine treatments show a decrease in hysteresis compared to the other 

devices, regardless of scan rate (see device hysteresis data with different scan rates (Figure S1)). 

Compared to the device with Zr-free TiO2, we observe that either Zr-doping or pyridine 

treatment and both of them improves short-circuit current density (Jsc), and is confirmed by the 

external quantum efficiency (Figure S2). We also find an increase in open circuit voltage (Voc) 

and fill factor (FF) after either Zr-doping or pyridine treatment. In all cases the improvements 

from using Zr-doped TiO2 compounded with improvements found from pyridine treatment, 
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suggesting that these two modifications are affecting complementary aspects of the device 

performance. 

We performed a series of experiments to gain insight into the changes incurred by 

incorporating Zr into the TiO2. Using XPS we confirmed that the Ti to Zr atomic ratios at the 

surface of our Zr-TiO2 films were 15.7:1 (Figure S5), consistent with, but slightly higher than 

the growth solution (which had Ti:Zr = 19:1). Using cyclic-voltammetry (CV), we determined 

the location of the conduction band (CB) edge (Figure S3). Based on the reduction onset, we 

report small shift in the conduction band edge towards vacuum for our Zr-TiO2 compared to 

TiO2. (-3.82 eV for our Zr-TiO2 films vs -3.87 eV for our TiO2 films). We also used scanning 

Kelvin Probe microscopy (SKPM) to measure changes in surface potential (work function) 

between Zr-TiO2 and TiO2 electrodes (Figure S4). Our data show the work function of Zr-TiO2 

electrodes is 0.18 eV shallower than that of TiO2 electrodes, consistent with the slightly upward 

shift in conduction band in Zr-TiO2 electrodes to vacuum. While relatively minor, these shifts in 

electron affinity and work function are consistent with the observed improvements in device 

performance as they could serve to bring the Zr-TiO2 contact into slightly better alignment with 

that of the perovskite (reported at -3.75 eV).4 Nevertheless, we do not think that these shifts 

alone are responsible for all of the effects of Zr-incorporation.   

(a)                                        (b)                                            

  
Figure 2 Lifetime of charge carriers at (a) different Voc and (b) different charge carrier density 

using Zr-TiO2 (blue filled circle), TiO2 (black empty circle), Zr-TiO2/pyridine treatment (red 

filled square) and TiO2/pyridine treatment (green empty square). 

 

Therefore, we used transient photovoltage and charge extraction in order gain further 

insight into the effects of using Zr-doped TiO2, both with and without pyridine treatments of the 

perovskite. Transient photovoltage methods can be used to measure the pseudo-first-order decay 

lifetime (τ∆n) of a photovoltage perturbation created by a small transient light source in the 

presence of a large background carrier population, typically provided by a white light source. 

Charge extraction (CE) can be used to measure carrier density in a device by shunting a device 
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and recording the current transient. Together these methods allow for determination of carrier 

recombination rates at varying carrier densities.29 The specific details of our experimental 

configuration are available in the literature.30 We find that devices incorporating the Zr-doped 

TiO2 electrodes show slower voltage decays on timescales spanning nearly 6 orders of 

magnitude in time regardless of the carrier density. We also find that pyridine treatment 

increases carrier lifetime at high VOC and high carrier density conditions, but reduces carrier 

lifetime at low VOC and low carrier density conditions.  

Figure 2 plots our TPV and CE data on the different perovskite devices. Figure 2a plots 

TPV lifetime as a function of VOC, while Figure 2b plots charge carrier lifetime measured with 

TPV versus charge carrier density through charge extraction (CE) measurement. We observe 

that the devices with Zr-TiO2 electrodes show less recombination loss at short times and high 

carrier densities compared to the device with Zr-free TiO2 electrodes.  In organic solar cells, 

TPV decays as these fast times are typically associated with non-geminate recombination of 

carriers in devices,29 an interpretation which has been advanced for TPV data on the perovskites 

as well.28 The slower TPV decays for solar cells using the Zr-TiO2 electrodes would thus be 

consistent with the observed higher VOC and FF for these devices. The increase in lifetime could 

be due to reduced interfacial recombination between Zr-TiO2 electrodes and perovskite, either 

because of a reduction in interfacial states because of the Zr surface chemistry, or because the 

shallower work function of the Zr-TiO2 permits a slightly more favorable surface field in the 

perovskite, thus reducing the hole concentration near the electron-extracting contact. Similar 

phenomena have been reported in OPV devices.30 

(a)                                      (b)                                                                            

  

Figure 3 (a) Open circuit voltage transients for the perovskite devices based Zr-TiO2 (blue filled 

circle), TiO2 (black empty circle), Zr-TiO2/pyridine treatment (red filled square) and 

TiO2/pyridine treatment (green empty square). (b) Photovoltage rise times under 118 W/cm2 

white LED illumination showing normalized photovoltage as a function of time after the light 

was turned on (same symbols). Photovoltage for each devices was normalized at 50 s in (b).  
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Baumann et al. have previously reported long persistent photovoltages in hybrid 

perovskite solar cells. Although the origin of these persistent photovoltages was unclear, they 

speculated that the perovskite/TiO2 interface might play an important role. We thus also 

explored the effects of Zr-doping of the electrode and pyridine treatment of the active layer on 

long time persistent photovoltages, as well as on the rise time of the photovoltage following 

illumination of the devices. 

Figure 3a shows open circuit voltage transients for the perovskite devices based Zr-TiO2, 

TiO2, Zr-TiO2/pyridine treatment and TiO2/pyridine treatment. In these experiments, the devices 

were held at simulated 1-sun illumination with a white LED until the open circuit voltage 

plateaued, then the light was abruptly turned off and the VOC was recorded as a function of time. 

We observe persistent photovoltage decays spanning timescales from ~10-5-10 s, consistent with 

those reported previously for planar CH3NH3PbI3 solar cells.18 Interestingly, we find more 

persistent photovoltage on timescales of ~10-3-10 s in devices with Zr-TiO2 electrodes, yet we 

see faster photovoltage decays in devices with pyridine treatment on timescales of ~10-3-10 s. 

We also measured the photovoltage transients with three different illumination intensities for 

each sample (Figure S6). Figure 3b shows transient photovoltage rise time for each perovskite 

devices as a function of time after the light was turned on. We see all devices reach the steady 

state of open circuit voltage over several tens of seconds. The devices with Zr-TiO2 electrodes 

reaches steady state faster when illuminated, and takes longer to decay once the illumination is 

removed. Notably, if the same simple slow recombination process were governing both rise and 

decay then one would expect both be shorter or both be faster. We therefore interpret these 

results as indicating that the long time voltage decays do not result from a single simple 

recombination process.     

Following the hypothesis of  Baumen et al.,18 the long and short phases of 

photovolatage decay dynamics (Figure 3a) might be the result of components of recombination 

that are caused by carriers that are populated in the perovskite (fast recombination) and back 

transfer of electrons or holes that are populated in the transporting layer into perovskite (slow 

recombination).18 The longer photovoltage decays observed in our devices with Zr-TiO2 

electrodes are consistent with this hypothesis, and would suggest slower back electron transfer 

from the Zr-TiO2 into perovskite layer. The faster rise and slower decay could be explained 

either by traps in the perovskite film (due to different film formation at the Zr-TiO2 interface) or 

at the transport layer interface fills more quickly, and empties more slowly in the devices with 

Zr-TiO2. For the devices with pyridine treatment, we attribute the faster photovoltage rise and 

decay to lower trap density due to passivation of defect sites.27 Therefore, the device with TiO2 

electrodes and pyridine treatment (but without Zr) shows the fastest photovoltage decay. 
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Figure 4 Photocurrent density as a function of time for the perovskite devices with Zr-TiO2 

(blue filled circle), TiO2 (black empty circle), Zr-TiO2/pyridine treatment (red filled square) and 

TiO2/pyridine treatment (green empty square) held at 0.75V under simulated AM1.5 at 100 

mW/cm2. Photocurrent transients were measured after switching the devices from open circuit 

to short circuit. 

 

Noel et al. have previously reported pyridine treatment improves the stabilized power 

output, and might be consistent with hysteresis in hybrid perovskite solar cells. We thus also 

explored the effects of Zr-inclusion of the electrode and pyridine treatment of perovskite layer 

on power output at maximum power point. Figure 4 shows photocurrent density as a function of 

time for each perovskite devices with Zr-TiO2, TiO2, Zr-TiO2/pyridine treatment, and 

TiO2/pyridine treatment, held at maximum power point voltage under illumination. We observe 

the pyridine-treated devices stabilizes photocurrent density under a fixed 0.75 V forward bias. 

For the untreated devices, the photocurrent density decreases over 10%. We find the device with 

Zr-TiO2 electrodes slightly improves photocurrent density loss. Given the smaller effect of the 

Zr compared to the pyridine, we attribute the photocurrent loss to non-passivated defect sites in 

perovskite rather than defect sites or the interface with the ETL.27 Thus, both Zr-doping and 

pyridine treatment contribute complementary effects to improve device performance and 

reduced hysteresis. 

  

Conclusion: 

In conclusion, we have demonstrated that hybrid organometal halide perovskite solar 

cells employing Zr-TiO2 electrodes and pyridine treatment give rise to an increase in overall 

power conversion efficiency and a decrease in hysteresis. We observe longer carrier lifetimes 

and higher charge carrier densities in devices on Zr-TiO2 electrodes at microsecond times in 

transient photovoltage experiments, as well as at longer persistent photovoltages extending from 

~millisecond to tens of sec. Furthermore, we find devices with Zr-TiO2 electrodes and pyridine 
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treatment show higher stabilized device performance as well as faster photovoltage rises, 

indicating reduced defect sites in the perovskite or at the interfaces. We therefore suggest 

interface modification employing doping of metal oxide or fullerene derivative21 and passivation 

of defect sites in the bulk are both strategies that should continue to improve device 

performance and reduce hysteresis. Furthermore, observing these distinct charge carrier kinetics 

with different electrodes using microscopic techniques would lead to further investigation of 

persistent photovoltage and improvement of device studies.31 

 

Experimental methods: 

Methylammonium iodide. Methylammonium iodide was prepared following a previous 

report.2 24 mL of methylamine solution (0.193 mol, 33% in ethanol, Sigma) was diluted with 

100 mL of ethanol. 10 mL aqueous solution of hydriodic acid (0.076 mol, 57 wt% in water, 

Sigma) was added to this solution under constant stirring. After a reaction time of 1 h at room 

temperature, the resulting solution was evaporated at 100°C for more than 12 hours. The 

obtained crude product was washed with dry diethyl ether, and then recrystallized using a mixed 

solvent of ethanol and ether. Finally the obtained white crystals were dried under vacuum 

overnight. This white crystalline powder should be stored under a dry nitrogen atmosphere. 

 

Perovskite precursor solution. 0.8 g of dried methylammonium iodide (MAI) and 0.46 g of 

lead(II) chloride (PbCl2, 99.999%, Alfa Aesar) were dissolved in anhydrous 

N,N-dimethylformamide (DMF, Sigma) at a 3:1 molar ratio of MAI to PbCl2, with final 

concentrations 0.83 M lead chloride and 2.5 M methylammonium iodide to form the 

non-stoichiometric CH3NH3PbI3− xClx precursor solution. This solution should be stored under a 

dry nitrogen atmosphere. 

 

Sol-gel TiO2. The preparation of sol-gel TiO2 was carried out in air ambient at room 

temperature.26 5 mL Titanium (IV) n-butoxide (1.43 mmol, 97%, Sigma) was mixed with 4 mL 

of triethanolamine (98%, Sigma) and 25 mL of anhydrous ethyl alcohol in a flask under 

continuous magnetic agitation for 1 h, ((where a 0.34 mL of Zirconium (IV) butoxide solution 

(0.74 mmol, 80 wt. % in 1-butanol, Sigma) would be added for Zr-doped TiO2 electrodes, Zr/Ti 

molar ratio being 5%.)) 5 mL of Acetic acid (glacial, Macron Fine Chemicals) and 5 mL of 

deionized water were then added into the mixture with continuous magnetic agitation for 24 h. 

The resulting solution was clear and transparent. The solution was filtered through a 0.45 µm 

PTFE syringe filter prior to spin-coating.  

 

Perovskite solar cells. FTO coated glass sheets (7 Ω/sq, Aldrich) were etched with zinc powder 
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and HCl (4 M) to obtain the required electrode pattern. The sheets were then washed with soap 

(2 vol % Micro-90, International Products Corp., in purified deionized water), deionized water, 

acetone, and isopropanol and finally treated under oxygen plasma for 10 min to remove the last 

traces of organic residues prior to spin-coating. The sol-gel derived TiO2 electrodes were coated 

on FTO substrates using spin-coating with following heat treatment. 60 µL of the sol-gel TiO2 

solution were deposited on the FTO substrates by dynamical spin-coating at 3500 rpm for 1 min, 

following by heat treatment in air on a hotplate at 500 ºC for 1 hour to achieve full anatase 

crystallization. To form the perovskite layer for devices, the perovskite precursor solution was 

spin-coated on the prepared TiO2 substrates in a nitrogen- filled glovebox, at 2000 rpm for 60 s. 

After spin-coating, the substrates were left to dry at room temperature in the glovebox for 30 

minutes, to allow slow solvent evaporation. They were then annealed on a hotplate in the 

glovebox at 90°C for 150 minutes, and then heating at 120°C for 15 min. During the annealing 

procedure at 90°C, the coated substrate changed color from light yellow to dark brown, 

indicating the formation of the perovskite film. After drying, the substrate was cooled down to 

room temperature. The substrate was treated with a 0.25 M solution of pyridine in anhydrous 

chlorobenzene and then the spin-coating the substrate for 1 min at 4000 rpm. The substrate was 

subsequently covered with Spiro-OMeTAD (Borun Chemicals, 99.47% purity). 96 mg of 

Spiro-OMeTAD were dissolved in 1 mL of chlorobenzene and mixed with 10 µL 4-tert 

-butylpyridine (t BP, 96%, Sigma) and 43 µL of a 175 mg mL−1 bis (trifluoromethane) 

sulfonimide lithium salt (Li-TFSI, 99.95% sigma) solution in acetonitrile. This solution was 

spincoated at 4000 rpm for 1 min. Before evaporating the gold electrodes, Spiro-OMeTAD was 

allowed to oxidize in air over night at room temperature in the dessicator. For the counter 

electrode, a 100 nm-thick Au was deposited on the top of the Spiro-OMeTAD over layer by a 

thermal evaporation, where Au evaporated with a base pressure below 5 × 10−7 Torr. 

 

J-V characteristics and time-dependent photocurrent measurements. The current 

density–voltage (J-V) curves were measured using a source meter (Keithley, 2400 Series) under 

illumination of AM 1.5 G light from a solar simulator (Solar Light Co. model 16S-300) at 100 

mW/cm2 in a nitrogen glovebox. All devices were measured at a scanning rate of 0.15V/s 

scanning from open-circuit to short-circuit. The device pixels and the calibrated photodiode 

were masked to identical 1.3 mm2 active areas. For time-dependent photocurrent measurements, 

the device was held at maximum power point voltage under simulated AM1.5 at 100 mW/cm2, 

and then photocurrent transients were measured at maximum power point after switching the 

devices from open circuit to short circuit under illumination. Maximum power point was 

extracted from JV curves measured at reverse scan (from open circuit to short circuit). 
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Transient Photovoltage and Charge Extraction Measurements. TPV and CE measurements 

were performed on a home-built system as described everywhere.30 A pulsed Royal-Blue Rebel 

447.5 nm LED (Luxeon Star LXML-PR01-0425) was used as the perturbation source, with a 

pulse width of 4 µs, a repetition frequency of 2 Hz, and a 20 ns rising edge, driven by a 

homebuilt LED driver circuit and waveform generator (Agilent 33210A). The resulting voltage 

transient was measured by a Textronix TDS 2024B oscilloscope. A white LED (Bridgelux 

BXRA-56C9000-J) driven by a TTI Instruments (CPX400SA) power supply was used to 

illuminate the device, while the device was held at open circuit through a buffer with a 500 GΩ 

effective input impedance. Samples were mounted in a home-built vacuum chamber and tested 

under active vacuum (typically between 5 and 15 mTorr). For CE measurements a home-built 

circuit was used to allow the device to be switched from open-circuit (white light on) to 

short-circuit (light off). The circuit employs a switch that remains open while the white light is 

on and then closes when the light turns off, and the device’s extracted current is shunted through 

a 511 Ω resistor. The corresponding voltage decay transient is again measured by the 

oscilloscope. After data collection, the voltage transient is converted to a current transient using 

Ohm’s Law and used to determine a current volume. Charge carrier density (n) is calculated by 

integrating the area underneath the transient and dividing by the charge of an electron. 

 

Open circuit photovoltage rise/decay measurements. The TPV/CE setup detailed above, was 

modified to measure the rise and decay of device photovoltage. The white light was pulsed with 

a 5 mHz repetition rate while the devices were held at open circuit through a buffer with a 500 

GΩ effective input impedance. The photovoltage was measured at the rising edge and falling 

edge of the white light pulse to obtain the rise and decay transients, respectively.  

 

Notes and References 

See Appendix 2 for Additional figures: Device hysteresis with four different perovskite devices 

in Figure S1. External quantum efficiency spectra for four different perovskite devices in Figure 

S2. Cyclic voltammetry scans for Zr-TiO2 and TiO2 films in Figure S3. Scanning Kelvin probe 

microscopy images showing topography and surface potential of a Zr-TiO2 and TiO2 films in 

Figure S3. X-ray photoemission spectroscopy (XPS) spectra for Zr-TiO2 and TiO2 films in 

Figure S4. Open circuit voltage transients for four different perovskite devices under three 

different illumination intensities in Figure S6.  
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Chapter6: Conclusions 
 

This thesis has investigated long-lived charge carrier dynamics in polymer/quantum dot 

blends and organometal halide perovskites. Chapter three demonstrated that the PSOTT/PbS 

quantum dot blend undergoes significant energy-transfer from polymer to the PbS quantum dots 

without charge transfer, in contrast with the photoinduced charge transfer processes observed in 

the other blends (PDTPQx-HD/PbS quantum dot blend and PPEHTT/PbS quantum dot blend), 

resulting in working solar cells.  

Chapter four demonstrated that both the PIA signal associated with charge formation on 

the polymer, as well as the external quantum efficiency of the hybrid photovoltaic devices 

decreased in magnitude with increasing quantum dot size, despite the broader absorption 

spectrum of the larger dots. We interpret these results as evidence that PTB1/PbS blends behave 

at least partially as bulk heterojunction (BHJ) solar cells, and conclude that the long-lived 

charge transfer yield is diminished at larger dot sizes as the energy level offset at the 

polymer/quantum dot interface is changed through decreasing quantum confinement. As 

discussed in chapter four, we speculate that these blends may be operating partially as QD 

Schottky diode cells, in parallel with a polymer/QD bulk heterojunction. The observed 

size-independent PL quenching (Figure S4 in Appendix1) could indicate that both charge and 

energy transfer are fast enough to compete with radiative decay, or that energy transfer and fast, 

energy-dependent, back hole transfer may be occurring in these blends. Such questions will be 

interesting topics for future investigations, and might be addressed with transient absorption 

spectroscopy. The fact that both the device performance and PIA measurements are consistent 

with decreased charge generation for smaller QD band gaps is notable. If we assume that the 

limiting factor for forming a type II heterojunction in this system is the energy offset between 

the valence band of the QD and the HOMO of the polymer, then our data indicate that the 

population of long-lived polarons residing on the polymer is reduced by the driving force for 

charge separation, although there is some uncertainty associated with extrapolating energy level 

offsets measured via cyclic voltammetry or photoemission to a solid-state device geometry.1, 2  

Our results point to a very strong dependence of long-lived polaron populations on the relative 

energy level alignment at the PbS/PTB1 interface, something that has not been reported 

previously in numerous studies.3, 4 On the other hand, our data could also be consistent with the 

long-lived carrier population in these blends being limited by the recombination of the polymer 

hole polaron population with electrons on the QDs, as the barrier for this recombination event 

would be the driving force for the opposite hole transfer process. Future studies utilizing fast 

(e.g. picosecond) transient absorption spectroscopy, or temperature dependent PIA experiments 

could help differentiate between these processes. 
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Chapter five demonstrated that hybrid organometal halide perovskite solar cells 

employing Zr-TiO2 electrodes and pyridine treatment give rise to an increase in overall power 

conversion efficiency and a decrease in hysteresis. We observed longer carrier lifetimes and 

higher charge carrier densities in devices on Zr-TiO2 electrodes at microsecond times in 

transient photovoltage experiments, as well as at longer persistent photovoltages extending from 

~millisecond to tens of sec. Furthermore, devices with Zr-TiO2 electrodes and pyridine 

treatment show stabilized device performance as well as faster photovoltage rises. We interpret 

these results as indicating that the long time voltage decays are likely not a simple 

recombination process but are related to trap filling and emptying. We thus propose that the 

devices with Zr-TiO2 somehow fills the trap distribution more quickly, but empties the filled 

charges more slowly. We attribute the faster photovoltage rise and faster photovoltage decay for 

the devices with pyridine treatment to lower trap density due to passivation of defect sites.5 

Future studies utilizing microscopic techniques (e.g. Kelvin probe force microscopy) to observe 

charge distribution could help the understanding of complicated competing effects on the carrier 

lifetimes.6 Furthermore, interface modification of electron transporting layer employing fullerene 

derivatives would lead to further improvement and the understanding of device studies.7 Finally, 

with the growing interest in hybrid polymer/PbS quantum dot solar cells and perovskite solar 

cells, they could lead to next-generation solar cells that are better than silicon in terms of both of 

performance and cost. 
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Appendix 1 for Chapter 3: Size-Dependent Charge Transfer Yields in 
Conjugated Polymer/Quantum Dot Blends 
 
Reprinted with permission from “Size-Dependent Charge Transfer Yields in Conjugated 

Polymer/Quantum Dot Blends” H. Nagaoka, A. E. Colbert, E. Strein, E. M. Janke, Michael 

Salvador, C. W. Schlenker, and D. S. Ginger, J. Phys. Chem. C, 2014, 118 (11), 5710–5715 

(2014) Copyright (2014) American Chemical Society 

 

The original article can be found at http://pubs.acs.org/doi/abs/10.1021/jp412545q 

 

External quantum efficiency of PTB1/PbS devices with different ligand exchange 

 
 

Figure S1 Figure S1. Effect of different ligand treatment of QD for PTB1/PbS QD photovoltaic 

devices. EQE spectra shows devices for PbS-butylamine (BA) with post-deposition MPA 

treatment (PbSBA w/MPA, red line), for PbS-oleate (OA) with post-deposition MPA treatment 

(PbS-OA w/MPA, blue line) as well as for PbS-butylamine (PbS-BA, green line). 

 

Figure S1 shows the external quantum efficiency (EQE) spectra of PTB1/PbS QD devices 

using PbS-butylamine (BA) with post-deposition MPA treatment (PbS-BA w/MPA, red line), 

PbS-oleate (OA) with post-deposition MPA treatment (PbS-OA w/MPA, blue line) and PbS-BA 

(PbS-BA, green line). The significant increase in short-circuit current of the device for PbS-BA 

with post-deposition MPA ligand treatment are correlated with enhancing carrier mobility, 

decreasing a trapping site in QDs and improving device morphology relative to the device for 

PbSOA with post-deposition MPA treatment and PbS-BA. 
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Photo-induced Absorption  

 

Figure S2 PIA spectra of films of neat PTB1 (gray), neat PbS quantum dots (black) with a 1.25 

eV band gap, PTB1/PbS blend using 1.25 eV band gap QDs (blue) and PTB1/PC71BM (red). 

PIA spectra were scaled by the absorbed photon flux (ФAbs) under 2.77 eV excitation. 

 

Figure S2 shows the X Channel PIA spectra of a blend of PTB1 with PbS quantum dots using 

1.25 eV band gap QDs (blue), a blend of PTB1 with PC71BM (red), a neat film of PbS quantum 

dots with a 1.25 eV band gap (black) and a neat film of PTB1 (gray). The neat polymer exhibits 

none of the features exhibited in the blend. 

Experimental Methods. PTB1/PCBM blends were prepared in a similar manner by mixing the 

PTB1 solution with a 15 mg/mL solution of PC71BM in dichlorobenzene in a 1:1 (w/w) ratio. 

 

Effect of MPA Ligand on Photoluminescence of solid QD films 

 
Figure S3 The photoluminescence (PL) spectra of films for PbS-butylamine (PbS-BA, blue 
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squares) and PbS-butylamine (BA) with post-deposition MPA treatment (PbS-BA w/MPA, 

green squares). These films were excited at 2.77 eV. 

 

    Figure S3 shows the PL spectra of films of PbS-butylamine (PbS-BA, blue squares) and 

PbSbutylamine (BA) with post-deposition MPA treatment (PbS-BA w/MPA, green squares). 

Treating PbS QDs with MPA greatly diminishes the PL (at 1.20 eV) from the QD. Films were 

made by spin coating on glass in the same way as the PIA samples. PL spectra were collected 

by the PIA set-up. 

 

Photoluminescence Quenching in Polymer/QD blends. 

 

  

Figure S4 The photoluminescence (PL) spectra of polymer/PbS QDs blends with varying QDs 

band gap, 1.25 eV (blue), 1.22 eV (green), 1.05 eV (gray), and 0.90 eV (red) (butylamine 

treated) shown in Figure 3 in the manuscript. The black spectrum shows the PL of the neat 

PTB1 polymer. The PL spectra were collected in parallel with the PIA data, using an automated 

shutter to block the probe light. 

 

Films that have not been post-treated with thiols show residual photoluminescence since 

thiol treatment tends to quench the PL signal of QD (Figure S3).1 Figure S4 shows the PL 

spectra of a film of a neat PTB1 film (black curve) and the PTB1/PbS blends with varying QDs 

band gap, 1.25 eV (blue), 1.22 eV (green), 1.05 eV (gray), and 0.90 eV (red) (butylamine 

treated). In all cases, the polymer PL signal peaking at ~1.4 eV is largely quenched in the 

presence of PbS QDs, indicating that blending the polymer with QDs introduces competitive 

relaxation pathways to excitons on the polymer. The PIA data suggest that charge transfer is 

occurring in all blends – but with a size-dependent yield of long-lived carriers. On the other 
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hand, Figure S4 indicates roughly equal amounts of PL quenching in all blends. Notably, the 

polymer PL is largely quenched even in blends with low band gap QDs, even though little 

polymer polaron signal is observed in the PIA spectra for these blends. This result could 

indicate the existence of an energy transfer pathway from the excited polymer to PbS QDs as 

observed in our previous work.2 

 

Photoluminescence excitation (PLE) 

 

  
Figure S5 Photoluminescence excitation data using QDs with a 1.05 eV band gap. The blue 

(solid) line is signal from light detected at wavelengths greater than 1200 nm (1.03 eV) for a 

PTB1/PbS blend. The grey line is signal from light detected at wavelengths greater than 900 nm 

(1.38 eV) for a pristine PTB1. The black line is signal from light from a neat PbS detected at 

wavelengths greater than 1200 nm. The green line shows that no signal is detected from pristine 

PTB1 at wavelengths greater than 1200 nm. 

 

We employed photoluminescence excitation (PLE) spectroscopy to investigate the 

possibility of energy transfer from the polymer to the QDs. Spectra were acquired by 

monitoring the quantum dot photoluminescence signal while sweeping the excitation light on 

the following three different films: a pristine PTB1, a neat PbS and a PTB1/PbS blend. Figure 

S5 shows the resulting PLE data. As expected, the PLE trace for the pristine quantum dot film 

detected at the quantum dot emission peak (black line) tracks the quantum dot absorption 

spectrum. Likewise the neat PTB1 polymer film shows no detectable emission at the quantum 

dot emission peak (green line). On the other hand, a PLE trace that follows the polymer 

absorption spectrum can be measured when detected at the polymer emission peak (gray line). 

Notably, the PLE trace for the PTB1/PbS quantum dot blend (collected at the quantum dot 

Energy (eV)

N
o

rm
a

li
z
e

d
 P

L
E

 (
a

.u
.)



62 

 

emission) shows a strong feature that exactly matches the polymer absorption peak, providing 

strong evidence that energy transfer can indeed occur from PTB1 to PbS quantum dots in this 

size range. 

Experimental Methods: PLE samples were made by spin coating the films on glass in the 

same way as the PIA samples. Since MPA treatment tends to quench the PL signal (mainly the 

quantum dot photoluminescence) the presented samples were left untreated. The same 

monochromated tungsten halogen lamp was used as the excitation source and sample 

photoluminescence intensity was monitored with a Si/InGaAs dual-band photodetector 

(ThorLabs,DSD2). A 900 nm long pass filter was used to filter excitation light in the pristine 

PTB1 spectrum, and a 1200 nm long pass filter was used to filter both scattered excitation light 

and polymer PL in the pristine PbS, PTB1/PbS, and pristine PTB1 control samples. Samples 

were held under dynamic vacuum with the film facing the excitation light. Emitted light was 

waveguided from the side of the glass substrate and focused using two aspheric lenses mounted 

in front of the photodetector. A fraction of the excitation light was split with a glass microscope 

slide to monitor the excitation intensity with an amplified silicon (l ≦ 1000 nm) or an amplified 

InGaAs (l > 1000 nm) photodetector. All spectra were normalized to the excitation intensity. 

Spectra for pristine PbS and PTB1/PbS were normalized to the nanocrystal exciton peak at 

∼1.05 eV. The pristine PTB1 spectra were scaled to match the blend intensity at 1.8 eV. 
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Appendix 2 for Chapter 5: 
 

Zr-doped TiO2 Electrodes Reduce Hysteresis and Improve Performance in Hybrid 

Perovskite Solar Cells while Increasing Carrier Lifetimes 

 
Experimental methods: 

J-V characteristics and time-dependent photocurrent measurements. Current 

density-voltage (J-V) curves were measured using a source meter (Keithley, 2400 Series) under 

AM 1.5 G light illumination from a solar simulator (Solar Light Co. model 16S-300) with 

intensity calibrated to 100 mW/cm2 using a Si reference cell. The solar cells were masked with a 

metal aperture to define the active area, typically 0.013 cm
−2

, and measured in a light-tight 

sample holder to minimize edge effects. Scanning rates of 0.15V/s or 0.025V/s were used to 

assess the hysteretic behavior of devices.  

 

External quantum efficiency. Solar cells were illuminated with a monochromated (Acton 

2150) 100 W tungsten-halogen light source (Oriel). Photocurrent spectra were measured using a 

Keithley 2400 source meter. A calibrated silicon photodiode (OSI optoelectronics) was used to 

calculate external quantum efficiencies. All photovoltaic measurements were collected with 

devices under dynamic vacuum (~20 mTorr).  

 

Cyclic voltammetry. Cyclic voltammograms (CV) were acquired using a potentiostat (Autolab). 

Zr-doped TiO2 and undoped TiO2 films cast on FTO served as the working electrodes. The 

counter electrode and reference electrode were a platinum wire and Ag/AgCl in saturated 3M 

KCl solution, respectively. Tetrabutylammonium hexaflurophosphate (0.1 M) in anhydrous 

acetonitrile was used as the supporting electrolyte. Voltammograms were obtained using a scan 

rate of 0.25 V/s and by sweeping the voltage from 0 V → −1.5 V → 0 V. A ferrocene/ferricinum 

redox was used as the standard reference (−4.80 V relative to vacuum).1 

 

X-ray photoemission spectroscopy (XPS). Zr-TiO2 and TiO2 films on FTO were measured in a 

Kratos Axis Ultra DLD under ultrahigh vacuum. A monochromated Al K-alpha x-ray anode (hν 

= 1486.6 eV) was used to irradiate all samples. Data was collected and analyzed from a 300 x 

700 µm spot size.  

 

Scanning Kelvin probe microscopy (SKPM). The surface potential of Zr-TiO2 and TiO2 

films on FTO were measured using Scanning Kelvin Probe Microscopy (Cypher/AFM, Asylum 

Research). A Cr/Pt coated tip (300kHz, spring constant 40 N/m) was used for all measurements. 



64 

 

Relative work functions were acquired by comparing the average surface potential of Zr-TiO2 to 

TiO2. 

 

(a)                                       (b) 

    

(c)                                        (d) 

      

Figure S1 J-V curves of devices with (a) TiO2 electrodes, (b) Zr-TiO2 electrodes, (c) 

TiO2/pyridine treatment, and (d) Zr-TiO2/pyridine treatment acquired at the scanning rate of 

0.15 V/s (blue filled circle) and 0.025 V/s (red empty circle). 

 

Figure S1 shows the J-V characteristics measured when scanning from open circuit 

(VOC) to short circuit (SC) and SC to Voc for TiO2, Zr-TiO2, TiO2/pyridine treated, and 

Zr-TiO2/pyridine treated devices. We report a significant reduction in the measured hysteresis in 

pyridine treated devices with Zr-TiO2 electrodes. This observation is consistent even when 

measuring the solar cell with a different scan rate. Devices with TiO2 electrodes, Zr-TiO2 

electrodes and TiO2/pyridine treatment show large hysteretic behavior at both scanning rates. 
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Figure S2 (a) External quantum efficiency spectra of complete devices using Zr-TiO2 (blue 

filled circle), TiO2 (black empty circle), Zr-TiO2/pyridine treatment (red filled square) and 

TiO2/pyridine treatment (green empty square)  

 

Figure S2 shows the external quantum efficiency (EQE) spectra for Zr-TiO2, TiO2, 

Zr-TiO2/pyridine treated and TiO2/pyridine treated devices. We find charges are more efficiently 

extracted in Zr doped devices at shorter wavelengths (400 nm to 600 nm) and pyridine 

treatments improve charge collection efficiency across nearly the entire absorbing spectrum in 

both Zr-TiO2 and TiO2 devices. 

 

 
Figure S3 Cyclic voltammetry scans of Zr-TiO2 (blue filled circle) and TiO2 (black empty 

circle) films. 

 

Figure S3 shows the current vs. voltage traces of Zr-TiO2 (blue) and TiO2 (black) films on 

FTO using cyclic voltammetry (CV). We report a slightly higher reduction potential (-0.92 V) 

for Zr-TiO2 electrodes, compared to the measured reduction potential for TiO2 electrodes (-0.87 

V). Furthermore, we find an increase in the current amplitude for Zr-TiO2, suggesting faster 
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reduction kinetics near the CB edge. 

 

(a)                                    (b) 

 

(c)                                     (d)      

 
Figure S4 Scanning Kelvin probe microscopy (SKPM) images showing (a, c) topography and 

surface potential of a Zr-TiO2 film and (b, d) topography and surface potential of a TiO2 film. 

 

Figure S4 shows topography and surface potential images obtained using scanning 

Kelvin probe microscopy (SKPM). The average work function difference between Zr-TiO2 

electrodes and TiO2 electrodes is 0.18 V±0.04V, indicating a shallower work function for 

Zr-TiO2 electrodes. 

 

 



Figure S5 X-ray photoemission spectroscopy (XPS) spectra for Zr

films on bare FTO. (a) XPS spectra of Zr 3d (b) XPS spectra of Ti 2p (c) XPS spectra of O 1s.

 

Figure S5 shows X-ray photoemission spectroscopy (XPS) spectra for Zr

films on FTO. We confirm the successful doping of zirconium in TiO

feature at 182.5 eV2 and the decrease in intensity of the Ti 2p feature. We also report the Ti 2p 

and O 1s core level binding energies at 458.5 eV and 530.0 eV, respectively.

and Ti2p peaks to calculate the Zr to Ti atomic ratio in the Zr
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ray photoemission spectroscopy (XPS) spectra for Zr-TiO2 (red) and TiO

films on bare FTO. (a) XPS spectra of Zr 3d (b) XPS spectra of Ti 2p (c) XPS spectra of O 1s.

ray photoemission spectroscopy (XPS) spectra for Zr-TiO

films on FTO. We confirm the successful doping of zirconium in TiO2 by identifying the Zr 3d 

and the decrease in intensity of the Ti 2p feature. We also report the Ti 2p 

and O 1s core level binding energies at 458.5 eV and 530.0 eV, respectively.2 We integrate Zr3d 

and Ti2p peaks to calculate the Zr to Ti atomic ratio in the Zr-TiO2 film to be 6% (1 to 15.69). 
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Figure S6 (a) Open circuit voltage transients for the perovskite 

TiO2, (c) Zr-TiO2/pyridine treatment, (d) TiO

circle), 11.1 mW/cm2 (blue circle) and 

 

Figure S6 shows open circuit voltage transients for the four different perovskite 

devices under three different illumination intensities. Under high illumination intensities, all 

devices exhibit a fast photovoltage decay at short time scales (<10

photovoltage decay at longer times (>10
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(a) Open circuit voltage transients for the perovskite devices based (a) Zr
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Appendix 3 for Chapter 2: 
Photoinduced absorption spectroscopy (PIA) manual 

Turning on Electronics 

• Turn on vacuum pump 

o Pump down until the needle gauge indicates that there’s a vacuum 

 

 

• Gently turn on water at the sink to cool the lamp 

• Turn on air near the sink to cool the LED 

o Pull the tube out of the sink to see if water is flowing 

 

 
 

• Turn on the DC Power Supply for the lamp 

o BEFORE turning it on , make sure voltage is turned all the way down 

o Turn current all the way up 

o Slowly turn up the voltage to ~10.80V 
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o Watch the current rise as you turn up the voltage.  It should be ~8A 

o We want current*voltage to be ~80W 

 

 

 

• Turn on the preamplifer  (SR570) 

o Bias voltage = off  

o Input offset = off      

o Filter type = none 

o Gain mode = high bandwidth 

o Sensitivity = 200nA/V default 

� You may have to adjust sensitivity 

� Don’t change sensitivity after setting the lockin phase 

 

 

Voltage Current 
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• Turn on the lock-in amplifier (SR830) 

o Time constant = 300mA, 24dB 

o Signal input = A,  AC,  float 

o Reserve = normal 

o Filters = line, 2x line 

� Turn filters off for frequency modulated measurement (later) 

o Channel 1 = x, Channel 2 = y 

o Sensitivity will change  

 

 

Gain 

button 

X-channel 

Y-channel 

Phase 

button 
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Turn on the function generator (Agilent 33120A arbitrary waveform generator) 

o Press the square wave button 

o Set to 200Hz 

• Turn on the function generator’s power supply 

 
 

 

• Turn on the Keithley 2000 

 

    

 

 

 

 

 

 

 

Function generator 

Function generator’s 

power supply 

Square wave 

Amplitude Frequency 
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Aligning Lamp and Excitation Beam 

 

• Go onto the Computer 

o Open “Acton Set Slits” 

o Open “Acton Grating Change” 

o Open “Acton Set Wavelength” 

 
• On the “Set Wavelength” program 

o Select Port 2 and wavelength = 600nm [Press run] 

 

 

• On the “Grating Change” program 

o Grating 1 is for wavelengths up ~650nm 
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o Grating 2 is for wavelengths 650nm to Near IR 

 

 

 

• On the “Set Slits” program 

o Select Port 2 and slit width = 500um for T entrance slit [Press run] 

o Select slit width = 500um for T exit slit [Press run] 

o Select Port 3 and slit width = 500um for T entrance slit [Press run] 

o Select slit width = 500um for T exit slit [Press run] 

 

 
 

• Put a white block on the sample stage 

o Focus the incoming beam (from monochromator) at the center of the stage by 

turning knobs on the stage 
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• Connect the LED to the amplifier circuit  

• i.e. there is a box with BNC cables connected to the function generator and power 

source.  Take the third BNC cable and connect it to the LED.  

• Put the LED nub into the hole on the collimating reflector 

 

 
 

• Change the amplitude on the function generator to 3V (LED will turn on) 

            Turn the voltage up to ~12V to get a current of 650 mA  

( but this changes based on LED specs - check the power output of the LED) 

 

• Put the white block back on the sample stage 

o Move the LED and reflector so that the lamp beam (red light) and LED beam 

(blue light) are aligned and focused at the center of the stage. 

(You may turn down the LED intensity to see both lights simultaneously) 

Amplifier circuit 

Air  
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Aligning the Si-InGaAs detector 

• On the function generator, turn down the LED amplitude so you can’t see it 

• Go onto the computer 

• On the “Set Wavelength” program 

o Select Port 2 and wavelength = 1000nm [Press run] 

o Select Port 3 and wavelength = 1000nm [Press run] 

(1000nm was selected for the detector because that’s where the max signal is 

• On the “Grating Change” program 

o Select Port 2 and grating = 2 [Press run] 

o Select Port 3 and grating = 2 [Press run] 

• Change the long pass (LP) filter to 550 nm 

(but this LP filter changes based on LED  e.g. Red LED 630nm, LPfilter 650nm) 

o The filter is located in front of the black box of monochromator 3 

o Move the filter aside - bend the top so that it is not over the hole 
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• Turn the knobs on the dual band Si-InGaAs detector (Thorlabs, DSD2) to 

maximize the signal on the Keithley 

o If the Keithley is not responding, press the “local” button 

 

 

 

 

 

 

 

 

 

 

 

Si-InGaAs 

detector 
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Getting the sample 

• Go to the glove box, get your sample, and put it into the sample chamber 

o Put the glass side down (touching the holder) 

o Make sure the sample is tilted 

 

 

• Put the sample chamber onto the stand 

• Attach the vacuum hose to the sample chamber 

o Attach the clamp to the hose/sample holder 

o Open the black knob on the vacuum hose 

o Open the leaver on the sample chamber  

o Hold the vacuum hose until needle gauge says the sample chamber is under 

vacuum to avoid ripping off the top of the sample chamber 
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Setting the Phase and Checking for Signal 

• Turn the room light off 

• Turn the LED amplitude back up to 3V 

• Open the “shutter” program 

o Close the Monochromater’s Shutter [Press run] 

 

 
 

• On the “Set Wavelength” program 

o Select Port 3 and wavelength = 450 nm [Press run] 

(but this changes based on LED e.g. Blue LED 450nm, Red LED 630nm) 

• On the “Grating Change” program 

o Select Port 3 and grating = 1 [Press run] 

• On the lock-in amplifier  

o Press the buttons under “sensitivity” until the signal is not overloaded 

• Press the “phase” button On the lock-in amplifier  

o Make sure that the longpass filter is pushed aside when you do this 

• Push the filter back into place 

• On the “Set Wavelength” program 

o Select Port 2 and wavelength = 1000nm [Press run] 

o Select Port 3 and wavelength = 1000nm [Press run] 

• On the “Gratings Change” program 

o Select Port 2 and gating = 2 [Press run] 

o Select Port 3 and grating = 2 [Press run] 

• On the “shutter” program 

o Open the shutter [Press run] 

• Press the “gain” button under the “auto” heading on the lock-in amplifier 

• Open the “One Point PIA with Shutter” program [Press run] 
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o This tells you if you have any signal 

o dT/T should be at least a couple ppm (2x10-6) 

 

 

 

• Open the “PIA-scan shutter” program 

o Default Settings: 

� Wav Start = 550nm 

� Wav End = 1700nm 

� Software Averages = 60 

� Step Size  = 10 

� Delay Between Averages = 300ms 

� Preread Delay = 1000ms 

� First Wavelength = 4000 

� Monochromater Settings: 2 and 3 (500um/500um slitwidth) 

� Lockin Settings time const = 300ms 

� Mod Freq = 200Hz 

� Keithley address = 16 

� SR830 address = 8 

� Aglent 33120A address = 10 
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o Change LED bias to 3V 

o [Press run] 

o Wait until your data is collected 

 

Measuring Frequency Modulation 

• Unhook the photodiode BNC cable from the preamp 

• Replace Si-InGaAs dual photodetector with amplified Silicon (Thorlabs, 

PDA36A) or InGaAs (Thorlabs, PDA10CS) 



83 

 

 

 

 

• Plug the power cable into the amplified photodiode 

o Make sure both the power cable and photodiode are OFF before plugging it in 

• Unplug the bidirectional BNC cable from the preamp and plug it into the 

amplified Si photodiode 

• On the lock-in, press the “notch” button under the “filters” heading 

o Make sure that no filters are selected now 

 

 

 

 

 

Silicon detector InGaAs detector 
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• On the “Set wavelength” program 

o Select port 2 and wavelength = 1000nm [Press run] 

o Select port 3 and wavelength = 1000nm [Press run] 

• On the “Grating Change” program 

o Select port 2 and grating = 2 [Press run] 

o Select port 3 and grating = 2 [Press run] 

• Open the shutter 

• On the Kiethley, Press “local” so the number starts changing again 

• With your hands, move the detector to optimize the signal on the Kiethley 

• Close the shutter 

• On the “Set wavelength” program 

o Select port 2 and wavelength = 450nm [Press run] 

o Select port 3 and wavelength = 450nm [Press run] 

(but this changes based on LED e.g. Blue LED 450nm, Red LED 630nm) 

• On the “Grating Change” program 

o Select port 2 and grating = 1 [Press run] 

o Select port 3 and grating = 1 [Press run] 

• On the lock-in amplifier  

o Press the buttons under “sensitivity” until the signal is not overloaded 

o Press the “phase” button 

� Do this with the filter pushed aside 

• On the computer, open “Modulation Dependence log steps” 

o Default Settings: 

� First frequency = 20Hz 

� Last Frequency = 10000Hz 

� Wavelength = 980nm  

� Time Constant = 300ms 

� Number of Points = 30 

� Preread Delay = 1000ms 

� Software Averages = 60 

� Delay between averages = 300 

o Change LED bias to 3V 

o Change wavelength to 1140 nm for PTB1: PbS QDs because that’s where the 

maximum signal is. 

o [Press run] 

• Wait while your data is collected 
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