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Abstract 

 

OHPs have shown great promise of providing a pronounced impact for energy harvesting and 

opto-electronic device applications. Since device operation causes ion migration within the 

Perovskite semiconductor, interfacial defect states may play a more significant role in these 

semiconductors than their counterparts. The migrating ions are anticipated to accumulate at the 

semi-conductor interfaces which may then increase the density of interface states.. Many 

strategies can be applied to mitigate these effects. Here the possibility of applying an interfacial 

layer that interacts with the accumulated ions to mitigate the effects is shown as a promising 

approach. This approach is also used to make highly efficient Photodetectors. Interfaces are 

also modified with other techniques so as to enhance the performance. 
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1           Introduction 

 

We live in an era of uncertainty. 2016 was the warmest year since book keeping started in 

18801. The effects of global warming on earth are unmissable: Polar ice sheets are shrinking at 

unprecedented rates, glaciers and snow cover are retreating globally and oceans are much more 

acidic and warmer with sea levels rising at alarming rates.  

Insurmountable evidence points to the causes for global warming to the human intervention1. 

It has increasingly become clear that greenhouse gases, especially CO2 is the major cause for 

this increase. To give perspective, the CO2 levels for half a million years is shown below. The 

sharp increase in CO2 coincides with the start of the industrial revolution and fossil fuel 

consumption.

 

Figure 1-1 Global Climate Change: Evidence. (2008, June 15) from http://climate.nasa.gov/evidence/ 
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Sources of today’s energy needs come mostly from fossilized fuels such as natural gas or coal 

which emit CO2. Hence most mechanized, electrical and electronic machinery on the planet 

add to CO2 emission. A sustainable alternative to fossilized fuels are from renewable and green 

sources of energy. Solar Energy is one of the most promising ‘Green Tech’ that can act as a 

replacement, provide a sustainable source and have a 0% working emission of CO2.  

In retrospect, Nature’s ways reveal solar energy to be an ideal source of energy for 

sustenance of life. 

Semiconductor Photovoltaics (PV) are the most efficient solar energy harnessing devices on 

the planet. Record efficiency solar cells (Multi-junction Solar Cells with Concentrators: η~ 

30%-45%) however face critical challenges (for example high costs) to make them viable. On 

the other hand the PV market is dominated by Single Crystalline Silicon (Best Cell η~26% 

with Best Module η~24%) and Poly-Crystalline Silicon (Best Cell η~22% with Best Module 

η~19.5%) based photovoltaics which have a lion’s share of more than 90% of the total market2. 

This is primarily due to the falling prices of these solar modules over time Figure 1-2. The drop 

in the prices has led Silicon PV to be cheaper than grid-based electricity in many countries2 

thereby stirring large interest in this ‘Green’ technology.  Interestingly, there are a few 

technological avenues that can still be leveraged to make a larger impact on this multi-billion 

dollar industry. In this thesis, a novel family of semi-conductor Organic Halide Perovskites 

(OHP) is explored in detail, which has recently shown great promise to boost this industry. 

OHPs are direct bandgap crystalline semi-conductors which can be solution processed and are 

compatible with Roll-to-Roll (R2R) printing3,4. Solution processed OHPs have already climbed 

from 10% to record efficiencies of 21% in a time-scale of 6 years which is an unprecedented 

growth rate5–8. Since their individual components of OHP are commonly available cheap 

chemicals and they are R2R compatible as well as they do not require high fabrication 
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temperatures (like with Si), they promise to be an ideal and cheap replacement for Si. Another 

leverage the OHPs provide technologically are with tandem solar cells. Tandem cells (multi-

junction solar cells) produced by fabricating OHP cells on top of commercial Si solar cells are 

expected to provide a still higher efficiency. This directly taps into and boosts up the present 

billion dollar industry5. 

 

Figure 1-2 : Learning Curve Analysis for Silicon PV. From 2006 a massive drop in prices is observed, not following the law 

due to a large drop in the prices of raw silicon wafers. From https://en.Wikipedia.org/wiki/Swanson’s_law 

 

However as in any new technology, there are a few challenges that need to be addressed with 

OHPs. The most critical amongst them is the stability of the solar cells themselves9. OHPs are 

notoriously unstable due to a few failure mechanism that are poorly understood as of now. One 

aspect of stability that is proving to be critical for OHPs are that of interfaces in these solar 

cells, especially at the surface of the Perovskite semiconductor. Hence most of this thesis is 

focussed on investigating the role of interfaces on the stability of the OHP devices. 
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MAPbI3 (MAPbI3: Methyl Ammonium Lead Iodide) is a ‘soft’ ionic crystal. This leads to 

motion of the ions of the crystal, within the crystal (both microscopic and macroscopic). This 

ionic motion is due to an applied electric field or due to the built-in field in the devices. 

Macroscopic motion of ions (especially that of the loosely bound Iodide ions I-) occurs over 

many micrometres which is larger than the total device thickness10. Then this macroscopic 

ionic motion is bound to cause an accumulation of these ions at one of the interfaces. This 

accumulation is due to the slow drift-diffusion dynamics of ions within the crystal, which may 

change the working stability of the devices over time. In this thesis, we explore this interfacial 

stability of OHPs in the light of accumulation of ions and demonstrate possible solutions to 

overcome them. 

In Chapter 2, the materials used for device preparation and device making recipes are 

presented. The opto-electrical techniques and their introduction are also presented.  

In Chapter 3, the stability of two known types of interfaces are probed: MAPbI3-TiO2 and 

MAPbI3-PCBM (TiO2-Titanium Dioxide and PCBM: phenyl-C61-butyric acid methyl ester are 

electron acceptors and efficient hole blockers). For these identical devices differing only by 

interfaces are prepared. Evidence of large electronic charge accumulation, accumulation of 

electronic trap states and slow response times (RC-time constants) are found only in devices 

with a TiO2 interface. Trapped electronic charges at the interface from the injected dark current 

are postulated to lead to the giant dark capacitances in Perovskite solar cells. Small Perturbation 

Impedance Measurements and Transient Photo-current and Photo-voltage transient 

measurements are performed for probing the devices. 

In Chapter 4, an attempt is made to answer the basic question: How does the presence of a thin 

layer of PCBM at the interface suppress the formation of interfacial charge accumulation, 

passivate trap formation and reduce the giant capacitance observed in devices? It is known that 
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ions migrate within the Perovskite devices, which then would accumulate at the Perovskite 

interface. Hence the possibility of PCBM reacting with the accumulated ions is investigated. It 

is found that accumulated I- ions dope PCBM (n-type) in solid state. This changes the chemical 

state, work-function and the electrical properties of the e- extraction layer of PCBM. The 

formation of defect levels at the Perovskite Semiconductor surface is then discussed due to the 

accumulated I-. Devices with accumulated I- at the interface can create interstitial defect states 

creating trapped holes that recombine non-radiatively. These defect states decrease the working 

stability of the solar cells. Applying an interfacial layer like PCBM which actively reacts with 

the accumulated ions greatly enhances the device stability. 

In Chapter 5, Photoconductors (PCs) based on Printed Perovskite Particles (PPP) is presented. 

Submicron sized perovskite particles are screen printed on Au electrodes to give a simple 

Metal-Semiconductor-Metal (MSM) configuration. Learning from the previous chapter, 

PCBM is added to the PPP PCs, significantly enhancing the performance. The PCs show 

performance comparable to Si-Photodiodes and are comparable to values reported in literature 

of perovskite Photodetectors (PDs). The PPP have been well characterized. The enhancement 

from the addition of PCBM is attributed to (1) Passivation of interfacial traps of PPP by PCBM 

and (2) Draining the PPP of electrons (PCBM accepts the photogenerated electrons leaving 

behind the photogenerated holes) and selectively circulating the holes in the PPP which 

provides a large gain in the PCs. A detailed investigation on the working mechanism of 

Perovskite PCs is presented. 

In Chapter 6, two other works related to the interfacial kinetics of perovskite devices is 

presented. In the First Section: Layered Materials of WS2 (Tungsten Di Sulphide) is presented 

as an alternative Hole Transport Layer (HTL) for the commonly used Spiro-OMeTAD 

(2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene) for Perovskite PDs. 

Inorganic layered WS2 HTLs are much cheaper, more stable and can be processed in air in 
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comparison to very expensive, air-sensitive and unstable organic HTLs. Applying a WS2 HTL 

also suppresses the noise within the PDs enhancing the performance of the PDs. In the Second 

Section: Defect passivation of uncoordinated Pb sites on the Perovskite surface is achieved 

using organic molecules that bind to these defect sites. These passivants molecules reduce the 

hysteresis of the solar cells and have also shown promise for increasing the efficiency of the 

solar cells.  

In Chapter 7, the conclusions on the critical role of interfaces are summarized. Interfacial 

energetics in Perovskites are much more critical in comparison to other semi-conductors due 

to the added complexity of accumulating ions and vacancies at the perovskite surface. The 

accumulated ions and vacancy defects may prove to be the Achilles’s heel for these devices. 

Finally, a new technique of measurement (Transient Photocurrent-Open Circuit Voltage) 

developed in this PhD is presented. This measurement technique is very relevant to 

semiconductors with migrating ions like in perovskites and has the potential to give deeper 

insights into the working of these solar cells.  
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2 Materials and Methods 

 

2.1 Materials and Devices: 

For the source of all chemicals : Lead Iodide is sourced from Alfa Aesar (99.99% Pure). Spiro-

OMeTAD (2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene), Organic 

salts are from Dyesol. 

Synthesis of Methyl Ammonium Precursors: 

100 mL of absolute ethanol was used to dilute 24 mL of methylamine solution (33% in ethanol) 

in a 250 mL round bottom flask, followed by addition of 10 mL aqueous solution of hydriodic 

acid (57 wt HI) under constant stirring. After a reaction time of 1 hour with continuous stirring 

at room temperature, a rotary evaporator was used to remove the solvents from the dissolved 

reacted mixture. A white solid residual was obtained. This was then washed with dry diethyl 

ether one time/two times and then recrystallized from ethanol to get methylammonium iodide 

crystals (CH3NH3I). The powder looks whitish crystalline and has some trace amounts of 

Hypo-Phosphorous Acid (HPA) and HI which results in giving higher device efficiencies 

Device Making and Testing: 

1. 2 Step Partially Evaporated perovskites : 

Substrate patterning/cleaning of FTO is undertaken: With Zn powder and 2M HCl for 

etching. Cleaning by sonicating the substrates with Detergent Alconox, DI Water, 
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Acetone, IPA in sequence. A hole-blocking & electron conducting compact planar layer 

of TiO2 (50nm) is fabricated by spinning the precursor solution at 2000RPM (370µL 

Titanium Iso-Propoxide in 2.53ml IPA added dropwise to a solution of 35µL in 2.5ml 

IPA).  10mg/ml 60-PCBM (phenyl-C61-butyric acid methyl ester) is spin coated on 

TiO2 for 30s at 4000RM. PbI2 is evaporated in a standard evaporator chamber at 

0.1A/sec upto 120-140nm in thickness. An MAI solution of 44mg/ml is spun on top of 

the PbI2 at 2000RPM and is annealed at 100oC for 60minutes for a complete reaction 

to occur between the PbI2 and MAI. The resultant MAPbI3 perovskite is spun with  a 

solution of IPA to remove the unreacted MAI on the perovskite film. The HTL Spiro-

OMeTAD doped with Li-TFSi and tBP are spun on top at 4000ROM as per (ref). 

Finally Au electrodes are coated on top.  

2. 2-Step Spin Coated perovskites : 

All the layers but the Perovskite fabrication differ. The PbI2 is spin coated at 3000RPM 

(1M in DMSO) with the substrate/soln. both at Room Temperature and subsequently 

annealed at 1200C. 20mg/ml MAI solution is spun at 2000RPM to obtain a Perovskite 

conversion. In all cases the spin coated substrates are allowed to dry before annealing.  

3. Lead Acetate Devices (PbAc) : 

All the layers remain similar but the Perovskite Fabrication. For devices and few 

samples (Kelvin Probe) the PbAc formulation is used where PbAc:MAI is taken in a 

40% by weight in a DMF solution. 2.5% additive of HPA is added. Films are spun at 

2000RPM and are dried before annealing at 1000C for 30minutes. 

4. Mixed Cation Mixed Halide Devices : (Cs0.175FA0.825PbBr0.3I0.7) 

All layers remain similar but the Perovskite Layer and the HTL layer described in 

Chapter 6. PCBM-60 is spun on top of the TiO2 layer. Cs0.175FA0.825PbBr0.6I2.4 solution 

was prepared by mixing CsPbI3, FAPbI3 and FAPbBr2I in a 0.175:0.525:0.3 volume 
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ratio. The perovskite film was formed by orthogonal solvent quenching technique 

(toluene) and annealed at the temperature 170 °C for 10 min. 

Solar Cell Testing and Stability Measurements: 

Solar Cells are measured with a standard Keithley 2400 Sourcemeter and an AM1.5 calibrated 

light source with 1 Sun. The Solar Cell Efficiency (η) is measured by performing an J-V sweep 

of the solar cell under 1 Sun (Figure 2-1). The Maximum efficiency of the cell is obtained at the 

Maximum Power Point (MPP). The Open circuit voltage and the short circuit current indicate 

the maximum voltage/current deliverable by the cell and are important parameters. The 

efficiency of the solar cells is given by : 

    η =  
𝐽𝑆𝐶 × 𝑉𝑂𝐶 × 𝐹𝐹

(𝑃𝑜𝑤𝑒𝑟𝑖𝑛𝑝𝑢𝑡)
   

where Jsc VOC & FF are the Short Circuit Current, Open Circuit Voltage and Fill Factor 

respectively (ref). 

 

Figure 2-1 : J-V curve of a solar cell photodiode in light and dark. Showing the various parameters extracted from the Solar 

Cell Curve. 



Chapter 2 

20 

 

2.2 Transient Opto-electronic Studies:   

1. TRANSIENT PHOTOCURRENT (TPI) / PHOTOVOLTAGE (TPV) 

Transient Photocurent and Photovoltage measurements have been very useful to obtain charge 

transport and charge recombination lifetimes in Dye Sensitized Solar Cells and Organic Solar 

Cells11–15. For complete details the reader is referred to the references11,13,16,17. In brief a 

background white light source (7 Luxeon LXML-PWC2- With an AM1.5 Filter - 0.01 Sun to 

4 Suns) is incident on the device. Another Perturbation Light Source (Green 532nm LED) is 

pulsed in the background on top of it. The experimental scheme is shown in Figure 2-2. The 

response of the solar cells to the perturbation pulse is recorded. The cell is held at Open Circuit 

(Transient Photo-voltage) or at Short Circuit (Transient Photo-current). 

 

Figure 2-2 Experimental Setup Developed during the PhD for Transient Photocurret / Transient Photovoltage measurements. 

The same setup is used for Open Circuit Voltage Decays (OCVD) and Smal Signal Impedance Spectroscopy 

The transient photocurrents give the transport time of charges at short-circuit (τT), while the 

transient photovoltages give the recombination lifetimes of the charges at Open-Circuit (τT). 

Changing the background light intensity Transport/Recombination lifetimes are expected to 
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change with the changing intensity of the background light (ref). From this charge density and 

differential capacitances in the devices are extracted18,19. Finally, the transient lifetimes are 

recorded every 10 seconds through a 2-GHz Oscilloscope with the background white light 

being always incident. Hence a Lifetime ( (τT)µsec) Vs Time (t sec) plot is obtained where a  

dynamic change is transport and recombination lifetimes can be seen. This is important in the 

case to check the stability of the solar cells at different light intensities. 

The perturbation pulses produce an increased charge density Δn on top of the background 

charge density n. From the transport/recombination decays of the Δn, the differential 

capacitance at a given given background intensity is given by  

    dC(𝑉𝑂𝐶) =  
Δq

Δ(𝑉𝑂)(𝑉𝑂𝐶)
   

Where Δq is the collected charges from TPI, ΔV0 is the pea of the TPV and dC is the differential 

capacitance created by the perturbation pulse – All of these parameters are at a given voltage 

in the cell created by the intensity of the background light.  Integrating the capacitance 

(dC(Voc)) over different background intensities (Voc) gives us the total charge density in the 

devices. 

2. OPEN CIRCUIT VOLTAGE DECAYS (OCVD) 

The same setup is used also for OCVD measurements. In the OCVD measurements, a 

background white light source (7 Luxeon LXML-PWC2) is modulated from 0.01 to 2 Suns 

while the cell is kept at Voc. The light is switched off and the decays in the Voltage within the 

cell is measured from 100ns – 100secs. The acquisition is automated by the 

Oscilloscope/Signal Generator delay times. 

2.3 Impedance Spectroscopy: 

The impedance is the measurement of small perturbation voltage (V) to current (I) Ratio:  
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𝑍(𝜔) =
�̂�(𝜔)

𝐼(𝜔)
 

ω is the angular frequency and is equal to 2πf where f is the frequency of the applied voltage 

signal. For Ohmic processes only Z=R, where the Impedance is real and positive. The presence 

of relaxation processes produces a capacitive/inductive behaviour in the devices which leads 

to Z(ω) being a complex. The complex capacitance and dielectric constants are given by20–23:   

𝐶(𝜔) =
1

𝑖𝜔𝑍(𝜔)
 

ɛ(𝜔) =
𝑑𝐶(𝜔)

𝐴ɛ0
 

 

The relation between the real and complex dielectric values are given by the standard Kronig-

Kramer relation (ref). A solar cell consists of multiple interfaces and bulk-active layers which 

then as one unit give rise to multiple relaxation processes at various frequencies. Hence 

Impedance Spectroscopy is a powerful technique to separately observe each independent 

processes in the solar cells. 

 

2.4 Photoconductor-Photodetector Measurements: 

The responsivities are measured by a standard spectrophotometer (A Tungsten-Halogen Lamp 

with a Mono-chromator) coupled to Keithley 2300 Sourcemeter. The reference light is 

calibrated by a Silicon Photodioide (UV-818) and the Photodetector measurements are 

performed with an IV-Sweep at every wavelength. The sweep is at steps of 100mV-200mV 

with a delay time of 1sec. 

The noise measurements are done with two Op-Amp configurations with a Cross-Correlation 

technique that reduces the minimum detectable noise. The setup is an in-house setup details of 

which can be seen here24. 
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The transient response is performed with standard LED’s (Blue/Green/Red) using the Transient 

Photocurent/Voltage setup. The values are normalized to the starting of the transient to obtain 

comparison of the lifetimes. 

The Intensity Vs Photocurrent measurements are performed with a HeNe laser (543nm Spot 

Diameter ~ 1mm) chopped at 1Khz and the photocurrent measured through a lockin-amplifier. 

The current is collected through a Current TransImpedance-Amplifier (DLPCA) that is also 

used to bias the solar cell. The intensity is varied with intensity filters. 

2.5 Other Measurements: 

1. RAMAN MEASUREMENTS 

Raman Measurements are performed with a Renishaw Micro-Raman Microscope from 10X-

100X magnifications lenses used for focussing. A 532nm Green laser is used as an excitation 

source and light is collected in a back-scattering configuration with a notch filter-

monochromator- CCD setup. The excitation power source used s from 100µW – 10mW with 

an averaging of at least 50 samples.  

2. KELVIN PROBE MEASUREMENTS 

Kelvin Probe Measurements (By commercial KP Technologies) with a vibrating Gold-Tip 

(2mm diameter). The samples are grounded and surface potential measurements are let to 

stabilize after which the values are recorded. 
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3  

3.1 Introduction 

The motion of ionic charges is thought to be the underlying cause for the hysteresis and the 

slow changing opto-electronic properties in mixed halide perovskites25–27. However few have 

recently suggested that an ionic motion by itself cannot explain the large hysteresis observed 

under working conditions and it also requires the formulation of trapped electronic charges1528. 

Also, the large capacitances observed in these photovoltaic cells which affect the 

aforementioned slow dynamics cannot be reconciled with purely a build-up of ions at the 

interface29–32. An ionic build-up at the interface causing a Helmholtz (double layer capacitance) 

capacitance would not lead to values beyond 1-10µF/cm2 , however we find two or three orders 

of magnitude higher capacitances (1-10mF/cm2) indicating this is not due to a Helmholtz 

capacitance from accumulating ions. Also thickness independence of the observed giant 

capacitances suggests this not to be due to the Helmholtz capacitance from accumulated ions32. 

Alternatively, it has been recently suggested that large capacitances can be attributed to the 

polarization of the perovskite interfaces by formation of electronic charge accumulation zones, 

which may indicate this to be an indirect effect of the ions at the interface33. The dependence 

of the time-dependent slow varying opto-electronic properties such as hysteresis and slow 

changing PL on the formation of large capacitances remains implicit9,34–36. It has been known 

Interfacial Electronic 

Charge Accumulation 
& Trapped Charges in 
MAPbI3 Solar Cells 
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for a long time that the surface and interface properties of a crystalline semi-conductors (like 

Si) can drastically change its performance in devices. Considering our case of a crystalline 

OHP semi-conductor which also comprises the prospect of migrating ions to its surface, it is 

reasonable to expect the surface/interface of the semiconductor to dictate many features 

peculiar to these class of photovoltaic cells.  

In this chapter we probe the interfacial transport layers contacting the perovskite solar cells and 

demonstrate the importance of careful interfacial engineering. We henceforth refer to these 

interfacial layers which are charge selective buffer layers either for electrons or holes as 

‘contacts to the perovskite’.  We use the widely employed standard structure of FTO/c-

TiO2/perovskite/ SpiroOMeTAD /Au as a starting point for our study where c-TiO2 is a 

compact ~50nm layer of Titianium-dioxide electron transport/hole blocking layer and 

SpiroOMeTAD  (2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene) is a 

hole transport/electron blocking layer. We then modify the c-TiO2 / Perovskite interface by 

inserting a thin layer of phenyl-C61-butyric acid methyl ester (PCBM) which has shown to be 

valuable in passivating hysteresis and providing stabilized efficiencies Figure 3-1(a&c). The 

perovskite is processed by evaporating PbI2 which ensures that PCBM presence is only at the 

interface of the perovskite as we are able to discount any contributions of PCBM in the bulk or 

grain boundaries37. Also the morphology of the formed perovskite are quite similar in the two 

cases Figure 3-1(b&d). We find that 1) the favourable interfacial energetics between the 

electron extraction layer and the perovskite at the TiO2-MAPbI3 interface change drastically, 

presumably caused by the accumulating I- ions. Giant capacitances and accumulated charges 

observed in dark in these solar cells are present only at the interface and are caused by 

electronic charges and are not ionic; 2) PCBM at the interface mitigates the formation of 

interfacial trap states. With PCBM, no giant dark capacitances, accumulated electronic charges 

and low hysteresis are observed; 3) Transient measurements show that at the TiO2-MAPbI3 
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interface nearly 45% of the recombination occurs at the interface which is expected due to the 

in the presence of accumulated electronic charges at this interface. While in the PCBM-

MAPbI3 interface this recombination is negligible. 

3.2 Device Performance 

Figure 3-2 (a&b) shows the device performance for the two device structures.  

 

Figure 3-1 (a)&(c) Schematics show the two device structures that are used in Chapter 3 and Chapter 4 with the difference 

being the EEL contacting the Perovskite. (b)&(d) show the Top View SEM of the Perovskites for the two device structures 

 

The IV-curves with a PCBM EEL shows lower hysteresis in the two scan directions from Jsc-

Voc and Voc-Jsc at a scan rate of 50mV/s. Compare this with devices with TiO2 EEL which 

shows much larger hysteresis. As often reported26,27,38, the device based on bare TiO2 as EEL 

has a J-V characteristic that depends on the polarization record of the device, while when 

PCBM directly interfaces the perovskite, the devices are electrically stable. Also the currents  
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and efficiencies of devices with the PCBM EEL are much higher.  

 

Figure 3-2  (a) J-V Curves for the two perovskite devices (b) Stabilized power conversion efficiencies and current densities 

for the two solar cells  (c) Chrono-Potentiometry curves for the two types of devices in dark with a drive of 1nA.  

In order to understand the basics differences standard Chrono-Potentiometry studies is 

performed where a constant current (1 nA) is driven at forward bias the changes in voltages 

are monitored in Figure 3.2c. The response between the two samples is very different. While 

in presence of PCBM a plateau is reached quite fast, in presence of a simple TiO2-Perovskite 

interface the voltage transient is much slower. Significant differences are observed when the 

polarity of the current is reversed. In presence of TiO2, a slow repolarization of the voltage is 

observed when the driving current is switched sign, reminiscent of capacitive discharging of 

electronic charges. In the presence of PCBM the response is much faster (few secs) wherein 

the sign of the voltage follows that of the applied current. Maier and co-workers show an 

exponential dynamic of the voltage stabilization (i.e.
xteV  ) assigning it to an ion diffusion 

process within the perovskite bulk39. Even here, a similar exponential dependency for cells 
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with the TiO2 EEL but an exponential behaviour is not found for devices with a PCBM EEL at 

the perovskite surface. Since both devices are identical and vary only in the interfacial EEL, 

this seems to suggest that the slow exponential change arises from an interface phenomenon 

and not the bulk diffusion of ions. 

3.3 Dark Capacitance is Interfacial 

To gain a better insight into the observed differences, impedance spectroscopy (IS) 

measurements are performed. In Figure 3-3a, frequency dependence of the real part of the 

complex capacitance in dark is plotted for these two types of devices. Large capacitances in 

the low frequency region is observed for devices with a TiO2 as EEL. This is also what has 

been observed before20,29–31,40–42. An enormous increase in this capacitance is observed by 

applying a forward bias against the built-in voltage, which suggests this phenomenon does not 

arise from bias dependent aligning of polarizable species. Surprisingly, for the device with a 

PCBM EEL, this capacitance is orders of magnitude lower and is also independent of the 

applied voltage. Since both devices are similar in all aspects except the EEL contacting the 

perovskite, it clearly shows that the giant capacitances observed in the dark in MAPbI3 are 

related to a purely interfacial phenomenon and not to the bulk perovskite layer. One concern 

regarding this interpretation is that the growth of Perovskite films depends on the substrate on 

which it has been grown, which may render the two films non-identical. However giant 

capacitances are observed for MAPbI3 grown on almost all substrates and processing 

conditions, with consensus being developed in the research community that it is independent 

of the film growth conditions43. Also the crystal size changes observed for the two films are 

not large compared to the drastic quenching of the giant capacitance observed here. Hence the 

quenching is attributed to be a purely interfacial phenomena. Osbel et. al.32 have recently 

suggested from their experiments with changing perovskite thickness, that the giant 

capacitances observed in the dark at low frequencies may originate from the interface. However 
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bias dependent changes were not probed. In these results, with a quenching of the giant 

capacitance at all voltages by solely modifying the interface evidence suggests towards the 

giant capacitances in dark originating at the interface. 

 

Figure 3-3 (a) Real part of the complex capacitance in dark is plotted as a function of applied voltage for the two devices with 

TiO2 and PCBM EEL (b) The cells with the TiO2 EEL show a continuous increase in the Giant Capacitance after light soaking 

the devices; while devices with a PCBM EEL remain stable with light soaking 

 

 

Figure 3-4 a) Large Noise in the EIS data for solar cells with the c-TiO2 layer. b) Such noise measurements are not seen in 

devices with TiO2-PCBM extraction layers 

In order to look deeper into the stability of the respective interfaces IS in dark is measured after 

light soaking the samples in both short circuit and open circuit conditions in Figure 3-3b. A 

large increase in dark capacitance is observed after light soaking for the TiO2 based devices. 

Such an enhancement is attributed to an increased injection of electronic charges as will be 

seen in chapter 4. 
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As seen from Figure 3-4a large noise is observed in measurements after light` soaking for the 

TiO2 based solar cells. Large integration times as well as large averaging does not supress the 

large noise. Presence of ionic double layers in ionic conductors and ionic motion are known to 

cause noise at low frequencies21,22,44. MAPbI3 semiconductors are also well known to 

demonstrate such a motion and accumulation of ions, which then indicate the large noise to be 

an effect of ions. For the PCBM EEL cells, surprisingly no drift in the giant dark capacitance 

and noisy data are not observed with light soaking. Since the two types of solar cells are similar 

in all aspects but the interface we expect the extent of ionic motion in the two cells to be similar. 

The lack of any noise in the case of PCBM then suggests towards a physical passivation of 

these ions in the PCBM cells which will be seen in the next chapter. 

3.4  Case for Electronic Charge Accumulation for TiO2 Interfaces 

Large Capacitances in MAPbI3 solar cells have been one of the long standing questions that 

have perplexed the research community. It was initially assigned to a ferroelectric process or 

polarization of ionic bulk species which have however been shown not to be the case45,46. 

Accumulated ions at the interface creating a double layer capacitance was also ruled out due to 

the sheer magnitude of the capacitance observed (~mF).  One of the key observations by Osbel 

et.al recently suggest that the large capacitances in dark may arise from the interface. The exact 

nature of mechanism still remains unknown. Recently Isaac et.al. suggest polarization of the 

perovskite contacts as a possible mechanism for obtaining such large values observed in 

perovskites33. They find a standard Capacitance Vs Voltage plot with a slope of q/2kBT. A 

q/2kBT dependency is usually observed during the formation of accumulation zones of 

electronic charges at a semiconductor-oxide interface in Metal-Oxide-Semiconductor 

interfaces, where the fermi-level of the semiconductor is pushed close to the band edge by 

applying voltages to the oxide. The formation of accumulation zones is used to drive Metal 

Oxide Field Effect Transistors (MOSFETs) in the accumulation regime47. 
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As observed by Isaac et.al. also here, a q/2kBT slope for the giant capacitance is observed at 

low frequencies as a function of voltage (Figure 3-5a). A closer look at the frequency 

dependence shows that as we move to higher frequencies, the q/2kBT dependency decreases. 

This initially suggests the presence of a text book like accumulation-depletion capacitance 

observed in Metal-Oxide-Semiconductor interfaces. However applying a reverse bias a 

symmetrical trend in frequency is seen, unlike what is observed for depletion regime 

capacitances. This gives first suggestions that an accumulation zone capacitance model may 

not be at the origin of the large capacitances observed here.  

 

Figure 3-5 (a) Frequency dependence of low frequency capacitance and its co-relation with the injected dark current. The 

straight line is a line with a q/2kBT slope (b) A linear co-relation between the Current and Capacitance. A fitting of slope 

of 0.88 is observed with the 0.2V point included in the fit 

 

Surprisingly the low frequency giant capacitances observed have a direct correlation with the 

injected dark current within the device. This correlation holds true for both forward and reverse 

biasing of the device which suggests that this large capacitance is partly related to the injected 

dark current and not only the formation of accumulation zones. We find that the capacitance is 

directly proportional to the injected dark current with C α I 0.96 with an exponent of 0.88 

obtained with a 0.2V point included. At 0V with zero-current, of course a Zero-Capacitance is 

not expected where the influence of the bulk and other layers is expected to have a significant 

contribution. Such a correlation between device currents and measured capacitances are rare. 
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Interestingly a p-n junction operated at forward bias shows a diffusion capacitance directly 

proportional to the dark current (given by (q ID τ)/ 2kBT, where ID is the injected dark current 

and τ is the carrier lifetime) and is set up by the field created by the majority electronic carriers 

diffusing across the depletion region. Such a dependence cannot be ruled out in our case where 

trapped electronic charges at interfaces can possibly set up a field at the interface. 

 

Figure 3-6 Difference in the Capacitance Vs Injected Dark Current for solar cells with the two types of contacts 

Solar cells with a PCBM EEL do not show such a correlation with the injected current in the 

device (Figure 3-6). Even at the similar injected dark currents the dark capacitances vary 

significantly. Polycrystalline MAPbI3 perovskite films have shown trap densities in the range 

of ~ 1014-1017 /cm3 which are orders of magnitude higher than that observed in crystalline 

GaAs914,16,18,19,48. Also Sargent and co-workers have shown an effective passivation of trap 

states originating by anti-site iodide defects by fullerene molecules38. Hence trapped charges 

at the interfaces may very well be the origin of the large capacitances observed in dark at low 

frequencies and also the origin of the slow transients observed in CP and other similar studies39. 
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3.5 Interfacial Polarization in Light 

Consistent but larger differences are obtained when IS is performed under 1 Sun illumination 

Figure 3-7.  

 

Figure 3-7 Impedance spectroscopy parameters R1-C1 (a,b) R2-C2 (c,d) R3-C3 (e,f) under 1 sun light intensity for TiO2 cells 

(ITO/TiO2/MAPbI3/Spiro/Au) circles in red and for TiO2 – PCBM cells (ITO/TiO2/PCBM/MAPbI3/Spiro/Au) circles in blue, 

resulting from the equivalent circuit in the inset in (f) 
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The circuit model for the solar cell in light is shown in the inset of Figure 3-7f as recently 

proposed by Antonio et.al31. The applied model is the only model that is consistent with the IS 

of various planar MAPbI3 solar cells observed from low frequencies (0.1Hz) up to 1MHz. The 

basic parameters of the model to the present level of understanding are explained. Cbulk is 

related to the bulk capacitance of the perovskite, which are related to the multiple dipolar 

mechanisms reported previously43. R3 on the other hand corresponds to the transport resistance 

of the perovskite with contribution from the contacts for low efficient devices. The low 

frequency large capacitance (C1) gives information regarding the contact polarization effects 

23,29,31,32,49,50 caused by the interfacial double layer of accumulated ions and electronic charges 

at the interface. R1 provides the resistance of the polarized contact in the presence of this double 

layer. The origin of R2 and C2 is yet to be completely established, however preliminarily studies 

suggest their origin related to additional interfacial states in solar cells. 

The parameters bulkC  and 3R  show nearly identical values for the two cells, which confirm the 

validity of the assumption of identical bulk perovskites for the two cases. On the other hand, 

in the low frequency range, parameters 1R  and 1C  related to the polarization of the interface in 

perovskite solar cells show much larger values for the TiO2 contact than those for the PCBM 

cells. It is important to note that for the TiO2 contact the resistance is so high that it is only 

observed the beginning of the arc. Then, R1 values are an extrapolation that leads to values 

beyond the detection limit of the potentiostat with large associated errors. Much larger R1C1 

values indicate much larger polarization of the TiO2 contact w.r.t. the PCBM contact. This 

indicates that the major contribution to R1C1 arises from accumulated electronic charges at the 

TiO2 interface like in dark.  
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The accumulation of ionic charges can be ruled out, since the extent of ionic motion and 

accumulation in the two devices are expected to be similar and also as referred earlier, the 

magnitude of the capacitance values cannot account for the accumulated ions by itself. In the 

 

Figure 3-8 Comparison of the C-f curves for high electronic charge density conditions in dark and light 

intermediate frequency range, parameters 2R  and 2C   show larger values in the case of bare 

PCBM EEL than the TiO2 EEL, suggesting that hysteresis in MAPbI3 solar cells are more 

reliant on contact polarization and charge accumulation (R1,C1). The combined analysis 

indicate that the slow transients observed in perovskite solar cells may be due to the different 

characteristics in the time constant 111 CR . From Figure 3-7e, PCBM greatly decreases the 

interfacial capacitance, consequently in literature devices with PCBM contacts in standard as 

well as inverted structures show quick responses to external electrical perturbations and 

changing polarizations. The role of electronic charges is also visible in Figure 3-8 where the 

low frequency capacitance for large injected currents in dark (near Voc) approaches of what is 

observed in light. It is important to note that in the presence of light electronic charges required 

for accumulation are light generated.   
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3.6 Charge Transport and Recombination: Transient Photocurrent and 

Transient Photovoltage  

Accumulated interfacial electronic charges at the interface is expected to give rise to a trapping 

affected transport and large recombination of electronic charges at this interface. A useful tool 

to track this is the small perturbation Transient Photo-Voltage (TPV) and Transient Photo-

Current (TPI) measurements as described in Chapter 211,14,16.  

 

Figure 3-9 (a) Experimental scheme for Transport Measurements where the measurements are performed over a period of 

ten minutes.(b) Semi-log plot of the transient current responses for devices with a TiO2 EEL and with a PCBM EEL  showing 

a clear bi and mono exponential behaviour respectively 

 

Measurements are made at regular intervals of 30s (30s of averaging) for a period of 10 minutes 

as shown in Figure 3-9a. We first proceed to see the effect of accumulated interfacial electronic 

charges and the lack of it in TiO2 and PCBM EEL devices respectively. In TPI the transport 

dynamics of charges in solar cells kept at short circuit condition is tracked and since a 100% 

EQE is not guaranteed, recombination and trapping at short circuit also exists. In TPV the 

recombination dynamics of electronic charges in solar cells kept at open circuit conditions is 

tracked.  Typical transient dynamics are shown in Figure 3-9b which is shown for the TPI. 

Samples with a PCBM EEL typically show a mono-exponent decay while devices with a TiO2 

EEL typically show a bi-exponential decay.  
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TPI transients give the transit time of charges in solar cells at short-circuit. A mono-exponential 

(τ 1T ~ 200 ns) extraction lifetime of charges is found from devices with a PCBM EEL and a 

bi-exponential extraction lifetime of charges (τ 1T ~ 300ns and τ 2T ~ 1 µsec) from devices with 

only a TiO2 EEL. ‘T’ stands for transit. The τ 1T of the two cells with TiO2 and TiO2-PCBM 

are well matched indicating this decay related either to the bulk transit time of charges or the 

extraction time of holes at the Spiro-OMeTAD-MAPbI3 interface. MAPbI3 inverted solar cells 

with a different hole extraction layer of PEDOT:PSS (with the same PCBM electron extracting 

layer) also exhibit a single exponential  lifetime of ~ 250ns, which matches well with τ 1T 

observed here(ref). This suggests that τ 1T is related to the bulk transit time of charges as it 

remains constant for MAPbI3 solar cells with different extracting layers. In any case, the 

additional slower component τ 2T present only in the TiO2 devices demonstrate that transit 

times of charges increase due to the c-TiO2-MAPbI3 interface. This indicates trapping of 

electronic charges at the c-TiO2-Perovskite interface that are not present in the PCBM-

Perovskite interface.  

Turning to the transient photo-voltage signals (which are similar to as shown in Figure 3-9b) 

measuring recombination dynamics at open circuit, a strong bi-exponential behaviour of 

recombining charges for the cells with the TiO2 interface (τ 1R ~400ns & τ 2R ~5 µsec) is 

observed. For solar cells with a PCBM interlayer a weakly bi-exponential dynamics in the 

recombination of charges (τ 1R ~300ns & τ 2R ~3 µsec) is observed only for the first few 

minutes of light soaking the solar cells. Also in these first 1-2 minutes the exponential is 

predominantly dominated by τ 2R (>90%). After about 2 minutes only a mono-exponential 
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dynamic of τ 2R remains for the PCBM with τ 1R dying. The τ 2R of the two cells with TiO2 and 

TiO2-PCBM match well indicating this decay to be related to the bulk recombination of charges 

or recombination at the Perovskite-Spiro-OMeTAD interface. Recent reports of MAPbI3 solar 

cells with different hole extraction layers of PEDOT:PSS (with a PCBM electron extracting 

layer) also show a single recombination lifetime of charges (~ 2-5 µsec) which coincides well 

with τ 2R observed here. Similar lifetimes of trapped electronic charges (few µsec) in the bulk 

perovskite have been observed from Transient Absorption studies (ref). This commonly 

observed lifetime observed for all these different devices (τ 2R) then should represent the bulk 

recombination of charges. The additional τ 1R observed only in the TiO2 cells (after the cell 

stabilizes with ~1-2 minutes of light soaking) arises due to a secondary recombination pathway 

of charges at the c-TiO2-perovskite interface. The electrostatic interaction between the 

accumulated ions and the electronic charges creating this extra component also can be ruled 

out since the extent of accumulated ions are expected to be similar in all devices which should 

then give rise to this extra component in all device structures. Also TPV is performed at open 

circuit conditions at 1 Sun where we would not expect accumulated ions at interfaces which 

should lead to a weaker bi-exponential behaviour that is not observed here. Hence the 

electrostatic interaction between the electronic charges and ions are not at the origin of the 

observed differences. 

To plot succinctly, the evolution of the transport/recombination of charges in time is tracked 

while the solar cells are kept under continuous light soaking. The evolution of the transit 

lifetimes is shown in Figure 3-10a. The faster lifetimes associated with the bulk perovskite (τ 
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1T) remains stable with light soaking for both the devices. However for the cells with a TiO2 

interface, the trap assisted transport lifetime (τ 2T) related to the TiO2-pervoskite interface 

 

Figure 3-10 (a) Evolution of Transport lifetimes under 1 Sun illumination is shown for the two different photovoltaic cells. 

The slower component in transport (τ2T) in (a) is only present for TiO2 photovoltaic cells.  (b)Collected Charges per pulse 

showing the stability of the TiO2-PCBM devices. The initial increase in both the cells is yet to be clearly understood, but can 

be attributed to a trap filling phenomena 

continuously evolves becoming slower with light soaking. This indicates a dynamic increase 

in trapping at this interface in short circuit conditions. This slow increase in trapping over many 

minutes may be indicative of drifting ions accumulating at the interface creating these traps. 
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This is also in line with what was seen earlier with IS studies where an increased dark 

capacitance after light soaking is found. From TPI the dynamics of collected charges per 

perturbation light pulse is shown for the two devices in Figure 3-10b, which shows the stability 

of the PCBM interface. Over a period of 30 minutes we do indeed find a continuous decrease 

in collected charges for the devices with a TiO2 EEL while devices with a PCBM EEL remain 

stable.  

For the evolving recombination dynamics, the changing TPV lifetimes are plotted Figure 

3-11a. (τ 2R) associated with the bulk recombination of charges remains stable with light 

soaking for the two cells. Surprisingly the recombination lifetimes   (τ 1R) associated with the 

TiO2 interface also remains quite stable after an initial decrease. In order to quantify the 

contribution of the secondary pathway of recombination arising from the TiO2–MAPbI3 

interface, the contribution of τ 1R as a percentage of the total recombination is plotted in Figure 

3-11b. For this calculation the amplitudes of the two fitted exponents (τ 1R & τ 2R) are 

compared. The interfacial recombination contributes to as much as 45% of the total 

recombination in comparison to a negligible amount for the TiO2-PCBM interface. This again 

is a signature of large electronic charge accumulation at the interface wherein recombination 

of charges occurs in the region of maximum charge density. Continuous tracking of the real-

time changes in transport and recombination shows a continuous build-up of electronic 

trapping which slows charge transport and provides a strong secondary pathway for 

recombination at the TiO2-perovskite interface. It is likely that the continuous degradation of 

the interfacial energetics and accumulation of interfacial trap states observed here leads to  the 

dark giant capacitance seen from IS measurements.  
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Figure 3-11 (a) Evolution of Recombination lifetimes under 1 Sun illumination is shown for the two different photovoltaic 

cells. The faster component of recombination (τ1R) is negligible for cells with PCBM interlayers and not shown in (a). (b)The 

evolution of the of interface recombination under 1Sun illumination as a fraction of the total recombination is shown in the 

solar cell 

 

3.7 Conclusion 

We now summarize all our observations.  It is worthwhile to remember that since the perovskite 

here is formed by partial evaporation, the PCBM layer remains intact and the two cells remain 

similar in the other aspects. Also the PCBM is only present at the interface and not in the bulk. 

Hence changing properties between the two devices are attributed to interfacial phenomena and 
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surface effects while the bulk MAPbI3 semiconductor effects can be ruled out. A schematic 

depicting the conclusions is shown in Figure 3-12. From dark IS large capacitances at low 

frequencies for TiO2-MAPbI3 devices is seen which is supressed in the presence of PCBM at 

the interface. A direct correlation between the injected dark current and the low frequency giant 

capacitance in the TiO2-MAPbI3 devices is observed which is not present in devices with a 

PCBM EEL. This indicates large electronic charge carrier accumulation at the TiO2-MAPbI3 

interface in dark. The large increase in capacitance with injected current also indicates that the 

electronic charge contribution would dominate the formation of a double layer at the interface 

than the ionic contribution. Similar trends in the presence of light are observed with much 

larger interfacial capacitances at low frequencies for the TiO2 devices. The large low frequency 

capacitances in dark and light lead to the presence of a much larger RC time constants for the 

TiO2 devices. This explains the presence of a slow changing response of these devices to 

external perturbations and which consequently lead to I-V hysteresis in dark and light, slow 

changing C-P transients, unstable DC currents with applied voltages and others.  

From TPI/V a concomitant increase in trapping of electronic charges and the formation of a 

secondary pathway for recombination of electronic charges at the TiO2-MAPbI3 interface is 

observed. These processes evolve in time under light soaking which suggest towards a slow 

accumulation of trap states at this interface. This accumulation of interfacial trap states which 

are capable of holding electronic charges may be at the origin of large capacitances observed 

in the dark in the TiO2-MAPbI3 devices. Such formation of interfacial traps is not present in 

the PCBM devices, which is consistent with the absence of large capacitances in these devices. 

Hence devices with PCBM show smaller RC time constants, small hysteresis, and fast transient 

response to C-P experiments. 
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Figure 3-12 Schematic depicting the dynamics of electronic charges (either electrons/holes) in the two devices. (a) Shows the 

trapped transport/recombination of electronic charges at the TiO2-MAPbI3 interface creating the large low frequency 

capacitances at the interface and (b) Shows the efficient transport of charges across the PCBM-MAPbI3 interface 

 

In the next chapter an argument is put forth supporting the case that it is quite likely that these 

accumulation of interfacial states/interfacial electronic charging are caused by the 

accumulation of I- ions, which are the most mobile ions51 in MAPbI3 perovskites and 

accumulate at the EEL interface. Accumulated ions creates defect in crystals that have shown 

to form electronic trap states in the deep band-gap, band edge as well as in the conduction 

band51,52 by been Density Functional Theory predictions. The question of how PCBM then 

passivates the accumulating I- is then probed in the next chapter. This idea is consistent with 

majority of the charges accumulating at the interface being electronic
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4  

4.1  Background 

First, a recap in brief the relevant details of Chapter 3 essential here. In the last chapter two 

device structures differing only in the EEL were considered.  Much larger hysteresis, trapped 

transport of electronic charges, recombination and large accumulation of electronic charges in 

devices with the TiO2 EEL were found. A simple introduction of a thin PCBM layer between 

MAPbI3 and TiO2 completely supresses the observed hysteresis, trapped transport, 

recombination and leads to a suppressed accumulation of electronic charges in the device. For 

the TiO2 devices these characteristics slowly drift in time under 1Sun light soaking, for example 

the transit of charges become slower and slower in time and under light from trapping of 

electronic charges. It was suggested that this slowly drifting electronic properties may be an 

indirect effect of the slowly accumulating ionic species in MAPbI3 solar cells.  

The existence of moving ions in MAPbI3 solar cells is well documented with I- and MA+ ions 

having the lowest activation energies along with the motion of their respective vacancies in the 

crystal25,26,35,39,45,53–57. As the two solar cells studied here are similar in all aspects except the 

EEL, the magnitude of ionic motion is expected to be similar in the two cases. Besides, small 

changes in crystal sizes and the role of substrate in the crystallization of MAPbI3 have shown 

to have low effects on the motion of ions and their activation energies11,25,26,44,53,58. Hence the 

Investigating the Roles 
of PCBM in MAPbI3 

Solar Cells 
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magnitude of ionic motion can be assumed to be similar in the two cases. It then becomes 

significant to probe how the presence of PCBM as an EEL at the interface passivates the build-

up of these trapping electronic charges and large capacitances which in turn could be related to 

the accumulating ions at the interface. Since it is the I- that accumulate towards the EEL, the 

role of I- and vacancies of MA+ at the EEL interface is of significant interest. 

Three seminal reports on the interaction MAPbI3 with PCBM have been reported. The first 

report by Sargent.et.al38 show that by adding PCBM in MAPbI3 in solution, an active doping 

of PCBM by I-  in the solution phase occurs (by formation of a PCBM polaronic peak). Standard 

DFT calculations show that the halide can easily interact at room temperature with anti-site 

iodide defects (wherein I- takes the place of Pb in the crystal) in perovskite as they do in 

solution. However formation of anti-site defects have yet to be studied in terms of formation 

energies and their presence is yet to be detected. The second report from De Batiani et.al 27. 

show an active interaction between the MAI and PCBM in the solution phase and demonstrate 

the effect on the electronic characteristics in solid state devices. Lastly Huang et al.59 show 

from Thermal Admittance Spectroscopy (TAS) that PCBM decreases the trap density of states 

by two orders of magnitude in MAPbI3 solar cells. However like in the previous cases, they 

use an inverted structure wherein PCBM is present not only in the interface but also in the grain 

boundaries of the MAPbI3 semiconductor. While in our experiments we only observe only the 

interfacial effects. Two key questions that need to be answered are: 

1. Since most devices are made in solid state the basic question that needs to be addressed: 

Is the same interaction observed in solution phase also valid for solid state devices? If 

not, then the dynamics of the interaction observed in solution is of no consequence to 

what is observed in the devices here.  

2. In case of a reaction occurring, how does it affect the interfacial energetics and how 

does it affect electronic transport-recombination? 
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An attempt to answer these relevant questions is made in this chapter. Further, explanations of 

our observations in context with the results of the earlier chapter 3 are provided. 

4.2  Solid State Reaction between Moving Ions and PCBM 

To experimentally tackle point number one of the possibility of a solid-state reaction between 

the iodide ions and the PCBM we move to a horizontal device architecture to overcome the 

difficulty of buried interfaces Figure 4-1a (Inset). A sensitive technique of Photothermal 

Deflection Spectroscopy (PDS) is employed. The aim of this experiment is to check the 

presence of polaronic charges in our devices that would exist in the presence of doped PCBM. 

Since PDS is sensitive to transparent conductive oxides and metals the substrate used is quartz. 

The PDS spectra of the Perovskite-PCBM device shows highly enhanced sub-bandgap features 

during poling and after relaxation of the device in Figure 4-1a. This is suggestive of formation 

of polaronic charges indicating the presence of doped PCBM in these films.  

 

Figure 4-1 (a) PDS spectra on PCBM-MAPbI3 showing the presence of increased charges at lower sub-bandgap energies 

indicating the presence of polaronic species (b) Raman Spectra of PCBM on top of the positively biased electrode during 

poling. Zoomed in region shows the shift in the Ag(2) peak towards lower wavenumbers. Inset: Planar geometry of the sample 

used for position dependent doping 

 

To chemically verify the presence of the radical species Raman measurements are performed, 

which has been effectively used in quantitatively tracking the doping of PCBM60. We maintain 
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the planar structure geometry (Au electrodes placed below the Perovskite-PCBM bi-layer for 

a better S/N ratio). Surprisingly Raman measurements of PCBM on top of MAPbI3 do not 

demonstrate any chemical shift, w.r.t. the Raman of PCBM on glass. Since Raman of pristine 

PCBM and PCBM on MAPbI3 are same, no chemical interaction between MAPbI3-PCBM in 

the solid state seems to occur. However, the possibility of an interaction between the 

accumulating ions (I-) in the perovskite film and the PCBM still remains. 

 

Figure 4-2 (a) Shift and of the Ag(2) peak towards lower wavenumbers as we move from a region of large concentration to a 

lower concentration of diffused ions confirming charge transfer between moving ions and the PCBM in solid state. (b) The 

decrease of the relative intensity of the Ag(2) peak  is also shown which is a characteristic of electron transfer to PCBM 

 

In order to induce ionic motion, the sample is poled in the presence of light (1 Sun / N2) where 

I- move towards the positive electrode. Since the motion of ions are diffusive in nature, a build-

up of ions at the edge of the positive Au electrode is expected. Also one would expect a 

decreasing concentration of I- ions as we move from this edge of the electrode towards the 

centre of the electrode. After poling, Raman measurements are taken across the positively 

biased Au electrode, from the centre towards the edge as shown in the inset of Figure 4-1b. 

Figure 4-1b shows the background corrected Raman spectra change as the measurement area 

is moved from the centre of the electrode to its edge. The Ag(2) peak related to the pinch mode 

of PCBM (breathing of the cage) shifts towards lower wavenumbers, and also decreases in 
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relative intensity with respect to the other peaks. A shift to lower wavenumbers of the Ag(2) 

peak conclusively provides evidence of a charge transfer to PCBM60.  

 The changes in the Ag(2) peak position from the ‘Electrode Center’(lowest accumulation of 

ions) to the ‘Electrode Edge’ (largest accumulation of ions) is shown in Figure 4-2a. The 

decrease in the peaks relative intensity with respect to the Hg(7) peak is plotted in Figure 4-2b. 

A minimum of 2.18 cm-1 shift is observed at the electrode edge which yields a modest doping 

of 0.3e- transfer60.  A lower shift is observed as we move towards the centre. Importantly at the 

centre of the electrode the spectra matches well with pristine PCBM 61 indicating the existence 

of a lateral doping profile in the PCBM film as we move from the electrode edge to the 

electrode centre. The larger error bars for the measurements in the doped regions is also 

evidence of an uncontrolled doping of PCBM due to the diffusing I- ions. All these results 

indicate that motion of I- is necessary for a solid state charge transfer to take place between the 

perovskite and PCBM. In the absence of such an ionic motion and accumulation of ions no 

interaction takes place between MAPbI3 and PCBM. It must be noted that the electric field 

applied here (10V/mm) is much lower than what is present in working solar cells 

(~3000V/mm). Hence with more effective motion of ions in MAPbI3 solar cells, solid state 

solid state reaction is bound to occur in the cells between the accumulated I- and the PCBM 

interfacial layer. Once I- dope PCBM, a charge transfer complex formation is expected60,61. It 

is interesting to note that the formation of charge transfer complexes should decrease the drift 

diffusion mobility of I- ions themselves, thereby also acting as physical traps for the moving 

ions. 
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4.3  Changing Work-Function and Electrical Properties 

 

Figure 4-3 (a) Change in work-function after poling the samples is shown. The values of work function before poling 

are normalized to zero while the change in work-function after poling is plotted w.r.t. the pre-poled samples. The PCBM work 

function on perovskite decreases after poling while that of pristine PCBM increases 

 

To understand how the PCBM ionic doping affects the interfacial electronic properties of the 

cell as whole, Kelvin Probe Microscopy (KPM) measurements are performed to track the 

changing interfacial energetics with doping Figure 4-3. Since poling the samples is necessary 

for inducing a reaction, changes in the work function (W.F.) after poling are plotted for all 

samples ( Δ(W.F.) = W.F. before poling – W.F. after poling ). The reference perovskite remains quite 

stable with poling Figure 4-3. Pristine PCBM becomes more p-type (increase in work-function 

hence Δ is negative) after poling presumably due to oxygen or creation of trap states in PCBM 

(ref). For the PCBM on top of perovskite, a significant (~ 0.3ev) decrease in the work-function 

(Δ is positive) after poling is observed. This gives evidence of an n-type doping occurring of 
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the PCBM due to the interaction occurring between the moving I- and PCBM in solid state. In 

order to discard the possibility of any dipole effect in the kelvin probe measurements: changes 

in the W.F. of a thick metal (reduce the pillow effect) is tracked which is in direct contact with 

PCBM Figure 4-4. For this a third Au electrode is coated between the two poling electrodes which 

in direct contact with the PCBM-Perovskite bi-layer and we track the work function changes 

of the metal after poling. We find similar changes where the work-function of the central Au 

on top of PCBM decreases by 0.3ev. This reaffirms the n-type doping of PCBM in solid state 

after poling the perovskite beneath which can be attributed to the interaction between I- and the 

PCBM.  

 

Figure 4-4(b) Changing Work-Function of the Contacts (Au here) before and after poling in light/N2 conditions. 

 

An important consequence of this is, in a working perovskite solar cell with PCBM as the EEL, 

the fermi level of the n-type extraction layer gradually moves towards the vacuum level due to 

an active doping of the interlayer. Hence an active increase in the built-in potential can be 



Chapter 4 

52 

 

expected in the cells with a PCBM interface. Preliminary evidence of this is observed by 

comparing the Dark-IV of the two devices used in Chapter 3, before and light soaking (before 

and after accumulating of ions within the device). They are shown in Figure 4-5.  Considering 

a standard Schottky junction for moderately doped semiconductors or even p-i-n systems, the 

dark current is given as47 J=(A**)×T2×exp(-q φBn /kt)×exp(q(Δφ+V)/kT) and the interfacial 

barrier can be written as φBn = (kt/q) × ln(A**)T2/J0) where all symbols have their usual  

 

Figure 4-5 Dark I-V before and after light soaking for the two types of interfaces are shown 

 

meaning.  After light soaking, we find the injection barrier for TiO2 interfaces significantly 

decreases and φBn goes from 0.82V to 0.72V. While for the PCBM-Perovskite interface the 

injection barrier follows an exactly opposite trend where φBn increases from 0.84V to 0.89V 

with light soaking. Though these values do not quantitatively represent the perovskite /n-type 

layer interface (it’s a combination of the electron and hole injection from the two contacts), the 

opposite trends in the change of the barrier values is a signature of the changes occurring at 

this interface. This is true since all the other interfaces but the EEL-MAPbI3 in the two devices 

are same. 

For the PCBM case Doping pushes the Fermi level up at the n-type contact with the perovskite 

creating a larger band bending at the interface increasing the injection barrier and the built-in 
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potential. For the TiO2 cells, the origin of the decreased barrier after light soaking is yet 

however unresolved and can possibly arise from multiple effects : the n-doping of the 

perovskite interface by I-, or by image charges Schottky barrier change, or by one of the trap 

based injection of charges. 

 

Figure 4-6 Dark I-V of only Perovskite and Perovskite coated with PCBM. While the Perovskite response is the same in both 

Air and N2, the Pervoskite with PCBM consistently shows higher current in the presence of Air showing higher passivation in 

Air by PCBM. 

 

Lastly the stability of our kelvin probe measurements is air and N2 is taken. Here it is 

speculated that an active doping/de-doping of the ion doped PCBM occurs when it is cycled 

between N2 and air Figure 4-6a. The de-doping in air occurs presumably by the oxygen triplet 

state which oxidises the doped PCBM. Cycling the doped PCBM in N2 and air, a decrease and 

increase in W.F. is found respectively and propose the following 2-step reaction to occur: 

 

The de-doping in principle can create a larger availability of PCBM to be doped by an 

accumulating iodide ion. Another evidence of this is seen in Figure 4-6b from the Dark-IV 

I- + PCBM          PCBM-
  + I (Interstitial)               in Nitrogen 

PCBM-  + O2            PCBM  + O2
-                           in Air 
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scans in vacuum/N2 and in air, where larger passivation as well as lower φBn of perovskite is 

observed in air. 

4.4  Effects on Interfacial Energetics, Device Stability and Discussion 

We now summarize all our observations in view of the Chapter 3. Solid state reaction 

between the accumulated I- and PCBM is highly likely to occur in the MAPbI3 solar cells in 

solid state. In the presence of a reference TiO2 EEL such a reaction is unlikely to occur. Since 

it was seen in chapter 3 that transport/recombination of charges is heavily affected by this EEL 

interface, it is worth understanding what role does the accumulating I- play in the interfacial 

energetics.  

A seminal report on calculating the defect formation energies, defect state energies (positively 

charged, neutral, and negatively charged) is shown by Du et.al.51 Figure 4-7 shows transition 

levels for the commonly affecting defects in MAPbI3 perovskites. The values in the parenthesis 

(q,q’) represent the state of the charge of the defects. For example for and Iodide interstitial (Ii) 

defect, q=0 represents a neutral defect, q=+1 represents a positively charged defect, q= -1 is a 

negatively charged defect, all of them being Iodide interstitial (Ii) defects in the crystal: And 

they are represented by Ii
0 Ii

+ Ii
- respectively. The charge transition level ɛ(q,q’) for a defect 

type is determined by the Fermi-level at which the formation energies of the defect with charges 

q and q’ are equal to each other.  ɛ(q,q’) can be calculated by: 

 

Where ED,q  (ED,q’) are the total energy of the supercell used for calculations.  
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Figure 4-7 First Principles Calculation (DFT) calculating the defect levels in MAPbI3 Perovskites. The HSE-SOC calculations 

are accurate due to the inclusion of the spin-orbit coupling. 

Special interest to us is the Iodide interstitials and the vacancy of MA+ that accumulate at the 

EEL. Since the formation energies of the MA vacancies are much larger and so is their 

activation energies for ionic motion, we focus on the more probabilistic case of I- interstitials. 

For the I- interstitial the (+/0) level is much higher than the (0/-) level : This shows that the 

defect trapping an electron would require a much larger crystal lattice relaxation (larger 

number/higher energies of lattice phonons) than trapping a hole. In other words it is much more 

probabilistic for I- interstitial defects to trap holes than electrons from energetic considerations. 

The (+/-) level determines the charge transition between the two stable charge states of +1 and 

-1. The (+/0) level is the electron trapping level for the Ii
+ while the (0/-) level is for the hole 

trapping of the Ii
-
 . The Fermi-Levels in MAPbI3 have been observed to be near the Mid-Gap 

or towards the Conduction Band. Under these conditions Ii
- are stable and their acceptor level 

is about 0.15ev above the VBM. It must be kept in mind that though these levels are 

thermodynamic hole trapping levels of Ii
- which are inside the band-gap and not their single-
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particle levels (a result of which is that these states cannot be excited by sub band-gap 

excitations or seen easily by optical measurements). However their effects can be seen in 

electrical and other opto-electronic measurements. A defect level at 0.16ev above the VBM 

was recently observed using admittance spectroscopy for example (ref).  

It is quite intuitive to expect negatively charged I- interstitials to trap holes at the interface. First 

principle studies confirm this, and we can expect an accumulation of hole traps upon the 

accumulation of I- ions at the EEL interface in our devices.  

We now summarize the key findings of Chapter 3/4 . From dark IS, large capacitances at low 

frequencies for TiO2-MAPbI3 devices are found which is supressed in the presence of PCBM 

at the interface. A direct correlation between the injected dark current and the low frequency 

giant capacitance in the TiO2-MAPbI3 devices is seen indicating a large electronic charge 

carrier accumulation at the TiO2-MAPbI3 interface. From TPI/V a concomitant increase in 

trapping of electronic charges and the formation of a secondary pathway for recombination is 

observed at the interface. Finally all these processes evolve in time under light soaking which 

suggest towards a slow accumulation of trap states at this interface. This accumulation of 

interfacial trap states may be at the origin of large capacitances observed in the dark in the 

TiO2-MAPbI3 devices. We have seen that interstitial I- ions create charged defect states close 

to the VBM ( (0/-) ) which act as shallow hole traps. Hence an accumulation of I- defects at the 

TiO2 interface would create a large population of hole traps at this interface increasing the 

interfacial defect states. Such formation of large capacitances, interfacial traps and electronic 

charging is not present in the PCBM devices, which is consistent with the absence of large 

capacitances in these devices.  

The evolving interfacial dynamics is summarized in Figure 4-8. We first look at the TiO2-

MAPbI3 devices. The built-in potential must already provide an initial concentration of Iodide 
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ions at the electron extraction (n-) interface (ref). Under light soaking of 1 Sun this 

accumulation of iodide ions is expected to aggravate and change the interfacial energetics. For 

simplicity we do not consider the contribution of the compensating field created by the 

accumulated ions here. Firstly, there is a lack of consensus in the measured built-in across the 

perovskite bulk due to the band-bending at the TiO2-PVK interface62,6349. Few reports suggest 

a n-i-p  type (n-EEL, i-MAPbI3, p-Spiro-OMeTAD) structure for MAPbI3 solar cells while 

others have reported a n-p type  (n-EEL, p-MAPbI3) behaviour. When we observe a continuous 

creation of interfacial defect states in time at the TiO2-MAPbI3 interface, it should then create 

a gradual drift from an n-i-p type structure to a n-p type configuration of the device (Figure 

4-8a,c). Upon fermi-level normalization, a large portion of the injected charges are bound at 

these interface states (Dit)/(NA) creating a larger drop in the built-in potential across that 

interface and a smaller drop across the bulk. Possibility of a pinned Fermi level should not be 

ruled out in this state of the semi-conductor. Here we denote NA acceptor states discussed above 

along with possible creation of single level interface states (Dit) created by I- interstitials for 

the sake of completeness. 

Shown in Figure 4-8d is the generation of free charge carrier in the device under light and 

dark. In dark, upon injection of a dark current (electrons/holes) we start filling the defect states 

at the TiO2-MAPbI3 interface with holes, plausibly creating higher number density of charged 

defect states. The direct correlation of the dark capacitance with the dark current I as C α I 0.96  

(Chapter 3) indicates that the electronic charge contribution dominates the formation of a 

double layer at this interface. This filling creates a large interfacial double-layer that provides 

a large field directly proportional to the trapped holes. This field causes an increased band 

bending at the interface which is proportional to both the density of traps and injected current. 

Isaac et.al33. hypothesized the formation of accumulation zones of holes forming at this 

interface from C-V measurements. Here we suggest that the field required to set up an 
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accumulation zone in the perovskite may be created by the injected holes that are trapped at 

the interface.  The origin of why this capacitance has such low resonant frequencies needs to 

be explored further. The actual nature of the polarons created by the interfacial accumulation 

of I- defects need to be explored further by ab-initio studies 64,65.  

 

Figure 4-8 Band Diagrams for (a) Both types of cells in a fresh state before ionic accumulation where all symbols have their 

standard meaning. (b) With a PCBM interface which gets doped by the iodide ions resulting in fewer interface states and an 

increased built-in potential (c) With a TiO2 interface where the iodide ions can form interface states (1) or charged defects (2) 

giving rise to a large drop of the built-in potential across the interface rather than the bulk. (d) The trapping of holes at the 

TiO2 interface is shown. In dark the source of the trapped charge carriers are the injected dark current, in light it is the light 

generated free hole population 

Interestingly under light, the rate and amount of accumulated interfacial charges depends on 

the free charge carrier density available within the film. Even at low light intensities one 

observes a large increase in the low frequency capacitance which can be attributed to the 

generation and trapping of light generated holes. Regarding transport and recombination 

observed from TPI/V, presence of defect states is bound to increase the non-radiative 

recombination as well as increase the trapping based transport of charges. 
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Figure 4-9 (a) Performance stability of the two types of devices where devices without PCBM show characteristics of devices 

with increasing interfacial states in time.(b) Changing performance of a silicon p-i-n solar cells with increasing interface 

defect densities66 

 

In case of devices with a PCBM EEL Figure 4-8b, the accumulated I- are passivated by the 

PCBM through a solid state chemical reaction. The absence of the large capacitances, 

electronic charging, trapped transport and larger recombination is consistent with the scenario 

of accumulating I- ions undergoing a solid state reaction with the PCBM EEL. There is a good 

probability that the solid state reaction between I- and PCBM passivate the interstitial I- defects 

states which cause the interfacial charging in the TiO2 devices. A possibility of diffusion of I- 

into the PCBM EEL has also been suggested. A I--PCBM charge complex formation may then 

be at the origin of passivation of electronic traps and accumulated electronic charges observed 

in MAPbI3 perovskite solar cells.  

A detailed ab-initio study is required to model the formation energies and transition energies 

of defects in MAPbI3 perovskites in the presence of an I--PCBM charge transfer complex. This 

would elucidate the exact nature of interfacial defect passivation by PCBM and would be 

interesting to study its effect on the Ii
- (0/-) defect state. 
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Finally the role of accumulating interfacial defect states on the working stability of the solar 

cells is shown in Figure 4-9 under light continuous soaking of 1.2 Sun. For the TiO2 cells a stable 

Short-Circuit current(Jsc) is seen while the Open Circuit Voltage(Voc) and the Fill Factor (FF) 

of the device fall in time. The FF falls much more rapidly in time w.r.t. the Voc. This is a classic 

representation of an increasing density of interfacial states 66 where D primarily affects the Voc 

and FF in p-i-n solar cells (Figure 4-9b) (ref). Figure 4-9b shows for a standard p-i-n solar 

cell, the effect of increasing interface defect densities on the Jsc,Voc and FF of solar cells. The 

stable Jsc and decreasing FF and Voc for the TiO2 cells points towards our hypothesis of 

accumulating interfacial defects. The cells with PCBM EEL retain a stable Voc and Jsc with a 

slower drop in only the FF of the cells. The stability of the Voc of these cells in comparison to 

the TiO2 cells shows we avoid the formation of interfacial defect states in PCBM cells. Hence 

controlling interfacial defect accumulation is crucial to enhance the stability of these solar cells.  

 

4.5  Overview and Future Outlook 

 

In dark, the giant capacitance at low frequencies, the large charge accumulation and the slowly 

changing electrical response of MAPbI3 cells can be attributed to accumulation and charging 

of interfacial defect states trapping holes. These defect states are most likely caused by the 

accumulating I- interstitials at the interface. These states affect the built-in potential across the 

bulk perovskite regulating the recombination and transport dynamics of charges which finally 

decreases the working stability of these solar cells. A novel way to overcome these problems 

is to passivate the accumulating ions at the EEL interface. We suggest that using a dopable 

contact like PCBM can passivate all the above by acting like a sponge that chemically reacts 

with the accumulating iodide ions at the interface in solid state and thereby forming charge 

transfer complexes. This may prevent the formation of accumulating defect states at the 
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interface and thereby achieve a better working stability of these cells. The exact nature of 

passivation is yet to be uncovered through first principles modelling. A detailed first principles 

understanding would assist us in developing other interfacial materials that can passivate such 

defects caused by interfacial accumulation of ions. Hence learning from PCBM, we propose a 

new strategy of employing chemically engineered dopable interlayers capable of reacting with 

accumulated ions and vacancies at the interface to improve the working stability of perovskite 

solar cells.  
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5  

5.1.  Introduction: 

One of the key advantages in solution processable semiconductors is making them printable on 

a large scale with Roll-to-Roll printing, slot-die coating, gravure coating, imprint printing and 

others67–77. There are few key challenges that have traditionally plagued solution processable 

semiconductors: they usually have low mobilities and are heavily trap limited. MAPbI3 

perovskites processed from solution have shown very large diffusion lengths of electrons/holes 

(Micro-meters > Device thickness), shown efficient band-type transport characteristics and 

also show high mobilities from Hall-Effect (>10 cm2/V-sec) and field-effect transistor 

measurements (~ 1 cm2/V-sec)6,9,78,79.  Large absorption coefficients of ~104cm-1 with a 

tuneable band-gap are also exhibited. This makes MAPbI3 extremely promising to achieve 

opto-electronic performances similar and better than polycrystalline silicon while all the time 

being fabricated through solution processable methods transferrable to high throughput 

printing. While the main focus has been placed by researchers on pushing the limit of solar cell 

efficiencies, many other areas where perovskites can also carve out a space for themselves has 

been comparatively overlooked. One such field of application is the use of mixed halide 

perovskite semiconductors in the application of light detection – as photoconductors (PCs) and 

photodetectors (PDs)67–77,80–91. Initial reports on MAbI3 PDs show promising responsivities and 

comparatively low noise71. Recent performance of MAPbI3 PDs better few commercially 

Efficient MAPbI3 
Photoconductors through 
Selective Hole Circulation 



Chapter 5 

64 

 

available Si-PDs 72, show capability of detecting wavelengths in very narrow bandwidths (ref), 

detect X-Rays and γ-Rays 68 and also show lower noise compared to Si detectors. Ways forward 

in improving the performance of Perovskite detectors involves increasing their stability, 

decreasing the noise further, large area printing while maintaining high performances. Towards 

this end, in this chapter a printable MAPbI3 PC is presented which demonstrates state of the art 

performance for Perovskite PCs. Rationalization of the high performance and is given in terms 

of band-engineering and trap passivation.  

5.2.  Materials Characterization: Fabrication, SEM, ,XRD,UV-Vis 

 

Figure 5-1 : a) Schematic of the synthesis of Printable Perovskite Particles (PPP) is shown. b) The PPP-ink is shown which 

is then bar-coated on pre-patterned electrodes to obtain uniform few micron thick PPP films. 
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Printing remains a golden standard for manufacturing large area sensors and detectors. 

However one of the persistent problem that needs addressing is the solvents used themselves; 

usually physically carcinogenic, corrosive and environmentally hazardous solvents like 

chlorobenzene and its derivatives, Dimethyl Formamide, Dimethyl Sulfoxide, Acetone, 

Toluene and others are used. To circumvent this, my colleagues Roberto Sorrentino and Peter 

Topolovsek have synthesized MAPbI3 sub-micron to micron sized particles which is briefly 

described.  

 

Figure 5-2 SEM images of a) Perovskite particles using physically grinded PbI2 as precursors b) Re-crystallized PbI2 

hexagonal particles from solution c),d) PPP particles with sub-micron sizes e) X-ray Diffraction spectra of the PPP particles 

and f) Absorption spectra in the Reflection mode of the PPP particles is shown using the Kubelka-Munk method. 

 

From Figure 5-1a, PbI2 particles are initially grinded physically to obtain smaller and uniform 

PbI2 particles (for obtain full conversion into MAPbI3). They are then added to a solution of 

MAI in an alcohol based benign solvent of IPA to finally obtain MAPbI3 particles (Figure 

5-2a). The next step involves recrystallizing PbI2 into sub-micron particles by slowly adding 

H2O to the perovskite solution which dissolves the MAI. After solvent exchanging into IPA 

the precipitated PbI2 is left to settle in the bottom and IPA is made to evaporate. The SEM of 
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the leftover PbI2 particles are shown in Figure 5-2b -which are of a much smaller dimension. 

Finally these smaller sized PbI2 particles are converted into MAPbI3 particles by slowly adding 

them into an MAI solution in IPA. The finally obtained MAPbI3 particles are in a dispersion 

form in IPA, and their SEM is shown in Figure 5-2c and Figure 5-2d. Sub-micron MAPbI3 

particles with a now acceptable size distribution are obtained which can be printed. Figure 5-1b 

shows the solution of the final dispersion of MAPbI3 particles in IPA, which is then bar-coated 

on glass substrates with pre-patterned electrodes. X-Ray diffraction studies of the MAPbI3 

particles is shown in Figure 5-2e, where a complete conversion into MAPbI3 is found with no 

residuals of leftover unreacted PbI2 (at~12o). Figure 5-2f shows the absorption spectrum of the 

Printed Perovskite Particles (PPP) measured from the reflectance mode using the Kubelka-

Munk method which is that of a standard MAPbI3 perovskite.  

5.3.  Device Performances: I-V, Responsivity, Gain, Noise Measurements, 

Specific Detectivity, Dynamic Range and Temporal Response 

PCs devices structure as shown in Figure 5-3. The PPP are formed on interdigitated electrodes 

of Cr-Gold (Au) with a channel length of 5 micrometers and length 10mm. A layer, either an 

electron extraction layer PCBM or hole extraction layer Spiro-OMeTAD is spin coated on the 

on top of the Perovskite. A standard 2-step perovskite as a ‘Reference’ is also made where first 

a PbI2 precursor is spin coated on the electrodes and then converted to MAPbI3 by spinning a 

solution of MAI on top (See Experimental Chapter 2). 

First the plot of dark currents in the device and their light response is shown in Figure 5-4. For 

this a Green LED (532nm ~10mW/cm2) is used. The dark and light I-V are ohmic and there is 

no evidence for a Schottky barrier in dark or light. However caution is required before it is 

assumed that the contact to be ohmic for both or electrons and holes in the device.  
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Figure 5-3 Schematic of the PCs used in this chapter are depicted where MAPbI3 PPP semiconductors are placed between 

two Au electrodes. The last schematic is of the electrode geometry used in the study is shown which are interdigitated 

electrodes with a 5 micrometer distance between two electrodes. 

 

Figure 5-4 Dark and Light I-V for a) PPP and b) Reference 2-Step Perovskites as pristine, with PCBM and then Spiro-

OMeTAD layer at the top. A 525nm light with intensity of 10mW/cm2 is used as the light excitation source 

A striking observation is the low photocurrent gain found in the Spiro-OMeTAD devices. It 

must be mentioned that at moderate and lower (<1mW/cm2) light intensities the change in 

current with light is not observed with a Spiro-OMeTAD layer on top of perovskite. Hence in 

the spectral measurements (in wavelength), devices with Spiro-OMeTAD are not shown. 

Another point to note is an increase in the On/Off ratio of devices with a PCBM layer on top. 
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Much larger photocurrents and gain are found by coating PCBM on top of both perovskites : 

Reference and PPP. 

Reported here are the basic parameters, the details of which can also be found in other text 

books92 and is briefly described here. The Responsivity (R) which is given by: 

𝑅 =  
𝐽𝑝ℎ

𝑃𝑠
 

where Jph is the photocurrent density in the device and Ps is the incident optical power on the 

photoconductor. Gain in the samples is the amplification in the device current due to the 

incident light and can be written as: 

𝐺𝑎𝑖𝑛 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑟𝑜𝑛𝑖𝑐 𝑐ℎ𝑎𝑟𝑔𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑃ℎ𝑜𝑡𝑜𝑛𝑠
 =   

𝐽𝑝ℎ 𝑒⁄

𝑃𝑆 ℎ𝜈⁄
    =    

τ𝑅𝑒𝑐

𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡
 

 

where 𝜏𝑅𝑒𝑐 is the recombination lifetime of the excess carriers in the semi-conductor that is 

generated by light and 𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡  is the transit lifetime of the faster moving carriers (e-/h+) in the 

film. Gain can be simply understood as follows : Suppose electrons travel faster than holes in 

a semi-conductor for a given recombination lifetime. As the electron and hole are transported 

to opposite sides of the photoconductor due to the applied bias, the electrons complete their 

trip sooner than holes. The requirement of current continuity forces the external circuit to 

provide more electrons into the circuit as flowing current. These new electrons move again 

more quickly again completing their trip before the holes reach their electrode. This process 

continues until either the electron recombine with the holes or the holes reach their respective 

electrode. A single photon absorption can therefore result in an electron passing through the 

external circuit many times. The expected number of trips that the electrons make before the 

process terminates is the gain for PCs. 
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Specific Detectivity of the PCs are given as D*. For this the Noise Equivalent Power (NEP) of 

the device is calculated. NEP is defined as the input power density of the optical signal for 

which the Signal/Noise ratio equals 1, i.e. SNR=1. NEP is given by 

𝑁𝐸𝑃2 =  
𝑖𝑛

2̅

𝑅2
 

where in is the total noise current. From NEP we derive the Specific Detectivity D* as 

𝐷∗ =  
(AB)0.5

NEP
 

where A is the device area and B is the bandwidth of measurement. It is to be noted that it is in 

this bandwidth that the noise has been measured and integrated to obtain the total noise current 

in the device. 

A standard spectrophotometer to scan throughout the wavelength spectrum is used along with 

a slow I-V scan taken at each wavelength. Shown are only the characteristics for 5V for 

simplicity. For lower voltages lower Responsivities, Gain and Specific Detectivities are 

observed as expected. Beyond 5V the devices degrade and a lack of reproducibility is also 

observed. Figure 5-5 shows the Responsivity of the devices. 

As with the Light I-V measurements a large increase in the device responsivities is found by 

the addition of an electron acceptor PCBM on top of the both the reference and PPP 

perovskites. A much larger improvement in the Responsivity for the PPP than the reference 

samples is seen and values of 80 A/W are obtained, close to state of the art perovskite 

PCs71,85,86,88.  Usually high responsivities such as this is obtained due to a large gain the PCs 

and can be seen in Figure 5-6. There is a dramatic increase in the gain, over two orders of 

magnitude in PPP PCs when coated with PCBM. This indicates either a large increase in τ𝑅𝑒𝑐 

or a large decrease in ttransit or both. To calculate the specific detectivities, the NEP in terms of 
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the spectral density of the noise current (at 5V) is shown in Figure 5-7.  PPP exhibits much 

larger noise than the reference devices and show a clear 1/fα noise over the whole range of 

measured frequencies which is usually a sign of electronic traps. PPP devices with PCBM show 

a marked decrease in the 1/fα noise at higher frequencies which gives evidence of a passivation 

of electronic traps by PCBM. 

 

Figure 5-5 : Responsivity of all PCs are shown over the whole spectra (Input Power ~0.1µW-1µW) 

In fact it is shown later that the high frequency noise for the PPP-PCBM case is close to the 

shot noise limit of the device that is the minimum theoretical limit that can be achieved. For 

the reference devices, much lower noise is found and is close to the theoretical shot noise limit. 

The calculated D* is shown in Figure 5-8. Though responsivities and Gain for the PPP are 

higher than the reference devices, a much lower noise for the Reference devices yields a 

moderately higher Specific Detectivity value for the reference devices. In order to completely 

characterize the devices to better evaluate and understand the working of our PCs Intensity vs 

Photocurrent and transient photo-response measurements are performed. From Intensity Vs 
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Photocurrent measurements the Linear Dynamic range (LDR) is calculated, which is an 

important parameter for the photoconductor. LDR is defined as  

𝐿𝐷𝑅 = 10 log (
𝑃𝑆

𝑆𝐴𝑇

𝑁𝐸𝑃
) 

where 𝑃𝑆
𝑆𝐴𝑇 is the maximum power of the input light intensity until which the photocurrent is 

linear as a function of the input light intensity. As one approaches lower light intensities a linear 

dependency of photocurrent until the NEP of light (~pWatts) is assumed to obtain theoretical 

LDR numbers. We also present the measured LDR obtained using the lowest light intensity 

 

Figure 5-6 : Gain for all PCs are shown over the whole spectra (Input Power ~0.1µW-1µW) 

that measured (which is an underestimation considering the limited capabilities to measure low 

light intensities). The importance of LDR is that indicates the range where the Responsivity 

(R) is linear with the Quantum Efficiency (η) of the device. The plot of Intensity Vs 

Photocurrent in shown Figure 5-9 and the calculated LDRs are show in the table below. The 

first observation is that much larger 𝑃𝑆
𝑆𝐴𝑇 is obtained by applying PCBM on top of both PPP 

and the Reference Perovskites thereby obtaining much larger LDRs. 
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Figure 5-7 Current noise spectral density measured at 5V is shown 

 

Figure 5-8 Specific Detectivity are shown for all PCs over the whole spectra (Input Power ~0.1µW-1µW) 

Sample Theoretical LDR Measured LDR 

PPP 87±3dB 27 ±3dB 

PPP-PCBM 136±3dB 53±3dB 

Reference (2-Step) 123±3dB 40±3dB 

Reference-PCBM 141±3dB 53±3dB 
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It must be noted that the difference between the theoretical and measured LDRs are quite large. 

Since the NEP’s in the devices are quite low (< pW/cm2), it is a challenge to calibrate and 

reliably measure photocurrents at such low light intensities. The theoretically achievable LDRs 

are quite high and compare very favourable against GaN (50dB), InGaAs (66dB) and Si 

(120dB) photodetectors. In comparison to other PD’s from MAPbI3 the theoretical LDRs are 

the best achieved until date71,72,80. 

 

Figure 5-9 Light Intensity Vs Photocurrent is plotted for all PCs for LDR calculations. Dashed lines are 𝑃𝑆
𝑆𝐴𝑇

 

 

Now proceed to look at transient light response (532nm LED 1mW/cm2) of our devices and is 

shown in Figure 5-10. As is seen the transient response time of PPP greatly decreases from 

60µs to 18µs due to PCBM which indicates much shorter transit times of charges after the 

PCBM coating. In case of Reference much faster transient responses (0.8µs) are found with 

little effect of PCBM. Only in case of Reference PCs did the Perovskite-Spiro show transient 
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photocurrents that could be measured. But this was achieved by using a minimum of 0.3 Sun 

light intensity (~ 30mW/cm2) light source rather than the lower light intensities used earlier. 

The transient responses are very slow in the order of 60µs; two orders slower than Perovskite-

PCBM.  The consequence of such a slow transport will be discussed later.  

  

Figure 5-10 a) Shows transient photocurrent response of all PCs from a pulse of light b) Magnified image of the fast photo-

response of Reference devices from panel a. Light source :532nm (1mW/cm2) . However much higher light intensities (0.3 Sun 

White Light) had to be used to get any appreciable transient response from the Reference-Spiro device 

 

The next section delves into understanding the good figure of merits of our devices. The role 

of PCBM/Spiro-OMeTAD on considerably enhancing/supressing the performance is also 

discussed. 

5.4. Hole Only & Electron Only Device Mechanism: 

Injection/Trapping/Passivation?  

Until date there have been only a few reports with MAPbI3 PCs, with limited characterization 

and investigation of the working mechanism. The origin of large responsivities and large gains 

still remains unexplored. The effects of electron/hole accepting layers on MAPbI3 PCs has not 

been investigated, the effects of which are quite drastic81,85.  
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For selective charge injection (e-/h+) a photoconductor having electrodes with 2 different 

metals with varying work functions is fabricated. Au-Cr electrode contacts are fabricated on 

top of which a PPP photoconductor is printed. The work functions (φ) measured by Kelvin 

probe show our Au electrode to have φ- 5.15ev and Cr electrode to have φ-4.66ev which match 

well with literature values. Since these special interdigitated electrodes were fabricated on non-

transparent silicon substrates, in these experiments the light is incident from the top side. Hence 

quantifying accurately the responsivities of the devices is challenging, since it would require 

measuring the exact 2-D profile of the absorption in our particle-film which is not trivial to 

estimate (it would require to measure the scattering cross-section of the particles, the 3-D size 

and position of the particles to take into account the void spaces in the particle type film).  

The Dark and Light I-Vs with PPP on Au-Cr electrodes are plotted in Figure 5-11. It is 

convenient to plot all curves in one figure for comparison. From asymmetric I-Vs are observed 

for samples with PCBM/Spiro even in dark, when Cr is biased positive/negative w.r.t. Au. This 

points to the importance in understanding the interfacial band bending each of the interfaces. 

Many reports have measured the presence of the Ef for MAPbI3 towards the Conduction band 

(CB) (4.0-4.2eV)rather than the Valence band (VB) or have found the Ef to be close to the mid-

gap (~4.5eV)93.. All the energy levels are shown in Figure 5-12a. Levels of the Au/Cr and Ef 

of PCBM have been measured which are consistent with literature and the value of Spiro is 

taken from literature. Under this scenario there is large Fermi level mismatch between Au and 

MAPbI3 with a large band bending at this interface and a much smaller mismatch is with the 

Cr contact (See Figure 5-12b).  

Now in case of PPP-PCBM/PPP-Spiro there is first a re-organization of the charge carrier 

densities between the two semi-conductors to thermalize into a new configuration. The final 

band diagrams are drawn with the electrodes by taking the semi-conductor bilayers (for 

eg:PPP-PCBM) as one unit. PCBM has an Ef around 4.5-4.6eV, near/little lower than the Ef of 
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the perovskite. More importantly the Ef of PCBM is much closer to the φm of Cr. Hence a 

smaller Schottky barrier is expected at the Cr : PPP-PCBM interface in comparison to the Cr : 

PPP interface(Figure 5-12c). However the barrier at the Au interface is still large. In case of PPP-

Spiro in contact with Au/Cr the final band diagram is shown in Figure 5-12d. Since Spiro-

OMeTAD has a much lower Ef, the effective work-function for the bilayer would be below the 

Cr φm giving a profile shown in Figure 5-12d. A high band bending at the Au:PPP-Spiro 

interface would still exist due to the appreciable difference between the Au φm and Ef of the 

Perovskite. It is useful to recall that the amount of band bending is directly proportional to the 

electric field across the junction. Since PPP is in contact with both Spiro-OMeTAD and Au 

(Metal: High Density of States) simultaneously, a large band bending is bound to occur at both 

interfaces between PPP:Spiro and PPP:Au.  

With the basic band diagrams established we can relate back to the Dark and Light I-Vs 

observed in Figure 5-11. In the case of PPP-SpiroOMeTAD the dark currents show a Schottky 

behaviour for both polarities- Cr positive/negative w.r.t to Au. This is easily seen from Figure 

5-12d where there is a large injection or collection barrier for e-/h+ from the Au/Cr contacts 

respectively. In the presence of light it is seen that Cr(+)-Au(0) shows appreciable photocurrent 

while Cr(-)-Au(0) shows no photocurrent. This because in the presence of light the PPP is 

predominantly populated by e-s (due to the h+ transfer to the Spiro) and are the majority carriers 

in PPP in this configuration. Only in the Cr(+)-Au(0) configuration in which the e- is extracted 

from the Cr  electrode (Ohmic: See Figure 5-12d) can there be a photocurrent. In the reverse 

Cr(-)-Au(0) direction due to the unfavourable bending of the bands lower/no photocurrent is 

seen. Hence the barrier in the extracting of charges seems to be the main determining factor 

for obtaining maximum possible photocurrents. It must also be noted that each Schottky 

junction (having a field associated with it) at both electrodes act as a driving pathway to collect 
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e-/h+. In this case the band bending at both electrodes also favour the photocurrent to flow in 

the Cr(+)-Au(0) direction. 

In the PPP-PCBM case the Dark IV for the Cr(+)-Au(0) case shows a Schottky behaviour as 

expected. Surprisingly for the Cr(-)-Au(0) case an ohmic behaviour is found (also seen for 

reference samples). This at present is poorly understood. It is well known (as also seen from 

Chapter.4) that PCBM reacts with the Iodide ions at the positively biased electrode (Au here) 

possibly forming charge transfer complex dipoles which may assist in creating an ohmic 

barrier. This is an interesting development that needs a different line of investigation that will 

not be delved into here. In the case of light, holes in the PPP-PCBM will be the majority carriers 

in PPP since photo-generated electrons are transferred to the PCBM. Ideally there are no 

barriers for the hole collection at both electrodes. So the Light-IV are quite symmetric (40µW). 

A slightly larger photocurrent in the Cr(-)-Au(0) may be related to the injection of holes which 

is easier from Au than from Cr. Light-IV at lower light intensities is plotted (8µW) is plotted 

to show the effect of the Schottky barrier at the electrode acting as a possible driving 

mechanism for charge collection at lower light intensities. At higher light intensities always an 

ohmic behaviour is obtained. 

In the case of only PPP, (Figure 5-12b) the Dark-IVs are not ohmic (Figure 5-11c). In the 

presence of light both electrons and holes must be present in equal numbers. Electrons and 

holes have shown to have similar effective masses and mobilities in perovskites. Recent reports 

show e- to be the dominant trapped carriers, while some have shown h+ to be the dominantly 

trapped carriers. Assuming equal charge carrier densities of e-/h+ one may expect a mixed 

current from both charge carriers. Photo-generated hole collection has no barrier in both 

applied polarities (Figure 5-12b). However photo-generated e-s find a larger barrier for 

collection at the Au electrode due to a larger band bending. This is reflected in Figure 5-11c 

where  Cr(+)-Au(0) shows much larger photocurrents than the Cr(-)-Au(0) configuration.  
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Figure 5-11 Use of Asymmetric Contacts (in terms of Work Function) in fabricating PPP PCs. Positive voltages are where Cr 

is biased positively and Negative voltages are where Cr is biased negatively- Au is always kept at 0V. Insets for b & c show I-

V for higher light intensities for better clarity. Comments of Electron/Hole Rich in b & c is only valid in the case of light. 

Arrows on the figure top indicate the direction of transport of electrons and holes in the presence of light 
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Figure 5-12 a)) Shows all the relevant energy levels of the active layers. Work function of Au/Cr/PCBM have been measured 

and give similar values to that in literature. Energy level alignments of the electrodes with MAPbI3 (b) MAPbI3+PCBM(c) 

MAPbI3+SpiroOMeTAD (d). Also shown are the majority carriers in devices upon application of light on the device 

 

 

Figure 5-13 Energy level alignments of Au-Au PCs. a)In MAPbI3 both e-/h+ are free to move b) In MAPbI3+PCBM majority 

carriers are holes due to e- transfer from MAPbI3 to PCBM. c) In MAPbI3+Spiro majority carriers are electrons due to h+ 

transfer from MAPbI3 to SpiroOMeTAD 
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In all of the three above cases the role of injection of charges (to maintain a photocurrent) from 

the electrode were not considered since in all cases injection of charges play little role in 

determining the final photocurrents. In the PPP:Spiro and the PPP cases, larger photocurrents 

are observed in polarities where the injection barrier was larger; suggesting that  collection 

barrier for either e-s or h+s is important. The barrier for charge carrier collection plays a key 

role in the gain of the PCs.  

In the studied PCs (Au-Au electrodes) the band-diagrams for the three cases, PPP, PPP-PCBM 

and PPP-Spiro are shown in (Figure 5-13). It is quite evident that the collection of photo-

generated e-s is highly restricted while that for holes collection is ideal. Hence for all three 

samples holes will be the faster extracted carriers. In Figure 5-13a with the PPP, due to the 

energetic barriers, electrons are bound inside the perovskite either in the band or into 

traps/defect states while the hole current remains efficient. The electrons recombine with the 

holes in a bi-molecular (radiative) or monomolecular (trap assisted) fashion which then dictates 

the gain in the PC. A simple way to improve the gain is the addition of PCBM, an electron 

acceptor which would accept the photo-generated electrons in PPP (Figure 5-13b). This would 

supress both the radiative recombination (PPP is depleted to e-s & Recombination =Bnp , 

B=Bimlecular Recombination Co-efficient, n/p – Electron/hole density respectively) as well as 

the trapping of electrons (contributing to the monomolecular recombination). Few DFT models 

also show the effective passivation of deep electron traps by PCBM which can again improve 

the gain in these systems. Hence a three-fold strategy: 1. Confine the electrons within the CB 

of the PPP by creating a large barrier for extraction by having a U-Shaped band alignment 

2.Simultaneously transfer the e- to an electron acceptor and 3. Passivate electronic traps in the 

PPP, result into a large gain in these systems. It is now easy to see why PPP-SpiroOMeTAD 

samples do not work – photo-generated holes are transferred to the SpiroOMeTAD (Figure 

5-13b) while the photo-generated electrons face a barrier for collection. Finally in order to 



Chapter 5 

81 

 

reconfirm if extraction barrier plays an important role, Cr-Cr electrodes on Si substrates are 

fabricated and the PPP-Spiro samples (where the e-s are the majority carriers) are measured for 

light response. Though the U-shaped band type is valid even for the Cr-Cr samples the barrier 

for e-s is considerably lowered and should be evidenced in our device response. As seen from 

Figure 5-14, Cr-Cr PCs show a much better On/Off ratio as well as larger photocurrents on a 

PPP-Spiro-OMeTAD than the Au-Au electrodes (40µW/Top illumination). This reaffirms the 

role of extraction barrier and the U-Shaped band scheme to obtain high gain in our devices. 

 

Figure 5-14 Electron Rich devices comparing Au-Au and Cr-Cr PCs. Here again the light is incident from the top side 

 

Coming back to the photocurrent transients Figure 5-10: for the Reference devices with PCBM 

we have a transit time of ~ 800ns which is the transit lifetime of the hole conduction, the faster 

moving carriers (𝑡𝑡𝑟𝑎𝑛𝑠𝑖𝑡). For the Reference-SpiroOMeTAD we obtain close to a lifetime of 

60µs which is the recombination lifetime of electrons the slower moving charge in the PC(τ𝑅𝑒𝑐) 

and hence obtain a gain close to 70. It must be noted that with the SpiroOMeTAD much higher 

intensities (10x times more intensity and a white light Sun source) had to be used, hence a 
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discrepancy (of a factor of 10) w.r.t to the measured Gain of 7 can be expected since for trap 

assisted SRH recombination, lifetimes are proportional to the excess charge carrier density of 

the recombining species (e-s here). The transit lifetimes obtained demonstrate that application 

of Spiro-OMeTAD considerably supresses the gain while application of PCBM considerably 

enhances the gain as was expected where the gain is collection limited. 

Trap Passivation:  

Lastly, the role of defect states passivation by PCBM is probed which was seen in chapters 3,4 

and the signs of which is also seen from noise measurements (Figure 5-7). First , a 1/fα noise  

(α is the exponent of the 1/f noise) is observed for PPP devices across the measured frequencies 

(Figure 5-7). With the addition of PCBM a clear suppression of 1/fα (characteristic of many 

trapping mechanisms94,95) noise is seen. Plotting the flat noise in the PPP-PCBM system against 

the theoretically minimum achievable noise of shot noise is shown in (Figure 5-15). Clearly 

seen is that the flat noise at higher frequencies in these devices are shot noises with no 

contribution from trap states which indicates of a good passivation by PCBM.  

For bulk semiconductors the 1/f noise is usually dominated by the bulk volume. For such a 

bulk property the 1/f noise follows a Hooge’s dependency84,94,95. Figure 5-16 shows that only 

PPP-PCBM PCs show a1/f noise that follows a Hooge-type dependency while the PPP PCs 

show a much larger slope indicating an additional contribution of surface states to the 1/f noise. 

This reaffirms an effective passivation of surface states of PPP by PCBM in which the 1/f noise 

shows a bulk-like dependency for PPP-PCBM PCs. 

As was seen in Chapter 4, applying a bias moves iodide ions creating interstitials/vacancies 

and creating defect states. Iodide interstitials act as hole traps 51, which in Chapter 4 is proposed 

are passivated by PCBM. This should also in principle increase the gain in these devices.  Also 

DFT modelling, Thermal Admittance Spectroscopy studies have shown passivation of deep 
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level defects by application of PCBM. Hence as also seen from the noise measurements 

passivation is another important factor to improve the G, D* and transient lifetimes in these 

devices.  

 

 

Figure 5-15 The flat-noise current obtained at higher frequencies for the PPP-PCBM PC as a function of the theoretical shot 

noise in the system obtained from the dark current in the device. 

 

 

Figure 5-16 Dependency of the 1/f noise current (f=10Hz) for PPP-PCBM and PPP PCs with respect to the dark current. We 

find a Hooge type dependency only for the PPP-PCBM PC 
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Finally a comment on the comparison of the PPP devices with reference 2-Step perovskites. 

Much larger Responsivities in PPP-PCBM are found in comparison to the Reference-PCBM 

because the PPP films are micro-crystal films and are porous. Hence a better contact can be 

made between PPP and PCBM and a much effective passivation can be achieved. Hence the 

effect of PCBM on PPP is expected to be much larger.   

5.5.  Conclusion 

In conclusion, in this chapter it has been demonstrated that through a very simple chemical 

route of synthesis one can print state of the art MAPbI3 PCs. This is done without using any 

corrosive or harmful solvents. Large responsivities close to 80A/W for these devices and Gain 

more than 100 are obtained. Also Specific Detectivities D* (cm-Hz0.5-Watt-1) ~ 6×1013 for PPP-

PCBM films and 3×1014
 for reference films are observed. Our PCs are exceptionally fast and 

show transient response in 18µs for PPP-PCBM and 800ns for our Reference-PCBM films. 

They also exhibit exceptionally high theoretical Linear Dynamic Range of 142dB with the 

PCBM layer on top for both PPP and Reference films. We were able to measure an LDR of up 

to 53dB. On probing the mechanism that delivers good figures of merit it is found that 

extraction of charges and the band-alignment in these PCs is important. By using Au electrodes 

we create a large barrier for collection of photo-generated electrons while providing a 

favourable transport and collection of photo-generated holes by creating a U-Shaped band 

alignment. This provides a good gain in the device by selectively circulating photo-generated 

holes in the device while photo-generated electrons are electrostatically trapped in the C.B. A 

drastic improvement in the performance is achieved by applying an electron accepting PCBM 

on the perovskite which accepts photo-generated electrons. This depletes the perovskite of 

photo-generated electrons while the flow of holes in the device continues. Finally the PCBM 
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not only acts as an electron acceptor to improve the performance of the PCs but also plays an 

active role in passivating surface trap states pf the PPP thereby further improving the 

performance of the PCs 
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6  
 

6.1  Layered Materials: WS2 as Hole Transport Materials to Supress Noise 

and Boost Detectivity of MAPbI3 Photodetectors 

Introduction  

In the previous chapters we discussed the stability of MAPbI3 interfaces. Along with MAPbI3, 

the stability and processing of the charge selective layers are of high importance. Organic semi-

conductors such as Spiro-OMeTAD have been the clear favourites as Hole Transport Layers 

(HTL) in devices. However these organic HTLs degrade at high working temperatures (850C) 

over a short period of time, they do not inhibit the migration of the metal cathode electrodes 

decreasing the stability of the devices. Another major setback for the Organic-HTL are their 

very high pricing due to multi-step synthesis and low yields. A promising alternative are the 

use of inorganic-HTLs, especially transition metal dihalcogenides (TMDCs) which are 

inorganic HTLs that can be large area processed from solution58,96–99. TMDCs with a chemical 

formula of MS2 grow in a layered form where one hexagonal metal plane (M) is sandwiched 

between two hexagonal chalcogen planes (S). The thickness of this one unit of 3 planes is about 

1nm. The units are weakly bound and form a large anisotropic crystal. Herein the well-studied 

TMDC of Tungsten-Di-Sulphide (WS2) is utilized as a replacement of the organic HTL. The 

WS2 is processed in air through spray coating and fabricate photodetectors (PDs) of a Mixed 

Enhancing Interfaces for 
MAPbI3 devices–Layered 

Materials and Chemical 

Defect Passivation 
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Cation-Mixed Halide Perovskite (Cs0.175FA0.825PbBr0.3I0.7). We find that for HTL formation, 

air-processed WS2 show lower noise and higher specific detectivities than the usually 

employed Spiro-OMeTAD HTL that is processed in inert N2 conditions. Also since the WS2 is 

spray coated it is much more amiable to industrial and printing processes than spin coating that 

is used for Spiro-OMeTAD. The air and working stability of PDs with WS2 is expected to be 

much higher than Spiro-OMeTAD and is presently being tested. 

Materials and Device Characterization: 

 

Figure 6-1 : a) Exfoliation of sheets of WS2 is performed through a surfactant and sonication b) Absorption spectrum of the 

exfoliated particles c) TEM image of the exfoliated particles on a Cu mesh.  

 

The WS2 preparation and device making was performed by my colleague Peter Topolovsek 

and is briefly described here. WS2 crystalline powder is treated with a surfactant sodium cholate 

dehydrate solution in a mixture of ethanol and water by intense sonication. The surfactant 

exfoliates the individual TMDC units bound by a weak hydrogen bonding. The unexfoliated 

large particles are separated by centrifugation. The exfoliated particles in the solution are 

treated with high seed centrifugation and material washing (3 Steps Milli-Q and final step 
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ethanol) to remove the surfactants. After the particles are dispersed in ethanol and is used to 

spray coat the HTL on top of the Perovskite. Figure 6-1a indicates the process of converting a 

WS2 crystal into layered units of WS2. Figure 6-1b shows the absorbtion spectrum and Figure 

6-1c shows the TEM image of the layered particles. The lateral dimension of the particles are 

around 20-30nm with each particle being single layer thick. The final devices structure used 

for PDs are shown in Figure 6-2. We use a mixed cation mixed halide perovskite since they 

have demonstrated good air and temperature stability (ref). This is a critical requirement for 

the possibility of our HTLs being processed in air. 

 

Figure 6-2 a) Shows the schematic of the device structures used. The commonly used HTL of Spiro-OMeTAD is replaced by 

layered particles of WS2 with varying thickness b) Cross-section of the device. Scalebar-200nm 

 

Device Performance 

The PDs studied here are the reference with the Spiro-OMeTAD and two varying thickness of 

layered-WS2 layer (5nm and 10nm) that show best responsivities (R). All presented data is at 

short-circuit condition at 0V.  Figure 6-3a shows the responsivities for the three PDs which 

show similar performances. It must be kept in mind that Spiro based devices are fabricated in 

an inert N2 atmosphere while in devices with WS2, the HTL is processed and spray coated in 

air. Hence obtaining similar R for the two devices is evidence of good stability of the mixed 

cation perovskite layer. Figure 6-3b shows that the Specific Detectivity calculated is 

appreciably higher for devices with WS2 where we achieve good values of up to 1.5 × 1012 cm-

Hz0.5/Watt. To probe this, we fabricate devices with varying thickness of WS2. Figure 6-3c 
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shows the reverse dark current. PDs with WS2 consistently show a decreased dark current in 

comparison to the Spiro-OMeTAD devices. The exception being very low thicknesses of WS2 

which lead to a non-continuous layer of the WS2 and create shorting paths between the 

electrode and the perovskite. Suppression of dark currents is usually a sign of supressed noise 

in devices. Figure 6-3d shows the noise in the devices, where lower noise is observed for 

devices with layered-WS2 as the HTL. Lower noise hence leads to higher Specific Detectivities 

for devices with layered-WS2. This is an important development since interfacial traps increase 

the noise in the system, indicating that processing of WS2 in air has not led to additional traps 

in the PDs. At frequencies beyond 3kHz the peak is due to the narrow band-width of the 

measurement setup (Capactive part of the Op-Amp) and is not indicative of the noise from the 

device. Increasing the thickness of the WS2 layer we see a decrease in the noise. However at 

much larger thickness we see a saturation in this decrease of noise. 

We now characterize the temporal response of the devices and is shown in Figure 6-4a. All 

devices show fast response in the order of few microseconds. The devices with Spiro-

OMeTAD have a response time of 4.5 µs while devices with layered WS2 have a response time 

of about 12µs. These response times are much faster than solution processed organic 

photodetectors and are one order slower than the best Perovskite Photodetectors. The linearity 

of the photocurrent as a function of the light intensity is shown in Figure 6-4b. All devices 

show saturation of the photocurrent at the same high light intensities. The lower noise in the 

WS2 devices however gives us a better theoretical LDR for the WS2 devices (112dB) than Spiro 

based devices (103dB). 
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Figure 6-3 a) Responsivities of all the PDs are shown where the reference and the devise with layered WS2 show similar 

performance b) Specific Detectivities for the devices are shown where layered WS2 higher performane than the reference 

devices c) Dark current suppression in the reverse bias upon using layered WS2 as a HTL d) Noise current for devices with 

layered WS2 show lower noise. The bandwidth is limited up to 3kHZ due to the measurement circuit. 

 

Figure 6-4 a) Temporal response of all the devices are shown b) Linearity of the photocurrent is plotted against the incident 

light intensity (Red 672nm) 

Conclusion and Outlook 

In conclusion in this chapter layered inorganic TMDC - WS2 has been successfully used to 

replace the commonly used organic HTL of Spiro-OMeTAD in Perovskite PDs. The HTL is 
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processed in air and does not require an inert atmosphere for deposition. It outperforms the 

reference Spiro-OMeTAD PDs by successfully supressing the dark current and reducing the 

noise in the devices. Presently stability tests are being performed where the inorganic HTLs 

are expected to well outperform the organic counterparts. Hence layered TMDCs represent a 

promising alternative to organic HTLs for Perovskite PDs to improve their performance as well 

as working stability. 

6.2  Chemical Defect Passivation in MAPbI3 Perovskite Solar Cells 

1. Introduction  

In this section of the chapter, chemical passivation of the MAPbI3 interface by using passivants 

molecules is presented. The molecules are synthesized by my colleague Jeroen van der Welden. 

It has been recently reported that thiophene, pyridine and similar molecules spin coated on top 

of MAPbI3 lead to higher efficiencies and possible passivation of traps at the interface100–108. 

One of the possible mechanism suggested are the anchoring of the the acidic sections of the 

molecules at the un-cordinated lead sites on the surface of the MAPbI3 films. During film 

formation, presence of uncoordinated lead atoms at the surface is expected due to an abrupt 

end of the perovskite crystal. Also the migration of I- ions can cause the formation of such 

uncoordinated lead atoms in the perovskite crystal. These Pb sites act as point defect and can 

be expected to increase the non-radiative recombination in solar cells 12. One method to 

passivate such sites is to use pyridine and thiophene based organic ligands that will 

electrostatically bind with such Pb sites.  

2. Materials and Devices: 

In this work two molecules of Pyr-TPA and Thiophene-TPA are used with the binding groups 

of Pyridine and Thiophene Figure 6-5a. To effectively passivate only the uncoordinated Pb 

atoms on the surface, the passivants treated MAPbI3 film is washed with ethanol to remove the 
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extra passivants molecules. So only a mono-layer of the passivants molecules is expected on 

top of the MAPbI3. An additional hole transporting moiety of TPA is attached to the anchoring 

group which can act as a conduit between the MAPbI3 and the HTL. Hence the passivation is 

applied to the perovskite surface between the MAPbI3 and the HTL of Spiro-OMeTAD.  

 

Figure 6-5 a) Chemical structure of the two passivants molecules Pyr-TPA and Thiophene-TPA  b) SEM image of the 

Passivants treated MAPbI3 film free of ponholes 

The anchoring groups anchor to the uncoordinated Pb passiating defect sites while the TPA 

enables a good hole conduction to the HTL Spiro-OMeTAD. Passivants treated MAPbI3 films 

are shown in Figure 6-5b which is free of any pinholes. We use a standard device structure 

used in chapters 3 and 4 without the PCBM interlayer between the TiO2 and MAPbI3. The 

performance of the devices are shown in Table 1. The fast scans (500mV/sec) and slow scans 

(50mV/sec) both show higher efficiencies for devices treated with passivants molecules. The 
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J-V for the devices are shown in Figure 6-6 a-c. As can be clearly seen is that in the presence 

of passivants molecules there is large drop in the hysteresis of the solar cells. Hysteresis is a 

paramount issue in Perovskite solar cells and using passivants can be an effective way to 

supress it.  Besides supressing hysteresis there is also a slight improvement in the stabilized 

efficiency for devices with the Thiophene-TPA Figure 6-6d.   

 

Table 1 : All the solar cell J-V characteristics listed. Shown are Reference devices without passivation and for Pyr-TPA and 

Thiophene-TPA. Both Fast Scans and Slow Scans in Forward (Voc-Jsc) and Reverse (Jsc-Voc) directions are shown. The 

shown values are averages over 10-15 individual devices 

 

One of the major challenges in this work remains in increasing the reference efficiency of the 

devices. The Perovskite here is fabricated with a 2-Step method as described in the Materials 

and Methods Chapter. As a part of the project these molecules have been also tested with a 

collaborator at Oxford and indeed a much larger increase in efficiency is observed (13% 

Reference to a 16% with passivant). However for those devices, a different route for forming 

the Perovskite by using a PbAc precursor is used which is expected to change the surface of 

their film in comparison to our films109. 
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Figure 6-6 J-V curvs for a fast scan rate are shown for a) Non-treated Reference b) Thiophene-TPA and c) Pyr-TPA based 

devices d) Stabilized power efficiencies for the three solar cells. 

 

3. Conclusion and Outlook 

In conclusion of this section of the chapter, it is found that chemical passivants which are able 

to electrostatically bind to the uncoordinated atoms in the perovskite surface improve the 

performance of the solar cells. Also a decrease in hysteresis is seen in comparison to untreated 

devices. We attribute this to a possible passivation of the point defects at the Perovskite surface. 

A TPA is used to achieve an efficient hole transfer from this passivated site to the Spiro-

OMeTAD. Hence this work reveals the promise of using passivants materials or Hole Transport 

Layers themselves with anchoring groups such as a thiophene group which can anchor and 

coordinate with the point defects on Perovskite surfaces. Moving forward this work can expand 
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into employing Passivants or HTLs with anchoring group attached to a Relay structure (ref), 

graded energetic structure (ref) and electron/hole blocking moieties.  
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7 Conclusions and Outlook 

 

Conclusions: 

The major focus of this thesis is on understanding the critical role interfaces and interfacial 

layers play in determining the working efficiencies and stability of Organic Lead Halide 

Perovskites (OHP) based devices. While quite diverse in the applied techniques and devices, 

the main theme remains on understanding the importance of the interfacial energetics in OHP 

based devices. It is seen that surface energetics critically dictate the working efficiencies and 

stability of these devices and in many cases are the bottleneck for achieving higher 

performances. 

 In Chapter 3 evidence of large accumulated electronic charges in OHP solar cells at the 

OHP/TiO2-EEL(Electron Extraction Layer) interface in dark and under light is presented. The 

accumulated electronic charges at this OHP/TiO2 interface produce giant capacitances at low 

frequencies. At OHP/PCBM interfaces, the large charge accumulation and giant capacitances 

are supressed and thus demonstrating the important role of interfaces. In the presence of light 

an extra trapping and recombination process is observed for the OHP/TiO2 interface in 

comparison to the OHP/PCBM interface. This is a suggestive evidence for the passivation of 

interfacial trapping states by PCBM. The accumulation and trapping of electronic charges 

increases over time under light soaking. 
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In Chapter 4, the working mechanism and the role played by the EELs in devices is explored. 

It is expected that the accumulating I- ions at the interface create defect states. DFT modelling 

has shown I- interstitials to create hole traps. These suggest that the accumulated and trapped 

charges observed in Chapter 3 at the OHP/TiO2 interface are holes. Large accumulation of 

positively charged species have also been observed experimentally at OHP/EEL interfaces in 

devices. However, these are preliminary reports and the further nature of the defect states needs 

to be explored. Further, the role played by PCBM in passivating the OHP interface is probed. 

It is seen that PCBM reacts chemically with the accumulating I- ions at the OHP/EEL interface. 

PCBM becomes n-type doped by the accumulated I- ions. This might provide insights for 

understanding the exact mechanism of how PCBM reacting with accumulated I- passivates the 

interface states. Applying interfacial EEL layers that react with I- ions can prove to be an 

effective strategy for stabilizing OHP based devices. Indeed the working stability of devices 

for PCBM based devices is shown to be much larger. 

In Chapter 5, continuing with the use of interfacial layers to enhance device performances, 

PCBM is used as an electron acceptor and as trap passivation layer to improve the working of 

Printable Perovskite Particle (PPP) Photoconductors (PCs). PCBM acts as an interfacial 

electron acceptor that accepts photo-generated electrons from the PPP, thereby circulating 

holes in the PPP-PCs. From noise analysis, the 1/fα noise in the PCs are supressed by using 

PCBM, indicating passivation of interfacial traps in the PPP. The performance of the PCs are 

comparable to many Si-Photodiodes and display the promise of OHPs in photo-detection 

applications. 

In Chapter 6, two works based on WS2 layered materials as a Hole Transport Layer (HTL) and 

different molecules for passivating the uncoordinated lead sites are discussed. Inorganic HTLs 

(layered WS2) are shown to be a promising alternative for OHP based photodetectors (PDs) by 

supressing the noise and increasing device stabilities in devices. Next, chemical passivation 
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with molecules that can bind with the uncoordinated lead bonds in OHPs is shown to enhance 

the performance and decrease the observed J-V hysteresis in devices. 

Outlook: 

OHPs have shown great promise of providing a pronounced impact for energy harvesting and 

opto-electronic device applications. Since device operation causes ion migration within the 

Perovskite semiconductor, interfacial defect states may play a more significant role in these 

semiconductors than their counterparts. The migrating ions are anticipated to accumulate at the 

semi-conductor interfaces which may then increase the density of interface states12,28,66. Many 

strategies can be applied to mitigate these effects. Applying an interfacial layer that interacts 

with the accumulated ions to mitigate the effects as shown in the thesis is a promising approach. 

Other approaches include applying interfacial layers that passivate interfacial vacancies and 

dangling bonds in OHPs. Presently these strategies are not very well explored in comparison 

to traditional Si and GaAs semiconductors which presents an exciting opportunity for further 

exploration. A golden standard still remains finding strategies to fabricate OHPs where 

migration of ions is supressed. The rapid progress made in OHPs in the last 6 years, only shows 

a promising scenario for the research community to find multiple solutions. 

Future Work: Transient Photocurrent at Open Circuit Voltage 

Building upon the transient techniques used in the thesis, a new technique is developed herein 

for obtaining deeper insights into the working of PSCs. One of the main problem associated 

with the Transient Photocurrent/Photovoltage (TPV/TPI) techniques applied for PSCs is 

related to the differential capacitance and charge densities calculated from this technique18,19. 

Δq is the collected charges from TPI transients. Δq is used to calculate differential capacitances 

and charge densities in the transient measurements. In Organic/DSSC solar cells few conditions 

need to be satisfied for this treatment to be valid: In particular the non-geminate recombination 
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needs to be negligible. However Perovskite Solar Cells (PSCs) are different, since the semi-

conductor MAPbI3 consists of migrating ions and can be polarized. Hence, similar arguments 

may not hold valid in the case of PSCs. The spatial distribution of ions and the Polarization 

within MAPbI3 is significantly different when the PSCs are at Open Circuit (TPV) or at Short 

Circuit (TPI) conditions. It has been shown that ions and different polarizations of MAPbI3 

change the rates of electronic charge transport/recombination11,14,16. Hence comparing 

transients and lifetimes from short circuit or open circuit conditions are no longer valid for 

Perovskite Semiconductors: since the semi-conductor is at two different inequivalent states. 

This new technique is developed that can hold valid for Perovskite and other similar semi-

conductors. 

 

Figure 7-1 Setup of the TPI-OC is shown with the DC blocker foe the Background Light. The inset shows evolution of  the 

TPI-OC transients for PSCs under light soaking. 

In order to overcome this, measuring TPI near Open Circuit Voltage (TPI-OC) is developed. 

Small perturbation photocurrent is measured near the Open Circuit, which ensures that the TPV 

and TPI are measured in the same state of the cell of Open Circuit. This ensures that TPI-OC 
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& TPV are measured when MAPbI3 in the two measurements is at the similar polarization, 

charge density and spatial configuration of migrated ions.  

The cell is kept at the Open Circuit condition only for the DC Background Light source. While 

for the perturbation pulse the current is let to flow in the cell to obtain the small perturbation 

current (TPI-OC). Since the light pulse is a perturbation in comparison to the background light, 

the solar cell is at an Open-Circuit condition for all practical purposes. Hence similarity in the 

device configuration at TPI-OC and TPV is realized. To achieve this a capacitor C(ω) is 

connected across the PSC that blocks the DC current created by the Background Light, while 

passes only the AC Perturbation current created by the Perturbation Pulse. The Value of the 

Capacitor required is designed by considering the device geometrical capacitance and the other 

capacitances in the device at the Perturbation Frequency (~100KHz). The design is shown in. 

For PSCs , capacitors of around 100nF-1µF are used. Like with TPV/TPI measurements are 

done at an interval of 5-10secs with averaging. Preliminary results on TiO2 devices used in 

Chapters-3/4  are shown in the inset of . An evolution of TPI-OC with light soaking is also 

observed. Charge density calculations and temperature dependent studies using this technique 

will be pursued for PSCs in the near future.   
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