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ABSTRACT 

Fermi Level Engineering of the Perovskite and Electron Transport Layer Interface   

Through Charge Transfer Doping 

by 

Erin Elizabeth Perry 

 

Perovskite solar cells (PSCs) have captured the focus of the photovoltaic field due to their 

ease of fabrication and high power conversion efficiencies of ~22%.[1] In PSCs, the perovskite 

active material is sandwiched between electron and hole transport layers that serve to extract 

photogenerated charge carriers and avoid direct contact between the perovskite layer and 

metal electrodes in order to prevent degradation.[2–4] There is a variety of electron and hole 

transport materials that result in high efficiency devices. However, organic semiconductors 

are the most attractive from an industrial standpoint because of their low temperature 

processing and scalability.[5] The major obstacle to use of organic semiconductors in PSCs is 

their low carrier mobility and carrier concentration, which hinder their ability to effectively 

transport photogenerated carriers to electrodes and may cause them to act as resistors in the 

device series. These issues are especially prevalent in thicker transport layers, which would 

likely be the case for industrial roll-to-roll processing.[6] In order to overcome transport issues, 

doping of organic transport layers is performed to passivate trap sites and increase the 

concentration of free carriers. 

To date, there have been few reports on understanding how the presence of small 

molecule dopants can influence the perovskite active layer. Due to the similarity in energy 

levels, small molecule dopants that have been developed to dope organic semiconductors are 
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also likely to be effective candidates for charge transfer to MAPbI3.
[7,8] In addition, MAPbI3 

has a low density of surface states which is typical of ionic semiconductors.[9] The subject of 

this dissertation is to understand the impacts of charge transfer from small molecules or doped 

organic semiconductors to the surface of MAPbI3. In order to improve understanding of what 

occurs at the interface of MAPbI3 and electron transport layers (ETLs), this work is segmented 

into three components: doping of n-type polymers, surface n-type doping of MAPbI3 and 

doping of the ETL in PSCs.  The major implication of this dissertation is that doping of ETLs 

likely impacts carrier recombination at the MAPbI3 surface. The surface doping study was 

used as a model system to provide a means to understand the more complex heterointerface 

of doped organic blends at perovskite surfaces. In literature there have been numerous reports 

of a deep electron trap level roughly around mid-gap.[10–14] Surface doping indicates that at 

moderate degrees of doping, the Fermi level shift will passivate this recombination center, 

resulting in higher photoconductivity and steady-state photoluminescent intensity. At high 

degrees of doping, there is an overabundance of charge beyond what is necessary to passivate 

surface traps, creating an additional pathway for bimolecular recombination. In addition, 

excessive charge leads to degradation of MAPbI3’s surface, a phenomenon likely enhanced 

by MAPbI3 character as an ionic crystal. The third study of this dissertation examines the 

effect of dopant concentration in the ETL on solar cell performance. Variations of several 

orders of magnitude were utilized to illustrate the potential impacts of doping. The choice of 

the ETL for this study utilized design principles for polymer structure that promotes polymer: 

dopant miscibility.  Solar cell performance experienced a rise and fall in performance with 

ETL doping concentration, consistent with observations from surface doping. Evidence of 

trap passivation was observed by higher open circuit voltages (VOC) and longer carrier 
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lifetimes for moderate doping concentrations. Numerous studies in literature on the impact of 

doping ETLs on PSCs have identified a range of factors influencing performance, including 

changes to carrier mobility, electrical conductivity, energy level alignment, and 

morphology.[15] This dissertation recommends that charge transfer to the perovskite surface 

should be added to this list of considerations. 
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Glass/ITO/PTAA/MAPbI3/PDI-2T (neat or doped with (2-Cyc-

DMBI)2)/PEIE/Ag (b) Cross sectional SEM of PDI-2T:MAPbI3 bilayer on 

quartz showing the thickness of the ETL layer used in solar cell devices.  

Figure 5.6  Lateral conductivity of PDI-2T and for varying doping concentrations. Curves 

correspond to (blue) PDI-2T on quartz, (orange) PDI-2T on MAPbI3 calculated 

assuming thickness of the PDI-2T layer, (green) PDI-2T on MAPbI3 calculated 

assuming thickness of the bilayer, (black) MAPbI3 prior to ETL deposition to 

control for film-to-film variation. For comparison, conductivity values from 

the surface doping study were ~10-7 S/cm and ~10-6 S/cm for partial and full 

dopant coverage respectively. 

Figure 5.7  (a) Energy levels of PDI-2T in the ETL/MAPbI3 bilayer measured using UPS 

and IPES.  Films are denoted in the figure according to (i) bare MAPbI3, (ii) 

PDI-2T (neat)/MAPbI3, (iii) PDI-2T (0.1 wt% dopant)/MAPbI3, (iv) PDI-2T 

(1 wt% dopant)/MAPbI3, and (v) PDI-2T (10 wt% dopant)/MAPbI3. (b) 

Binding energy positions of Pb 4f peaks measured using XPS of (i) bare 

MAPbI3 versus (ii) MAPbI3 with partial coverage of PDI-2T (1 wt% dopant), 

which shows a shift towards higher binding energy upon deposition of the 

doped ETL that indicates downward band bending of MAPbI3 at the interface.  

Figure 5.8  (a) Time resolved photoluminescence (TR-PL) of PDI-2T films on MAPbI3 

denoted as (i) PDI-2T (neat)/MAPbI3, (ii) PDI-2T (0.1 wt% dopant)/MAPbI3, 

(iii) PDI-2T (1 wt% dopant)/MAPbI3, and (iv) PDI-2T (10 wt% 

dopant)/MAPbI3 , (v) bare MAPbI3 and (vi) neat PDI-2T on quartz. Spectra 

were measured using a 410 nm excitation and 770 nm collection light at energy 

density of 0.15 uJ/cm2, which assuming an absorption coefficient of ~1.5×105 
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at 410 nm corresponds to a charge density of 6.9×1015 cm-3. Spectra were 

collected such that light entered the film from the PDI-2T layer 

Figure S3.1  Example cross-sectional height profile extracted from AFM images indicating 

film roughness. (a) neat film, (b) 0.15 monomeric dopants per repeat unit, (c) 

0.37 monomeric dopants per repeat unit, (d) 0.55 monomeric dopants per 

repeat unit, (e) 0.77 monomeric dopants per repeat unit and (f) 0.92 monomeric 

dopants per repeat unit.  

Figure S3.2  XPS spectrum of P(BTP-DPP) doped at a) 0.15 monomeric dopant per repeat 

unit, b) 0.37 monomeric dopant per repeat unit, c) 0.77 monomeric dopant per 

repeat unit, and d) 0.92 monomeric dopants per repeat unit. Ruthenium 3d5/2 

peaks are symmetrically shaped, and at a BE which is consistent with where 

[RuCp*mes]+ has previously been observed.[16] This suggests that the doping 

efficiency, defined here as the efficiency of electron transfer to the host 

semiconductor, of (RuCp*mes)2 is near 100%. 

Figure S3.3  Relationship between dopant solution concentration and monomeric dopant 

per repeat unit incorporated into the film. This can be described using the 

following equation: Dopant Weight Percent = 0.256 × log[Dopant Solution 

Concentration] + 0.933 

Figure S3.4  Output characteristics (drain current measured as a function of drain voltage) 

of example ambipolar P(BTP-DPP) field effect transistor. The drain current 

was measured for both negative and positive gate bias, corresponding to typical 

hole and electron accumulation regimes. Ambipolar behavior can be seen at 

gate voltages more negative than -20 V for p-type devices and greater than 30 

V for n-type devices.  

Figure S3.5  Raw EPR signals of an example sample of 0.15, 0.37, 0.77 and 0.92 

monomeric dopants per repeat unit. g values are reported in figure.  

Figure S3.6  Spin concentration values for 0.15, 0.37, 0.77 and 0.92 monomeric dopants per 

repeat unit. Error bars are determined by the standard deviation of spin 

concentrations for a given dopant concentration from three separate samples. 

Values below measurement threshold (1014 spins/cm3) are not plotted. 

Figure S3.7  Model structures, images of the electron probability density of the HOMO and 

LUMO orbitals and their energies. 

Figure S3.8  Example of He (I) UPS spectrum of neat P(BTP-DPP) showing how the 

secondary electron edge (Top) and the valence band edge (Bottom) were 

defined. 

Figure S3.9  Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.15 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the 

valence band edge (Bottom) were defined. 

Figure S3.10  Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.37 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the 

valence band edge (Bottom) were defined.  
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Figure S3.11 Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.77 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the 

valence band edge (Bottom) were defined.  

Figure S3.12  Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.92 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the 

valence band edge (Bottom) were defined. 

Figure S3.13  Line Cuts from the 2D scattering image in the (a) in-plane and (b) out-of-plane 

direction of P(BTP-DPP) films with increased dopant concentration (i) neat 

P(BTP-DPP), (ii) 0.15 monomeric dopant per repeat unit, (iii) 0.37 monomeric 

dopant per repeat unit, (iv) 0.55 monomeric dopant per repeat unit, (v) 0.92 

monomeric dopant per repeat unit, (vi) neat (RuCp*mes)2. Features 

corresponding to significant scattering by the dopant emerge at 0.55 

monomeric dopant per repeat unit.  

Figure S4.1  Atomic force microscopy (AFM) micrographs of MAPbI3 surface with 

increasing dopant concentration: (a) neat perovskite, (b) 0.1 mg/mL, (c) 0.2 

mg/mL, (d) 0.3 mg/mL, (e) 0.5 mg/mL, (f) 1 mg/mL, (g) 5 mg/mL, and (h) 10 

mg/mL. 

Figure S4.2  Example cross-sectional height profile extracted from AFM images indicating 

film roughness. Two example linecuts (orange and blue) are given for each 

sample with increasing dopant concentration: (a) neat perovskite, (b) 0.1 

mg/mL, (c) 0.2 mg/mL, (d) 0.3 mg/mL, (e) 0.5 mg/mL, (f) 1 mg/mL, (g) 5 

mg/mL, and (h) 10 mg/mL. 

Figure S4.3  (Left) Looped XPS measurement of binding energies between 132 and 146 eV 

around the Pb 4f peak. (Right) The position of the 4f5/2 peak is given in the 

accompanying table. This measurement was performed in order to characterize 

the amount of damage to MAPbI3 during a dwell time of 100 ms, which 

resulted in negligible shifts in binding energy over 16×. 

Figure S4.4  Surface Ratio of atomic percentages of Co:I appears to follow a linear 

relationship with dopant concentration deposited via spin casting.  

Figure S4.5  Absorbance of MAPbI3 in neat form and with increasing dopant concentration. 

The spectra show no signs of bleaching of the main features. Cobaltocene 

absorbs around ~275 nm. 

Figure S4.6  X-ray diffraction patterns of doped films (right) on the same day as cobaltocene 

doping and (left) two weeks later (14 days). Peaks corresponding to 

cobaltocene are denoted by blue dots. Peaks not seen in either the MAPbI3 or 

cobaltocene simulated spectra are denoted by a black asterisks. 

Figure S4.7  Ultraviolet photoemission spectroscopy around the (left) secondary electron 

edge and (right) valence band edge. 

Figure S4.8 Example of UPS spectrum of neat MAPbI3 showing how the secondary 

electron edge (top) and the valence band edge (bottom) were defined. 
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Figure S4.9  Example of UPS spectrum of 0.1 mg/mL doped MAPbI3 film showing how 

the secondary electron edge (top) and the valence band edge (bottom) were 

defined. 

Figure S4.10  Example of UPS spectrum of 0.2 mg/mL doped MAPbI3 film showing how the 

secondary electron edge (top) and the valence band edge (bottom) were 

defined. 

Figure S4.11  Example of UPS spectrum of 1 mg/mL doped MAPbI3 film showing how the 

secondary electron edge (top) and the valence band edge (bottom) were 

defined. 

Figure S4.12  Example of UPS spectrum of 5 mg/mL doped MAPbI3 film showing how the 

secondary electron edge (top) and the valence band edge (bottom) were 

defined. 

Figure S4.13  UPS spectra plotted on a logarithmic intensity scale of MAPbI3 films with 

increasing dopant concentrations: (a) neat MAPbI3, (b) 0.1 mg/mL dopant 

concentration, (c) 0.2 mg/mL dopant concentration, (d) 1 mg/mL dopant 

concentration, and (e) 5 mg/mL dopant concentration.  The VBE was 

determined by the intersection of a Gaussian fit and a noise floor of 100 CPS. 

Minimal variance of the VBE value between linear and logarithmic intensity 

scale analysis is seen. 

Figure S4.14  Ultraviolet photoemission spectroscopy showing the falling edge of the 

valence band. Slight changes in the density of states occur upon doping, but 

overall the shape is the same. This suggests that even though there is a dopant 

layer on the surface, UPS is still probing the surface of MAPbI3.  

Figure S4.15  XPS core level shifts of (left) Pb 4f5/2 and (right) Pb 4f7/2 orbital peak positions. 

Upon doping, a shift of ~0.3 eV toward high binding energy occurs, indicating 

downward band bending at the surface. 

Figure S4.16  Relationship between Work function and the surface ratio of Atomic % Co:I. 

Changes in work function encompass both the effects of interface dipole 

formation and band bending.  

Figure S4.17  Photoconductivity and dark conductivity of MAPbI3 films as a function of 

dopant concentration. Neat conductivity gives the actual device averages of 

films prior to dopant deposition. Error bars are determined from three devices 

each from three separate films. 

Figure S4.18  Conductivity of a 1 mg/mL doped MAPbI3 film as a function of time. 

Photoconductivity measurements were performed with illumination from a 

525 nm LED with a photon flux of 5.8 ×1017 photons cm-2 s-1. 

Figure S4.19  Temperature dependent conductivity of (left) neat MAPbI3 and (right) 1 mg/mL 

doped MAPbI3 films. Fitted parameters from the Arrhenius expression for 

activated transport are given in each figure. Temperature was measured both 
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in increasing and decreasing directions in order to characterize reversibility of 

temperature. 

Figure S4.20 Power law (𝜎𝑃𝐶 ∝ 𝐺𝛼) fits to extract the light exponent factor α from 

photoconductivity versus photoexcitation density G of neat MAPbI3. The 

extracted light exponent factor α is ≈0.8, indicating bimolecular and 

monomolecular decay. 

Figure S4.21  Photoconductivity of (left) neat MAPbI3 and (right) 0.5 mg/mL doped MAPbI3 

over a period of 90 min constant illumination of 525 nm light with a photon 

flux of 5.8 ×1017 photons cm-2 s-1. 

Figure S5.1  The 2D GIWAXS of neat PDI-2T indicates that it is a glassy polymer due to 

the diffuse scattering features. GIWAXS patterns given include (a) 2D images 

and (b) 1D linecuts.  

Figure S5.2  Steady-state photoluminescence (SS-PL) of thin film samples, including (a) 

PDI-2T on quartz and (b) PDI-2T/MAPbI3 bilayers. PDI-2T on quartz shows 

PL intensity due to the perylene-diimide unit, which is quenched upon doping. 

For PDI-2T/MAPbI3 bilayers, there is a red-shift relative to MAPbI3 for 

neat/low doping concentrations. Other studies on the passivation effect of 

PCBM on MAPbI3 reported a blue-shift (from 782 to 775) that was attributed 

to passivation of trap states the lead to radiative recombination. In contrast, no 

shift was observed in MAPbI3 films passivated with the Lewis base pyridine. 

This inconsistency may be a result of the mechanism for surface passivation: 

PCBM is believed to be adsorbing onto Pb-I antistite defective grain 

boundary, and Lewis bases are passivating dangling Pb atoms through 

coordination or bond formation. The black dashed line indicates the 

wavelength (770 nm) that transients were collected at in time-resolved 

photoluminescence (TR-PL). There is PL signal for PDI-2T that is quenched 

upon doping at this wavelength, which was relevant to analysis of the fast 

decay component of TR-PL.  

Figure S5.3  Solution steady-state photoluminescence of PDI-2T (neat) versus PDI-2T (1 

wt% dopant). The lower PL intensity of PDI-2T (1 wt% dopant) indicates 

that the charge transfer mechanism of (2-Cyc-DMBI)2 to PDI-2T occurs in 

solution.   

Figure S5.4  Optical absorption of (a) PDI-2T on quartz and (b) on MAPbI3 and (c) an 

overlay of PDI-2T (10 wt% dopant) on quartz and MAPbI3. For PDI-2T on 

quartz, the optical gap is around ~1.6 eV. At low doping concentration there a 

neutral polymer transition at ~2.0 eV with limited bleaching upon doping for 

0.1 wt% and 1 wt%. For 10 wt%, the neutral polymer peak has been completely 

bleached and a new transition has emerged at ~1.6 eV, which is the result of 

heavy doping. The emergence of this transition may also be present at 1 wt%. 

For PDI-2T/MAPbI3 bilayers, optical absorption indicates that there is no 

degradation of the bulk with ETL deposition. This observation is most relevant 
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for PDI-2T (10 wt% dopant) as it is the likeliest to experience degradation due 

to heavy doping.  

Figure S5.5  Cross-sectional SEM of the PDI-2T/MAPbI3 bilayer at the PDI-2T loading (18 

mg/mL) used in solar cell devices. This loading produces ETLs that are 170 to 

190 nm thick, which is similar to thickness that would be used in commercial 

devices. 

Figure S5.6  Greater resolution plots of J-V curve in Figure 5.4 around the (a) VOC and (b) 

JSC. The reverse scan (1.3 to -0.5 V) is denoted as solid lines. 

Figure S5.7  External Quantum Efficiency (EQE) of the same solar cell devices as the 

measurement of the J-V curve in Figure 5.4. The EQE has some inconsistencies 

with the J-V curve, notably the EQE for PDI-2T (1 wt% dopant) is near 90% 

despite a moderate PCE of 8.3%. This is a result of our setup measuring EQE 

at lower light intensities. There appears to be a gap state emerge around 710 

nm for ETL of doped PDI-2T.  

Figure S5.8  Light intensity of the Voc for solar cells with ETLs of (a) PDI-2T (neat), (b) 

PDI-2T (0.1 wt% dopant), (c) PDI-2T (1 wt% dopant) and (d) PDI-2T (10 wt% 

dopant). The diode ideality factors for neat, 0.1 wt%, 1 wt% and 10 wt% are 

0.98, 1.20, 1.14, and 0.77 respectively. As there is hysteresis for the PDI-2T 

(10 wt% dopant) ETL solar cell, extraction of the diode ideality factor will 

likely vary with sweep conditions. 

Figure S5.9  Cross-sectional SEM images of PDI-2T/ MAPbI3 bilayers with doping levels 

of (a) & (b) PDI-2T (neat), (c) & (d) PDI-2T (0.1 wt% dopant), (e) & (f) PDI-

2T (1 wt% dopant), and (g) and (h) PDI-2T (10 wt%. dopant). SEM images 

provide information about planarization and roughness of PDI-2T on MAPbI3. 

Planarization is relevant to whether the underlying roughness of MAPbI3 is 

causing scattering of charge carriers in the conductivity measurement. 

Roughness, which appears present at PDI-2T (10 wt% dopant) due to heavy 

doping, is relevant to the quality of contact at PDI-2T/MAPbI3 and PDI-2T/Ag 

interfaces, which impacts charge transfer ability.  

Figure S5.10  Atomic force microscopy of MAPbI3 (a) & (c) and accompanying cross-

sectional height profile (b) & (d). Images were taken from a good quality film 

(no cloudiness) in two different locations. Image (c) was taken over a small 

length scale so that roughness can be more easily compared to cross-sectional 

SEM images of PDI-2T/MAPbI3 bilayers (Figure S5.9). 

Figure S5.11  Conductivity of MAPbI3 surface doped with 1 mg/mL (2-Cyc-DMBI)2. For 

reference, the conductivity values from our previous surface doping study are 

depicted as dashed lines, including both the value reported using a 120 nm 

thick film (black) and the value if a correction were to be made assuming a 

thicker film of 450 nm (red). 
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Figure S5.12  UPS spectrums of PDI-2T (single layer) (underlying Au substrate) showing 

how the valence band edge (VBE) and secondary electron edge (SEE) were 

defined: (a) PDI-2T (neat) VBE, (b) PDI-2T (neat) SEE, (c) PDI-2T (0.1 wt% 

dopant) VBE, (d) PDI-2T (0.1 wt% dopant) SEE, (e) PDI-2T (1 wt% dopant) 

VBE, (f) PDI-2T (1 wt% dopant ) SEE, (g) PDI-2T (10 wt% dopant) VBE, and 

(h) PDI-2T (10 wt% dopant) SEE. 

Figure S5.13  UPS spectrums of the PDI-2T/MAPbI3 bilayer (PDI-2T surface) showing how 

the valence band edge and secondary electron edges were defined: (a) PDI-2T 

(neat) VBE, (b) PDI-2T (neat) SEE, (c) PDI-2T (0.1 wt% dopant) VBE, (d) 

PDI-2T (0.1 wt% dopant) SEE, (e) PDI-2T (1 wt% dopant) VBE, (f) PDI-2T 

(1 wt% dopant) SEE, (g) PDI-2T (10 wt% dopant) VBE, and (h) PDI-2T (10 

wt% dopant) SEE. The PDI-2T layers were between 57 to 75 nm thick, 

consequently the effects of band bending should not be observable in this 

measurement. 

Figure S5.14  UPS of VBE and IPES of CBE of the PDI-2T/MAPbI3 bilayer: (a) PDI-2T 

(neat), (b) PDI-2T (0.1 wt% dopant), (c) PDI-2T (1 wt% dopant), and (d) PDI-

2T (10 wt% dopant).  IPES spectra are originally measured in units of kinetic 

energy, which allows extraction of the EA. Here, the spectra has been shifted 

such that it is in units of binding energy relative to the Fermi level, allowing 

the band gap of the material to be more easily observed. 

Figure S5.15  XPS spectra of the PDI-2T/MAPbI3 bilayer with (a) PDI-2T (neat), (b) PDI-

2T (0.1 wt% dopant) and (c) PDI-2T (10 wt% dopant). Binding energies are 

shown around the position of the Pb 4f peak in order to determine if MAPbI3 

could be contributing to the UPS measurement of the VBE. The presence of 

Pb is absent for these scans, indicating good coverage of PDI-2T on the 

MAPbI3 surface. The XPS spectra of the PDI-2T/MAPbI3 bilayer with PDI-2T 

(1 wt% dopant) is not included because as an oversight the film location for 

which UPS was collected was not also measured using XPS.  

Figure S5.16  Potential fits of the valence band edge (VBE) of MAPbI3 on both a (a) linear 

and (b) semi-logarithmic intensity scale. When fit nearest the edge as possible, 

there is no difference in linear and semi-logarithmic intensity scale fits (-0.82 

versus -0.83 eV).  

Figure 5S.17  Fit of the secondary electron edge (SEE) of MAPbI3. 

Figure S5.18  UPS of the VBE and IPES of the CBE of MAPbI3 (underlying gold substrate). 

IPES spectra are originally measured in units of kinetic energy, which allows 

extraction of the EA. Here, the spectra has been shifted such that it is in units 

of binding energy relative to the Fermi level, allowing the band gap of the 

material to be more easily observed. The IPES spectra was not ideal because it 

lacked a sharp onset, leaving some interpretation open to assignment of the 

edge. 
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Figure S5.19  Cross-sectional SEM images of 0.5 mg/mL loading of PDI-2T (1 wt% dopant) 

on the MAPbI3 surface. Low solution loadings result in patchy coverage of the 

perovskite surface, allowing Pb and I orbitals still be accessible to XPS (probes 

top ~10 nm of the film) in some areas of the film.  

Figure S5.20  XPS core level shifts of (a) Pb 4f and (b) I 3d orbital peak positions. Upon 

doping, a shift of ~0.2 eV toward high binding energy occurs, indicating 

downward band bending at the MAPbI3 surface. 

Figure S5.21  Biexponential fits of the time-resolved photoluminescence decay of (a) PDI-

2T (neat)/MAPbI3, (b) PDI-2T (0.1 wt% dopant)/MAPbI3, (c) PDI-2T (1 wt% 

dopant)/MAPbI3, (d) PDI-2T (10 wt% dopant)/MAPbI3, (e) bare MAPbI3, and 

(f) PDI-2T (neat) on quartz. Biexponential fitting incorporates a fast decay time 

lifetime τ1 associated with recombination behavior at the surface, and a slow decay 

lifetime τ2 associated with recombination in the bulk. The fast decay component of 

PDI-2T (neat)/MAPbI3 and PDI-2T (0.1 wt% dopant)/MAPbI3 is dominated by 

the decay of PDI-2T, consequently information about surface recombination 

lifetimes in MAPbI3 for these samples are masked. TR-PL spectra were 

collected using a pulse energy density of 0.15 uJ/cm2, which corresponds to a 

charge density of 6.9×1015 cm-3.  

Figure S5.22  Time-resolved photoluminescence spectra of PDI-2T/MAPbI3 bilayers, 

showing (left) the full TR-PL spectra and (right) the spectra around the fast 

decay component. Spectra correspond to bilayers according to: (a) & (b) PDI-

2T (neat)/MAPbI3, (c) & (d) PDI-2T (0.1 wt% dopant)/MAPbI3, (e) & (f) PDI-

2T (1 wt% dopant)/MAPbI3, and (g) & (h) PDI-2T (10 wt% dopant)/MAPbI3. 

Time-resolved PL decays were measured using a 410 nm excitation and three 

pulse energy densities: 0.15 uJ/cm2, 0.05 uJ/cm2, and 0.015 uJ/cm2, which 

correspond to charge densities of 6.9×1015, 2.3×1015,  and 6.9×1014 cm-3. 

Figure S5.23  Time-resolved photoluminescence spectra of (a) & (b) bare MAPbI3 on quartz 

and (c) PDI-2T (neat) on quartz, showing (left) the full TR-PL spectra and 

(right) the spectra around the fast decay component. PDI-2T on quartz was 

measured as a control to account for the photoluminescence of PDI-2T 

(perylene-diimide unit) in bilayer samples such as PDI-2T (neat)/MAPbI3 and 

PDI-2T (0.1 wt% dopant)/MAPbI3. By PDI-2T (1 wt% dopant) the time-

resolved photoluminescence no longer has intensity. Time-resolved PL decays 

were measured using a 410 nm excitation and three pulse energy densities: 

0.15 uJ/cm2, 0.05 uJ/cm2, and 0.015 uJ/cm2, which correspond to charge 

densities of 6.9×1015, 2.3×1015,  and 6.9×1014 cm-3. 
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LIST OF TABLES 

Table 1.1  Current generation and potentials of selected renewable energy sources.[17] The 

current global energy demand is ~17.7 Terrawatts (terra is 1012, and giga is 

109). 

Table 5.1  Extracted performance parameters including VOC, JSC, FF and PCE of the J-V 

curve from the reverse scan (1.3 to -0.5 V) denoted as solid lines. 

Table S3.1  Electrical conductivity of P(BTP-DPP) sequentially doped with (RuCp*mes)2. 

Conductivity values are reported for three separate regions on the same film. 

However, if a device’s conductivity was below measurable limits, then its 

value was not included in the calculation. Thus a standard deviation of N/A 

means that only one device was measured at that concentration.  

Table S3.2  Atomic percent Sulfur and Ruthenium as determined by XPS and 

corresponding monomeric dopant per repeat unit and weight percent 

RuCp*mes in films. For dopant solution concentrations not measured using 

XPS denoted by *, the natural logarithm relationship given in the last section 

was used to approximate weight percent.  

Table S3.3  First three optical transitions from TD-DFT theory (B3LYP/6-311+G*) for 

BTPDPP models. 

Table S3.4  Ionization potential (IP), separation of HOMO and fermi lelel and work 

funciton as a function of RuCp*mes measured by Ultraviolet photoemission 

spectroscopy (UPS).  See Figure 3.6 for graphical depiction of Table S3.4. 

Table S4.1  Atomic ratios determined by XPS survey scans of the perovskite surface with 

increasing dopant concentration. Orbitals used for comparison were Co 2p, I 

3d and Pb 4f. Ratios of elements were used to infer conclusions about 

degradation (Pb:I) and dopant coverage (Co:I).  

Table S3.4  Ionization potential (IP), separation of HOMO and fermi lelel and work 

funciton as a function of RuCp*mes measured by Ultraviolet photoemission 

spectroscopy (UPS).  See Figure 3.6 for graphical depiction of Table S3.4. 

Table S4.3  Conduction electron concentrations calculated using data from UPS. UPS does 

not measure the band gap, which was assumed here to be 1.55 eV. However, in 

literature the band gap of MAPbI3 has been reported over the range of 1.55 to 

1.60 eV. The concentration of conduction electrons is calculated using these 

two values to illustrate how small uncertainties in the energy levels can alter 

estimates for carrier concentrations. 

Table S4.4  Estimates for surface conductivity. This calculation was performed for two 

mobility values and two band-gap values to illustrate the range over which 

surface conductivity is reasonable.  
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Table S4.5  Estimate for thickness of surface doped layer. This calculation was performed 

for two mobility values and two band-gap values to illustrate the range over 

which the thickness of the doped layer is reasonable.  

Table S4.6  Photoconductivity and dark conductivity of a 1 mg/mL doped film before and 

after it has been exposed to air for 1 minute. Photoconductivity measurements 

were performed with illumination from a 525 nm LED with a photon flux of 

5.8 ×1017 photons cm-2 s-1. 

Table S4.7  Photoconductivity and dark conductivity of a film exposed to UHV (~10-7 

Torr) for 40 minutes. A control is provided since films were moved between 

gloveboxes and the container used to transport them was not completely air 

tight. Photoconductivity measurements were performed with illumination from 

a 525 nm LED with a photon flux of 5.8 ×1017 photons cm-2 s-1. 

Table S4.8  Conductivity values of 1 mg/mL doped MAPbI3 films that have been 

encapsulated using Cytop using differing annealing methods before and after 

exposure to air for 1 min. Simple exposure to vacuum after deposition of Cytop 

successfully encapsulated the doped film. This method was used for 

transporting doped films to the temperature dependent probe station.  

Table S4.9  Dark conductivity before and after photoconductivity measurement. 

Table S5.1  Carrier concentrations obtained from EPR for PDI-2T samples cast on quartz 

substrates. 

Table S5.2  Summary of extracted energy levels for PDI-2T (single layer) including: 

valence band edge (VBE), secondary electron edge (SEE), work function 

(WF), and ionization potential (IP).  

Table S5.3  Summary of extracted energy levels for the PDI-2T/MAPbI3 bilayer (PDI-2T 

surface) including: valence band edge (VBE), secondary electron edge (SEE), 

electron affinity (EA), work function (WF), ionization potential (IP) and band 

gap (BG).  

Table S5.4  Summary of extracted energy levels for MAPbI3 including: valence band edge 

(VBE), secondary electron edge (SEE), electron affinity (EA), work function 

(WF), ionization potential (IP), and band gap (BG).  The position of the 

ionization potential relative to vacuum (-5.5 eV) is consistent with that most 

often reported in literature, although there has been a reported range of -5.2 to 

-6.6 eV.    
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Chapter 1 

 

Introduction  

 

Perovskite solar cells (PSCs) have captured the focus of the photovoltaic field due to their 

ease of fabrication and high power conversion efficiencies of ~22%.[18] In PSCs, the 

perovskite active material is sandwiched between electron and hole transport layers that serve 

to extract photogenerated carriers from the perovskite and transport these charges to 

electrodes.[5] Hole transport layers are typically composed of organic semiconductors such as 

spiro-OMeTAD (2,20,7,70-tetrakis-(N,N0-di-p-methoxyphenylamine)-9,90-spirobifluorene 

)), PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) or PTAA (Poly 

(triaryl amine)).[19] In contrast, there is a variety of electron transport layers (ETLs) that result 

in high efficiency devices, including inorganic materials such as ITO (indium tin oxide), FTO 

(fluorine-doped tin oxide), TiO2 (titanium dioxide), and ZnO (zinc oxide).[20] However, ETLs 

composed of organic semiconductors are more attractive from an industrial standpoint 

because of their low temperature processing and scalability.[5] The major obstacle to use of 

organic semiconductors in ETLs is their low carrier mobility and carrier concentration, which 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
https://en.wikipedia.org/wiki/Polystyrene_sulfonate
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hinder their ability to effectively transport photogenerated carriers to electrodes and may cause 

them to act as resistors in the device series. These issues are especially prevalent in thicker 

transport layers, which would likely be the case for industrial roll-to-roll processing which is 

limited to organic layers of 100 to 300 nm.[6] In order to overcome transport issues, doping of 

organic transport layers is performed to passivate trap sites and increase the concentration of 

free carriers. Doping of the organic transport layer has numerous impacts on PSC 

performance, which several studies attribute to improvements in carrier transport.[21] The 

subject of this dissertation is to understand the additional impacts of interfacial passivation 

and bimolecular recombination as a result of the charge transfer to the surface of MAPbI3 

from either the electron transport layer or the small molecule dopant itself.  The context for 

this work is provided in this introductory chapter. To introduce this dissertation’s investigation 

of the interface between MAPbI3 and organic semiconductors, topics covered will include a 

relevant background of both systems, as well as the known impacts of using these materials 

jointly in a device. Topics include (1) an introduction to PSCs, (2) a description of perovskite 

solar cell devices, focusing on the role of the electron transport layer, (3) an overview of 

interfacial passivation outlining the surface characteristics of MAPbI3 and known passivation 

techniques, (4) a review of semiconductors that are known to be able to be surface doped using 

small molecule dopants, and (5) a background of n-type doping of organic semiconductors.  

 

1.1 Introduction to Perovskite Solar Cells 

1.1.1 Motivation for Solar as an Alternative Energy Source 
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There is a growing need to develop renewable energy sources in order to meet increased 

global consumption while limiting the release of greenhouse gases into the atmosphere. 

Potential alternative energy sources include solar, nuclear, hydropower, geothermal, wind, 

wave, tidal and biomass. Aside from nuclear power, these energy sources are tied to 

geographic locations and are likely to all play a role in the transition away from fossil fuels. 

Solar energy is a promising candidate for widespread deployment as there is unrestricted 

capacity for energy collection from photovoltaics. Current power generation and potentials of 

the most common forms of renewable energies are summarized in Table 1.1.[17]  Several 

conclusions can be drawn regarding the potential for solar energy: (1) even with deployment 

in limited land area, photovoltaics alone could produce substantially more energy than current 

need and (2) compared to other renewable sources, solar radiation is by far the largest potential 

source of energy.[22] It is therefore likely that a sustainable global energy system based on 

renewable sources will depend on solar energy as a major source. An important benefit to 

photovoltaics is that it can be used as the electricity supply in many rural and remote areas 

where power grids are not economically feasible, which is especially important in the 

developing world where people are still seeking a higher standard of living.[23] A primary 

consideration for widespread deployment will be developing technologies that can become 

economically competitive with fossil fuels. 

Table 1.1 Current generation and potentials of selected renewable energy sources.[17] The 

current global energy demand is ~17.7 Terrawatts (terra is 1012, and giga is 109). 

Power Source Current Generation 

[GW] 

Technical Potential 

[GW] 

Theoretical Potential 

[GW] 

Hydropower 1,064 1,585 4,660 

Biomass Energy 1,585 >8,750 92,000 

Solar Energy 227 >49,900 1.23 × 108 

Wind Energy 433 20,300 190,000 
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1.1.2  Introduction to Solar Cell Devices 

Solar irradiance on a semiconductor results in an absorbed photon exciting an electron 

from the valence band to the conduction band, leaving behind a hole.[22] The basis of solar cell 

devices is that electron-hole pairs can be separated by a semiconductor diode structure, 

resulting in the collection of charge carriers on opposite sides of a device in the form of 

electrical energy. A semiconductor diode is composed of a p-n junction connected to two 

electrodes. Before photon absorption, the concentration gradient of free carriers in a p-n 

junction will result in holes diffusing from the p-type region into the n-type region, and 

electrons diffusing from the n-type region into the p-type region. This leaves behind ionized 

donor or acceptor atoms that are no longer screened, creating a depletion region with an 

electric field. Upon absorption of photons in the depletion region, electrons in the conduction 

band move in the opposite direction of the  electric field (towards the n-type region) and holes 

in the valence band move in the same direction of the electric field (towards the p-type 

region).[22] Consequently, electron-hole pairs are separated and move towards opposite ends 

of the device where they are collected.  

Design of efficient solar cell devices aims for (1) maximization of the absorption of 

photons through control over the bandgap (optimum is 1.1 eV) and (2) minimization of 

recombination of photogenerated electron-hole pairs in the device.[22]  There are several 

potential recombination mechanisms that can occur: recombination through traps (defects) in 

the band gap (first order), radiative (band-to-band) recombination (second order), and Auger 

recombination (third order).[24] An illustration of these recombination pathways is given in 

Figure 1.1.[22] Trap-assisted recombination can occur both in the semiconductor bulk and at 

the surface. The concentration of surface traps is particularly high due to defects that occur as 
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a result of the abrupt termination of the crystal lattice.[22] As a result, passivation of 

surfaces/interfaces in solar cells is often key to achieving high device performance. Radiative 

recombination, in which electron and holes recombine, is simply the reverse of photon 

absorption and is the basis for devices such as lasers and light emitting diodes (LEDs). Auger 

recombination also results in the recombination of an electron-hole pair, but instead of 

reemitting a photon, the energy is transferred to third carrier. After excitation, the third carrier 

will relax thermally and release excess energy and momentum in the form of a phonon.[22]  

Quantification of solar cell performance is based on several figures of merit, namely the 

open-circuit voltage, VOC; the short-circuit current, ISC; the fill factor, FF; and the power 

conversion efficiency, PCE. It is also common to report the ISC normalized for area, or JSC. 

Figure 1.2 gives an example current-voltage curve showing how VOC, ISC and FF are 

defined.[22] An efficient solar cell will have a high VOC, a high ISC, and a FF as close as possible 

to 1. The FF is a measure of the squareness of the I–V curve and is defined as the ratio of the 

 

Figure 1.1 Carrier recombination process in solar cells: trap-assisted recombination, 

radiative recombination and Auger recombination. (From [22]) 
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maximum achieved power to the to the product of the VOC and ISC, which is always less than 

one.[22]   

1.1.3 Potential for Perovskites in Photovoltaics  

While silicon solar cells are widely commercialized, alternative photovoltaic 

technologies are of interest due to their potential to reduce costs and/or increase efficiency. 

Silicon solar cells have power conversion efficiencies (PCE)s up to 26%,[25]  benefit from long 

lifetimes of ~20 years,[26] and continue to drop in price due to mass production.[27] However, 

there is still room for improvement in the photovoltaic industry. The manufacturing process 

of silicon is very energy intensive, and usually uses rare and toxic materials like cadmium 

telluride, copper indium selenide, cadmium indium gallium di-selenide and silicon 

tetrachloride.[28] Additionally, the indirect band gap of silicon also makes it a non-ideal 

candidate for solar cell applications.   

 

Figure 1.2 Current-Voltage (I-V) curve of a solar cell showing how ISC, VOC and FF are 

defined. Fill factor is the ratio of the maximum achieved power to the product of the VOC 

and ISC, and is always <1. (From [22]) 
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In the past decade, a new solar cell technology has emerged that shows a great deal of 

promise called perovskites. The first perovskite CaTiO3 was discovered in 1839, and was 

named after Russian mineralogist Count Lev Perovski. Collectively, perovskites are termed 

all compounds that adopt the crystal structure of CaTiO3,
[29] although in recent years 

“perovskite” is commonly assumed to refer to the photovoltaic subset of these compounds. In 

2009, Tsutomu Miyasaka of Toin University in Japan fabricated a new type of solar cell made 

of the organometal halide perovskite CH3NH3PbI3 (or frequently abbreviated MAPbI3) with a 

conversion efficiency of 3.8%.[30] Currently the highest efficiency PSCs approach 22%,[18] 

which is similar to the performance of commercial silicon cells. In addition to attaining similar 

performance levels (albeit in a laboratory environment), perovskites could offer several 

advantages over silicon: processing occurs close to room temperature, successive layers of the 

device stack are deposited using easily scalable methods, and the composition consists of earth 

abundant materials. Furthermore, it may be desirable to create tandem solar cells of silicon 

and perovskites  to more efficiently harvest higher energy photons.[31] This is a result of the 

differing band gaps of silicon and MAPbI3, which are 1.1 and 1.6 eV respectively.  

 

1.1.2 Semiconductor Properties of MAPbI3  

Hybrid halide perovskites have the chemical composition of ABX3, where the A site is a 

monovalent, non‐coordinating cation (methylammonium (CH3NH3 or “MA”), 

formamidinium (HC(NH2)2 or “FA”) or Cs), the B site is a bivalent p‐block metal (typically 

Pb, Sn and Ge), and the X site is a halide anion (iodide (I−), chloride (Cl−), or bromide (Br−)), 

which coordinates to the metal.[29] The perovskite composition that has received the most 

attention in recent years is MAPbI3 (Figure 1.3),[32] although many compositional variations 
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have been investigated to improve performance, stability, or environmental compatibility. The 

crystal structure of halide perovskites consists of corner sharing [BX6] octahedra, with an A 

cation occupying the central cuboctahedral cavity.[29] The crystal structure of 3D perovskites 

has a very high lattice stabilization energy,[33] which allows it to form even with variation in 

processing conditions and precursor concentrations.  

MAPbI3 has proven to be a remarkable candidate for photovoltaic applications due to 

semiconductor properties such as a direct bandgap which is responsible for very strong optical 

absorption (α ≈105 cm−1),17 very low trap densities (~1010 cm−3),[34] high 3D mobility (>100 

cm2V-1s-1) due to a corner connected network of octahedra[35] and small effective masses of 

charge carriers,[36] large exciton diffusion lengths (150 µm),[35] and photon recycling 

following radiative recombination.[37]  

As part of its character as an ionic semiconductor, vacancy defects play a major role in 

perovskite devices. This results in a diode structure of p-i-n formed in MAPbI3 solar cells. P-

 

Figure 1.3 Crystal structure of cubic metal halide perovskites with the generic chemical 

formula ABX3. Organic or inorganic cations occupy center position A (depicted is MA) 

whereas metal cations and halides occupy the B (grey) and X (purple) positions 

respectively. (From [32]) 
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type doping is created by the presence of lead and methylammonium vacancies; N-type doping 

is created by the presence of iodine vacancies.[38] Under an applied electric field, as occurs in 

photovoltaic operation, vacancies drift to the corresponding electrodes and create a p-i-n 

structure,[38] where “i” is an intrinsic (undoped) layer between the p- and n-type layers.  It is 

not unprecedented in solar cells devices to use a p-i-n diode rather than a conventional p-n 

diode.  P-i-n structures can be desirable in solar cells when charge carriers have low mobilities 

and thus are unlikely to encounter one another, because charge carrier creation is enhanced by 

the built in electric field extending over a larger absorption width. However, in systems with 

high mobility charge carriers, p-i-n structures lead to a high recombination rate of electrons 

and holes due to the region where recombination occurs (i.e. n≈p or intrinsic) is larger. 

Consequently, it is likely that perovskite solar cells would have higher performance if a p-n 

structure could be engineered. 

In comparison to other high performance semiconductors, there is a lack of knowledge 

about how to dope perovskite systems. For perovskites to be a candidate for a wider range 

semiconductor applications, it is essential to understand how to manipulate the Fermi level 

and increase the number of charge carriers. Doping has proved challenging as a result of the 

complex crystal structure of MAPbI3, making it difficult to find substitutional atoms with the 

correct charge within the tolerance factor of the lattice. Currently, the only published method 

of controlling the charge carrier concentration is to vary the ratio of MAI and PbI2 in the 

precursor solution in order to create vacancies.[39,40] There have been several other reports of 

doping in literature, but these studies are controversial.[41–44] Criticisms include that 

improvements in electrical performance may be the result of dopants changing the 

crystallization process.[21] In contrast to traditional doping via introducing impurity atoms, the 
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surface transfer doping technique investigated in this thesis is analogous to modulation 

doping. Modulation doping is used in conventional semiconductor systems such as GaAs 

when very high carrier mobilities are desired.[45] Modulation doping is performed by 

successive deposition of different semiconductor materials in which free carriers from a doped 

layer enter an intrinsic layer, which serves to create free carriers that are spatially separated 

from impurity donors. Thus, modulation doping avoids introducing impurity atoms that would 

act as donor-carrier scattering centers in the semiconductor layer of interest.  

 

1.2 Perovskite Solar Cell Devices 

1.2.1 Architectures of Perovskite Solar Cells 

In PSCs, the perovskite absorber material is sandwiched between an electron transport 

layer (ETL) and hole transport layer (HTL), which serve to transport charge carriers to 

electrodes. The remarkable performances of PSCs is not limited to any specific device architecture 

(n-i-p or p-i-n) or choice of material of the transport layers. The three most common solar cell 

architectures are mesoscopic, conventional planar, and inverted planar, which are depicted in 

Figure 1.4.[5] The mesoscopic device architecture (n-i-p)  is the most commonly reported and 

is typically composed of  a stack of a transparent conducting substrate (e.g. FTO), an electron-

transport layer (ETL) composed of compact TiO2, a mesoporous scaffold layer , a perovskite 

layer, a hole transport layer (HTL), and a high-work-function (WF) electrode.[5] In some 

devices, the mesoporous TiO2 scaffold is coated with PCBM ([6,6]-Phenyl C61 butyric acid 

methyl ester) to create a bilayered ETL in order to take advantage of PCBM passivation of 

oxygen defects that are present on the TiO2 surface.[46] Planar device architectures (n-i-p) have 

a similar stack structure, but lack the mesoporous scaffold.[5] Their electron transport layers 
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are composed of compact metal oxides such as TiO2, ZnO or SnO2.
[5] The downside to these 

device architectures is that the use of metal oxides as the ETL requires high annealing 

temperatures (<450°C), which can be an obstacle to commercialization and would lead to 

degradation of substrates in flexible devices. Another alternative structure is the inverted planar 

device structure (p-i-n), which employs a transparent conducting substrate (e.g., ITO), an 

HTL, a perovskite layer, an ETL, and a low-WF metal electrode.[5] In this structure, typically 

organic semiconductors are used as both the HTL and ETL, which allows for low temperature 

fabrication (<150°C).  PCBM has an added advantage as an ETL because it provides more 

efficient charge extraction from perovskites than metal oxide layers do.[47]  

 

 

Figure 1.4 Structure diagram of perovskite solar cell device architectures. (a) Mesoscopic 

PSCs, which can include: (left) conventional mesoscopic and (right) hole transport layer-

free architectures.  (b) Planar PSCs, which can include: (left) conventional planar, (middle) 

compact layer-free and (right) inverted planar architectures.  



 

 12 

1.2.2 Role of Electron Transport Layers 

The presence of transport layers in PSCs is necessary to prevent contact between MAPbI3 

and metal electrodes, which may react and lead to degradation of the perovskite.[2–4]  ETLs 

serve to extract and transport photo generated electrons and act as a blocking layer for holes 

to suppress charge recombination.[5] There are numerous characteristics to consider for the 

choice of an ETL: energy level alignment, electron mobility, passivation of surface trap sites, 

and morphological contact to the perovskite surface.22 These factors determine charge 

extraction, transfer and recombination at the interface, which play important roles in 

determining device performance. The impact of these factors can be summarized as follows: 

 Energy level alignment between the ETL and perovskite facilitates electron 

extraction,[15] which impacts the VOC. The VOC is also influenced by the energy difference 

between the Fermi levels of the ETL and HTL.  

 Carrier mobility should be high in order for electrons to be efficiently transported 

through the ETL and collected at the electrodes, which impacts the ISC. 

 Trap sites at the perovskite surface and grain boundaries can lead to carrier 

recombination, which will impact the VOC.  Some ETLs, such as PCBM, have been shown 

to be able to passivate defect sites.[48]  

 Morphology is important since good contact between the perovskite and ETL is 

necessary for efficient charge extraction. This is often cited as the cause for poor 

performance in heavily doped organic ETLs because dopant aggregates disrupt contact of 

the ETL with the perovskite surface.[49,50]  

 

1.3 Passivation of Interfaces in MAPbI3 Solar Cells 
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Surface and interface passivation is one of the most commonly used strategies to improve 

the photovoltaic performance of PSCs.[51] Reports have shown that the interfaces between 

various functional layers are essential to the performance of a device.[52,53] Typical PSCs in 

the inverted device structure contain six main interfaces, including (1) the interface between 

the transparent conductive oxide and hole transport layer (HTL); (2) the interface between the 

hole transport material and perovskite; (3) interfaces at perovskite grain  boundaries; (4) the 

interface between the perovskite and electron transport layer (ETL); (5) the interface between 

the electron transport layer and electrode, and (6) the interface between the electrode material 

and atmospheric environment.[51] Charge recombination processes usually take place at the 

interfaces due to the high concentration of defects that occur at the surface termination of 

crystal lattices. In recent years, there have been numerous approaches developed to 

accomplish interfacial passivation; this section will outline approaches related to organic 

transport layers.  

 

1.3.1 Surface Characteristics of MAPbI3 

Crucial to insight of how to develop passivation techniques is a fundamental 

understanding of the types and densities of defects that form at surfaces. The bulk and surface 

trap density of MAPbI3 have been reported as 5 × 1016 cm−3 and 1.6 × 1017 cm−3 respectively 

measured with time-resolved photoluminescence.[54] The surface trap density of MAPbI3 is 

low compared to conventional covalent semiconductors.  This  can be illustrated by the fact 

that MAPbI3 thin films have reported surface and grain boundary recombination velocities of 

≈150 cm/s and ≈7 cm/s respectively,[9] which are several orders of magnitude smaller than the 

surface recombination velocity of unpassivated silicon ~106 cm/s.[55] 

https://www.sciencedirect.com/topics/materials-science/oxide
https://www.sciencedirect.com/topics/materials-science/electron-transfer
https://www.sciencedirect.com/topics/materials-science/defect-density
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There have been numerous studies on the chemical composition of the surface 

termination of MAPbI3. Theoretical studies of MAPbI3 indicate that formation energies of 

MAI-terminated slabs are much lower than those of PbI2-terminated slabs.[56] This can be 

attributed to two causes: (1) the MAI-terminated slab has a lower density of surface dangling 

bonds, and (2) the MA-I bond is weaker than the Pb-I bond, which typically results in lower 

surface energy.[56] Despite energetic considerations, processing outcomes are likely to be the 

decisive factor in determining surface termination. The low thermodynamic stability of 

MAPbI3 and higher volatility of methylammonium (MA) and iodide relative to lead, can cause 

these species to be sublimed during the annealing process following spin-coating,[57,58] 

resulting in under-coordinated Pb2+ atoms at the crystal surface.[59] Theoretical and 

experimental studies have shown that these under-coordinated Pb2+ atoms can act as electronic 

trap states within the perovskite material.[40,60] Therefore, the purpose of some passivation 

routes is to use the net charge of Pb2+ atoms to create coordination, or bond formation with 

electron donating or sharing species.[59,61,62] 

Another consideration is the energetic position of recombination centers within the 

bandgap. The low surface and grain boundary velocities of MAPbI3 thin films indicate that 

the density of these recombination centers is relatively low, albeit still existent.[9] In many 

computational and experimental studies, trap‐assisted recombination is identified as the 

dominant recombination pathway, primarily caused by the presence of electron traps near the 

center of the band gap.[10–14]   Consequently, a second route for passivation could be to shift 

the position of the Fermi level such that the recombination center becomes passivated.  

Both the surface termination and Fermi level position were considered in the passivation 

technique outlined in this dissertation. N-type doping of the surface of MAPbI3 via electron 
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transfer from the ETL is energetically favorable due to the positive charge on the Pb2+ 

terminated surface. In addition, n-type doping also results in a Fermi level shift towards the 

conduction band, which would passivate mid-gap recombination centers. The most common 

forms of surface passivation reported in literature to date are also described below. These 

studies were used as a guide for developing design principles and identifying the type of 

techniques used to determine if surface passivation was achieved. 

 

1.3.2 Surface Passivation by PCBM and Fullerene Derivatives 

Employment of PCBM and other fullerene derivatives as the ETL is a commonly used 

method to passivate the surface of perovskites. This effect was first reported by the Huang 

Group, who showed that annealing of a PCBM/perovskite stack resulted in the fullerene’s 

diffusion into grain boundaries and surface defects.[48] Passivation of surface traps was 

confirmed by the significant increase in the photocurrent response speed (Figure 1.5(a)), and 

a substantial increase in PL intensity (Figure 1.5(b) & (c)).[48] PCBM passivation leads to 

higher device performance by improving various electrical properties: reduced charge carrier 

recombination at the interface, longer charge carrier lifetime, and higher mobility in the ETL. 

Other fullerene derivatives, such as intrinsic fullerene (C60) or IC60BA have also been reported 

to have a similar effect.[63] It is believed that the mechanism behind the fullerene passivation 

is a result of PCBM adsorbing onto the Pb-I antistite defective grain boundary (Figure 

1.5(d).[64]   

https://www.sciencedirect.com/topics/materials-science/grain-boundary
https://www.sciencedirect.com/topics/materials-science/surface-defects
https://www.sciencedirect.com/topics/materials-science/charge-carriers
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1.3.3 Surface Passivation by Lewis Bases 

Snaith et al. developed a surface passivation method by coating the perovskite surface 

with the Lewis bases thiophene, pyridine, and iodopentafluorobenzene (IPFB).[59,65] Lewis 

base treatment resulted in PCE increases from 13% for the untreated solar cells to 15.3% and 

16.5% for the thiophene and pyridine-treated solar cells respectively.[59] This performance 

improvement originated from reduced non-radiative electron–hole recombination, which led 

to an increase in carrier lifetimes by nearly an order of magnitude (up to 2 μs) (Figure 1.6(a)), 

as measured by time-resolved photoluminescence.[59] The proposed mechanism for this 

increase is that Lewis bases bind to and screen the electrostatic charge of under-coordinated 

 

Figure 1.5 Evidence of PCBM passivation of the MAPbI3 surface. (a) Photocurrent upon 

turning on and turning off the incident light for the devices with and without PCBM. (b) 

Schematic of the blue-shift of the PL peaks due to the passivation effect. (c) The PL spectra 

of perovskite films measured with PCBM from the air side (dark blue), from the ITO side 

(pink), and perovskite films without a PCBM layer from the air side (orange), and from 

the ITO side (sky blue). (d)  Passivation schematic of PCBM adsorbing onto Pb-I antistite 

defective grain boundary which acts as a deep trap. (From [48] and [64]) 
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Pb2+ atoms at the film’s surface that would otherwise act as trap sites.[59] A carton of this 

mechanism is given in Figure 1.6(b) & (c).[59]  

 

1.4 Surface Transfer Doping 

An intrinsic semiconductor is a pure semiconductor without any dopant species present, 

resulting in a Fermi level that is positioned in the center of the band gap. However, for many 

applications, semiconductors are doped to increase the concentration of free carriers, leading 

to increased electrical conductivity and a shift in the Fermi level position. Conventional 

doping is usually achieved by ion implantation via bombarding the semiconductor with 

energetic ions (dopants) followed by thermal annealing. This incorporates external impurity 

atoms into the host lattice of the semiconductor. Depending on the relative number of valence 

 

Figure 1.6 Evidence and mechanism for Lewis base passivation of the MAPbI3 surface. 

(a) Time-resolved photoluminescence of thiophene- and pyridine-passivated perovskite 

surfaces as compared to a bare perovskite surface following a 507 nm pulsed excitation. 

(b) Sublimation of iodine at the surface of the perovskite leads to vacancy sites (depicted 

as hollow boxes) and a net 2+ charge on Pb atoms (shown in green). The surface net 

positive charge acts as a Coulombic trap for photo generated electrons. (b) Thiophene or 

pyridine molecules can donate electron density to Pb atoms by formation of a covalent 

bond, effectively neutralizing the excess surface positive charge. (From [59] "Reprinted 

(adapted) with permission from (Noel, N. K.; Abate, A.; Stranks, S. D.; Parrott, E. S.; 

Burlakov, V. M.; Goriely, A.; Snaith, H. J. Enhanced Photoluminescence and Solar Cell 

Performance via Lewis Base Passivation of Organic–Inorganic Lead Halide Perovskites. 

ACS Nano 2014, 8 (10), 9815–9821). Copyright (2014) American Chemical Society." ) 

 



 

 18 

electrons, the dopants can either donate excess electrons as negative free charge carriers to the 

conduction band (n-type doping), or can accept additional electrons from surrounding atoms, 

leaving positively charged holes as free charge carriers in the valence band (p-type doping). 

While this method of doping is well established, there are some classes of semiconductors and 

applications for which it is unsuitable which require the development of doping techniques 

that are less structurally disruptive.[66]  

Nanostructured materials such as one-dimensional (1D) nanowires and two-dimensional 

(2D) nanosheets experience severe crystal damage as a result of bombardment with dopant 

ions. Consequently, developing new strategies to effectively dope nanostructured 

semiconductors has recently been of interest. For carbon and phosphorus based 

semiconductors such as carbon nanotubes (CNTs), graphene, phosphorene and organic 

semiconductors, a nondestructive method of doping can be performed by electron transfer 

between the semiconductor and molecular dopants on its surface.[67] The prerequisites for 

surface doping for these semiconductors are based on energetics: the LUMO of the molecular 

dopant must be close to or below the Valence Band Maximum (VBM) of the semiconductor 

for p-type doping, or the HOMO of the dopant must lie close to or above the Conduction Band 

Minimum (CBM) of the semiconductor for n-type doping. The additional prerequisite of a 

lack of surface states is not relevant for low dimensional semiconductors. 

Surface doping has been illustrated for several three dimensional semiconductors, such 

as silicon and diamond.[68,69] For bulk semiconductors, this doping method results in a free 

carrier distribution that is localized near the surface, due to the electric field created by the 

interfacial charge separation.[66] However, localization still allows charge carriers to freely 

move parallel to the surface. This technique is thus not suitable for bulk doping but is of 
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interest for surface/interface engineering. For charge transfer to occur, surface treatment must 

be carried out for covalent semiconductors that have surface reconstructions from the bulk or 

oxide layers. The surface treatment (e.g. hydrogenation for diamond and alkylation for 

silicon)[68,69] induces surface passivation by removing interfering surface states from the gap 

and lowering the ionization energy sufficiently to facilitate electron transfer.[70] Charge 

transfer from small molecule dopants to semiconductor surfaces is not a universal occurrence 

as the reaction is highly dependent on the nature/quantity of surface states.  

Surface transfer doping involves significant interfacial charge transfer that results in 

band-bending of the surface.[66] When the semiconductor and small molecule dopant come 

into contact, the Fermi levels equilibrate by driving electrons from the valence band of the 

semiconductor to the empty acceptor levels of the dopant (p-type), or from the full donor level 

of the dopant to the conduction band of the semiconductor (n-type). Fermi level equilibration 

can also occur between semiconductors in contact. As a result of the interfacial charge 

transfer, free carriers are created near the semiconductor surface, leaving behind charged 

dopant molecules. Together this builds up a space-charge layer that induces band bending of 

the semiconductor surface. Band bending can be so drastic that the Fermi level of the 

semiconductor can be in the degenerate regime.[66]  

 

1.5 N-type doping of Organic Semiconductors 

1.5.1 Molecular Doping Overview 

Doping of inorganic and organic semiconductors is achieved via two distinct strategies. 

For inorganic semiconductors, doping is accomplished by substitution of an atom or addition 

of an interstitial atom within the crystalline matrix. These impurity atoms either add electrons 
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to donor states near the conduction band edge (n‐type doping), or provide empty acceptor 

states near the valence band edge (p‐type doping). In contrast, doping in organic 

semiconductors is accomplished by blending with small molecules that either accept or donate 

electrons.[71,72] It is possible to dope organic semiconductors with single atoms, however this 

route leads to dopant diffusion that causes poor device performances and lifetimes.[71,72] 

Molecular doping circumvents diffusion issues by controlling the molecule's size or shape to 

create bulkiness. This poses an additional challenge for incorporating high dopant 

concentrations that don’t disrupt the structural quality of organic semiconductors.  

The driving force for small molecules to dope organic semiconductors is based on their 

relative energy level positions. For effective charge transfer, the ionization energy, I.E., (the 

HOMO level) of the small molecule must lie close or above the electron affinity, E.A., (the 

 

Figure 1.7 Scheme of p-type doping (left) and n-type doping (right) of organic 

semiconductors. In p-type doping the dopant molecule acts as an electron accepter. In n-

type doping the dopant molecule acts as an electron donor. 
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LUMO level) of the semiconductor for n-type doping, or the electron affinity, (the LUMO 

level) of the small molecule must lie close or below the ionization potential (the HOMO level) 

of the semiconductor for p-type doping (Figure 1.7). In some instances, activation energy in 

the form of light or heat is necessary for charge transfer to occur and to dissociate the electron 

transfer complex into free carriers (carriers not bound to the now ionized dopant molecule).[73]  

 

1.5.1 Classes of Molecular N-type Dopants 

The electrical performance of n-type organic semiconductors has lagged behind that of 

p-type semiconductors. The highest reported conductivities for stable p-doped polymers are 

~1000 S/cm for materials such as PEDOT:PSS and solution-processed poly(alkyl-thiophene) 

derivatives. [74–77] In contrast, the highest conductivities for n-doped polymers reach ~1 to 10 

S/cm[78–80] with only unstable alkali-metal-doped polyacetylene reaching 1500 S/cm.[81] 

Doping of n-type organic semiconductors has proved challenging due to their relatively 

shallow electron affinities (EA) of -3.5 to -4.5 eV which make them prone to dedoping when 

exposed to the ambient atmosphere. Accordingly, much of the work to develop new n-dopants 

has focused on enhancing the air-stability of either the precursor dopant or the doped charge 

transfer state.[71] Strategies for n-type doping generally fall into three different categories: (1) 

Alkali metals, (2) molecular compounds with very high HOMOs, and (3) air-stable dopant 

precursors that can donate electrons upon incorporation into a film. Alkali metals can come 

in the form of elemental dopants (such as Li, Na, K, and Cs), or inorganic solids (such as oxy 

metal salts of the general form X2CO3 where X = Li, Na, K, Rb, Cs, as well as Cs3PO4, 

Cs3VO4, CsN3, and Li3N).[72] Alkali metal dopants have diffusion issues due to their small 

size, consequently they will not be discussed further in this section. A brief overview of 
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molecular dopant classes will be described below. To accompany this description, Figure 1.8 

gives the chemical structure of the classes of molecular dopants with examples.  

Strategy 2: Molecular compounds with very high HOMO levels 

 This class of dopants has a simple charge transfer mechanism due to their low 

ionization energies. As a consequence, dopants are sensitive to air and must be stored in a 

nitrogen environment, making them less appealing for industrial applications. There is a 

variety of examples within this dopant class, including tetrathiafulvalene (TTF) and its 

derivatives,[82] tetrathianaphthacene (TTN),[83] metal complexes such as [Ru(terpy)2]
0, 

[Cr(bpy)3]
0, and [Cr(TMB)3]

0,[84] and dimetal complexes such as Cr2(hpp)4 and 

W2(hpp)4.
[85–87] Additionally, cobaltocene and decamethylcobaltocene (DMC) are also 

part of this class of dopants, and were utilized in part of this dissertation. Cobaltocene and 

decamethylcobaltocene result in strong n-type doping as a result of their solid-state 

ionization energies of -4.07 and -3.30 eV respectively.[88,89] 

Strategy 3: Air‐stable precursor molecules that can donate an electron 

 Hydrides: This class of dopants couples a chemical reaction to the electron transfer 

process. The dopant donates a hydride atom to the organic semiconductor, which is 

followed by electron transfer. The exact mechanism for this reaction likely varies for the 

specific dopant/organic semiconductor system. The doping mechanism for this class of 

dopants is distinct from others with solely electron transfer, so the energetic prerequisites 

for electron transfer are not entirely determined by the alignment of the dopant HOMO 

and the organic semiconductor LUMO. Rather, the effectiveness of doping depends on the 

free energy of electron transfer from dopant radical to the organic semiconductor and on 

the difference in the strengths of the dopant–H bond and the organic semiconductor C−H 
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bond formed as a result of hydride transfer.[72] The most well-known dopant of this class 

is N-DMBI (4-(1,3- dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)- dimethyl 

amine).[90]  

 Anion Doping: This class of dopants is composed of soluble Lewis base anions that 

will electron transfer to an electron-deficient π system (π-acid) with a positive quadrupole 

(a distribution of electric charge consisting of four equal monopoles) moment.[91] Design 

of organic semiconductors for anion doping requires the molecular core to have high 

strength π-acidity.  In addition, the standard prerequisite for the dopant, that the HOMO 

of the dopant must be higher than the LUMO of the organic semiconductor, must also be 

met for efficient electron transfer. Examples of demonstrated anion dopants are TBAX 

salts (X− = F−, Br−, I−, AcO−, HO−).[92]
 

 Cationic Dyes: This class of dopants uses precursors that donate an electron to organic 

semiconductors by being activated by heat and/or illumination. Cationic dyes such as 

pyronin B chloride,[93] crystal violet,[94] and halide salts such as o-MeO-DMBI-I (2-(2-

methoxyphenyl)-1,3-dimethyl 1H-benzoimidazol-3-ium iodide)[95,96] consist of an organic 

cation and an inorganic counter ion.[72] Upon evaporation, the inorganic counter ion is lost 

and the remaining neutral radical becomes volatile and has strong electron donor 

characteristics. A leuco radical can also form during evaporation, which has weaker 

electron donating abilities than the neutral radical. The mechanism for electron transfer 

from the leuco radical requires light activation, which excites an electron from the HOMO 

to LUMO level of the dye. Subsequently, electron transfer occurs to the LUMO of the 

organic semiconductor. The n‐doping effect becomes permanent by the stabilization of the 

positive charge on the dopant by hydride transfer to the organic semiconductor.[71,97]  
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 Dimers: This class of dopants is based on the concept that an air-sensitive dopant 

radical can be stabilized by dimerization through a weak central C−C σ bond. The doping 

mechanism can either proceed by electron transfer followed by cleavage of the dimer or 

cleavage of the dimer followed by electron transfer.[98] There are several advantages to 

this class of dopants: (1) dopant precursors that are stable in air, (2) dopants can be both 

solution and vacuum processed, and (3) the size of the dopant cation is tunable to enable 

some control over ion diffusivity, deposition rate and morphological effects.[72] Currently, 

most dimer n-dopants are synthesized by alkali metal reductions, which presents a barrier 

to their widespread use. Dimers of 19-electron metallocenes were first reported as n-

dopants by the Marder and Kahn groups.[98,99] In addition, dimers of DMBI compounds 

have also been developed by the Bao and Marder groups.[100]  

 

1.5.2 Structural Considerations for the Organic Semiconductor 

 

Figure 1.8 Several molecular dopant classes with illustrations of examples dopants, 

including N-DMBI (hydride transfer dopant), TBAX (anion dopant), pyronin B (cationic 

dye dopant), (RuCp*mes)2 (dimer dopant) and cobaltocene (high HOMO dopant).  
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From a design standpoint, the structure of n-type organic semiconductors will vary based 

on the desired application. One common application is thin film transistors (TFTs), which are 

designed to be highly crystalline in order to promote high carrier mobility. The effectiveness 

of doping a common n-type polymer designed for this application was studied by Schlitz et 

al.[101] In this study, P(NDIOD-2T) (Poly{[N,N'-bis(2-octyldodecyl)naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)}) (reported mobility of 0.85 

cm2/Vs)[102,103] was doped with the n-type dopant N-DMBI (Figure 1.9(a)&(b)). Maximum 

conductivities of ~10-3 S/cm were achieved for a doping concentration of a repeat unit: dopant 

ratio of 10:1. An estimation based on the conductivity equation σ = n×q×μ and measurement 

of mobility (μ) based on field effect transistors indicated that the corresponding carrier 

concentration (n) is ~1017 cm-3.[101] This implies that only 1% of the dopant molecules 

introduced into solution were active and create free carriers. Typically, heavily doped systems 

with a 1:1 polymer repeat unit: dopant ratio have carrier concentrations between ~1020 to 1021 

cm-3. [104] To determine why so few dopants were active, the film morphology was 

characterized using atomic force microscopy (AFM), transmission electron microscopy 

(TEM) and grazing incidence wide angle scattering (GIWAXS). AFM indicated that large 

dopant aggregates were present on the film surface (Figure 1.9(c)&(d)). TEM (Figure 1.9(e)) 

and GIWAXS (Figure 1.9(f)&(g)) indicated that P(NDIOD-2T) was highly ordered and the 

structure was not significantly perturbed upon doping. These observations were used to 

conclude that there is poor dopant/polymer miscibility due to the high crystallinity of 

P(NDIOD-2T), which results in dopant aggregation on the surface while the polymer matrix 

remains unchanged. This study provided inspiration for design considerations to create 

polymer structures that would promote dopant/polymer miscibility. In this dissertation, 
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doping of organic semiconductors with glassy ordering are investigated because they promote 

free space for dopants to pack. Development of high conductivity systems is relevant to 

applications such as organic thermoelectrics and integrated circuits. Additionally, having 

 

Figure 1.9 Summary of study of polymer: dopant miscibility in a highly crystalline 

polymer by Schlitz et al. Chemical structures of (a) the semiconducting polymer 

P(NDIOD‐T2) and (b) n‐type dopant N‐DMBI. Atomic force microscopy (AFM) images 

of (c) neat P(NDIOD‐T2) and (d) P(NDIOD‐T2) doped at 9 mol.% N‐DMBI showing 

dopant aggregate formation on the surface. (e) Transmission electron microscopy (TEM) 

reveals the highly ordered structure of N‐DMBI doped P(DNIOD‐T2) illustrated by clear 

reflections from the polymer backbone. (f) Grazing incidence X‐ray diffraction detector 

images for (left) P(NDIOD‐T2) annealed at 150 °C for 6 hours and (right) P(NDIOD‐T2) 

doped at 25 mol.% N‐DMBI and annealed at 150 °C for 45 minutes. The detector images 

are qualitatively indistinguishable for both processing conditions. (g) Accompanying line 

cuts along the qz (top) and qxy (bottom) directions. (From [101]) 
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control over the dopant concentration in PSC ETLs is essential to understanding the effects of 

charge transfer. 

 

1.5.4  Known Impacts of Doping Organic Electron Transport Layers  

The rise of PSCs has created an additional application for doped organic semiconductors, 

which requires investigation of design principles for high performance. Organic 

semiconductors are limited in their use as transport layers for PSCs by their low mobility and 

electrical conductivity, which are detrimental to their ability to efficiently transport electrons 

to electrodes and may cause the ETL to act as a resistor in the device series. In order to 

overcome this issue, doping can be used to passivate trap sites and increase the concentration 

of free carriers through electron transfer.30,36–38 The impact of doping has a complicated 

interaction between the ETL and the perovskite surface, leading to changes in solar cell 

performance by varying doping concentration. There have been several attempts in literature 

to try to understand this relationship.  

Liao et al recently performed a detailed study of doping PCBM with 

decamethylcobaltocene (DMC) and characterized the impact on various properties that dictate 

the performance of ETLs.[15] This study was performed using the mesoporous bilayer device 

architecture in which the TiO2 scaffold was coated with PCBM (Figure 1.10(a)). Doping 

resulted in the desired adjustments in electrical properties of PCBM films, with an increase in 

conductivity of ~10-7 S/cm to ~10-4 S/cm and an increase in mobility of ~10-5 cm2/Vs to ~10-

4 cm2/Vs upon doping (Figure 1.10(b)). Doping resulted in induced shifts in the LUMO level 

of PCBM from -3.87 eV (neat) to -4.04 eV (0.1 wt% doping), illustrating that doping can be 

used to tune the interfacial energetic barriers at the PCBM/MAPbI3 interface in order to 
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achieve better alignment (Figure 1.10 (c)). Time-resolved photoluminescence was used to 

confirm improved interfacial energy alignment; a reduced carrier lifetime was measured for 

doped PCBM as compared to neat, suggesting efficient extraction of photogenerated carriers 

from the perovskite active layer. Doping PCBM also improved the wettability of GBL (γ-

Butyrolactone) and DMSO (dimethyl sulfoxide) on the surface of the TiO2/PCBM bilayered 

ETL. This resulted in the average grain size of perovskite films increasing from 100 to 300 

nm upon doping at 0.1 wt%. Another morphological effect that occurred upon doping PCBM 

was reduced surface roughness on TiO2, which was believed to lead to better interfacial 

contact with the perovskite active layer. These effects would only be a consideration in 

conventional planar (n-i-p) devices.  Additionally, doping PCBM was shown to alter the trap 

density of states (tDOS) of the underlying TiO2 layer, by reducing the shallow trap density of 

states from 0.25 to 0.3 eV by two orders of magnitude, which was attributed to improved 

contact of doped PCBM passivating interfacial traps (Figure 1.10 (d)). This technique was not 

also used to study the tDOS of MAPbI3 when in contact with doped PCBM. Solar cell 

performance (including FF, VOC and JSC) initially increases with doping concentration and 

then decreases (Figure 1.10(e)). Improvement of the VOC upon doping is attributed to better 

energy level alignment at the interface of PCBM/MAPbI3. Improvement of the JSC is attributed 

to larger grains in the MAPbI3 film as well as enhanced transport of photogenerated carriers 

in PCBM as a result of higher mobility. Improvement in FF is attributed to good interfacial 

contact of doped PCBM with MAPbI3 as well as reduced series resistance, which was 

confirmed using impedance spectroscopy. Hysteresis was also observed to be reduced for 

doped PCBM, which was identified as being the result of better interfacial contact.[15] 

Additionally, trap states in the perovskite layer were also identified as a potential cause for 
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hysteresis, but the effects of MAPbI3 contact with a doped ETL layer were not investigated.  

Additional evidence of MAPbI3 surface passivation could be present in the results of this study 

as there was a substantial increase in steady-state photoluminescent intensity for the 

ETL/MAPbI3 device stack for doped PCBM (Figure 1.10 (f)).[15] 

 

 

Figure 1.10 Summary of study of ETL performance reported by Liao et al on the effect of 

doping PCBM with DMC. (a) A diagram of the n-i-p device structure utilizing a bilayered 

TiO2/ PCBM:DMC ETL. Also depicted are the chemical structures of PCBM and DMC. 

(b) Conductivity of DMC doped PCBM films with varying dopant concentration. (c) 

Schematic of energy levels determined by UPS for TiO2, PCBM (before and after doping), 

and MAPbI3. (d) tDOS distribution for TiO2, TiO2/PCBM and TiO2/PCBM:DMC showing 

passivation of shallow traps of TiO2 when PCBM is doped. (e) J-V cures of solar cells 

utilizing ETLs of TiO2, TiO2/PCBM and TiO2/PCBM:DMC with varying dopant 

concentrations. Maximum PCEs are obtained for 0.1 wt% DMC. (f) PL spectra of MAPbI3 

deposited on top of TiO2/PCBM and TiO2/PCBM:DMC bilayers. (From [15] “Reprinted 

(adapted) with permission from (Ye, Q.-Q.; Wang, Z.-K.; Li, M.; Zhang, C.-C.; Hu, K.-H.; 

Liao, L.-S. N-Type Doping of Fullerenes for Planar Perovskite Solar Cells. ACS Energy 

Lett. 2018, 3 (4), 875–882). Copyright (YEAR) American Chemical Society.") 
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There have also been numerous reports in literature that explore doping concentration in 

organic ETLs in the inverted planar device structure (p-i-n), which was the architecture used 

in this dissertation to investigate solar cell performance. Several of these studies have focused 

on PCBM: solution cast with N-DMBI (4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-

N,N-dimethylbenzenamine) (1, 3, 5 wt%),[21,49] sequentially cast with N-DMBI (0.4, 0.7 and 

1 wt%)[50], and solution cast with decamethylcobaltocene (DMC) (0.05, 0.1, 0.5, 1 wt%).[15] 

Other studies have focused on several other organic semiconductor/dopant systems: di-

perylene diimide (diPDI) doped with DMBI (0.5, 1, 3, 5 wt%)[105], C60 doped with (N‐DPBI) 

(4-(1,3-dime-t h yl - 2 , 3 - d i h yd r o - 1 H - b en z i m i d az o l  - 2 - y l ) - N , N -

d i p h en yl an i l i n e )  (0, 0.5, 1, 5, 10 wt%)[106], and c-   HATNA doped with Et3N (1, 3, 5 

wt%).[107] It is a common theme in these studies that fill factor, VOC and JSC all initially 

increase with doping concentration and then decrease. The increase is attributed to improved 

electron mobility and conductivity, leading to better carrier transport in the ETL. The decrease 

is attributed to degraded morphology as a result of aggregate formation due to heavy doping, 

leading to lower mobility and poor charge transfer at the interface. To date, there has not been 

a study focusing on the impact of charge transfer on recombination at the interface of a doped 

ETL/ MAPbI3.  
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Chapter 2 

 

Selected Techniques Used to Characterize the Impact of 

Charge Transfer Doping 

 

The electronic and structural effects of charge transfer doping on organic semiconductors 

and the surface of MAPbI3 was characterized with a wide variety of experimental techniques. 

In this dissertation, an experimental emphasis is placed on quantifying the number of free 

carriers created as a result of charge transfer. The techniques used in this pursuit were electron 

paramagnetic resonance (EPR) and Ultraviolet Photoelectron Spectroscopy (UPS). EPR was 

used to characterize the number of charge carriers in doped organic semiconductors by 

quantifying the concentration of organic radicals. UPS was used to characterize the changes 

in energy levels that occur upon doping, such as the shift of the Fermi level position within 

the bandgap. Detailed below is a background on the theory and experimental approach to 

performing EPR and UPS for the material systems of interest in this dissertation.   



 

 32 

2.1  Quantitative Measurement of Carrier Concentration 

in Organic Semiconductors Using EPR 

Electron Paramagnetic Resonance (EPR), sometimes also referred to as Electron Spin 

Resonance (ESR), is a spectroscopy technique that relies on the absorption of electromagnetic 

radiation in order to characterize spin-carrying particles. EPR is very similar to Nuclear 

Magnetic Resonance (NMR), but measures the transitions of unpaired electrons rather than 

nuclear transitions. The foundation of this type of spectroscopy is the Zeeman Effect, which 

describes the interaction of unpaired electrons with a magnetic field produced by an EPR 

apparatus.[108] Like protons, electrons have spin giving them a magnetic moment, which 

causes them to act like compasses when placed in a magnetic field. Electrons have two 

potential spin states; in the absence of a magnetic field these two spin states are equal in 

energy. However, when an external magnetic field is supplied, the paramagnetic electrons can 

either orient in a direction parallel (lower energy) or antiparallel (higher energy) to the 

direction of the magnetic field (Figure 2.1(a)).[108,109] 

 

Figure 2.1 (a) Energy levels for an electron spin (MS = ±1/2) in an applied magnetic field 

B. Spins will transition between energy levels as a result of absorption of electromagnetic 

energy. (From [109]) 
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Initially, there will be more electrons in the lower energy level (i.e., parallel to the field) 

than in the higher energy level (antiparallel).[108] In a magnetic field, the absorption of energy 

will cause a transition from the lower energy electron spin state to the higher energy electron 

spin state (Figure 2.1(b)).[108] According to Plank’s Law, energy will be absorbed if ΔE=hν, 

where ΔE is the energy difference upon absorption, h is Plank’s constant and ν is the frequency 

of radiation. In EPR operation, the electromagnetic frequency ν is kept constant, and the 

magnetic field in scanned for the resulting changes in absorption. The measured absorption 

will depend linearly on the magnetic field. Peak absorption occurs upon resonance, which is 

when the magnetic field is tuned such that the energy difference between spin states matches 

the energy of radiation. The EPR spectrum is typically reported as the first derivative of 

absorption (Figure 2.1).[108,110]   

There is a wide range of materials that have unpaired electrons, including free radicals, 

organic radicals, numerous transition metal ions, and defects in materials. EPR spectral 

features that occur as a result of these potential sources can be distinguished using the g-factor, 

which provides information about the local spin environment. The g-factor is used as scaling 

 

Figure 2.2 EPR spectrum is typically reported as the first derivative of absorption. (From 

[110]) 
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factor to account for the coupling of orbital and spin angular momentum.[108] Under resonance 

conditions, the g-factor can be solved for using the following equation: 

hν = g μB B0                                                  2.1 

where hν is the quantum of electromagnetic wave energy, μB is the Bohr magneton, and B0 is 

the magnetic induction of the external magnetic field. Experimentally, this value is extracted 

by recording the frequency for resonance and the magnetic field for which there is peak 

absorbance (or where the first derivative for absorbance crosses Intensity = 0).[108] The g-

factor of a free radical is 2.0023 ± .003. For an organic radical (such as a polaron in a doped 

organic semiconductor), the g-factor is very close to this value and typically falls within the 

range of 1.99 to 2.01. However for transition metal ions, the g-factor can vary wildly between 

1.4 to 3.0 as a result of the spin-orbit coupling and zero-field splitting.[111] For the case of Pb, 

paramagnetic ions are Pb+ and Pb3+ which have g factors of ~2 and 1 to 1.7 respectively. Pb2+ 

is diamagnetic and is therefore EPR silent.[112]  

The integrated intensity of absorption curve of the EPR signal provides information about 

the concentration of EPR active species in a sample.[108] The integrated intensity may also be 

affected by the microwave power. In the correct range of microwave power, the signal 

intensity will grow at the square root of the power. However, saturation will occur if too much 

power is used, resulting in the EPR signal diminishing and broadening.[108] In order to avoid 

saturation, a power sweep should be performed in order to determine the correct range (linear 

regime); here we measured power attenuations of 18, 24, 30, 36, 42 and 48 dB. 

 In order to obtain a quantitative measurement of concentration, the integrated intensity 

of a sample may be compared to that of a reference sample with a known number of 

spins.[108,113] The reference sample used here was a mixture of DPPH (α-α- diphenyl-fl-picryl 
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hydrazyl) [EPR active material with a g factor of 2.0036] and KBr (Potassium Bromide) [filler 

material]. The filler material was used such that the reference mimics the geometry of thin 

film samples in order to have a similar quality factor of the cavity. Varying ratios of the 

concentration of DPPH: KBr were made in order to determine which results in the widest 

range of potential attenuation values in the linear regime. Typically, a total mass of ~0.15 mg 

of DPPH diluted to fit the necessary volume produced good results. When calculating carrier 

concentration based on a reference, the EPR spectrum should be collected using the same 

microwave power.  

A well-defined sample volume is necessary to obtain an accurate value of carriers/cm3. 

Here, thin films were spun onto microscope cover quartz substrates and subsequently broken 

using a diamond scribe into rectangles with approximate dimensions of 2.5 × 15 mm. The 

primary source of error in a quantitative EPR measurement is likely measurement of the 

sample volume. The dimensions (width × length) of the rectangular films can be determined 

using a micrometer or a photograph of the sample next to a scale bar and extracting the area 

using ImageJ. In order to determine the sample height, the thickness of a sample may be taken 

by scratching the film and measuring the height profile in several locations using either a 

profilometer (Dektak) or an AFM depending on film mechanical strength. 

 

2.2 Measurement of Energy Levels Using Ultraviolet 

Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy (UPS) is a surface sensitive technique that allows 

for characterization of the electronic structure of interfaces. Photoelectron spectroscopy is 
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based on Einstein’s photoelectric effect. A photon will remove an electron from a material if 

the photon’s energy is greater than that of the electron’s binding energy. Any excess energy 

will be carried away by the photoelectron in the form of kinetic energy, which can be measured 

using a spectrometer.[114] This can be described using equation  

IE = hν + KE                     2.2 

Where I.E. is the ionization energy, hν is the energy of the photon, and KE is the kinetic energy 

of the photoelectron. Photoemission is described using a three step process: 1) incoming 

photons are absorbed by electrons; 2) the electrons ejected by photons travel to the sample 

surface, during which process the majority of the generated electrons suffer inelastic 

collisions, and lose some of their kinetic energy; 3) the electrons are ejected into the vacuum, 

and their kinetic energies are measured by the detector.[115] The photoemission spectra consist 

of two principal components: primary electrons, referring to electrons which do not suffer 

inelastic collisions; and secondary electrons, which represent those electrons that lose varying 

amounts of energy by interacting with other electrons on their way through the solid.[116] In 

the photoemission spectra, primary electrons result in distinct spectral features and peaks 

which mirror the density of states (DOS) of the sample near the valence band edge. Whereas, 

 

Figure 2.3 Example UPS spectra taken using an H Lyman-α source (10.2 eV). (a) Full 

UPS spectra that mirrors the DOS of the material, (b) assignment of the SEE, and (c) 

assignment of the VBE.  
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secondary electrons give a continuous background that is superimposed with the distinct 

features given by the primary electrons. The onset of the signal stemming from the secondary 

electrons is used to calculate the work function of the material. Figure 2.3 provides an example 

UPS spectra showing (a) a full UPS spectra, (b) assignment of the secondary electron edge 

(SEE) and (c) assignment of the valence band edge (VBE).  Using extracted values of the SEE 

and VBE, the energy levels (ionization potential (IP), work function (WF), electron affinity 

(EA)) can be extracted using the following equations. Here, hν is the energy of the photon 

source. 

IP = hν - |ESEE – EVBE|                    2.3 

WF = hν - ESEE                                                                                                                                                                                  2.4 

EA= WF – (Band Gap- |EVBE|)                                                                                              2.5 

The energy of the incident photons determines what type of orbitals are probed. UPS 

utilizes photons with low energy (21.2 eV from ionization source He(I) or 10.2 eV from an 

ionization source of H Lyman-α),[117,118] such that only valence electrons are ionized. Whereas 

in X-ray photoelectron spectroscopy (XPS), photons have sufficient energy (higher than 1000 

eV) to excite core level electrons whose orbital energies can be used to determine atomic 

composition.[119]  Both techniques may be necessary to develop an understanding of surface 

energetics. UPS provides information about ionization energy (I.E.), work function (WF) and 

Fermi Level (EF).10 However, UPS cannot be used to determine the band gap, and thus the 

conduction/LUMO level of a material (electron affinity (EA)). The electron affinity is 

determined using Inverse Photoelectron Spectroscopy (IPES). When this technique is not 

available, the band gap can be approximated using the optical gap from UV-Visible 

Spectroscopy (UV-Vis).[120] Figure 2.4(a) shows a flat band energy level diagram of these 
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parameters.[121] Depending on the system studied, it may be necessary to develop a more 

complex model that includes band bending and/or interface dipoles.[122] Figure 2.4 (b)&(c) 

gives an example of what an energy diagram look likes when these components are 

present.[120,122] Changes in the work function upon doping may include both the effects of band 

bending and interface dipoles. In order to identify the band bending component, binding 

energy shifts upon doping of certain atomic orbitals may be seen in XPS spectra. When 

studying a two separate materials in contact, the band bending that occurs at the interface can 

be studied by obtaining a UPS spectra for varying the thickness of the upper layer. Typically 

band bending occurs over a range of ~0-30 nm. Figure 2.5 shows an example of this variety 

of experiment.[123] 

The position of the Fermi level can be used to obtain an estimate of carrier concentration 

in inorganic materials. Initially, it is necessary to determine a value for the quantum 

concentration of conduction electrons nc which requires a value for effective electron mass 

m*.  

𝑛𝑐 ≡ 𝑁𝑐/𝑉 = 2(𝑚𝑒
∗𝑘𝑏𝑇/2𝜋ħ2)3/2                                   2.6 

 

Figure 2.4 Schematic of energy level diagram when two semiconductors are placed in 

contact for (a) flat band condition, (b) presence of interfacial band bending and (c) presence 

of interface dipole. Band edges (ECB and EVB), vacuum level EVAC, and work function WF 

are defined.  
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Where kb is the Boltzman constant, T is the temperature, and ħ is Plank’s constant divided by 

2π. Using this term for the quantum concentration of conduction electrons, the conduction 

electron concentration for n-type doping is given by the following equation: 

ne = nc × Exp [
−(εc−μ)

kbT
]                             2.7

     

The difference in energy levels between the conduction band 𝜀𝑐 and the Fermi level μ is 

determined experimentally by the positions of the Electron Affinity (EA) from IPES and the 

Valence Band Edge (VBE) from UPS. Since these values are used within an exponential term, 

small degrees of error can lead to significant variation in conduction electron concentrations. 

These errors could arise for a variety of sources: (1) an inaccurate value of the band gap as a 

result of estimating from the optical gap, (2) the resolution of UPS apparatus of ± 0.15 eV, 

and (3) charge transfer from the underlying substrate, which may seem dramatic if a material 

has an intrinsically low carrier concentration.  

In disordered systems such as organic semiconductors and perovskites, sample 

degradation is a major consideration when performing photoelectron spectroscopy.  The high 

 

Figure 2.5 Example study of measurement of band bending at the interface of two 

semiconductor materials (a) Energy level diagram of Perovskite/CuPc interface. (b) 

Valence band and work function shifts from UPS measurements determined from the 

valence band edge and secondary electron edge. (From [123])  
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incidence of photons can mediate photo-chemical reactions, which can cause bond breakage 

or cross-linking.[124–129] While degradation is more prevalent for XPS due to the higher energy 

of its photon source (Kα: 1486 eV), significant degradation can also occur during UPS.[124,125] 

In addition, the spot size for photoelectron spectroscopy is relatively large >100 μm, so 

successive UPS and XPS measurement can eventually lead to issues even while changing 

locations on the sample. In UPS, radiation damage leads to shifts in binding energy or change 

the DOS shape near the valence band,[124,125] making accurate extraction of energy levels 

difficult. Typically the effects of sample degradation are mitigated by limiting the dwell time 

to short periods, however this limits the resolution of the scan and is not suitable for 

experiments that measure the same film location while a second layer is deposited (i.e. 

measurement of band bending at an interface). An alternative route to limiting sample 

degradation can be to use a UPS apparatus with a source that has lower energy photons and 

lower photon fluxes.[117] Energy level characterization of MAPbI3 in this dissertation was 

carried out on UPS apparatuses with either a photon source of He (I) (21.22 eV) (Chapter 4) 

and H Lyman-α (10.2 eV) (Chapter 5).  The later UPS setup was designed specifically by 

Kenneth Graham’s Group at University of Kentucky to limit degradation of disordered 

semiconductors.[117]  

There is a wide spread of IEs reported in literature for MAPbI3, ranging from 5.1 to 6.65 

eV.[130] Likely part of this uncertainty is the variation in which different studies assign the 

valence band edge, which can be done either on a linear or semi-logarithmic scale. The latter 

is done in order to account for the low DOS near the valence band edge.[131] Furthermore, 

measurement of the onset of the DOS near the valence band edge will depend on the signal to 

noise ratio and the noise floor of the experimental setup. There is potential for the H Lyman-
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α source UPS apparatus to enable better accuracy of assignment of the valence band edge as 

a result of higher resolution scans from longer dwell times. In this dissertation, 

characterization of MAPbI3 using two different UPS apparatuses with both He(I) and H 

Lyman-α sources allows for comparison of extracted energy levels from different 

experimental setups. Figure 2.6 depicts fitting of the VBE of MAPbI3 on both the linear and 

semi-logarithmic scales for the two experimental setups. There is extremely close agreement 

of the VBE for all fits except for the semi-logarithmic fit of the He(I) source, which varies by 

 

Figure 2.6 Comparison of fits for the VBE of MAPbI3 measured using UPS setups with 

(left) an H Lyman-α source and (right) a He(I) source. Fits depicted in (a) & (b) were 

performed on a linear scale. Fits depicted in (c) & d were performed on a semi-logarithmic 

scale. 
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~0.2 eV (which would probably still be considered good agreement). Another feature of 

comparison is the number of intensity counts of the noise floors on the semi-logarithmic scale. 

The noise floor was used to fit the VBE by finding the intersection of the Gaussian fit of the 

falling valence edge. The noise floor for the He (I) is higher than the H Lyman-α (~100 counts 

as opposed to ~85 counts), which could potentially lead to less accurate fitting of the VBE.  
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Chapter 3 

 

N-doping of a Non-Planar Ambipolar Semiconducting 

Polymer Illustrating Improved Polymer: Dopant Miscibility  

Reprinted with Permission of [132]: 

Perry, E. E.; Chiu, C.-Y.; Moudgil, K.; Schlitz, R. A.; Takacs, C. J.; O’Hara, K. A.; Labram, 

J. G.; Glaudell, A. M.; Sherman, J. B.; Barlow, S.; et al. High Conductivity in a Nonplanar N-

Doped Ambipolar Semiconducting Polymer. Chem. Mater. 2017. 

 

The major obstacle to use of organic semiconductors in PSCs is their low carrier mobility 

and carrier concentration, which hinder their ability to effectively transport photo generated 

carriers to electrodes and may cause them to act as resistors in the device series.[5] In order to 

overcome transport issues, doping of organic transport layers is performed to passivate trap 

sites and increase the concentration of free carriers.[133] Consequently, an important 

consideration for the choice of organic semiconductor is its ability to be doped with high 

efficiency with limited structural disruption. Previously, it was shown that highly crystalline 

polymers with planar backbones such as P(NDIOD-2T) have polymer: dopant miscibility 
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issues that lead to low doping efficiencies and dopant aggregate formation.[101] One of the 

factors impacting the performance of organic ETLs is its morphology, which requires good 

contact with the MAPbI3 surface in order for effective extraction of photo generated 

charge.[49,50] In previous studies of ETL dopant concentration, it was been proposed that 

dopant aggregate formation leads to diminished solar cell performance as a result of disrupted 

morphology/interfacial contact.[49,50] A detailed understanding of the relationship between 

polymer structure and the electrical and structural impacts of doping is important for 

developing design strategies for high efficiency PSC electron transport layers. Here, the 

effects of n-doping are investigated on a non-planar polymer P(BTP-DPP). The twist in the 

backbone of P(BTP-DPP) and its glassy ordering creates steric space for dopants to pack, 

resulting in near 100% doping efficiency of (RuCp*mes)2 and approximately one charge 

carrier per polymer repeat unit. This study suggests that exploration of backbone architectures 

that can improve dopant miscibility could be of interest in developing high performance 

organic ETLs. 

This heavily doped system also provided a means to investigate the nature of n-type 

charge carriers. At low doping concentration, charge carriers take the form of polarons, which 

are radical-ion pairs. High distortion energies caused by accommodating a significant degree 

of additional charge can lead to recombination of polarons into bipolarons which are ion-ion 

pairs. To date there has been limited observation of bipolarons in n-type systems. This chapter 

evaluates spectroscopic signatures that could indicate the presence of bipolarons, which were 

challenging to identify due to the narrow band gap of the ambipolar polymer used in this 

study. A model for charge percolation in this system is developed based on the assumption of 

the coexistence of polaronic and bipolaronic charge carriers.   
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3.1  Introduction 

Organic semiconductors are candidates for use in next-generation light-emitting 

devices,[134,135]  thin-film transistors (TFTs),[136] photovoltaics,[137,138] and 

thermoelectrics.[101,104,139–142]    Many of these devices benefit from electrical doping that can 

improve the effective carrier mobilities by filling trap states,[143] can enhance electrical 

conductivity by increasing the density of free charge carriers,[97] and/or can lower barriers to 

charge-carrier injection or collection at electrodes.[72,97] While high electrical conductivity in 

p-doped materials has been demonstrated, n-doped materials have lagged behind. A key 

challenge for n-doping is the development of stable compounds that can reduce organic 

semiconductors with low electron affinities.[71]  

Here we report physical and electrical characterization of n-doping of a low-band gap 

polymer based on a non-planar (E)-8,8’-biindeno[2,1-b]thiophenylidene unit, P(BTP-DPP) 

doped with a relatively air stable, yet highly reducing organometallic dopant: ruthenium 

pentamethylcyclopentadienyl mesitylene dimer, (RuCp*mes)2. We find that processing 

conditions are an essential factor for achieving high electrical conductivity. Significantly, 

sequential processing of the polymer and dopant leads to formation of heavily doped films 

that may be useful for n-type transparent conductive films. 

Semiconducting polymers have been reported with high hole and electron mobilities in 

TFTs, but the electrical conductivities of chemically doped materials differ substantially. 

Solution-processable ambipolar transistors using donor-acceptor polymers as the active layer 

have been reported to have electron and hole mobilities in the range of 1 to 10 cm2 V-1 s-1.[144–

146]  When compared to the similar values achievable for electron and hole mobilities, there 
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are no clear examples of comparable electrical conductivity obtained for the same polymer 

doped to be p-type or n-type.  The highest reported conductivities for stable p-doped polymers 

are ~1000 S cm-1 for materials such as PEDOT:PSS[77] and solution-processed poly(alkyl-

thiophene) derivatives.[74–76]  In contrast, the highest conductivities for n-type polymers[78–80] 

reach ~1 to 10 S cm-1 with only unstable alkali-metal-doped polyacetylene reaching 1500 

S/cm.[81] A potential origin for the difference in conductivity values achieved to date is the 

relatively smaller library of n-type dopants compared to p-type dopants. 

In an attempt to achieve high n-type conductivities in organic semiconductors, several 

promising classes of extrinsic dopants have recently been developed.[72] While dopants with 

low ionization potentials (IEs) are able to reduce a wide range of organic semiconductors, 

they are frequently unstable in ambient conditions.28 To overcome this issue dopants have 

been developed that use bond cleavage instead of simple electron-transfer reactions; dihydro-

1H-benzoimidazol-2-yl derivatives such as N-DMBI[147],[148], tetrabutylammonium salts,[149] 

and highly reducing dimeric organometallic complexes[98] have been used, although some of 

these dopants lead to formation of side products. While this class of dopants can be stable in 

ambient conditions in the unreacted form and also in the cationic form after electron transfer, 

the reduced semiconductor can still suffer from environmental degradation depending on its 

electron affinity. A relatively high conductivity of 8 × 10-3 S/cm was achieved by doping 

poly[N,N'-bis(2-octyl-dodecyl)-1,4,5,8-napthalenedicarboximide-2,6-diyl]-alt-5,5'-(2,2'-

bithiophene)] (P(NDI2OD-T2) with DMBI-derivatives.[101] Neutral benzimidazoline-radical 

dimers DMBI2 (which act in a similar way to dimeric organometallic dopants) have shown 

conductivities of 3 × 10-3 S/cm with (P(NDI2OD-T2), and 2 × 10-2  S cm-1 with PCBM.[100] 

High n-type conductivities of 0.5  S cm-1 have also been shown in small-molecule systems 
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using a self-doping mechanism of tethering amine substituents to perylene diimide (PDI) 

using alkyl spacers.[104,140] Recently, conductivities as high as 2.4 S cm-1 have been shown for 

the ladder-type polymer polybenzimidazobenzophenanthroline (BBL)  vapor doped with 

tetrakis(dimethylamino) ethylene (TDAE).[79] 

The above mentioned organometallic dimers combine air stability and highly reducing 

character by coupling electron transfer to a bond-breaking  reaction.[147] These organometallic 

dimers, in which each metal has an 18-electron configuration, act as “masked” forms of the 

corresponding highly reducing 19-electron sandwich compounds. In the case of (RuCp*mes)2, 

shown in Figure 3.1, the dimer transfers an electron to an acceptor (a step which may be 

endergonic) yielding an intermediate radical cation dimer, which quickly cleaves to a stable 

18-electron cation and a highly reducing 19-electron species, which itself is quickly oxidized 

by a second equivalent of an acceptor, as illustrated in Figure 3.1(c).[98] This approach has the 

advantage in that the dimers can potentially undergo a clean reaction with the electron 

acceptor to form stable monomer cations and host anions without the formation of other side 

products.[147]  

Modest conductivities have been observed in polymer and small-molecule systems doped 

with dimeric compounds. When doped with 4 wt% (RuCp*mes)2, P(NDI2OD-T2) was found 

to reach conductivities of 4 ×10-3 S/cm, the highest known for this class of dopants.[150] This 

study was performed using processing via spin casting from a co-solution of dopant:polymer 

in toluene. Additional conductivity studies of this dopant class include doping P(NDI2OD-

T2) with 2 wt% rhodocene dimer [RhCp2]2, which achieved 5.1 × 10-4 S cm-1 and with 7.8 × 

10-3 molar ratio [RhCp*Cp]2, which achieved 1.6 × 10-4 S cm-1.[99,151] These studies were also 

performed using processing via spin casting from a co-solution of dopant:polymer in 
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chlorobenzene and toluene respectively. A comparable study of vapor-deposited films of  

copper phthalocyanine doped with 5 wt% [RhCp2]2 showed conductivities on the range of 

~10-6 S cm-1.[147]   

Here we investigate the interplay of semiconducting polymer structure and processing 

conditions, such as casting techniques, on electrical conductivity and the efficiency of carrier 

formation. We examined extrinsic doping of an ambipolar copolymer poly((E)-3-(5-([8,8'-

biindeno[2,1-b] thiophenylidene]-2-yl)thiophen-2-yl)-2,5-bis(2-octyldodecyl)-6(thiophen-2-

yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione) (P(BTP-DPP)) (Figure 3.1(a)).[152–154]  P(BTP-

DPP) has a relatively narrow optical gap  of ≈1.2 eV and is designed to possess twisted repeat 

units, while still allowing for conjugation along the polymer backbone. The non-planar 

backbone structure provides a contrast to more widely studied polymers with planar units in 

the backbone that lead to linearity along the chain direction, such as P(NDI2OD-T2). We 

studied the impact of processing conditions on the resulting electronic structure of the doped 

polymer using a combination of methods including photoemission, spin resonance and optical 

 

Figure 3.1 Chemical structures of (a) the semiconducting polymer P(BTP-DPP); (b) the 

organometallic n-dopant (RuCp*mes)2; (c) the reaction mechanism for doping acceptor A 

(P(BTP-DPP)) with an organometallic dimer M2 ((RuCp*mes)2). 
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spectroscopy and find efficient formation of carriers with (RuCp*mes)2 as the dopant.  The 

origin of the increase of electrical conductivity (0.45 S cm-1) obtained using a sequential 

processing method was probed using structural methods such as grazing incidence X-ray 

scattering and atomic force microscopy.  Our results suggest that sequential processing allows 

for formation of efficient percolation pathways for charge transport relative to casting from a 

blend of polymer and dopant. 

 

3.2 Experimental Methods 

P(BTP-DPP) was synthesized as described in the Supporting Information and in a similar 

way to previously reported.[152] (RuCp*mes)2 was synthesized following previously reported 

procedures.[155,156] P(BTP-DPP) was dissolved in a 50:50 volume percent co-solvent of 

chlorobenzene and 1,2-dichlorobenzene at 10 mg/mL and heated at 80 °C and stirred for 1 h 

prior to being filtered with a 1 µm pore sized polytetrafluoroethylene (PTFE) filter. 

(RuCp*mes)2 was dissolved in toluene at various concentrations (0.05, 0.1, 0.25, 0.5, 1, 2 and 

4 mg/mL) and heated to 80 °C for 1 h without being filtered. Films were spin cast from the 

solutions described above onto substrates described in the Supporting Information in an N2 

glovebox (<2 ppm O2). Films were created using sequential casting, with the polymer film 

deposited first followed by the dopant. Both solutions were deposited with the following spin 

conditions: 200 rpm for 6 s, 2000 rpm for 60 s, 3000 rpm for 3 s. Following dopant deposition, 

films were annealed at 80 °C for 10 min. More details of characterization methods can be 

found in the Supporting Information.  

 

3.3 Results and Discussion 
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3.3.1 Sequential Casting as a Route to Achieve High Conductivity 

The electrical conductivity of semiconducting polymers depends upon the morphology, 

which is affected by the processing method.[157,158] Two solution-based processes and their 

effects on electrical properties were examined - blend casting - in which the polymer and 

dopant are blended together in solution prior to deposition of the film, and sequential casting 

- in which the polymer and dopant are deposited separately in sequential steps, where the 

dopant layer is deposited in a semi-orthogonal solvent on top of the polymer layer. Sequential 

casting is similar to immersion casting in which the polymer film is soaked in a dopant 

bath.[159],[75] Both methods rely on the solvent of the dopant solution to swell the underlying 

polymer in order to promote interdiffusion of the dopant.[157] Post-deposition annealing drives 

the dopant further into the polymer film if required. Sequential deposition has proven 

successful in forming films of P3HT doped by F4TCNQ with good uniformity,[157,158] and in 

forming bulk heterojunctions by interdiffusion of a fullerene acceptor into a polymer.[160] 

Studies have shown that doped systems processed with sequential casting exhibit higher 

conductivity and better uniformity than blend cast systems in cases where the dopant and 

polymer can aggregate in solution.[158] Another significant difference between these casting 

techniques is that in some systems, sequential casting results in dopant counterions being 

excluded from crystalline domains, mitigating their negative impact on mobility.[158] In 

contrast, P(BTP-DPP) is a relatively disordered polymer due its backbone structure and could 

more readily accommodate counterions.  It is still possible, even in this case, that electron 

transfer in solution could lead to the formation of aggregates that can modify the resulting 

morphology relative to films cast from the neat polymer.  
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We examined how sequential casting affected the morphology of doped films of P(BTP-

DPP) using atomic force microscopy (AFM) (Figure 3.2). This method of processing appears 

to create doped films with features that we attribute to the presence of both (RuCp*mes)+ and 

(RuCp*mes2) dimer aggregates (based on XPS and GIWAXS data, see below) on the film 

surface. These aggregates become more numerous at higher doping concentrations. The total 

thickness of the initial films was ≈40 nm. Despite the presence of surface aggregates attributed 

to the dopant, the films are still relatively smooth after sequential casting (see Supporting 

Information Figure S3.1 for roughness profiles).    

Sequential casting provides the ability to form heavily doped films in P(BTP-DPP), but 

the concentration of dopant must be determined after infiltration. We determined the level of 

(RuCp*mes)2 incorporation upon sequential casting using X-ray photoemission spectroscopy 

 

Figure 3.2 Atomic force microscopy topographic images of (a) neat P(BTP-DPP) also 

processed with toluene and doped P(BTP-DPP) at (b) 0.15 monomeric dopants per repeat 

unit, (c) 0.37 monomeric dopants per repeat unit, (d) 0.55 monomeric dopants per repeat 

unit, (e) 0.77 monomeric dopants per repeat unit and (f) 0.92 monomeric dopants per repeat 

unit. 
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(XPS). XPS is a surface sensitive technique and probes approximately the first 8 nm of the 

sample, therefore an assumption in our analysis is that the surface composition reflects the 

entire film. RuCp*mes aggregates observed by AFM suggest that there will be some 

difference in the composition measured by XPS and the total film thickness, but the films are 

still relatively thin (≈40 nm) so we do not expect these differences to be large. We present our 

data as function of the repeat unit per monomeric dopant so that the concentration of dopant 

in this system can be more easily compared to other systems where films are cast from a blend 

of polymer and dopant. The repeat unit per monomeric dopant is reported with respect to 

RuCp*mes cations instead of (RuCp*mes)2 dimer (since each dimer contributes two electrons 

on undergoing the doping reaction).  The symmetrical appearance and the binding energy  the 

ruthenium 3d5/2 peaks in XPS spectra shows that essentially all dopant has reacted at the 

measured concentrations (Supporting Information Figure S3.2). This observation suggests 

that unreacted dimer aggregates account for a relatively small fraction of the Ru present. We 

also assume that ionization of the dopant is solely due to the polymer and that each ionized 

RuCp*mes cation corresponds to one carrier in the polymer chain. Concentrations of 0.05, 

0.1, 0.5 and 1 mg/mL of (RuCp*mes)2 in the casting solution resulted in repeat unit to 

monomeric dopant ratios of 1: 6.8, 1: 2.7, 1: 1.3 and 1: 1.1 respectively, i.e. resulting in 

contributions of up to 0.15, 0.37, 0.77 and 0.92 electrons per monomer unit. This would 

correspond to weight percentages of 4, 10, 19, and 21 wt% RuCp*mes in doped films. Using 

these data, we found a logarithmic relationship between composition and concentration that 

was used to estimate the composition for samples not measured by XPS (Supporting 

Information Table S3.2 and Figure S3.3).   



 

 53 

We observed that sequential casting of P(BTP-DPP) doped with (RuCp*mes)2 results in 

measured conductivities nearly an order of magnitude higher (Supporting Information) than 

films fabricated using blend casting. The electrical conductivity of thin films was measured 

over a range of compositions (Figure 3.3), with values that reached a plateau at ca. 10-1 S cm-

1 for films sequentially doped with between 0.37 and 0.77 monomeric dopants per repeat unit. 

A maximum conductivity value of 0.45 S cm-1 was achieved at 0.55 monomeric dopants per 

repeat unit.  At this composition, on average there is 1.8 repeat units per monomeric dopant. 

In contrast, the conductivity for films cast from solutions of blends of the dimer and P(BTP-

DPP) only reached ≈0.01 S cm-1 at 0.55 monomeric dopants per repeat unit. 

 

Figure 3.3 Conductivity of sequentially cast films as a function of monomeric dopants per 

repeat unit present on film surface. See Supporting Information for standard deviations of 

conductivity values reported. 
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3.3.2 Nature of Charge Carriers 

To understand the nature of the observed electrical conductivity (𝜎) both the charge 

carrier density (n) and mobility (𝜇) should be considered (𝜎 = n q 𝜇 where q is the elementary 

unit of charge). We do not have a simple independent measure of the carrier concentration 

and mobility, but the mobility derived from field-effect measurements can be used to estimate 

n. The electron and hole mobilities of undoped P(BTP-DPP) were found to be ≈1  × 10-3  and 

≈3 × 10-3 cm2 V-1 s-1 respectively (Supporting Information Figure S3.4). The mobility from 

TFTs provides a value that this representative of the polymer-dielectric interface and is 

measured at a lower carrier density than the doped samples, but should provide a lower bound 

for the mobility. If we assume a similar bulk electron mobility, the carrier concentration of 

the highest conductivity sample would be 1.4 × 1021/cm3. This value is within a factor of three 

of the number density of monomers of P(BTP-DPP) of 5 × 1020 monomers/cm3 (Supporting 

Information) and is consistent with the value of 0.55 monomeric dopants per repeat unit 

obtained from XPS.  The carrier mobility likely depends on dopant concentration; the 

increased carrier concentration can increase the mobility through trap filling, while the dopant 

counterions can decrease mobility through disrupting polymer-polymer interactions,[72] but 

the our data suggests that the mobility from the field-effect measurements are in reasonable 

agreement with an estimate from the bulk conductivity.  

To gain further insight into the observed electrical conductivity, the spin concentration of 

the system was determined using electron paramagnetic resonance (EPR). Due to strong 

electron-phonon coupling, charge carriers in organic semiconductors can take the form of 

either polarons or bipolarons.[161] Polarons are typically the dominant carrier in organic 

polymeric materials at low carrier concentration and exist as radical-ions, and are thus EPR-
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active.  As the doping level increases, polarons can potentially combine into bipolarons in 

order to reduce the distortion energy of the backbone, until bipolarons become the dominant 

species at high doping levels.[162] Bipolarons exist as either closed-shell dications or dianions, 

and thus lack paramagnetic spin centers. There is significant discussion currently about the 

formation of bipolarons in semiconducting polymers and whether a lack of spin centers can 

be alternately interpreted as spin-interactions between separated polarons.[163] Here, we 

discuss our data using the long-standing model and point out where the role of electron-

electron interactions may impact the interpretation. 

As described above, the spin concentrations in heavily doped samples suggest the 

presence of bipolarons, or at least spin-paired, carriers. While samples with doping levels 

within the apparent plateau of the conductivity  (0.37 to 0.77 monomeric dopants per repeat 

unit) showed a detectable EPR signal of ~1019 spins/cm3, the signals for samples at other 

compositions (0.15 and 0.92 monomeric dopants per repeat unit) were below detectable limits 

(Supporting Information Figure S3.5-3.6). Given that the EPR-silent samples show modest 

conductivities, this cannot be readily explained by carrier concentrations below the ca. 1014 

spins/cm3 threshold of the EPR apparatus. The observable spin concentrations are also low in 

comparison to other systems displaying similarly high conductivity where  carrier densities 

are often roughly one spin per monomer or 1020 to 1021 spins/cm3.[104] An estimation of the 

carrier concentration based on the weight percentage of dopant incorporated into the film 

suggests that there should be ~1020 carriers/cm3 which is one order of magnitude higher than 

the EPR-measured spin concentration. It should be noted that the doping efficiency of 

(RuCp*mes)2 is assumed to be close to 100% given the symmetry and binding energy of 
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ruthenium 3d5/2 peaks in XPS spectra. Overall these observations suggest the presence of 

bipolarons or spin-paired species in the doped films. 

Optical spectroscopy provided information about the formation of sub-gap states in the 

doped samples. The changes in optical spectra as the dominant charge carrier transitions from 

polarons to bipolarons is traditionally understood in terms of a model developed for p-type 

materials such as polythiophene.[164] In this model, doping creates localized charge defects 

that lead to the formation of sub gap states. In n-type systems, the existence of polarons is 

evidenced by localized electronic levels in the band gap: a doubly occupied state above the 

valence band edge and a singly occupied antibonding polaron state below the conduction band 

edge. Upon further doping, the additional electron fills the upper gap state and may cause 

additional energetic shifts due to the geometric distortion.  As mentioned above,  electron-

electron interactions could further modify the energetics of the states and the resulting optical 

transitions.[165,166]  In either case sub-optical gap transitions from the neutral form are 

expected.  

The positions of sub-gap states were compared to the described model in an attempt to 

confirm the presence of bipolarons. The optical absorption spectrum (Figure 3.4) show a 

bleaching of the main transition of the neutral polymer (peak at 1.4 eV) and the growth of an 

absorption band below the optical transition of the neutral polymer at 0.8 eV (1490 nm) for 

the sample with 0.37 monomeric dopants per repeat unit and at 0.9 eV (1340 nm) for the 

sample with 0.77 monomeric dopants per repeat unit. It is notable that aside from the neutral 

peak at 1.4 eV, which is bleached upon doping at all concentrations, the absorption spectrum 

in the near-IR region is relatively flat.  
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We performed time-dependent density functional theory (TD-DFT) on a model 

compound comprising one BTP unit flanked by two thiophene-DPP-thiophene units in an 

effort to assign the optical transitions (Supporting Information Figure S3.7).  This model 

cannot capture the full electronic structure of the backbone, but does provide an means to 

investigate the electronic levels in a comparable structure. TD-DFT predicts that the main 

optical transition of the model compound has a 1st excited state at 1.4 eV.  This value is in 

reasonable agreement with the measured absorption edge in the solid state of 1.2 eV.  We then 

calculated the electronic levels and optical absorption of a monoanion and dianion. The 

dianion is a closed-shell species and the first optical transition is dominantly from the HOMO 

to LUMO; here the HOMO orbital is similar to the LUMO of the neutral compound.  This 

transition occurs at 0.9 eV in reasonable agreement with the observed feature in the optical 

spectra along with a higher lying state predicted at 1.7 eV (Figure 3.4). The monoanion is 

 

Figure 3.4 UV-VIS absorption spectra of i) neat P(BTP-DPP) and P(BTP-DPP) doped 

with ii) 0.15 monomeric dopants per  repeat unit iii) 0.37 monomeric dopants per repeat 

unit iv) 0.77 monomeric dopants per repeat unit and v) 0.92 monomeric dopants per repeat 

unit. 
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necessarily an open-shell species and TD-DFT suggests three transitions at low energy. The 

first two transitions (at 0.7 and 0.8 eV) have low oscillator strengths, but the third transition, 

which is relatively strong, is predicted at an energy of 1.0 eV.  From these calculations, it is 

difficult to unambiguously assign the low energy feature to either polarons or bipolarons, 

because both give sub-optical gap transitions for the charged species. Larger spectral shifts 

have been observed between anionic and dianionic for polyfluorenes in solution at comparable 

charge to monomer ratios, but the optical gap of the neutral is much larger (near 3.0 eV).[163]    

 Changes in the Fermi level of the doped films measured by Ultraviolet photoelectron 

spectroscopy (UPS) confirm that films have been heavily doped (Figure 3.5 and 3.6).  The 

UPS spectra of the neutral polymer reveals an ionization energy (IE) of 4.9 eV corresponding 

to the HOMO level (see Supporting Information Figure S3.8-S3.12 for assignment of band 

edges). The electron affinity can be estimated using the optical gap of 1.21 eV with an 

uncertainty of the exciton binding energy (~0.3 to 0.5 eV). Upon doping, the spectra shift 

towards higher binding energy with respect to the Fermi level corresponding to n-doping. A 

vacuum-level shift is also observed, but the dominant change upon doping is the appearance 

of mid-gap states consistent with observations in other studies of n-type doping of organic 

materials.[100,167]  Ultraviolet visible spectroscopy (UV-VIS) did not show an altered optical 

gap (measured from the onset of the neutral peak to be ~1.21 eV) at low levels of doping 

(Figure 3.4).  Sub-gap states are observed in the UPS spectra and are attributed to the 

formation of (bi)polaronic species. The presence of sub-gap states is not always observed in 

the UPS spectra of n-doped systems. The failure to observe sub-gap features in previous UPS 

studies of systems doped with dimeric sandwich compounds is likely due to the lower levels 

of doping.[168] However, more heavily doped systems do show the emergence of sub-gap states 
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at higher dopant concentrations, for example, in the cases of copper phthalocyanine n-doped 

with decamethylcobaltocene (~30 wt%) [169] and of P(NDI2OD-T2) n-doped with a DMBI2 

dimer (10 molar ratio %).[100] The emergence of negative bipolaronic sub-gap states in 

polyphenylenevinylene (PPV) systems doped with alkali metals were observed in UPS by the 

emergence of two separate peaks in accordance with the previously described model for  

bipolarons.[170],[171] In our system (Figure 3.5), a single sub-gap feature begins to emerge at 

0.37 monomeric dopants per repeat unit. The existence of a single feature in the spectrum 

 

Figure 3.5 UPS spectra around the a) secondary electron edge and b) valence band edge 

of i) neat P(BTP-DPP) and P(BTP-DPP) doped with ii) 0.15 monomeric dopants per repeat 

unit iii) 0.37 monomeric dopants per repeat unit per dopant iv) 0.77 monomeric dopants 

per repeat unit and v) 0.92 monomeric dopants per repeat unit. A dashed line indicates 

where the valence band edge has been defined. See Supporting Information Figure S3.8-

3.12 for details of fitting. c) Diagram of energy levels depicting how the HOMO and 

LUMO are redefined as states are filled. 
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could be the result of it becoming increasingly difficult to resolve independent sub-gap 

features due to the narrow gap of P(BTP-DPP). The difference in energy of the edge of the 

sub-gap features and the feature assigned to the HOMO of the neutral polymer is 

approximately 1 eV, which is consistent with the shift expected from the formation of 

polaronic levels. More indicative of the nature of the charge carrier is whether there is a finite 

density of states that exist at the Fermi level.[162] In the case of a very high concentration of 

bipolarons, the upper sub-gap state will be completely filled and the Fermi level will be 

located at a higher energy level at which there is a non-existent density of states at EF. In UPS 

spectra of doped P(BTP-DPP), the density of states of the sub-gap feature decreases towards 

 

Figure 3.6 The HOMO and LUMO levels realtive to the Fermi level (units of eV) of films 

as a function of RuCp*mes doping concentration measured by UPS with unoccupied level 

estimated based on the optical gap for (a) neat P(BTP-DPP) and doped P(BTP-DPP) at (b) 

0.15 monomeric dopant per repeat unit (c) 0.37 monomeric dopant per repeat unit (d) 0.77 

monomeric dopant per repeat unit and (e) 0.92 monomeric dopant per repeat unit. The 

vacuum level relative to the Fermi level is 4.16 eV, 3.66 eV, 3.59 eV, 3.45 eV, and 3.44 

eV for neat P(BTP-DPP), and P(BTP-DPP) doped at 0.15, 0.37, 0.77 and 0.92 monomeric 

dopant per repeat unit respectively.  The given error bars are based on the resolution of the 

UPS apparatus  (±0.15 eV), and the error in the unknown exciton binding energy used to 

estimate the unoccupied levels.  
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zero at EF, thus supporting the presence of bipolarons. We cannot, however, rule out other 

effects such as electron-electron interactions that could strongly modify the DOS without 

higher level computational studies or additional measurements, e.g. inverse photoemission 

that could probe the unoccupied states.[165,166] 

 

3.3.3 Morphology and Charge Percolation 

The electrical conductivity of a doped semiconducting polymer is a function both of the 

local and longer range order. Our AFM data shows that the films are relatively uniform and 

smooth, but do not reveal if the local ordering is impacted by doping.  Grazing incidence wide 

angle X-ray scattering (GIWAXS) was performed in order to characterize how the dopant 

impacts the local structure and if the features observed in AFM correspond to aggregates of 

the dopant.  

P(BTP-DPP) has glassy order that is not strongly perturbed upon doping. The 2D 

scattering patterns for the undoped polymer film and for increasing dopant concentrations are 

shown in Figure 3.7.  Analysis of the 2D images through line-cuts in the in-plane and out-of-

plane direction are given in Supporting Information Figure S3.13. The 2D GIWAXS of neat 

P(BTP-DPP) (Figure 3.7(a)) indicates that it is a glassy polymer because of the broader 

features.  We assign the peak at a q of 0.3 Å-1 (where q is the scattering vector), corresponding 

to a real-space stacking distance of 2.1 nm, as the alkyl stacking between polymer chains. A 

second order peak is located at 0.6 Å-1. There is a broad feature at a q of 1.5 Å-1 (real-space 

distance of 4.2 Å) in the out-of-plane direction that we assigned to the spacing between 

polymer chains, “π-π stacking”. The scattering from a neat film of (RuCp*mes)2 shows rings 

characteristic of a polycrystalline powder with the most intense features at a q of 0.85 Å-1 
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(Figure 3.7(h)), corresponding to a real-space distance of 7.4 Å. As the fraction of dopant 

increases, the polymer local packing structure becomes more disordered as evidenced by the 

broadening of the π-π stacking peak. Figure 3.7(e) shows that scattering features at q~0.85 Å-

1 become very pronounced below 0.77 monomeric dopants per repeat unit, likely due to 

unreacted dopant in the dimer form crystallizing and phase separating. This is also seen in the 

1D line-cuts (Supporting Information Figure S3.15) where the doped polymer films show a 

peak emerging at 0.85 Å-1 from the dopant which increases in intensity as more dopant is 

added. XPS shows that the dopant is primarily present in the reacted cationic form given the 

value of the Ru 3d5/2 binding energy (Supporting Information Figure S3.3).  The AFM images 

show aggregates that comprise approximately 2% of the surface area of the AFM image of 

the sample with 0.92 monomeric dopants per repeat unit.  At this concentration, we would not 

expect the peak associated with the neutral dimer to appear as a detectable shoulder on the Ru 

3d5/2 peak in the XPS spectra. However, because of the heavy atom and high crystallinity of 

the dopant, the X-ray scattering of such aggregates could be prominent relative to the weak 

scattering from the glassy polymer, explaining why we observe scattering attributable to 

neutral dopant in more heavily doped samples. 

In addition to the processing method, our data suggest that the unique non-planar 

molecular structure of P(BTP-DPP) also contributes to the high n-type electrical conductivity. 

Previously we have studied n-doping of  P(NDI2OD-T2), which has a similar LUMO to 

P(BTP-DPP), with N-DMBI dopants by doping from the casting solution.[101] In order to 

examine the role of processing, we also attempted doping P(NDI2OD-T2) with (RuCp*mes)2 

via sequential casting at the same dopant solution loading. In contrast to P(BTP-DPP), all 

P(NDI2OD-T2) doped films were too resistive to measure (<10-6 S/cm). The known high 
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Figure 3.7 GIWAXS patterns for the (a) neat polymer (P(BTP-DPP)), (b) 0.15 monomeric 

dopants per repeat unit, (c) 0.37 monomeric dopants per repeat unit, (d) 0.55 monomeric 

dopants per repeat unit, (e) 0.77 monomeric dopants per repeat unit, (f) 0.92 monomeric 

dopants per repeat unit, (g) 1.17 monomeric dopants per repeat unit, and (h) neat dopant 

(RuCp*mes)2 
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structural order in P(NDI2OD-T2) may prevent efficient incorporation of the dopant into the 

film, as previously observed for N-DMBI[101] and also (RuCp*mes)2.
31 Specifically, the non-

planarity of the (E)-8,8’-biindeno[2,1-b]thiophenylidene unit  P(BTP-DPP) structure may 

allow for a more efficient incorporation of the dopant into the bulk of the film.  Models of the 

backbone conformation for single chains based on geometries from DFT calculations (Figure 

S3.7) show the significant deviation from linearity of the backbone that likely prevents 

efficient packing and lead to the glassy ordering observed by GIWAXS.   

Given that we suspect the presence of both polarons and bipolarons in samples with 

highest conductivity, we can now try to develop an explanation for the trends in electrical 

conductivity and carrier concentration. In the sample with 0.15 monomeric dopants per repeat 

unit (or 0.05 mg/mL (RuCp*mes)2 loading), monomeric dopants could concentrate on top of 

the film creating bipolarons (or other spin-paired species) in that region. We expect that the 

carriers will be relatively localized because each (RuCp*mes)2 will split to form two carriers 

on the polymer in close proximity. These heavily doped film regions create a limited number 

of charge carrier pathways that lead to a conductivity of ~10-2 S cm-1. As the doping 

concentration is increased to 0.37 monomeric dopants per repeat unit (or 0.1 mg/mL 

(RuCp*mes)2 loading), the surrounding areas become moderately doped and the increased 

charge concentration allows polarons to form with a detectable EPR signal of 1019 spins/cm3. 

The emergence of polarons increases the conductivity to ~10-1 S cm-1 as additional charge-

carrier pathways become present. In the 0.55 monomeric dopants per repeat unit sample (or 

0.25 mg/mL (RuCp*mes)2 loading), heavily doped regions have expanded slightly increasing 

the conductivity. As the doping concentration is increased to 0.77 monomeric dopants per 

repeat unit (or 0.5 mg/mL (RuCp*mes)2 loading), the sample is almost homogenously doped 
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but polaron regions are still present in the film according to the detectable EPR signal. 

Unreacted dopants, however, begin to aggregate which leads to a small drop off in carrier 

mobility as carrier pathways become impeded. As a result, no increase in conductivity occurs 

despite the higher carrier concentration. By 0.92 monomeric dopants per repeat unit (or 1 

mg/mL (RuCp*mes)2 loading) all film regions are heavily doped such that polarons recombine 

into bipolarons and EPR is again silent. However, neutral dopant crystallites have grown in 

size and dramatically disrupt carrier mobility likely by extending into the bulk region of the 

film from the surface. This leads to the drop off in conductivity to ~10-3 S cm-1. 

 

3.4  Conclusions 

In summary, we have found high n-type conductivities of up to 0.45 S cm-1 for an 

ambipolar copolymer, P(BTP-DPP), doped with the organometallic small molecule 

(RuCp*mes)2. Sequential casting leads to efficient charge generation and the formation of 

bipolaronic carriers at high levels of dopant incorporation. Comparison of doping of 

P(NDI2OD-T2), which comprises planar units and a linear backbone leading to a high 

mobility in TFTs, to P(BTP-DPP), which has a twisted backbone and lower mobility in TFTs, 

suggests that the steric space created by the non-planar unit in the polymer backbone and the 

glassy ordering allows for efficient incorporation of the dopant. Our study suggests that 

exploration of backbone architectures that can improve the miscibility with a wider range of 

n-dopants could be of interest in developing systems with high n-type conductivities.  From a 

design standpoint, the choice of organic semiconductor for developing high conductivity 

systems may not be the same as for developing high mobility systems for TFT applications. 



 

 66 

Such materials have potential use as transparent conductors and electrode layers for organic 

devices such as TFTs, OLEDs, and TFTs and as thermoelectrics. 
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Chapter 4 

 

N-type Surface Doping of MAPbI3 via Charge Transfer 

from Small Molecules  

Reprinted with Permission of [172]: 

Perry, E.E.; Labram, J.G.; Venkatesan, N. R.; Nakayama, H.; Chabinyc, M. L. N-type 

Surface Doping of MAPbI3 via Charge Transfer from Small Molecules. Advanced Electronic 

Materials 4(7), 1800087. 

 

Organic hole and electron transport materials are regularly employed as electron- and 

hole-blocking layers in perovskite thin-film solar cells. In order to optimize charge-extraction 

in the device, these organic layers can be doped using organic small molecules. However, to 

date there has been little work carried out on direct doping of perovskite surfaces. In this 

report, we study the change in electrical properties of thin films of MAPbI3 by surface doping 

the film with an organic dopant molecule: cobaltocene (Co(C5H5)2).  By varying the quantity 

of cobaltocene deposited, the conductivity of MAPbI3 thin films are observed to be tunable 

over several orders of magnitude. We observe a tunable shift in the Fermi level illustrating 
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that charge transfer doping enables control over the interfacial energy levels. An increase in 

photoconductivity is seen at intermediate doping levels, indicating passivation of surface traps 

confirmed by increased photoluminescence. This model system provides a means to 

understand more complex heterointerfaces of doped organic blends at perovskite surfaces. 

 

4.1 Introduction 

The maximum power conversion efficiencies of lab-scale solar cells based on organic 

metal halide materials (OMH) have improved from 3.8% to 22.2% in just seven years.[173,174]  

The ability to manipulate the electronic properties of heterointerfaces enables one to carefully 

control the efficiency of charge separation and extraction in solar cell devices. Poorly-tuned 

interfacial energetic barriers at electrode-semiconductor interfaces can greatly limit the charge 

collection and reduce device efficiencies.[8,123,175] Excessive offsets of the electronic levels 

between materials can lead to significant charge accumulation at interfaces, influencing 

charge injection and extraction.[6] The Fermi level of a material controls band alignment at 

interfaces along with other factors such as the formation of interface states with 

heterointerfaces.[70] The Fermi level in semiconductors can be tuned by the addition of 

dopants; however to-date, doping has proven challenging for OMHs[41–44] and there is not yet 

evidence of the ability to reliably control the profile of doping within a thin film.  Little work 

on directly doping interfaces has been done on methyl ammonium lead iodide (MAPbI3) to 

see if improvements in efficiencies can be made.[175]  

In this report, we study how charge transfer from a molecular dopant occurs at the surface 

of thin films of MAPbI3. We investigate n-type charge transfer doping by directly depositing 

the organic small molecule cobaltocene (Co(C5H5)2) onto thin films of MAPbI3 (Figure 4.1(a)) 
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and by examining the impact on Fermi level position, conductivity and photoconductivity. 

This model system provides a means to understand more complex heterointerfaces where 

materials, such as blends of an organic semiconductor and dopant, are in contact with the 

perovskite active material. 

Surface doping of semiconductors induces charge carriers that are dominantly confined 

within the top few nanometers of the surface by the electric field created by the interfacial 

charge separation.[66] While this route cannot lead to bulk doping, it has applications for 

engineering interfacial energy levels by inducing band bending near the surface.[68–70] Doping 

could potentially improve carrier injection and extraction to MAPbI3 across electron transport 

layers, such as organic semiconductors, and can help to passivate surface states.[70] 

Charge transfer from small molecule dopants has been demonstrated to several inorganic 

semiconductors: diamond,[68] silicon,[69] carbon nanotubes,[176] graphene[177] and 

phosphorene.[178] Charge transfer from molecular species to a semiconductor at an interface 

has several prerequisites.[66] For effective charge transfer, the ionization energy, I.E., (the 

HOMO level) of the small molecule must lie close or above the conduction band minimum 

(CBM) of the semiconductor for n-type doping, or the electron affinity, E.A., (the LUMO 

level) of the small molecule must lie close or below the valence band maximum (VBM) of the 

semiconductor for p-type doping. The position of the VBM and CBM of MAPbI3 are ≈5.4 and 

≈3.7 eV below the vacuum level respectively, which are similar to the position of the HOMO 

and LUMO of many organic semiconductors.[7,8] There is some variation in the precise 

position of the VBM and CBM of MAPbI3 across reports, which is likely a result of 

preparation conditions, sample treatment and substrate choice.[8,179,180] Based on these 

reported energy levels, small molecule dopants that have been developed to dope organic 
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semiconductors are also likely to be effective candidates for charge transfer to MAPbI3.
[181] 

The second prerequisite for charge transfer to occur is for the semiconductor to have an 

absence of surface states. For covalent semiconductors that may have surface reconstructions 

from the bulk or have oxide layers, such as diamond and silicon, a surface treatment must be 

carried out for charge transfer to occur.[68,69] The surface treatment (e.g. hydrogenation for 

diamond and alkylation for silicon) allows surface passivation by removing interfering surface 

states from the gap and lowering of the ionization energy sufficient to facilitate electron 

transfer. [6]  

 OMH semiconductors such as MAPbI3 present an interesting opportunity for surface 

doping, since ionic semiconductors normally have a smaller density of surface states in the 

bandgap than covalent semiconductors.[70] This can be illustrated by the fact that MAPbI3 thin 

films have reported surface and grain boundary recombination velocities of ≈150 cm/s and ≈7 

cm/s respectively,[9] which are several orders of magnitude smaller than values for 

unpassivated silicon, which has a surface recombination velocity of ~106 cm/s.[55] There are, 

however, defects at the surface of MAPbI3.
[182] Due to the low thermodynamic stability of 

MAPbI3, the annealing process following spin-coating can lead methylammonium (MA) and 

iodide to be sublimed because of their higher volatility, resulting in under-coordinated Pb 

atoms at the crystal surface.[183] The under-coordination creates favorable conditions for 

coordination, or bond formation, with electron rich materials such as Lewis bases that have 

been pursued to passivate surface traps. [59,61]   

 

4.2  Experimental Methods 
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Films of MAPbI3 were fabricated using a 1 Molar solution of 1:1 ratio of PbI2: MAI in a 

3:7 ratio (by volume) of DMSO: GBL. The solution was spin-coated onto substrates with the 

following conditions: 10 seconds at 1000 rpm with 200/s rpm acceleration, followed by 20 

seconds at 5000 rpm with a 1000/s rpm acceleration. In the last 4 seconds, an anti-solvent of 

three drips of chlorobenzene is dropped about the film surface. The film then undergoes an 

annealing ramp of 40°C for 2 min, 80°C for 2 min, 100°C for 2 min, 110°C for 10 min. 

Cobaltocene dissolved in toluene at dopant concentrations of 0.1, 0.2, 0.3, 0.5, 1, 5, 10, and 

20 mg/mL  is spin-coated onto the perovskite surface using the same spin conditions. For 

electrical device measurements, gold contact pads were evaporated onto the perovskite surface 

prior to cobaltocene deposition. See Supporting Information for detailed description of 

experimental methods. 

 

4.3 Results and Discussion 

4.3.1 Dopant Surface Coverage of MAPbI3  

In order to study the electrical properties of n-type surface doped MAPbI3, an interfacial 

layer of cobaltocene on the perovskite surface was formed by spin coating from toluene 

solution at various concentrations (See Experimental Methods for details). Cobaltocene acts 

as an n-type dopant (HOMO -4.0 eV) with a simple charge transfer reaction that can occur via 

solution processing.[88,184] The MAPbI3 surface topography following cobaltocene deposition 

is shown in SEM and AFM micrographs in Figures 4.1 and S4.1. The cross-sectional height 

profiles extracted from the AFM images providing the roughness of the films are shown in 

Figure S4.2.  Cobaltocene appears to be deposited with relative uniformity onto the surface, 

with a surface coverage that depends on the dopant concentration. At low dopant 
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concentrations of cobaltocene, such as 0.1 and 0.2 mg/mL, there appears to be texturing 

corresponding to partial coverage of the dopant. Above a concentration of 0.3 mg/mL, the 

surface appears to be uniformly coated by cobaltocene, until at a concentration of 5 mg/mL 

where cobaltocene aggregates are clearly formed on the surface. At this concentration, it is 

difficult to completely dissolve cobaltocene and aggregates were likely already present in 

solution. In order to better understand the relationship between dopant concentration and 

surface coverage, the atomic ratio of Co:I was measured at the surface (~10 nm depth) using 

X-ray photoelectron spectroscopy (XPS) (Figure S4.3). For dopant concentrations of 0.1, 0.2, 

1 and 5 mg/mL, the ratio of Co:I was 0.19, 0.20, 0.28, and 0.77 respectively, which follows a 

 

Figure 4.1 (a) Illustration of spin coating cobaltocene: toluene solution onto surface of 

MAPbI3 films. Dopant solution deposition was done following MAPbI3 annealing and was 

not used as the anti-solvent. The illustration includes the molecular structure of 

cobaltocene and its reacted cation form. (b) SEM micrographs of surface of MAPbI3 films 

(i) neat and with increasing dopant concentration (ii) 0.1 mg/mL, (iii) 0.2 mg/mL, (iv) 0.3 

mg/mL, (v) 1 mg/mL, and (vi) 5 mg/mL. Partial surface coverage of cobaltocene is 

observed at 0.2 mg/mL because of the lack of observable MAPbI3 grains and the texturing 

of the surface.  
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linear relationship (Figure S4.4 and Table S4.1). While XPS can provide information about 

atomic percentages of surface composition, it cannot easily distinguish the nature of dopant 

coverage on the surface (i.e. island growth versus monolayer coverage).    

Additionally, atomic ratios collected using XPS were used to determine if there was 

damage to MAPbI3 upon doping (Figures 4.2(a) and Table S4.1). The atomic ratio of Pb:I at 

the surface is 1:3, as in MAPbI3, below 1 mg/mL dopant concentration, but above this 

concentration increasingly more iodine is present at the surface. It is likely that this change is 

the result of iodide released by chemical damage to the MAPbI3 crystallites in order to act as 

a counter ion to the reacted cobaltocene cations. Although XPS shows signs of surface 

degradation at high doping concentrations, techniques such as optical absorption and X-ray 

 

Figure 4.2 XPS of doped MAPbI3 films. (a) Atomic ratio of Pb: I atoms from an XPS 

survey scan. At low doping concentrations, atomic ratios are 1:3 as expected for MAPbI3. 

However at increasing dopant concentration less Pb is present, indicating degradation and 

diffusion of Iodide. (b) Core level spectra of Co 2p1/2 and 2p3/2 peaks of MAPbI3 films 

with the dopant concentrations of (i) 5 mg/mL, (ii) 1 mg/mL, (iii) 0.2 mg/mL and (iv) 0.1 

mg/mL. Symmetry of peaks and position of binding energy indicate whether cobaltocene 

has reacted. At 5 mg/mL ~18% of the cobaltocene is still in the neutral form. 
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diffraction (XRD) show that a significant portion of the film remains unchanged (Figures S4.5 

and S4.6). In addition to degradation from casting at high dopant concentrations, there also 

appears to be an upper limit to the amount of dopant that reacts with the MAPbI3 surface. At 

5 mg/mL dopant concentration, the majority (~82%) of the dopant has reacted, as can be seen 

by the symmetry and position of the binding energy of cobalt peaks in XPS (Figure 4.2(b)). 

Dopant aggregates are still in the unreacted form as they make up 16% of the surface area, 

which matches up well with the amount of unreacted dopant shown in XPS.  

 

4.3.2 Fermi Level Shifts upon Doping 

MAPbI3 films show tunable electrical properties as a function of surface coverage. 

Ultraviolet photoemission spectroscopy (UPS) shows a gradual shift of the VBM away from 

the Fermi Level, EF, towards higher binding energy with increasing dopant concentration 

(Figures 4.3 and S4.7). At high doping concentrations, this shift is so substantial that the 

surface region is approaching the degenerate limit (EF within ≈3 kbT of the CBM).  

Assignment of the valence band edge (VBE) was performed on a linear scale as close to the 

edge as possible adding some uncertainty to the position due to the low density of states (DOS) 

near the VBE (Figure S4.8-S4.12).[8,131] The assignment of the VBE was made using high 

resolution scans measured from -2.5 to 1.6 eV, which we believe allowed for a more precise 

determination compared to other studies where a linear extrapolation to find the VBE was 

taken over a wider energy range.[8,179,180] We chose this approach because multiple averages 

to achieve low noise around the VBE could result in degradation of the material due to the 

long exposure time.  Our extracted values do not lead to unphysical values of the band gap as 

seen in some experiments.[179,180] An alternative fit based on an assumed Gaussian form for 
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the VBE and a constant noise floor is shown on a semi-logarithmic scale in the Supporting 

Information (Figure S4.13). This type of fit also is imperfect due to question of whether this 

shape adequately fits the DOS. At higher dopant concentration, the shape of the spectrum 

changes near the edge; such features have been assigned to surface defects in some 

studies,[8,185] but it is difficult to unambiguously assign them. This shape change makes 

assigning a fit more challenging (two versions are shown in Figure S4.13), leading to the 

inversion in trend seen at 1 mg/mL between logarithmic and linear scale assignment of the 

 

Figure 4.3 Energy level diagram experimentally determined by UPS for (i) neat MAPbI3, 

(ii) 0.1 mg/mL doped MAPbI3, (iii) 0.2 mg/mL doped MAPbI3, and (iv) 1 mg/mL doped 

MAPbI3. Diagrams depict the position of the valence band (VBM), and the conduction 

band (CBM) in units of eV, assuming a band gap of 1.55 eV. The solid line represents 

values from a linear fit to the UPS data while the dashed line represents potential error in 

assigning the VBE by using a Gaussian edge fit on a logarithmic scale.   
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VBE. Despite the difficulty of the assignment of the edge, the two approaches agree within 

≈0.2 eV and show the same trend with dopant concentration (Figure 4.3).  For our analysis we 

choose the linear fit using data close to the edge for simplicity. 

Using the UPS data, we can estimate the electron concentration as a function of the 

concentration of cobaltocene. Neat MAPbI3 was calculated to have an electron concentration 

of ~106 carriers/cm3 using reported values for the band gap and effective masses,[186,187] which 

is low as a result of the Fermi level being close to mid-gap i.e. a nearly intrinsic 

semiconductor. Previous studies reported that MAPbI3 displayed n-type behavior when cast 

on oxide surfaces such as TiO2, ZnO and Al2O3 due to Fermi level pinning.[8,123,180,188] The 

mid-gap position of the Fermi level seen here by using an underlying gold coated substrate is 

similar to other studies performed on gold[189,190] and p-type substrates such as PEDOT:PSS, 

NiOx, and Cu2O.[7,180] Due to the low intrinsic carrier density of MAPbI3, the Fermi level will 

be tuned by the underlying substrate as a result of charge transfer.[191] The choice of substrate 

here was advantageous because intrinsic MAPbI3 was conducive to observing the increase in 

charge carriers upon doping. In the doped MAPbI3 films, the electron concentration increases 

to ~1013, ~1014, and ~1016 carriers/cm3 for casting concentrations of 0.1, 0.2, and 1 mg/mL 

dopant concentration respectively. It should be noted that there may be chemical damage to 

the surface of MAPbI3 at 1 mg/mL dopant concentration as indicated by XPS as a result of 

the high dopant concentration causing iodide diffusion towards the surface. Because of the 

dopant cation at the surface, the majority of charge carriers should be confined to a thickness 

of a few nm below the surface (See Supporting Information), which is consistent with other 

studies of surface doping on materials such as diamond and silicon.[66]  
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UPS is a surface sensitive technique which probes the top ~8 nm, making it important to 

consider the effects of the coverage of the molecular dopant. Given the atomic ratio of Co:I 

determined from XPS, the surface of the perovskite can be observed. This can be confirmed 

by looking at the shape of the DOS of the falling VBE (Figure S4.14), which maintains the 

same form as MAPbI3 with slight changes with increasing dopant concentration. Another 

consideration of dopant coverage is the creation of interface dipoles as a result reacted 

cobaltocene cation, which is seen in other studies of charge transfer doping at interfaces.[66] 

The change in the work function upon doping includes the effects of both band bending and 

interface dipoles. Neat MAPbI3 has a work function of 4.7 eV w.r.t EF. Upon deposition of 

the dopant, the work function decreases relative to the neat film by 0.35, 0.58, and 0.74 eV 

for 0.1, 0.2, and 1 mg/mL dopant concentration respectively. The band bending component 

can be observed in shifts in the XPS core level spectra. Previous studies have tracked band 

bending in MAPbI3 by the binding energy of the  Pb 4f  level.[8]  Slight shifts in peak position 

of Pb 4f (~0.25 to 0.35 eV) toward higher binding energy upon doping indicate downward 

band bending (See Figure S4.15). Therefore, the interface dipole contribution to the work 

function change would be around ~0.1, 0.3 and 0.5 eV for 0.1, 0.2 and 1 mg/mL dopant 

concentration respectively. In previous studies of surface doping, sharp changes in work 

function versus dopant thickness have been used to identify sub monolayer coverage, which 

is consistent with our observations of surface texturing of AFM micrographs.[192] Figure S4.16 

shows the relationship of Co:I ratio over the dopant concentration range studied versus work 

function.  

4.3.3 Surface Conductance and Evidence of Trap Passivation 
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The increased concentration of electrons results in a substantial increase in the lateral 

electrical conductivity of the films (Figure 4.4(a)). The electrical conductivity was measured 

using a two-point probe geometry due to the high absolute resistance of the films. The 

electrical conductivity was calculated using the full thin film thickness (~120nm) for each 

concentration, but we note that the charge should be confined to a thin region near the surface 

making the surface region substantially more conductive than the bulk.[66] The range of dark 

conductivity for the neat samples (~10-7 S/cm) can be compared to the conductivity of ~10-7 

S/cm reported by Peng et al for a MAPbI3 single crystal[193] and to the conductivity of ~10-8 

S/cm for a MAPbI3 thin film reported by Levine et al.[194]  The conductivity of neat samples 

on quartz is inconsistent with the charge carrier concentration of films on gold substrates 

 

Figure 4.4 (a) Photoconductivity and dark conductivity of MAPbI3 films as a function of 

dopant concentration (Orange Solid:  Photoconductivity of doped samples, Orange 

Dashed: Dark conductivity of doped samples, Blue Solid:  Average photoconductivity of 

neat films, Blue dashed: Average dark conductivity of neat films). Photoconductivity was 

performed by illuminating MAPbI3 films with a 525 nm LED with a photon flux of 5.81 

×1017 photons cm-2 s-1.  Error bars are determined from three devices each from three 

separate films. (b) Steady-state photoluminescence of neat and doped MAPbI3 films. A 

substantial enhancement in PL intensity occurs for the 0.1 mg/mL doped MAPbI3, 

consistent with passivation of surface traps.   
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determined by UPS given n~106 carriers/cm3 with a mobility of 1 cm2V-1s-1 implies a 

conductivity of ~10-13 S/cm. This difference, however, can be explained by charge transfer 

from the underlying gold coated substrate reducing the charge carrier concentration in 

MAPbI3.
[191]   

Evidence of surface conductance is provided by the trend of the dark conductivity of the 

doped samples in Figures 4.4(a) and S4.17. This trend follows a rise by orders of magnitude, 

a peak and fall in dark conductivity with the dopant concentration. The rise in dark 

conductivity with increasing dopant concentration can be explained by the apparent partial 

coverage of the dopant cast from solution with concentration of 0.1 and 0.2 mg/mL as seen in 

SEM micrographs (Figure 4.1(b)). The peak in dark conductivity occurs once full coverage of 

the dopant has been reached. This is inferred by the uniform appearance of the surface in SEM 

and AFM images (Figures 4.1(b) and S4.1). The measured conductivity of surface doped 

samples was stable over the period of several days when stored in a nitrogen glove box (Figure 

S4.18). 

Temperature dependent measurements of the conductivity was performed in order to 

determine the transport mechanism for conduction in doped samples (Figure S4.19). An 

Arrhenius plot of temperature-dependent electrical conductivity measurements confirm that 

the conductivity of these polycrystalline films is thermally activated below 300 K, with 

activation energies determined by the Arrhenius expression for activated transport:  𝜎 = 𝜎0 ×

𝑒𝑥𝑝 [
−𝐸𝐴

𝑘𝐵𝑇
]. For the neat MAPbI3 film, a fit from 300 to 260 K gives an activation energy of 

EA=290 meV. For the 1 mg/mL doped MAPbI3 film, a fit from 300 to 230 K gives an 

activation energy of EA=320 meV. Determining the relationship between conductivity and 

temperature over a wider range is prohibited by the high resistances of MAPbI3 films. In 
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addition, the lower limit that would be possible would be near 160 K as a result of the 

tetragonal to orthorhombic phase transition of MAPbI3.
[195] The temperature range over which 

conductivity was measured is reasonable for understanding the conductivity close to operating 

conditions of solar cells. A similar measurement on neat MAPbI3 was made by Pisoni et al, 

which showed an activation energy of EA=185 meV between 320 to 250 K and EA=70 meV 

below 250 K.[196] At higher temperatures, they attribute the barrier to thermal activation from 

impurity levels, and at lower temperatures to hopping conduction within the impurity level. 

We further expect differences in the activation energies based on grain size for in-plane 

measurements of films.  Here, doping of MAPbI3 results in a small, ~30 meV increase in 

activation energy. There are a variety of potential causes for this; one reason could be 

coulombic repulsion between electrons due to the high density of charge creating barriers to 

hopping at grain boundaries.[197]  

We measured the photoconductivity to determine if the surface doped samples would 

show evidence of trap filling (Figure 4.4(a)). The photoconductivity was measured as a 

function of incidence fluence in our neat MAPbI3 films using above band-gap light (525 nm) 

to vary the generation rate, G, to gain information about the recombination mechanism (Figure 

S4.20). We then measured the lateral photoconductivity of our doped samples at a G of ~1022 

photons/cm3s (comparable to solar generation rate), where the neat sample exhibits a 

combination of monomolecular (trapping) and bimolecular decay (electron-hole 

recombination). Trap-filling as a result of charge transfer at the surface should be observable 

since not all traps are filled by photo generated carriers at this fluence. We also examined the 

impact of light soaking and whether the samples exhibited persistent photoconductivity as 

controls to verify that the changes were not caused by non-idealities in the samples (Figure 
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S4.21 and Table S4.9).  At moderate doping levels, such as samples doped by solutions with 

a dopant concentration of 0.1 mg/mL, the photoconductivity increases by an order of 

magnitude.  At dopant concentrations above 0.2 mg/mL, the photoconductivity starts to 

decrease, causing it to be comparable and then below the neat photoconductivity. This 

decrease in photoconductivity begins as the dark conductivity begins to substantially increase. 

This suggests that the increase of the carrier concentration at the surface leads to additional 

recombination pathways after the surface traps are passivated. Steady-state 

photoluminescence (PL) is consistent with the explanation for the trend in photoconductivity 

(Figure 4.4(b)) where an increase in PL at a dopant concentration of 0.1 mg/mL is followed 

by a decrease at higher surface doping. The initial PL increase is similar to observations of 

the passivation of surface traps by treating with the Lewis base pyridine.[59]  The fact that n-

type doping passivates the surface suggests that moving the Fermi level towards the CBM fills 

trap states.  In many computational and experimental studies, electron traps near the center of 

the band gap have been implicated as recombination centers.[10–14]  We expect that surface 

doping could be a route to further elucidate the nature of these sites.   

 

4.4  Conclusions 

In summary, we have studied how electron transfer from the small molecule cobaltocene 

to the surface of MAPbI3 changes its electronic properties. This results in surface conductance 

within the top few nm which can be tuned by the dopant surface coverage. Surface doping 

results in a gradual shift of the VBM away from the Fermi level illustrating that charge transfer 

doping allows for control over the interfacial energy levels. We find evidence for increased 

recombination at higher surface doping through photoconductivity and PL measurements. 
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These results can provide a basis for understanding the role of doping at more complex 

interfaces, e.g. those of MAPbI3 and organic semiconductors, used in device applications. 
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Chapter 5 

 

Systematic Study of the Impact of Doping Concentration 

of the Electron Transport Layer on Perovskite Solar Cell 

Performance 

 

 This concluding study investigates the effect of doping the electron transport layer 

(ETL) on perovskite solar cell performance. The doping concentration of the (ETL) was varied 

over three orders of magnitude (0.1 wt%, 1 wt% and 10 wt%) in order to understand the 

potential impacts of doping. Design considerations for achieving good polymer: dopant 

miscibility developed in Chapter 3 was utilized in the choice of PDI-2T as the ETL. This 

resulted in tunable electrical properties of PDI-2T. Solar cell performance showed an 

improvement upon doping followed by a deterioration, with a maximum at 1 wt% dopant. 

Observations about solar cell performance, such as the trend in VOC and hysteresis, were 

consistent with the surface doping study, which indicated that surface passivation occurs at 

intermediate doping levels and degradation of the surface occurs at high doping levels. Further 
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evidence was present for charge transfer between doped PDI-2T to MAPbI3 based on changes 

in electrical conductivity, energy levels and carrier lifetimes.  These results suggest that the 

impacts of interfacial charge transfer should be considered when optimizing the doping 

concentration of the ETL.  

 

5.1 Introduction 

Perovskite solar cells (PSCs) have captured the focus of the photovoltaic research 

community due to their ease of fabrication and high power conversion efficiencies, now in 

excess of ~22%.[18] Electron transport layers (ETLs) play an important role in high performing 

PSCs by extracting photogenerated electrons from the perovskite and transporting these 

charges to electrodes.[5] There is a variety of factors that determine the final performance of 

an ETL, such as carrier mobility, resistance mismatch, energy level alignment, morphology, 

and ability to passivate the perovskite surface.[5] The remarkable performance of PSCs is not 

limited to any specific device architecture (conventional n-i-p or inverted p-i-n) or choice of 

material of the transport layers.[5] There is a wide range of potential ETLs that can be utilized, 

including inorganic materials such as ITO, FTO, TiO2, and ZnO.[20] However, use of metal 

oxides as the ETL typically requires annealing at high temperatures,[198,199] which can be a 

hindrance to commercialization and prohibits use in flexible devices.[20] Alternatively, organic 

semiconductors are ideal candidates because of their low temperature processing (<150°C) 

and scalable fabrication.[5] 

The major obstacle to the use of organic semiconductors as transport layers in PSCs is 

their low carrier mobility that may cause a parasitic series resistance that reduces the fill 

factor.[200] Carrier mobility is particularly important as the thickness of the ETLs increases, 
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which is an essential feature for low-cost fabrication. In inverted device architectures, where 

it is most common to use organic ETLs, it is essential to have sufficiently thick organic layers 

to avoid direct contact between the perovskite layer and the metal contact in order to prevent 

degradation.[2–4] In addition, industrial roll-to-roll processing is limited to organic layers of 

100 to 300 nm.[6] In order to overcome transport issues, doping of organic transport layers is 

performed to passivate trap sites and increase the concentration of free carriers.[107,201] In 

addition to altering carrier mobility and electrical conductivity, doping of the organic 

semiconductor has been reported to impact several other factors that influence ETL 

performance, such as molecular contact at interfaces due to disrupted morphology from 

dopant aggregates,[49,50] and interfacial energetic alignment as a result of doping induced 

shifts.[15]  

To date there has been little work on understanding how the presence of small molecule 

dopants can directly influence the perovskite active layer. Our group recently explored the 

impact of charge transfer doping on the surface properties of the hybrid halide perovskite 

methylammonium lead iodide (MAPbI3).
[201] In this study, we performed a surface doping 

study where the n-type small molecule dopant cobaltocene (Co(C5H5)2) was deposited directly 

onto the surface of MAPbI3.
[201] This model system provides a means to understand the more 

complex heterointerface of doped organic blends at the perovskite surface. The major 

conclusion of this study was that the lack of surface states of MAPbI3 enables charge transfer 

between small molecule dopants and the perovskite surface. This introduces additional 

considerations for the optimization of dopant concentration: intermediate degrees of charge 

transfer can be used to passivate deep electron traps, while high degrees of charge transfer 

introduce excess carriers that increase bimolecular recombination and cause degradation of 
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the MAPbI3 surface.[201] The suggestion of surface passivation occurring as a result of doping 

the ETL was also made by Wang et. al., who observed a decreased defect density in mixed 

halide perovskites measured with the trap density of states (tDOS).[106] Given this evidence of 

interfacial charge transfer, many studies of the effects of doping the ETL are providing an 

interpretation that may be an over simplification of the complexity of the ETL/MAPbI3 

interface.  

There is a variety of n-type organic semiconductors that have been reportedly utilized as  

ETLs in PSCs. Fullerene derivatives such as PCBM ([6,6]-phenyl-C₆₁-butyric acid methyl 

ester), C60, and IC60BA (Indene C60 Bis Adduct) are commonly employed because of their 

electron affinity, solvent processability and ability to passivate the perovskite 

surface.[48,63,64] Additionally, non-fullerene electron acceptors have been developed because 

of their unique advantages such as high absorption in visible range, tunable energy levels, and 

ease of synthesis.[105,202] There have been numerous studies on the effects of electrical doping 

of ETLs on the photovoltaic performance. Several of these doping studies have focused on 

fullerenes such as PCBM[15,21,49,50,203] and C60,
[106] while others have investigated less common 

ETLs such as di-perylene diimide (diPDI),[105] or c-HATNA ((3,9,14-

trifluorodiquinoxalino[2,3-a:2′,3′-c]phenazine −2,8, 15-trisulfinyl)tris(propane-3,1-diyl) 

tris(2-methylacrylate)).[107] Optimum power conversion efficiencies (PCEs) have been 

reported at doping compositions of 0.1 wt% to 1 wt%,[15,49,50,105,106] which we estimate to be a 

ratio of dopant to acceptor (or monomeric unit) of 10-2 to 10-3. The improvements in 

performance upon doping were attributed to be the result of increased fill factor (FF) and short 

circuit current density (JSC), and, in some cases, an increased open circuit voltage (VOC). In 

all of these studies, the figures of merit (FF, JSC, and VOC) first increase and then decrease 
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with increasing dopant concentration.[15,49,50,105,106] The increase is attributed to improved 

electron mobility and conductivity, leading to better carrier transport in the ETL. The decrease 

is attributed to dopant aggregate formation the can decrease carrier mobility and disrupt 

molecular contact at the ETL/perovskite and ETL/electrode interfaces.[105,203]   

In this report, we present a systematic study of how the doping concentration in an ETL 

affects the performance of MAPbI3 solar cells. Doping concentrations of neat (0 wt%), 0.1 

wt%, 1 wt% and 10 wt% were chosen because we believed orders of magnitude variations 

would best illustrate the potential impacts of doping. For our study we choose an ETL with 

the following characteristics: (1) a non-fullerene electron acceptor in order to make 

passivation effects as a result of charge transfer more easily observable and (2) a glassy 

polymer with good dopant/polymer miscibility in order to avoid dopant solubility limitations 

that occur in highly crystalline polymers such as P(NDI2OD‐T2) (Poly{[N,N′-bis(2-

octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide) -2,6-diyl]-alt-5,5′-(2,2′-bithiophene)) 

.[101,204] For these reasons, we employ the polymer PDI-2T (Poly{[N,N′-bis-(10-nonadecyl)-

perylene-3,4,9,10-tetracarboxylic diimide-1,7-diyl]-alt-(2,2′: 5′,2"-terthiophene-5,5′-yl)}), 

which has long sidechains that prevent crystallization and a high EA (Figure 5.1) (Supporting 

 

Figure 5.1 Chemical structure of PDI-2T and (2-Cyc-DMBI)2. The long sidechains of PDI-

2T leads to glassy structuring. (2-Cyc-DMBI)2 is a dimer dopant that undergoes a charge 

transfer reaction. 
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Information Figure S5.1). We chose an n-type dopant with high solubility and efficient charge 

transfer to PDI-2T. The dimeric dopant, (2-Cyc-DMBI)2 (Figure 5.1), fit these requirements 

with the additional benefit of air stability prior to central bond cleavage.[205,206]  Our results 

show tunable electrical properties of PDI-2T upon doping with (2-Cyc-DMBI2), indicating 

good miscibility of the polymer and dopant. 

 

5.2 Results and Discussion 

5.2.1 Electronic Properties of Electrically Doped PDI-2T 

 In order to understand the characteristics of the PDI-2T/MAPbI3 interface, it is helpful 

to consider the doping mechanism of PDI-2T by (2-Cyc-DMBI)2. PDI-2T was doped in 

solution by (2-Cyc-DMBI)2 prior to casting on the surface of thin films of MAPbI3 (See 

Supporting Information for Experimental Details). Small molecules dopants can either 

undergo charge transfer with organic semiconductors in solution or upon incorporation into 

thin films. The latter mechanism could also enable direct charge transfer from small molecules 

dopants to the perovskite surface. The possibility of direct charge transfer between (2-Cyc-

DMBI)2 and MAPbI3 was confirmed with surface doping. However, steady-state 

photoluminescence shows that (2-Cyc-DMBI)2 splits and undergoes charge transfer with PDI-

2T in solution (Supporting Information Figure S5.2-S5.3),  similar to the doping mechanism 

reported for organometallic dimers.[98]  Because the reaction in solution will prevent direct 

doping of MAPbI3 by (2-Cyc-DMBI2), we expect that charge transfer between the ETL and 

MAPbI3 would occur via Fermi level equilibration with the doped organic semiconductor. 

 The electrical conductivity and carrier concentration of neat films of PDI-2T was 

tunable by changing the concentration of (2-Cyc-DMBI)2 in the casting solution. The 
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conductivity of neat PDI-2T (<10-6 S/cm) increases upon doping to ~10-5, ~10-4 and ~10-3 

S/cm for 0.1 wt%, 1 wt% and 10 wt% concentrations of (2-Cyc-DMBI)2 respectively. The 

spin concentration detected by EPR in the solid state was 9±3×1019 and 1±0.1×1021 spins/cm3 

respectively for 1 wt% and 10 wt% dopant films, (Supporting Information). Consistent with 

studies on other heavily doped systems, the carrier concentrations of 1 wt% and 10 wt% 

dopant films equates to a ~1:10 and ~1:1 spins: monomer unit ratio (Supporting Information), 

respectivly.[104,204] The carrier concentration of neat and 0.1 wt% dopant films were below the 

threshold of the EPR apparatus of ~1018 spins/cm3.  

The impact of doping on the energy levels of PDI-2T was investigated with Ultraviolet 

and Inverse Photoelectron Spectroscopy (UPS & IPES).  UPS measurements were performed 

using a H Lyman-α source (10.2 eV) that limits degradation of organic materials during 

spectra collection.[117] We assigned neat PDI-2T an ionization energy (IE) and electron affinity 

(EA) of ≈6.1 eV and ≈4.0 eV respectively assigned based on features related to the HOMO 

 

Figure 5.2 Energy levels of PDI-2T measured using UPS, which shows a gradual shift of 

the Fermi level towards the LUMO level with increasing dopant concentration. The dopant 

concentrations studied are denoted as: (i) neat PDI-2T, (ii) 0.1 wt% dopant, (iii) 1 wt% 

dopant, and (iv)10 wt% dopant.  
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and LUMO levels (Figure 5.2)(Supporting Information). The Fermi level shows a gradual 

shift toward the LUMO level with increasing dopant concentration.  By 10 wt% dopant, the  

Fermi level shift is large enough that PDI-2T is a degenerate semiconductor and sub-gap states 

are observed by UPS (Supporting Information). These shifts are consistent with the high 

carrier concentrations observed by EPR. 

High doping concentrations were observed to alter the morphology of PDI-2T films. 

Atomic force micrographs (AFM) (Figure 5.3(a)) of PDI-2T films on quartz suggest that while 

there is good miscibility for PDI-2T with 0.1 wt% and 1 wt% dopant, the morphology of the 

film with 10 wt% dopant appears to have undergone a phase separation, similar to that of other 

 

Figure 5.3 (a) AFM micrographs of PDI-2T films, indicating phase separation of the 

dopant at high concentrations. (b) Optical absorption of PDI-2T films, confirming heavy 

doping at 10 wt%. The dopant concentrations studied are denoted as: (i) neat PDI-2T, (ii) 

0.1 wt% dopant, (iii) 1 wt% dopant, and (iv) 10 wt% dopant.  
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polymers.[101] This observation is consistent with optical absorption spectra of PDI-2T films 

given in Figure 5.3(b) (and Supporting Information S5.4). At low doping concentration there 

is a neutral polymer transition at ~2.0 eV with limited bleaching upon doping for the 0.1 wt% 

and 1 wt% dopant films. For the 10 wt% dopant film, the neutral polymer peak has been 

completely bleached and a new transition has emerged at 1.6 eV. This corresponds to heavy 

doping on the polymer. Based on AFM, it is apparent that there is a large amount of dopant 

that has infiltrated the polymer matrix at this doping concentration. The emergence of this 

transition may also be present at 1 wt% dopant. The phase separation of the dopant and 

polymer is important because it can impede contact of PDI-2T with the metal electrode and/or 

MAPbI3. 

 

5.2.2 Solar Cell Device Characteristics  

The use of PDI-2T as the ETL in inverted PSCs showed distinct performance differences 

with varying dopant concentration, which is illustrated in the J-V characteristics (Figure 5.4) 

(Supporting Information Figures S5.5-5.8). A schematic of the solar cell device is given in 

Figure 5.5(a). For doping concentrations of the ETL solution of 0 wt% (neat), 0.1 wt%, 1 wt% 

and 10 wt%, the power conversion efficiencies (PCEs) were 0.6, 3.8, 8.3, and 3.2 % 

respectively (Table 5.1). The low PCEs obtained for these devices is attributed to relatively 

thick ETL layers (~190 nm) leading to low FFs. The thick layers were employed to ensure  

surface coverage over MAPbI3 films with surface roughness of ~± 20 nm and to imitate 

thicknesses compatible with roll-to-roll processing[6] (Figure 5.5(b) and Supporting 

Information Figure S5.5). In contrast, high performance devices with inverted architecture 

with PCEs >17% typically have organic ETLs with thicknesses of less than 40 nm.[207–209]  
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Figure 5.4 Current density-Voltage (J-V) characteristics of MAPbI3 solar cells with ETLs 

of PDI-2T with varying doping concentration. See Supporting Information Figure S6 for 

zoomed in plots around the JSC and VOC.   

 

Table 5.1 Extracted performance parameters including VOC, JSC, FF and PCE of the J-V 

curve from the reverse scan (1.3 to -0.5 V) denoted as solid lines. 

ETL VOC (V) JSC 

(mA/cm2) 

FF (%) PCE % 

Neat 0.85 2.1 24 0.6 

0.1 wt% 0.85 13.6 36 3.8 

1 wt% 0.91 16.4 55 8.3 

10 wt% 0.77 12.1 34 3.2 

 

 

 

Figure 5.5 (a) Solar cell device with inverted architecture of 

Glass/ITO/PTAA/MAPbI3/PDI-2T (neat or doped with (2-Cyc-DMBI)2)/PEIE/Ag (b) 

Cross sectional SEM of PDI-2T:MAPbI3 bilayer on quartz showing the thickness of the 

ETL layer used in solar cell devices.  

 



 

 93 

All of the figures of merit, including short circuit current density (JSC), open circuit 

voltage  (VOC), and fill factor (FF), show a roll over in performance with a maximum at 1 wt% 

dopant.  The changes in performance upon doping can be attributed to a combination of 

changes that arise as a result of a non-ideal contacts: charge transport losses, charge injection 

losses, interfacial recombination, and degradation of the interface.[210] We examine the impact 

on doping for each component of the J-V curve in turn.  

Because doping of PDI-2T increases its electrical conductivity, we expected that doping 

would decrease the series resistance of the thick ETL layer. The solar cell with an ETL of neat 

PDI-2T shows very low JSC and FF, which we attribute to the high resistance of neat PDI-2T 

(σ <10-6 S/cm). Upon doping, the performance of the JSC and VOC dramatically improves, as 

shown in Table 5.1 indicating an improvement with doping followed by a deterioration. For 

doping concentrations of 0.1 wt% and 10 wt%, the J-V curve shows a ‘global’ S-shaped 

behavior. Such features can be attributed to charge accumulation as a result of energy barriers 

or poor charge transport in the ETL. Because the electrical conductivity of PDI-2T is still 

~5×10-4 S/cm at 10 wt% dopant, we attribute the lower performance to dopant aggregate 

formation (as observed by AFM in Figure 5.3(a)). This is expected to impede charge transfer 

at the PDI-2T/MAPbI3 or PDI-2T/Ag interfaces.  

The VOC also shows improvement with doping followed by a deterioration with a 

maximum at 1 wt%. Control over VOC involves considerations of both energy level alignment 

and surface recombination.[210] Theoretical calculations suggest that the band offset between 

the ETL and perovskite should be 0.0-0.3 eV in order to achieve high FF and VOC.[211] The EA 

of PDI-2T of ~ 4.0 eV suggests that the ETL should provide efficient extraction of 

photogenerated electrons from MAPbI3, which also had a measured EA of ~ 4.0 eV. If the 
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primary cause for the change in VOC is a consequence of surface recombination, the results 

are consistent with our previous surface doping study of MAPbI3 that showed that a small 

amount of added electrons could passivate trap levels, while increasing concentration resulted 

in degradation of the surface and bimolecular recombination.[201]  

Hysteresis of the J-V characteristics is observable at 10 wt%. Hysteresis has previously 

been attributed to redistribution of mobile ionic charge and recombination near the 

ETL/MAPbI3 interface.[212–215] Structural damage as a result of the high concentrations of 

additional charge was seen in the surface doping study, which was likely a result of mobile I- 

ions that were released by chemical damage to the MAPbI3 surface.[201]    

 

5.2.3 Interfacial Charge Transfer between PDI-2T and MAPbI3 

The performance of solar cells using thick layers of doped PDI-2T as an ETL shows that 

the series resistance is reduced upon doping, but there are effects related to charge transfer 

from the ETL to the MAPbI3 surface. In our surface doping study of MAPbI3, we found that 

charge transfer doping can be used to passivate surface traps. However, at very high surface 

concentrations of dopants, the surplus charge introduced an additional pathway for 

recombination of photogenerated carriers.  Here, we examine how equilibration of charge 

between the ETL and MAPbI3 produces similar effects. 

As a measure of charge transfer between PDI-2T and MAPbI3, we examined the lateral 

electrical conductivity of PDI-2T/MAPbI3 bilayers (Figure 5.6) (Supporting Information). 

Because transport in polymers is frequently anisotropic, measurement of the electrical 

conductivity in the direction of transport is desirable.  However, we were unable to carry out 

transport measurements in-plane, as the electrical conductivity was below measurable limits 
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using our 4-probe system. In a lateral measurement, the conductivity of the layers can be 

considered to be electrically in parallel.  Therefore, we can examine the net conductivity in 

the limit that only the PDI-2T is conductive, as well as the limit that charge is evenly 

distributed across the bilayer. We estimate the thickness of the PDI-2T films from cross-

sectional SEM and calculate the conductivity based on the two assumptions (Supporting 

Information Figure S5.9). Regardless of model, there is a drop in conductivity of PDI-2T on 

MAPbI3 compared to quartz. This change could potentially be a result of the underlying 

roughness of the perovskite surface (Supporting Information Figure S5.9-S5.10) causing 

scattering of carriers in the PDI-2T layer.[216,217]  We found that surface doping with MAPbI3 

films with (2-CYC-DMBI)2 gave an electrical conductivity of  ~10-6 S/cm which is similar to 

the bilayer of 1 wt% PDI-2T/MAPbI3 (Supporting Information S5.11). This gives a bound for 

the electrical conductivity of films of MAPbI3.  

 

Figure 5.6 Lateral conductivity of PDI-2T and for varying doping concentrations. Curves 

correspond to (blue) PDI-2T on quartz, (orange) PDI-2T on MAPbI3 calculated assuming 

thickness of the PDI-2T layer, (green) PDI-2T on MAPbI3 calculated assuming thickness 

of the bilayer, (black) MAPbI3 prior to ETL deposition to control for film-to-film variation. 

For comparison, conductivity values from the surface doping study were ~10-6 S/cm for 

full dopant coverage. 
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Charge transfer between the ETL and MAPbI3 will occur due to Fermi level equilibration 

between the semiconductors. Consequently, the Fermi level of PDI-2T measured using UPS 

should vary when assessed on top of MAPbI3 versus in single layer films (Figure 5.7(a)) 

(Supporting Information Figure S5.12-S5.15). The energy levels of bare MAPbI3 are also 

provided for comparison of the Fermi level position (VBE= -0.83 for both linear and semi-

logarithmic fits) (Supporting Information Figure S5.16-S5.18). When measured in isolation, 

PDI-2T showed a gradual shift of the Fermi level towards the LUMO level with increasing 

dopant concentration, consistent with n-type doping. Whereas in the PDI-2T/MAPbI3 bilayer, 

measurement of the Fermi level of neat, 0.1 wt%, and 1 wt% dopant PDI-2T occurs at roughly 

the same position in the bandgap (VBEs are -1.86, -1.83 and -1.76 eV respectively) within the 

margin of error for the UPS apparatus (±0.05 eV). In the surface doping study, the Fermi level 

 

Figure 5.7 (a) Energy levels of PDI-2T in the ETL/MAPbI3 bilayer measured using UPS 

and IPES.  Films are denoted in the figure according to (i) bare MAPbI3, (ii) PDI-2T 

(neat)/MAPbI3, (iii) PDI-2T (0.1 wt% dopant)/MAPbI3, (iv) PDI-2T (1 wt% 

dopant)/MAPbI3, and (v) PDI-2T (10 wt% dopant)/MAPbI3. (b) Binding energy positions 

of Pb 4f peaks measured using XPS of (i) bare MAPbI3 versus (ii) MAPbI3 with partial 

coverage of PDI-2T (1 wt% dopant), which shows a shift towards higher binding energy 

upon deposition of the doped ETL that indicates downward band bending of MAPbI3 at 

the interface.  
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change of MAPbI3 between dopant coverages that resulted in trap passivation and increased 

bimolecular recombination also occurred within a narrow range of 0.16 eV.[201]  

It was challenging to develop an understanding of band bending and dipole formation at 

the interface; Control over the thickness of PDI-2T layers for which band bending occurs (0 

to 30 nm) was not possible due to the MAPbI3 surface roughness of ± 20 nm (Supporting 

Information Figure S5.10). To confirm charge transfer via Fermi level equilibration, it was 

important to find an alternative means of probing interfacial energy levels. For a doping 

concentration of 1 wt%, PDI-2T was deposited onto the MAPbI3 surface at low concentration 

(0.5 mg/mL) that resulted in partial coverage of the surface (Supporting Information Figure 

S5.19), which allowed the perovskite surface to still be accessible via X-ray photoelectron 

spectroscopy (XPS).  XPS shows shifts in the peak positions of Pb 4f and I 3d orbitals by ~0.2 

eV towards higher binding energy, indicating downward band bending of the MAPbI3 surface 

(Figure 5.7(b) and Supporting Information Figure S5.20). This result was similar to the shift 

of the Pb 4f peak by ~0.3 eV for direct doping of the surface by cobaltocene,[201] suggesting 

the shift seen here is not likely due to degradation of the surface leading to PbI2 formation. To 

put this observation into context for how band bending would alter interfacial energy levels, 

a shift in Fermi level of MAPbI3 by ~0.2 eV (from a VBE =0.83 eV to 1.03 eV) would be 

within the range of that seen in the surface doping study between the neat MAPbI3 (VBE = 

0.82 eV) and MAPbI3 with partial dopant surface coverage (VBE = 1.28 eV),[218] indicating 

that this doping concentration leads to a degree of charge transfer that passivates deep electron 

traps that occur roughly around mid-gap.  
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Carrier lifetimes extracted from time-resolved photoluminescence (TR-PL) of the PDI-

2T/MAPbI3 bilayers (Figure 5.8 and Supporting Information Figure S5.21-S5.23) can provide 

information simultaneously about the degree of recombination occurring in perovskite, and 

the ability of the ETL to extract photogenerated electrons. The ability of the ETL to extract 

photogenerated electrons from MAPbI3 is influenced by several factors, including interfacial 

energy alignment, molecular contact of MAPbI3 and the ETL, and the ability of PDI-2T to 

accept additional charge. The alignment of LUMO level of PDI-2T to the conduction band of 

MAPbI3 suggests efficient electron transfer across the interface. For high doping 

concentrations, disruption of molecular contact may be relevant as a result of dopant 

aggregates that hinder extraction of photogenerated charge carriers by being electrically 

insulating. The ability of PDI-2T to accept photogenerated charge carriers is determined by 

the fraction of monomers that are already accommodating charge created upon doping.23,27  

 

Figure 5.8 (a) Time resolved photoluminescence (TR-PL) of PDI-2T films on MAPbI3 

denoted as (i) PDI-2T (neat)/MAPbI3, (ii) PDI-2T (0.1 wt% dopant)/MAPbI3, (iii) PDI-2T 

(1 wt% dopant)/MAPbI3, and (iv) PDI-2T (10 wt% dopant)/MAPbI3 , (v) bare MAPbI3 and 

(vi) neat PDI-2T on quartz. Spectra were measured using a 410 nm excitation and 770 nm 

collection light at energy density of 0.15 uJ/cm2, which assuming an absorption coefficient 

of ~1.5×105 at 410 nm corresponds to a charge density of 6.9×1015 cm-3. Spectra were 

collected such that light entered the film from the PDI-2T layer.  
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The trend in carrier lifetime with increasing doping concentration of PDI-2T on MAPbI3 

can be explained by the competing influence of these factors. All PDI-2T/MAPbI3 bilayers 

demonstrate lower carriers lifetimes than pristine MAPbI3, indicating extraction of 

photogenerated carriers. Low doping concentrations of neat and 0.1 wt% dopant result in fast 

extraction of photogenerated electrons from MAPbI3. This result is reasonable given UPS 

suggests favorable energy level alignment and only a small fraction of PDI-2T monomer units 

are already accommodating additional electrons. High doping concentrations of 1 wt% and 10 

wt% dopant exhibit a separate trend with longer carrier lifetimes. Electron paramagnetic 

spectroscopy (EPR) indicates that PDI-2T is heavily doped at 1 wt% and 10 wt% dopant with 

carrier concentrations of ~1020 and ~1021 spins/cm3 respectively, which correspond to between 

a 1:1 and 1:10 spin: monomer unit ratio.[104,204] Given that most monomers units already 

contain charge, they are less able to accept photogenerated electrons from MAPbI3. 

Challenges to extraction of photogenerated carriers that become more prevalent with higher 

doping concentration, such as an inability to accept additional charge and the presence of 

dopant aggregates, would suggest that the carrier lifetime of 10 wt% dopant should be the 

higher than 1 wt% dopant. This is not the case, suggesting the differences in carrier lifetime 

between 1 wt% and 10 wt% dopant are also influenced by recombination in MAPbI3. The 

observed trend can be explained by either reduced trap assisted recombination in 1 wt% 

dopant or increased bimolecular recombination in 10 wt% dopant. This observation is 

consistent with the surface doping study which showed that intermediate degrees of charge 

transfer can be used to passivate deep electron traps, while high degrees of charge transfer 

introduce excess carriers that increase bimolecular recombination and cause degradation of 

the MAPbI3 surface.  
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Direct quantification of the surface recombination of 1 wt% and 10 wt% dopant in the 

PDI-2T/MAPbI3 bilayer can be made using carrier lifetimes. The TR-PL spectra were fit using 

a biexponential decay, which incorporates a fast decay time component associated with 

recombination behavior at the surface, and a slow decay time component associated with 

recombination in the bulk (Supporting Information Figure S5.21). Steady-state 

photoluminescence (SS-PL) of PDI-2T films showed signal due to the perylenediimide 

unit[219] which is quenched upon doping with (2-Cyc-DMBI)2 (Supporting Information Figure 

S5.2).  Consequently, the short decay component of neat and 1 wt% dopant in the PDI-

2T/MAPbI3 bilayer is dominated by photoluminscent decay of PDI-2T, resulting in a mono 

exponential fit of 1 ns. By 1 wt% dopant, this signal is quenched, allowing the fast component 

of PL decay attributed to surface recombination to be directly quantified. The fast decay 

lifetimes for 1 wt% and 10 wt% dopant in the PDI-2T/MAPbI3 bilayer are 0.5 ns and 0.4 ns 

respectively, suggesting that the degree of charge transfer has altered recombination at the 

MAPbI3 surface.  

In other studies that investigated charge extraction of doped ETL/perovskite bilayers, the 

factor with the greatest influence on carrier lifetimes varied based on the characteristics of the 

ETL.[15,106,203] Consistently, lower carrier lifetimes were reported for optimally doped ETLs 

as a result of faster extraction.[15,203] For bis-PCBM, this is attributed to doping induced shifts 

that create improved energetic alignment to MAPbI3.
[15] Whereas for mono-PCBM, which 

does not experience improved energetic alignment upon doping due to its deeper LUMO, 

faster extraction upon doping is attributed to improved electron transport and smoother 

films.[203] Wang et al. reported a trend in carrier lifetime with increasing doping concentration 

of C60, showing the fastest quench for the optimal doping concentration of 1 wt% dopant, with 
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slower extraction for 5 wt% and 10 wt% dopant due to the either the formation of dopant 

aggregates or the ETLs diminished ability to accept additional electrons.[106] Here, neat PDI-

2T is able to show more efficient extraction because of its favorable energy level alignment 

to MAPbI3 and high ability to accept photogenerated charge. This illustrates how other factors, 

such as carrier transport and surface passivation, are important for solar cell performance. In 

contrast to other studies, the longest carrier lifetime was observed for the optimal doping 

concentration of 1 wt%, which we attributed to passivation of surface traps. This may play an 

important role in its improved solar cell performance as trap‐assisted recombination at 

material interfaces is the dominant recombination channel limiting device performance.  

 

5.3 Conclusions  

In summary, we performed a systematic study of doping concentration of an organic 

electron transport layer on the performance of perovskite solar cells. We previously developed 

several design considerations based on a surface doping study, which indicated that 

intermediate degrees of charge transfer can be used to passivate deep electron traps, while 

high degrees of charge transfer introduce excess carriers that increase bimolecular 

recombination and cause degradation of the MAPbI3 surface.[201] The performance of solar 

cells and the electronic behavior of the PDI-2T/MAPbI3 bilayer was consistent with these 

observations, which was illustrated by increased VOC, downward band bending of the MAPbI3 

surface, and the trend in carrier lifetime with ETL doping concentration. A more broad 

consequence of studying the impact of doping the ETL (PDI-2T), is that if initially a low PCE 

is observed despite reasonable energy alignment to MAPbI3, then doping should be utilized 

to further gauge an organic semiconductor’s potential performance.  
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I.  General Procedure for the Synthesis of P(BTP-DPP) 

The monomer and polymer synthesis followed a similar procedure reported by the 

authors.1  In brief, the polymer was synthesized using a mixture of stannylated biindeno[2,1-

b]thiophenylidene (BTP-Sn) (80 mg, 0.12 mmol), 3,6-bis(5-bromothiophen-2-yl)-2,5-

diicosylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (122 mg, 0.12 mmol), Pd2dba3 (7 mg, 0.006 

mmol) and P(o-tol)3 (7.4 mg, 0.024 mmol) The mixture was then flushed with Ar for 5 min 

and sealed before 2 ml of degassed anhydrous chlorobenzene was added using a syringe. The 

reaction mixture was then stirred at 145 °C for 24 h. At the end of reaction, the mixture was 

allowed to cool down to room temperature and was then added dropwise to methanol (20 ml) 

with stirring. The solid was collected through filtration and subjected to Soxhlet extraction. 

After being thoroughly washed by acetone and hexane, respectively, the purified polymer was 

extracted by hot chloroform in the same setup and collected in a round bottom flask. The 

solution was concentrated and added slowly to methanol to form a dark-purple to black solid. 

P(BTP-DPP) was then dried in vacuum overnight (105 mg, 72% yield).  

Three batches of P(BTP-DPP) were used in this study. GPC at room temperature with 

chloroform as the eluent and polystyrene as the reference gave the following characteristics 

for each batch: 

 Batch 1: Mn = 62.0 kDa, Mw = 130 kDa, PDI = 2.11  

 Batch 2: Mn = 42.3 kDa, Mw = 114 kDa, PDI = 2.70   

 Batch 3: Mn = 27.0 kDa, Mw = 49.5 kDa, and PDI = 1.83 
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II.  Substrate Preparation 

Several types of substrates, measuring 1.5 cm × 1.5 cm, were used for these 

experiments: quartz, sapphire, and intrinsic silicon wafers with native oxide or a 200 nm 

thermal SiO2. All substrates were cleaned in an ultrasonic bath in water, acetone and 

isopropanol for 20 minutes then treated with an oxygen plasma for 120 seconds.  

 

III.  Electrical Conductivity Measurements 

Conductivity values were measured using a four-point probe method. Gold contact pads 

were deposited onto films using a shadow mask in a thermal evaporator in a collinear 

geometry with 100 µm spacing between electrodes that were 500 µm wide. Conductivity 

values reported were calculated using the following equation for conductivity of thin layer 

samples measured using a four point measurement where I is the current, V is the measured 

voltage and d is the film thickness:[220] 

σ = 
I 

V

1

d

ln[2]

π
                                                                                                                        S3.1 

This approximation is accurate if the film thickness is less than one half the needle 

distances which is satisfied because of the thickness of films (≈40 nm) and the distance 

between probes (500 µm).  

The electrical conductivity of doped samples of P(BTP-DPP) was dependent on the 

molecular weight of the polymer. The electrical conductivity of sequentially processed 

samples was measured using Batch 1 (Mn = 62.0 K) and the values are given in Figure 3.2 and 

Table S3.2. Conductivity measurements performed with batches with lower molecular weight 

showed lower conductivity. The difference in performance of electrical conductivity of 

sequentially cast versus blend casted films was performed using Batch 2 (Mn = 42.3 K). 
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Conductivity of sequential and blend casted films were compared at the optimal dopant 

concentration of 0.55  monomeric dopants to repeat unit, and produced values of 9.45 × 10-2 

± 2 × 10-6  S/cm and 1.41 × 10-2 ± 3 × 10-6   S/cm respectively. These conductivity values are 

reported for a single sample taken at three different film locations. 

 

Table S3.1 Electrical conductivity of P(BTP-DPP) sequentially doped with (RuCp*mes)2. 

Conductivity values are reported for three separate regions on the same film. However, if a 

device’s conductivity was below measurable limits, then its value was not included in the 

calculation. Thus a standard deviation of N/A means that only one device was measured at 

that concentration.  

Monomeric 

Dopant per Repeat 

Unit determined by 

XPS 

Conductivity [S/cm] Standard Deviation 

[S/cm] 

0.15 0.023 2 × 10-4 

0.37 0.43 .1 

0.55 0.45 0 

0.77 0.34  0.07 

0.92 0.0016 3 × 10-4 

1.19 0.007 9 × 10-4 

1.43 0.0012  N/A 

 



 

 106 

IV. Roughness of Films from Atomic Force Microscopy 

An Asylum MFP-3D atomic force microscope was used to measure the topography of 

films cast on X substrates. 

 

Figure S3.1 Example cross-sectional height profile extracted from AFM images indicating 

film roughness. (a) neat film, (b) 0.15 monomeric dopants per repeat unit, (c) 0.37 monomeric 

dopants per repeat unit, (d) 0.55 monomeric dopants per repeat unit, (e) 0.77 monomeric 

dopants per repeat unit and (f) 0.92 monomeric dopants per repeat unit.  
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V.  Characterization by X-Ray Photoemission Spectroscopy 

X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) was carried out on a 

Kratos Axis Ultra XPS/UPS instrument.  The films were cast on a gold coated 10 × 10 mm 

crystalline silicon substrate (80 nm of gold with a 20 nm of chromium adhesion layer 

deposited by thermal evaporation). Films of P(BTP-DPP) were then spin-cast onto the 

substrates. The semiconducting film was removed from one edge of the sample by swabbing 

with chlorobenzene to expose the underlying gold layer.  Nickel tape was used to electrically 

connect the exposed gold on the top of the substrates to the airtight sample holder in order to 

prevent charging. For XPS, a monochromated Al-Kα source (180 W) was used under ultrahigh 

vacuum conditions (10–7 Torr). Survey scans were collected with a step size of 0.5 eV, a pass 

energy of 160 eV, and a dwell time of 100 ms.  

XPS was performed in order to evaluate the concentration of (RuCp*mes)2 that was 

incorporated into the film within approximately the top 10 nm of the film (total film thickness 

is ~40 nm). There is finite roughness on the surface due to dopant aggregates. Therefore, there 

is some uncertainty in the bulk concentration. XPS was performed on samples of 0.15, 0.37, 

0.77 and 0.92 monomeric dopants per repeat unit. The weight percentage of the dopant 

incorporated into the film was determined by comparing the ratio of the atomic percent of the 

Ru 3d5/2 peak to the S 2p peak. This calculation assumes that the concentrations present at the 

top 8 nm of the film surface (i.e. the XPS penetration depth) are similar to those in the bulk.  

The following equation was used to calculate monomeric dopant per repeat unit given the 

atomic percent of Ru and S determined from the integrated intensity (I) of Ru 3d5/2 peak and 

the S 2p peak and corrected for the stoichiometry of 4 S atoms per P(BTP-DPP) monomer and 

1 Ru atom per RuCp*mes unit. 
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IRu 3d
5/2

IS 2p

×
4 S atoms

1 monomer of P(BTP-DPP)
=

#  of RuCp*mes

monomers of P(BTP-DPP)
≡

# carriers

monomer of P(BTP-DPP)
 

Given monomeric dopants per repeat unit it is also possible to calculate the weight percent 

RuCp*mes in the film using the following equation. 

Molar Mass of RuCp*mes 

(Molar mass of P(BTP-DPP) monomer ×
 # monomers P(BTP-DPP)

#  of RuCp*mes
) + Molar Mass of RuCp*mes 

  

= Weight Percent of RuCp*mes 

Monomeric dopant per repeat unit and Weight percent RuCp*mes is summarized in Table 

S3.2.  

 

Figure S3.2 XPS spectrum of P(BTP-DPP) doped at a) 0.15 monomeric dopant per repeat 

unit, b) 0.37 monomeric dopant per repeat unit, c) 0.77 monomeric dopant per repeat unit, and 

d) 0.92 monomeric dopants per repeat unit. Ruthenium 3d5/2 peaks are symmetrically shaped, 

and at a BE which is consistent with where [RuCp*mes]+ has previously been observed. This 

suggests that the doping efficiency, defined here as the efficiency of electron transfer to the 

host semiconductor, of (RuCp*mes)2 is near 100%.  
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Table S3.2 Atomic percent Sulfur and Ruthenium as determined by XPS and corresponding 

monomeric dopant per repeat unit and weight percent RuCp*mes in films. For dopant solution 

concentrations not measured using XPS denoted by *, the natural logarithm relationship given 

in the last section was used to approximate weight percent.  

Dopant Solution 

Concentration 

[mg/ml] 

Sulfur 

Atomic % 

Ruthenium 

Atomic % 

Monomeric 

dopants per 

repeat unit 

Weight Percent 

RuCp*mes 

Neat 5.83 0 -- 0 

0.05 4.88 0.18 0.15 4.2 

0.1 4.48 0.41 0.37 9.8 

0.25 * * 0.55 14.1 

0.5 3.96 0.76 0.77 18.6 

1 3.62 0.83 0.92 21.4 

2 * * 1.19 25.9 

4 * * 1.43 29.9 

 

The number of monomeric dopants per repeat unit as a function of the concentration of 

dopant in solution used for sequential casting fit well to an empirical logarithmic relationship 

(Figure S3.2).  This relationship was used to determine the number of monomeric dopants per 

repeat unit of the polymer for concentrations not measured by XPS.    

 

 

Figure S3.3 Relationship between dopant solution concentration and monomeric dopant per 

repeat unit incorporated into the film. This can be described using the following equation: 

Dopant Weight Percent = 0.256 × log[Dopant Solution Concentration] + 0.933 

y = 0.256 Log[x] + 0.933
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Given the number of monomeric dopants per repeat unit and value of the number density 

of monomers, it is possible to calculate carrier concentration using the following equation:  

 

#  𝑜𝑓 𝑅𝑢𝐶𝑝 ∗ 𝑚𝑒𝑠

𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 𝑜𝑓 𝑃(𝐵𝑇𝑃 − 𝐷𝑃𝑃)
×

𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠

#  𝑜𝑓 𝑅𝑢𝐶𝑝 ∗ 𝑚𝑒𝑠
×

𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠

𝑐𝑚3
=

𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠

𝑐𝑚3
 

 

For samples that showed detectable EPR signal (0.1 and 0.5 mg/ml loading or 0.37 and 

0.77 monomeric dopant per repeat unit respectively) this would predict a carrier concentration 

of: 

0.37 × 1 × 5.15×10
20 monomers

cm3
= 1.9×10

20
 
carriers

cm3
  

0.77 × 1 × 5.15×10
20 monomers

cm3
= 4×10

20
 
carriers

cm3
  

The density of monomeric units was approximated by an orthorhombic unit cell given 

with the repeat length of the monomer backbone and data from GIWAXS, which displays a 

peak at q ~ 1.5 Å-1 that is attributed to an inter-chain separation distance of 4.2 Å and the peak 

at q ~ 0.3 Å-1 that is attributed to an alkyl stacking distance of 2.1 nm. 

Unit Cell Volume =  

Interchain Separation Distance × Alkyl Stacking Distance × Repeat Length of Backbone 

4.2 Å × 21 Å × 22.8 Å = 2 ×10
-21

cm3   

number density = 5 ×10
20 monomers

cm3
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VI.  Field-Effect Measurements of Mobility 

The carrier mobility of P(BTP-DPP) was evaluated using thin film transistors (TFTs). 

TFTs were formed using spin-coated films of P(BTP-DPP) without a post-annealing step on 

a gate dielectric of a 10 nm cross-linked polymer benzocyclobutene (BCB) layer on top of a 

SiO2 layer (200 nm) supported by a doped silicon wafer.  

We fabricated field effect transistors with both Batch 2 (Mn = 42.3 kDa) and Batch 3 (Mn 

= 27.0 kDa), which resulted in similar hole and electron mobilities (electrons ≈ 1 x 10-3 cm2V-

1 s-1 & holes ≈ 3 x 10-3 cm2V-1 s-1.  The field-effect mobilities were determined by a fit to the 

output characteristics at gate voltages such that the device was well into the n- or p-type 

regime of operation.  The n-type region showed the existence of a clear contact resistance at 

low Vds which likely affects the magnitude of the extracted mobility. Output characteristics 

of TFTs made with Batch 2 are shown in Figure S3.4.   
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Figure S3.4 Output characteristics (drain current measured as a function of drain voltage) of 

example ambipolar P(BTP-DPP) field effect transistor. The drain current was measured for 

both negative and positive gate bias, corresponding to typical hole and electron accumulation 

regimes. Ambipolar behavior can be seen at gate voltages more negative than -20 V for p-type 

devices and greater than 30 V for n-type devices.  

 

In contrast to the ~10-3 cm2 V-1 s-1 mobility that we measured, the previously reported 

electron and hole mobilites were 1.21 × 10-1 and 8.9 × 10-2 cm2 V-1 s-1.[221]  Differences in 

extracted mobility could be due to different processing (Chiu, et. al. used decyltricholosilane 

(DTS) as the dielectric and post-annealed at 150 ºC for 8 min) or the choice of fitting method. 
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VII.  Electron Paramagnetic Resonance Measurement of Carrier Concentration 

Electron Paramagnetic Resonance (EPR) measurements were performed with a Bruker 

EMX X-Band EPR. EPR samples were prepared by depositing films onto quartz microscope 

cover slides with dimensions 2 × 2 cm using spin conditions described previously in the 

Experimental Section. Samples were cleaved using a diamond scribe into approximately 1.5 

cm × 3 mm wide pieces, prior to being inserted into low pressure/vac Suprasil® EPR sample 

tubes that were used in order to maintain nitrogen atmosphere. Samples were then transferred 

outside the glove box and the EPR spectra was measured immediately. Quantitative 

determination of the spin concentration was obtained by comparing samples to a reference 

sample of 2,2-diphenyl-1-picrylhydrazyl (DPPH) with a known spin concentration. This 

required both the integrated spin intensity, quality factor, power and volume of both samples 

and DPPH reference. Sample volumes were found by taking the area of the substrate 

determined using a micrometer and film thickness determined by AFM (films were ca. 40 nm 

thick).  

Figure S3.5 Raw EPR signals of an example sample of 0.15, 0.37, 0.77 and 0.92 monomeric 

dopants per repeat unit. The g values are reported in the figure corner.  
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EPR spectra were for several ratios of monomeric dopant to polymer repeat unit are show 

in Figure S3.5 along with the g-factor observed for DPPH and samples with detectable signal. 

The observed spin concentrations are reported in Figure S3.6, which show error bars 

representing the standard deviation of spin concentrations from three separate samples. In 

addition to room-temperature measurements, low-temperature EPR was also performed. No 

change in the EPR spectra was observed in the range of 100-300 K. EPR spectra of samples 

were measured on different days, and due to tuning of the cavity the magnetic field over which 

spectra was obtained varies. However, DPPH reference spectra confirms that the magnetic 

field range over which the samples were measured would be sufficient to show signal if it 

should exist.  

  

Figure S3.6 Spin concentration values for 0.15, 0.37, 0.77 and 0.92 monomeric dopants per 

repeat unit. Error bars are determined by the standard deviation of spin concentrations for a 

given dopant concentration from three separate samples. Values below measurement 

threshold (1014 spins/cm3) are not plotted. 
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VIII.  Optical Absorption Spectra 

Thin film absorption measurements were conducted with a Shimadzu UV 3600 UV-VIS 

spectrometer. Samples were cast on sapphire substrates and measured in a specially made 

holder composed of flanges with sapphire windows, O-ring and clamp that was used in order 

to keep the sample under inert gas [nitrogen] in order to prevent dedoping of the sample. 

 

IX.  Density Functional Theory Calculations of Electronic Levels and Optical 

Transitions 

Density functional calculations were carried out with Gaussian09(REF) to model the 

electronic structure of P(BTP-DPP).  Due to the size of the compound, a model compound 

comprising the BTP unit flanked by two DPP units without the full alkyl sidechains was 

chosen (Fig. S7).  The geometry of the neutral, anion and dianion were optimized at the 

B3LYP/6-311+G* level of theory and TD-DFT calculations were performed using this 

geometry. Images of the HOMO and LUMO levels and molecular geometries of the neutral, 

anion and dianion are given in Figure S3.7. A substantial narrowing of the gap between the 

HOMO and LUMO is observed in the dianion (0.8 eV) relative to the neutral compound (1.6 

eV). This difference is ~0.3 eV larger than the difference in the LUMO and LUMO+1 of the 

neutral compound and is comparable to values expected for polaronic shifts of gap states in 

polymers. The single electron levels of the anion are complex because the compound has an 

open shell allowing splitting of the spin up and down electrons and we do not discuss the 

particular shifts here.  Table S3.3 shows the first three optical transitions and associated 

orbitals.  Note that the anion is an open-shelled species and the transitions involve both alpha 

and beta spin orbitals. 
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Figure S3.7 Model structures, images of the electron probability density of the HOMO and 

LUMO orbitals and their energies. 
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Table S3.3 First three optical transitions from TD-DFT theory (B3LYP/6-311+G*) for 

BTPDPP models. 

Species Dominant Orbitals in Transition  

(A and B refers to spin & the 

numberical value is the contribution 

to transition) 

Energy 

(eV) 

Oscillator 

Strength 

Neutral HOMO  to LUMO 1.42 1.59 

 HOMO-1 to LUMO (0.67) 

HOMO to LUMO+1 (0.19) 

1.59 0.03 

 HOMO-2 to LUMO   (0.57) 

HOMO-1 to LUMO+1 (0.21) 

2.0 0.51 

    

Anion HOMO-2:A to LUMO+1:A (-0.12) 

HOMO-1:A to LUMO+1:A  (0.15) 

HOMO:A  to LUMO:A  (0.83) 

HOMO-2:B to LUMO:B  (0.17) 

HOMO-1:B to HOMO:B (0.50) 

 

0.66 0.15 

 HOMO-2:A -> LUMO+1:A (-

0.13) 

HOMO-1:A -> LUMO:A (0.27) 

HOMO:A to LUMO+1:A (0.76) 

HOMO-2:B -> HOMO:B (-0.37) 

HOMO-1:B -> LUMO:B  (-0.41) 

 

0.83 1.36 

 HOMO-3:A to LUMO+1:A (-0.12) 

HOMO-3:A to LUMO:A (-0.22) 

HOMO:A to LUMO:A (0.55) 

HOMO-3:A to LUMO+1:A (0.13) 

HOMO-2:B to LUMO:B (0.24) 

HOMO-1:B to HOMO:B (0.74) 

HOMO:B to LUMO:B (0.12) 

 

1.04 1.82 

    

Dianion HOMO to LUMO 0.94 2.3 

 HOMO-1 to LUMO (-0.30) 

HOMO to LUMO+1 (0.64) 

1.03 0.040 

 HOMO-2 to LUMO (-0.14) 

HOMO-1 to LUMO+1 (0.40) 

HOMO to LUMO+2 (0.55) 

1.70 0.19 
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X.  Determination of Energy Levels from Ultraviolet Photoemission Spectroscopy 

Ultraviolet photoemission spectroscopy was performed on the same setup and samples as 

XPS. Samples were transported using an airtight sample holder from the nitrogen glovebox 

used for film fabrication to the XPS/UPS instrument. For UPS, a helium I radiation source 

was used with a gate bias voltage of −9 V. Photoelectrons at the 0◦ takeoff angle were collected 

at 600 W (6 kV, 10 mA) with a pass energy of 5 eV and a step size of 0.025 eV. Survey scans 

were collected once with a dwell time of 100 ms. Finer scans near the valence band maximum 

(VBM) were collected with a dwell time of 600 ms. 

The equations used to determine the energy levels in Figure 3.7 are given by the following: 

the Ionization Potential is defined as IP = hν - |ESEE – EVBE| , the Work Function is defined as 

φ = hν [21.22] - ESEE , and the Electron Affinity EA= φ – (Band Gap- |EVBE|). The following 

figures S3.8-3.12 show how the ESEE (secondary electron edge) and EVBE (valence band edge) 

were defined. Note: samples with high doping concentrations contain a sub-gap feature that 

is near the EVBE.  
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Neat P(BTP-DPP) 

 

 

Figure S3.8 Example of He(I) UPS spectrum of neat P(BTP-DPP) showing how the 

secondary electron edge (Top) and the valence band edge (Bottom) were defined. 
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0.15 Monomeric Dopant per Repeat Unit 

 

Figure S3.9 Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.15 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the valence band 

edge (Bottom) were defined.  
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0.37 Monomeric Dopant per Repeat Unit 

 

 

 

Figure S3.10 Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.37 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the valence band 

edge (Bottom) were defined.  
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0.77 Monomeric Dopant per Repeat Unit 

 

 

Figure S3.11 Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.77 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the valence band 

edge (Bottom) were defined.  
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0.92 Monomeric Dopant per Repeat Unit 

 

 

Figure S3.12 Example of He(I) UPS spectrum of P(BTP-DPP) doped at 0.92 monomeric 

dopant per repeat unit showing how the secondary electron edge (Top) and the valence band 

edge (Bottom) were defined. 
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Table S3.4 Ionization potential (IP), separation of HOMO and fermi lelel and work funciton 

as a function of RuCp*mes measured by Ultraviolet photoemission spectroscopy (UPS).  See 

Figure 3.6 for graphical depiction of Table S3.4. 

Monomeric Dopant 

per Repeat Unit 

Ionization 

Energy (eV) 

Separation of 

HOMO and Fermi 

Level (eV) 

Work Function (eV) 

Neat 4.9 0.8 4.2 

0.15 4.9 1.2 3.7 

0.37 4.7 1.1 3.6 

0.77 4.8 1.3 3.5 

0.92 4.6 1.2 3.5 
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XI.  Grazing Incidence Wide-Angle Scattering 

Grazing incidence X-ray scattering (GIWAXS) was performed at the Stanford 

Synchotron Radiation Lightsource (SSRL) on beam line 11–3. 2D scattering data was 

processed and reduced using the WxDiff software developed at SSRL. The beamline energy 

was 12.7 keV and an incident angle of 0.1° was used.   

 

Figure S3.13 Line Cuts from the 2D scattering image in the (a) in-plane and (b) out-of-plane 

direction of P(BTP-DPP) films with increased dopant concentration (i) neat P(BTP-DPP), (ii) 

0.15 monomeric dopant per repeat unit, (iii) 0.37 monomeric dopant per repeat unit, (iv) 0.55 

monomeric dopant per repeat unit, (v) 0.92 monomeric dopant per repeat unit, (vi) neat 

(RuCp*mes)2. Features corresponding to significant scattering by the dopant emerge at 0.55 

monomeric dopant per repeat unit.  
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I. Atomic Force Microscopy of Film Surface 

An Asylum MFP-3D atomic force microscope was used to measure the topography of 

films cast on quartz substrates. 

 

Figure S4.1 Atomic force microscopy (AFM) micrographs of MAPbI3 surface with increasing 

dopant concentration: (a) neat perovskite, (b) 0.1 mg/mL, (c) 0.2 mg/mL, (d) 0.3 mg/mL, (e) 

0.5 mg/mL, (f) 1 mg/mL, (g) 5 mg/mL, and (h) 10 mg/mL. 
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Figure S4.2 Example cross-sectional height profile extracted from AFM images indicating 

film roughness. Two example linecuts (orange and blue) are given for each sample with 

increasing dopant concentration: (a) neat perovskite, (b) 0.1 mg/mL, (c) 0.2 mg/mL, (d) 0.3 

mg/mL, (e) 0.5 mg/mL, (f) 1 mg/mL, (g) 5 mg/mL, and (h) 10 mg/mL. 
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II. X-Ray Photoemission Spectroscopy: Degradation at the Surface 

X-ray and Ultraviolet Photoemission Spectroscopy (XPS and UPS) was carried out on a 

Kratos Axis Ultra XPS/UPS instrument.  The films were cast on a gold coated 10 × 10 mm 

crystalline silicon substrate (80 nm of gold with an underlying 20 nm of chromium adhesion 

layer deposited by thermal evaporation). Substrates were transported in a nitrogen 

environment. Films of MAPbI3 were spin-cast onto the substrates within 1 hour to minimize 

fouling of the gold. The cobaltocene dopant solution was cast onto the sample immediately 

before transferring them to the instrument in an air tight sample holder. Nickel tape was used 

to electrically connect the MAPbI3 to the sample holder in order to prevent charging. For XPS, 

a monochromatic Al-Kα source (180 W) was used under ultra-high vacuum conditions (10–7 

Torr). Survey scans were collected with a step size of 0.5 eV, a pass energy of 20 eV, and a 

dwell time of 100 ms. In order to determine if these conditions damaged MAPbI3, we 

performed a looped measurement (16×) of binding energies between 144 and 132 eV around 

the Pb 4f peaks on a neat MAPbI3 film. The results of this loop, along with the position of the 

Pb 4f5/2 peak are given in Figure S4.3. Several conclusions were drawn using the atomic ratios 

of Pb, I and Co. The atomic percentages of Pb, I and Co are given in Table S4.1. 
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Loop # Binding Energy of 

Pb 4f Peak [eV] 

1 138.08 

2 138.11 

3 138.13 

4 138.14 

5 138.14 

6 138.16 

7 138.16 

8 138.17 

9 138.19 

10 139.19 

11 138.21 

12 138.21 

13 138.23 

14 138.23 

15 138.23 

16 138.25 

 

Figure S4.3 (Left) Looped XPS measurement of binding energies between 132 and 146 eV 

around the Pb 4f peak. (Right) The position of the 4f5/2 peak is given in the accompanying 

table. This measurement was performed in order to characterize the amount of damage to 

MAPbI3 during a dwell time of 100 ms, which resulted in negligible shifts in binding energy 

over 16×. 

 

Table S4.1 Atomic ratios determined by XPS survey scans of the perovskite surface with 

increasing dopant concentration. Orbitals used for comparison were Co 2p, I 3d and Pb 4f. 

Ratios of elements were used to infer conclusions about degradation (Pb:I) and dopant 

coverage (Co:I).  

Sample Dopant 

Concentration 

Atomic % 

Co 

Atomic % I Atomic % 

Pb 

Ratio Pb:I Ratio Co:I 

Neat 0.00 75.09 24.91 .33 0 

0.1 mg/mL 12.34 64.29 23.37 .36 .19 

0.2 mg/mL 12.58 63.99 23.43 .37 .20 

1 mg/mL 18.76 66.01 15.23 .23 .28 

5 mg/mL 41.36 54.02 4.62 .09 .77 
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Figure S4.4 Surface Ratio of atomic percentages of Co:I appears to follow a linear 

relationship with dopant concentration deposited via spin casting.  
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III. Optical Absorption Spectroscopy 

Thin film absorption measurements were conducted with an Ocean Optics HR2000+ 

High resolution spectrometer with a DH-2000 UV-VIS-NIR Light Source.  Samples were cast 

on quartz substrates. The measurement was made in a nitrogen glovebox in order to prevent 

potential de-doping reactions of the films with air and moisture.  

 

 

Figure S4.5 Absorbance of MAPbI3 in neat form and with increasing dopant concentration. 

The spectra show no signs of bleaching of the main features. Cobaltocene absorbs around 

~275 nm. 
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IV. X-Ray Diffraction 

X-ray diffraction (XRD) patterns (Figure S4.6) were measured using a PANalytical 

Empyrean powder diffractometer with a Cu-Kα source, measured in reflection mode with an 

accelerating voltage of 45 kV and a beam current of 45 mA. Powder XRD patterns were 

simulated using the General Structure Analysis System (GSAS), with a calibration file 

specific to our instrument. The cobaltocene diffraction spectrum was simulated from a 

previously reported crystal structure.[222] Figure S4.6 shows that MAPbI3 shows no signs of 

degradation upon doping and that cobaltocene crystallizes at high concentration. In addition, 

XRD spectra measured two weeks after dopant deposition also show no evidence of 

degradation. As diffraction is a bulk technique, information in spectra represent the average 

structure of the entire thin-film; degradation measured by XPS and conductivity are likely 

surface phenomena.  

Films were deposited onto glass substrates which cause an amorphous hump in spectra. 

In addition, higher cobaltocene concentrations may lead this amorphous hump to become 

more pronounced. In doped MAPbI3 samples, peaks corresponding to cobaltocene are denoted 

by blue dots. Peaks not seen in either the MAPbI3 or cobaltocene simulated spectra are denoted 

by a black asterisks. We cannot account for these peaks; they are not consistent with PbI2 

impurities and may be a result of a cobaltocene polymorph as they increase with dopant 

concentration.  
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Figure S4.6 X-ray diffraction patterns of doped films (right) on the same day as cobaltocene 

doping and (left) two weeks later (14 days). Peaks corresponding to cobaltocene are denoted 

by blue dots. Peaks not seen in either the MAPbI3 or cobaltocene simulated spectra are denoted 

by a black asterisks. 
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V. Determination of Energy Levels with Ultraviolet Photoemission Spectroscopy 

Ultraviolet photoemission spectroscopy (UPS) was performed on the same setup and 

samples as those used in XPS. The UPS setup utilized a Helium I radiation source (21.22 eV). 

The UPS measurement was performed prior to XPS. Samples were transported using an 

airtight sample holder from the nitrogen glovebox used for film fabrication to the XPS/UPS 

instrument. Photoelectrons at the 0˚ takeoff angle were collected at a pass energy of 5 eV and 

a step size of 0.05 eV. Survey scans were collected once with a dwell time of 100 ms.  

Figure S4.7 shows UPS spectra around the secondary electron edge (SEE) and valence 

band edge (VBE) of neat and doped MAPbI3 films. A dashed line indicates where the SEE 

and VBE have been defined. Figures S4.8-S4.12 provide further detail of fitting the VBE and 

SEE of each sample.  

 

Figure S4.7 Ultraviolet photoemission spectroscopy around the (left) secondary electron 

edge and (right) valence band edge. 
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Neat Perovskite Surface 

 

 

Figure S4.8 Example of UPS spectrum of neat MAPbI3 showing how the secondary electron 

edge (top) and the valence band edge (bottom) were defined. 
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Surface Doping 0.1 mg/mL 

 

 

Figure S4.9 Example of UPS spectrum of 0.1 mg/mL doped MAPbI3 film showing how the 

secondary electron edge (top) and the valence band edge (bottom) were defined. 
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Surface Doping 0.2 mg/mL 

 

 

Figure S4.10 Example of UPS spectrum of 0.2 mg/mL doped MAPbI3 film showing how the 

secondary electron edge (top) and the valence band edge (bottom) were defined. 
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Surface Doping 1 mg/mL 

 

 

Figure S4.11 Example of UPS spectrum of 1 mg/mL doped MAPbI3 film showing how 

the secondary electron edge (top) and the valence band edge (bottom) were defined. 

 

 



 

 140 

Surface Doping 5 mg/mL 

 

 

Figure S4.12 Example of UPS spectrum of 5 mg/mL doped MAPbI3 film showing how 

the secondary electron edge (top) and the valence band edge (bottom) were defined. 
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The equations used to determine the energy levels in Figure 4.3 are given by the following: 

the Ionization Potential is defined as IP = hν - |ESEE – EVBE|, the Work Function is defined as 

φ = hν [21.22 eV] - ESEE , and the Electron Affinity EA= φ – (Band Gap- |EVBE|). The values 

of these quantities for various dopant concentrations (taken from linear intensity scale 

analysis) are given below in Table S4.2. The band gap here was assumed to be 1.55 [eV]. 

 

Table S4.2 Summary of values for secondary electron edge (SEE), valence band edge (VBE), 

ionization potential (IP), work function (WF) and electron affinity (EA) extracted from UPS.  

Sample SEE 

[eV w.r.t 

EF] 

VBE 

[eV w.r.t 

EF] 

IP [eV ] WF 

[eV w.r.t EF] 

EA [eV] 

(a) Neat MAPbI3 -16.5 -0.8 5.5 4.7 4.0 

(b) 0.1mg/mL -16.9 -1.3 5.6 4.4 4.1 

(c) 0.2 mg/mL -17.1 -1.3 5.5 4.1 3.9 

(d) 1 mg/mL -17.3 -1.4 5.4 4.0 3.9 

(e) 5 mg/mL -17.4 -1.5 5.3 3.8 3.8 
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Assignment of the VBE on a Logarithmic Intensity Scale 

Figures S4.8-S4.12 show assignment of the SEE and VBE using a linear intensity scale. 

Several studies report a low density of states near the VBE in MAPbI3, suggesting a 

logarithmic intensity scale can provide improved assignment of the VBE.[8,131,223] Assignment 

of the VBE using a logarithmic intensity scale is given in Figure S4.13 for comparison to 

Figures S4.8-S4.12. Similar to a study by Endres et al.,[223] we used a Gaussian fit to replicate 

the falling edge of the valence band. One of the issues using this fit is that a lack of a well-

defined shoulder in the valence band adds some subjectivity to where a Gaussian is fit. It 

appears that with increasing dopant concentration, the Gaussian fit deviates from the data 

close the VBE. We suspect this could be a result of surface states in the gap of the material.[8] 

The VBE was assigned at the intersection of the Gaussian fit and a noise floor for the UPS 

apparatus that was designated as 100 counts per second. The difference in the VBE assigned 

on the linear vs logarithmic intensity scale is between ~0.1 and ~0.2 eV. This difference is 

given as the error bar in Figure 4.3. 
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Figure S4.13 UPS spectra plotted on a logarithmic intensity scale of MAPbI3 films with 

increasing dopant concentrations: (a) neat MAPbI3, (b) 0.1 mg/mL dopant concentration, (c) 

0.2 mg/mL dopant concentration, (d) 1 mg/mL dopant concentration, and (e) 5 mg/mL dopant 

concentration.  The VBE was determined by the intersection of a Gaussian fit and a noise floor 

of 100 CPS. Minimal variance of the VBE value between linear and logarithmic intensity 

scale analysis is seen. 
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Characterization of Surface Effects: Surface Dipole and Band Bending 

 

Figure S4.14 Ultraviolet photoemission spectroscopy showing the falling edge of the valence 

band. Slight changes in the density of states occur upon doping, but overall the shape is the 

same. This suggests that even though there is a dopant layer on the surface, UPS is still probing 

the surface of MAPbI3.  

 

 

Figure S4.15 XPS core level shifts of (left) Pb 4f5/2 and (right) Pb 4f7/2 orbital peak positions. 

Upon doping, a shift of ~0.3 eV toward high binding energy occurs, indicating downward 

band bending at the surface. 
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Figure S4.16 Relationship between Work function and the surface ratio of Atomic % Co:I. 

Changes in work function encompass both the effects of interface dipole formation and band 

bending.  
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VI. Calculation of Carrier Concentration based on Fermi Level 

Several of the following calculations will require an estimate of the carrier concentration 

based on the position of the Fermi level as determined by UPS. Initially, it is necessary to 

determine a value for the quantum concentration of conduction electrons (Equation S4.1). 

This was determined by using a value for the effective electron mass to be m*≈ 0.2. [224,225] 

nc≡Nc/V=2(me
*kbT/2πħ

2
)
3/2                                                                                                              S4.1 

This produces a value for the quantum concentration of conduction electrons 𝑛𝑐 = 2.2 ×

 1024 𝑚−3. Using this term for the quantum concentration of conduction electrons, the 

conduction electron concentration is given by the following equation: 

ne= nc×Exp [
-(εc-μ)

kbT
]                                                                                                                          S4.2 

The difference in energy levels between the conduction band 𝜀𝑐 and the Fermi level μ is 

determined experimentally using the Valence Band Edge (VBE) from UPS and by assuming 

a band gap. Since these values are used within the exponential term of Equation S4.2, small 

degrees of error can lead to significant variation in conduction electron concentrations. The 

resolution of UPS is roughly ±0.15 eV, making it difficult to be accurate with this estimation. 

Given the VBE value evaluated via UPS, we have calculated the conduction electron 

concentration for a range of band gaps: 1.55, to 1.6 eV (Table S4.3). 
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Table S4.3 Conduction electron concentrations calculated using data from UPS. UPS does not 

measure the band gap, which was assumed here to be 1.55 eV. However, in literature the band 

gap of MAPbI3 has been reported over the range of 1.55 to 1.60 eV. The concentration of 

conduction electrons is calculated using these two values to illustrate how small uncertainties 

in the energy levels can alter estimates for carrier concentrations. 

SAMPLE VBE [eV] ne [m
-3] if 

BG=1.55 eV 

ne [m
-3] if 

BG=1.6 eV 

Neat MAPbI3 -0.8 9.9 × 1011 1.4 × 1011 

0.1 mg/mL -1.3 6.0 × 1019  8.6 × 1018 

0.2 mg/mL -1.3 6.2 × 1020 8.9 × 1019 

1 mg/ml -1.4 3.1 × 1022 4.4 × 1021 

5 mg/mL -1.5 4.7 × 1023 6.7 × 1022 
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VII. Estimates of Surface Conductivity and Thickness of Doped Layer 

Surface doping of this kind results in charge carriers that are confined to the top few nm 

of the surface by the electric field created by the interfacial charge separation.[66] The 

conductivity reported in Figure 4.4(a) was calculated using the total film thickness rather than 

accounting for the thickness of the region where carriers are accumulated. In order to estimate 

the thickness of the doped layer and its corresponding conductivity, we used an approximation 

explained below. Given the number of assumptions made, this estimate in some cases predict 

that the thickness of the doped surface layer is unphysically low. However, it does confirm 

that the thickness of the surface layer is small and that this is not a bulk doping technique. 

 

Estimate 1: System of Equations Using Conductance 

Here the film is modeled like resistors in parallel, with the two resistors corresponding to 

the top surface doped layer and the neat bulk. The resistance of the entire film RTotal can be 

described using Equation S4.3. Similarly, the conductance of the entire film GTotal, which is 

the inverse of RTotal, is given by Equation S4.4. 

I

RTotal

=
1

RSurfaceDoped

+
1

RBulk

                                                                                                              S4.3 

GTotal = GSurfaceDoped + GBulk                                                                                                             S4.4 

Where RSurfaceDoped and GSurfaceDoped are the resistance and conductance of the top, thin surface 

doped region respectively and RBulk and GBulk are the resistance and conductance of the neat 

bulk region respectively. Conductance G is given by Equation S4.5.  

G = σ
A

L
                                                                                                                                 S4.5
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In this equation, σ is conductivity, A is area i.e. contact length × film thickness, and L is length 

i.e. contact spacing. For the two resistor components, the contact length and spacing are the 

same. The total thickness T of MAPbI3 films is 120 nm. Conductance of doped films can be 

described using Equation S4.6. 

σAfterDope (
CL×T

CS
) =σSurfaceDope (

CL×t

CS
) +σBulk (

CL×(T -t)

CS
)                                                   S4.6 

From Figure 4.4(a), values for total conductivity σAfterDope and bulk conductivity σBulk have 

been reported. Leaving the quantities of surface conductivity σSurfaceDope and surface thickness 

t unknown. In order to find σSurfaceeDope we can use the conductivity equation σ = n×q×μ. This 

will require taking n to be the value for the concentration of conduction electrons solved for 

in the section on the calculation of carrier concentration based on Fermi level. There is likely 

some degree of error in the carrier concentration assumption, given the Fermi levels of the 

gold substrate and MAPbI3 equilibrated in the UPS measurement. Whereas conductivity 

measurements were performed on quartz and Fermi level equilibration likely did not result in 

the same degree of charge transfer. Taking methods that measure mobility across grains such 

as a thin film transistor measurement (TFT), we used a mobility value of μ ≈ 1 cm2V-1s-

1.[226,227] We estimate that a potential upper bound to this value could be μ ≈ 10 cm2V-1s-1.  

Estimates for the surface conductivity are given in Table S4.4. In addition to considering 

two different mobility values, Table S4.4 also includes two different band gap values which 

will determine the concentration of conduction electrons. These values are given to illustrate 

the potential amount of error in this calculation, which is why in Figure 4.4(a) conductivity 

values were reported using the total film thickness.  
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Table S4.4 Estimates for surface conductivity. This calculation was performed for two 

mobility values and two band-gap values to illustrate the range over which surface 

conductivity is reasonable.  

Sample Mobility   

[cm2/V s] 

Surface Conductivity [S/cm] 

BG=1.55 [eV] BG=1.6 [eV] 

Neat 1 1.6 × 10-13 2.3 × 10-14 

10 1.6 × 10-12 2.3 × 10-13 

0.1 mg/mL 1 9.6 × 10-6 1.4 × 10-6 

10 9.6 × 10-5 1.4 × 10-5 

0.2 mg/ML 1 1.0 × 10-6 1.4 × 10-5 

10 1.0 × 10-5 1.4 × 10-4 

1 mg/mL 1 4.9 × 10-3 7.0 × 10-4 

10 4.9 × 10-2 7.0 × 10-3 

5 mg/mL 1 7.5 × 10-2 1.1 × 10-2 

10 7.5 × 10-1 1.1 × 10-1 

 

Using the values for σSurfaceDoped given in Table S4.4 above, Equation S4.6 produces 

estimates for the surface thickness t given in Table S4.5. For intermediately doped samples 

(0.1 & 0.2 mg/mL dopant concentration), this calculation predicts a surface thickness of a few 

nm. At high doping concentrations, estimates for the thickness of surface doped layer become 

less physically reasonable, as they become increasingly small.  
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Table S4.5 Estimate for thickness of surface doped layer. This calculation was performed for 

two mobility values and two band-gap values to illustrate the range over which the thickness 

of the doped layer is reasonable.  

Sample Mobility   

[cm2/V s] 

Thickness [Nanometers] 

BG=1.55 [eV] BG=1.6 [eV] 

0.1 mg/mL 1 5.7 41.3 

10 5.6 × 10-1 4.0 

0.2 mg/ML 1 1.3 9.2 

10 1.3 × 10-1 9.2 × 10-1 

1 mg/mL 1 1.9 × 10-1 1.3 

10 1.9 × 10-2 1.3 × 10-1 

5 mg/mL 1 5.4 × 10-3 3.8 × 10-2 

10 5.4 × 10-4 3.8 × 10-3 

 

VIII. Electrical Conductivity Measurements: General 

Conductivity values were measured using a two-point probe method using a picoammeter 

due to the resistance of the MAPbI3 films. Gold contact pads 80 nm tick were deposited onto 

films using a shadow mask in a thermal evaporator in a collinear geometry with 160 µm 

spacing between electrodes that were 3200 µm long. Conductivity values reported were 

calculated using the following equation for conductivity of thin layer samples measured using 

a two-point measurement where I is the current, V is the measured voltage and d is the layer 

thickness:[220]  

σ=
I 

V

1

d

ln[2]

π
                                                                                                                                             S4.

         

This approximation is accurate if the film thickness is less than one half the needle distances 

which is satisfied because of the thickness of films (≈120 nm) and the distance between probes 

(160 µm).  

Error bars in Figure 4.4(a) are determined from three devices each on three separate films 

(9× total measurements). The conductivity was measured for each sample both prior to and 



 

 152 

after doping. Conductivity measurements done prior to doping were made in order to account 

for film to film variation. The neat conductivity given in Figure 4.4(a) is an average of the 

values given in Figure S4.17. 

 

Figure S4.17 Photoconductivity and dark conductivity of MAPbI3 films as a function of 

dopant concentration. Neat conductivity gives the actual device averages of films prior to 

dopant deposition. Error bars are determined from three devices each from three separate 

films. 
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Stability Under Air Exposure, Time, and Ultra High Vacuum 

The stability of doping using small molecules has proved challenging. In n-type organic 

semiconductors, high LUMOs result in de-doping if films are exposed to the ambient.[228] The 

conduction band of MAPbI3 has similar energy levels to the LUMOs of n-type organic 

semiconductors, making de-doping a concern. Table S4.6 gives the conductivity of MAPbI3 

film doped with 1 mg/mL solution before and after being exposed to air for 1 minute. There 

is a small drop in dark conductivity. However, we chose to employ a nitrogen environment or 

encapsulation via Cytop amorphous fluoropolymer resin solution in all measurements of this 

study. 

 

Table S4.6 Photoconductivity and dark conductivity of a 1 mg/mL doped film before and after 

it has been exposed to air for 1 minute. Photoconductivity measurements were performed with 

illumination from a 525 nm LED with a photon flux of 5.8 ×1017 photons cm-2 s-1. 

 LED Initial 

[S/cm] 

Dark Initial 

[S/cm] 

LED After 

[S/cm] 

Dark After 

[S/cm] 

Air (1 Minutes) 7.60 × 10-6 2.50 × 10-6 1.07× 10-5 7.80 × 10-7 

 

In addition to ambient stability, we also investigated if doping was stable over a period of 

~2 days when stored in a nitrogen glovebox. Figure S4.18 gives the conductivity of a 1 mg/mL 

doped film as a function of time. There does not appear to be any drop in conductivity over 

the time period measured. 
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Figure S4.18 Conductivity of a 1 mg/mL doped MAPbI3 film as a function of time. 

Photoconductivity measurements were performed with illumination from a 525 nm LED with 

a photon flux of 5.8 ×1017 photons cm-2 s-1. 

 

The volatility of small molecule dopants is also important since in several measurements 

(XPS/UPS and temperature dependent conductivity) were performed under Ultra-high 

vacuum (UHV). Cobaltocene has a relatively small molecule weight (189.12 g/mol) compared 

to other n-type dopants (examples: decamethylcobaltocene 329.39 g/mol, [RuCp*mes]2 

712.98 g/mol, N-DMBI 267.37 g/mol), making it a concern that cobaltocene would sublime 

and undergo reverse charge transfer.[167] In order to determine if cobaltocene is removed from 

the surface under UHV, we placed a 1 mg/mL doped MAPbI3 film in a thermal evaporator 

(~10-7 Torr) for 40 minutes. Because this required films to be transferred between gloveboxes 

and the container used to transport them may not have been perfectly air tight, we also include 

a control of another 1 mg/mL doped MAPbI3 film that was not placed in the thermal 

evaporator, but was moved with the other film between locations. The photoconductivity and 
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dark conductivity of this test are given in Table S4.7, which indicates that cobaltocene did not 

sublime from the surface. 

 

Table S4.7 Photoconductivity and dark conductivity of a film exposed to UHV (~10-7 Torr) 

for 40 minutes. A control is provided since films were moved between gloveboxes and the 

container used to transport them was not completely air tight. Photoconductivity 

measurements were performed with illumination from a 525 nm LED with a photon flux of 

5.8 ×1017 photons cm-2 s-1. 

 LED Initial 

[S/cm] 

Dark Initial 

[S/cm] 

LED After 

[S/cm] 

Dark After 

[S/cm] 

UHV 

(40 Minutes) 

1.1 × 10-5 5.2 × 10-6 6.2 × 10-6 1.6 × 10-6 

UHV Control 1.1 × 10-5 5.9 × 10-6 7.6 × 10-6 2.5 × 10-6 
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IX. Electrical Conductivity Measurements: Temperature Dependent Conductivity 

The electrical conductivity was measured below 300 K under high vacuum (10-5 Torr) to 

determine the activation energy for both neat MAPbI3 and 1 mg/mL doped MAPbI3 (Figure 

S4.19). This measurement was performed using two-point probe with a picoammeter. 

Activation energy was found via fitting the curves to the Arrhenius expression for activated 

transport: 𝜎 = 𝜎0  ×  𝐸𝑥𝑝 [
−𝐸𝐴

𝑘𝐵𝑇
] from 300 to 260 K (neat MAPbI3) and from 300 to 230°K (1 

mg/mL doped MAPbI3).  

In order to avoid de-doping due to exposure to air, the 1 mg/mL doped MAPbI3 was 

encapsulated by spin-coating a layer of Cytop amorphous fluoropolymer resin solution on the 

film surface following dopant deposition. Cytop spin-coating conditions are as follows: 10 

seconds at 1000 rpm with 200 rpm acceleration, followed by 20 seconds at 5000 rpm with a 

1000 rpm acceleration. Cytop was subsequently annealed by leaving the film under vacuum 

in a nitrogen glovebox antechamber for 3 hours. Table S4.8 gives conductivity values of the 

1 mg/mL doped MAPbI3 film with Cytop encapsulation both before and after exposure to air. 

Once the 1 mg/mL doped MAPbI3 sample was under vacuum in the temperature-dependent 

probe station, the Cytop layer was peeled off in order to ensure good contact between probe 

needles and gold contact pads.  
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Figure S4.19 Temperature dependent conductivity of (left) neat MAPbI3 and (right) 1 mg/mL 

doped MAPbI3 films. Fitted parameters from the Arrhenius expression for activated transport 

are given in each figure. Temperature was measured both in increasing and decreasing 

directions in order to characterize reversibility of temperature. 

 

Table S4.8 Conductivity values of 1 mg/mL doped MAPbI3 films that have been encapsulated 

using Cytop using differing annealing methods before and after exposure to air for 1 min. 

Simple exposure to vacuum after deposition of Cytop successfully encapsulated the doped 

film. This method was used for transporting doped films to the temperature dependent probe 

station.  

 Nitrogen Environment 1 min Exposure to Air 

Sample Photoconductivity 

[S/cm] 

Dark 

Conductivity 

[S/cm] 

Photoconductivity 

[S/cm] 

Dark 

Conductivity 

[S/cm] 

Doped Film 

Unencapsulated 

1.3 × 10-5 ± 

4 × 10-6 

4.3 × 10-6 ± 

3 × 10-7 

-- -- 

Doped Film: 

Cytop Dried in 

Antechamber for 

3 hours 

1.3 × 10-5 ± 

3× 10-6 

2.1 × 10-6 ± 

6 × 10-7 

1.9 × 10-5 ± 

5  × 10-6 

2.2 × 10-6 ± 

8 × 10-7 
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X. Electrical Conductivity Measurements: Photoconductivity  

Photoconductivity Dependence on LED Intensity  

A photoconductivity intensity sweep was performed on a neat MAPbI3 film using a 525 

nm LED in order to determine what recombination mechanism might dominate at varying 

photon fluxes (Figure S4.20). Photoexcitation density G was calculated from photon flux 

using Equation S4.8. 

G=
1

120 nm
∫ αN0Exp[-αx] dx                                                                                    S4.8

120 nm

0

 

Where α is the absorption coefficient (here taken to be ~0.5×105 at 525 nm light),[4] N0 is the 

photon flux at the surface (5.8 ×1017 photons cm-2 s-1), x is the distance into the film, and the 

total film thickness is 120 nm. 

In order to extract information about the recombination mechanism, photoconductivity 

versus photoexcitation density is fitted to a power law: 𝜎𝑃𝐶 ∝ 𝐺𝛼 (Figure S4.20). The 

exponent α= 1, ½ or 1/3 indicates monomolecular, bimolecular and trimolecular decay in the 

simplest case. Intermediate values indicate a combination of mechanisms. Here α≈0.8 likely 

indicates a combination of monomolecular and bimolecular decay, thus not all trap states have 

been completely filled by photo generated carriers. For comparison, studies in literature show 

varying exponents. Chen et al reported that at G≈1019 cm-3s-1 α transitioned from α≈½ [below] 

to α≈1 [above] for a solution grown MAPbI3 thin film.[229] In contrast, Igal et al. reported 

α≈0.4  for MAPbI3, but determined that this was the result of the presence of a recombination 

center a few kBT above the Fermi level by incorporating information about the minority carrier 

lifetime.[194]. 
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Figure S4.20 Power law (𝜎𝑃𝐶 ∝ 𝐺𝛼) fits to extract the light exponent factor α from 

photoconductivity versus photoexcitation density G of neat MAPbI3. The extracted light 

exponent factor α is ≈0.8, indicating bimolecular and monomolecular decay. 

 

Light Soaking 

A light soaking experiment was performed in order to establish the stability of doped 

MAPbI3 films under constant irradiation. In this experiment MAPbI3 films were illuminated 

with a 525 nm LED with a photon flux of 5.8 ×1017 photons cm-2 s-1 for 90 minutes with 

photoconductivity measured every 5 minutes. Both neat MAPbI3 and 0.5 mg/mL doped 

MAPbI3 films show a decrease in photoconductivity by ~12% and 17% respectively over the 

course of this time (the contact appears to have moved for the neat MAPbI3 film, which was 

taken into account). Light-soaking has been suggested as an effect of trap-assisted 

recombination.[230] There does not appear to be evidence for surface doping reducing this 

process at 0.5 mg/mL doped MAPbI3 film.  
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Figure S4.21 Photoconductivity of (left) neat MAPbI3 and (right) 0.5 mg/mL doped MAPbI3 

over a period of 90 min constant illumination of 525 nm light with a photon flux of 5.8 ×1017 

photons cm-2 s-1. 

 

Persistent Photoconductivity 

Persistent photoconductivity is caused by internal and surface deep-level defects and can 

result in photodetectors that suffer from slow responses of several seconds or longer.[231] 

Organic metal halide are dominated by shallow defects, typically resulting in photodetectors 

with a response time of less than 20 μs.[231] Despite this low number, we still checked to ensure 

that persistent photoconductivity does not cause artifacts that resemble doping. Conductivity 

of a 1 mg/mL doped MAPbI3 film was measured in the dark, then under illumination (525 nm 

LED with a photon flux of 5.8 ×1017 photons cm-2 s-1), then in the dark once more. The results 

of this test are given in Table S4.9. There is very little variation between dark conductivity 

before and after illumination, suggesting that persistent photoconductivity is not responsible 

for the increases in conductivity we see upon deposition of cobaltocene.  
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Table S4.9 Dark conductivity before and after photoconductivity measurement. 

 Dark Initial LED Illumination Dark After 

Conductivity [S/cm] 2.1× 10-6 4.8 × 10-6 2.3 × 10-6 

 

XI. Photoluminescence Measurements 

Photoluminescence (PL) measurements were carried out on a Horiba FluoroMax 4 

spectrometer calibrated using Milli-Q water. Films were deposited on z-cut quartz as 

described and encapsulated using Cytop amorphous fluoropolymer resin that was dried under 

vacuum for 3 hours. Films were loaded into a thin-film sample stage angled at 60° between 

the excitation and emission port. All measurements were performed with an excitation 

wavelength of 450 nm using a consistent slit size. In order to limit effects of Rayleigh 

scattering at long wavelengths, a long-pass filter slightly above the excitation wavelength (455 

nm) was placed in front of the emission port. 
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I. GIWAXS of Neat PDI-2T Showing Glassy Characteristics 

X-ray scattering was conducted on beamline 7.3.3 at the Advanced Light Source (ALS). 

Silver behenate was used as a calibration for the beam center and sample-to-detector distance. 

2D GIWAXS scattering images were collected using a Pilatus 2 M area detector at an 

incidence angle of 0.20°.The samples were kept under a helium environment during X-ray 

exposure to minimize sample degradation and scattering from O2. The collected data were 

processed using Nika, a 2D data reduction macro on IgorPro using established procedures.1D 

profiles along the in-plane direction were created by plotting intensities along line cuts near 

qxy= 0. To correct for the grazing incidence geometry, scattering intensity was integrated along 

a small sector near the missing wedge to obtain 1D profiles near qZ=0.  

 

Figure S5.1 The 2D GIWAXS of neat PDI-2T indicates that it is a glassy polymer due to the 

diffuse scattering features. GIWAXS patterns given include (a) 2D images and (b) 1D 

linecuts.  
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II. General Film Preparation 

Several types of substrates (quartz, ITO coated glass and silicon with either native oxide 

or thermally grown 200 nm SiO2), measuring 1.5 cm × 1.5 cm, were used for these 

experiments. All substrates were cleaned in an ultrasonic bath in soapy water, water, acetone 

and isopropanol for 20 minutes then treated with an oxygen plasma for 180 seconds.  

Films of MAPbI3 were fabricated using a 1 Molar solution of 1:1 ratio of PbI2: MAI in a 

1:10.4 ratio (by volume) of DMSO: DMF. Precursors were purchased according from the 

following list: methylammonium iodide (Dysol), lead iodide (Aldrich) and DMSO (Aldrich) 

and anhydrous DMF (Aldrich). The solution was spin-coated onto substrates with the 

following conditions: (1) 2 seconds at 1000 rpm with 1000/s rpm acceleration (dust spin off 

step), (2) 5 seconds at 0 rpm with 4000/s rpm acceleration, (3) 13 seconds at 2000 rpm with 

330/s rpm acceleration, followed by (4) 30 seconds at 4000 rpm with a 3000/s rpm 

acceleration. MAPbI3 precursor solution is dropped on the substrate surface once 1000 rpm 

has been achieved in step (3). An anti-solvent of 200 μL of chlorobenzene is dropped on the 

film surface during step (4) between 23 and 21 seconds prior to completion. The film 

immediately undergoes annealing at 100°C for 10 min. This results in MAPbI3 films that are 

~450 nm thick. 

PDI-2T (1-Material Inc.) was dissolved in a chlorobenzene solution at 9 mg/mL loading 

(solar measurements were made with 2× loading) with dopant concentrations of 0 wt%, 0.1 

wt%, 1 wt% and 10 wt%. The solution was spin-coated onto substrates with the following 

conditions: (1) 6 seconds at 200 rpm with 1000/s rpm acceleration, (2) 60 seconds at 1000 

rpm with 1000/s rpm acceleration, followed by (3) 3 seconds at 3000 rpm with 1000/s rpm 

acceleration.  

 



 

 166 

III. Steady-State Photoluminescence of PDI-2T & PDI-2T/MAPbI3 Bilayers 

A.  Description of Experimental Setup 

Steady-state photoluminescence (SS-PL) measurements were carried out on a Horiba 

FluoroMax 4 spectrometer calibrated using Milli-Q water. Films were deposited on z-cut 

quartz and encapsulated using Cytop amorphous fluoropolymer resin that was dried under 

vacuum for 3 hours. Films were loaded into a thin-film sample stage angled at 60° between 

the excitation and emission port. All measurements were performed with an excitation 

wavelength of 450 nm using a consistent slit size. In order to limit effects of Rayleigh 

scattering at long wavelengths, a long-pass filter slightly above the excitation wavelength (455 

nm) was placed in front of the emission port. 
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B. Steady-State Photoluminescence in Thin Films 

 

Figure S5.2 Steady-state photoluminescence (SS-PL) of thin film samples, including (a) PDI-

2T on quartz and (b) PDI-2T/MAPbI3 bilayers. PDI-2T on quartz shows PL intensity due to 

the perylene diimide unit, which is quenched upon doping. For PDI-2T/MAPbI3 bilayers, 

there is a red-shift relative to MAPbI3 for neat/low doping concentrations. Other studies on 

the passivation effect of PCBM on MAPbI3 reported a blue-shift (from 782 to 775) that was 

attributed to passivation of trap states the lead to radiative recombination.[48,232] In contrast, 

no shift was observed in MAPbI3 films passivated with the Lewis base pyridine.[59] This 

inconsistency may be a result of the mechanism for surface passivation: PCBM is believed to 

be adsorbing onto Pb-I antistite defective grain boundary, and Lewis bases are passivating 

dangling Pb atoms through coordination or bond formation. The black dashed line indicates 

the wavelength (770 nm) that transients were collected at in time-resolved photoluminescence 

(TR-PL). There is PL signal for PDI-2T that is quenched upon doping at this wavelength, 

which was relevant to analysis of the fast decay component of TR-PL.  
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C. Steady-State Photoluminescence in Solution  

The charge transfer mechanism could have two potential routes: (1) charge transfer is 

occurring directly from the small molecule dopant to the perovskite surface (which is a 

possible reaction given the increase in conductance seen upon surface doping or (2) the dopant 

charge transfers to PDI-2T which subsequently Fermi equilibrates with the MAPbI3 surface. 

In order to determine the mechanism, solution steady-state photoluminescence (SS-PL) was 

performed to compare the intensity of PDI-2T (neat) versus PDI-2T (1 wt% dopant) in 

chlorobenzene. SS-PL of PDI-2T thin films showed a dramatic decrease in peak intensity upon 

doping, which was also observed in solution. This confirms that the doping process is 

completed in solution prior to spin casting. This result is consistent with that seen by the 

Marder group for a similar class of organometallic dimer dopants.[98]   

 

Figure S5.3 Solution steady-state photoluminescence of PDI-2T (neat) versus PDI-2T (1 

wt% dopant). The lower PL intensity of PDI-2T (1 wt% dopant) indicates that the charge 

transfer mechanism of (2-Cyc-DMBI)2 to PDI-2T occurs in solution.   
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IV. Electron Paramagnetic Resonance Measurement of Carrier Concentration 

Electron Paramagnetic Resonance (EPR) measurements were performed with a Bruker 

EMX X-Band EPR. EPR samples were prepared by depositing films onto quartz microscope 

cover slides with dimensions 2 × 2 cm. Samples were cleaved using a diamond scribe into 

approximately 1.5 cm × 3 mm wide pieces, prior to being inserted into low pressure/vac 

Suprasil® EPR sample tubes that were used in order to maintain nitrogen atmosphere. 

Samples were then transferred outside the glove box and the EPR spectra was measured 

immediately. Quantitative determination of the spin concentration was obtained by comparing 

samples to a reference sample of 2,2-diphenyl-1-picrylhydrazyl (DPPH) with a known spin 

concentration. This required both the integrated spin intensity, quality factor, power and 

volume of both samples and DPPH reference. Sample volumes were found by taking the area 

of the substrate determined using a micrometer and film thickness determined by AFM (films 

were 69, 75, 57 and 67 nm thick respectively for PDI-2T (neat), PDI-2T (0.1 wt% dopant), 

PDI-2T (1 wt% dopant) and PDI-2T (10 wt% dopant) respectively). Only doping 

concentrations of PDI-2T (1 wt% dopant) and PDI-2T (10 wt% dopant) had carrier 

concentrations that were above the measurement threshold of our EPR apparatus ~1018 

carriers/cm3. Their carrier concentrations are given in Table S5.1. Reported values were 

obtained from the average of two samples.  

 

Table S5.1 Carrier concentrations obtained from EPR for PDI-2T samples cast on quartz 

substrates. 

Sample Carriers/cm3 

PDI-2T (1 wt% dopant) 9.85×1019 ± 3.77×1019 

PDI-2T (10 wt% dopant) 1.23×1021 ± 1.16×1020 
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Spin to Monomer Unit Ratio Estimation 

To approximate the spin to monomer unit ratio, an estimation was made for the monomer 

density of PDI-2T. This was made assuming a mass density of 1.1 to 1.2 g/cm3, which is 

typical of polymers. A better estimate was difficult based on the structural ordering of PDI-

2T as the GIWAXS indicated a glassy polymer. The molecular mass of PDI-2T of 1085 g/mol 

and Avagadro’s number is 6.022×1023 mol-1. Monomer density approximations are as follows: 

1.1
g

cm3

1085.6
g

mol

× 6.022×10
23 monomers

mol
= 6.1×10

20 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠

𝑐𝑚3     

1.2
g

cm3

1085.6
g

mol

× 6.022×10
23 monomers

mol
= 6.6×10

20 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 

𝑐𝑚3   

Using this approximation for monomer density and the spin density obtained from EPR, the 

spin per monomer unit ratio are estimated in the range of 0.15:1 and 0.16:1 for 1 wt% and 

1.86:1 and 2.0:1 for 10 wt%.     
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V.  Optical Absorption 

Thin film absorption measurements were conducted with an Ocean Optics HR2000+ 

High resolution spectrometer with a DH-2000 UV-VIS-NIR Light Source.  Samples were cast 

on z-cut quartz substrates (University Wafer). The measurement was made in a nitrogen 

glovebox in order to prevent potential de-doping reactions of the films with air.  

 

 
Figure S5.4 Optical absorption of (a) PDI-2T on quartz and (b) on MAPbI3 and (c) an overlay 

of PDI-2T (10 wt% dopant) on quartz and MAPbI3. For PDI-2T on quartz, the optical gap is 

around ~1.6 eV. At low doping concentration there a neutral polymer transition at ~2.0 eV 

with limited bleaching upon doping for 0.1 wt% and 1 wt%. For 10 wt%, the neutral polymer 

peak has been completely bleached and a new transition has emerged at ~1.6 eV, which is the 

result of heavy doping. The emergence of this transition may also be present at 1 wt%. For 

PDI-2T/MAPbI3 bilayers, optical absorption indicates that there is no degradation of the bulk 

with ETL deposition. This observation is most relevant for PDI-2T (10 wt% dopant) as it is 

the likeliest to experience degradation due to heavy doping.  
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VI. Additional Details of Solar Cell Performance 

A. Solar Cell Device Preparation 

Solar cells were made using inverted architectures of Glass/ITO/PTAA/MAPbI3/PDI-2T 

(neat or doped with (2-Cyc-DMBI)2)/PEIE/Ag. Photovoltaic devices were prepared according 

to the following procedure. ITO coated glass substrates (University Wafer) were sequentially 

cleaned in an ultrasonic bath of soapy water, water, acetone and isopropanol for 20 minutes 

then treated with an oxygen plasma for 180 seconds. Substrates were then transferred into a 

nitrogen environment. The hole transport layer (HTL) was deposited using a solution of 2 

mg/mL polytriarylamine (PTAA, Aldrich) in chlorobenzene (Aldrich) that was spun-cast onto 

the substrates at 6000 rpm. The MAPbI3 layer was deposited according to the description in 

the previous section on general film preparation. The electron transport layer was deposited 

using a solution of 18 mg/mL PDI-2T in chlorobenzene that was spun-cast onto the substrates 

at 1000 rpm. PEIE in isopropyl alcohol (0.02 wt%, diluted from 37% aqueous solution of 

PEIE from Aldrich) was deposited at 6000 rpm. The devices were finally capped with Ag (80 

nm) by thermal evaporator deposition. 

In order to illustrate the importance of doping in thicker ETLs layers, solution loadings 

of 18 mg/mL were used in this measurement. This is in contrast to other measurements in this 

study that were performed using a 9 mg/mL solution. An example cross-sectional SEM of 

PDI-2T (18 mg/mL loading) on MAPbI3 is given in Figure S5.5, which indicates an ETL 

thickness of ~170 to 190 nm. 
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Figure S5.5 Cross-sectional SEM of the PDI-2T/MAPbI3 bilayer at the PDI-2T loading (18 

mg/mL) used in solar cell devices. This loading produces ETLs that are 170 to 190 nm thick, 

which is similar to thickness that would be used in commercial devices. 

  

B. Solar Cell Performance Characterization 

The J–V characteristics were measured at 1 sun illumination (AM 1.5G, 100mW/cm2) in 

a N2-filled glovebox with a solar simulator equipped with a Xenon lamp (Newport), a Keithley 

2602 Source Meter and a calibrated silicon reference cell. The power conversion efficiency 

(PCE) was calculated with the following equation: PCE (%) = 100 × VOC × JSC × FF / Pinc 

from the open circuit voltage, VOC, the short circuit current, JSC, the fill factor FF and the 

incident powder Pinc. 

The external quantum efficiency (EQE) was analyzed using a fully computerized 

measurement system consisting of a 300-W xenon lamp (Newport), a monochromator 

(Newport CS130), a chopper controller (Newport), two current preamplifiers (SRS SR570), 

and two lock-in amplifiers (SRS SR810). 
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C. VOC and JSC in Greater Detail 

 

Figure S5.6 Greater resolution plots of J-V curve in Figure 5.4 around the (a) VOC and (b) JSC. 

The reverse scan (1.3 to -0.5 V) is denoted as solid lines. 

 

D. External Quantum Efficiency (EQE) 

 

Figure S5.7 External Quantum Efficiency (EQE) of the same solar cell devices as the 

measurement of the J-V curve in Figure 5.4. The EQE has some inconsistencies with the J-V 

curve, notably the EQE for PDI-2T (1 wt% dopant) is near 90% despite a moderate PCE of 

8.3%. This is a result of our setup measuring EQE at lower light intensities. There appears to 

be a gap state emerge around 710 nm for ETL of doped PDI-2T.  
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E. Light Intensity of VOC 

Light intensity of VOC was measured using a 525 nm (or 2.36 eV) LED with a maximum 

power resulting in a photon flux at the surface of 5.8 ×1017 photons cm-2 s-1. VOC measurements 

were performed on the same devices used for the J-V characteristics in Figure 5.4, albeit were 

measured ~1 week later. The light dependence of the VOC is fit to a model used to extract the 

diode ideality factor nid according to 
𝑑 𝑉𝑜𝑐

𝑑 ln (𝛷)
=

𝑘 𝑇

𝑞
𝑛𝑖𝑑. The magnitude of the diode ideality 

factor does not directly correlate to the quality of the solar cell, instead it is used to identify 

what surface or bulk recombination processes are dominant.  Diode ideality factors of nid = 1 

indicate bulk bimolecular recombination, whereas nid = 2 indicate recombination via trap sites 

in the band gap. Diode ideality factors < 1 indicate that surface recombination is dominant.  

 

Figure S5.8 Light intensity of the Voc for solar cells with ETLs of (a) PDI-2T (neat), (b) PDI-

2T (0.1 wt% dopant), (c) PDI-2T (1 wt% dopant) and (d) PDI-2T (10 wt% dopant). The diode 

ideality factors for neat, 0.1 wt%, 1 wt% and 10 wt% are 0.98, 1.20, 1.14, and 0.77 

respectively. As there is hysteresis for the PDI-2T (10 wt% dopant) ETL solar cell, extraction 

of the diode ideality factor will likely vary with sweep conditions. 
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VII. Lateral Conductivity Measurements 

A. Details of Experimental Setup 

Conductivity values were measured using a two-point probe method using a picoammeter 

due to the high resistance of the MAPbI3 films. For PDI-2T on quartz, contact pads were 

evaporated onto the PDI-2T surface. Whereas for PDI-2T on MAPbI3, contact pads were 

deposited onto the MAPbI3 surface prior to PDI-2T deposition. Gold contact pads of 80 nm 

thicknesses were deposited onto films using a shadow mask in a thermal evaporator in a 

collinear geometry with spacings of 200 µm between electrodes that were 1000 µm long. In 

order to correct for effects of contact resistance, two-point probe conductivity was measured 

for three contact spacings: 200, 500, and 800 μm. Conductivity values are reported according 

to 𝜎 =
𝑆ℎ𝑒𝑒𝑡 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒

𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
, where sheet conductance is determined by the slope of individual 

device conductance versus ratio of distance: width of contacts. Film thickness was obtained 

using AFM for PDI-2T on quartz and cross-sectional SEM for PDI-2T on MAPbI3.  

Error bars in Figure 5.6 are determined from three devices each on two separate films (6× 

total measurements). The conductivity was measured for each MAPbI3 device both prior to 

and after ETL deposition. Conductivity measurements done prior to ETL deposition were 

made in order to account for film-to-film variation. 

 

B. X-sectional SEM of PDI-2T on MAPbI3 

A FEI Nova Nano 650 FEG SEM scanning electron microscope was used to image the 

cross section of PDI-2T/MAPbI3 bilayers on silicon substrates. Images are of 9 mg/mL 

loading, which was the concentration used for all measurements used besides solar cell 

performance (18 mg/mL) and XPS of patchy coverage (0.5 mg/mL).  
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Figure S5.9 Cross-sectional SEM images of PDI-2T/ MAPbI3 bilayers with doping levels of 

(a) & (b) PDI-2T (neat), (c) & (d) PDI-2T (0.1 wt% dopant), (e) & (f) PDI-2T (1 wt% dopant), 

and (g) and (h) PDI-2T (10 wt%. dopant). SEM images provide information about 

planarization and roughness of PDI-2T on MAPbI3. Planarization is relevant to whether the 

underlying roughness of MAPbI3 is causing scattering of charge carriers in the conductivity 

measurement. Roughness, which appears present at PDI-2T (10 wt% dopant) due to heavy 

doping, is relevant to the quality of contact at PDI-2T/MAPbI3 and PDI-2T/Ag interfaces, 

which impacts charge transfer ability.  
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C. Roughness of MAPbI3 Surface 

An Asylum MFP-3D atomic force microscope was used to measure the topography of a 

MAPbI3 film cast on a quartz substrate. Line cuts were taken of these images to provide 

example cross-sectional height profiles indicating film roughness. 

 

Figure S5.10 Atomic force microscopy of MAPbI3 (a) & (c) and accompanying cross-

sectional height profile (b) & (d). Images were taken from a good quality film (no cloudiness) 

in two different locations. Image (c) was taken over a small length scale so that roughness can 

be more easily compared to cross-sectional SEM images of PDI-2T/MAPbI3 bilayers (Figure 

S5.9). 
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D. Surface doping MAPbI3 with (2-Cyc-DMBI)2 

In our previous surface doping study, thinner MAPbI3 films of ~120 nm were used as 

they were conducive to seeing changes in surface conductance upon doping. The films used 

in this study are thicker ~450 nm in order to improve solar cell performance. Consequently if 

conductivity values from the surface doping study are to be compared, different values would 

be seen given that only the top few nanometers are doped. Below, we show that the dopant 

used in this study (2-Cyc-DMBI)2 can also dope the surface of MAPbI3 via a charge transfer 

reaction. The conductivity value of surface doping with 1 mg/mL cobaltocene from our 

previous study is depicted using a black dashed line. If it were assumed that the films used in 

that study were instead 450 nm thick, then a lower conductivity value would be obtained, 

which is depicted by the red dashed line. This value is similar to that obtained for the 

dopant/film thickness used in this study. 

Recently there have been studies suggesting that additional energy activation (most often 

in the form of light or heat) is sometimes needed for the charge transfer reaction to occur.[73] 

We show that the charge transfer reaction here can proceed without requiring extra energy 

(we used annealing at 60°C for 10 minutes).  
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Figure S5.11 Conductivity of MAPbI3 surface doped with 1 mg/mL (2-Cyc-DMBI)2. For 

reference, the conductivity values from our previous surface doping study are depicted as 

dashed lines, including both the value reported using a 120 nm thick film (black) and the value 

if a correction were to be made assuming a thicker film of 450 nm (red). 
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VIII. Photoelectron Spectroscopy (UPS, IPES, XPS) 

A.  Details of Experimental Setup  

UPS measurements were performed by the Graham Group at University of Kentucky. 

Films were cast on gold coated 10 × 10 mm crystalline silicon substrate. Transport of samples 

between the spin coater and UPS/XPS/IPES apparatus was done entirely under nitrogen 

atmosphere. ETL layers were cast on MAPbI3 immediately before transferring to the Ultra 

High Vacuum (UHV) chamber.  UPS measurements were conducted in a PHI 5600 UHV 

system with an 11 inch diameter hemispherical electron energy analyzer with multichannel 

detector. The photon source for the UPS measurements was an Excitech H Lyman-α lamp (E-

LUXTM121) coupled with a 900 ellipsoidal mirror (E-LUXTM EEM Optical Module) with 

a dry oxygen purge of the beam path at 7.5 - 8.5 Torr.[117] All UPS measurements were 

recorded with -5 V sample bias and a pass energy of 5 eV. IPES measurements were 

performed using the Bremsstrahlung isochromat mode with electron kinetic energies below 5 

eV to minimize sample damage. The low energy electron beam was generated using a Kimball 

Physics ELG-2 electron gun equipped with a low temperature (1150K) BaO cathode. Emitted 

photons were collected and focused with a fused silica bi-convex lens into the photon detector 

that consisted of an optical bandpass filter (214 nm, Andover Corporation) and a 

photomultipler tube (R585, Hamamatsu Photonics). The IPES measurement was performed 

with a custom LabVIEW program. During all IPES measurements the UHV chamber was 

blacked-out to exclude external light and samples were held under a -20 V bias. 

The equations used to determine the energy levels in Figure 5.2 and 5.7 are given by the 

following: the Ionization Potential is defined as IP = hν - |ESEE – EVBE|, the Work Function is 

defined as WF = hν - ESEE , and the Electron Affinity EA is determined directly from IPES. 
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For IPES, a correction must be applied to the collected spectra according to 

4.428 eV- Intercept = EA, where 4.428 eV is the center energy of the band pass filter used in 

the IPES apparatus. 
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B. UPS of PDI-2T (single layer) 

 

Figure S5.12 UPS spectrums of PDI-2T (single layer) (underlying Au substrate) showing how 

the valence band edge (VBE) and secondary electron edge (SEE) were defined: (a) PDI-2T 

(neat) VBE, (b) PDI-2T (neat) SEE, (c) PDI-2T (0.1 wt% dopant) VBE, (d) PDI-2T (0.1 wt% 

dopant) SEE, (e) PDI-2T (1 wt% dopant) VBE, (f) PDI-2T (1 wt% dopant ) SEE, (g) PDI-2T 

(10 wt% dopant) VBE, and (h) PDI-2T (10 wt% dopant) SEE. 
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Table S5.2 Summary of extracted energy levels for PDI-2T (single layer) including: valence 

band edge (VBE), secondary electron edge (SEE), work function (WF), and ionization 

potential (IP).  

Sample VBE (eV) SEE (eV) WF (eV w.r.t. Vac) IP (eV w.r.t Vac) 

Neat -1.31 -5.39 -4.83 -6.14 

0.1 wt% -1.60 -5.71 -4.51 -6.11 

1 wt% -2.05 -6.15 -4.07 -6.12 

10 wt% -2.02 -6.25 -3.97 -5.99 
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C. UPS/IPES Fits of PDI-2T/MAPbI3 Bilayer  

 

Figure S5.13 UPS spectrums of the PDI-2T/MAPbI3 bilayer (PDI-2T surface) showing how 

the valence band edge and secondary electron edges were defined: (a) PDI-2T (neat) VBE, 

(b) PDI-2T (neat) SEE, (c) PDI-2T (0.1 wt% dopant) VBE, (d) PDI-2T (0.1 wt% dopant) SEE, 

(e) PDI-2T (1 wt% dopant) VBE, (f) PDI-2T (1 wt% dopant) SEE, (g) PDI-2T (10 wt% 

dopant) VBE, and (h) PDI-2T (10 wt% dopant) SEE. The PDI-2T layers were between 57 to 

75 nm thick, consequently the effects of band bending should not be observable in this 

measurement. 
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Figure S5.14 UPS of VBE and IPES of CBE of the PDI-2T/MAPbI3 bilayer: (a) PDI-2T 

(neat), (b) PDI-2T (0.1 wt% dopant), (c) PDI-2T (1 wt% dopant), and (d) PDI-2T (10 wt% 

dopant).  IPES spectra are originally measured in units of kinetic energy, which allows 

extraction of the EA. Here, the spectra has been shifted such that it is in units of binding energy 

relative to the Fermi level, allowing the band gap of the material to be more easily observed. 
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Table S5.3 Summary of extracted energy levels for the PDI-2T/MAPbI3 bilayer (PDI-2T 

surface) including: valence band edge (VBE), secondary electron edge (SEE), electron affinity 

(EA), work function (WF), ionization potential (IP) and band gap (BG).  

Sample VBE (eV) SEE (eV) 

EA (eV 

w.r.t Vac) 

WF (eV 

w.r.t. Vac) 

IP (eV 

w.r.t Vac) BG (eV) 

Neat -1.86 -5.95 -3.94 -4.27 -6.13 2.19 

0.1 -1.83 -5.92 -3.96 -4.30 -6.13 2.17 

1 -1.76 -5.89 -3.93 -4.33 -6.09 2.16 

10 -2.25 -6.43 -3.91 -3.79 -6.04 2.13 

 

E. XPS of PDI-2T/MAPbI3 Bilayer with Full Coverage 

The uniformity of coverage of PDI-2T on MAPbI3 was assessed using XPS a control to 

ensure that the difference in VBEs of PDI-2T measured in isolation versus in the bilayer 

(Figure 5.2 and 5.7) was not just a result of patchy coverage. There was an absence of peaks 

around the binding energy of Pb 4f, which showed that MAPbI3 was not contributing to the 

UPS measurement of the VBE.   

 

Figure S5.15 XPS spectra of the PDI-2T/MAPbI3 bilayer with (a) PDI-2T (neat), (b) PDI-2T 

(0.1 wt% dopant) and (c) PDI-2T (10 wt% dopant). Binding energies are shown around the 

position of the Pb 4f peak in order to determine if MAPbI3 could be contributing to the UPS 

measurement of the VBE. The presence of Pb is absent for these scans, indicating good 

coverage of PDI-2T on the MAPbI3 surface. The XPS spectra of the PDI-2T/MAPbI3 bilayer 

with PDI-2T (1 wt% dopant) is not included because as an oversight the film location for 

which UPS was collected was not also measured using XPS.  
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D. UPS/IEPS of MAPbI3 

The position of energy levels extracted for MAPbI3 can vary depending on the surface 

composition, which can easily be altered based on precursor ratio or annealing time (MA and 

I are more volatile and can be lost from the surface).[179,233,234] In order to ensure that we were 

measuring the correct stoichiometry of MAPbI3 on the surface, XPS was used to determine 

the atomic ratio of Pb:I, which was found to be ~0.30 (or 23.4% to 76.6%).  

The Fermi level of MAPbI3 is roughly around mid-gap, i.e. a nearly intrinsic 

semiconductor. The mid-gap position occurs as a result of using an underlying gold coated 

substrate, which is seen in other similar studies performed on gold and p-type 

substrates.[180,191] The following section will show the fits used to find the VBE, SEE and EA. 

For several of these values, multiple fits may be possible based on the interpretation of the 

data. Figure S5.16 shows assignment of the VBE using both linear and logarithmic intensity 

scales. While assignment using a linear scale is typical in organic semiconductors, several 

studies report a low density of states near the VBE in MAPbI3, suggesting a logarithmic 

intensity scale can provide improved assignment of the VBE.[8,131,223] Endres et al. suggested 

using a Gaussian fit to replicate the falling edge of the valence band.[131] One of the issues 

using this fit is that a lack of a well-defined shoulder in the valence band adds some 

subjectivity to where a Gaussian is fit. The VBE was assigned at the intersection of the 

Gaussian fit and a noise floor for the UPS apparatus that was designated as 85 counts per 

second. When fit as close to edge as possible, there is not difference in the VBE assigned on 

the linear vs semi-logarithmic intensity scale.  
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Figure S5.16 Potential fits of the valence band edge (VBE) of MAPbI3 on both a (a) linear 

and (b) semi-logarithmic intensity scale. When fit nearest the edge as possible, there is no 

difference in linear and semi-logarithmic intensity scale fits (-0.82 versus -0.83 eV).  

 

 

Figure S5.17 Fit of the secondary electron edge (SEE) of MAPbI3. 
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Figure S5.18 UPS of the VBE and IPES of the CBE of MAPbI3 (underlying gold substrate). 

IPES spectra are originally measured in units of kinetic energy, which allows extraction of the 

EA. Here, the spectra has been shifted such that it is in units of binding energy relative to the 

Fermi level, allowing the band gap of the material to be more easily observed. The IPES 

spectra was not ideal because it lacked a sharp onset, leaving some interpretation open to 

assignment of the edge. 

 

Table S5.4 Summary of extracted energy levels for MAPbI3 including: valence band edge 

(VBE), secondary electron edge (SEE), electron affinity (EA), work function (WF), ionization 

potential (IP), and band gap (BG).  The position of the ionization potential relative to vacuum 

(-5.5 eV) is consistent with that most often reported in literature,[235] although there has been 

a reported range of -5.2 to -6.6 eV.[7,8,123,179,188–190,233,234,236–248]    

Fit 

VBE 

(eV) 

SEE 

(eV) 

EA (eV 

w.r.t 

Vac) 

WF (eV 

w.r.t. 

Vac) 

IP (eV 

w.r.t 

Vac) BG (eV) 

VBE Linear Fit  -0.83 -5.56 -3.98 -4.66 -5.49 1.51 

VBE Logarithmic Fit  -0.82 -5.56 -3.98 -4.66 -5.48 1.50 
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F. XPS Shits of Pb 4f and I 3d of Bare MAPbI3 versus MAPbI3 with Intentional 

Patchy Coverage of PDI-2T (1 wt% dopant)  

 

Figure S5.19 Cross-sectional SEM images of 0.5 mg/mL loading of PDI-2T (1 wt% dopant) 

on the MAPbI3 surface. Low solution loadings result in patchy coverage of the perovskite 

surface, allowing Pb and I orbitals still be accessible to XPS (probes top ~10 nm of the film) 

in some areas of the film.  

 

 

Figure S5.20 XPS core level shifts of (a) Pb 4f and (b) I 3d orbital peak positions. Upon 

doping, a shift of ~0.2 eV toward high binding energy occurs, indicating downward band 

bending at the MAPbI3 surface. 
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XI. Time-Resolved Photoluminescence 

A. Description of Setup and Fitting Procedure 

Time-resolved PL (TR-PL) decays were acquired using a time-correlated single photon 

counting (TCSPC) technique. (TR-PL) decays were measured using 410 nm excitation and 

the transients were collected at 770 nm. Samples were contained in a chamber that maintained 

a nitrogen environment. Pulse energy densities of 0.15 uJ/cm2, 0.05 uJ/cm2, and 0.015 uJ/cm2 

were used, which assuming an absorption coefficient of ~1.5×105 at 410 nm, corresponds to 

charge densities of 6.9×1015, 2.3×1015, and 6.9×1014 cm-3 respectively.  

Spectra for MAPbI3 samples (either in a bilayer or by itself) was fit using a biexponential 

decay in order to extract carrier lifetimes.[249–251] Similarly, PDI-2T on quartz was fit using a 

monoexponential decay. A biexponential decay has the form:  

𝐼(𝑡) = 𝐼1𝑒
−(

𝑡
𝜏1

)
+ 𝐼2𝑒

−(
𝑡

𝜏2
)
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B.      Biexponential Fits of TR-PL Spectra Collected at a Charge Density 6.87×1015 cm-3 

 

Figure S5.21 Biexponential fits of the time-resolved photoluminescence decay of (a) PDI-2T 

(neat)/MAPbI3, (b) PDI-2T (0.1 wt% dopant)/MAPbI3, (c) PDI-2T (1 wt% dopant)/MAPbI3, 

(d) PDI-2T (10 wt% dopant)/MAPbI3, (e) bare MAPbI3, and (f) PDI-2T (neat) on quartz. 

Biexponential fitting incorporates a fast decay time lifetime τ1 associated with recombination 

behavior at the surface, and a slow decay lifetime τ2 associated with recombination in the bulk. The 

fast decay component of PDI-2T (neat)/MAPbI3 and PDI-2T (0.1 wt% dopant)/MAPbI3 is 

dominated by the decay of PDI-2T, consequently information about surface recombination 

lifetimes in MAPbI3 for these samples are masked. TR-PL spectra were collected using a pulse 

energy density of 0.15 uJ/cm2, which corresponds to a charge density of 6.9×1015 cm-3.  
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C. Overlay of TR-PL Spectra of PDI-2T/MAPbI3 bilayers, MAPbI3 (single layer) 

and PDI-2T (single layer) for Varying Charge Densities 

 

Figure S5.22 Time-resolved photoluminescence spectra of PDI-2T/MAPbI3 bilayers, 

showing (left) the full TR-PL spectra and (right) the spectra around the fast decay component. 

Spectra correspond to bilayers according to: (a) & (b) PDI-2T (neat)/MAPbI3, (c) & (d) PDI-

2T (0.1 wt% dopant)/MAPbI3, (e) & (f) PDI-2T (1 wt% dopant)/MAPbI3, and (g) & (h) PDI-

2T (10 wt% dopant)/MAPbI3. Time-resolved PL decays were measured using a 410 nm 

excitation and three pulse energy densities: 0.15 uJ/cm2, 0.05 uJ/cm2, and 0.015 uJ/cm2, which 

correspond to charge densities of 6.9×1015, 2.3×1015,  and 6.9×1014 cm-3. 
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Figure S5.23 Time-resolved photoluminescence spectra of (a) & (b) bare MAPbI3 on quartz 

and (c) PDI-2T (neat) on quartz, showing (left) the full TR-PL spectra and (right) the spectra 

around the fast decay component. PDI-2T on quartz was measured as a control to account for 

the photoluminescence of PDI-2T (perylene diimide unit) in bilayer samples such as PDI-2T 

(neat)/MAPbI3 and PDI-2T (0.1 wt% dopant)/MAPbI3. By PDI-2T (1 wt% dopant) the time-

resolved photoluminescence no longer has intensity. Time-resolved PL decays were measured 

using a 410 nm excitation and three pulse energy densities: 0.15 uJ/cm2, 0.05 uJ/cm2, and 

0.015 uJ/cm2, which correspond to charge densities of 6.9×1015, 2.3×1015,  and 6.9×1014 cm-

3. 
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