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Abstract

Abstract

This thesis focusses on performance limitations in vapour- and solution-processed organic
solar cells (OSCs), particularly on the analysis of non-geminate recombination kinetics and
voltage losses by means of transient optoelectronic techniques. Following an assessment of
the climate mitigating potential of OSCs, the theoretical background and methodology
employed in this thesis are introduced. The results section will be separated into two parts

focusing on vapour- and solution-processed OSCs, respectively.

In the first part, the morphology-function-relationship in a state-of-the-art evaporated OSCs
is systematically investigated. It is further divided into two sub-chapters focusing on the
influence of the active layer morphology on the collection efficiency and strategies to increase
the open circuit voltage, respectively, two key bottlenecks of evaporated OSCs. Varying the
substrate temperature during deposition can significantly enhance the performance of
evaporated OSCs. Morphological, optical and optoelectronic characterisations demonstrate
that increased domain size and purity lead to better charge transport explaining the observed
performance increases. However, comparison with solution-processed OSCs suggests that
transport is a key limitation of evaporated OSCs. The second study on evaporated OSCs
focusses on the voltage losses in planar and bulk heterojunctions (PHJs/BHJs) and the trade-

off with charge generation and collection.

The second part addresses voltage losses in solution-processed PHJ and BHJ OSCs using
different non-fullerene acceptors including sub-chapters on IT-4F and Y6. While IT-4F shows
similar qualitative voltage trends to the evaporated BHJs/PHJs, Y6 shows additional
orientation dependent electrostatic effects on the photovoltage. Despite the potential for
reduced voltage losses, the studied PHJs remained limited by poor charge generation or
extraction. In the final sub-chapter, charge generation in neat Y6 is assessed. Bias dependent
photoluminescence measurements suggest efficient charge generation but only at reverse bias.
Optoelectronic characterisations show that non-geminate recombination is not the limiting

factor behind the poor OSC performance neat Y6 contrary to previous reports.

Keywords: vacuum-processed, evaporated organic solar cell, non-fullerene
acceptor, planar heterojunction, single component organic solar cell, non-

geminate recombination
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Figure 1.5.1. Learning curve of inflation-corrected Euros/(Watt peak capacity) versus
cumulative installed capacity for silicon and cadmium-telluride (CdTe) photovoltaics up to
2018. Obtained from Hart (2020).49.......cciiiveeivirrieeeeeiieeeeiireeeeeeeeesesisseeeeeseesesssssssseesessssssssssnns 41
Figure 2.2.1. (a) The linear combination of atomic 2p, orbitals leads to the formation of a
bonding and antibonding st-molecular orbital. (b) Illustration of the formation of a band like
structure upon extending the length of an alternating alkene chain. The asymmetric
contraction and elongation of bonds resulting in Peierls distortion is also shown. Image
obtained from the thesis by Scot Wheeler.4............ooooiiieiiieiieeeeeeereeeee e eevee e 52
Figure 2.2.2. Chemical structure of semiconducting materials for organic solar cells
manufactured by evaporation (top) and solution processing (bottom). The highlighted
aliphatic chains are added to aid the solubility of the materials in organic solvents. Blue and
green highlighted groups signify the electron accepting and donating groups, respectively. The
names of the trivial names of the compounds are DCV-V-Fu-Ind-Fu-V (top left) and Ceo-
fullerene (top right), PM6 (bottom left) and Y6 (bottom right). A comparison of the
photovoltaic properties of these compounds will be provided in Chapter 4. ....................... 55
Figure 2.2.3. Visualisation of the effect of static disorder in organic semiconductors. The
bandgap (E,) changes when moving from an isolated, straight, conjugated alkene, to a bent
chain, to mixing several chains and eventually a solid film consisting of many polymer chains
with the emergence of a band of tailstates inside the gap of valence and conduction band (Ev
ANd Ec, TESPECHIVELY). ..eeiuiieiiiieeitetee ettt ettt et et e s b st e s e st e s ae e aeesanees 56
Figure 2.3.1. Schematic representation of the planar and bulk heterojunction device
structure (left and right, respectively). The dimensions of the donor and acceptor phases are

referenced to the exciton diffusion length (Lp). In the bulk heterojunction the pathway of the
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exciton diffusion to the donor/acceptor interface leading to charge transfer is depicted.
Following that, the charge transfer state must be separated which is followed by extraction of
the free charges to the respective transport layers as indicated by arrows. Additionally, the

interlayers and electrodes in the inverted structure are shown, as discussed later in the text.

Figure 2.3.2. Exemplary energy band diagram depicting the energy level offsets of
photoactive layer, interlayers and electrodes. Note that, in a BHJ, the donor and acceptor are
also in contact with the opposite transport Iayer. ........cccccueeeeieeriieeniieeeeeecceeecee e eeaee s 62
Figure 2.4.1. Current Density — Voltage Curve of an organic solar cell under light and in the
dark. Various points of interest are marked and the fill factor is visualised as the ratio of the
light and dark squares’ area. The right axis shows the power output of the solar cell as a
fUNCHON Of VOITAZE. ..eeeeveeeiieeieeccee ettt ettt e e e e re e e ae e e eae e e saaeessaeesnaneennsaannns 63
Figure 2.4.2. Simple energy level diagram to describe OSC operation. (a) Visualisation of
the effective medium approach: the BHJ is treated as a single medium with the band gap
defined by the acceptor LUMO and the donor HOMO (labelled here as the acceptor electron
affinity Ea acceptor and the donor ionisation potential Ip gonor, respectively). (b) Band diagram in
dark equilibrium conditions. (¢) Visualisation of Voc conditions and the quasi-Fermi level
splitting. (d) Band diagram at an applied voltage close to MPP. Image obtained from the thesis
DY SCOt WREELET. 4 ...ttt e et e et e e te e e ae e e sbe e s aae e s saeeesaeesssaeesssaeenssaeenssnenn 65
Figure 2.6.1 Development of the record power conversion efficiency of organic solar cells
OVET TIITIE. «.eeieiiiieiiieictte ettt ettt et e e eaa e et e e e sab e e e bb e e e beesesbaeeeaseeeemsaeeesseesensaesanaeesanseenans 72
Figure 3.1.1. Chemical structure of active layer components and the organic hole
transporting material BPAPF used in Chapter 4: (a) DCV-V-Fu-Ind-Fu-V (2,2'-((2E,2'E)-
((1H-indole-4,7-diyl)bis(furan-5,2-diyl))bis(prop-2-en-3-yl-1-ylidene))dimalononitrile) (b)
Ceo — fullerene (¢) BTR (5,5'-[[4,8-bis[5-(2-ethylhexyl)-4-hexyl-2-thienyl]benzo[1,2-b:4,5-
b']ldithiophene-2,6-diyl]bis [(3',3"-dihexyl[2,2":5',2"-terthiophene]-5",5-diyl)methylidyne ]]
bis[3-hexyl-2-thioxo-4-thiazolidinone]) (d) PC7BM ([6,6]-Phenyl-C71-butyric acid methyl
ester) (e) PM6 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5 -
c’]dithiophene-4,8-dione)]) (f) Y6 (2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3"":4’,5"]thieno[2',3":4,5]pyrT0l0[ 3,2~
glthieno [2',3":4,5] thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-
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0x0-2,3-dihydro-1H-indene-2,1-diylidene)) dimalononitrile) (g) BPAPF (9,9-Bis[4-(N,N-bis-
biphenyl-4-yl-amino) phenyl]-9H-fluorene)..........ccccceeveeeieiiininreneeeeee et 92
Figure 3.4.1. Schematic illustrating the basic setup of commonly used transient
optoelectronic systems. The MOSFETS are labelled BS and CS denoting cell switch and bias
switch, respectively. PS stands for power supply. R, is a measurement resistor. Figure
obtained from the thesis of Scot Wheeler.! ...........cooeiiiiiiiniieeeeeeeeeeeee e 95
Figure 4.2.1. (a) Chemical structure of the donor molecule DCV-V-Fu-Ind-Fu-V and the
acceptor Ceo. (b) Schematic of the energy level alignment of the active layer and interlayers.
Note that the relative energetic alignment is deduced from a combination of literature and
experimental values as described in the main text. (¢) JV-curve of the devices with 50 nm
active layer thickness used for the analysis herein. (d) Corresponding dark JV-curves and Jsc
ST Ve Te 3 -1 o) o T USRS 115
Figure 4.2.2 (left) JV-curves of evaporated OSCs and solution processed reference OSCs.
The legend shows the active layer thickness. Note that these JV-curves were obtained using an
LED light source calibrated to the same Jsc value. (right) JV-parameters of the OSCs......116
Figure 4.2.3. (a), (b), (¢) Normalised JV-curves of DCV-V-Fu-Ind-Fu-V : Cs (RT and 50C,
blue and red, respectively), BTR : PCBM and PM6 : Y6, respectively, for the range of 3 % to
300 % of 1 sun equivalent light intensity. (d), (e), (f) Light intensity dependence of power
conversion efficiency, fill factor and linearity of the short circuit current density, respectively.
See (f) fOr the 1€ZENA. ...ccouviiiiieeecee et sre e re e e be e e s be e s aa e e aaae s 117
Figure 4.2.4. (a), (b) 2D-GIWAXS diffraction patterns for RT and 50C films, respectively.
The sharp reflection in (a) is due to specular reflection from the edged Si substrate (see
Figure 4.2.5 (a)). (¢) 1D diffraction patterns obtained from out-of-plane cake cuts of the RT
and 50C film, respectively. The Gaussian fits are shown in solid lines together with the
corresponding FWHM values used to calculate the coherence length in the main text. (d)
RSoXS data at resonance on a log-log scale for samples deposited at different substrate
temperatures. The stack is SiN/Ceo (10 nm)/BHJ (50 nm, D:A 3:2 wt%)/BPAPF(10 nm). The
40C sample was 30 nm and its intensity scaled accordingly. The table indicates the long period
L and integrated scattering intensity ISI normalized to the 60C sample. GIWAXS
measurements and analysis were carried out by Julian E. Heger and Eva Bittrich. Pascal
Kaienburg provided the RSoXS results with support from Subhrangsu Mukherjee. ........... 119
Figure 4.2.5. (a) 2D-GIWAXS diffraction pattern of the edged Si substrate showing a similar

specular reflection as observed for the RT diffraction pattern shown in the main text. This
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demonstrates that this feature arises from the Si substrate rather than the organic layers as
would be expected for such a sharp feature. (b), (e) Pole figures obtained from azimuthal tube
cuts of the (100) and (010) reflexes, respectively. The Gaussian fits are shown in solid lines.

GIWAXS measurements and analysis were carried out by Julian E. Heger and Eva Bittrich.

Figure 4.2.6. (a) Absorption spectra of the neat donor DCV-V-Fu-Ind-Fu-V, acceptor Cso
and blend films deposited at 50°C and room temperature. (b) Field-dependent external
quantum efficiency (EQE) spectra of the 50C and RT devices. Also shown is the relative charge
separation efficiency (CSE) that was calculated as the ratio of the EQE at OV and -3V. (¢)
Donor photoluminescence spectra of the neat donor, RT and 50C blends normalized by their
ADSOTPIION. .ttt e et e e e et e st s et e st e e bt e et eeseesas e e st e e st s eneesbe e st e eaneeanes 122
Figure 4.2.7. (a), (b) Transient absorption spectra of RT and 50C films, respectively, after
selectively pumping the donor at 600 nm with a fluence of 48 puJ cm2. (¢) Time evolution of
the exciton signal between 900 and 920 nm together with fits of the exciton decay with

lifetimes of 0.9 and 2.9 ps for RT and 50C, respectively. TAS spectra were measured by Yifan

Figure 4.2.8. (a), (b) Fluence dependent decay of the exciton signal between 900 and 920
nm for the 50C and RT film, respectively. (¢), (d) Fluence dependent decay of the signal
assigned to the hole polaron between 1050 and 1070 nm for the 50C and RT film, respectively.
Bimolecular fits to these spectra were used to calculate ky; together with the charge carrier
density estimated from the pump power and the film absorbance. (e) Ultrafast TAS spectra of
the neat donor film recorded under identical conditions as the BHJ films. A pump fluence of
2 uJ cm? was chosen to minimize exciton-exciton annihilation effects. The amplitude
weighted biexponential lifetimes were used to calculate an exciton lifetime of approximately
53 ps. TAS measurements were carried out by Yifan Dong. .......c.cccceceeviiniiinienneenieenneennne. 124
Figure 4.2.9. (a) Differential capacitance vs open circuit voltage (as measured and corrected
for geometric capacitance) together with the respective fits for the RT and 50C device. (b)
Charge carrier density vs the open circuit voltage rescaled by the open circuit voltage at 2 sun

equivalent illumination to enable a better comparison of the slopes. Exponential fits of the
form nOexpgVoc2Ech and the bandtail of an ideal semiconductor are shown. (¢) Charge

carrier lifetime determined by TPV versus the spatially averaged charge carrier density

determined from CE measurements. (d) Effective mobility and effective bimolecular
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recombination coefficient vs charge carrier density. Both axes scaled proportionally to each
other to reveal the proportionality of the charge carrier dependence of mobility and
recombination COETFiCIENT. .....cc.eeveriiiiiriiiiiiietereeeete et 126
Figure 4.2.10. (a) Open circuit voltage as a function of light intensity. (b), (c¢), (d)
Measured and reconstructed open circuit voltage of the respective devices. The right axis
shows the residual of the reconstructed value subtracted from the measured value. .......... 128
Figure 4.2.11. (a) Charge extraction transients of VP-OSCs and SP-OSC references recorded
upon switching from steady-state 1 sun equivalent illumination to dark while the device is kept
under short circuit conditions. (b) Normalised high-resolution photocurrent transients
following laser excitation. Additionally shown are the current transients simulated using
OghmaNano following a global fit of a large set of optoelectronic data as discussed below. The
global fir was carried out by Roderick MacKenzie. The simulated transients correspond to
values of Ec, of 121 and 89 meV for the RT and 50C device, respectively. ........ccccveeeuveneee. 129
Figure 4.2.12. Charge extraction transients upon switching off the LED illumination at short
circuit conditions that were used to characterise the effective mobility. Normalised transients
recorded following different levels of LED illumination from 5% to 600% 1 sun equivalent
illumination on a linear and logarithmic scale for the 50C ((a) and (b), respectively) and RT
device ((€) and (d), TESPECHIVELY). ...eccuiieeieeeeieeeeieeectee et e erre e cre e srreeereeesaeeeesaae e saaeensaeeas 130
Figure 4.2.13. (a), (b) Light intensity dependence of the Langevin reduction factor and
electronic quality, respectively. The electronic quality Q was determined from JV-curves (Qsv)
and optoelectronic measurements (Qexp). The results demonstrate that quoting a single value
for the Langevin reduction factor without reference of the charge carrier density may be less
comparable across different devices. The discrepancies between the values of Q determined by
the different methods may have a variety of reasons such as the oversimplification of equating
the generation current and Jsc, especially at high light intensity. To calculate Qgyp. the charge
carrier density at MPP was estimated by assuming the difference of Jsc and Jupp to be a
reasonable measure for the bimolecular loss current. By applying the recombination kinetics
determined from TPV and DC measurements, an estimate of the charge carrier density
corresponding to the loss current is possible when assuming a simple zero-dimensional model.
st and ky; are taken at this value of nupp to calculate y and Qexp.. «eeeveeeveereenneeeneenneenneennnen. 133
Figure 4.2.14. Bimolecular recombination coefficients of PM6:Y6, the RT and 50C device
measured by transient photovoltage/differential capacitance and transient absorption

spectroscopy. For PM6:Y6 the dashed line is a guide to the eye demonstrating the good
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agreement of the values obtained with both methods. For the RT and 50C device, the dashed
lines are based on OghmaNano simulations with an additional recombination coefficient for
free electron to free hole recombination set to match the kg; value obtained from the transient
abSOTrPHION MEASUTEIMENTES. ..eicuvieieiieeeiieecieeecieeesteeeeaeeseaeeessaeessseeessseessaeessseeessseeesseesssseens 135
Figure 4.2.15. Global fit of experimental data using simulation software OghmaNano for the
RT device. (a) 1 sun JV-curve. (b) Voc vs. light intensity. (¢) Jsc vs. light intensity. (d), (e),
(f) Photocurrent transients recorded at -1V, OV and 0.5V, respectively. Photocurrent
transients were recorded as outlined by Street.®3 (g) 1 sun TPV transient. (h) Charge vs. light
intensity. The global fitting was carried out by Roderick MacKenzie. ..........cccecuereverueenennne 136
Figure 4.2.16. Global fit of experimental data using simulation software OghmaNano for the
RT device. (a) 1 sun JV-curve. (b) Voc vs. light intensity. (¢) Jsc vs. light intensity. (d), (e),
(f) Photocurrent transients recorded at -1V, OV and 0.5V, respectively. Photocurrent
transients were recorded as outlined by Street.®3 (g) 1 sun TPV transient. (h) Charge vs. light
intensity. The global fitting was carried out by Roderick MacKenzie. ..........cccecuerviervueenennn. 137
Figure 4.2.17. Comparison of experimental data with simulated data obtained from global
fit parameters shown in SI Table 1 for the RT and 50C device. (a) Experimental obtained from
TPV and simulated spatially averaged charge carrier lifetime. (b) Experimental effective
mobility obtained from charge extraction measurements and simulated effective mobility.
Note that in the case of 50C, the tailslopes and free mobility values for holes and electrons
were assumed to be near identical leading to identical effective mobilities at different levels of
trap filling. For RT the tailslopes were not identical and therefore the effective electron and
hole mobility are shown as well as their geometric mean. The geometric mean was chosen
following Work by Heiber €t al.73 ..........oiiiuiiieieceieceiee ettt eeee e tae s vae e s e e e aaeeenaaeas 139
Figure 4.2.18. Normalised charge extraction current transients recorded upon switching
from 1 sun equivalent LED illumination to dark at short circuit conditions. The device

thickness of the 1:2 and 2:1 D/A ratio samples differs slightly from that of the RT sample.

Figure 4.2.19. (a) Simulated fitted JV-curves of the RT and 50C device. Additionally shown
are the JV-curves for the RT device with iteratively changing the generation current (Jgen),
the trap symmetry and density (nu.p), and the mobility of carriers at the band edge (usee) and
the capture cross-section of the charge carriers (repture) to the values obtained from the global
fit of the 50C device. (b) Simulated JV-curves visualising the effect of adjusting Eu, free
mobility, trap density and active layer thickness to achieve 10 % PCE. (¢) PCE corresponding
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to the simulated JV-curves in (a) and (b). The full list of modelling parameters can be found
INTADLE 4.2.2. ..ottt st e st et e st s e et e s st e s et e nee s re e neeas 141
Figure 4.2.20. (a) Absorption profile calculated using transfer-matrix simulations built-in
to OghmaNano with n, k data obtained by Heliatek GmbH. Note that the interlayer
configuration was not changed and the thickness of doped transport layers that can act as
optical spacers was not optimised. (b) Maximum achievable generation current as calculated
from the integrated absorption Profiles. .......c.cccooveerierieriiiniinieeeee e 142
Figure 4.3.1. (a), (b) Device architecture of the BHJ and PHJ devices, respectively. The
molecular structures have been shown in Chapter 3. The intrinsic HTL and the molecular
dopants are proprietary materials of Heliatek GmbH. (¢) JV-curve of the BHJ and PHJ devices
at 1 sun light INTeNSILY. .oocueeeiiiieeeee ettt st 148
Figure 4.3.2. (a) External quantum efficiency spectra for the BHJ and PHJ devices. The
BHJs exhibit a moderate field dependence of the EQE. (b) Normalised EQE spectra. , (c)
Derivative of the EQE with respect to energy illustrating the blueshift of the absorption onset
for the 5 nm PHJ and 1:2 BHJ devices. (d) Normalised EQE on a log-scale with fitted Urbach

Figure 4.3.3. (a) Electroluminescence spectra of the PHJ and BHJ devices recorded at 28
mA/cm? (BHJs), 70 mA/cm? (15 nm PHJ) and 141 mA/cm? (5 nm PHJ). These values
correspond to the lowest injection currents that a spectrum could be resolved at. (b)
Photoluminescence spectra. (¢), (d) Fitting of the PHJ spectra to resolve the low energy
EINISSION PEAK.....eeiitieieeiteete ettt e et e st et e s b e e sne e s et s s e s b e e ne e e e e e ene 152
Figure 4.3.4. Comparison of the photovoltaic gap determined from the derivative of the
EQE, EL peak energy and Voc for the 2:1 BHJ, 1:2 BHJ, 5 nm PHJ and 15 nm PHJ. The
quantities were chosen for the comparison due to the uncertainty in fitting the EL and EQEpy
spectra to determine the radiative limit. Additionally, the values obtained from the RT and
50C devices studied in Subchapter 4.2 are shown. Note that due to the difficulties in fitting
the low intensity EL peaks, the values listed below correspond to EL peak energies rather than
Marcus fitS Of the CT €NETZY. ...ueeieeeiiieieeiiee ettt e eeree e e s rae e e e s eaae e s e s nnaeeessasaaeeans 154
Figure 4.3.5. (a) Jsc (left scale) and Jsc linearity (right scale) versus light intensity. (b) Jsc
linearity versus Jsc illustrating the effect of the reduced generation current of the PHJ on the
onset of the INearity drop........ccceevueeriiriirieee ettt s 156

Figure 4.3.6. Voc (left scale) and light ideality factor niq (right scale) versus light intensity.
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Figure 4.3.7. (a), (b) Total differential capacitance (Cita1) and active layer capacitance (Car)
determined by subtracting the geometric capacitance (Cgeo) for the PHJ and BHJ devices,
respectively. The fitted ideality factors of the devices were determined to be 10.1 V-1, 11.0 V-1
and 10.2 V-1 for the PHJ, 2:1 and 1:2 device respectively........ccccvveeeeeeercrieenireeeeieeesreeeeneens 159
Figure 4.3.8. (a) Charge extraction results of the 15nm PHJ device illustrating the
correction for the linear geometric charge term. Also shown is the result from differential
capacitance measurements with a significantly different slope parameter and overall charge.
(b) Charge extraction results for the PHJ and BHJ devices including the corrected charge. The
ideality factors of the charge vs Voc were determined to be 5.7 V-1, 10.7 V-1and 9.8 V! for the
PHJ, 2:1 and 1:2 device, reSpectively. .......c.coiuiiiiriiriieieeeeee e 160
Figure 4.3.9 (a) Side-by-side comparison of the spatially averaged charge carrier density
determined from charge extraction and differential capacitance measurements. The fitted
ideality factors of the devices were determined to be 10.1 V-1, 11.0 V-t and 10.2 V-! for the PHJ,
2:1 and 1:2 device respectively. (b) TPV lifetime and active layer lifetime value calculated as
previously shown!18, The fitted exponentials were used for the Voc reconstruction. The fitted
ideality factors of the devices were determined to be 22.6 V-1 and 23.6 V-! for the PHJ and
BHUJS, TESPECIIVELY . ...ccetieieiieecieectee et eete et e e e e te e s eee e e tae e s saeessaeeessae e ssaeesssaeenssaeennseens 160
Figure 4.3.10. (a) Comparison of the calculated loss current and Jsc at varying light

intensity. The bars on the right axis show the percentage deviation between the two values.

Figure 4.3.11. (a) Spatially averaged charge carrier density versus Voc determined from DC
measurements. The arrows signify changes relative to the 2:1 device. (b) Equivalent data plot
with the x-axis rescaled by the position of the EL emission peak to illustrate the changes of the

effective electronic bandgap relative to the change in the photovoltaic bandgap and the EL
emission (both shifted by ~50-60 meV from 2:1 10 1:2)....cccccciieiieciieeeeciieeeecreeeeeveeeeeene 163

Figure 4.3.12. (a) Small perturbation lifetime determined from TPV versus the open circuit
voltage. (b) Charge carrier lifetime versus the spatially averaged charge carrier density. The
arrows in both plots signify changes relative to the 2:1 device discussed in the main text. .163
Figure 4.3.13. (a) Total EQE and corresponding integrated current density of different
hypothetical multi-junction combinations. (b) Fill factor as a function of light intensity for the
BHJ devices. (¢), (d) Light Intensity dependent JV-curves of the 1:2 and 2:1 device,

TESPECHIVELY. weeinntiieiieeieeeeee ettt st e st e e st e e s st e e ssaeessaeesssaeesasaesnnsaens 167
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Figure 4.3.14: Dark JV-curves of the PHJ and BHJ devices illustrating that the large
gradient in the PHJ light JV-curves cannot be explained by an excessive leakage current..169
Figure 4.3.15: Fitting of the 5 nm PHJ electroluminescence emission spectrum recorded at
70 mA/cm?. The raw data was fitted yielding an emission peak of 1.254 eV and a width of the
emission peak of 0.116 eV (corresponding to a values of Ecr = 1.50 eV and Acr = 0.25 €V) 170
Figure 4.3.16: Normalised reduced EL and EQEpy spectra ((a) and (b)) and PL and EQE»py
spectra ((¢) and (d)) of the 2:1 and 1:2 BHJ, respectively. (a) shows the 2:1 EL obtained at
injection currents of 14 and 35 mA/cm2. Due to the reduced noise, the EL is fitted to the higher
injection current. Note the fitting of the PL emission being focused on the high energy tail. The
PL spectra are well described by a weighted sum of this high energy tail and the EL emission
£OT DOt BHUS. ..ttt ettt et e s e s se e st e s st e s e s meesbeesneens 171
Figure 4.3.17: Alternative fitting assuming similar Ecr in the 1:2 BHJ as determined for 2:1
above with a changing reorganisation energy to illustrate the difficulty in determining the
fitting parameters reliably. Here a larger weighting is given to the high energy tail of the CT
emission justified by the poor background correction. ..........ccccceeeeerierniiniinnienieereeeenee. 172
Figure 4.3.18. Normalised electroluminescence and photoluminescence emission spectra
for the BHJ and PHJ devices studied in this chapter as well as the BHJ devices studied in
Chapter 3 (RT and 50C). The dashed lines are a guide to the eye marking the position of the
low injection current EL and PL emission peaks as well as their shift relative to the 2:1 40C
BHJ device (for the 1:2 BHJ and 5 NI PHJ). ...uvvviiiiiiiiiiiiieeeeecceeecitreeeeeeeeeessnnvanereeeeesens 175
Figure 4.3.19. (a) Shift of the electroluminescence peak position as a function of injection
current (equivalent to current densities of 28 to 422 mA/cm?2) together with the position of the
photoluminescence emission peak. (b) Normalised EL quantum yield versus the injection
current. The values were calculated by integrating the EL emission peaks and normalising by
the value obtained at the highest measured injection current. .........cccceeveevveerverneerseeneens 176
Figure 4.3.20. Charge extraction transients recorded upon switching off the LED light
source while the device is kept at short circuit. The transients were recorded at different short
circuit current density values of roughly 0.8, 3.5, 14 and 45 mA/cm? ((a), (b), (¢) and (d),
respectively). Fits representing biexponential decays are shown in dashed lines. ............... 177
Figure 4.3.21. Extracted charge in the slow and fast phase of the current transients shown
above for the 2:1 and 1:2 BHJ. The dashed line signifies a proportionality between the

extracted charge and the short circuit current density (equivalent to a power law exponent of
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1). The charge extracted from the slow phase exhibits a reduced power law exponent indicative
of a charge carrier density dependent mobility related to the filling of tailstates.................. 178
Figure 4.4.1 Schematic depiction of the morphological characteristics and their relation to
device FUNCHONALILY. ...cveeieiieieieeccieecctee ettt e e re e e sree e s taeesbaeesssaeessaeeenssaeennsaens 179
Figure 5.2.1. (a) Absorption spectra of neat films used for the preparation of PHJ solar cells.
(b) Transfer matrix modelling of the exciton generation rate under 1 sun illumination for
different IT-4F thicknesses. Note that in the used inverted architecture the device is
illuminated from the left-hand side. (¢) JV-curves of the PHJs and BHJ reference. (d)
Corresponding JV-parameters. Absorption spectra were measured by Tack-Ho Lee.......... 199
Figure 5.2.2. (a) PM6 ground state bleach (GSB) signal (pump: 775 nm, probe: 560-570
nm) of neat IT-4F, IT-4F/PM6 bilayer and BHJ films. The probe wavelength was chosen to
avoid overlap with IT-4F GSB signals. (b) Schematic illustration of the hole transfer (HT)
process in the IT-4F/PM6 bilayer. (¢) EQE spectra of the PHJ and BHJ devices. (d)
Comparison of the trends of the maximum change in absorption (AA), EQE and Jsc as well as
the trend in Voc for the PHJ and BHJ devices. TAS and EQE measurements carried out by
TACK HO LI . ettt ettt et s bt e st e s bt et e e s e e st e e ee e esee s b e e eneenns 200
Figure 5.2.3. (a) Light intensity dependent JV-curves of neat IT-4F, 40 nm PHJ and BHJ
devices divided by the light intensity in % sun. The data of the neat film is taken from Section
6.4. (b) JV-curve of the neat IT-4F and 40 nm PHJ device at 1 sun. Additionally shown are
the photocurrent of the BHJ device at 0.38 sun equivalent illumination. Subtracting this from
the PHJ JV-curve yields the green dashed line. This represents a hypothetical scenario to
explain the observed inflection point and field dependence of the JV-curve. (¢), (d) Field
dependent photoluminescence spectra of the 40 nm PHJ and the BHJ, respectively, recorded
at an externally biased varying from -3 to 0 V. PL measurements carried out by Tack Ho Lee
ANA WEIAONE XU ittt ettt s et e st s et e st e e st e s bt s st e sase e st e sasessseesseesneesaseennes 202
Figure 5.2.4. (a) Jsc and responsivity at short circuit versus the light intensity in units of
sun equivalent illumination density. The dashed lines are power law fits over the range shown
here. Fitted exponents a for BHJ and PHJ are shown in brackets. (b) Voc and light ideality
factor versus the light intensity. Circles are measured values and crosses show the values of

Voc reconstructed from optoelectronic measurements to validate the experimental results.

Figure 5.2.5. (a), (b) Charge carrier density and TPV lifetime versus the open circuit

voltage. (¢) Charge carrier lifetime versus charge carrier density. (d) Charge carrier lifetime
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versus generation current density. The generation current density was calculated from the Jsc
data assuming that any deviation from a power law exponent of 1 is caused by non-geminate
TECOMNDINATION. c..eeviiiiiieiiieteeteet ettt ettt ettt s e b e st s st e b e e b e s e b s b e s st e sneeaee 206
Figure 5.2.6. (a) Electroluminescence spectra of the BHJ and PHJ at an injection current
density of 19 mA/cm?. (b) Quantum yield of the electroluminescent emission versus the
injected current density. (¢), (d) Normalised PL and EL spectra of the PHJ and BHJ,
respectively, for a range of injected current densities from ~19 to 180 mA/cm?2. The coloured
lines are the EL spectra and the arrows indicate increasing current density. Additionally shown
is the PL of neat IT-4F films. EL and PL measurements carried out by Tack Ho Lee and
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Figure 5.3.1. (a) Chemical structure of Y6 and schematic representation of the Y6
orientation and packing in films spin-coated from CF or CB. (b) Absorption spectra of the Y6
films deposited from CF and CB. (¢) Fermi and HOMO energy level measurements as
determined from Kelvin probe and APS measurements, respectively. (d) Simulated HOMO
and LUMO energy levels obtained from molecular dynamics simulations of face-on and edge-
on oriented Y6 clusters with alternate and eclipsed packing structure, respectively. Absorption
spectra were measured by Yuang Fu. Measured and simulated energetics provided by Yuang
Fu and Daiki Minami, reSPectivVely. .......cccvuiieeiieeiiieccieeceeeeete e e e e e ae e e eaae s 213
Figure 5.3.2. (a) HOMO energy level of neat PM6 compared to thin layers of PM6 deposited
on top of Y6 CF and Y6 CB. Additionally, the HOMO energy level of the Y6 layers deposited
from both solvents following thermal annealing are shown. This is consistent with the
processing conditions used for the preparation of the PHJ devices. (b) EQE and absorption
spectra of the full PHJ devices and bilayers, respectively. (¢) JV-curve of the PHJ devices. (d)
Light intensity dependence of the Voc and normalised responsivity. The latter was calculated
by dividing the Jsc by the corresponding light intensity. The crosses signify the values of the
reconstructed Voc determined from the transient optoelectronic measurements discussed
later. Energetic and EQE measurements carried out by Yuang Fu and Tack-Ho Lee,
SIS] 01168 A1) | 2SRRI 216
Figure 5.3.3. (a) Differential capacitance of the PHJ devices with exponential fits of the
chemical capacitance. The shaded area under the exponential signifies the active layer charge.
At the bottom also the charge stored on the electrodes is shown. (b) Charge carrier lifetime

versus the charge per unit Cell area. ........cocveerriieriiiieiiiieeieeecteee e 218
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Figure 5.3.4. Schematic representation of the effect of the charge-quadrupole interactions
on the band bending at the Y6/PM6 interface. The additional band bending in the Y6 CB layer
leads to additional charge accumulation away from the interface which slows down the
effective non-geminate recombination rate thereby partially compensating for the energetic
penalty on the Voc. Image obtained from the original publication.?.........c.c.ccccceevennennnen. 221
Figure 5.3.5. (a) Molecular quadrupole moment Q, in st-mt-stacking direction for a range of
NFAs including ITIC and its derivatives IT-2M and IT-4F, IDIC and Y6. The values were
calculated by DFT simulation for isolated molecules. (b), (¢) Change in polymer HOMO level
AEnomo upon blending with the NFAs for PM6 and PBDB-T, respectively. Calculated

quadrupole moments provided by Yi-Chun Chin. Energetics measured by Chiara Labanti.

Figure 5.3.6. (a) JV-curves of the BHJ devices deposited from CB and CF. (b) EQE and
absorption spectra of BHJ devices and films, respectively. Note that the films were of a similar
thickness. (c¢) Effective mobility determined from charge extraction at short circuit
measurements as previously described.’% (d) Voc and normalised responsivity calculated
from the Jsc normalised by the light intensity versus the light intensity in units of sun
equivalent illumination levels. The crosses show the reconstructed Voc from lifetime and

charge carrier density measurements. EQE and absorption measurements by Tack-Ho Lee.

Figure 5.3.7. (a) Charge carrier density versus Voc for the BHJ devices. Additionally, the
charge carrier density for the PHJs is shown which was calculated by spatially averaging over
the entire active layer. The values were collected for up to a 6 sun equivalent illumination using
DC. For CF the CE results are shown that were in generally good agreement with DC but
yielded less outliers during the collection. The arrow corresponds to the potential shift at the
1 sun point of the CF BHJ. (b) Charge carrier lifetime versus the spatially averaged charge
carrier density for the BHJ and PHJ devViCes........coeouirrieriierniiniienieeieesteeie e 226
Figure 5.3.8. Charge carrier lifetime determined from transient photovoltage measurements
for different material systems in planar and bulk heterojunction configuration. The arrows
indicate an apparent shift along the voltage axis when moving from BHJ to PHJ architecture
in PM6:IT-4F and DCV-V-Fu-Ind-Fu-V:Ce (abbreviated as D:Ceo in the legend). While the
arrow for Y6 devices signifies a shift along a similar functional dependence on the Voc for

different solvents and device architectures (PHJ vs BHJ and CB vs CF)......cccccoeeevvveeeeenenn... 228
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Figure 5.4.1. (a) Molecular structures of the four NFA materials used: IDIC, Y6, IT-4F, O-
IDFBR. (b) Energy badn diagram of the single component devices. HOMO levels of the NFAs
were determined by APS. LUMO levels were calculated by adding the optical gap to the
measured HOMO level. (¢) Absorption coefficient as a funtion of wavelength of the neat NFA
films. Energy level measurements carried out by Yi-Chun Chin. Absorption spectra measured
Dy Chiara Labamnti.......ccccueereerierreiieeieeetee ettt et e e s e s e e st e s e e see s s e sneeas 232
Figure 5.4.2. (a) Bias-dependent EQE spectra of a Y6 single component device. (b) Peak
value of the EQE spectra versus the applied bias for O-IDFBR, IDIC, IT-4F and Y6. The legend
shows the wavelength at which the EQE spectra reach their maximum. (c¢) Bias-dependent PL
spectra of a Y6 single component device. (d) PL quenching efficiency as a function of bias for
all four NFAs. The calculation of the PLQE is described in the text. Measurements carried out
by Song Yi Park and Chiara Labanti. .........cccceeevueeeeiiieiiiiieccieeceieeccre e vee e 233
Figure 5.4.3. (a) Normalised photocurrent of Y6 versus applied bias at 56 light intensity
levels logarithmically spaced from 0.028 to 655 mW/cm? (equivalent to % sun intensity). The
LED light intensity was calibrated to reproduce the integrated EQE at 1 sun AM1.5
illumination at -5 V reverse bias. On the right axis, the laser induced charge extracted in
transient photocurrent measurements. (b) Total extracted current and corrected
photocurrent of Y6 at -5 and -1 V illustrating the lower bound of the linear dynamic range at
high reverse bias where the dark current increases. The measurements were obtained from the
JV-curves. (¢) Corrected photocurrent of Y6 versus light intensity at short circuit and reverse
bias conditions. (d) Responsivity calculated from the corrected photocurrent divided by the
light intensity in mW/cm? (or % sun equivalent). Not that small discontinuities arise where
neutral density filters were inserted (around 8% sun) to access light intensity levels otherwise
inaccessible with the LED setup due to the unreliable low power output..........ccceeeeeunnnennn.. 235
Figure 5.4.4. (a), (b) Extracted charge carrier density versus the LED background light
intensity and the steady-state current density, respectively. Dashed lines in (a) are fits with a
power law exponent of 0.84. The solid line in (b) signifies proportionality between the charge
carrier density and extracted current density. (¢) Photocurrent transients recorded with
varying background light intensity recorded at -5 V. (d) Extracted charge induced by small
perturbation laser pulses versus the background charge carrier density induced by LED
illumination for different bias cOnditions..........ccocueerieriieiiiinierieeeee e 237
Figure 5.4.5. (a) Photocurrent transients without background illumination at different

biases. (b) Normalised laser induced charge versus the LED induced steady-state charge
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carrier density. The grey area signifies the range of values of ko encompassing the
measurements at all bias CONAITIONS. .....cccverrriiiiriieieiierteeee e 239
Figure 5.4.6. External quantum efficiency spectrum of devices prepared from chloroform
and chlorobenzene resulting in a mostly face-on and mixed orientation, respectively. EQE

measurements performed by Song Yi Park. ......cocceeiieiiiiiiiiiiiieeeeeeeeeeeeeee 241
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List of Parameters and Abbreviations

Parameters Description

A Device area defined by the area of overlap of top and bottom electrode
C Capacitance

d Active layer thickness

e Elementary charge

Ex Electron affinity used here often interchangeably with the Erumo
E./E, Energy of the conduction / valence band

E Electric field

Ea Characteristic energy of the exponential bandtail

Ei/ Ew /| Eg Fermi energy level / electron fermi level / hole fermi level

E, Energy of the bandgap i.e. effective photovoltaic gap from absorption onset
FF Fill factor

G Generation rate per unit density

Iy Ionisation potential used here often interchangeably with the Exnomo
Jdark Dark current density

JLight Light current density

Jgen Generation current density

Jrec Recombination current density

Jo Dark saturation current density

Jloss Loss current density due to non-geminate recombination

Jph Photocurrent density

Jse Short circuit current density

ko Charge carrier density independent recombination rate constant

ks Boltzmann constant

kvi / k2 Bimolecular recombination rate constant

Kkvangevin Langevin recombination rate constant

n Charge carrier density

no Equilibrium charge carrier density

Nc / Ny Conduction / valence band density of states

Nid Ideality factor

p Power density
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R
Rsh

\%5
Voc

Er

o

TAn

To

Abbreviation
Ag

Al

BHJ
CdTe
CE
CIGS
CT

DC
DoS
EL
HOMO
ITO

Elementary charge

Recombination rate

distance

Series resistance

Shunt resistance

Temperature

Time

Voltage

Built-in potential

Open circuit voltage

Slope of parameter of the exponential decrease of Tan (Voc)
Slope of parameter of the exponential decrease of n (Voc)
Empirical reaction order

Relative permittivity

Permittivity of free space

Charge carrier lifetime

Small perturbation TPV lifetime

Equilibrium carrier lifetime

Description

Silver

Aluminium

Bulk heterojunction

Cadmium telluride

Charge extraction

Copper indium gallium selenide
Charge transfer state
Differential charging

Density of states
Electroluminescence

Highest occupied molecular orbital

Indium tin oxide
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MoOs3
MOSFET
MPP
OLED
OPV / OSC
PCE

PET

PHJ

PL

PV

QFLS
SCLC
SP-OSC
TAS

TPC

TPV
VP-0OSC

Molybdenum oxide

Metal oxide semiconductor field effect transistor
Maximum power point

Organic light emitting diode

Organic photovoltaics / solar cell
Power conversion efficiency
Polyethylene terephthalate

Planar Heterojunction
Photoluminescence

Photovoltaics

Quasi-Fermi level splitting

Space charge limited photocurrent
Solution-processed organic solar cell
Transient absorption spectroscopy
Transient photocurrent

Transient photovoltage

Vacuum processed organic solar cell
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“The philosophers have hitherto only interpreted the world in various ways. The

point, however, is to change it.”

- Karl Marx

“The man who will do something great must learn, as Goethe says, to limit himself.
The man who, on the contrary, would do everything, really would do nothing, and
fails. There is a host of interesting things in the world: Spanish poetry, chemistry,

politics, and music are all very interesting, and if anyone takes an interest in them we
need not find fault. But for a person in a given situation to accomplish anything, he

must stick to one definite point, and not dissipate his forces in many directions.”

- Georg W. F. Hegel

“Science is like sex: sometimes something useful comes out, but that is not the reason

we are doing it.”

- Richard P. Feynman
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Introduction

1. Introduction

The climate and energy crisis humanity is facing right here and now are providing motivation
for many who enter the field of renewable energy research. However, it is often difficult to
keep an eye on this bigger picture when solving interesting scientific problems such as
explaining the non-geminate recombination rate in non-fullerene acceptor single component
devices or the reduction in the photoluminescence quenching efficiency in evaporated bulk
heterojunction solar cells. The following pages are intended to serve as a reminder to myself
and others of what the bigger picture is, before diving into the joy of finding answers to

scientific questions.

1.1. Change, Crisis, Catastrophe — Climate Communication

Wallace S. Broecker coined the phrases “global warming” to refer to a carbon dioxide
emissions induced climate change in 1975.1 As the discipline of climate science formed in the
following decades, the scientific evidence for climate change and its grave consequences
became more and more clear. It took 40 years, until the Paris Agreement in 2015,2 for the
international community to agree on the common goal of limiting the global warming to 1.5°C
— a limit deemed safe to prevent the most catastrophic changes to the global climate.? One
reason behind the delay in political action is the aggressive lobbying by fossil fuel companies
like Exxon against the evidence on climate science that has emerged in the last decades and is
scientific consensus.* This is despite the fact that their own research had made surprisingly
accurate predictions on the effects of fossil fuel combustion on the climate.> To stay with the
example of Exxon and their denial of human made climate change, a recent peer-reviewed
study on Exxon-funded research concluded that the company was aware of the consequences
of CO2 emissions on the climate as early as 1975 and their own predictions were surprisingly
accurate in hindsight.® These above mentioned studies now serve as evidence against Exxon
in climate change related litigation for knowingly deceiving the public and causing delays to

climate action.”

While today there is scientific and often even political consensus on the urgency of decisive
climate action, how to communicate this urgency to the different involved stakeholders (from
consumers to corporations to policy makers) and make real political changes is still debated
intensely - with additional crossfire by those who benefit from business as usual. Leaving the

latter aside, the question is how to best advocate for decisive climate action. This is also a
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relevant question for scientists in the broad field of green energy as it affects how we
communicate our motivation, our findings and the impact of our work not just within the

scientific community but also beyond.

"It is, I promise, worse than you think. If your anxiety about global warming is
dominated by fears of sea-level rise, you are barely scratching the surface of what
terrors are possible, even within the lifetime of a teenager today."

- David Wallace-Wells

This is the opening sentence of David Wallace-Wells' 2017 article "The Uninhabitable Earth"
published in New York Magazine.8 Combining scientific reports and dozens of interviews with
researchers of various disciplines Wallace-Wells describes the effect global warming will have
on various aspects of our habitat - from the increase of the likelihood of heat related deaths
and the occurrence of pandemics to food insecurity. His article paints a truly harrowing picture
of the apocalyptic future that awaits without decisive action, changes that remain abstract
when talking about 1.5°C or 580 GtCO- (the CO, budget left to limit global warming to within
1.5°C with 50% confidence as of 2018). Despite the Paris Agreement, not enough had been

done in terms of real policy change at that point.

The article — dubbed alarmist by some — resonated with the readership.® Within days it became
one of the most read articles of the New York Magazine to date.8 The increased frequency of
extreme weather events further contributed to the change in attitude.1°-14 In 2018, Fridays for
Future was initiated after Greta Thunberg and other young activists had started their school
strikes.15 A public that had been dormant, started to wake up to the climate crisis almost four

decades after the first studies on fossil fuel related man-made climate change.

Re-framing the climate change from an inevitable global temperature change to a human-
made climate crisis causing palpable threats in the here and now was — and still is — necessary
to create traction for change. And the mobilisation and activism were in part successful in
creating public pressure to enact change. The heightened awareness of the climate crisis also
leads to the phenomenon of “climate anxiety”. Studies found that almost 60% of young people
globally reported to be very or extremely worried about climate change and government
inaction.’® Paradoxically, anxiety about climate catastrophe and the so called climate

“doomerism” increasingly replace climate change denial as the cause for inaction.!” Promoting
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such “doomerism” has also been found to benefit fossil fuel companies along with an increased
focus on individual consumption (“carbon footprint”) to deflect from fossil fuel responsibility
and regulation.!8-20 In the face of scientific consensus on the origins and consequences of the
global temperature rise, fossil fuel companies changed media strategies to instead
overpromote their green initiatives2!-22 or delay action on climate mitigation in favour of future

technologies (e.g. nuclear fusion, large scale air capture of CO2) promising business as usual.??

But change is not only necessary now but also possible. Today, 90% of global GDP are subject
to net carbon zero pledges and the world is likely on track for 2 to 3°C warming instead of 4
°C by the end of the century.? This is a success and yet far off the goal of limiting global
warming to 1.5°C that “conventional wisdom has dictated [...] could allow for some continuing
normal”.24 In his 2022 article “Beyond Catastrophe - A New Climate Reality Is Coming Into
View” David Wallace-Wells writes that neither the most terrifying predictions of “The
Uninhabitable Earth” nor the most optimistic scenarios of a global warming limited to 1.5°C
will come true.2* This is on one hand due to pledges since the Paris Agreement and tragic delay

of action on the other.

“It’s not the end of the world, but it’s the end of the world as we’ve known it.”

- Alex Steffen

Somewhere in-between “doomerism” and the optimism that through future technological
advancements we can keep doing business as usual (in the “global north”) lies a middle way.
It is what Alex Steffen calls “transapocalypse”.2> The realisation that change is possible is key
to hold the commercial and political stakeholders accountable. But our lives will change. It is
therefore necessary for scientists working on technologies for climate mitigation to be
transparent about the potential these solutions offer and on what time scale. Because the
climate mitigation scenarios based on proven technologies and political/social change already

exist and need to be implemented without further delay.26

1.2. Status Quo and Climate Mitigation Scenarios

The existence of anthropogenic climate change caused by the burning of fossil fuels and the
graveness of its consequences are scientific consensus.2” According to the intergovernmental

panel on climate change (IPCC), the global surface temperature over the period from 2011-
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2020 increased by 1.1°C compared to 1850-1900. In 2015, the international community
agreed to the ambitious target of limiting global warming to well below 2 °C and pursue efforts
to limit it to 1.5°C compared to the pre-industrial age in order to minimise negative effects for
human health, food production and global eco-systems.2 The latter goal was reaffirmed at
COP26 in Glasgow.28 This requires the ambitious achievement of net zero emissions (NZE) by
2050 according to the International Energy Agency (IEA).2° Current projections predict that
the 1.5°C "milestone" will be reached already in the early 2030s.3 Recent data by the
Copernicus Program revealed that over the last 12 months (February 2023 to January 2024)
the global mean temperature already exceeded that of the pre-industrial age by 1.52°C.30

Most realistic scenarios - even those with ambitious reduction targets for carbon dioxide
emissions like the announced pledges scenario (APS) - expect the temperature rise to approach
2°C by the end of the century that would still result in strong negative consequences for
societies around the world, generally increasing inequities and hitting the most vulnerable
hardest.?! The stated policy scenario (STEPS), i.e. the scenario based on current policies, is
projected to result in a temperature rise above 2.5°C. Figure 1.2.1 shows the projected
emissions and temperature rise under the different scenarios and illustrates how far current
policies and policy pledges are from the goals the international community has set to avoid the
most catastrophic consequences of climate change. The NZE scenario does not only require a
reduction of the CO2 emissions to zero by 2050, but also a 75% reduction in methane emissions

(often a consequence of fossil fuel production).2?

According to the IEA, one of the main requirements to reach "net zero" is the rapid
electrification of the global energy system. The share of electricity in the final energy
consumption (including transport, heating etc.) is projected to increase from 20% today to
52% by 2050 in the NZE scenario. Together with the increasing electricity demand driven
mainly by the countries of the so-called “global south” this leads to a projected 150% growth
of the global electricity demand. This NZE scenario would also fulfil the United Nations' (UN)
Sustainable Development Goal 7 (SDG7) targets of providing universal access to electricity
and clean cooking which are currently not met by 113 and 128 countries, respectively.2° The
increased electricity demand will of course need to be met by a rapid increase in low-emissions

energy sources in order to achieve net zero.
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Reports by international organisations such as the UN's IPCC, the IEA or the World Bank,
and non-governmental organisations such as Green Peace collate results from a large range of
climate science and economic models that produce a very clear outlook of what is needed.3:29:32
Bar any phenomenon not included in these models - such as the possible release of methane

from a thawing permafrost - we know how to achieve net zero. In theory.
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Figure 1.2.1. Projected scenarios of energy and process related CO2 emissions between 2010 and 2050
and the increase of global temperature relative to the pre-industrial age in 2100 for the different
scenarios. Obtained from the World Energy Outlook 2022 published by the International Energy
Agency.

1.3. The Future Global Energy Mix

Global electricity production currently relies to 60% on fossil fuels (coal, oil, gas) while the
remaining 40% are split up between nuclear (10%) and renewable energy (30%). To reach net
zero the combined contribution of wind and solar will need to reach 70% of the total electricity
generation by 2050 according to the IEA.2° The needed electrification of other sectors and
increased energy demand see the total electricity generation rise by 150% in the same scenario.
This is better reflected when considering the current total primary energy consumption, where

the fossil fuel share is even more dominant. Figure 1.3.1 shows the change of the

contribution of different energy sources to primary energy generation in the IEA’s NZE
scenario between 2010 and 2050.2° The way to net zero requires the near complete phaseout

of unabated fossil fuel use not only in electricity generation but also in heating, industry and
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transport. The IEA projects photovoltaics (PV) to provide the largest share of primary energy
in the NZE scenario followed by biomass and wind power.2° Nuclear, as another low emissions
technology, is projected to take only a minor role due to the associated environmental and
financial risks and the high external costs of that are often not included when quoting
operating costs.333.34 It should be noted that while the exact mix in primary energy generation
differs between the 1.5°C compatible scenarios of the IPCC and the IEA, photovoltaics take on
a dominant role in both.32° Reasons for this divergence are mainly different assumptions made
on the availability of biomass by the two reports that the IEA forecasts to be more limited

warranting a higher proportion of wind and photovoltaics.
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Figure 1.3.1. Total global primary energy supply by source in the NZE scenario between 2010 and
2050. Note that fossil fuels listed under the low-emissions sources include carbon capture and storage.
Obtained from the World Energy Outlook 2022 published by the International Energy Agency.

While these scenarios are currently still far from what has been pledged by governments (APS)
and businesses around the world, the mere fact that such a scenario exists and is realistic given
the political will is reason for optimism. That solar plays a key role in it is astonishing given
that photovoltaics were taunted to be one of the most expensive and unviable means of
electricity generation as little as two decades ago.3> Today PV is one of the cheapest forms of
electricity generation.3¢-38 Their price advantage is even more pronounced when taking the

external cost of fossil energy sources into account.3%40
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1.4. Photovoltaics and How They Became Cheap

Photovoltaics (PV) or solar cells are electronic components that directly convert sun light into
electricity. They constitute the main form of what is colloquially dubbed as “solar energy”.
Other forms of solar energy include photothermal electricity generation that makes use of

solar irradiation to heat a medium to power engines or turbines.

It has been a long way from the first discovery of the photovoltaic effect by Edmond Becquerel
in 1839,% the observation of photoconductivity in selenium by Willoughby Smith in 1873,42
the demonstration of the first rooftop photovoltaic installation based on a selenium/copper
junction by Charles Fritts in 188443, to the first modern PV cell based on silicon built at Bell
Labs.* Wafer based mono- or multi-crystalline solar cells based on the original innovation by

Bell Labs are often referred to as “first generation PV”.

At the time, solar energy was not cost competitive with conventional energy sources but soon
found applications in remote powering of radio stations and — ironically — oil rigs. Satellites
were the first major application as the reduced weight made PV more competitive with earlier
battery powered solutions. The main reason for the high cost was the energy intensive process

of producing defect free silicon ingots that are the base for silicon PV.

Throughout their further development, the high price of first-generation PV remained a
motivating factor for the market entry of alternative PV technologies such as second
generation thin-film technologies (amorphous silicon, CATE, CIGS) and later on novel third
generation technologies (dye-sensitized, organic and perovskite solar cells). However, to this
day, first generation silicon PV dominates the global PV market with about 95% market share
due to its impressive price decline by a factor of 10 000 since they were first
commercialised.*>4¢ This proves that the factors that caused the high initial cost of silicon PV
were in fact extrinsic and could be reduced through technical innovation and the economics
of scale. Many publications address the history of silicon PV from its invention to large scale

cost-competitive applications.35:4346-49

With “How Solar Became Cheap”, Gregory Nemet published a very comprehensive and
complete overview over the critical steps it needed for this process to occur and most
importantly draws conclusions for future low-carbon innovation (such as future generations

of PV).4 He identifies six crucial steps in the development of PV:
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1. Scientific discovery, USA, 1954

2. Federal technology push, USA, 1973 — 1981

3. Niche markets in consumer electronics and rooftop program, Japan, 1980s and
1990s, respectively

4. Demand-pull subsidy, Germany, 2000 — 2012

5. Scale-up of manufacturing by engineers trained in Australia, China, from 2001
onwards

6. Reduction of installation cost globally through local learning, from 2010 onwards

Besides the technological innovations, first in the USA and later driven by research led by
Martin Green in Australia among others, the creation of markets through the demand-pull
subsidies by Germany, Spain and other countries was vital to the observed price decline. It
provided the incentive for aggressive upscaling of PV production capacities in China that soon
dominated global PV markets with upwards of 70% market share in all parts of the PV
production chain.#¢ As Hal Harvey told the New York Times in 2014 “The Germans were not

really buying power — they were buying a price decline.”5°

In a country that was sceptical of nuclear (especially after Chernobyl) and in the face of climate
change, this was partly by design and partly based on a miscalculation about the
competitiveness of the domestic solar industry at the time.4 Hermann Scheer, former member
of the German Parliament and one of the drivers behind the German feed-in tariff subsidies,
said in 2000 that “We are responsible for this problem [of climate change] and should not
shrug this responsibility by only thinking of ourselves.”s! Globally, it can be seen as a success
as it enabled the unprecedented price decline that makes solar a viable option today for large

scale replacement of fossil fuel resources.

1.5. The Case for Second and Third Generation Photovoltaics

Some have pointed out that, while positive for the climate, the advantage of silicon PV due to
the impressive learning curve over the past decades stifles PV innovation of second or third
generation PV technologies today. Second generation technologies like CdTe have the
potential to provide cheaper solar energy than silicon PV if a similar learning curve is assumed
yet cannot compete with the market might of silicon PV.# This is illustrated below by direct

comparison of the two learning curves in Figure 1.5.1.
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Figure 1.5.1. Learning curve of inflation-corrected Euros/(Watt peak capacity) versus cumulative
installed capacity for silicon and cadmium-telluride (CdTe) photovoltaics up to 2018. Obtained from
Hart (2020).4°

Similar issues would arise for third generation photovoltaics when trying to compete with
silicon PV for utility scale applications. These technologies include most prominently dye-
sensitized and organic solar cells that properly emerged in the early 1990s52-5¢ as well as
perovskite solar cells that emerged around 2009.5> Ease of fabrication through high-
throughput, low-cost solution-processing (or roll-to-roll evaporation) was the main driving
force behind the research into these technologies. Research efforts were focused on increasing
the efficiency to compete with silicon PV. Today, as lab-scale efficiencies of solution-processed
organic solar cells exceed impressive 19%, large scale commercialisation legs behind with the
highest certified submodule efficiency at 14.5% (compared to 26.8% for the record crystalline

silicon modules).56:57

Over time, competitiveness with silicon PV in terms of price, efficiency and stability became
unlikely as it had embarked on its journey down a steep learning curve following the built-up
of mass production in the early 2000s. Therefore, third generation photovoltaics, especially
organic solar cells, increasingly target niche markets (facade integration,>85 agrivoltaics,0-64
low-light indoor applications®>-67) accessible due to their properties such as the potential for
lightweight, flexible, semi-transparent, colour tunable and free-form devices.®8 Additionally,
perovskite solar cells offer the possibility of being commercialised in tandem architectures

with silicon PV.%° Policies encouraging the uptake of organic solar cells for these niche
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applications (e.g. for facade integration which may otherwise remain untapped solar energy

potential) may provide the needed demand-pull that enabled the price decreases of silicon PV.

While the scope of the potential for organic solar cells has changed since their infancy,
advantages like the short energy payback times, the lowest carbon footprint of any energy
conversion technology and the potential for large scale applications in the built environment¢8
hold important climate mitigation potential®® — in addition to the significantly larger
contribution that will be made by silicon PV. Beyond that also consumer applications to power

internet-of-things sensors (low-light application conditions) remain a promising market.

To unlock the potential organic solar cells may have, an increased research focus on addressing
the obstacles to commercialisation is necessary. Evaporated organic solar cells currently offer
the highest potential for commercialisation as they can rely on proven OLED technology for
industrial scale production.®® However, they remain under-researched in the academic
community and suffer from their lower performance relative to their solution processed
counterparts. Therefore, the first part of this thesis will address the performance limitations

in a state-of-the-art evaporated material system.

In solution processed organic solar cells, the morphological stability remains an issue.
Alternative device structures like planar heterojunction solar cells may offer a solution to this
but suffer from reduced the reduced performance. In addition, such systems offer valuable
insights into the working principles of organic solar cells. Comparative studies on solution
processed planar and bulk heterojunction will form the second part of this thesis. The final
small chapter will address observations regarding the charge generation in single component

devices.
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Fundamentals of Organic Photovoltaics

2. Fundamentals of Organic Photovoltaics

This chapter addresses the basics of solar cell operation in general and organic solar cells in
particular. It summarises the origins of semi-conductivity in organic materials and the
implications of their “soft nature”. Examples of organic semiconductors for solar cell
applications will be provided. Another focus will be on the differences in device architectures
and manufacturing techniques — especially the difference between evaporation and solution-
processing of organic semiconductors. Throughout, the scientific and commercial challenges

facing organic solar cell researchers and engineers will be pointed out.

The interested reader is further encouraged to consult the following publications giving a more
detailed overview of the physics of solar cells.!-3 Many of the concepts and derivations are also

explained in great detail in the PhD theses by Scot Wheeler and Jiaying Wu.4>

2.1. Solar Cell Operation

Energy conversion in a solar or photovoltaic cell require three crucial steps: (1) light
absorption leading to the formation of an excited state i.e., a bound pair of negatively charged
electron and positively charged hole quasi particle, (2) separation of the excited electron and
hole to create free charges and generate a potential difference, and (3) the extraction of the

free charges by means of the potential difference into the external circuit.

In order to optimise the solar cell efficiency of converting sunlight into electrical energy all of
the above three steps need to be optimised. The difference between the ground state energy
and the excited state energy (the bandgap, E;) sets the intrinsic limit to how many photons of
the solar spectrum can be absorbed. Only those with an energy higher than the bandgap will
lead to the formation of an electronically excited state. Any loss of absorption due to a low
absorptivity of the photoactive material or reflective losses further extrinsically limits the
maximum achievable current. An energetic difference is needed to prevent the excited state
from falling back into the ground state or “recombine” and instead separate the excited state
into free charges. In inorganic semiconductors free charges form spontaneously and are
subsequently separated by the electric field provided by a so-called p-n-junction. While a p-n-
junction consists of differently doped layers of the same inorganic semiconductor, organic
solar cells use two materials with different energetic levels to provide a driving force for excited

state separation as well as for spatial separation of free charges. The choice of the bandgap and
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the energy level difference of the materials also set the upper limit to the achievable potential
difference that drives charges through the external circuit to do electrical work. Finally, any
resistance to charge extraction or recombination of free charges with opposite signs to form a
ground state reduces the potential of the extracted charges and the maximum extractable

current.

The trade-off between maximising current generation by choosing a small bandgap material
and maximising the potential of the extracted charges (i.e. the voltage) by choosing a large
bandgap material defines a fundamental intrinsic limit to a solar cell.¢ Of all the solar power
incident on a solar cell only 33.7% can be converted into electrical energy. This limit may be

broken when stacking multiple solar cells with different bandgap materials.”

2.2. Organic Semiconductors

2.2.1. The Origin of Semiconductivity in Organic Materials
Semiconductors fulfil the above criteria of a suitable bandgap. Inorganic semiconductors like

silicon, gallium arsenide or cadmium telluride have suitable properties for solar cell
applications due to their suitable bandgaps and good charge transport through their highly
ordered crystal structure. Record silicon solar cells with a bandgap of 1.1 eV come close to

their maximum theoretical conversion efficiency of 32% with 26.8% confirmed, recently.8

Here, the focus will be on organic semiconductors. Rather than consisting of individual atoms
in a highly ordered crystal structure, these are molecular materials based mainly on carbon
and hydrogen with additional atoms such as most commonly oxygen, nitrogen, sulphur or
halides all covalently bonded. Organic semiconductors can therefore be synthesised from
organic starting materials derived from petrochemicals or organic matter. As the exact
electronic properties depend on the molecular structure rather than the fundamental
properties of the atoms it is made up of, this means an infinite number of organic

semiconductor materials with differing characteristics could possibly be synthesized.

Carbon in its atomic configuration has four valence electrons (2s22p,!2p,'2p,°) and therefore
reaches a quantum-mechanically stable closed-shell configuration upon formation of four
covalent bonds. Semi-conductivity in carbon based organic materials arises from the
formation of double bonds between two carbon atoms in addition to each carbon atom being
covalently bonded to two other atoms. This puts the carbon atoms in a so called sp2 hybridised

state meaning that the 2s orbital and the 2p, and 2py orbital form three covalent o-bonds in
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the x-y-plane. This leaves a single electron in the 2p, orbital perpendicular to the x-y-plane.
This electron is less tightly bound to the nucleus and can form a so called mi-bond with the 2p,
electron on an adjacent carbon atom in the same sp? hybridisation. The two 2p, atomic orbitals

formed two m-molecular orbitals, one bonding (1) and one antibonding (;t*). This is illustrated

in Figure 2.2.1 (a).
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Figure 2.2.1. (a) The linear combination of atomic 2p, orbitals leads to the formation of a bonding
and antibonding m-molecular orbital. (b) Illustration of the formation of a band like structure upon
extending the length of an alternating alkene chain. The asymmetric contraction and elongation of
bonds resulting in Peierls distortion is also shown. Image obtained from the thesis by Scot Wheeler.*

In the ground state, the bonding and antibonding m-molecular orbitals are doubly filled and
empty, respectively, making them the so called highest occupied and lowest occupied
molecular orbital (HOMO and LUMO). The energy difference between the HOMO and the
LUMO defines the bandgap of the material.

If a chain of carbon atoms is made up of alternating single and double bonds (i.e.
polyacetylene), the m-molecular orbitals of neighbouring carbons overlap leading to the
additional splitting of the ;t and n* orbitals for every additional atom in the chain. This leads
to the narrowing of the gap between the HOMO and the LUMO and the emergence of a band
like structure of a valence and conduction band, respectively. Such a chain of double bonds is
called a t-conjugated system. For the more physics than chemistry inclined reader, imagine a
particle in a 1-D box. As the box becomes wider, the energy difference between the quantum

mechanical states becomes smaller. The box is the m-conjugated system.

However, as the m-conjugated system becomes infinitely long, the bandgap does not converge

to zero due to what is called Peierls distortion.® This phenomenon describes an asymmetric
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vibrational distortion of the carbon bonds due to the presence of electron density that

stabilises the st and destabilises the * orbital increasing the bandgap (see Figure 2.2.1 (b)).

2.2.2. Bandgap Engineering

Photovoltaic or other applications require organic semiconductors with specific application
dependent energy levels for optimal performance. A variety of design strategies for conjugated
small molecules and polymers have been studied previously and can be found summarised
elsewhere.19-15 For commercialisation, the trade-off between the synthetic complexity of

materials and their performance has also been a key focus.13.16-18

As described above, the bandgap of the organic semiconductor depends critically on the size
of the m-conjugated system. The inclusion of conjugated ring structures may additionally
increase the size of the conjugated system and decrease the bandgap of the material while
making the materials more rigid and crystalline as discussed below. Besides aromatic pure
hydrocarbon ring structures (like benzene, naphthalene etc.), structures including
heteroatoms (thiophene, furane, selenophene, pyrrole etc.) can be used. The use of electron
withdrawing or donating substituents attached to the conjugated backbone enables further
tuning of the electronic bandgap (i.e. substitution of hydrogen for fluorine, chlorine or a
methyl group).15 A key strategy to narrow the bandgap and harvest a greater proportion of the
solar spectrum, is the introduction of organic semiconductors comprising electron-rich and
electron-deficient units adjacent to each other that lead to the hybridization of the of the
molecular orbitals.'4 Examples are so called push-pull polymers (i.e. PM6) or small molecules
with a so called acceptor-donor-acceptor structure (i.e. IT-4F, Y6 or DCV-V-Fu-Ind-Fu-V) that

will be introduced later.

2.2.3. Processing of Organic Semiconductors
In order to deposit a solid film of organic semiconductor material on a substrate, generally two

methods have been used: the material can either be coated/printed from solution or thermally
evaporated. Other less common processing methods include solid-state melting deposition!°-
21 or in-situ synthesis?2 methods. In both, solution- or vacuum-processing cases, a low
substrate temperature can generally be maintained allowing for flexible plastic substrates like
polyethylene terephthalate (PET) to be used. This in turn enables large scale continuous
deposition on PET substrates in roll-to-roll processes demonstrated for solution and

evaporation based deposition alike.23-24 While there are potential cost advantages for solution-
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based techniques (especially due to the lower upfront investment), roll-to-roll evaporation
based deposition of semiconductors was already shown to be commercially scalable in the field

of organic light emitting diodes and more recently organic solar cells.25-2°

While in principle, infinite combinations of large conjugated systems can be synthesised,
limits to this are set by the viability of the synthetic route and the need for processability of the
organic semiconductor. Processability from organic solvents requires the addition of aliphatic
chains to the conjugated core of the organic semiconductor. The size of the conjugated core is
less critical here if the added solubilising chains enable sufficient solvent interaction.
Therefore large, conjugated structures including polymers and extensive aromatic ring

structures may be deposited from organic solvents.

Evaporation on the other hand requires the molecules to be small enough to be sublimed in a
vacuum. The sublimation temperature, that is determined mainly by the size of the molecule
and intermolecular interactions of the solid, needs to remain below the temperature at which
the material thermally decomposes. Overheating the substrate is not a relevant concern as the

heat transfer of a thin layer of organic semiconductors deposited (< 100 nm) is minimal.

Figure 2.2.2 shows the chemical structure of selected materials that are central to this thesis.
The top row shows two small molecule materials for vacuum-thermal processing while the
materials at the bottom are a polymer and a “small” molecule that can be processed from
organic solvents. The solubilising aliphatic chains of the latter are highlighted as well as the
moieties with electron donating and accepting character. Other than these alkane chains the
molecules are fully conjugated. Note here that “small” is relative here as the molecular weight
of the solution processable small molecule is more than twice that of the evaporable small

molecules.

The shape of the molecules as well as the presence of the solubilising chains will affect how the
materials stack in solid films with implications for the electronic properties of the materials as
addressed in more detail below. Differences in the operation of solution-processed and
vacuum-processed organic solar cells are the topic of Subchapter Error! Reference source n

ot found..1.
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Figure 2.2.2. Chemical structure of semiconducting materials for organic solar cells manufactured by
evaporation (top) and solution processing (bottom). The highlighted aliphatic chains are added to
aid the solubility of the materials in organic solvents. Blue and green highlighted groups signify the
electron accepting and donating groups, respectively. The names of the trivial names of the compounds
are DCV-V-Fu-Ind-Fu-V (top left) and Ceo-fullerene (top right), PM6 (bottom left) and Y6
(bottom right). A comparison of the photovoltaic properties of these compounds will be provided in
Chapter 4.

2.2.4.Disorder in Organic Semiconductors
The nature of the covalently bonded organic materials makes them “soft materials” prone to

bending and twisting caused by their surroundings in solid films. Effectively, this can result in
the breaking of the conjugation due to insufficient overlap of neighbouring m-orbitals. This is
called static disorder and leads to local variations of the bandgap, so called tailstates within
the valence and conduction band (see Figure 2.2.3). Furthermore, also chemical impurities
can cause the presence of additional deeper “trap states” inside the bandgap (i.e., charge
carriers in these states cannot be promoted to the band edge through their thermal energy).
The functional shape of the bandtail density of states (DoS) depicted in Figure 2.2.3 has been
experimentally shown to have a Gaussian or exponential dependence on the energetic

position.30-34

Additional distortions, as already mentioned when discussing Peierls distortion, occur
dynamically due to the temperature dependent molecular vibrations and the interaction of the

fluctuating electron density with surrounding nuclei. This electron-phonon interaction leads
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to a stabilisation and localisation of the charge i.e. the formation of so called polarons. Due to
the transient nature of the vibrations this is termed dynamic disorder. It overlays with the
static disorder and causes an additional temperature dependent Gaussian broadening to the
experimentally observed disorder. These concepts of disorder are central to the characteristics

of organic semiconducting materials and the performance of organic solar cells.

Besides the density and orientation of the packing in solid films, the degree of static and
dynamic disorder is clearly related to the rigidity of the organic semiconductor material in
question. Poly-alkene chains depicted above in Figure 2.2.1 (b) are prone to twisting and
the loss of conjugation. Incorporating aromatic ring structures such as benzene, furan, pyrrole
or thiophene enables the synthesis of larger, more rigid conjugated systems. Additionally,
organic chemists may design structures that make use of van der Waals forces between
heteroatoms to aid the planarization of a conjugated system.3> A range of publications focus
on the different materials commonly used in vapour-3¢ and solution processed organic solar

cells?”.

al

vV

Density of States (DoS) ]

Figure 2.2.3. Visualisation of the effect of static disorder in organic semiconductors. The bandgap (E;)
changes when moving from an isolated, straight, conjugated alkene, to a bent chain, to mixing several
chains and eventually a solid film consisting of many polymer chains with the emergence of a band of
tailstates inside the gap of valence and conduction band (Ev and Ec, respectively).
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2.2.5. Aggregation Dependent Effects on Energetic Levels
While torsion of conjugated molecules, especially polymers, in solid films can cause the loss of

planarity and energetic disorder, close packing with surrounding molecules can also lead to
the overlap of neighbouring m-orbital systems. Especially in small and/or regularly stacking
organic semiconductors this has been shown to lead to changes of the energetic levels of the
material caused. Experimentally such behaviour may be evident from a shift in the absorption
or emission spectrum when moving from an isolated molecule (in solution) to tightly packed

molecules (in a solid film).38-43

Besides the interaction of neighbouring m-conjugated systems, electrostatic interactions
between neighbouring polar molecules have also been observed that can cause shifts of the Ec
and Ev energy levels. In evaporated films for OLED applications, the highly anisotropic
packing of molecules with an intrinsic dipole moment led to the observation of a “giant surface
potential”.#4-47 However, many molecules with a strong dipole moment stack alternatingly
leading to the cancellation of any significant effect on the band energetics.*84° Additionally,
many small molecules relevant to OSCs possess a point symmetric structure with a negligible
dipole moment. In these point symmetric molecules, interactions of charges with the
quadrupole of neighbouring molecules have been shown to be the dominant electrostatic
interaction.59-52  Due to the strong distance dependence of the electrostatic field (r-3),
particularly tightly stacking planar molecules with a face-on orientation are affected by this
interaction.52 Face-on refers to the stacking in the direction of the p, atomic orbitals that form
the m-molecular orbitals. This is often termed m-m-stacking and also leads to strong inductive
effects. Differentiation between the two effects may be possible as the electrostatic effects shift
both the HOMO and LUMO energy level by the same amount while inductive effects typically

cause a narrowing of the bandgap.>2

2.2.6.Charge Transport in Organic Semiconductors
In inorganic semiconductors, the high degree of structural order and the (relatively) low

interaction of charge carriers with lattice phonons enables band like charge transport. In
organic semiconductors, both, the static disorder and the dynamic polaron disorder can cause
the localisation of charge carriers and inhibit the band like transport of charge carriers in the
m-conjugated system, i.e., along an alternating alkene chain shown in Figure 2.2.1 (b).

Instead, localised charge carriers “hop” between different energetic sites which is enabled by
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their thermal energy. For a low polaron binding energy (relative to the thermal energy) the

transport will become band-like.

In addition to this intramolecular transport, charge carriers can also be transferred between
different molecules. The rate at which such intermolecular charge transfer occurs is often
described by Marcus theory and crucially depends on three parameters: (1) the overlap of the
neighbouring molecules’ molecular orbitals that depends on the structural order of the
molecules in the bulk of the material (i.e., m-m-stacking), (2) the rigidity of the molecules that
determines the reorganisation energy related to the charge transfer process, and (3) the
thermal energy of the system. Intermolecular charge transfer is furthermore critical to

generating free charges as will be discussed in more detail below.

2.3. Device Structure of Organic Solar Cells

2.3.1. Single Material Devices
The first evidence of the photovoltaic effect in solid organic semiconductor devices (1960s to

1970s) was observed when placing a single organic semiconductors between two metal
electrodes with different work function.53 Power conversion efficiencies of such device
structures remained low due to the low yield of free charges from the excitons generated upon
light absorption. Only under an applied electric field, a photocurrent could be measured.>* In
contrast to inorganic semiconductors, the dielectric constant of organic semiconductors is very
low (< 5 versus > 12, respectively). While light absorption in inorganic semiconductors leads
to direct efficient free charge generation, it leads to the formation of coulombically bound
excitons in organic semiconductors due to the poor dielectric screening of the charges by the
surrounding material. Typical binding energies are of the order of 0.1 to 0.3 eV in organics,
while inorganics such as silicon or also perovskites they are typically around 0.01 eV.55:56

Overcoming this binding energy requires the presence of an energetic offset.

2.3.2.0rganic Planar Heterojunction

The first appreciable power conversion efficiency of almost 1% in an organic solar cell was
reported by Tang in 1986.57 By layering two different materials (CuPc and a perylene
derivative), that possess different HOMO/LUMO levels, on top of each other, a driving force
at the interface was created to separate the bound excitons into free charges without the need
of an externally applied field. For this to occur, the excitons have to diffuse to the interface

where they could be separated by charge transfer. By naming convention, the material with
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the higher lying LUMO that donates an electron is termed the donor and the other material
the (electron) acceptor. In principle, however, excitons can also be generated in the acceptor
material and free charge generation occurs via hole transfer from the acceptor to the donor.
Thereby the use of two materials in a heterojunction also enables complimentary absorption

for additional photocurrent generation.

Exciton diffusion is an energy transfer process that occurs via Forster or Dexter energy transfer
mechanism.>® The typical lifetime of excitons is of the order of 0.1 to 1 ns which means that
they can typically diffuse about 4 — 20 nm before decaying to the ground state.5558-61
Therefore, only absorption events that lead to the formation of an excitons within this exciton
diffusion distance (Lp) away from the charge generating interface lead to charge generation.
This limits the thickness of the planar heterojunction to the exciton diffusion length which in
turn limits the absorption of the organic films and therefore the maximum achievable current

in such planar heterojunction (PHJ) organic solar cells.

2.3.3.0rganic Bulk Heterojunction
A similar problem had also arisen for solar cells using dye molecules as photosensitizers on

top of wide bandgap inorganic semiconductors (dye-sensitized solar cells, DSSC). The low
exciton diffusion length and mobility of charge carriers in the dye molecules mandated the use
of a monomolecular layer sandwiched between contact layers for efficient charge separation
and extraction. In both cases, the solution came through dramatically increasing the surface

area of the material interface.

In 1991, O’Regan and Gratzel introduced a nano-porous titania scaffold for the dye molecules
that dramatically increase the thickness and yet maintain a monolayer coverage of the dye.
Infiltration of the pores by a liquid electrolyte made it possible to increase absorption while

allowing for good charge separation and extraction yields.62

Yu et al. and Halls et al. in 1995 fully replaced the planar heterojunction with the so-called
bulk heterojunction (BHJ).63.64 Rather than depositing the donor (D) and acceptor (A)
material on top of each other creating a planar junction, both components are blended and
(ideally) phase separate on a length scale of the exciton diffusion length to allow for efficient
exciton harvesting at the interface while also maintaining connecting pathways for charge
extraction in the respective phases. By enabling efficient exciton separation at film thicknesses

exceeding the exciton diffusion length, this can dramatically increase the maximum achievable
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photocurrent while increasing the absorption in thick active layers. Efficient BHJs with active
layer thicknesses in excess of 400 nm have been demonstrated.®>-¢7 Figure 2.3.1 shows a
schematic representation of the two different types of organic heterojunction. It should be
noted that Hiramoto et al. already introduced a precursor to the BHJ architecture with a
three-layer system consisting of a blended layer of two organic semiconductors sandwiched by

a neat layer of each material to either side.®8
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Figure 2.3.1. Schematic representation of the planar and bulk heterojunction device structure (left
and right, respectively). The dimensions of the donor and acceptor phases are referenced to the exciton
diffusion length (Lp). In the bulk heterojunction the pathway of the exciton diffusion to the
donor/acceptor interface leading to charge transfer is depicted. Following that, the charge transfer state
must be separated which is followed by extraction of the free charges to the respective transport layers
as indicated by arrows. Additionally, the interlayers and electrodes in the inverted structure are shown,
as discussed later in the text.

The introduction of the BHJ marked a breakthrough for the field of organic photovoltaics.
Until today, all high performance OSCs, including the current efficiency record of more than
19%, were achieved using this concept.® And yet, the introduction of the BHJ also posed
significant challenges to the field of OPV. Increasing the domain size too much leads to
incomplete exciton separation. Highly intermixed blends on the other hand may introduce a
large degree of disorder and inhibit the extraction of charges out of the BHJ. Achieving such
an optimum morphology requires donor and acceptor materials with appropriate miscibility
and intermolecular interaction (in addition for the appropriate energetics relevant for charge
separation).®®70 Additionally, the optimum BHJ morphology may not be thermodynamically

stable.”!
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While BHJs can be deposited from thermal co-evaporation of the D and A component as well
as solution-processing from a single solution,?” achieving the optimum morphology often
requires lengthy trial-and-error optimisation of the processing conditions (that more recently
led to AI guided, automated procedures to optimise the parameter space).”2-74 A brief
discussion of the active layer characteristics and their influence on the performance

parameters of organic solar cells will follow below.

2.3.4.Interlayers and Electrodes
This section discusses the interlayer and electrode materials already shown in Figure 2.3.1.

In order to extract the photocurrent generated in the active layer to the external circuit,
electrodes must be applied to the active layer out of which at least one has to be transparent
to allow for light to enter the photoactive layer. Typically, the transparent electrode is the one
deposited on the transparent substrate (glass or PET) and typically is a transparent conductive
oxide such as indium tin oxide (ITO) that can be deposited by sputtering. The other electrode
can be a metal with high conductivity (e.g., silver). It can also act as a reflective surface for
unabsorbed light to enter back into the active layer to maximise charge generation. For semi-
transparent applications both electrodes need to be transparent.”>7¢ Figure 2.3.1 depicts the
so called “inverted architecture” where the transparent electrode at the bottom forms the

cathode, while the opaque top electrode is the anode.

Additionally, interlayers are included that serve two main purposes: (1) the better energy level
matching of the active layer with the respective electrode work function and (2) the blocking
of charge carriers from reaching the wrong electrode.”” The latter would result in a loss of
chemical potential due to surface recombination and may particularly occur in the BHJ
architecture where the acceptor material is also in contact with the anode and the donor with
the cathode. Figure 2.3.2 illustrates the energetic cascade of the organic solar cell that
provides a driving force for charge generation and extraction. It further depicts the electron

and hole blocking character of the hole and electron transport layer, respectively.
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Figure 2.3.2. Exemplary energy band diagram depicting the energy level offsets of photoactive layer,
interlayers and electrodes. Note that, in a BHJ, the donor and acceptor are also in contact with the
opposite transport layer.

2.4. Device Operation of Organic Solar Cells

2.4.1. Current-Voltage Characteristics of Solar Cells
Due to the asymmetry arising from the different work function electrodes and use of

electron/hole transport layers that also act as hole/electron blocking layers, the electrical
characteristics of an OSCs, like other solar cells, resemble that of a diode with an additional

current source in parallel.

The primary characterisation tool of any type of solar cell is a current density-voltage curve
(JV-curve). This means that the current response of the solar cell under illumination is
measured for varying applied voltages simulating variable load resistances connected to the
solar cells external circuit. Figure 2.4.1 shows an exemplary JV-curve measured on an
organic solar cell. Under dark conditions, the rectifying characteristics resemble that of a

diode. Upon illumination, the JV-curve is shifted downward by the negative photocurrent.

The functional shape of the JV-curve is well approximated by the non-ideal diode equation:

qv +]ARS)> 3 1] 4 V + JAR,

JV) = _]gen +/o [exp( nigkT ARy,
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where Jg., is the photogenerated current density, J, is the saturated dark current densit

measured at reverse bias, A is the device area, n;; is the ideality factor, k the Boltzmann

constant, T the temperature, q the electron charge, and R, and R, the series and shunt

resistance, respectively. The parasitic resistances of the diode equation account for the solar

cells non-ideality and can be related to different loss mechanisms in organic solar cells.”8
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Figure 2.4.1. Current Density — Voltage Curve of an organic solar cell under light and in the dark.
Various points of interest are marked and the fill factor is visualised as the ratio of the light and dark
squares’ area. The right axis shows the power output of the solar cell as a function of voltage.

On the right axis Figure 2.4.1 shows the power output of the solar cell as a function of
voltage. It also visualises various points of interest that are commonly used to characterise a
solar cell: the short circuit density (Jsc) when there is no external voltage applied (no load
connected), the Voc where the extracted current density is zero (an infinitely large load is
connected) and the maximum power point (MPP) with the associated values of Jvpr and Vpp.

It additionally visualises the fill factor (FF) that is defined as:

FF — ]SCI/OC
]MPPVMPP

and is a metric that accounts for deviations from ideal diode behaviour. Therefore, the
maximum power output (Pmax) of the solar cell may be expressed as the product:

Brax = FF - JscVoc
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which yields the power conversion efficiency (PCE) when divided by the power of the incident
solar irradiation. Since solar cells generally have a wavelength-dependent photon to current
conversion efficiency, a global reference spectrum and power density has been defined to
ensure comparability across research laboratories. The so called AM1.5 solar spectrum is

based on the solar irradiance at the average latitude of the USA (1000 W/m2 or 100

mW/cm?).”

2.4.2.Simple Electrical Model of Organic Solar Cells
A simple model can be used to represent the basic functionality of a BHJ OSC. Due to the

nature of the BHJ forming a finely intermixed blend, the assumption of an effective medium
is made, with the HOMO or ionisation potential (Ir) defined by that of the donor and the
LUMO or electron affinity (Ea) by that of the acceptor material. The effective bandgap of the
material is therefore given by E; = Erumo, a - Enomo,n. The respective energy levels are shown
in Figure 2.4.2 (a). Additionally, the work function of the contact layers as well as the energy
offset with the relevant active layer energy levels are shown. In the dark without applied bias
(Figure 2.4.2 (b)), the Fermi level (Er) of the electrodes equilibrate by a small number of
electrons passing through the junction from the cathode (right contact) to the anode (left
contact). As a result, the cathode now carries a net positive charge. However, due to the
metallic broad density of conducting states, the work function of the electrodes did not change
and therefore an electric field equal to the difference of the electrode work functions divided

by the thickness of the active layer applies (E = (pa — @c)/d).

If the device is now illuminated, the photogenerated charges are disturbing this equilibrium.
Since the charges are no longer at equilibrium, there no longer is a flat Fermi level across the
junction, instead the electron and hole population in the conduction and valence band,
respectively, are now described by separate quasi-Fermi levels. At open circuit conditions (i.e.,
no current flowing in the external circuit), holes and electrons build up in the device resulting
in the splitting of the quasi-Fermi levels (Figure 2.4.2 (c¢)). This so-called quasi-Fermi-level-
splitting (QFLS) causes a potential difference to be generated between the electrodes as they
charge up by transfer of electrons to the cathode and holes to the anode. This increase of the

potential compared to dark equilibrium conditions can be measured externally as the Voc.
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Figure 2.4.2. Simple energy level diagram to describe OSC operation. (a) Visualisation of the effective
medium approach: the BHJ is treated as a single medium with the band gap defined by the acceptor
LUMO and the donor HOMO (labelled here as the acceptor electron affinity Ea acceptor and the donor
ionisation potential Ipgonor, respectively). (b) Band diagram in dark equilibrium conditions. (¢)
Visualisation of Voc conditions and the quasi-Fermi level splitting. (d) Band diagram at an applied
voltage close to MPP. Image obtained from the thesis by Scot Wheeler.*

From these observations it also follows that in BHJ OSCs, the Voc cannot normally exceed the
built-in potential.8%81 However, high performance organic solar cells with contact layers
matched to the respective band of the effective medium (small injection barriers A@a and A@c)
this typically is not limiting the Voc. Instead, the maximum achievable Vo is determined by
the quasi-equilibrium between charge generation and the recombination of free charges. This
makes open circuit conditions particularly useful to study free carrier (or non-geminate)

recombination.

Considering the case of a finite external load (i.e., a small positive externally applied voltage
in the JV-curve), the electric field across the active layer is normally equal to the difference of

the V4; and the applied voltage Vapp, divided by d and a drift current is flowing as a result of the
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electric field (see Figure 2.4.2 (d)). The total drift current is the sum of the electron and hole
drift current. These are governed determined by the product of their respective mobility (p),

carrier (n) density and the strength of the electric field (E).

Now that an overview of the materials, device structure and performance characterisation has
been given, a more detailed account of the different recombination loss mechanisms in an
organic solar cell is provided before the methods that were used to study these loss

mechanisms are discussed.

2.5. Performance Limiting Factors in Organic Solar Cells

This section explores the factors limiting the short circuit current density (Jsc), open circuit
voltage (Voc) and fill factor (FF) and therefore the achievable power conversion efficiency in
organic solar cells. Following this, the methods section will explore the different experimental

techniques employed throughout this thesis to study its limitations.

2.5.1. The Choice of Bandgap
Only photons with an energy above the bandgap of the lower bandgap material in the

photoactive layer are absorbed efficiently. Decreasing the bandgap of the blend components
therefore results in an increase of the maximum achievable current while limiting the
maximum achievable Voc. This is a fundamental trade-off in single junction solar cells. By
adjusting the detailed balance limit, that had previously been derived for inorganic solar cells,
for the increased voltage losses in OSCs an optimum bandgap of 1.5 to 1.6 eV was
predicted.8283 Novel materials that result in reduced voltage losses, e.g. the polymer/non-

fullerene acceptor blend PM6:Y6 and their derivatives, challenge this theoretical prediction.8

2.5.2. Limitations of the Short Circuit Current Density

The efficiency of free charge generation is limited by three processes: (1) absorption, (2)
exciton diffusion and charge transfer, and (3) the separation of interfacial charge transfer

states.

Firstly, the absorption is determined by the absorption coefficients of the materials in the
blend and the thickness of the photoactive layer. Additionally, interference effects of incident
light with its reflection at the back electrode can influence the total absorption.8> Values of
absorption coefficients vary widely for organic semiconductor materials. Especially molecules
with a high degree of symmetry like Cso-fullerene and its soluble derivatives suffer from low

absorption coefficients requiring thick junctions (> 200 nm) for complete absorption.®>
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Due to the small dimensions of tightly bound excitons typically localised to one molecule, the
exciton transport to the D/A interface is an electric field-independent process governed by
diffusion. The exciton diffusion length and the mean distance excitons must travel to the D/A
interface determine the efficiency of exciton separation. Additionally, the probability of
electron (hole) transfer and subsequent separation of the bound charge transfer (CT) state
depends on the energy level offset of the donor and acceptor LUMO (HOMO) levels.55:86-88 The
minimum required energy level offset for efficient charge generation and how to accurately
determine this offset are topics still under debate.80:89-91 Charge separation may further be
aided by an externally applied electric field. Instead of separating, into free charges a transfer
state may also decay back to the ground state. This is termed geminate recombination. If
charge recombination occurs upon the encounter of previously separated free charges, this is
termed non-geminate recombination (sometimes bimolecular recombination is used
synonymously but strictly speaking non-geminate recombination does not have to be

governed by second order kinetics). The details will be discussed further below.

Since the active layer is subject to a strong electric field at short circuit conditions (~107 V/m
for an active layer thickness of 100 nm), the photogenerated charges are expected to be swept
out efficiently. This leads to a low charge carrier density in the active layer which reduces the
likelihood of non-geminate recombination. However, especially in devices with low charge
carrier mobility or in thick junctions, significant non-geminate recombination occurs at short
circuit resulting in additional losses to the short circuit current density (beyond limitations by

absorption and free charge generation).6

2.5.3. Open Circuit Voltage and the Charge Carrier Density

The upper limit of the open circuit voltage is set by the material energetics, specifically the
bandgap of the effective medium as previously discussed. It was also previously discussed how
the quasi-equilibrium between free charge (i.e., non-geminate) recombination and generation
determines the Voc that may be used as an approximation for the QFLS for well-matched
interlayers. Therefore, for a known generation rate, the Vo is determined by the charge carrier

density dependent recombination rate in the material active layer.

The following relationship between the QFLS and the charge carrier density (n) may be derived
starting from the convolution of the density of states (DoS) and a probability occupation

function (from Fermi-Dirac statistics):192
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AEF)

n =p = ngexp <2Ech

where n and p are the electron and hole concentration, respectively; n, is the equilibrium

charge carrier density; AE is the Fermi level splitting and E, is the characteristic energy. The

characteristic energy describes the deviation of the bandtail of the DoS from that of a perfect
semiconductor that is given by the thermal energy kT and provides a measure of the disorder

in the organic semiconductor blend.3465,92,93

Furthermore, the complex dependence of recombination mechanisms on the charge carrier

density can be expressed as a power law, hence:

G =R = kyn®
where k is a density dependent rate constant and 6 is the recombination order with respect
to n which can be determined experimentally from the dependence of the lifetime on the

charge carrier density. § is classically assumed to take values between 1 and 2 (ignoring third
order Auger type recombination). A recombination order of 1 is typically interpreted as a
mechanism involving one trapped carrier and a free carrier (monomolecular), while § = 2

indicates second order (bimolecular) recombination involving a free hole and a free electron.?
Apparent recombination orders higher than 2 have previously been experimentally
determined and related to the presence of broad tailstates®2 or experimental limitations caused
by non-uniform charge carrier density distributions®4. Ultimately, the following relation
between open circuit voltage and generation rate can be derived by approximating the QFLS

as the Voc:

AEr 2Eq, . (G
~ — X In (—)
Rg

q 8q

oc

where R, is the equilibrium recombination rate and all other symbols have been previously

defined. The light ideality factor n;, is theoretically defined by the equation:

AEg >

2

describing the exponential dependence of the recombination rate on the Fermi level

splitting.®>° Therefore, the ideality factor determined from the logarithmic dependence of the
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Voc on the generation rate (which is proportional to the light intensity (®)) can be used as an

indicator for the recombination order:

= 9 _dVoc

@ kT dIn(P)
Instead of referencing the Voc to dark equilibrium constants, it may instead be studied relative
to the energy of the charge transfer state that generation and charge recombination are
presumed to occur through. This requires the determination of said CTs as discussed in the
method section.7.% The solid state physics derivations shown above may be put into relation
with this CT state model through rescaling the energy axis as previously discussed elsewhere.*
This would allow the differentiation between the influence of the effective gap and the kinetics
of non-geminate recombination on the device Voc. As pointed out in previous studies, the
magnitude of the effective gap and the changing CT state energy also affects the non-geminate

recombination related voltage losses.82:83,100,101

2.5.4.Non-Geminate Recombination
After discussing the connection between the Voc and non-geminate recombination, the

different mechanisms of non-geminate recombination are discussed briefly here.

In organic solar cells, non-geminate recombination is expected to occur through interfacial
charge transfer states upon the encounter of an electron in the acceptor phase with an electron
in the donor phase. As is the case for excitons, the subsequent decay to the ground state may
be mediated by the emission of a photon or through interactions with molecular vibrations
(radiative and non-radiative recombination). As a result of the soft nature of organic
semiconductors, charge phonon interactions are very strong leading to fast non-radiative
recombination and high non-radiative voltage losses compared to highly emissive inorganic
semiconductors.82 Compared to the decay of excitons typically localised on one molecule, the
decay of CT states stretched over an acceptor and donor molecule only has a much lower
radiation yield. This is also predicted from the low absorption of these interfacial states

through the reciprocity relation.%8

Two different mechanisms have been argued to determine the non-geminate recombination
rate constant. The first assumes that the recombination of free charges is encounter limited.
Once oppositely charged carrier come into close proximity, they form a charge transfer state

through Coulombic attraction and subsequently recombine to the ground state. Langevin
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theory predicts the recombination rate in this case to depend on the sum of the respective
electron and whole mobility, the dielectric screening and the product of electron and hole

density:
Ry = k,np

q
k; = —— (u, +
LT el (e + 1p)

where ki, is called the Langevin recombination rate.

In reality it was found that the observed recombination rates were much lower which led to
the introduction of the so called Langevin reduction factor that is defined as the ratio of the
experimentally observed recombination rate constant and that expected from the
determination of the mobilities.%¢102 Additionally, the experimental recombination rates and
charge carrier mobility were shown to exhibit a charge carrier density dependence higher than
the expected bimolecular (second order) behaviour. 193-105 This was interpreted through the
influence of tailstates in slowing down mobility and thereby recombination: localised charge
carriers in the bandtail of the organic semiconductors need to be thermally promoted to the

mobility edge to become mobile which lowers the encounter rate.106

Also, strong phase separation protecting charge carriers from encountering each other
(essentially a breakdown of the effective medium model) was invoked as a factor causing
deviations from the Langevin limit.19” Vandewal et al. demonstrated that a reduction in the
size of the interfacial area where non-geminate recombination occurs leads to reduced voltage

losses.198 This may still be interpreted as an encounter limited process.

Finally, Burke et al. proposed a second model which assumes that a CT state formed upon
encounter of free charges may re-dissociate creating a thermodynamic CT-charge
equilibrium.1% In the case of efficient re-dissociation, the recombination rate is limited by the
decay to ground and such materials may experience large deviations from the encounter
limited model.’1® The decay rate of CT states has previously been shown to increase with
increasing CT energy.82 While in systems with a low offset between local exciton and CT
energy, the exciton decay rate may limit the overall lifetime due to hybridisation effects.1%0 In
other studies, it was also found that non-geminate recombination slowed down with

increasing energy level offset at the interface.l01:111A consequence of these considerations is
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also, that material combinations that show efficient charge generation from thermally relaxed

CT states should be re-dissociation rather than encounter limited.

2.5.5. Limitations of the Fill Factor
The behaviour under forward bias, the position of the MPP and therefore FF depend on a

combination of the above-described phenomena. Firstly, the occurrence of field-dependent
generation would result in the reduction of the generation current with increasing voltage as

the field across the active layer is reduced.

The reduction of the field strength also leads to a lower drift velocity of the extracted charges.
This leads to the increase of the non-geminate recombination losses during charge extraction
further reducing the photocurrent. The FF therefore depends on the efficiency of charge
separation as well as the mobility and non-geminate recombination kinetics.!’2 Many
publications assess the relationship of mobility and non-geminate recombination with the

efficiency of charge collection and the FF.113-116

To conclude, the extracted photocurrent density as a function of bias may therefore be
described as the product of the light flux and the quantum efficiency of absorption, the
formation of the charge transfer state, the voltage dependent CT separation efficiency and the

voltage dependent charge collection efficiency:
JV)=o- Nabs “Ner * Nfree W) Neou V)

In order to fully characterise a solar cell, knowledge of all of the above processes in necessary.
This illustrates the need for techniques to accurately determine the non-geminate
recombination rate as well as the mobility of charge carriers under device operating

conditions.

2.6. Research Question and Thesis Outline
A combination of empirically and theoretically guided optimisation of the photoactive

materials have led to impressive performance improvements of organic solar cells by
addressing the limitations discussed above. Transient optoelectronic techniques have played
a pivotal role in furthering our understanding of the performance limitations — especially
voltage losses and fill factor limitations and their relation to the energetic disorder. Compared
to inorganic solar cells, these still present the largest loss mechanisms. Chapter 3 will give

an overview of the transient optoelectronic techniques that are central to this thesis.
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I will focus on the transient optoelectronic characterisation of a wide range of less studied
organic solar cells — differing from the highest performance solution-processable BHJ OSCs —
including vapour-processed OSCs as well as planar and bulk heterojunctions. While vapour-
processed OSCs are of particular commercial interest, planar heterojunction devices are
attractive for fundamental studies of charge recombination mechanisms and may result in
higher stability than their BHJ counterparts. Below I will briefly set out the motivation for the

choice of OSCs used in this study.

2.6.1. Vapour-Processed versus Solution-Processed Organic Solar Cells

Until 2016, high efficiency solution-processed and vapour-processed organic solar cells (SP-
OSCs and VP-OSCs, respectively) relied on wide-gap fullerene acceptors paired with low-gap
polymeric or small-molecule donors, respectively. Despite the different donor materials used

over this period, the record efficiencies of both processing techniques developed in lockstep

(see Figure 2.6.1).
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Figure 2.6.1 Development of the record power conversion efficiency of organic solar cells over time.
With the introduction of solution-processable non-fullerene acceptors based on so called
acceptor-donor-acceptor structure (A-D-A), SP-OSCs achieved significant performance
improvements due to the electronic tunability enabling the optimisation of the energy level

offsets and higher absorption coefficients enabling complimentary IR-absorption with the
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employed donor polymers.13:1537.117.118 A further performance jump came with the

introduction of so called A-D-A’-D-A acceptor materials of the Y-family.119-121

Record SP-OSCs based on Y-type acceptors now achieve PCEs in excess of 19%.'%>"!2° Despite
these achievements on a lab scale, large area module efficiencies are lacking behind with the
highest certified submodule (~ 200 cm?) and module (1475 cm?) efficiency at 14.5% and
13.1%, respectively.126:127 This is in part due to difficulties in transitioning from small scale
manufacturing techniques (i.e. spin-coating) to large area printing methods (i.e. slot-die
coating) while maintaining the bulk heterojunction morphology and reproducibility.12® Other
limiting factors in the commercialisation of SP-OSCs are their intrinsic morphological

instability”?-129 and the high synthetic complexity of the highest performing materials!6.130,

2.6.2. Limitations of Vapour-Processed Organic Solar Cells

In contrast to solution-processing, thermal evaporation of small molecule organic
semiconductor layers has already been shown to be viable on an industrial scale for OLED

applications — including bulk heterojunction active layers (down to 10nm thickness), complex

interlayer and tandem structures.?’” VP-OSCs currently possess the more viable route for large

scale OPV commercialisation due to the high reproducibility, intrinsic thermal stability, '’
synthetic simplicity of small molecule materials,32 the scalable deposition,?° and the precise

deposition control enabling tandem device architectures'?>. Most notably, tandem OSCs by

Heliatek GmbH achieved a PCE of 13.2% in 2016, an OSC efficiency record at the time.?”** At

the same time, the academic community largely focusses on SP-OSCs due to their record lab-

scale efficiencies and the lower upfront costs.2”

Unfortunately, the achievements made with NFAs in the field of SP-OSCs could not be
mirrored for evaporable acceptors. Evaporation requires a sublimation temperature well
below the decomposition temperature of the material ruling out large conjugated ring
structures found in the highest performance NFAs.?*¢ While some high performing OSCs (e.g.
DCV5T-Me:Cso) show comparable or even lower voltage losses than the best fullerene based
SP-OSCs, they typically suffer from a poor charge carrier collection efficiency related to either
fast non-geminate recombination or poor mobility.13* Other highly crystalline VP-OSC
materials (e.g. ZnPc:Cyo) exhibit improved transport properties (albeit worse than the best SP-

OSCs) but are electronically poorly matched limiting the Voc.13+135 The poor charge collection
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efficiency in turn results in a trade-off between optimal light absorption in thick devices and

charge collection and therefore fill factor of the device.

In Chapter 4 of this thesis, performance limitations of a representative state-of-the-art VP-
OSC system are investigated. The chosen small molecule donor DCV-V-Fu-Ind-Fu-V is
structurally related to industrially relevant small molecules studied by Heliatek GmbH and the
academically studied DCV5T-Me small molecule donor.13¢ Subchapter 4.2 addresses the
relationship between morphology and device performance in DCV-V-Fu-Ind-Fu-V:Ce blends.
Morphological optimisation was achieved by substrate heating during the co-evaporation of
the BHJ.137 My focus in this subchapter is on the efficiency of charge collection and disorder

including a comparison with SP-OSC references.

In practice, the use of multi-junction systems with thinner sub-junctions may mitigate the
losses due to the poor collection efficiency by stacking multiple thinner junctions. Two
terminal multi-junctions are industrially viable as previously demonstrated by Heliatek GmbH
due to the precise deposition control during evaporation.28 As the voltage of the sub-cells is
added up, reducing voltage losses of VP-OSC blends that may be used in multi-junctions is
critical to increasing their performance. Therefore, Subchapter 4.3 further explores the
same active layer materials but focusses on strategies to reduce the large voltage losses in
fullerene-based VP-OSCs (including variations of the donor/acceptor ratio and planar

heterojunctions).

As previously discussed, changing the morphology through changes in D/A ratio or by
employing planar heterojunctions may alter the material energetics through different
electrostatic and inductive effects of the chemical environment of the organic semiconductor
molecules.*24852 Additionally, replacing the bulk with a planar heterojunction may influence
the non-geminate recombination kinetics due to a reduction in the interfacial area and
electrostatic effects on the charge carrier distribution.108.138 Both effects may influence the
resultant Voc. In the literature, examples of increasing and decreasing Voc in planar
heterojunctions can be found illustrating the complex interplay between material energetics,
interfacial area and disorder.4:136:138-141 Understanding the role of these effects in the VP-OSC
devices may help to reduce voltage losses — especially for multi-junction applications. A better
understanding of these processes may also aid to further reduce voltage losses of high

performing solution-processed blends!
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2.6.3.Solution-Processed Bilayer and Single Component OSCs
In Chapter 5, I will discuss solution-processable high performing materials (including NFAs

like IT-4F and Y6) in different device architectures (planar heterojunctions or single
component) with the aim of furthering our understanding of the relationship between non-
geminate recombination kinetics, energetic levels, and the open circuit voltage. Additionally,
planar heterojunctions or single component devices may possess practical advantages in terms

of reproducibility and stability due to their reduced complexity compared with BHJs.

As previously mentioned, BHJs of high performing NFAs of the Y-family paired with polymers
such as Y6 suffer from morphological instabilities and poor reproducibility during large scale
deposition.”:128.129 Planar heterojunctions are expected to show much greater stability'42 but
suffered from poor performance due to the low exciton diffusion length of organic
semiconductors. The recently demonstrated long exciton diffusion length of non-fullerene
acceptors such as IT-4F or Y6'4 raises the possibility for efficient bilayer devices.
Subchapter 5.2 focuses on PHJs made up of the polymer PM6 and NFA IT-4F with an
acceptor thickness tailored to the exciton diffusion length and their corresponding BHJ
reference. Similar to the results from vapour-processed planar vs. bulk heterojunctions, I
observe an increase in the open circuit voltage for the planar junction. I use transient
optoelectronic techniques and electroluminescence data by collaborators to investigate the

differences in fill factor and open circuit voltage in these devices.

In Subchapter 5.3, I present a study on PM6/Y6 PHJs where the acceptor layers were spin-
coated by collaborators using different solvents. This results in different Y6 packing motives.
As a result of the different packing, collaborators demonstrated a large electrostatically
induced shift of the Y6 energy levels. While these planar heterojunctions display overall poor
performance and are of little practical relevance, with their well-defined interface they are also
particularly useful model systems to study the effect of electrostatically shifted energy levels

in Y6 compared to more complex blends.

A high molecular quadrupole moment that has recently been established to be a common
feature of many high performing NFA materials.!** As previously mentioned, the charge-
quadrupole electrostatic interaction is highly distance sensitive and therefore affected by the
packing of the NFA molecules in solid state. Using optoelectronic techniques, I investigate how

the changing energy levels affect the Voc of bilayer devices. Finally, I extend the same
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methodology to BHJ solar cells deposited from the same solvent systems to investigate
whether these effects translate to high performance devices. Interestingly, the planar
heterojunctions consisting of PM6 and Y6 do not yield an increase in Voc compared to their
BHJ counterparts. Therefore, I conclude this subchapter by bringing together findings for the
different PHJ and BHJ systems — including the VP-OSC and SP-OSC systems — to highlight

differences in the voltage losses of different material systems.

Another aspect of modern NFAs’ success that has been widely discussed is the mechanism of
charge generation in blends. Some studies proposed that charge separation occurs within Y6
domains prior to hole transfer to the donor polymer.145 Other studies investigated free charge
generation in neat Y6 layers and claimed efficient free charge generation without the need for
a donor molecule for hole transfer.!46Previous studies have shown that boundaries between
domains with different predominant molecular orientation can possess a significant energy
level offset due to electrostatic quadrupole-charge interactions'4” which may also be behind
the observed charge generation in neat Y6 layers. In Subchapter 5.3, I present results
obtained from single-component devices made up of different neat NFA layers including Y6.
Using optoelectronic techniques, I investigate the charge generation efficiency under different
bias conditions as well as the non-geminate recombination kinetics to establish what limits Y6
single component device performance — free charge generation or non-geminate

recombination.

Finally, I provide a summary and outlook of the work I present in this thesis with regard to the

scientific learnings and commercial impact.
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3.Experimental Methods

Throughout this chapter, the core experimental techniques underlying the results presented
in the results chapters are presented. Additional information for the experimental conditions
of other techniques not central to this thesis may be found in the respective publications. The
reader is furthermore directed to the theses of Scot Wheeler and Jiaying Wu for further
background of the experimental techniques.!? A useful overview of different transient

optoelectronic techniques is provided by Deibel and Kirchartz.?

3.1. Device Fabrication
3.1.1. Organic Semiconductor Materials

The active layer materials as well as the organic hole transport material BPAPF used in
Chapter 4 are shown in Figure 3.1.1 with the full chemical name provided in the caption.

Additional non-fullerene acceptor materials are shown in Figure 5.4.1 in the results section.

3.1.2. Vapour-Processed Organic Solar Cells

The vapour-processed organic solar cells studied in Chapter 4 were kindly provided by
Heliatek GmbH, Dresden, Germany. All the layers were deposited using thermal evaporation
within an ultra-high vacuum chamber onto a cleaned glass substrate with structured indium
tin oxide (ITO) as the transparent contact. The electron transport layer, comprising 5 nm of
n-doped (20%) Ceo and 15 nm of undoped Cgo, was applied. The active layer, composed of
DCV-V-Fu-Ind-Fu-V:C60 (2:1 or 1:2 w/w), was co-evaporated onto a substrate that can be
heated (room temperature, 40°C and 50°C as specified in the results chapters), followed by a
subsequent cooling period of 60 minutes. The same procedure was followed for the for the
planar heterojunctions replacing the BHJ with 5 and 15 nm thick donor layers (40°C).
Subsequently, the substrate was coated with a hole transport layer consisting of 10 nm of
BPAPF (Lumtec, Taiwan) and 20 nm of p-doped (10%) BPAPF. Finalizing the solar cell
involved adding a 100 nm thick Al electrode, resulting in an active area of 7.2 mm2. The
devices deposited for the D/A ratio and PHJ study contained a proprietary hole transport
material instead of the undoped BPAPF. Following fabrication, the device was encapsulated
under a nitrogen atmosphere with a glass lid and a moisture absorbing material. Films for
optical characterisation were deposited analogously but without the opaque moisture

absorbing material. The same active layer material has previously been reported.*
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Figure 3.1.1. Chemical structure of active layer components and the organic hole transporting
material BPAPF used in Chapter 4: (a) DCV-V-Fu-Ind-Fu-V (2,2'-((2E,2'E)-((1H-indole-4,7-
diyl)bis(furan-5,2-diyl))bis(prop-2-en-3-yl-1-ylidene))dimalononitrile) (b) Cso — fullerene (¢) BTR
(5,5'-[[4,8-bis[5-(2-ethylhexyl)-4-hexyl-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl]bis [(3',3"-
dihexyl[2,2":5',2"-terthiophene]-5",5-diyl)methylidyne ]] bis[3-hexyl-2-thioxo-4-thiazolidinone]) (d)
PC7BM ([6,6]-Phenyl-C71-butyric acid methyl ester) (e) PM6 (Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethyl-
hexyl) benzo [1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)]) (f) Y6 (2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-
3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3"":4’,5"]thieno[2',3":4,5] pyrrolo[3,2-
glthieno [2',3":4,5] thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene)) dimalononitrile) (g) BPAPF (9,9-Bis[4-(N,N-bis-biphenyl-4-yl-
amino) phenyl]-9H-fluorene)
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3.1.3. Solution-Processed Organic Solar Cells
The solution processed BHJ devices studied herein were fabricated by Tack Ho Lee, Song Yi

Park, and Yuang Fu. Tack Ho Lee also provided the planar heterojunction devices. Single

component devices were produced by Song Yi Park and Chiara Labanti.

All devices were fabricated with the inverted architecture using ZnO and MoOs as the
interlayers as well as ITO and Ag as the bottom and top electrode, respectively. ITO substrates
were sequentially cleaned by ultrasonication in deionized water, acetone, and isopropyl
alcohol. Following an additional oxygen plasma treatment, ZnO layers were spin-coated onto
the ITO substrates in ambient air using the sol—gel method. The ZnO precursor solution was
created by dissolving zinc acetate dihydrate in 2-methoxyethanol at a concentration of 100 mg
mL-1, supplemented with 60 pL of ethanolamine. The resulting solution was sonicated for over
2 hours, spun on ITO, and subsequently annealed in air at 200 °C for 20 minutes. MoO3 and
Ag layers (10 and 100 nm, respectively) were deposited through thermal evaporation in a

vacuum chamber with pressure reduced to below approximately 10-7 mbar.

The IT-4F/PM6 active layers studied in Section 5.2 were fabricated as follows: For the
fabrication of PHJ films, IT-4F films were spin-coated on the ZnO layer. The IT-4F films, with
thicknesses of 40, 60, and 70 nm, were produced using IT-4F solution concentrations of 8, 12,
and 16 mg/mL in chloroform, respectively. These IT-4F films were annealed at 100°C for 60s
within an N»-filled glove box. To deposit the PM6 film (35 nm) onto the IT4F film, 15 pL of
PMB6 solution (15 mg/mL in chlorobenzene and 1 vol.% 1,8-diiodooctane) was dropped onto
deionised water in a petri dish. The resulting PM6 film was then transferred onto the IT4F
film according to previous reports.5The overall IT-4F/PM6 PHJ thickness ranged from 75 to
105 nm, making their active layer thickness comparable to the 90 nm thick BHJ films. For the
BHJ films, an IT-4F:PM6 blend solution (1:1 weight ratio, 20 mg/mL in chlorobenzene and 1
vol.% 1,8-diiodooctane) was spin-coated onto the ZnO layer and subsequently annealed at

120°C for 10 min.

The active layers studied in Section 5.3 were produced according to this recipe: Y6
(Organtec) was dissolved in chloroform (CF, 8 mg/mL) and chlorobenzene (CB, 10 mg/mL).
The Y6 solutions were spin-cast onto the substrates and annealed at 100 °C for 5 minutes in a
No-filled glove box. PM6 (Organtec) was dissolved in CB:1,8-diiodooctane (99:1 volume ratio)

with a concentration of 20 mg/mL. Droplets (15 pL) of PM6 solutions formed pristine films
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on distilled water, and these films were subsequently transferred on top of the Y6 layer by
gently stamping the Y6-ZnO substrate onto the floated PM6 film. The samples were annealed
at 100 °C for 10 minutes in the N2-filled glove box.

For the fabrication of bulk heterojunction (BHJ) films, a PM6:Y6 blend solution (1:1.2 weight
ratio, 14 mg/mL in CF and 0.5 vol% 1-chloronaphthalene, or 20 mg/mL in CB) was spin-
coated on the ZnO layer, followed by annealing at 100°C for 10 minutes.

The single component devices studied in Section 5.4 were prepared with the same interlayers
and electrodes. IDIC, O-IDFBR, Y6 and IT-4F solutions were prepared in CF with 10 mg/mL

concentration and stirred overnight at 40 °C prior to spin casting.

3.2. J-V-Characterisation & External Quantum Efficiency
J-V characteristics of solar cells were collected with a Keithley 2400 source (calibrated with a

certified reference silicon cell) measurement under AM 1.5 G illumination at 100 mW/cm?

using a xenon lamp (Oriel Instruments AAA Solar Simulator) in a nitrogen encapsulated
chamber as for all device characterisations reported here. External quantum efficiency (EQE)
measures the wavelength dependent photocurrent response of the solar cell. The
measurements were performed using a Bentham PVE300 with monochromatic light from a

dual xenon/quartz halogen light source with nitrogen encapsulated chamber.

The Jsc values obtained from the solar simulator measurements are later used to calibrate the
current density of the LED lights in optoelectronic measurements. Single component devices

in Section 5.4 were instead calibrated with the integrated EQE spectrum.

3.3. Light Intensity Dependent J-V-Measurements

Light intensity dependent JV-curves were carried out using a ring consisting of six warm and
cold white light LEDs each (Luxeon Star LEDs with 3300K and 5000K colour temperature,
respectively).®7 The light intensity was calibrated to match the solar simulator as described
above. Measurements of the Voc and Jsc up to high light intensities were carried out without
measuring a full JV-curve to avoid overheating. For the lowest light intensity measurements,
additional neutral density filters were applied as the LED light intensity becomes unstable and
the reference diode response becomes unreliable. Measurements of the Voc versus the light

intensity were used to calculate the light ideality factor niq.® The light intensity dependence of
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the Jsc can be used to identify the presence of bimolecular recombination losses under short

circuit conditions.®

3.4. Transient Optoelectronic Techniques

A wide range of transient optoelectronic techniques are commonly applied to study organic
photovoltaics and their recombination kinetics and charge transport properties. They all rely
on the measurement of an electronic response to optical excitations and/or electronic bias and
therefore are typically carried out on full working devices. Since the response is electronically
detected, the measurements can be carried out at much lower excitation densities that are
relevant to device operation (0.01 to 10 sun equivalent illumination) while optically detected
transient absorption or related experiments are typically carried out at significantly higher

light intensities.

In principle most of these techniques share a similar experimental setup, illustrated in Figure
3.4.1, consisting of transient and steady state light sources (typically pulsed lasers and LEDs,
respectively), a variable power source, an oscilloscope to record current or voltage transients
and a metal oxide semiconductor field effect transistor (MOSFET) controlled by a “data
acquisition system” (DAQ) to switch between different bias conditions. Note, that not all

components are used for every measurement.

r Function

Photodiode Generator
;@T trigger

White |
LED
ring |
PS
| £ -
I T Rm
/) .
_l 74 [] Oscilloscope
Pulsed Beam splitter
LASER BS CS

Reference ‘@> | DAQ

Photodiode

Figure 3.4.1. Schematic illustrating the basic setup of commonly used transient optoelectronic
systems. The MOSFETS are labelled BS and CS denoting cell switch and bias switch, respectively. PS
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stands for power supply. Rm is a measurement resistor. Figure obtained from the thesis of Scot
Wheeler.!

The oscilloscope utilized is a Tektronix TDS 3032B. Depending on the type of measurement
carried out it can be triggered either in parallel with the cell switch gate signal controlled by
the DAQ or by a photodiode with nanosecond response time situated between the laser and
the sample. The DAQ used in here is an NI-PCI-6251 connected through an NI-SCC-68
connector block. A Continuum Minilite Nd:YAG (532 nm, 5 ns pulse) is used as the transient
laser source. The power supply is a Keithley 2400 sourcemeter. All components are managed

by the computer using in-house software developed in Wavemetrics IGOR Pro software.

3.4.1. Charge Extraction

Charge extraction (CE) measurements are applied to solar cells to determine the charge carrier
density present in the device at a certain operating condition prior to switching the device to
short circuit.1? The resultant current transient is recorded using an oscilloscope and integrated
to yield the charge present in the device under the pre-switch condition. Recombination losses
that may occur during extraction can be accounted for if the charge carrier lifetime is known
by performing an iterative calculation!? or through an analytical model'!. Experimentally,
recombination losses during charge extraction can be avoided by applying a reverse bias

during extraction. This method is termed bias assisted charge extraction (BACE).12:13

An example is the determination of the charge carrier density present in the device at open
circuit. By varying the light intensity, the charge carrier density can be measured as a function
of Voc. Due to the bias switch from open circuit to short circuit, the total integrated charge
carrier density needs to be corrected for the current flowing due to the equilibration of the
electrodes. The capacitance of the electrodes may be approximated by a plate capacitor with

the active layer as the dielectric and subtracted from the total integrated charge.

Qar Vo) = Qrotat Voc) — VocCgeo

A€, €
Cgeo = T

where Q4, (V,.) is the charge in the active layer as a function of the Voc, Qo:q; is the total
extracted charge measured by integration of the current transient, Cg, is the constant
geometric capacitance, A and d are the solar cell area and the active layer thickness,
respectively and €,¢ is the product of the dielectric constant of the active layer(typically
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between 3.2 and 4.5) and the permittivity of free space. Non-uniform charge carrier
distributions in the active layer may induce an additional surface charge in the electrodes that
requires correction.#15 The geometric capacitance can also be measured directly by applying

a reverse bias to the device in the dark and measuring the charge extracted from that.16

The relationship between the charge carrier density (n) and the Voc enables the determination
of the characteristic energy of the device as previously discussed. The active layer charge

carrier density is given by:

n :QAL
AL _qu

and has been shown to have the following dependence on the Voc:

qV,
N4, (Voe) = ng exp (mI:;">

where n is the dark equilibrium charge carrier density, m is the ideality factor related to the

shape of the exponential DoS and is related to the characteristic energy via:

2B,

™=

where a value > 2 is evidence for the presence of tailstates. Note that this is gives an effective
value convoluting the shape of the acceptor LUMO and donor HOMO DoS and it further
assumes a uniform distribution of the charge carrier density in the active layer (zero-
dimensional model).!” Experimental conditions can significantly deviate from this

approximation.17-19

The charge carrier density determined from charge extraction can be combined with charge
carrier lifetimes determined using measurements such as transient photovoltage (discussed

below) to determine the rate law of recombination for the studied solar cell.

3.4.2.Transient Photovoltage

The technique was first developed for the application to dye-sensitized solar cells20-22 and later
applied to organic?324 (including planar heterojunctions)?52¢ and perovskite solar cells27:28,
Transient photovoltage (TPV) allows for the charge carrier lifetime to be directly related to the
charge density measured by charge extraction from open circuit conditions. The device is held

at open circuit with the equivalent LED light bias as applied to the device in charge extraction
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measurements prior to extraction. In addition to this, a short laser pulse generates a small
perturbation of the steady state Voc that is tracked via the high impedance channel of the
oscilloscope. Immediately following the laser perturbation, the voltage decays back to the
steady state Voc generated by the LED light bias. Fitting the recorded voltage transients with

a single exponential decay yields the small perturbation lifetime:

AV (6) = BV (0) exp - %)

where AV,.(t) is the time dependent small perturbation voltage, t is the time and t,, is the

small perturbation TPV lifetime that is assumed to track the decay of the excess charge carrier
density in the device. For the voltage decay to track the decay of the excess charge carrier
density in the active layer, an equilibrium between the potential of the electrodes and the QFLS
in the active layer has to be assumed. It is therefore necessary to experimentally validate that
the measured lifetimes exceed the capacitive discharge time (RC-time) to fulfil this
assumption.!516:29 Here-in, a correction for the RC-time of the devices is employed that treats
the active layer and electrode capacitances as capacitors in series as discussed below in

Section 3.4.3.26

For a charge carrier density increasing exponentially with the Voc and the non-geminate
recombination rate being described by a power law, the following relation between Voc and

the TPV lifetime is expected:

qV,
TAn(Voc) = Tano €Xp (_ 9k0;>

where 7, is the lifetime under dark conditions and 6 is the slope parameter connecting the

recombination order and the exponential relationship of the Voc and charge carrier density.

The empirically determined recombination order is determined by:

s="141
)

as shown by Shuttle et al.2> The pseudo first order total charge carrier lifetime can then be

calculated as t,, = 6tay-
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3.4.3.Transient Photocurrent and Differential Charging
Differential charging offers an alternative method to determine the charge carrier density in

the device without the need for complete extraction as in CE — and is therefore more suited for
devices with poor charge extraction efficiency. The voltage perturbation caused by the laser
can be used to calculate the differential capacitance of the device if the charge generated by
the laser is known:

AQ

€0ee) = 1y o)

where C is the differential capacitance of the device, AQ is the charge generated by the laser

pulse and AV, is the peak of the voltage perturbation caused by the laser pulse. The charge

generated by the laser can be determined by keeping the device under short circuit conditions

and recording the current transient using the oscilloscope (transient photocurrent

measurement or TPC). Integration yields the small perturbation charge AQ. Given that the

laser perturbation only generates a small number of charges, AQ can be assumed to be

unaffected by non-geminate recombination during extraction — for reasonably efficient solar
cells. To study non-geminate recombination, the TPC experiments can be carried out with an

additional steady state background illumination.

The differential capacitance method assumes field independent generation as the charge
generated at short circuit may not match the charge generated in TPV experiments carried out
at open circuit. Methods such as time-delayed collection field (TDCF)3° measurements may be
used to determine the charge generated under different bias conditions and thereby correct
for the discrepancy in generation efficiencies between short circuit and open circuit

conditions.

Also note that the determination of the maximum voltage perturbation AV, recorded using

the oscilloscope may be limited by a slow risetime of the voltage signal. This leads to an
underestimation of the maximum voltage perturbation and correspondingly an
overestimation of the differential capacitance. To avoid this, rather than using the peak of the
voltage perturbation, the extrapolation of an exponential (or biexponential) fit to the origin
may be used instead. This method may also avoid issues with electrical noise of the recorded

voltage transient that could affect the maximum voltage deflection.
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At low light intensity, the differential capacitance is observed to saturate to the constant
geometric capacitance value corresponding to the charge stored on the electrodes. For thin
active layers, also the capacitance of the interlayers may need to be considered when
determining the active layer capacitance from the total value. In this case, the active layers and
interlayers are treated as series connected capacitors.3! Using the differential capacitance
value corrected for this geometric term allows for the calculation of the charge carrier density

in the device by integrating the differential capacitance with respect to the voltage:

VOC

ML (Voo) = CaLdV = nyg eXp<qVOC>
o¢ 0 mkT

In practice, the capacitance is semi-numerically integrated by fitting an exponential function

to Cyy:

Car (Vo) = Co exp(nVyc)
where n and C,, are fitting parameters. Therefore:

1 Car — Co

Na = E(Co exp(Vpc) — Co) = T
Comparing the charge carrier density determined from charge extraction and differential
capacitance measurements can provide a useful sanity check of the results. Note that due to
the differing start and end conditions of the measurements, the correction applied to the
different techniques to account for capacitive and surface charges may differ significantly.
While the charge extraction measurement relies on switching the device from light/open
circuit to dark/short circuit conditions, the induced surface charge has to be taken into
account. In differential capacitance measurements, the device is kept at open circuit
throughout and the additional small perturbation charge induced by the laser does not cause
a significant change to the profile of the total carrier density. The relationship between n and
Voc allows for the determination of the characteristic energy E« analogous to the description
above (Section 3.4.1). Wood et al. provided useful guidelines for ensuring adherence to the

assumptions of the small perturbation regime.32

For devices with a high geometric capacitance, TPV lifetimes may be dominated by capacitive
decay (RC) times rather than the charge carrier lifetime in the active layer. Typically, such

effects are small in efficient solar cells employing thick active layers. However, in devices with
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thin active layers (~ 50 nm), they may be relevant. Therefore, the following correction that was
derived by treating the device as a series of a geometric and active layer capacitance is routinely

applied to the TPV lifetime:33

Car

Ty =Trpy o
AL TPV Car + Cgeo

3.4.4.Loss Current & Open Circuit Voltage Reconstruction

The measured charge carrier density and lifetime can be used to calculate the loss current in
the device at open circuit.2® Given that no current is extracted under open circuit conditions,
the calculated loss current should equal the generation current that may be approximated

roughly by the Jsc serving as a sanity check for the measurements. The loss current is given by

n(V)

Tn(n)

Jioss = qd

Additionally, the voltage can be reconstructed from the fitting parameters of the lifetime and

charge carrier density:

Voc

_ mkT In ]genSTAnO
Y qdny /)

Accurately reproducing the loss current and Voc for different light intensities from the
measured values of the lifetime and charge carrier density increases the confidence in the

measured values.

3.4.5.Note on the Meaning of TPV Lifetime Analysis

As previously noted in a range of publications, there are concerns over the meaning of TPV
lifetimes due to possible limitations by RC time constants as well as non-uniform charge
carrier distributions on the determined charge carrier density especially in thin active
layers.15:16.18.29 These concerns also apply to frequency domain based techniques. Additionally,
as shown by Azzouzi et al. at fast recombination and a low carrier mobility may result in the
lifetimes to be determined by non-uniform charge carrier densities and transport times.3*
They proposed an experimentally more challenging modification to the TPV experiment by
tracking the decay of the laser induced small perturbation charge by switching the device to

short circuit at different times following the laser perturbation and integrating the resulting
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current transient. The technique was termed transient photocharge (TPQ) and has a similar

experimental setup to a TDCF measurement.

It should be stressed that any lifetime and charge carrier density determination should
undergo the sanity check of comparing the calculated loss current and the Jsc as well as the
reconstruction of the Voc. In practice, the corrections for electrode capacitance and RC decay
times have proven to be effective in determining the spatially averaged recombination kinetics
that dominate device performance (but may not always give an accurate picture of the
recombination of a local scale). Additional validation of experimental data may be provided

through drift-diffusion modelling.

3.4.6.Experimental Determination of Energetic Disorder

The charge extraction at open circuit and differential capacitance measurements described in
Section 3.4.1 and Section 3.4.3, respectively, can be used to determine the energetic
disorder of the active layer as previously discussed.!43> More recently, temperature dependent
measurements of the charge carrier density have been used to analyse the shape of the DoS in
more detail.3¢ As discussed above, a key requirement is the uniform distribution of charges
throughout the active layer for the range used in the fitting of the charge carrier density versus
the open circuit voltage. Therefore, the measurements may be highly sensitive to the device
geometry. Additionally, as noted above, the characteristic energy represents a convolution of
the hole and electron DoS. Other measurements to characterise the combined characteristic
energy that are indirectly based on the charge carrier density in a device are based on
temperature dependent measurements of the light ideality factor (determined from the

dependence of the open circuit voltage on the light intensity).*

Alternatively, transport-based techniques like temperature dependent space-charge limited
current (SCLC(T)) measurements on hole and electron only devices may be used to study the

disorder of hole and electron polarons in BHJs.36-39

Another transport based method to study energetic disorder is based on a time-of-flight type
experiment in which high resolution current transients are recorded using an oscilloscope
measuring the voltage drop across variable load resistors.* Following the extraction of a
conduction current, at longer time scales progressively charges from progressively lower lying
tailstates are extracted allowing for the quantification of the energetic disorder. The DoS can

be calculated as follows:
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i(t)t

9O = AdrkT

Where g(t) is the density of states that is proportional to the product of the time ¢t and the
extracted current i(t). A is the active area, d is the active layer thickness, f is the fraction of

filled states, q is the elementary charge and kT the thermal energy. The energetic position of

the extracted charges can be calculated as follows:
E(t) = kTin(vyt)

where v, is the attempt to escape frequency of the charge carriers de-trapping from the

tailstates.

The measurements can be carried out at variable voltages and temperatures specifically to
determine the attempt to escape frequency.*#! Fitting of g(t) versus E(t) has been used to

determine the characteristic energy experimentally. This has previously been applied in

conjunction with drift-diffusion simulations.*!-42

3.4.7.Charge Extraction at Short Circuit

Charge extraction at short circuit is a technique similar to that described above but rather than
keeping the device at open circuit prior to switching the light off and recording the current
transient, the device is kept in light at short circuit. It is intended to determine the charge
carrier density present in the device under short circuit at varying light intensity which in turn
can be used to qualitatively and quantitatively assess the charge carrier mobility of the device
in question. At short circuit, the charge carrier density in the device is only a function of the
generation and extraction rate (assuming negligible non-geminate recombination). Therefore,
a relationship between the steady state charge carrier density in the device at short circuit and

the generation current allows for the effective combined drift mobility to be calculated by:
Jse = _qnsc.“effEf(6)

where n, is the steady-state charge carrier density in the device at short circuit, p.ss is the
effective mobility that is expected to be dominated by the slower of the two carrier mobilities*3
and E is the electric field across the active layer which may be approximated by the built-in

potential divided by the active layer thickness (in principle a bias may be applied as well).
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Finally, an analytical function f(§)=(2+6)(1+258)/(1+ )% accounting for the

inhomogeneous charge carrier density in the device is used.

A full derivation of the equations provided herein is provided in the thesis by Scot Wheeler as

well as the original publications.110:23:26,33,43
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4.Limitations of State-of-the-Art Evaporated
Organic Solar Cells

4.1. Introduction

As previously outlined, VP-OSCs currently possess the most viable route for
commercialisation! with a commercial scale production line recently being opened by Heliatek
GmbH? and their vapour-processed modules being the first OSC modules to achieve the
industrial grade stability certification (IEC 61215)3. This results chapter focuses on the
performance limitations of a state-of-the-art vapour-processed organic solar cells (VP-OSC)
provided by Heliatek GmbH. Specifically, this chapter will investigate single-junction solar
cells based on DCV-V-Fu-Ind-Fu-V & Ceo. It will be split into two parts.

The first subchapter (Subchapter 4.2) focuses on the impact of the BHJ morphology on
device performance. Detailed studies about the relation between morphology, charge
generation, non-geminate recombination and charge extraction for VP-OSCs are rare in the
literature. Here, I study the origin of the increased current density and fill factor enabled by
substrate heating during co-evaporation of the BHJ. Collaborators characterised the
morphology by grazing-incidence wide-angle scattering (GIWAXS) and resonant soft X-ray
spectroscopy (RSoXS). The observed increase in the current generation is explained by
improved absorption due to changes in orientation and crystallinity in the heated samples.
Transient absorption measurements reveal only minor differences in the efficiency of exciton
and charge separation. To better understand the collection efficiency and fill factor of the
devices, I employed transient optoelectronic characterisations and device simulations to show
that the charge carrier kinetics in the studied devices are governed by a large density of trap
states. While the energetic disorder and non-geminate recombination kinetics under open
circuit conditions remain largely unchanged, the increased effective mobility and the observed
lower energetic transport disorder explain the overall increase in collection efficiency. The
morphological characterisation is key to pinpoint the improved mobility to the increased
phase purity and the reduction of isolated donor phases in the heated device. I propose that
non-geminate recombination and charge transport are governed by different aspects of the
energetic and spatial disorder. Quantitative comparison of the collection efficiency with high
fill factor solution processed OSCs reveals that the low mobility is the main bottleneck towards

increasing device fill factor. Finally, device simulations were used to give an outlook for future
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performance increases if the transport disorder in this material blend is further improved

through further optimisation of the morphology.

In Subchapter 4.3, I address the voltage losses in the same material system and different
mitigation strategies based on active layer structure. Despite the differing morphology, the Voc
of the devices discussed in Subchapter 4.2 remained unchanged due to the unchanged
material energetics and non-geminate recombination losses. However, compared to NFA
based SP-OSCs the voltage losses in VP-OSCs constitute the biggest intrinsic difference. While
the collection efficiency was shown to be a key performance limiting factor in the single-
junction BHJ devices, in Subchapter 4.2, I also illustrated the mitigation of its effect in
thinner devices at the expense of limited absorption. Multi-junction devices have the potential
to combine good collection efficiency with high absorption by stacking multiple thin junctions.
However, they are particularly affected by voltage losses adding up across the monolithic sub-
cells. This chapter will therefore focus on devices using the same active layer materials but
yielding an increased Voc to address strategies to reduce voltage losses that pose a
fundamental limit to the maximum OSC performance. For this purpose, different D/A ratios
(2:1 vs 1:2) and device architectures (BHJ vs PHJ) are studied. These affect the material
energetics as well as the recombination kinetics which I studied by applying different
measurements of the material energetics (absorption onset, electroluminescence) and
optoelectronic techniques (TPV, DC, CE) to explain the observed differences in Voc. While the
main emphasis is on the Vo, further observations relating disorder, charge generation and
charge extraction and their effect will also be addressed later, along with a discussion of future
experiments to link these observations. I will provide an estimate of potential performance
gains in DCV-V-Fu-Ind-Fu-V:Cso devices by employing a multi-junction architecture and
trade-offs between Voc and collection efficiency that may result in different optimal sub-cell

structures compared to the optimum single-junction cells.

111



Limitations of State-of-the-Art Evaporated Organic Solar Cells

4.2. Charge Carrier Dynamics of Vapour-Processed Organic
Solar Cells — The Impact of Morphology

4.2.1.Background
The high PCEs of SP-OSC are motivating extensive studies of their underlying photo-physics,

nanomorphology and charge carrier dynamics to guide further performance enhancement. In
contrast, despite their commercial potential, there are relatively few studies of the underlying
factors determining the PCEs of VP-OSCs.! Herein, I focus on the correlation between
nanomorphology and charge carrier dynamics in high performance BHJ VP-OSCs fabricated
from a small molecule donor and Ce acceptor, and how these compare to those observed in

SP-OSCs.

To date, the efficiency advances achieved with non-fullerene acceptors in SP-OSCs — such as
their low voltage losses and absorption range extending to the near-infrared — have not been
mirrored in VP-OSCs, due at least in part to the smaller molecular size constraint imposed by
thermal evaporation.l# This difference in molecular size also plays a role in the aggregation
behaviour of solution versus vacuum processed BHJ films. High performance polymer-
fullerene SP-OSC systems typically exhibit very ordered domains.> Phase separation and
purity can be further aided through the use of solvent additives or post-deposition
thermal/solvent-vapour annealing.6~? In contrast, evaporable small molecule donors paired
with fullerene acceptors often form highly intermixed blends, related to their similar size and
stronger intermolecular interactions between donor and acceptor molecules.9 Common ways
to achieve some limited morphological optimisation for VP-OSC!! include the use of
templating substrates,10-12 co-evaporants inducing crystallization,3-16 thermal annealing!7-

19 or by altering the substrate temperature during evaporation17-20,

Vacuum processed intermixed blends, such as DCV5T-Me : Ceo, one of the highest performing
VP-OSC systems, exhibit poorer charge collection capabilities than efficient SP-OSC’s,
resulting primarily from less favourable competition between charge extraction and non-
geminate recombination. Empirically, the poorer collection functionality of most VP-OSCs is
evident from the drop in fill factor (FF) typically observed for active layers thicker than 50 nm,
thus limiting film optical absorption and hence current density (Jsc). Donors of the ZnPc
family are a notable exception that exhibits more ordered films when paired with Cqgo

(especially when deposited at elevated substrate temperatures or together with co-evaporants
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inducing crystallisation)10.13,15,16,20 hut exhibit high voltage losses and poor absorption
coefficients.* In contrast, SP-OSCs typically achieve the highest performance at active layer
thicknesses ~ 100 nm21-22, indeed for some devices > 300 nm.23-27 A key challenge for VP-
OSC is therefore gaining a better understanding of the interplay between active layer
morphology and the efficiency of charge collection (transport versus non-geminate

recombination) and how this can guide strategies to enable further advances in the PCEs of

VP-OSCS.

Previous studies on the kinetic competition between the non-geminate recombination rate and
charge mobility, primarily undertaken on SP-OSCs, have employed a range of optoelectronic
techniques such as transient photovoltage and photocurrent, photo-CELIV, time-delayed
collection field and charge extraction.28-33 In order to quantify the impact of charge mobility
and recombination on device FF and compare the collection efficiency across different
materials, several figures of merit have been discussed. These include the Langevin reduction
factor vy, the collection efficiency 6 and the electronic quality Q.28:34 Studies on fullerene and
NFA based SP-OSCs have revealed a correlation between more ordered morphologies and
lower energetic disorder with higher collection efficiencies and thickness scalability.30-32
However, similar studies linking the collection efficiency with morphology and optoelectronic
measurements for VP-OSCs are very limited to date*35:36:19 with direct comparison of these

dynamics in between VP- and SP-OSCs largely absent from the literature.

Here, I present a study on the interplay between morphology, charge carrier dynamics and
device performance for a state-of-the-art VP-OSC system: DCV-V-Fu-Ind-Fu-V : Ce provided
by Heliatek GmbH.37 This donor material is representative of a class of A-D-A type donors
with di-cyano-vinyl endgroups that have been shown to hold great promise in VP-OSCs. The
active layer morphology is altered by substrate heating during evaporation. Grazing-incidence
Wide-Angle X-Ray Scattering (GIWAXS) and Resonant Soft X-Ray Scattering (RSoXS) were
carried out by collaborators to study differences induced by substrate heating in molecular
orientation and crystallinity, and the size and purity of phase-separated domains, respectively.
Subsequently, I analyse the impact of the changed active layer morphology on multiple aspects
of solar cell operation from charge generation (absorption, exciton quenching efficiency,
charge separation) to charge collection (non-geminate recombination versus charge

extraction). Active layer films were characterised using UV/Vis absorption,
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photoluminescence and ultra-fast transient absorption spectroscopy. To address the collection
efficiency limitations critical to VP-OSC performance, I employed transient
photovoltage/photocurrent measurements and charge extraction analyses, focusing in

particular on the impact of the energetic disorder in the blends.

These analyses of collection efficiency are compared to two SP-OSC references — employing
small-molecule : fullerene (BTR : PC70BM) and polymer : NFA (PM6 : Y6) photoactive layers.
PM6 : Y6 is a well-established high efficiency SP-OSC, whilst BTR & PC7BM are more
analogous in terms of molecular sizes to DCV-V-Fu-Ind-Fu-V & Ceo. The reference materials
were chosen to highlight the difference (especially in collection efficiency) between the classes
of materials utilised for solution- and vapour-processing, respectively, not with the intention
of comparing film growth in the different deposition techniques. Due to the size restrictions
imposed by evaporation, neither Y6 nor BTR can be utilised in VP-OSCs. However, Kaienburg
et al. reported a hybrid PHJ device consisting of a solution-processed Y6-layer with an
evaporated donor layer on top that yielded exceptionally low voltage losses.3® Both of these
solution processed references are known for their high collection efficiencies and thickness
tolerance.25:30,31,39 T quantify the Langevin reduction factor and the electronic quality of both
DCV-V-Fu-Ind-Fu-V : Ce devices and highlight improvements through morphological
optimisation as well the comparison with solution processed references. Finally, with the help
of Roderick Mackenzie, I employ device simulations using the software package OghmaNano
to link the physical measurements and device parameters. I conclude by providing an outlook
for possible performance increases that could be achievable by further optimisation of the
deposition control and/or adjustments of the molecular structure that could yield improved

aggregation.

4.2.2.Contributions
This chapter was prepared for publication*® and further experimental details can be found

there-in. Many collaborators contributed to this work through experimental work. Transient
absorption spectroscopy measurements were carried out by Yifan Dong. Julian Heger and Eva
Bittrich provided GIWAXS measurements. Pascal Kaienburg measured the RSoXs data with
support by Subhrangsu Mukherjee. Global fitting of the experimental data with the drift-
diffusion simulation OghmaNano was performed by Roderick Mackenzie. All devices were
supplied by Heliatek GmbH. Special thanks to Ivan Ramirez, Seyed Mehrdad Hosseini,

Marieta Levichkova and Martin Pfeiffer for supplying the devices and valuable discussions.
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4.2.3.Materials, Device Architecture & Performance
The structures of the evaporated donor and acceptor molecules, DCV-V-Fu-Ind-Fu-V and Ceo,

are shown in Figure 4.2.1 (a) (see Figure 3.1.1 for the structures of the SP-OSC reference
materials BTR : PCBM and PM6 : Y6, as well as device fabrication details).
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Figure 4.2.1. (a) Chemical structure of the donor molecule DCV-V-Fu-Ind-Fu-V and the acceptor Cqo.
(b) Schematic of the energy level alignment of the active layer and interlayers. Note that the relative
energetic alignment is deduced from a combination of literature and experimental values as described
in the main text. (¢) JV-curve of the devices with 50 nm active layer thickness used for the analysis
herein. (d) Corresponding dark JV-curves and Jsc vs Voc graphs.

The DCV-V-Fu-Ind-Fu-V donor molecule is related to the more widely studied DCV5T-Me
donor with A-D-A structure and was synthesized by Heliatek GmbH. The BHJ was produced
by co-evaporation in a 2:1 D-A-ratio. During evaporation, the substrate was either kept at
room temperature or heated to 50 °C (referred to as RT and 50C, respectively). The active layer
thickness of 50 nm was chosen as a compromise between absorption and charge carrier
collection efficiency. While the optimum performance is achieved for thinner active layers, 50
nm also helps to reduce the impact of the device capacitance on optoelectronic measurements,
as discussed in the methods section. The active layer is evaporated on a thin layer of undoped

Ceo and capped with undoped BPAPF (see Figure 3.1.1 for the structure), the electron and
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hole selective contacts, respectively. This interlayer structure minimises the effect of surface
recombination of minority carriers at the contacts. An additional layer of n-doped Cso and p-
doped BPAPF complete the respective interlayers. These aid the reduction of the series

resistance by making the bulk of the transport layers more conductive.

Figure 4.2.1 (b) shows a visual representation of the energy alignment of the device. Note
that the offsets at the interfaces are not to scale. Further details about the device preparation
can be found in the Section 3.1. Figure 4.2.1 (c) shows the JV-curve of the RT and 50C
device. Heating the substrate during evaporation yields an improved FF (61 vs 53 %) and Jsc
(15.1 vs 12.9 mA/cm?) resulting in an improvement of the PCE from 5.8% to 7.9%. The Voc of
the 50C device only shows a small increase of about 10 mV compared to the RT device. This
together with the very similar dark JV-curves shown in Figure 4.2.1 (d) indicate similar

voltage losses in the system.

Hero devices using a proprietary hole transport layer (HTL) are (deposited at 50 °C, active
layer thickness 50 nm) achieve a PCE of 8.4%. To the best of my knowledge, this is among the
highest PCEs currently published for an evaporated single junction OSC using Ceo as the
acceptor (up to 10 % can be achieved using the more expensive C7).4! Figure 4.2.2 shows

the JV-curves of the chosen SP-OSC references.
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Figure 4.2.2 (left) JV-curves of evaporated OSCs and solution processed reference OSCs. The legend
shows the active layer thickness. Note that these JV-curves were obtained using an LED light source
calibrated to the same Jsc value. (right) JV-parameters of the OSCs.

4.2.4.Light Intensity Dependent JV-Curves

To decouple the influence of different loss mechanisms on the differences in device FF and Jsc

described above, I first turn to the light intensity dependence of the device JV-parameters.
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Figure 4.2.3 (a), (b) and (c) show the normalised JV-curves of the 50C and RT device, the
BTR : PCBM reference and the PM6 : Y6 reference, respectively. Around the maximum power
point, a strong intensity dependence of the JV-curves indicates that the VP-OSCs are limited
by the collection efficiency as the non-geminate recombination rate (recombination order > 1)
increases at higher generation rates. The evaporated devices exhibit a loss in FF of more than
10 % between 0.05 and 1 sun equivalent LED illumination, dominating the light intensity
dependence of the PCE (see also Figure 4.2.3 (d) and (e)). The evaporate devices both
exhibit lower FFs and a loss of Jsc at lower light intensities (Figure 4.2.3 (f)) than the SP-
OSC references. In contrast, the SP-OSC references only show very little dependence of the
FF and PCE on the light intensity. These data all indicate that the VP-OSCs, and particularly
the RT device, exhibit less efficient charge collection than the SP- references, despite their
thinner, 50 nm photoactive layer thickness, compared to 100 nm for PM6 : Y6 and 230 nm for
BTR : PCBM.
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Figure 4.2.3. (a), (b), (¢) Normalised JV-curves of DCV-V-Fu-Ind-Fu-V : Cso (RT and 50C, blue and
red, respectively), BTR : PCBM and PM6 : Y6, respectively, for the range of 3 % to 300 % of 1 sun
equivalent light intensity. (d), (e), (f) Light intensity dependence of power conversion efficiency, fill
factor and linearity of the short circuit current density, respectively. See (f) for the legend.

At reverse and low forward bias, both VP-OSCs show very little variation in the normalised
JV-curve shape with increasing light intensity indicative of the slope of the JV-curves being
dominated by a first order process rather than intensity dependent charge collection. Efficient

charge collection at Jsc up to 1 sun equivalent light irradiation is also demonstrated by the
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excellent Jsc linearity in Figure 4.2.3 (f). The reduced Jsc in the RT device compared to that
deposited at 50C is therefore more likely related to differences in absorption and field
dependent geminate losses, as indicated by the slightly larger intensity independent slope in
the reverse bias region. The current saturation of the 50C device around Jsc is improved and
comparable with that of the non-fullerene reference, while the large offset fullerene reference

shows the highest current saturation at Jsc.

These results indicate that the morphological modifications achieved by varying the substrate
temperature during the evaporation process improves both the charge generation and
collection elements of device function. Poor charge collection constitutes the main loss
mechanism of the VP-OSCs compared to the SP-OSC references at 1 sun illumination. In the
following, charge generation, recombination and extraction will be assessed in more detail. A
particular focus will be put on studying the competition between non-geminate recombination

and charge transport and their relation to the morphology and energetic disorder.

4.2.5.Morphology Analysis
Figure 4.2.4 (a) and (b) show the 2D GIWAXS data of the 50C and RT film, respectively.

The 50C film has a strongly increased scattering intensity, indicating a significant higher
overall crystallinity with preferential orientation. In Figure 4.2.4 (¢), the out-of-plane
intensities obtained from azimuthally integrated cake cuts are shown against q. The reflexes
located at (0.73 + 0.01) A-* and (1.81 + 0.01) A for the RT film are assigned to the (100) and
(010) lattice planes of the orthorhombic unit cell, corresponding to lamellar and 5t-7t stacking
of the donor molecule, respectively, and shift to (0.77 + 0.01) A and (1.86 + 0.01) A- for the
50C film. Hence, the corresponding lattice spacings dioo and do1o shift from (8.63 + 0.05) A to
(8.18 + 0.04) A and from (3.47 + 0.01) A to (3.38 + 0.01) A, respectively, indicating a slightly
denser molecular arrangement of the crystalline phase in the 50C film. Considering the lattice
being formed by a stack of donor molecules, the (010) reflex is related to the s-mt-stacking.42
By comparison to similar GIWAXS patterns of vapour-deposited small organic molecular
donors,12:43 the (100) reflex can either resemble a tilted m-;-stacking of the molecule or

stacking along the shortest axis.
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Figure 4.2.4. (a), (b) 2D-GIWAXS diffraction patterns for RT and 50C films, respectively. The sharp
reflection in (a) is due to specular reflection from the edged Si substrate (see Figure 4.2.5 (a)). (c¢)
1D diffraction patterns obtained from out-of-plane cake cuts of the RT and 50C film, respectively. The
Gaussian fits are shown in solid lines together with the corresponding FWHM values used to calculate
the coherence length in the main text. (d) RSoXS data at resonance on a log-log scale for samples
deposited at different substrate temperatures. The stack is SiN/Ceo (10 nm)/BHJ (50 nm, D:A 3:2
wt%)/BPAPF(10 nm). The 40C sample was 30 nm and its intensity scaled accordingly. The table
indicates the long period L and integrated scattering intensity ISI normalized to the 60C sample.
GIWAXS measurements and analysis were carried out by Julian E. Heger and Eva Bittrich. Pascal
Kaienburg provided the RSoXS results with support from Subhrangsu Mukherjee.

The full width at half maximum (FWHM) of the reflexes is a measure of the coherence length
of the respective lattice planes (hkl), which is related to the crystallite size according to the
Scherrer equation, where the size L ~ 2/FW HM.44 Additional broadening effects due to the
semicrystalline nature of soft matter make a defined calculation of crystallite sizes non-
trivial,*> however, a qualitative estimation of their lower limit is possible. In Figure 4.2.4
(c), the FWHM of the (010) reflex remains constant at (0.38 + 0.01) A-1, while the FWHM of
the (100) reflex narrows from (0.23 + 0.01) A to (0.15 + 0.01) A-! upon increasing the

substrate temperature. This evolution suggests that the minimum crystallite size along the
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[010] direction remains constant, while it is of about 1.5 times larger along the [100] direction

in the 50C film.

Pole figures of radially integrated tube cuts along the (100) reflex (Figure 4.2.4 (e)) and the
(010) reflex (Figure 4.2.4 (f)) reveal the material quantity of crystallites in preferred

orientation with respect to the substrate.*¢ Also see Figure 4.2.5 (b) and (c¢) for azimuthal

tube cuts of the reflexes.
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Figure 4.2.5. (a) 2D-GIWAXS diffraction pattern of the edged Si substrate showing a similar specular
reflection as observed for the RT diffraction pattern shown in the main text. This demonstrates that this
feature arises from the Si substrate rather than the organic layers as would be expected for such a sharp
feature. (b), (e) Pole figures obtained from azimuthal tube cuts of the (100) and (010) reflexes,
respectively. The Gaussian fits are shown in solid lines. GIWAXS measurements and analysis were
carried out by Julian E. Heger and Eva Bittrich.

For both substrate temperatures, face-on and edge-on populations are observed. The results
show a strongly increased preferential orientation for the (100) reflex in the 50C film judged
by relative changes in scattering intensity, with about 3 times more crystallites in edge-on
orientation and about 6 times more in face-on orientation, as compared to the RT film. When
comparing the different preferential orientations for the (100) reflex, the amount edge-on

orientation is about 5 times higher than face-on orientation in the RT film, and about 2.5 times
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higher in the 50C film. The (010) reflex shows an about 1.3 times higher face-on orientation
in the 50C film compared to the RT film. The increase in the (100) out-of-plane reflection and
in overall crystallinity is likely to increase the fraction of the integral transition dipole moment
within the substrate plane for the 50C film, thus enhancing the absorption of incident visible

light within the photoactive blend, as I discuss further below.

Besides the average crystallinity, the size of phase-separated domains and their purity are
critical for BHJ device operation. Resonant soft X-ray Scattering (RSoXS) is a technique
capable of measuring the relative composition of domains as well as quantify the size of the
domains.4” Figure 4.2.4 (d) shows blends deposited at different substrate temperatures.
The presence of a strong peak at g ~ 0.3 nm! shows that phase separation occurs already at
room temperature. With increasing substrate temperature, the long period L — indicative of
the domain size - continuously increases from 16.7 nm at room temperature to 20.3 nm at
60C. The increase in domain size coincides with increased domain purity. This can be seen
qualitatively by the higher RSoXS scattering intensity for higher temperature samples. When
quantifying the relative domain composition with the relative integrated scattering intensity
ISI,*8 the RT ISI is a third of 60C sample. Note, that to be as close as possible to the device
stack, the blends are sandwiched between layers of Cso and BPAPF which makes a quantitative
interpretation of the ISI challenging. However, trends and the qualitative behaviour of the
blends upon annealing can be deduced from the data. See the supplementary information of

the published manuscript for further information about the measurement.*0

In summary, the RT sample already shows some degree of crystalline order and phase
separation. Two populations of crystallites with edge-on and face-on orientation are observed.
For the 50C sample, the measurements reveal an overall higher degree of crystallinity, tighter
packing of molecules, larger crystallites in the lamellar direction and phase-separated domains
becoming larger and purer. The crystallite size in m-m direction seems unchanged. Both
orientation populations are also observed at 50C but the relative share of donor molecules

with face-on orientation increases.

4.2.6.Absorption & Free Charge Generation

To address the origin of the increased Jsc achieved through substrate heating, the optical

properties of films with the two different active layer morphologies were studied. The neat
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donor DCV-V-Fu-Ind-Fu-V shows a high absorption coefficient similar to other small
molecule donor+4° and NFA materials with analogous A-D-A structures and di-cyano
endgroups. In blends, the 50C deposited films exhibit a stronger absorbance in the donor
region (500 to 800 nm) compared to the RT films (Figure 4.2.6 (a)), suggesting a better in-
plane alignment of the donor transition dipole. These observations agree with the GIWAXS
data discussed above. The higher degree of order observed in the 50C film indicates that fewer
molecules are tilted upwards towards an end-on orientation, which consistent with the

increased optical absorption.
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Figure 4.2.6. (a) Absorption spectra of the neat donor DCV-V-Fu-Ind-Fu-V, acceptor Cep and blend
films deposited at 50°C and room temperature. (b) Field-dependent external quantum efficiency (EQE)
spectra of the 50C and RT devices. Also shown is the relative charge separation efficiency (CSE) that
was calculated as the ratio of the EQE at OV and -3V. (¢) Donor photoluminescence spectra of the neat
donor, RT and 50C blends normalized by their absorption.

Interestingly, the change in donor aggregation determined from the GIWAXS data does not
lead to a shift in absorption, as observed in related DCV based small molecule donors upon
increased aggregation.35:50 This is also evident from the small shift of the effective photovoltaic

gap as calculated from the derivatives of the EQE spectra (=1.72 eV).

The external quantum efficiency (EQE) data (Figure 4.2.6 (b)) indicate that the increase in
film absorption observed for the 50C films is also reflected in an increase in photocurrent
generation in complete devices. Measurements of the field dependent EQE were used to
determine the quantum efficiency of charge separation by calculating the ratio of the EQE

determined at OV and -3V (Figure 4.2.6 (b)). It indicates a small improvement in the

efficiency of charge separation for the 50C device, especially in the Cgo absorption region. This
is in line with the slightly improved saturation at reverse bias as discussed above for the light
intensity dependent JV-curves. This most likely stems from a small reduction in field

dependent geminate recombination.
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To assess the efficiency of exciton separation, I measured the photoluminescence quenching
efficiency (PLQE) of the BHJs, as is commonly done for fullerene-based devices. Figure 4.2.6
(c) shows that the absorption corrected donor PL intensity is reduced by 86 % and 96 % in the
50C and RT blends respectively, relative to neat donor films. To further investigate the
efficiency of exciton separation, the exciton decay lifetime upon optically pumping the donor

was measured via ultrafast transient absorption spectroscopy (see Figure 4.2.7).

Exciton Polaron

Exciton Polaron
(a) Y (b) .
D:Cqy BHJ (RT, 50 nm) 25 D:Cg BHJ (50 C. 50 nm)
20
—0-05ps o —0-0.5ps
—0.51ps O —0.51ps
—1-3ps g 15 —1-3ps
35ps ; 35ps
510ps = 510ps
10-20 ps 1.0; 10-20 ps
20-50 ps 20-50ps
50-100 ps 50-100 ps
100-500 ps 05 100-500 ps
—0.51ns —051ns
0.0 ! . . A A NS 00 ] . . A A [ Hbns
’ 900 1000 1100 1200 1300 1400 ’ 900 1000 1100 1200 1300 1400
Wavelength (nm) Wavelength (nm)
(c) ' . . . .
10} Exciton dis sociation 50C 4
= = =50Cfit
i RT
<% & - = =RTfit ]
=1 (| 8Y
ToaE VA
[h] »
2 PR
g 04l : |-y YRR R K] .-u.n--l---y-....__-_*‘. \
’g | e
02| |
'
00 g
0 5 10 100 1000
Time (ps)

Figure 4.2.7. (a), (b) Transient absorption spectra of RT and 50C films, respectively, after selectively
pumping the donor at 600 nm with a fluence of 48 puJ cm-=2. (¢) Time evolution of the exciton signal
between 900 and 920 nm together with fits of the exciton decay with lifetimes of 0.9 and 2.9 ps for RT
and 50C, respectively. TAS spectra were measured by Yifan Dong.

The time resolved measurements show a reduction of the exciton lifetime (photo-induced
absorption signal around 900 to 920 nm, see Figure 4.2.7 (a) and (b)) from 53 ps in the
neat donor film to 2.9 ps and 0.9 ps for the 50C and RT films, respectively (see kinetic data
Figure 4.2.7 (¢)). The neat donor lifetime and spectra as well as fluence dependent kinetics

are available in Figure 4.2.8.
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Figure 4.2.8. (a), (b) Fluence dependent decay of the exciton signal between 900 and 920 nm for the
50C and RT film, respectively. (c), (d) Fluence dependent decay of the signal assigned to the hole
polaron between 1050 and 1070 nm for the 50C and RT film, respectively. Bimolecular fits to these
spectra were used to calculate ky; together with the charge carrier density estimated from the pump
power and the film absorbance. (e) Ultrafast TAS spectra of the neat donor film recorded under
identical conditions as the BHJ films. A pump fluence of 2 uJ cm-2 was chosen to minimize exciton-
exciton annihilation effects. The amplitude weighted biexponential lifetimes were used to calculate an
exciton lifetime of approximately 53 ps. TAS measurements were carried out by Yifan Dong.

These exciton decay times are in good agreement with the observed PLQE data. The higher
PLQE and faster exciton decay observed for the RT films are indicative of a more intermixed
morphology, reducing the distance excitons must diffuse to reach a donor : acceptor

interface,®! in agreement with the GIWAXS (smaller crystallites for RT) and RSoXS (smaller
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and less pure domains for RT) data discussed above. However, these differences are relatively
minor compared to the enhanced light absorption of the 50C device, consistent with its overall

higher Jsc.

4.2.7.Disorder, Non-Geminate Recombination & Transport
As demonstrated above in Figure 4.2.3, the intensity dependence of the device FF upon light

intensity indicates the FF of VP-OSCs studied herein is limited by carrier density dependent
competition between non-geminate recombination and charge extraction. Both processes are
known to be strongly impacted by the density of tail (shallow trap) states below the electronic
gap of the bulk heterojunction.30:52 I characterise the resultant energetic disorder for the VP-
OSCs as well as the SP-OSC references by measuring the total charge carrier density from
differential capacitance (DC) versus device Voc as a function of light intensity, following

previously reported methodologies (see Figure 4.2.9).53-57

Despite the thin active layer thickness, the differential capacitance results in Figure 4.2.9
(a) demonstrate that the chemical capacitance can clearly be distinguished from the constant
geometric capacitance for the VP-OSCs. Over the measured range, the dependence of the
chemical capacitance on the QFLS is well approximated by an exponential density of states

with characteristic energy Ea, as previously observed for a wide range of SP-OSC materials.

Figure 4.2.9 (b) shows the spatially averaged charge carrier density of the VP-OSCs and
reference SP-OSCs plotted versus the Voc used as a proxy of the quasi-Fermi level splitting
(QFLS). For better comparison of the slope of the tail state density against the solution
processed references, the x-axis was referenced to the Voc at 2 sun equivalent illumination.
Additionally, the ideal semiconductor charge density, with E., equal to the thermal energy, is
shown (this is also the value expected for the characteristic energy for the case of a Gaussian
density of tail states).>8 The charge carrier densities and fitted E., values only show minor
differences between the RT and 50C device. These characteristic energies, 53 and 50 meV for
the RT and 50C devices respectively, are typical of many SP-OSC’s31:51 but significantly larger
than the values obtained for BTR : PCBM (37 meV) and PM6 : Y6 (31 meV). It should be noted
that low Eq values, and therefore low energetic disorder, for BTR : PCBM and PM6 : Y6 have
been linked with their abilities to support efficient charge collection for thicker photoactive

layers.
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Figure 4.2.9. (a) Differential capacitance vs open circuit voltage (as measured and corrected for
geometric capacitance) together with the respective fits for the RT and 50C device. (b) Charge carrier
density vs the open circuit voltage rescaled by the open circuit voltage at 2 sun equivalent illumination
to enable a better comparison of the slopes. Exponential fits of the form ng exp(qV,./2E.,) and the
bandtail of an ideal semiconductor are shown. (¢) Charge carrier lifetime determined by TPV versus
the spatially averaged charge carrier density determined from CE measurements. (d) Effective mobility
and effective bimolecular recombination coefficient vs charge carrier density. Both axes scaled
proportionally to each other to reveal the proportionality of the charge carrier dependence of mobility
and recombination coefficient.

Transient photovoltage (TPV) measurements were employed to determine the charge carrier
recombination kinetics at the same open circuit and light bias conditions (up to 6 sun) as the
CE results presented above. Based on the lifetimes T and charge carrier densities n (see Figure
4.2.9 (¢) for T versus n), an effective bimolecular recombination coefficient can be calculated
as kg = (n7)1.5° The right axis of Figure 4.2.9 (d) shows these effective bimolecular
recombination coefficient versus the charge carrier density for the four devices studied. The
50C and RT device show similar kg;, with a slightly increased recombination rate observed for
the 50C device. For the charge carrier density range characterised herein, both the VP-OSCs
and the BTR : PCBM reference exhibit significantly slower recombination compared to PM6 :
Y6. For the SP-OSC references, the values are in excellent agreement with those determined

by other methods such as bias-assisted charge extraction (BACE).32
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The solution processed reference solar cells exhibit near ideal second order recombination
kinetics as illustrated by in Figure 4.2.9 (c) the near constant ky; in Figure 4.2.9 (d). The
VP-OSC devices exhibit non-ideal (apparent third order) recombination and consequently a
charge carrier density dependent kg, attributed to their higher Ea, values.>” To verify the
validity these experimental analyses, the Vocwas reconstructed using the lifetime and carrier
density data as well as Jsc as a proxy for the generation current. An excellent agreement is

obtained between the measured and reconstructed Voc, as shown in Figure 4.2.10,

highlighting the reliability of the between these reconstructed and the directly measured Voc
for all light intensities. This shows that the recombination current calculated from the charge
carrier density and lifetime data yields a good approximation of the generation current. In
particular the agreement of the calculated versus directly measured Voc vs light intensity

ideality supports the experimentally determined apparent recombination orders.

To further investigate the collection efficiency and observed differences in FF, I turn to
measurements of the effective charge carrier mobility (uerr). The effective mobility was
assessed by measuring the charge carrier density accumulated in the device under short circuit
conditions with varying background light intensities (up to 6 sun equivalent illumination).60

See Figure 4.2.11 (a) for normalised charge extraction of the VP-OSC and SP-OSC devices

transients recorded at 1 sun equivalent illumination.

This method yields a charge carrier density dependent effective mobility dominated by the
slower carrier type that has been shown to dominate the electronic quality and FF.34 This
method was chosen as it can be performed on devices under operating conditions (without the
need for different interlayers as in single carrier devices) and under realistic charge carrier
densities.61:62 The resulting values of the charge carrier density dependent mobility are plotted
on the left axis of Figure 4.2.9 (d). The mobility of the 50C device shows an improvement
by a factor of two relative to the RT device across the whole range of the measured charge
carrier. Given their similar recombination coefficients, this increase in mobility is likely to be
the primary origin of the increased FF of the 50C device, as I discuss further below. As both y-
axes are plotted proportionally to each other, it is possible to compare directly the charge
carrier dependence of both pes and the kg. Both VP-OSCs show a strong charge carrier

dependence in pes similar to the kgr at low charge carrier densities. BTR : PCBM shows only a
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weak carrier density dependence while PM6 : Y6 shows virtually no carrier density

dependence of the mobility, consistent with the lower energetic disorder of these SP-OSCs.
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Figure 4.2.10. (a) Open circuit voltage as a function of light intensity. (b), (¢), (d) Measured and
reconstructed open circuit voltage of the respective devices. The right axis shows the residual of the
reconstructed value subtracted from the measured value.

Figure 4.2.9 (d) shows normalised photocurrent transients; these were used to determine
the charge density in the devices at short circuit. The faster current transients of the SP-OSC
devices qualitatively indicate a higher mobility in these blends, consistent with Figure 4.2.9
(c¢). The strong biphasic character observed for the VP-OSC devices has previously been
related to slow extraction from deeper trap states in evaporated bulk heterojunctions.!8
Figure 4.2.12 shows the normalised charge extraction transients at varying light intensities
for the RT and 50C device. The strongly pronounced second slow extraction phase at low light

intensities indicates a trap filling effect and a larger energetic disorder in the RT device.
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Figure 4.2.11. (a) Charge extraction transients of VP-OSCs and SP-OSC references recorded upon
switching from steady-state 1 sun equivalent illumination to dark while the device is kept under short
circuit conditions. (b) Normalised high-resolution photocurrent transients following laser excitation.
Additionally shown are the current transients simulated using OghmaNano following a global fit of a
large set of optoelectronic data as discussed below. The global fir was carried out by Roderick
MacKenzie. The simulated transients correspond to values of Eq, of 121 and 89 meV for the RT and 50C
device, respectively.

High resolution transient photocurrent measurements have previously also been used to
quantitively assess the characteristic energy.63-6> Figure 4.2.11 (b) shows the high
resolution current transients measured with variable load resistances for the RT and 50C
devices. In contrast with the energetic disorder derived from the carrier density versus Voc,
these transport-based measurements combined with a global fit of the optoelectronic data
using drift-diffusion simulations (OghmaNano) indicate higher values of Eq, with a best global
fit of all data resulting in values of 121 meV and 89 meV for the RT and 50C devices,
respectively. I therefore assign the improved collection efficiency in the 50C device to the
overall increased effective mobility and a reduction in the transport related disorder as
observed in these current transients. To further investigate the impact of hole and electron
transport separately, SCLC measurements on hole and electron only devices may be useful. As
previously discussed, changing the substrate for hole and electron only devices may have
profound impact on the active layer morphology potentially limiting the comparability. The
different magnitudes of energetic disorder from our open circuit charge extraction

measurements (Figure 4.2.9 (b)) and short circuit photocurrent transient (Figure 4.2.11

(b)) analyses are discussed below.
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Figure 4.2.12. Charge extraction transients upon switching off the LED illumination at short circuit
conditions that were used to characterise the effective mobility. Normalised transients recorded
following different levels of LED illumination from 5% to 600% 1 sun equivalent illumination on a linear
and logarithmic scale for the 50C ((a) and (b), respectively) and RT device ((¢) and (d), respectively).

4.2.8.Discussion

To summarize our results on the difference in charge generation between the RT and 50C
devices, I can conclude that heating the substrate during evaporation results in a preferential
molecular alignment which increases light absorption (Figure 4.2.6 (a)), resulting in the
observed enhanced Jsc. The small improvement in the field dependence of charge separation

inferred from the field-dependent EQE (Figure 4.2.6 (b)) is in line with the improved

saturation observed in the JV-curves. Improved field dependence of generation has previously
been linked to an increase in phase purity and crystallinity aiding charge delocalisation or
providing an energetic gradient through changes in the fullerene electron affinity.%0-6° This is
in line with the morphological data presented here-in showing greater phase purity while the
crystallinity of the Cso phase cannot easily been studied because any GIWAXS results will be
dominated by the neat C¢o ETL the active layer has been deposited on. The increase in

absorption and suppressed geminate recombination outweigh the small reduction in exciton
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separation efficiency observed for the larger phase-separated domains in the 50C device

through PLQE and ultrafast exciton dynamics data (Figure 4.2.6 (¢) and Figure 4.2.7).

Both VP-OSCs studied herein exhibit an absorption onset around 800 nm (E; = 1.72eV)
together with a Voc of around 0.85 V. This voltage loss (Ez/q - Voc) compares unfavourably
with PM6 : Y6 which exhibits a similar Voc at a much smaller optical bandgap of 930 nm (E;
= 1.33eV). It is however more comparable to typical voltage losses observed for SP-OSC’s
employing fullerene based acceptors including BTR : PCBM (E; = 1.92, Voc = 0.90 V),
attributed at least in part to a larger energetic offset requirement for efficient exciton

separation with fullerene acceptors.38,70,71

As indicated by the light intensity dependent JV-curves in Figure 4.2.3, the main limitation
of the VP-OSC performance, aside from the voltage losses common for fullerene-based blends,
arises from the poor charge collection efficiency limiting the device FF even in 50 nm thin
devices. While the charge carrier build-up and non-geminate recombination kinetics in the RT
and 50C devices at Voc show no significant differences, the increased mobility in the 50C
device leads to the overall improvements in collection efficiency. The comparison with higher
collection efficiency SP-OSCs indicates that recombination and mobility in the VP-OSCs show
a much stronger carrier density dependence and overall lower mobility, in line with a

pronounced role of trap states in these films.

4.2.8.1. Quantifying the Collection Efficiency
Several methods to quantify an OSCs ability to extract charges have previously been used in

the literature. The deviation of the non-geminate recombination constant from the encounter
limited Langevin rate constant (kpangevin & W) is measured by a Langevin reduction factor (y)

that accounts for the experimentally observed reduction of the theoretical Langevin

recombination rate due to re-dissociation of non-geminately formed CT states,”? and the
effects of domain size”? and trap states in slowing down the encounter rate. y is proportional
to the mobility-lifetime product (y o« p/kgr o< ut). It can therefore be used to crudely quantify

the collection efficiency using experimentally determined mobility and lifetime values. To

better relate mobility and recombination coefficients directly to the FF and compare these
across different material systems, Bartesaghi et al. derived a collection efficiency term 0 o

u2/kgr with different weighting of mobility and recombination rate constants.28 This has been
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further improved by Kaienburg et al. to account for other effects such as the influence of
imbalanced mobilities, yielding an electronic quality factor Q = p2/kgi%8.34 In addition to
determining the electronic quality factor from measured values of p and kg;, it is also possible
to estimate Q based solely on data extracted from the JV-curve and the active layer thickness
for devices with negligible voltage dependence of the generation current, making it an effective
screening tool.3* The equation derived by Kaienburg et al. assuming direct band-to-band

recombination relates Q,v to the JV-parameters in the following way:

d35]95 arctanh FF,
Qv = Yo,dir 5 €X ( )
Voc Qair

where agir and yo,qair are fit parameters based on their simulation, d is the active layer thickness
and FF, is a normalised FF value determined by:

FF — FFpin

=2 ™ __q
FFmax_FFmin

FE,

where FFnin is 25% and FFnmax is calculated as (aVoc)/(Voc+b) with a = 0.92 and b = 0.09.

Table 4.2.1 lists the values of the effective mobility, calculated Langevin recombination
coefficient, experimental bimolecular recombination coefficient as well as the Langevin
reduction factor and electronic quality Q determined at a charge carrier density corresponding

to MPP under 1 sun equivalent illumination.

The charge carrier density was determined by calculating the loss current from the difference
between Jsc and Jupp, and assuming charge carrier kinetics roughly equivalent to open circuit
conditions. Additionally, Q;v was calculated using the equation provided by Kaienburg et al.
and the JV-data reproducing the trends of the experimental values. The value of Q obtained
for the RT device is comparable to those reported for similar donor molecules such as the
DCV5T-Me : Cgo blend.* While it is improved 3-4 fold in the 50C device to values of 0.53 and
0.39 for Qrx, and Qyv, respectively, more crystalline blends like ZnPc : Ceo achieve values in
excess of 1.74 The values determined herein for the SP-OSCs are within the range reported
previously. BTR : PCBM stands out, highlighting the superior electronic quality of some
fullerene-based devices even compared to high performing NFAs.4:34

Table 4.2.1. Effective mobility (uef), Langevin recombination coefficient (ki), measured effective
bimolecular recombination coefficient (kg1), Langevin reduction factor (y) and electronic quality (Qgxp)
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assessed at a charge carrier density corresponding to MPP conditions at 1 sun illumination. Additionally,
the electronic quality determined from the 1 sun JV-curve (Q,v) is listed.

Material Meff ki kar Y QExp Qiv
[cm?V-1s-1] [cm3s1] [cm3s1] [em!6V-2s12]  [cml-6V-2s1:2]
DCV-V-Fu-Ind-Fu-V:Ceo (RT) 1.2x10% 6.1x1012 43x1012 14 0.18 0.10
DCV-V-Fu-Ind-Fu-V:Ceo (50C) 20x10° 1.1x101 41x1012 26 0.53 0.39
BTR:PCBM 35x10% 1.8x101 45x1012 40 142 819
PM6:Y6 12x104% 64x101 23x101 28 5.0 23.3

Since the mobility and bimolecular recombination coefficient are strongly charge density

dependent in the evaporated cells, Q, ki, and y also vary with light intensity (see Figure 4.2.13
for the light intensity dependence of Qgxp, Qsv and y).
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Figure 4.2.13. (a), (b) Light intensity dependence of the Langevin reduction factor and electronic
quality, respectively. The electronic quality Q was determined from JV-curves (Q,v) and optoelectronic
measurements (Qgyp). The results demonstrate that quoting a single value for the Langevin reduction
factor without reference of the charge carrier density may be less comparable across different devices.
The discrepancies between the values of Q determined by the different methods may have a variety of
reasons such as the oversimplification of equating the generation current and Jsc, especially at high
light intensity. To calculate Qgxp. the charge carrier density at MPP was estimated by assuming the
difference of Jsc and Jwmpp to be a reasonable measure for the bimolecular loss current. By applying the
recombination kinetics determined from TPV and DC measurements, an estimate of the charge carrier
density corresponding to the loss current is possible when assuming a simple zero-dimensional model.
et and ky; are taken at this value of nupp to calculate y and Qgxp..

Comparison with a single value of y, as often quoted in the literature, may therefore be
misleading, especially if it is based on a value of ki, calculated from SCLC mobilities determined
at higher charge carrier densities unrepresentative of 1 sun operating conditions. It is evident

from Table 4.2.1 that the Langevin reduction factors of the PM6 : Y6 and the 50C devices are
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similar at 1 sun, and therefore that this Langevin based analysis is insufficient to explain the

greater charge collection and FF limitations of the 50C devices.

By giving a higher weighting to the mobility, the electronic quality Qgx, proves to be a more
suitable measure to explain the FF variations. The similarity between the values obtained from
transient optoelectronic experiments and those directly calculated from the JVs highlight the
potential of Q,v as a screening tool. Overall both measurements of Q correlate well with the
collection limitations apparent from Figure 4.2.3, with the RT device having the greatest

collection limitations and the BTR : PCBM the least as expected.5!

4.2.8.2. Recombination Mechanism & Drift-Diffusion Simulation

Previous studies have correlated strong charge carrier density dependencies of charge
mobilities and effective recombination rate constants, as observed herein for our VP-OSC’s,
with the presence of energetic disorder.56:57:60 Energetic disorder will lead to large populations
of shallowly trapped electrons and holes, the density and energetic distribution of which will
be strongly dependent on applied voltage and light intensity. The effective hole and electron
mobilities will depend on the mobility of free carriers as well as the fraction of trapped carriers.
Similarly, recombination in the presence of a large density of sub-gap traps can be described
as free electrons (holes) recombining with trapped holes (electrons) as well as free-to-free
recombination. As the charge carrier density increases, the relative contribution of these
channels to the overall recombination flux changes can explain deviations from ideal second

order kinetics.”®

The presence of energetic disorder can often lead to discrepancies in experimentally
determined lifetime data, depending on the charge carrier density regime these were
measured at.”¢ To illustrate this, I used the fluence dependent decay of the polaron signal in

the transient absorption measurements (see Figure 4.2.8) to calculate the kg1 A rough

estimate of the charge carrier density excited by the laser pulse was calculated from the device

EQE at the excitation wavelength. Figure 4.2.14 shows the results of the calculation side by

side with the values obtained by the combination of TPV and DC measurements. It is apparent
that the optoelectronic measurements are conducted at light intensities relevant to solar
irradiation conditions, while the pump pulses used for transient absorption measurements
generate orders of magnitude higher charge carrier densities. In the case of a charge carrier

density dependent bimolecular recombination coefficients — as observed previously for
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fullerene based SP-OSCs®+77.78 as well as the VP-OSCs studied herein — this will lead to
discrepancies between high-fluence TAS and comparatively low light intensity optoelectronic
measurements. Here, it allows us to show that the kg saturates above a carrier density of 108
cm3 for the VP-OSCs. Such a behaviour was previously reported in the literature for fullerene
based SP-OSCs known to exhibit a charge carrier density dependent kgi.”” While the
recombination kinetics at irradiation levels relevant to device operation were similar, the 50C
device shows a two-fold increased saturated kg; of about 6 x 10!! cm3s-1. Both saturated values
exceed the value obtained for the PM6 : Y6 reference. It is also striking that for PM6 : Y6, 1
obtaining good agreement between the kg determined from TAS and TPV/CE studies,
consistent with greatly suppressed energetic disorder in this device and near ideal bimolecular

kinetics, even when measured over this very broad range of carrier densities and timescales.
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Figure 4.2.14. Bimolecular recombination coefficients of PM6:Y6, the RT and 50C device measured
by transient photovoltage/differential capacitance and transient absorption spectroscopy. For PM6:Y6
the dashed line is a guide to the eye demonstrating the good agreement of the values obtained with both
methods. For the RT and 50C device, the dashed lines are based on OghmaNano simulations with an
additional recombination coefficient for free electron to free hole recombination set to match the kg
value obtained from the transient absorption measurements.

To investigate the contribution of the different recombination channels in more detail as well
as shed light on the origin of the slow phase observed in current transients, Roderick
MacKenzie employed the simulation software OghmaNano. The software treats intra-gap trap
states as an ensemble of trap states with discrete energy levels making up an exponential tail
and solving the trapping and recombination rate equations for every trap level
independently.®4 The simulation parameters shown in Table 4.2.2 were extracted by
performing a global fit to light and dark JV-curves, the 1 sun TPV transient, high resolution

photocurrent transients at variable bias (-1V, 0V, 0.5V) as well as Voc, Jsc and n versus light
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intensity (see Figure 4.2.15 and Figure 4.2.16). The charge carrier lifetimes and effective
mobility were extracted from the simulations and compared to the values determined

experimentally (see Figure 4.2.17).
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Figure 4.2.15. Global fit of experimental data using simulation software OghmaNano for the RT
device. (a) 1 sun JV-curve. (b) Voc vs. light intensity. (e) Jsc vs. light intensity. (d), (e), (f)
Photocurrent transients recorded at -1V, OV and 0.5V, respectively. Photocurrent transients were
recorded as outlined by Street.®3 (g) 1 sun TPV transient. (h) Charge vs. light intensity. The global
fitting was carried out by Roderick MacKenzie.

The good agreement in the general trends and the small deviation in absolute values within a
factor of two indicate the overall applicability of the model to the devices studied herein. Note
that, no free-electron-to-free-hole recombination channel was necessary to reproduce the
optoelectronic experimental results. However, at the much higher fluences experienced by the
device in a TAS experiment, an additional direct free-to-free recombination channel (kfree-to-
free Of 6.6x1011 and 3.3x10!! cm3s! for 50C and RT, respectively) was added in order to

reproduce the higher light intensity trends (see dashed lines in Figure 4.2.14). This may be
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expected in TAS experiments generating a large number of hot charge carriers which are
initially not thermalized and hence are likely to recombine with each other rather than just the

trapped carriers.
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Figure 4.2.16. Global fit of experimental data using simulation software OghmaNano for the RT
device. (a) 1 sun JV-curve. (b) Voc vs. light intensity. (¢) Jsc vs. light intensity. (d), (e), (f)
Photocurrent transients recorded at -1V, OV and 0.5V, respectively. Photocurrent transients were
recorded as outlined by Street.53 (g) 1 sun TPV transient. (h) Charge vs. light intensity. The global
fitting was carried out by Roderick MacKenzie.

A takeaway from the modelling is the reduction of Ea, for the 50C device is dominated by the
fitting of the current transients. Additionally, the 50C device shows a more symmetric trap
density resulting in more balanced effective hole and electron mobility. The trapping and
recombination cross-sections as well as the free hole and electron mobility values increased

for the 50C device.

The characteristic energy values determined from the global fit to the circuit photocurrent

transients (121 meV and 89 meV for RT and 50C, respectively) differ significantly from the
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value obtained for the combined tailslopes as determined from charge density measurements
versus Voc (53 meV and 50 meV for RT and 50C, respectively). The latter together with lifetime
data from TPV was used to accurately reconstruct the experimentally determined Voc

including their ideality, as shown in Figure 4.2.10.

Table 4.2.2. Simulation parameters used for the OghmaNano simulations. The parameters for the RT
and 50C device were obtained by a global fit to the experimental data as shown in Figure 4.2.15 and
Figure 4.2.16. The last column shows hypothetical parameters to achieve 9.4 % PCE and 10 % PCE
for an active layer thickness of 50 nm and 70 nm, respectively. The changed parameters are highlighted
in bold.

Parameter Units RT 50C 50C
+ Ech + Nirap + Ufree

Electron Trap Density m-3eV-1 1.11 x 1023 4.14 x 1024 2 x 1024
Hole Trap Density m3eV-1 7.87 x 1024 4.00 x 1024 2 x 1024
Electron Tail Slope eV 0.120 0.089 0.05
Hole Tail Slope eV 0.120 0.089 0.05
Free Electron Mobility m?2V-1g1 8.43 x 10~ 1.17 x 108 2.17 x 108
Free Hole Mobility m2V-1gl 8.43 x 10° 1.17 x 108 2.17 x 108
Free Electron to Trapped Electron m2 2.54 x 1022 8.21 x 10-22 8.21 x 10-22
Trapped Electron to Free Hole m2 5.32 x 1023 1.04 x 1022 1.04 x 10-22
Trapped Hole to Free Electron m2 5.32 x 1023 1.04 x 1022 1.04 x 10-22
Free Hole to Trapped Hole m2 2.54 x 1022 8.21 x 10-22 8.21 x 10-22
Effective Gap eV 1.3 1.3 1.3
Photon Efficiency % 88.1 96.4 96.4

This indicates that the disorder obtained from charge extraction measurements determines
non-geminate recombination at open circuit conditions in the charge density regime assessed
in our experiments (101> to 1017 cm-3). At the same time, current transients are described by a
much larger degree of disorder differing significantly for the RT and 50C device. This may
point to different aspects of the morphology and disorder governing recombination and charge
transport, respectively, and raise concerns over the applicability of transport-based disorder

parameters to explain (non-encounter limited) recombination and vice versa.

Recently, Saladina et al. reported a power law DoS in DCV-V-Fu-Ind-Fu-V : Csy determined

by light and temperature dependent ideality factors.3” They inferred this power law DoS from
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the observed increase in Eq, below 1 sun Voc (measured at room temperature). A consequence
of their observations would be a narrower DoS compared to an exponential bandtail but with
an increasing breadth of states (increasing E) deeper into the bandgap. This would be in line
with our observations of a larger Ea fitted to the slow phase of current transients

corresponding to states deeper in the gap.
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Figure 4.2.17. Comparison of experimental data with simulated data obtained from global fit
parameters shown in SI Table 1 for the RT and 50C device. (a) Experimental obtained from TPV and
simulated spatially averaged charge carrier lifetime. (b) Experimental effective mobility obtained from
charge extraction measurements and simulated effective mobility. Note that in the case of 50C, the
tailslopes and free mobility values for holes and electrons were assumed to be near identical leading to
identical effective mobilities at different levels of trap filling. For RT the tailslopes were not identical
and therefore the effective electron and hole mobility are shown as well as their geometric mean. The
geometric mean was chosen following work by Heiber et al.”3

A possible explanation for the observed behaviour may also be the increased presence of
spatially isolated domains in the RT film as supported by the lower phase purity and smaller
domain size shown in RSoXS and GIWAXS data, respectively. While contributing to non-
geminate recombination, these domains may slow down charge extraction as charge carriers
have to travel through amorphous and intermixed regions leading to the observed disorder in

current transients (see Figure 4.2.18). Comparisons with current transients obtained for

active layers with a lower donor content (donor/acceptor ratio 1:2) also show a pronounced
slow phase. As discussed further in the next sub-chapter (Subchapter 4.3) the donor is
expected to be less aggregated in the case of the 1:2 D/A further supporting the assignment of
slow current transients to amorphous or spatially isolated donor domains. Temperature
dependent space-charge limited current (SCLC) measurements may provide a suitable
strategy to investigate this further but require different substrates potentially compromising

the active layer morphology.1%12 Charge transport between isolated donor domains via
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tunnelling or hole transport through Ceo has previously been discussed.”® This may also point
to fundamental discrepancies in the determination of disorder through transport based
techniques (current transients, temperature SCLC), techniques relating charge accumulation
and QFLS (impedance spectroscopy, charge extraction vs Voc, Voc ideality), and techniques
based on the fitting of CT state emission/absorption. These have previously yielded a wide
range of disorder parameters and even differ in the DoS shape (Gaussian vs exponential vs
power law).30-32,37,58,80 A full discussion of the different techniques and results is however

beyond the scope of this study.
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Figure 4.2.18. Normalised charge extraction current transients recorded upon switching from 1 sun
equivalent LED illumination to dark at short circuit conditions. The device thickness of the 1:2 and 2:1
D/A ratio samples differs slightly from that of the RT sample.

In summary, charge carrier built-up and recombination under open circuit conditions are
unaffected by the change in substrate temperature during deposition. Both are characterised
by a broad distribution of tailstates compared to PM6 : Y6 and BTR : PCBM but comparable
to other SP-OSC materials as measured by the same methodology. Simulation results
consistently explain the observed charge carrier density dependence of the effective
recombination coefficient and mobility through a recombination formalism involving trapped
and free carriers. Our results show that while the non-geminate recombination rate at
operational charge carrier densities is sufficiently slow compared to the SP-OSC references,
the observed low collection efficiency and FF can be rationalized by the overall low mobility,
likely resulting from large energetic disorder during charge transport. Depositing at higher
substrate temperatures induces favourable changes in microstructure, improving structural
order and phase separation, which goes along with improved energetic disorder for charge

transport and a twofold increase in effective mobility. In the following, I explore the gains in
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device performance that would result from further improving morphology, disorder and

charge carrier dynamics.

4.2.8.3. Quantifying the Performance Bottleneck using Simulations

To deconvolute the influence of the different simulation parameters on the JV-curves and
performance of the devices, I adjusted the parameters of the RT device iteratively until
reproducing the 50C parameters (see Figure 4.2.19 (a) and (c)). The plot indicates that the
trap density and the characteristic energy dominate the observed changes in FF and PCE while
the increased free mobility values and trapping/recombination capture cross-sections only
result in a small reduction of Voc due to the slightly increased recombination rate, while Jsc
and FF increase due to better charge collection. Using the OghmaNano drift-diffusion model,
I further explored what improvements in device parameters would be necessary to achieve 10
% PCE in a single junction device using DCV-V-Fu-Ind-Fu-V : Ce as the photoactive layer.

Further reducing transport E, to 50 meV yields a large improvement in FF.
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Figure 4.2.19. (a) Simulated fitted JV-curves of the RT and 50C device. Additionally shown are the
JV-curves for the RT device with iteratively changing the generation current (Jgen), the trap symmetry
and density (nap), and the mobility of carriers at the band edge (use.) and the capture cross-section of
the charge carriers (7capture) to the values obtained from the global fit of the 50C device. (b) Simulated
JV-curves visualising the effect of adjusting E, free mobility, trap density and active layer thickness to
achieve 10 % PCE. (¢) PCE corresponding to the simulated JV-curves in (a) and (b). The full list of
modelling parameters can be found in Table 4.2.2.

Comparatively, the influence of halving the trap density and an increased free mobility yields
only small further improvements (see Table 4.2.2 for the full list of simulation parameters).
This reduction in the energetic disorder improves the collection efficiency and allows for the
active layer thickness to be increased to 70 nm. At 70 nm the absorption of the active layer
reaches its first interference maximum leading to an improved Jsc outweighing the reduction

in FF (see Figure 4.2.20 for transfer matrix simulations).
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Figure 4.2.20. (a) Absorption profile calculated using transfer-matrix simulations built-in to
OghmaNano with n, k data obtained by Heliatek GmbH. Note that the interlayer configuration was not
changed and the thickness of doped transport layers that can act as optical spacers was not optimised.
(b) Maximum achievable generation current as calculated from the integrated absorption profiles.

Note that in VP-OSCs the inclusion of doped transport layers as optical spacers can shift the
absorption maximum.# The optical simulations here-in were carried out for the interlayer
configuration of the studied devices without additional optical spacers. This demonstrates the
potential that lies in improving the collection efficiency through morphological and structural

modifications of existing high-performance systems.

4.2.9.Conclusions and Outlook
Morphological optimisation through substrate heating during the vapour deposition of

organic solar cells made from the state-of-the-art material combination DCV-V-Fu-Ind-Fu-V
: Ceo was shown to greatly improve the device performance. Absorption spectroscopy and
GIWAXS measurements revealed that the origin of the improved Jsc lies in the improved
crystallinity and preferential orientation of the donor’s transition dipole parallel to the

substrate for the films deposited at 50°C rather than room temperature.

Substrate heating also led to a substantial increase in FF. To investigate this, I determined the
non-geminate recombination rate constants and effective mobility. Both are highly charge
density dependent characteristic of charge carrier dynamics in the presence of a high trap
density. The origin of the FF improvement lies in the two-fold increase of the effective mobility
related to the reduction in energetic disorder and deep lying tailstates inhibiting charge
transport while the recombination kinetics remained largely unaffected under operational
conditions. The reduced mobility and the slow phase in current transients are tentatively

assigned to amorphous/spatially isolated donor phases that trap holes.
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Our morphological data together with the optical and optoelectronic characterisations suggest
that the phase purity and the decrease in amorphous phase size are key to reducing the
disorder related to charge transport that limits the device FF. Further increasing the substrate
temperature during evaporation may increase the size of crystalline domains leading to further
reduction of the exciton quenching efficiency or cause changes in the molecular orientation
resulting in a loss in absorption. Due to the large anisotropy of the small molecule blends, our
results demonstrate that morphological optimisation of evaporated organic solar cells is non-

trivial but may enable large performance increases.

Simulations revealed that the reduction in intra-gap states without negatively affecting other
aspects of device performance could lead to further significant performance increases in this
state-of-the-art evaporated model system beyond 10 % PCE for single junction devices. This
requires careful morphological optimisation and may further be aided by modifications of the
molecular structure that could aid aggregation e.g. steric groups that have been shown to affect
morphology in blends.8! Further boosting the single junction efficiency of evaporated solar

cells will further raise the prospects of their large scale commercialisation.
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4.3. Analysing Energetics & Kinetics in Evaporated Bulk &
Planar Heterojunctions

4.3.1. Background

4.3.1.1. Multi-Junction Evaporated Organic Solar Cells

Compared to solution processed systems, the collection efficiency (i.e.: poor ‘electronic
quality’) constitutes a major performance limitation for evaporated cells in single junction
devices. In order to maximise light absorption and Jsc, thick active layers are needed. This in
turn limits the FF of VP-OSCs due to the poor collection efficiency in thick active layers.
However, the precise deposition control of VP-OSCs enables the deposition of two-terminal
multi-junctions consisting of multiple thinner organic heterojunctions connected in series by
recombination layers. Such multijunction devices, which are more challenging to fabricate by
solution processing, offer a strategy to increase the collection efficiency of each individual,
relatively thin, sub-cell whilst still achieving efficient light absorption, thereby enhancing

overall device efficiency.

In a two-terminal, monolithic multi-junction device, the current of each sub-cells needs to be
matched while their voltage is added up. Current matching of the individual junctions can be
achieved by using complimentary absorbers and adjusting the thickness of the junctions.
Meerheim et al. demonstrated that even in a triple junction with each junction consisting of
the same donor-acceptor blend (DCV5T-Me:Cq), current matching of the sub-cells can be
achieved by adjusting the thickness of optical spacer layers, recombination layers and the
photoactive layers, making use of strong micro-cavity effects aided by optical modelling.*® As
shown by Kaienburg et al., DCV5T-Me is one of the evaporated donor molecules with
comparatively low voltage losses (for a fullerene system) but poor electronic quality, as also
discussed in Subchapter 4.2.# In a multi-junction device, the reduced junction thickness of
the sub-cells therefore can results in a significant increase of the collection efficiency in the
individual junctions, yielding an improvement of the FF from 65.8 % to 72.4% for the triple
junction compared to a thick single junction.#® Due to the reduced charge generation in the
thin current matched sub-cells, the overall series Jsc is reduced to 4.8 mA/cm? for the
multijunction, compared to 13.2 mA/cm? for the single junction. This still presents an increase
in photon-utilisation as the total generated current added across the three junctions is 14.4
mA/cm?. Together with the tripled Voc (0.96 V vs. 2.79 V) this results in an overall PCE

improvement from 8.3 % for the single junction to 9.7 % for the triple junction devices. When
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the cell area is increased to more than 100 mm?, the differences in the performance between
single and triple junction (7.6 % and 9.5 %) become even larger. This is due to the roughly
three-fold reduction in current leading to lower resistive losses of the device electrode in the
case of the triple junction that has been shown to be a major bottleneck for large area OPV

modules.82

While the complexity of manufacturing increases with each junction, raising the factor of cost
for the commercial application of multi-junctions, the above-mentioned results demonstrate
that the limit posed by the collection efficiency can be effectively mitigated in multi-junctions.
Additional performance increases are possible in multi-junctions that employ complementary
absorbers.83 The published record efficiency for an evaporated multi-junction system is 13.2
% reported in 2016.f However, this remains far off the 19 % threshold that has recently been

breached by solution-processed polymer-NFA single junctions.84-86

4.3.1.2. Challenges for Multi-Junctions

There are two main reasons for the efficiency gap between multi-junction VP-OSCs and single
junction NFA SP-OSCs, both of which are connected to the persistent use of fullerenes as the
acceptor in VP-OSCs due to a lack of high-performing evaporable NFA alternatives.* Firstly,
high performing NFA SP-OSCs benefit from the broad complementary absorption of the wide
gap polymer donor and the narrow bandgap NFA extending the absorption into the infrared
part of the solar spectrum. Members of the Y6 acceptor family, that enabled the current
efficiency records, absorb beyond 900 nm. In contrast to this, high-performing VP-OSCs rely
on wide-gap fullerenes (with an indirect bandgap and low-absorption coefficients) as the
acceptor and the small molecule donor constitutes the low bandgap component. As previously
discussed, synthesising materials with a high level of conjugation while also ensuring
processability by evaporation is non-trivial. Therefore, evaporable small molecule donors
typically do not absorb beyond 800 nm.#87 Notable exceptions are organo-metallic compounds
such as phtalocyanines888° or BODIPY87.90-92 hased donors as well as a family of asymmetric
D-A-A donors®3%4. Understanding the loss mechanisms of these systems together with further
materials innovation will help to address the issue of the absorption onset in multi-junction

systems.

The second fundamental limitation of fullerene-based multi-junction evaporated systems is

related to their open circuit voltage. While Jsc and FF losses may be mitigated by
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monolithically stacking multiple junctions, voltage losses will add up for each sub-cell.
Fullerene acceptors are known to exhibit high voltage losses with both evaporated and
solution-processed donors.38 Solution-processed NFAs on the other hand have been shown to
exhibit reduced voltage losses due to the tunability of their energetics which allows for energy
level matching with the employed donors. Due to the increased exciton lifetime, low offset.
Furthermore, high performing NFA systems allow for efficient charge generation even at low
energy level offset.?89 Kaienburg et al. recently demonstrated low voltage losses in
unconventional planar heterojunctions made up of spin-coated Y6 and evaporated donor
molecules.?® The work demonstrates that in principle low voltage losses comparable to the
highest performing NFA SP-OSCs can be achieved using evaporated donor molecules.
However, the low current density and difficult route to upscaling such a junction may limit the
potential of this approach. For fully evaporated systems, the highest reported efficiencies and
lowest voltage losses are still achieved using fullerene acceptors.38 However, also for a given
fullerene-based evaporated material system, it is possible to improve the open circuit voltage
of a sub-cell in a multijunction device relative to the optimal single junction cells where
approaches to minimise voltage losses need to be weighed up against charge generation and

collection more carefully.

4.3.1.3. Morphology Dependence of the Open Circuit Voltage

Previous reports have shown that V¢ and voltage losses in OSCs can be strongly affected by
the morphology and donor/acceptor ratio of the BHJ. Also, the extreme case of phase
separation in the form of planar heterojunctions (PHJs) has been studied for evaporated (and
a lesser extend solution-processed) systems, with examples in the literature showing both

positive and negative effects for the device Vo relative to their BHJ counterpart.55.80.:92,96,97

Different effects have been invoked to understand morphology dependent changes in device
voltage. The 1 sun Voc can be understood as the sum of an energetic component and a kinetic
component determined by the thermodynamic equilibrium established between charge
generation and non-geminate recombination — both are affected by changes of the
morphology and aggregation. Molecular aggregation and orientation can affect the energy
levels of the organic semiconductors through inductive or electrostatic effects.98-103 In
evaporated PHJs, changes in molecular orientation at the well-defined interface have also
been shown to affect the molecular coupling between donor and acceptor molecules altering

the energy of the lowest observed CT state as well as the CT lifetime.104-106
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While the material energetics of the donor and acceptor material (and crucially the energy of
interfacial CT states) determine the upper limit of the Vo, the equilibrium between charge
generation and non-geminate recombination determines the losses relative to the upper limit
and hence experimentally observed value of the Vic.72197 The degree of phase segregation and
particularly the interfacial area between donor and acceptor domains has previously been
related to the non-geminate recombination kinetics. Vandewal et al. demonstrated that a
reduced interfacial area results in an increase of the Voc.1%8 Other studies linked the
morphology dependent structural disorder to non-geminate recombination losses.32:80.109
Perdigon-Toro et al. also demonstrated that careful consideration of the energetic disorder
and charge carrier built-up is crucial to understand the light intensity and temperature

dependence of the V¢ as a single value for the CT and transport energy level is insufficient.58

Voltage losses relative to the energetic maximum are often characterized using a detailed
balance method with a top-down approach — calculating the losses due to reduced generation,
radiative recombination and non-radiative recombination in turn and subtracting them from
the upper limit of V.19 This requires accurate measurements of CT emission (at low injection
current, obeying quasi-thermal equilibrium conditions) and/or absorption spectra (sensitive
EQE spectra resolving any sub-gap CT features). Here, a bottom-up approach with reference
to the dark equilibrium condition (analogous to the diode equation) is used by combining the
generation current (approximated by the Jsc) with the charge carrier kinetics determined at
open circuit from TPV (lifetime) and DC (charge carrier density).1%” Light intensity dependent
measurements allow for the determination of the apparent recombination order and to take

the effect of energetic disorder and charge carrier accumulation into account.

Combining measurements of the materials energetics with transient optoelectronic
measurements, the voltage losses in thin single-junction VP-OSCs with different active layer
configurations (changing D/A ratio, PHJ vs BHJ) are investigated here-in. While the devices
constitute non-optimal configurations for single-junctions, the observed Voc increases may

offer a pathway to increasing the overall performance of monolithic multi-junction devices.

4.3.2.Contributions
Electroluminescence and Photoluminescence spectra were recorded by Flurin Eisner. Samples

were provided by Heliatek GmbH.
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4.3.3.Device Structure and Performance
The devices studied herein were provided by Heliatek and possess a similar device structure

to those studied in Subchapter 4.2 with the exception of the intrinsic HTL that was chosen
to be a proprietary material with a deeper HOMO than BPAPF to maximise the built-in
potential. The device structure is as follows: ITO/n-Ce/i-Cso/BHJ (2:1 or 1:2, 30 nm) or donor
(5 or 15 nm)/i-HTL/p-HTL/MoOx/Ag (see Figure 4.3.1 (a) and (b)). The 30 nm thick BHJ
layer was deposited at an elevated substrate temperature of 40 °C for both D/A ratios (slightly
lower than the 50 °C in Subchapter 4.2).
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Figure 4.3.1. (a), (b) Device architecture of the BHJ and PHJ devices, respectively. The molecular
structures have been shown in Chapter 3. The intrinsic HTL and the molecular dopants are proprietary
materials of Heliatek GmbH. (¢) JV-curve of the BHJ and PHJ devices at 1 sun light intensity.

Figure 4.3.1 (c) shows the JV-curves of the devices. See Table 4.3.1 for the summary of
the JV-parameters. The 2:1 device shows the highest performance with a Voc of 0.87 V, similar
to the values reported for the same D/A ratio and 25 nm active layer thickness in chapter 5. At
a D/A ratio of 1:2, both the FF and Jsc decreased significantly, while Voc increased
substantially to 0.92 V. This chapter mainly focuses on the observed differences in the device
Voc, critical to maximising performance in multi-junction devices. Observations about the
collection efficiency in analogy with Subchapter 4.2 will be addressed briefly in the
Appendix of this chapter (Appendix IV).

For the PHJs, the overall performance is lower than that of the BHJs likely due to the limited
absorption of the thin donor layer resulting in poor Jsc values. Interestingly when comparing
the PHJs, increasing the donor thickness from 5 nm to 15 nm does not yield a significant

increase of the Jsc. This may indicate that the additional absorption in the thicker donor layer
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does not result in charge generation due to the short exciton diffusion length. At reverse bias,
the photocurrent of the 15 nm PHJ further increases significantly. The dark current density in
Appendix I rules out that this is due to a low shunt resistance. Instead, this may indicate an
additional generation pathway in the thick PHJ possibly related to field dependent charge
generation in the neat donor layer. The TAS results reported in Subchapter 4.2 indicate a
low density of free charges generated in the neat donor film. Finally, regarding the Voc, both
PHJs show an increase compared to the 2:1 device with values of 0.89 V and 0.92 V for the
thin and thick PHJ, respectively.

Table 4.3.1. JV-characteristics of the BHJ (D/A ratio 2:1 and 1:2) and PHJ (donor thickness 5 and
15 nm) devices.

Device PCE (%) Jsc (mA/cm?) FF Voc (V)
BHJ 2:1 7.9 14.3 64 0.87
BHJ 1:2 4.6 10.0 51 0.92
PHJ 5 nm 3.1 5.4 66 0.89
PHJ 15 nm 3.1 6.0 56 0.92

Despite the reduced single-junction performance due to the reduced Jsc and FF, incorporating
sub-cells with increased Voc such as the 1:2 or PHJ devices into a multi-junction may yield an
improved PCE if the added EQE of the sub-cells can match the optimum single-junction Jsc of
the 2:1 device. In the following, the voltage losses in the devices relative to the photovoltaic

gap will be addressed in more detail.

4.3.4.External Quantum Efficiency & the Photovoltaic Gap

To explain the observed trends in photocurrent, EQE spectra were measured for the four

devices (Figure 4.3.2). For the 2:1 vs 1:2 comparison, it indicates that the lower Jsc is

explained by the reduced absorption in the donor region of the spectrum (75 % vs 57 % for the
2:1 and 1:2, respectively) rather than bimolecular losses. The EQE of the PHJ devices in the
donor region is reduced significantly to 25 % and 21 % for the thick and thin PHJ, respectively.
The increase in donor EQE is partially counteracted by the decrease in generation in the

acceptor portion of the spectra for the 15 nm PHJ.
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Figure 4.3.2. (a) External quantum efficiency spectra for the BHJ and PHJ devices. The BHJs exhibit
a moderate field dependence of the EQE. (b) Normalised EQE spectra. , (¢) Derivative of the EQE with
respect to energy illustrating the blueshift of the absorption onset for the 5 nm PHJ and 1:2 BHJ
devices. (d) Normalised EQE on a log-scale with fitted Urbach tails.

Figure 4.3.2 (b) shows the normalised EQE spectra used to assess the absorption onset of
the different devices. To better quantify the absorption onset and the photovoltaic gap, Figure
4.3.2 (b) shows the derivative of the EQE with respect to the wavelength. The photovoltaic
gap is given by the inflection point of the EQE spectra. This has been proposed as a suitable
measure to analyse energy losses relative to the detailed balance limit.!!! While the absorption
onset of the 2:1 device is similar to the previously reported photovoltaic gap for the 2:1 RT
and 50C device in Subchapter 4.2, the 1:2 device shows a clear blueshift of the absorption
onset by about 60 meV — similar to the measured Voc improvement. This indicates that the
morphological changes in the different blend ratios are more severe than those caused by the
alteration in substrate temperature during evaporation that have been discussed in

Subchapter 4.2.
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For the planar heterojunctions, the absorption onset varies for the two different donor layer
thicknesses. While the EQE onset of the 15 nm thick donor layer resembles that of the 2:1
device, the 5 nm thick layer shows a blueshift similar to that of the 1:2 device. A possible
explanation may be that a threshold thickness is needed to yield a level of donor aggregation
found in 2:1 devices and the 15 nm donor layer. A more amorphous morphology within the
first few nanometres of the donor layer may explain the blueshift of the 5 nm device. Note that
potentially spectral shifts in the absorption may also be caused by interference phenomena in
thin films by varying the film thickness. Ellipsometry measurements of thin donor films may
be used to rule this out in the future. In any case, the recorded shifts in the photovoltaic gap

contradict the trends in Voc of the PHJs.

Sensitive EQE measurements often enable the direct determination of a CT energy by fitting
any Gaussian sub-gap features. Figure 4.3.2 (d) depicts the sensitive EQE measurements
on a log-scale. Within the sensitivity of the measurement, no Gaussian sub-gap states are
discernible, and the spectra are best fitted by an exponential tail with an Urbach energy of 44
and 44 meV for the 1:2 and 2:1 (below 1.55 €V) BHJs. It should be noted that the existence of
a CT feature below 1.4 eV cannot be ruled out from these measurements alone. However,
unpublished data from collaborators Clemens Gohler, Maria Saladina and Carsten Deibel
suggest that even with a higher sensitivity (up to 10-°) no CT shoulder becomes discernible in
2:1 BHJs and the spectra are dominated by an exponential tail similar to the donor absorption.
Unfortunately, the encapsulation of the PHJ device failed prior to recording this measurement
resulting in film degradation. Given the reduced interfacial area in PHJs, I expect any CT

feature to be even less pronounced than in the BHJ case.

4.3.5.Analysing Emission Spectra
The photovoltaic gap as determined from the derivative of the EQE is dominated by the optical

gap of the smaller bandgap component (i.e. the donor). It therefore does not necessarily reflect
changes in the energetic offsets of the molecular orbitals (HOMO acceptor - LUMOponor) Or the
energy of the CT state formed at the interface. To probe differences in the interfacial
energetics, electroluminescence measurements were carried out by Flurin Eisner. Due to the
low emissivity of the studied samples, injection current densities in excess of 28 mA/cm? for
the BHJs (> 2 Jsc BHJ) and 70 mA/cm? for the PHJs (> 10 Jsc PHJ) were required to yield a
sufficient signal to noise ratio. The low emissivity as well as the absence of clear CT features in

the BHJ EQE may point towards a low oscillator strength of the involved CT states.
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Normalised spectra recorded at low injection currents can be seen in Figure 4.3.3 (a). The
EL emission of the 1:2 device shows a blueshift relative to the 2:1 device (1.24 eV vs 1.18 eV
at 28 mA/cm?), while their PL emission Figure 4.3.3 (b)) shows the opposite trend (1.38 eV
vs 1.45 eV). The latter implies a larger Stokes shift of the donor exciton in the 1:2 device.
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Figure 4.3.3. (a) Electroluminescence spectra of the PHJ and BHJ devices recorded at 28 mA/cm?
(BHJs), 70 mA/cm? (15 nm PHJ) and 141 mA/cm? (5 nm PHJ). These values correspond to the lowest
injection currents that a spectrum could be resolved at. (b) Photoluminescence spectra. (c), (d) Fitting
of the PHJ spectra to resolve the low energy emission peak.

For the PHJs, the dominance of excitonic emission makes the identification of the CT emission
peak more challenging (compare to the PL in Figure 4.3.3 (b)). The 5 nm PHJ EL obtained
at 70 mA/cm? showed an EL emission peak centred around 1.29 eV (see Appendix II).
Applying a Gaussian fit to the poorly resolved emission spectrum yields a peak position of 1.25
eV, similar to that of the 1:2 device. At 141 mA/cm?, the 5 nm PHJ exhibits a significant
blueshift of the emission (see Figure 4.3.3 (a)). Fitting two Gaussian peaks with a width of
at least 90 meV yields a best fit with peaks centred at 1.25 and 1.34 eV assigned to the CT and

excitonic donor emission, respectively. The fitting restraint was set to avoid fitting to noise
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peaks. It corresponds to a reorganisation energy in classical Marcus theory of about 160 meV
(which is well below the values obtained for the BHJs). The fitting further supports the peak
position determined at the lowest measured injection current that is assigned to CT emission.
The emission peak at 1.34 eV bears resemblance to the PL emission peak of the 1:2 device in
line with the interpretation of the thin donor layer not being sufficiently aggregated to yield a

similar absorption redshift as the thick donor layer.

For the 15 nm PHJ, even at an injection current of 70 mA/cm?2, the emission of the thick PHJ

is clearly dominated by the PL emission of the donor (see Figure 4.3.3 (b)). An

unconstrained fit of two Gaussians (Figure 4.3.3 (d)) shows that the signal can be accurately
fit by a large peak at 1.48 eV (resembling the donor PL) and a 27 times weaker peak at 1.19 eV
(resembling that of the 2:1 CT emission). Again, the fitting of two Gaussians was used to
account for the apparent overlap of the excitonic donor emission (determined from the PL)
and that of the CT state (with a similar position to the low injection current EL. measurements

in the BHJs).

The low resolution of the EL spectra as well as the absence of clear Gaussian features in the
EQEpy make the determination of reorganisation and CT energy difficult — and therefore a
molecular or morphological interpretation of the spectra difficult. While an accurate
determination of the absolute radiative Voc limit (Vocraa) directly from EQEpyv or through
reciprocal conversion of the EL spectra is unreliable here, EL. measurements of the BHJ
devices yield similar line widths of the EL spectra. The peak shift may therefore be used as a
proxy for the change in the radiative limit (AVocaa). This therefore confirms the trend of the
relative changes of the energetic contribution to the Vo, i.e. the change in the photovoltaic gap
determined from the EQE onset, (AVocrad = AEgr, = 70 meV, AE; = 60 meV). Peak fitting
tentatively suggests CT emission peaks at low injection currents for the 15 nm and 5 nm PHJs
similar to those of the 2:1 and 1:2, respectively, in line with what might be expected from the
absorption onset. A more in-depth discussion of the emission data fitting and the EL
dependence on the injection current (an potential links to the device morphology) will be given

in Appendix II and Appendix III, respectively.

4.3.6.Summary of Photovoltaic Gap and Emission Spectra
The peak positions of the low-injection EL and PL emission, photovoltaic gap and Voc are

summarized in Figure 4.3.4 and Table 4.3.2. The increase of Voc for the 1:2 BHJ relative
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to the 2:1 BHJ is consistently explained by the energetic contributions from an increased
photovoltaic gap while the total voltage loss is comparable for both devices (0.86 eV).
Energetic Voc gains — as observed for the 1:2 device — come at the expense of current
generation in the IR region of absorption and therefore would also limit current generation of
the sub-cell in a tandem configuration made up exclusively of 1:2 BHJs of this material

combination.

In the case of the 15 nm PHJ, the increase of Voc cannot be explained with a shift in the
photovoltaic gap. The thick PHJ shows the lowest voltage losses with respect to the EL peak
emission (0.27 vs 0.32 eV for the 2:1 BHJ) and the photovoltaic gap (0.81 vs 0.86 eV for the
2:1 BHJ) while the photovoltaic gap and EL peak have a similar energy. The 5 nm PHJ device
shows the highest voltage losses both with respect to the photovoltaic gap as well as to the EL
emission peak. The small increase in Voc may therefore be explained by the increase in the
photovoltaic gap while contributions from recombination — or possibly shunting due to the

low layer thickness — increase.
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Figure 4.3.4. Comparison of the photovoltaic gap determined from the derivative of the EQE, EL peak
energy and Voc for the 2:1 BHJ, 1:2 BHJ, 5 nm PHJ and 15 nm PHJ. The quantities were chosen for
the comparison due to the uncertainty in fitting the EL and EQEpv spectra to determine the radiative
limit. Additionally, the values obtained from the RT and 50C devices studied in Subchapter 4.2 are
shown. Note that due to the difficulties in fitting the low intensity EL peaks, the values listed below
correspond to EL peak energies rather than Marcus fits of the CT energy.

The total voltage losses are comparable to typical high-performing fullerene SP-OSCs!12:113
and the structurally related DCV-5T:C¢o VP-OSC#°, while NFA SP-OSCs show values of E; -

qVoc as low as 0.53 V determined using the same technique.3884114115 While the energetic
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offset required in fullerene-based devices for efficient charge generation needs addressing, the
above findings illustrate that reducing voltage losses due to non-geminate recombination is
another key challenge for VP-OSCs that may be addressed by PHJ architectures. In the
following, the focus will turn from observations of the energetic component of the Voc to an
assessment of the kinetic contribution from the equilibrium between generation and non-
geminate recombination to explain the reduced voltage losses in the thick PHJ device.

Table 4.3.2 Open circuit voltage, photovoltaic gap, electroluminescence and photoluminescence
emission peak energy, and energy differences for the BHJ and PHJ devices.

Device Voc (V) E, (eV) ExL (eV) Epy E;-qVoc(eV)  Eg-qVoc
(eV) (eV)
BHJ 2:1 0.87 1.73 1.19 1.45 0.86 0.32
BHJ 1:2 0.92 1.78 1.24 1.39 0.86 0.32
PHJ 5 nm 0.89 1.77 1.25 1.43 0.88 0.36
PHJ 15 nm 0.92 1.73 1.19 1.46 0.81 0.27

4.3.7.Non-Geminate Recombination
While there are several studies comparing (mostly evaporated) planar and bulk heterojunction

OSCs, studies linking these differences to transient optoelectronic measurements and non-
geminate recombination kinetics are rare in the literature.55116 Due to the higher Voc of the 15
nm PHJ and the thicker active layer that is expected to reduce the effect of the geometric
capacitance on the optoelectronic measurements, the measurements herein are focused on the
BHJs (2:1, 1:2) and this thick PHJ device. Following a qualitative assessment of the non-
geminate recombination kinetics, this section will focus on a quantitative assessment based

on experimentally determined charge carrier density and lifetime data.

4.3.7.1. Light Intensity dependence of Voc and Jsc

The light intensity dependence of the Jsc (Figure 4.3.5 (a)) can be used to qualitatively

assess the non-geminate bimolecular recombination. Up to 1 sun equivalent illumination, the
good linearity of the photo-current demonstrates that the differences in 1 sun Jsc are a result
of differences in absorption or generation efficiency rather than bimolecular losses. At high
light intensity, all three devices show a sub-linear Jsc as would be expected for a bimolecular
recombination mechanism — with the PHJ maintaining a higher linearity at high light
intensity relative to the BHJs. Between the BHJs, the 2:1 device shows greater linearity,

indicative of reduced bimolecular losses, as may be expected from the higher FF. It should be
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noted that when plotting the linearity of the Jsc in relation with the current generation rather
than the light intensity, the PHJ shows a pronounced bimolecular reduction of photocurrent
at high light levels relative to the 2:1 device (Figure 4.3.5 (b)). This considers the reduced
generation current due to the limited absorption and smaller charge generating interface in
the PHJ device and suggests that at high current densities, the increased charge carrier density
at the interface leads to significant bimolecular recombination in the PHJ despite the spatial

separation of the charge carriers across the well-defined heterojunction.
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Figure 4.3.5. (a) Jsc (left scale) and Jsc linearity (right scale) versus light intensity. (b) Jsc linearity
versus Jsc illustrating the effect of the reduced generation current of the PHJ on the onset of the linearity
drop.

Turning to an assessment of the non-geminate recombination and its influence on Vo, the

light intensity dependence and ideality of the Voc (Figure 4.3.6) shows remarkably similar
ideality factors — close to 1, also indicative of a bimolecular recombination mechanism — for
the PHJ and BHJ devices. This is in contrast to previous reports showing significantly higher
light ideality values for PHJ devices®>92 that had been assigned to the effect of injected
electrode charges dominating recombination at low light intensity.>5 Instead the Voc of the
PHJ studied herein seems to be dominated by bimolecular recombination of photogenerated
charges at the donor/acceptor interface, resulting in the comparable ideality to the BHJ
devices. Importantly, the increased Voc of the 1:2 and PHJ devices compared to the optimal
2:1 single junction BHJ also at light intensities below 1 sun demonstrate their potential to

enhance the total Voc of multi-junctions when paired with lower photovoltaic gap sub-cells.
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Figure 4.3.6. Voc (left scale) and light ideality factor niq (right scale) versus light intensity.
The Voc of PHJs has previously been shown to be independent of the injection barrier of the
contact layers while the built-in potential sets the upper voltage limit in BHJs.96:97 Neither of
the BHJs show any saturation behaviour of the Voc (nia < 1) at high light intensities implying
that the Voc is not limited by the V.

Both BHJs and the PHJ seemingly show similar recombination mechanisms dominated by
photogenerated charge carriers. The reduction of donor-acceptor interfacial area and the
limited absorption within the exciton diffusion length from this area cause a reduction in the
photocurrent for the PHJ device. Relative to the photocurrent, the reduction due to
bimolecular recombination (sublinear behaviour at high light intensity) is interestingly not
reduced, which may point towards a high charge carrier density built-up at the D/A interface.
Also, the effect that the inhomogeneous charge carrier distribution has on the electric field and
hence drift of carriers away from the charge generating interface of the PHJ could be further
addressed by drift-diffusion simulations. Qualitatively, increasing generation at the interface
could lead to an increased screening of the field due to the built-in potential at short circuit
conditions and consequently a slower drift transport away from the interface. To quantify the

non-geminate recombination rates TPV, DC and CE measurements were carried out.

4.3.7.2. Correcting for Capacitive Effects in BHJs and PHJs

In Subchapter 4.2, the comparison of the charge carrier kinetics of BHJs with different
active layer morphology and thickness showed that the kinetic approach to quantifying Voc
can reliably reproduce the measured Voc. The method has also been applied to the study of
PHJ devices in the past.55117.118 However, the application of the experimental method as well

as the interpretation of the results to understand non-geminate recombination kinetics in PHJ
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systems is not straight forward. Crucially, the assumption of a homogeneous charge
distribution in an effective medium (the BHJ) can no longer be upheld.>> Furthermore, the
small device thickness and the resulting capacitive effects need to be taken into account. This
section will focus on addressing these technical issues prior to discussing the results and the

interpretation of the non-geminate recombination kinetics.

In Subchapter 4.2, it was demonstrated that for the evaporated BHJs the charge carrier
densities determined by CE and DC are in excellent agreement. Before analysing the
recombination current and its impact on Voc, the applicability of the experimental techniques

to PHJs is investigated here.

Figure 4.3.7 (a) and (b) show the total differential capacitance of the PHJ and BHJ devices,
respectively, as well as the corrected active layer capacitance. All three devices can be well
fitted using a combination of a constant geometric capacitance and an exponential chemical
capacitance. For the BHJs, the values of the geometric capacitance are in good agreement with
the values obtained for the same interlayers in Chapter 4 and consistent with a model that
considers the undoped interlayer capacitance to determine the overall geometric capacitance.
The value obtained for the much thinner PHJ exceeds the expectation of the proposed model,
potentially due to a higher error on the layer thickness or other factors influencing the dark

equilibrium charge density in the device.

Nevertheless, the exponential portion of the differential capacitance can be used to calculate
the active layer charge (plus intrinsic interlayer charge) by integration as discussed above. This
can then be compared to the value determined by charge extraction upon correcting for the

capacitive charge. Figure 4.3.8 (a) shows the PHJ’s total charge together with the

capacitance corrected charge at Voc as well as the charge determined from charge extraction
at an applied bias in the dark. The latter was used to calculate the capacitive correction term
as previously discussed. It illustrates that the excess photo-generated charge at open circuit as
determined by charge extraction does not significantly exceed the injected charges in the dark
at an applied bias. This has previously been observed for other PHJ devices.!!” Fitting the data
using a linear geometric and an exponential term yields a significantly different result from
the value obtained by differential capacitance measurements also shown in Figure 4.3.8 (a).
Figure 4.3.8 (b) shows the charge extraction results of all three devices including the fitting

of the linear geometric charge term.
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Figure 4.3.7. (a), (b) Total differential capacitance (Cia1) and active layer capacitance (Car)
determined by subtracting the geometric capacitance (Cgeo) for the PHJ and BHJ devices, respectively.
The fitted ideality factors of the devices were determined to be 10.1 V-1, 11.0 V-1 and 10.2 V-1 for the
PHJ, 2:1 and 1:2 device respectively.

Both datasets — CE and DC — are self consistently fit with differing values for the geometric
capacitance (6.1 vs 9.5 nF for the PHJ and 4.0 vs 4.5 nF for the BHJs determined by CE and
DC, respectively). As previously discussed, charge extraction may be subject to a significant
third capacitive term caused by surface charges induced by a highly inhomogeneous charge
distribution.!’® While CE is accompanied by a bias switch from open circuit to short circuit
and consequently includes this contribution, the device is kept under open circuit conditions
with just a small voltage perturbation during the TPV experiments used to calculate the DC.
Such surface charge effects would be particularly severe in the case of a PHJ where the
majority of the hole and electron population are separated across the junction.>> Therefore,
the DC results were used for further analysis of the PHJ results consistent with previous

studies.118

For the BHJs, DC and CE yield very similar gradients but show an offset between the two
measurements as shown in Figure 4.3.9 (a). Discrepancies between the measurements may
arise from overestimation of the DC for devices with field dependent generation (discrepancy
between the integrated charge measured by TPC at short circuit and the charge generated by
the laser at open circuit) or underestimation of the CE due to incomplete integration of the

charges or recombination losses during extraction.
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Figure 4.3.8. (a) Charge extraction results of the 15nm PHJ device illustrating the correction for the
linear geometric charge term. Also shown is the result from differential capacitance measurements with
a significantly different slope parameter and overall charge. (b) Charge extraction results for the PHJ
and BHJ devices including the corrected charge. The ideality factors of the charge vs Voc were
determined to be 5.7 V-1, 10.7 V-1 and 9.8 V-1 for the PHJ, 2:1 and 1:2 device, respectively.
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Figure 4.3.9 (a) Side-by-side comparison of the spatially averaged charge carrier density determined
from charge extraction and differential capacitance measurements. The fitted ideality factors of the
devices were determined to be 10.1 V-1, 11.0 V-1 and 10.2 V-1 for the PHJ, 2:1 and 1:2 device
respectively. (b) TPV lifetime and active layer lifetime value calculated as previously shown!!8. The
fitted exponentials were used for the Voc reconstruction. The fitted ideality factors of the devices were
determined to be 22.6 V- and 23.6 V-1 for the PHJ and BHJs, respectively.

In the following, the charge density determined from DC will be used for the analysis because

the influence of induced surface charges is expected to be minimal here.

Figure 4.3.9 (b) shows the measured TPV lifetime of the PHJ and BHJ devices. The TPV

lifetime was corrected by applying the capacitive correction as set out by Credgington et al.

(tar = Trpy - (Car/Cgeo ))- The capacitance corrected lifetime multiplied by the experimentally
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determined recombination order together with the charge carrier density determined from

differential capacitance were used to calculate the loss current. Figure 4.3.10 (a) shows the
comparison of the calculated loss current with the experimentally determined Jsc at various
light intensities. The fitting parameters of the DC average charge carrier density and the
corrected lifetime (see Table 4.3.3) were used to reconstruct Voc as shown below in Figure
4.3.10 (b).

Table 4.3.3. Fitting parameters and ideality factors derived from the relationship of the charge carrier
density and lifetime with Voc. Additionally, the calculated recombination order § and the ideality factors

determined from the optoelectronic measurements as well as from the light intensity dependence of the
Voc around 1 sun equivalent illumination are shown.

no (102em3)  y(V1l) 1) B(VY o) Nid kin DNid

2:1 1.90 11.0 1000 23.6 3.15 1.07 1.0

1:2 1.75 10.2 3000 23.6 3.31 1.10 1.1
PHJ 15nm 2.60 10.1 1900 22.6 3.23 1.13 1.1
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Figure 4.3.10. (a) Comparison of the calculated loss current and Jsc at varying light intensity. The
bars on the right axis show the percentage deviation between the two values.

The loss current deviates by less than 20% from the Jsc. Reconstructed and experimental Voc
differ by less than 5 mV — with the ideality of the reconstruction in excellent agreement with
experiments above 10% sun. Below this value, the effect of the shunt resistance starts to
dominate. Overall, this demonstrates the validity of the experimental procedure in
determining spatially averaged recombination kinetics. Note, that a field dependent reduction
of the generation current between short circuit and open circuit conditions will affect the Jsc
and the small perturbation charge determined from TPC the same (used for the determination

of the charge carrier density by DC). Its influence on the reconstructed Vo therefore cancels
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out and the DC determined charge carrier density may therefore be overestimated by the

percentage of geminate reduction of the generation current.

4.3.7.3. Kinetic Contribution to Voc

After demonstrating the validity of the experimental method in determining a spatially
averaged charge carrier density and the corresponding active layer charge carrier lifetime, this
section will turn to an interpretation of the measurements for BHJ and PHJ devices to explain

differences in non-geminate recombination kinetics and relate these to changes in the Voc.

Firstly, the comparison of the dependence of the charge carrier density on Voc (see Figure
4.3.11) between the BHJs reveals an apparent shift along the voltage axis by about 80 meV
for the 1:2 BHJ with similar values of the characteristic energy (45 meV and 49 meV for 2:1
and 1:2, respectively) calculated from the exponential scaling factor y. This interpretation
assumes an effective medium approach and a spatially homogeneous charge carrier density
across the active layer. The values are similar to those determined from fitting the exponential
tail of the EQE (42 meV and 44 meV for 2:1 and 1:2, respectively). Compared to the increase
in the photovoltaic gap and EL emission peak energy described above, a larger shift in the

charge built-up is observed (60 vs 80 meV). To visualise this, Figure 4.3.11 (b) shows the

data from Figure 4.3.11 (a) with a rescaled x-axis by the energy of the EL peak emission

(again, this is done because the lowest injection current EL spectra could not be fitted reliably
using Marcus theory to determine Ecr and Acr as set out by Vandewal et al!20:121). It should be
noted that the charge carrier density measures an effective gap that is also influenced by the

combined width of the DoS rather than the single energetic value.

Simultaneously, there also appears to be a change in the recombination kinetics signified by a

smaller shift of the lifetime versus the Voc (~50 meV) as shown in Figure 4.3.12 (b). Plotting

the lifetime versus the spatially averaged charge carrier density consequently shows a

reduction in the carrier lifetime at equal charge carrier densities (Figure 4.3.12 (b)). Using

the simple kinetic model outlined previously,'%” the lifetime reduction by a factor of 2.2
together with the decrease in generation current (approximated by the Jsc) results in a kinetic
Voc loss of about 30 meV. Combined, these observations consistently explain the observed

increase in Voc.
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Figure 4.3.11. (a) Spatially averaged charge carrier density versus Voc determined from DC
measurements. The arrows signify changes relative to the 2:1 device. (b) Equivalent data plot with the
x-axis rescaled by the position of the EL emission peak to illustrate the changes of the effective electronic
bandgap relative to the change in the photovoltaic bandgap and the EL emission (both shifted by ~50-
60 meV from 2:1 to 1:2).
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Figure 4.3.12. (a) Small perturbation lifetime determined from TPV versus the open circuit voltage.
(b) Charge carrier lifetime versus the spatially averaged charge carrier density. The arrows in both plots
signify changes relative to the 2:1 device discussed in the main text.

For the PHJ, the charge carrier density and lifetime are shifted towards a higher potential by
about 50 and 65 mV, respectively, relative to the 2:1 BHJ. This results in an overall increase
of the charge carrier lifetime by a factor of 1.6. Together with the reduced generation current
(6.0 vs 14.3 mA/cm?) this means a kinetic Voc decrease of less than 10 mV despite the longer

lifetime and a net increase of 40 mV similar to the experimental observation.

4.3.8.Interpretation of Energetic and Kinetic Results
The assumption of a (spatially homogeneous) charge distribution in an effective medium as

employed for BHJ devices is clearly not valid when considering the case of a PHJ and its
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spatially separated hole and electron populations (as would be expected for a significant EA
and IP offset where injection of minority carriers across the junction is expected to be low).>5
An apparent shift in the measured effective bandgap of PHJ devices can therefore not be
understood directly as a shift in interfacial energetics as in the case of the BHJs where shifts
in EL emission and photovoltaic gap show similar trends and magnitudes to the shift in the
effective electronic gap. Furthermore, also the slope parameter of the charge carrier density
does not reflect a measure of the energetic disorder alone but is also influenced by the charge

carrier distribution.

Assuming instead — based on measurements of the photovoltaic gap as well as the fitted EL
emission peak — that the energetics at the donor/acceptor interface resemble those of the 2:1
device, a shift along the voltage axis is instead explained by a change in the interfacial area
itself. As derived by Cheyns et al. the Voc in a PHJ device primarily depends on the charge
carrier density at the interface besides the interfacial energetics.!22 The reduction in charge
carrier density at equivalent Voc can therefore be explained by the PHJ’s reduction in
interfacial area and spatial separation of holes and electrons compared to the 2:1 BHJ% —
essentially an increased charge carrier density per unit interfacial area while the involved
interfacial energy values remain unchanged. At the same time the lifetime shows an
approximately five-fold increase at the equivalent Voc which suggests that there is a reservoir

of charges away from the interface not directly contributing to recombination.

Qualitatively, the lifetime versus Voc data resembles the observations by Vandewal et al. for
BHJs with controlled interfacial area.!%8 By using blends with a low donor loading (1 to 10 %)
they ensured that the CT energy remained unchanged but observed an increase in the Voc and
an apparent lifetime shift along the voltage axis. This lifetime change therefore does not imply
a change in the nature of the CT states that the recombination proceeds through but rather a
change in the encounter rate of carriers that is dependent on the interfacial area and the

density of such CT states.

The data shown here-in demonstrates that an understanding of the transient optoelectronic
data requires a reference of the involved energetic levels in order to distinguish between an
increase of the effective electronic gap caused by changes to the interfacial area (PHJ vs 2:1)
and those caused by changes in the involved energy levels (1:2 vs 2:1). The former has been

shown here to lead to a reduction in voltage losses, while the latter leads to an increase in the
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open circuit voltage due to material energetics while the voltage losses relative to that remain

similar. Nevertheless, the lifetime analysis is suitable to analyse voltage losses in the devices

4.3.9.Potential for Multi-Junction Performance Increases

In this section, rough estimations of possible performance increases in multi-junction cells
based on DCV-V-Fu-Ind-Fu-V:Cso PHJs, 2:1 and 1:2 BHJs will be discussed to show the
potential of multi-junctions to alleviate limits set by the collection efficiency while also
allowing for high photon conversion efficiencies. Multi-junction systems are highly complex
and while commercial products including such device architectures are available, the
academic literature is limited to a few examples.*>:33 Consequently, it is difficult to predict

based on literature how single-junction performance may translate to multi-junctions.

The benchmark for any comparison is the 2:1 BHJ device with its higher single-junction
performance. Table 4.3.4 lists the corresponding figures of merit of the 2:1 BHJ as well as
the values for the 1:2 and PHJ devices. EQE values quoted here correspond to the maximum
EQE in the donor region. Below that, Table 4.3.4 lists values for hypothetical triple junction
configurations — firstly considering triple-junctions made up of three 2:1, 1:2 or PHJ sub-cells.
The hypothetical figures of merit were estimated as follows:

Table 4.3.4. Single-junction and estimated multi-junction device performance for different device

architectures. The assumptions made for the calculation are discussed in the text. EQE values marked
with an (¥) are values of the average EQE above the photovoltaic gap.

Stack Voc(V) Total EQE(%) mﬁg my FF PCE%)
2.1 0.87 74 14.1 65 7.9
1:2 0.92 57+ 10.0 51 4.6
PHJ 0.92 26* 6.0 56 3.1
2:1/2:1/2:1 2.61 65 47(141) 70 8.6
1:2/1:2/1:2 2.76 65 44(13.1) 60 7.3
1:2/1:2/2:1 2.71 65 47(141) 60 7.6
PHJ /PHJ /PHJ  2.79 65 47(141) 66 8.7
IRD/2:1/2:1 226  65(30inIR) 59(17.7) 70 9.3

Based on the experience by Meerheim et al., voltage losses caused by the recombination layers
are low, especially when including a reduced sub-cell voltage due to decreased generation

density in each sub-cell. For this study, such limitations will be ignored. The current
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generation in multi-junctions is highly dependent on interference effects. The optimisation of
active layer and interlayer thickness goes beyond the scope of this study. Instead, an average
total EQE summed over all sub-cells of 65 % is assumed (see Figure 4.3.13 (a)). In the case
of the 2:1 device this corresponds to the single-junction Jsc. This is a conservative estimation
as demonstrated by Meerheim et al.#° Especially in Ceo region of absorption, the overall EQE
may in fact exceed the single-junction current generation and micro-cavity effects may lead to
an improved absorption in the low-energy tail. Exact predictions of the FF of the triple-
junction are difficult as they depend on both the generation density as well as the thickness of

the sub-cells. An estimate is made here-in by determining the FF of the single-junction BHJs

as a function of light intensity (Figure 4.3.13 (b) - (d)). By measuring the FF at the light
intensity corresponding to the generation rate of a sub-cell (one third of the overall generation
rate), reduced non-geminate losses during collection are accounted for. An increase from 65
% to 70 % for 2:1 device and 51 % to 60 % for the 1:2 device is assumed based on this analysis.
For a further discussion of the origin of the reduced FF in the 1:2 device and its increased
light intensity dependence, please see the Appendix IV of this chapter. The effect of changing
sub-cell thickness remains unaccounted for here. The fact that current matching must be
achieved not only for short circuit conditions but also at MPP introduces additional

uncertainty in some of these estimations.

The 2:1 triple-junction shows an increased performance relative to the single-junction. It also
outperforms the 1:2 triple-junction since voltage gains are offset by current losses and the
additional limit due to the lower FF. The reasonable estimates of the triple-junction
performance relative to the single-junctions illustrates how the collection efficiency

limitations can effectively be mitigated.

Another realistic scenario to find a balance between current and voltage losses would be a
combination of sub-cells with different D:A ratio (or ideally of sub-cells with different
photovoltaic bandgaps). Here, due to the lower FF, this does not give an advantage over the

2:1 triple-junction.

The case of the PHJ triple-junction differs from the above. Here, the current that would need
to be achieved by the individual sub-cells is close to that of the single-junction PHJ at 1 sun.
Optimistically, it was assumed that through the application of optical spacers, a total EQE of

65 % is achievable and an optimistic FF of 66 % was assumed (equivalent to the 5 nm PHJ).
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In such a scenario, a small performance increase over the 2:1 triple-junction could be achieved

thanks to the increased sub-cell voltage.
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Figure 4.3.13. (a) Total EQE and corresponding integrated current density of different hypothetical
multi-junction combinations. (b) Fill factor as a function of light intensity for the BHJ devices. (c), (d)
Light Intensity dependent JV-curves of the 1:2 and 2:1 device, respectively.

By far the most significant increase in efficiency, however, would be achieved by using

complimentary absorbers, ideally into the infra-red part of the solar spectrum. Figure 4.3.13

(a) shows hypothetical extensions to the absorption spectrum and the corresponding Jsc
increases. To the best of my knowledge, an evaporable high-performing donor material with a
bandgap as low as 1.38 eV has not currently been published. It roughly corresponds to the gap
of Y6. A complimentarily absorbing sub-cell even with a modest EQE of just 30 % in the IR
could significantly boost efficiency of the triple-junction as shown in Table 4.3.4. In the
absence of IR depositing a hybrid solution-

absorbing evaporated donors,

processed/evaporated bilayer as demonstrated by Kaienburg et al. could potentially be applied
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here (leaving the question of scalability aside for the time being).38 In the absence of

evaporable materials absorbing far into the IR, such approaches should be further explored.

4.3.10. Conclusion

While limits of the collection efficiency can be mitigated by the application of multi-junction
devices, voltage losses pose a more fundamental limit to the efficiency of VP-OSCs. This poses
the question whether non-optimal single-junction device structures may result in increased
photovoltage in multi-junctions. The material system studied here-in shows voltage losses
representative of fullerene-based material combinations. Changing the donor-acceptor ratio
from 2:1 to 1:2 as well as using a PHJ architecture was shown to increase the Voc (by 50 mV
and 60 mV, respectively). In the case of the 1:2 donor-acceptor ratio, the voltage increase
correlated with a change in material energetics and the effective bandgap while voltage losses
due to non-geminate recombination remained unchanged. For the PHJ, the measured
photovoltaic gap and the EL emission peak matched that of the 2:1 device suggesting that the
voltage increase is related to a reduction in non-geminate losses. Indeed, a lower
recombination rate was measured experimentally and related to the limited donor-acceptor
interface. An overall lower volume-averaged charge carrier density is required to support the
QFLS at the limited interface and additional charges accumulate inside the PHJ outside of the
effective recombination radius, overall slowing down the measured recombination kinetics.
The results suggest that the application of PHJs could effectively increase the open circuit
voltage when appropriate contacts are used, and the main recombination channel is
bimolecular recombination of photogenerated charges at the donor-acceptor interface.
Nevertheless, the performance of PHJ devices, also when used in a multi-junction, suffers
from the low exciton diffusion length and the reduced FFin thicker junctions that is tentatively
assigned to a field dependent generation mechanism in the neat donor away from the donor-
acceptor interface (or potentially at the donor-HTL interface). While the proposed generation
in the neat film partially mitigates the limitations of the low exciton diffusion length at Jsc, the
resulting low FF limits the device performance. Novel donor molecules optimised for their
exciton diffusion length and ideally IR-absorption could further boost multi-junction
performances. The application of PHJs would alleviate the need for optimising the donor
aggregation in BHJs and has the potential of enabling high Voc. Ultimately, replacing fullerene
acceptors in VP-OSCs could help further reduce voltage losses. Synthesising small molecule

acceptors and infrared absorbing donors “that fly” remains a veritable challenge! Additionally,
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higher sensitivity electroluminescence and external quantum efficiency spectra may help
further elucidate the origin of the voltage losses, spectral linewidth and their relationship with
interfacial area and disorder — a topic hotly debated in recent literature.7280.109,123-125
Correlating this with morphological evidence as shown in Subchapter 4.2 may also allow to
elucidate the molecular origin of the behaviour. Further data and possible corresponding fits
are shown in Appendix III together with a tentative explanation for the observed

measurements.

Appendix
Appendix I: Dark JV-Curve
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Figure 4.3.14: Dark JV-curves of the PHJ and BHJ devices illustrating that the large gradient in the
PHJ light JV-curves cannot be explained by an excessive leakage current.
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Appendix II: Fitting of 5 nm PHJ Electroluminescence
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Figure 4.3.15: Fitting of the 5 nm PHJ electroluminescence emission spectrum recorded at 70
mA/cm?2. The raw data was fitted yielding an emission peak of 1.254 eV and a width of the emission
peak of 0.116 eV (corresponding to a values of Ect = 1.50 eV and Acr = 0.25 V)

Appendix III: Electroluminescence Fitting Details

As previously described, the low emissivity and high noise of the recorded electroluminescence
spectra makes the accurate fitting of Markus theory parameters (CT energy Ecr, reorganisation
energy A, oscillator strength f) unfeasible. In the main text, the energy at the emission peak is
quoted (equivalent to Ecr - A in basic Marcus theory)!20.Additionally, EQEpv spectra did not
show a clear Gaussian feature in the sub-gap region. To try and elucidate the CT energy and
reorganisation energy and offer a potential interpretation of the energetic data shown here-in,
the electroluminescence, photoluminescence and EQEpy were fitted simultaneously for the
two BHJ devices. This has been proposed to offer a more robust way of determining the
involved parameters.!1° By using standard Marcus theory as proposed by Vandewal et al.120.121
effects of disorder,”2123 CT states manifold,!2* or high frequency vibrations!2¢ are ignored and
therefore the values determined for the CT and reorganisation energy should not be over-
interpreted. Figure 4.3.16 (a) and (b) show the fitting of the reduced EL and EQEpv spectra
and Figure 4.3.16 (c) and (d) of the PL and EQEpy for the 2:1 and 1:2 BHJ, respectively.

Note, that fitting the spectra presented a challenge due to the challenging background
correction of the emission data in the region of the high energy tail. Improved noise of the
spectra as well as temperature dependent measurements are necessary to elucidate the

contribution of static disorder to the line broadening. This is particularly important as the
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values for the linewidth and correspondingly the reorganisation energy fitted here are high

compared to other previous reports.
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Figure 4.3.16: Normalised reduced EL and EQEpy spectra ((a) and (b)) and PL and EQEpy spectra
((c) and (d)) of the 2:1 and 1:2 BHJ, respectively. (a) shows the 2:1 EL obtained at injection currents
of 14 and 35 mA/cm?2. Due to the reduced noise, the EL is fitted to the higher injection current. Note
the fitting of the PL emission being focused on the high energy tail. The PL spectra are well described
by a weighted sum of this high energy tail and the EL emission for both BHJs.

Table 4.3.5 lists the fitting parameters. Reasonably good overall fitting results can be
achieved by fitting the CT emission and EQEpv spectra with the same reorganization energy
and a shifted Ecr. Especially the excitonic feature of the EQEpy (also visible from the shape of
the EQE onset) and the larger Stokes shift suggests a broader linewidth of the excitonic state
parameterised here as an increase in reorganisation energy (but could be argued to stem from
a disorder term instead). Meanwhile the energy of the S1 state is rather similar for the two
devices studied here. Drawing a parallel to the similar Urbach energies determined for the
absorption tail and the linewidth of either of the two states may be misleading since the Urbach

energy is convoluting the absorption of both states.
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Table 4.3.5: Fitting parameters used for the fitting of the CT and donor excitonic (S1) emission and
absorption in Figure 4.3.16 and Figure 4.3.17 (marked with *). The two different fittings of the 1:2
BHJ device illustrate the challenges in giving the correct interpretation of the origin of the

Device Ecr (eV) Act (eV) Es1 (eV) As1 (eV)
2:1 BHJ 1.473 0.288 1.68 0.151
1:2 BHJ 1.523 0.288 1.69 0.223
1:2 BHJ* 1.477 0.242 1.69 0.223
(a)
102 —EL
—EQE.,
—EL CT fit
100l - - EQE CT fit
- - EQE 51 fit

aJ EQE S1 + CT fit

Normalised Reduced EL or PL

104 s X L \ \
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Figure 4.3.17: Alternative fitting assuming similar Ecr in the 1:2 BHJ as determined for 2:1 above
with a changing reorganisation energy to illustrate the difficulty in determining the fitting parameters
reliably. Here a larger weighting is given to the high energy tail of the CT emission justified by the poor
background correction.

To illustrate the difficulty in fitting especially the high energetic tail, another scenario with
similar CT energy but varied reorganisation energy was fitted for the 1:2 BHJ. Again,
reasonably good agreement an be found through rescaling the EQEpy to reproduce the Stokes
shift as a result of the changed reorganisation energy. In conclusion, the quality of the data
and the fact that the CT absorption cannot be clearly distiguished makes such analyses prone

to errors and overinterpretation. The position and the estimated linewidth of the emission
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peak and the fitted Urbach energy do however allow to give a rough estimate for the shift in
the radiative Voc limit (AVoc, raa). A shift of a similar order as the shift of the absorption onset
and thereby allows for the interpretation of the kinetic and energetic contribution to voltage

losses as described in the main text.

Appendix IV: Varying the Injection Current

As previously noted, reliably fitting the EL spectra recorded at low injection currents presented
a challenge. Differentiating between contributions from dynamic and static line broadening
additionally would require the collection of temperature dependent data.!1° Different studies
have recently found static disorder of the CT states to be linked with increased non-radiative
recombination.3280 Previously, effects of energetic disorder have also been studied by

observing the injection current dependence of the EL spectra.123.127,128

Figure 4.3.18 shows the normalised injection-current dependent emission spectra of the 2:1

and 1:2 BHJ devices (deposited at 40°C), the 5 nm and 15 nm PHJ devices as well as the two
2:1 BHJ devices studied in Subchapter 4.2 (deposited at RT and 50°C). The BHJs studied
in Subchapter 4.2 exhibit a comparable EL peak intensity and optical gap compared to the
2:1 BHJ studied in this chapter, despite the changing morphology. As previously discussed,
the EL of the bilayers was dominated by the emission of the donor excitonic state even at low
injection currents. Interestingly, at increasing injection currents also BHJs show a shift in the
emission peak that is most pronounced in the 2:1 devices deposited at elevated substrate

temperatures (40 °C and 50°C). Figure 4.3.19 (a) summarises the peak shift of the EL

emission also in relation to PL spectra dominated by the donor excitonic emission. The
magnitude of the observed emission peak shift, especially for the PHJs and the 2:1 BHJ
deposited at 50°C, seem to suggest the origin of the emission shift to lie in the increase of
donor PL spectra as the devices no longer are in quasi-thermal equilibrium. A state-filling
picture of an exponential DoS leading to an EL peak shift would predict much lower peak shifts

than those observed in the 2:1 devices.123

Since no absolute EL or PL data could be recorded due to equipment limitations, a comparison
of the EL quantum efficiency across the devices is not possible here. However, the change in
integrated emission peaks divided by the injection current density can be used to compare the
relative change in emissivity for different injection currents throughout the devices. Figure

4.3.19 (b) shows the EL quantum efficiency versus the injection current normalised to the
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value at the highest injection current. For the PHJs and 2:1 devices this further supports the
interpretation of an increasing excitonic emission character since the emission yield of
excitonic states is expected to exceed the weakly emitting CT states (quantification of the
oscillator strength of both transitions from fitting of the excitonic and CT EQEpy feature is
unreliable here). Only the 1:2 BHJ exhibits a near constant EL quantum efficiency as well as
the smallest EL peak shift. It is also the only BHJ device exhibiting a significant blue shift in

absorption and emission spectra.

In Subchapter 4.2, the increase in crystallinity and domain size when depositing devices at
an elevated substrate temperature were confirmed by means of GIWAXS and RSoXS data.
Such an increased domain size and decrease of amorphous donor domains would be expected
to result in a reduction of the donor/acceptor interfacial area. Building on this structural
information, a trend of EL peak shift and increase in emissivity with decreasing interfacial
area becomes apparent. The changes are most pronounced for the fully segregated 15 nm PHJ,
followed by the 2:1 50C, 2:1 40C and 2:1 RT device. Despite the changing behaviour at
increased injection current density, the three BHJ devices present a similar photovoltaic gap,
lowest injection current EL peak and Voc — demonstrating that the behaviour at high injection
current densities does not affect the Voc under 1 sun conditions. Only the PHJ device benefits
from the changing interfacial area and shows an increased Voc. This further demonstrates that
while the transport properties vary between the different 2:1 BHJs (as evidenced by the
differing FF), the donor aggregation even in the 2:1 RT BHJ is sufficient to dominate the
(radiative) recombination under device operating conditions (as evidenced from the similar

emission peaks).

The 1:2 device presents a different case. It could be postulated that the decrease in donor
content leads to the donor forming poorly phase separated amorphous phases without the
redshift in absorption and EL peak intensity observed in the 2:1 devices or PHJ. This would
further explain the observations of the increase in a slow current transient as described in

Appendix V to explain the reduced FF in the 1:2 devices.
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Figure 4.3.18. Normalised electroluminescence and photoluminescence emission spectra for the BHJ
and PHJ devices studied in this chapter as well as the BHJ devices studied in Chapter 3 (RT and 50C).
The dashed lines are a guide to the eye marking the position of the low injection current EL and PL
emission peaks as well as their shift relative to the 2:1 40C BHJ device (for the 1:2 BHJ and 5 nm PHJ).
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Figure 4.3.19. (a) Shift of the electroluminescence peak position as a function of injection current
(equivalent to current densities of 28 to 422 mA/cm?) together with the position of the
photoluminescence emission peak. (b) Normalised EL quantum yield versus the injection current. The
values were calculated by integrating the EL emission peaks and normalising by the value obtained at
the highest measured injection current.

Appendix V: Origin of Fill Factor Limitations

Besides the increased recombination rate in the 1:2 BHJ relative to the 2:1 BHJ shown above,
the lower FF and its stronger light intensity dependence can be related to a reduced mobility.
Similar to the discussions in Subchapter 4.2, a more pronounced slow phase in short circuit

current transients was observed for the 1:2 devices as shown in Figure 4.3.20. The fitted

biexponential decays were used to calculate the charge extracted in each of the two phases.

The results are plotted in Figure 4.3.21. While the charge collected in the fast phase is

similar for both devices and shows an approximately proportional increase with short circuit
current density, the charge collected in the slower phase is significantly increased in the 1:2
BHJ and both devices exhibit a lower slope. The behaviour of the fast phase is indicative of a
charge carrier density independent mobility. The latter would indicate an increasing mobility
as tail states fill up. In Subchapter 4.2, such behaviour was assigned to electron and hole
extraction, respectively. An increase in the abundance of amorphous, poorly percolated donor
phases could lead to slower current extraction. Similarly, the 1:2 BHJ is expected to exhibit an
increase in isolated and/or amorphous donor phases. The reduced FF and collection efficiency
is therefore assigned to this observation in analogy with Subchapter 4.2. This is also in line
with the observed blue shift in absorption and emission that may be expected from amorphous

donor domains.
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Figure 4.3.20. Charge extraction transients recorded upon switching off the LED light source while
the device is kept at short circuit. The transients were recorded at different short circuit current density
values of roughly 0.8, 3.5, 14 and 45 mA/cm? ((a), (b), (¢) and (d), respectively). Fits representing
biexponential decays are shown in dashed lines.
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Figure 4.3.21. Extracted charge in the slow and fast phase of the current transients shown above for
the 2:1 and 1:2 BHJ. The dashed line signifies a proportionality between the extracted charge and the
short circuit current density (equivalent to a power law exponent of 1). The charge extracted from the
slow phase exhibits a reduced power law exponent indicative of a charge carrier density dependent
mobility related to the filling of tailstates.
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4.4. Summary of Results for DCV-V-Fu-Ind-Fu-V:Ceo
To conclude the study of evaporated solar cells based on DCV-V-Fu-Ind-Fu-V:C60, Figure

4.4.1 depicts the main conclusions on the relationship between morphology and device
functionality. Aggregated donor domains are present in all devices (even deposited at room
temperature) except the 1:2 donor acceptor ratio. They cause the observed redshift of the EL
emission and absorption and govern the Voc. Meanwhile the presence of amorphous and
isolated domains controls the charge collection efficiency due to the slow transport in these
energetically disordered domains. The morphology dependent blueshift of the EL emission
with increasing injection current appears to correlate with the degree of phase separation.
Rather than a state filling effect as previously demonstrated for disordered systems, 28 a shift
from CT emission to excitonic emission was observed that may point to emission occurring
from non-equilibrated states in the case of highly phase separated (in the extreme case a PHJ)
devices. This observation is similar to the previously reported EL shifts in disordered systems

of DPI and DBP blended with Ce.123
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Figure 4.4.1 Schematic depiction of the morphological characteristics and their relation to device
functionality.
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5.Blends, Bilayers, Single Component: Solution-
Processed Devices

5.1. Introduction

While the previous chapter focused on the limitations of scalable VP-OSC solutions, this
chapter will revolve around solution-processed organic solar cells (SP-OSC) and the study of
their fundamental material properties in single component, planar heterojunction and bulk

heterojunction architecture.

SP-OSCs based on polymers and non-fullerene acceptors continue to break efficiency records
on a laboratory scale. Several studies have reported single-junction bulk heterojunction
efficiencies beyond 19 %!-4 and recently also the threshold of 20 % was broken using a
monolithic double-junction device architecture®. This is coming close of the theoretical
efficiency limit of 20 — 25 % set by the high non-radiative voltage losses in OSCs.¢ The
introduction of the Y6-family” with its distinct A-D-A’-D-A structure and their efficient charge

generation at low energy offsets® and low energetic disorder®-!! was key to these achievements.

While materials innovation (the distinct A-D-A’-D-A core structure) formed the basis of the
recent record performances, further meticulous empirical optimisation of the molecular
structure (solubilising side chain length/position, halide substitutions),!2-15 D/A ratio
(including ternary or even quaternary blends),2-416-1° deposition parameters (solvent choice,
solvent temperature, spin-coating speed etc.)2%:2! and post deposition treatments (thermal or
solvent vapour annealing)?223 was necessary to incrementally push the record efficiency past
19 % for lab-scale devices. At the same time, the highest certified module efficiencies have
stagnated partially due to issues in replicating these achievements using up-scalable

techniques while reproducing the optimal BHJ morphology.2+25

Also, the stability of high-performing solution-processed BHJs remains a challenge in the
field. Particularly the effect of the solubilising sidechains on the miscibility and aggregation
behaviour of the donor and acceptor poses a challenge in solution-processing that is less
critical in evaporated small molecules.?> Optimised morphologies often rely on kinetically
trapping a thermodynamically unfavourable blend morphology during film drying.26-27 For the
Y6-family, with increasing alkyl-side chain length, higher performances are achievable while
the glass transition temperature of the Y6-derivatives is reduced which increases the acceptor

diffusion rate. This is leading to over-aggregation of the acceptor phase and a loss of
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percolation pathways as well as unfavourable vertical phase separation (acceptor diffusion
towards the anode) in BHJ cells.!* Efforts to improve stability (e.g., third components to
kinetically stabilise the BHJ morphology!4) and to improve the BHJ reproducibility are key to

take them from the lab- to large-scale real-world applications.

While SP-OSCs based on BHJs continue to break lab efficiency records, research trying to
understand the success of novel NFA materials has uncovered additional properties explaining
their success. Particularly the high absorbance?® and high exciton diffusion length
demonstrated for a range of NFAs including IT-4F and Y620 as well as reports about charge
generation in neat films of Y6332 and other NFAs33:34 raise the potential for new pseudo-
planar,35-4 planar heterojunction,*2-44 or single component32 device architectures for organic
solar cell or photodetector applications (OPV and OPD, respectively). Such device
architectures could help address issues related to the reproducibility and stability associated

with solution-processed bulk heterojunctions.*546

Sequentially coated pseudo-planar heterojunctions achieve high performances due to a
balance of an intermixed layer enabling efficient charge generation framed by pure donor and
acceptor layers enabling efficient charge extraction. Thereby, the effect of unfavourable
vertical diffusion of acceptor molecules causing device instability can be avoided. The
sequential deposition also simplifies the optimisation process needed for BHJs and offers a

route to upscaling via roll-to-roll techniques.*¢

Planar heterojunctions with a sharp interface cannot easily be produced from solution
processing. Ramsdale et al. demonstrated the fabrication of sharp bilayers of two polymers by
a lift-off technique.*” More recently, also sharp NFA-polymer bilayer devices in an inverted
architecture have been demonstrated by transferring a polymer film formed on water onto the
acceptor layer.*3:4849 Industrially, Swedish company Epishine has demonstrated the feasibility
the deposition of bilayers by depositing the respective electrodes and interlayers on the top
and bottom flexible substrate followed by solution-coated active layers on both sides. Upon
laminating the two substrates together, this essentially forms a bilayer that may subsequently
be cured using thermal annealing processes. Note that Epishine applies a BHJ to each
substrate but in principle D/A bilayers may be feasible. More information about their process

is available on www.epishine.com.
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While PHJs typically show a reduced current generation efficiency compared to pseudo-planar
heterojunctions, the more controlled interface makes them suitable systems to study the
energetics at the D/A interface and their effect on charge generation and recombination*+50 as
well as potentially reducing voltage losses as demonstrated in Subchapter 4.3. The
remainder of this chapter will be split into four subchapters corresponding to separate — yet
related studies — on NFA based planar vs bulk heterojunction as well as single component
devices to study fundamental properties. These are intended to give an overview of the
limitations of planar heterojunctions in different material systems and elucidate their distinct
advantages and differing device physics. My focus will be on the application of optoelectronic
techniques to investigate the device performance with additional data from (transient) optical

measurements carried out by collaborators.

Subchapter 5.2 is based on the publication “Organic Planar Heterojunction Solar Cells and
Photodetectors Tailored to the Exciton Diffusion Length Scale of a Non-Fullerene Acceptor”
by Tack Ho Lee et al.>! It focuses on planar and bulk heterojunctions made of PM6 and IT-4F.
By tuning the thickness of the acceptor layer to the exciton diffusion length of IT-4F, high
photocurrent can be realised. Together with the measured low dark current and increased Voc,
this makes the bilayer devices suitable candidates for OPD and OPV applications. By
combining transient optoelectronic measurements with measurements of the device emission

spectra, I elucidate the origin of the improved photovoltage.

Subchapter 5.3 contains results published in “Molecular orientation-dependent energetic
shifts in solution-processed non-fullerene acceptors and their impact on organic photovoltaic
performance” by Yuang Fu et al.>? It addresses orientation dependent energetic shifts in Y6
layers prepared from different solvents. Planar heterojunction devices produced with such Y6
bottom layers and PM6 top layers exhibit changes in the current generation and more than
100 mV shift in their Voc. By comparing the charge carrier built-up and recombination in the
different planar heterojunctions, the connection between energetic shifts and Voc is studied.
Finally, the findings are applied also to BHJs prepared from different solvents that show
similar albeit weakened trends compared to the bilayers. Interestingly, PM6,/Y6 PHJs do not
show and increase in voltage compared to their BHJ counterparts. This will be briefly
discussed in relation with results from Subchapter 5.2, Subchapter 5.3 and Subchapter

4.3 by comparing PHJs and BHJs made up of different active layer components. Specifically,
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the relation between non-geminate recombination kinetics and the observed voltage trends is

discussed.

Subchapter 5.4 presents some findings of the publication “The State-of-the-Art Solution-
Processed Single Component Organic Photodetectors Achieved by Strong Quenching of
Intermolecular Emissive State and High Quadrupole Moment in Non-Fullerene Acceptors” by
Song Yi Park et al.3? and addresses the topic of charge generation in neat NFA layers that is
touched upon in previous sections. Here, the mechanism of free charge generation is discussed
in more detail for a range of NFAs including IT-4F and Y6. Furthermore, non-geminate
recombination in neat layers is addressed that has been previously proposed to be the limiting

factor in Y6 single component devices.32
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5.2. Planar Heterojunctions Tailored to the Exciton Diffusion
Length of IT-4F

5.2.1. Background
The fluorinated ITIC derivative IT-4F has been shown to produce high efficiency BHJs paired

with PM6 (PCE > 14 %).53:54 Several factors related to the fluorination explain its improved
performance compared to ITIC and other ITIC derivatives including a highly ordered
morphology and its lower bandgap yielding additional current generation in the infrared part
of the solar spectrum. More recently, IT-4F has also been shown to possess an improved
chemical stability>> as well as a long exciton diffusion length2°. These factors make it a suitable
candidate for OPV and OPD applications. As for other BHJ organic solar cells, the voltage
losses relative to the absorption onset still constitute a major loss mechanism. Voltage losses
have previously been demonstrated to scale with the interfacial area.>¢ Planar heterojunctions
may therefore be a suitable pathway to reduce non-geminate recombination and therefore
voltage losses in systems with suitably long exciton diffusion lengths enabling efficient charge

generation in optically thick bilayers.

Therefore, in this study,’! the exciton diffusion length of IT-4F was determined from the
exciton-exciton annihilation rates in neat acceptor films measured by ultra-fast transient
absorption spectroscopy (TAS) by Yifan Dong and Tack-Ho Lee. They measured the intrinsic
exciton lifetime of IT-4F by observing the exciton decay in films of IT-4F diluted in polystyrene
that are expected to show reduced exciton-exciton annihilation. Additionally, these results
were confirmed by low fluence time-correlated single photon counting (TCSPC)
photoluminescence measurements. A value of 40 nm was determined for the exciton diffusion
length of IT-4F in line with previous reports.2?-30 Based on this result, PHJ devices with varying
IT-4F thickness (40, 60, 70 nm) were produced by Tack-Ho Lee using the aforementioned
polymer film transfer method in an inverted architecture. This is technologically favourable to
standard structure bilayers that had previously been demonstrated by spin-coating the
acceptor on top of the polymer layer using orthogonal solvents.4245 Indeed, for an IT-4F
thickness of 40 nm, a steep increase in the generated photocurrent was observed. This is well
explained by the transfer matrix simulations of the absorption profile carried out by the author
of this thesis together with the exciton diffusion length determined from optical
measurements. The 40 nm PHJ resulted in the highest PCE of 5.4% and excellent OPD

performance thanks to a low dark current compared to the BHJ reference. Besides the
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decreased Jsc and FF, all PHJs show an improved Voc relative to the BHJ. After presenting
optical results on the Jsc trends, the origin of the decreased FF and improved Voc is
investigated through light intensity dependent JV-measurements, device emission spectra and
non-geminate recombination kinetics. These results will be discussed in more detail in the

following.

5.2.2.Contributions
The majority of the results presented in this section were previously published?! and are shown

here recompiled with additional data for comparison. Tack Ho Lee prepared the devices
studied herein and carried out the optical spectroscopy measurements together with Yifan
Dong (TCSPC, TAS) and Weidong Xu (PL, EL). Song Yi Park provided additional PL
measurements and gave support in the device preparation (single component devices). The
results discussed here mainly focus on the light intensity dependent JV- and transient
optoelectronic measurements as well as the analysis of the emission spectra carried out by the
author of this thesis. If not otherwise declared, the measurements were performed by the

author of this thesis.

5.2.3.Device Structure and Performance
As described above, the exciton diffusion length of IT-4F was determined to be about 40 nm.

Details of the experimental procedure can be found in the publication.5! Based on this devices
with the following structure were prepared: ITO / ZnO / IT-4F (40 nm, 60 nm, 70 nm) / PM6
(35 nm) / MoOy / Ag.

Figure 5.2.1 shows the absorption spectra of the neat PM6 and IT-4F films as well as the
optical transfer matrix modelling of the absorption profile. Optical constants of IT-4F and
PM6 (n, k) were obtained from Kerremans et al. and the absorption profile was calculated

using the OghmaNano simulation software.28

The JV-curves of the PHJ devices as well as that of the BHJ reference device are shown in

Figure 5.2.1 1. Figure 5.2.1 (d) lists the corresponding JV-parameters. Relative to the

BHJ, all PHJs show an increased Voc (40 — 50 mV) but reduced FF and Jsc resulting in an
overall decrease in the performance. The highest PHJ performance is achieved for the 40 nm
IT-4F layer due to the enhancement in Jsc while the FF decreased significantly compared to
the thicker PHJ devices. Observations about the current generation efficiency and how this

relates to Jsc and FF will be discussed in Section 5.2.4 and 5.2.5, respectively. The trend
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regarding the Voc is in line with the findings presented in Subchapter 4.3 and will be further
analysed in Section 5.2.6 with a focus on the highest performing 40 nm IT-4F PHJ.
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Figure 5.2.1. (a) Absorption spectra of neat films used for the preparation of PHJ solar cells. (b)
Transfer matrix modelling of the exciton generation rate under 1 sun illumination for different IT-4F
thicknesses. Note that in the used inverted architecture the device is illuminated from the left-hand
side. (¢) JV-curves of the PHJs and BHJ reference. (d) Corresponding JV-parameters. Absorption
spectra were measured by Tack-Ho Lee.

5.2.4.Hole Transfer Kinetics and the Short Circuit Current Density

Turning to the differences in the Jsc, the increase observed for the 40 nm PHJ is in line with
what would be expected based on the established exciton diffusion length. Also, the optical
modelling shows a significant increase of the exciton generation within the diffusion length
from the interface. This is in line with the slightly increased PL quenching in the thinnest PHJ

(= 80%, compared with > 95% for the BHJ) as shown in the original publication.>!

Previous studies involving wide-gap polymer:NFA heterojunctions highlighted the efficient
energy transfer or ultrafast electron transfer following polymer excitation.*357-59 Therefore,

the focus in the discussion of the Jsc trends will be on the hole transfer as the main charge
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generation pathway. Tracking the hole transfer by means of transient absorption spectroscopy
for the bilayers and the bulk heterojunction reveals two distinct time scales of hole transfer in

the 40 nm PHJ (Figure 5.2.2 (a)).
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Figure 5.2.2. (a) PM6 ground state bleach (GSB) signal (pump: 775 nm, probe: 560-570 nm) of neat
IT-4F, IT-4F/PM6 bilayer and BHJ films. The probe wavelength was chosen to avoid overlap with IT-
4F GSB signals. (b) Schematic illustration of the hole transfer (HT) process in the IT-4F/PM6 bilayer.
(¢) EQE spectra of the PHJ and BHJ devices. (d) Comparison of the trends of the maximum change in
absorption (AA), EQE and Jsc as well as the trend in Voc for the PHJ and BHJ devices. TAS and EQE
measurements carried out by Tack Ho Lee.

All PHJ films as well as the BHJ exhibit a fast initial rise of the ground state bleach (GSB)
signal on the PM6. This is assigned to ultrafast hole transfer from excitons generated near the
charge generating interface occurring within 300 fs. In the 60 nm and 70 nm bilayers, the
signal is weaker in line with the reduced absorption in the vicinity of the interface and decays
following the initial fast rise. The PM6 GSB signal in the 40 nm bilayer and BHJ continues to
rise over several tens of picoseconds. This behaviour may be assigned to additional hole
transfer occurring from excitons generated away from the D/A interface but within the exciton

diffusion length. Figure 5.2.2 (b) schematically illustrates this concept. The maximum of
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the GSB peak in TAS measurements (marked by triangles in Figure 5.2.2 (a)) correlates well
with the measured EQE of the PHJ and BHJ devices (Figure 5.2.2 (c¢)). Figure 5.2.2 (d)
summarises the trend in Jsc, GSB peak (maximum AA) and EQE to highlight this correlation.

Note that further decreasing the thickness of the IT-4F layer to 20 nm led to a reduction in
EQE, Jsc and overall PCE due to the limited absorption (see Supporting Information of the
publication).?! The following discussion will therefore focus on the highest performing 40 nm

IT-4F/PM6 device.

5.2.5. Field Dependence of Photocurrent and the Fill Factor
As shown above, all PHJs show a reduced FF compared to the BHJ device. The JV-curve of

the 40 nm PHJ shows a curious inflection point in the forward bias region below the maximum
power point that (see Figure 5.2.3 (a)) contributes to the additional decrease in FF
compared to the thicker PHJs. While it is present in the thick PHJ devices, too, it becomes
particularly prominent in the 40 nm PHJ at high light intensities (increasing Voc) as shown in
the JV-curves normalised by the light intensity in Figure 5.2.3 (a). For comparison also the
normalised JV-curves of the BHJ and the neat IT-4F device (see Section 5.4 and data from
Park et al.?3 for details). Neither of the devices exhibit similar JV-curve shapes. It should be
noted that in the literature, devices utilising thinner IT4F layers (30 nm) show a lowered FF
but no inflection point as shown here.*> No inflection point is observed for the 20 nm IT-4F
layer mentioned above that resulted in a FF of 0.51 — well below the value for the 60 nm and
70 nm PHJs. Investigating the origin of this inflection point and the FF reduction in the

highest performing PHJs could therefor further boost the achievable PCE of bilayer devices.

Inflection points and S-kinks are often encountered in organic solar cells due to charge
extraction issues e.g. misaligned contact layers resulting in extraction barriersé®%¢! or
imbalanced mobilities (ratio > 100) in PHJs®2. However, in both cases, typically an inflection
point is observed around Voc. Given that the same interlayers are used for the PHJ as for the
BHJ, this is unlikely the origin of the JV-shape. SCLC measurements on neat films of PM6%
and IT4F¢%* also show a similar magnitude (~ 10-* cm?V-1s1) of the respective hole and electron
mobility. It should, however, be noted that the cited study was conducted on bilayer systems
with lower generation current densities at the planar heterojunction. Consequently, firstly the
dependence of the JV-shape on the generation current is investigated here (Figure 5.2.3 (a))

and complimented thereafter with the investigation of field-dependent generation (in Figure
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5.2.3 (c¢) and (d)) that has been inferred from PL quenching measurements and the

recombination kinetics under open circuit conditions (Section 5.2.5).
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Figure 5.2.3. (a) Light intensity dependent JV-curves of neat IT-4F, 40 nm PHJ and BHJ devices
divided by the light intensity in % sun. The data of the neat film is taken from Section 6.4. (b) JV-
curve of the neat IT-4F and 40 nm PHJ device at 1 sun. Additionally shown are the photocurrent of the
BHJ device at 0.38 sun equivalent illumination. Subtracting this from the PHJ JV-curve yields the green
dashed line. This represents a hypothetical scenario to explain the observed inflection point and field
dependence of the JV-curve. (¢), (d) Field dependent photoluminescence spectra of the 40 nm PHJ
and the BHJ, respectively, recorded at an externally biased varying from -3 to 0 V. PL measurements
carried out by Tack Ho Lee and Weidong Xu.

The PHJ shows a strongly light Int"nsit’ dependent responsivity in the reverse bias region. The
intensity dependence (shift upwards) would suggest that this is in part due to non-geminate
losses. Interestingly, the responsivity around MPP shows only small variation compared to the
typical behaviour of the BHJ where the responsivity loss at MPP is indicative of non-geminate
recombination losses during transport to the electrodes. However, in PHJs the majority of
non-geminate recombination events is expected to occur directly at the charge generating

interface and even the lowest light intensity results in a large gradient of the JV-curve,
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especially in the power generating quadrant. This may therefore indicate the presence of
different charge generation and/or non-geminate recombination mechanisms dominating the

different voltage regions.

Firstly, different generation pathways additively contributing to the photocurrent are
considered: (1) showing a strong field dependence and carrier density dependence that
vanishes towards MPP and (2) relatively independent of the bias and scales proportionally
with light intensity causing the emergence of the inflection point at high light intensity. The
latter may be compared to the charge generation in the BHJ with an expected similar field
dependence. This is illustrated in Figure 5.2.3 (b). It shows the PHJ JV-curve at 1 sun as a
sum of the BHJ photocurrent at 0.38 sun equivalent light intensity (2) as well as the strongly
field-dependent difference between the two (1). At -2 V, this proposed field dependent
generation pathway generates approximately 7.5 mA/cm?2. The origin of (1) could stem from
different molecular orientations and CT state properties at the D/A interface compared to the
BHJ leading to an increased field-dependence compared to the BHJ.% In the cited study, the
magnitude of this effect is generally smaller than established herein for the same material
combination at much lower photocurrent. Another possible origin is direct generation of
charges in the neat IT-4F film prior to quenching at the D/A interface. The field dependent PL
data in Figure 5.2.3 (c¢) and (d) demonstrates the existence of a field dependent exciton
quenching pathway in the PHJ. Upon application of an external reverse bias (0 to -3 V) the
PHJ shows about 20 % PL quenching. As expected, BHJs exhibit only a small amount of PL
quenching at reverse bias. Charge generation was also observed at reverse bias in neat IT-4F
devices. The resulting JV-curves are shown in Figure 5.2.3 (b) for comparison. While the
neat IT-4F device can generate photocurrents of a similar magnitude as the hypothetical field-
dependent mechanism in the PHJ, this is only achieved at higher reverse bias of -5 V and
consequently higher field across the thinner IT-4F layer (as will be shown in Subchapter
5.4). This highlights that the majority of charges are generated at the D/A interface over the

voltage range studied herein.

To summarize, the exact origin of the field dependent JV-curve and the inflection point is
difficult to determine. Direct exciton splitting away from the D/A interface in IT-4F (or
potentially PM6) may account for some of the additional generation. However, the data of the
neat IT-4F device as well as the PL quenching efficiency below 20% seem to suggest that this

cannot account for the observed field-dependence of the JV-curve. The comparison with the

203



Blends, Bilayers, Single Component: Solution-Processed Devices

thicker PHJs, that possess the same interfacial properties, shows a stronger dependence on
bias in thin PHJs (also when adjusted for the device thickness) as shown in the supporting
information of the original publication. It therefore seems more likely related to charge carrier
density dependent effects on the charge transport away from the interface and recombination
as also evidenced by the strong light intensity dependence of the responsivity. These effects
would be pronounced in the PHJs with the highest generation current, potentially setting an
intrinsic trade-off between Jsc and FF at limited interfaces. Future studies should elucidate
this further by employing drift diffusion simulations to better understand the charge carrier
distribution and non-geminate recombination in the vicinity of the planar interface. Time-
delayed collection field experiments could also aid in distinguishing between geminate and
non-geminate recombination experimentally. The non-geminate recombination kinetics at

open circuit are analysed in more detail below.

5.2.6.Non-Geminate Recombination Kinetics and Open Circuit Voltage
Following the observations of the light intensity dependence of the FF, Figure 5.2.4 (a)

shows the light intensity dependence of the Jsc and Voc. As already indicated by the light
intensity dependent normalised JV-curves presented above, the PHJ shows a sublinear light
intensity dependence of the Jsc with a fitted power law exponent of 0.90 compared to 0.97 for
the BHJ. Given that the above results suggest — as expected — that the vast majority of charges
are generated at the D/A interface, the reduced responsivity stems from larger non-geminate

losses due to charge accumulation at the interface modulated by bias and/or light intensity.

In line with this, the PHJ also shows a slight reduction in the light ideality factor determined
from Voc vs light intensity. The PHJ and BHJ show ideality factors of 1.1 and 1.2, respectively,
and a Vo difference of around 40 mV at around 1 sun equivalent light intensity (Figure 5.2.4
(b)). This suggests as in the case of the evaporated PHJ and BHJ devices that the ideality is
dominated by bimolecular recombination in the active layer. The absorption onset determined
from the EQE spectra shows a small blueshift of about 10 meV for the PHJ device which is
also mirrored in a small blueshift in the PL emission shown in Figure 5.2.3 (¢) and (d).

These observations do not explain the full extend of the voltage increase.
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Figure 5.2.4. (a) Jsc and responsivity at short circuit versus the light intensity in units of sun
equivalent illumination density. The dashed lines are power law fits over the range shown here. Fitted
exponents a for BHJ and PHJ are shown in brackets. (b) Voc and light ideality factor versus the light
intensity. Circles are measured values and crosses show the values of Voc reconstructed from
optoelectronic measurements to validate the experimental results.

In order to assess the effect of charge accumulation on the recombination kinetics and hence
on Voc and on the field dependence of the JV-curve, the charge carrier density and lifetime are
measured as discussed before. The accurate Voc reconstruction shown in Figure 5.2.4 (b)
again demonstrates that the measured values are accurate spatially averaged measures of
charge density and lifetime. The good agreement between the differential capacitance and
charge extraction measurements also seems to indicate a negligible contribution of field-
dependent generation between short-circuit and open-circuit conditions (DC uses the current

transient at short-circuit combined with the voltage perturbation at open-circuit).

In close analogy with the observations made for the evaporated PHJs and BHJs, a lower charge
carrier density is accumulated in the PHJ (Figure 5.2.5 (a)) leading to an increase in charge
carrier lifetime (Figure 5.2.5 (b)) at the equivalent Voc. This is related to the charge carrier
density at the D/A interface where recombination occurs. In the PHJ the limited interface
requires a lower charge carrier density to sustain the same potential difference across the
interface. The charge carrier density exhibits a smaller slope parameter in the PHJ, while the
slopes of the lifetime are comparable. As a result, when plotting the charge carrier lifetime
versus the charge carrier density the lifetimes converge towards higher charge carrier density

(Figure 5.2.5 (c¢)). Figure 5.2.5 (d) additionally shows the lifetime as a function of

generation current (calculated by assuming the sub-linear behaviour of the Jsc is due to non-

geminate losses). This may give additional weight to the charge density directly at the charge
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generating interface from where charges diffuse into the bulk of the neat materials at open

circuit.
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Figure 5.2.5. (a), (b) Charge carrier density and TPV lifetime versus the open circuit voltage. (c¢)
Charge carrier lifetime versus charge carrier density. (d) Charge carrier lifetime versus generation
current density. The generation current density was calculated from the Jsc data assuming that any
deviation from a power law exponent of 1 is caused by non-geminate recombination.

Despite the lower interfacial area in the PHJ, the charge carrier lifetimes become comparable
above a charge carrier density of 3 x 101 cm= (> 2 sun equivalent light intensity in the PHJ).
This may indicate that at low generation current densities, the charge carriers are more evenly
distributed in the PHJ, reducing the charge carrier density at the interface, and thereby
enabling longer charge carrier lifetimes. Increasing the light intensity and therefore the highly
localised charge generation at the D/A interface leads to an increasing charge carrier density
relative to the spatial average leading to an increase of the apparent recombination rate (§ =
2.7). Meanwhile the BHJ exhibits approximately second order kinetics throughout (§ = 2.3,
deviations from second order may stem from accumulation of charges in tailstates)®. In

accordance with this, the lifetime plotted versus the generation current density highlights the
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non-uniform charge carrier density distribution in the PHJ and the role of the density at the

interface.

These findings are in qualitative agreement with the findings in Subchapter 4.3 and
highlight that the charge carrier lifetimes determined from TPV are not representative of an
intrinsic charge carrier lifetime but rather that of a spatially averaged lifetime including a
component due to transport to the interface that slows down the effective lifetime. Other
methods such as transient photocharge measurements®® may mitigate experimental
limitations such as the effect of the spatial distribution of charge carriers on the photovoltage
deflection measured in TPV but will still only yield spatially averaged charge carrier kinetics
without knowledge about the spatial distribution of charge carriers in the devices. To relate
the observed charge carrier kinetics to the interfacial recombination properties,

electroluminescence measurements were carried out by Tack-Ho Lee and Weidong Xu.

5.2.7. Electroluminescence and Photoluminescence Emission Spectra
Figure 5.2.6 (a) shows the electroluminescence emission spectra of the PHJ and BHJ

devices at an injection current density of about 19 mA/cm2. The spectra differ significantly
which may be a result of excitonic emission dominating the PHJ spectra in line also with the

increased emission yield shown in Figure 5.2.6 (b) for varying injection current densities.

To further analyse the electroluminescence spectra, a comparison with the PL spectra shown
in Figure 5.2.3 (a) and (b) as well as the PL emission of neat IT-4F is necessary. Figure
5.2.6 (c) and (d) show the device EL and PL emission in a side-by-side comparison also with
the neat IT-4F film PL. The emission spectrum of the PHJ resembles that of the device PL
emission with a main 0-0 peak around 810 nm (1.531 eV) and a secondary 0-1 peak around
900 nm (1.377 eV) that is more pronounced in the EL. In contrast to that, the BHJ’s EL
emission is dominated by a peak centred around 910 nm (1.362 eV) that is roughly equivalent
to the secondary peak of the PL emission. It also shows additional shoulders to either side that

roughly coincide with the 0-0 and 0-2 peaks of the vibronic progression.¢”

Both devices show an increase of emission in the low energy part of the EL spectrum. This may
be expected as charge injection is expected to occur into the lowest lying energetic states. Over
the range shown herein that was limited by the use of a silicon detector, even at the lowest
injection current density excitonic emission features present in the PL also dominate the EL

measurements and no CT feature can clearly be resolved in BHJ and PHJ.
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Figure 5.2.6. (a) Electroluminescence spectra of the BHJ and PHJ at an injection current density of
19 mA/cm?2. (b) Quantum yield of the electroluminescent emission versus the injected current density.
(c), (d) Normalised PL and EL spectra of the PHJ and BHJ, respectively, for a range of injected current
densities from ~19 to 180 mA/cm?2. The coloured lines are the EL spectra and the arrows indicate
increasing current density. Additionally shown is the PL of neat IT-4F films. EL and PL measurements
carried out by Tack Ho Lee and Weidong Xu.

The BHJ shows an increased emission intensity in the low energy tail which may originate
from CT state emission. The increase in the low energy emission due to emission of increasing
CT character in the BHJ device is in line with the increased interfacial area of such states and
the role in reducing Voc. The close resemblance of the PHJ EL with the excitonic emission
demonstrates the reduction in the radiative recombination through CT character states and a
significant hole injection into the acceptor layer. This results in the high emission quantum
yield shown in Figure 5.2.6 (b) that is two orders of magnitude higher than in the BHJ.
However, as shown above the increase in radiative recombination due to the higher quantum
yield of excitonic emission only leads to a modest increase in Voc below what might have been
expected from the calculated non-radiative voltage losses. As previously pointed out for the

non-fullerene acceptor Y6, the high emission yield stemming from more emissive excitons
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does not increase the Voc since the majority of recombination events still proceeds through
interfacial CT states.®® This is demonstrated by the short charge carrier lifetimes on a similar

order as the BHJ at for an increasing charge accumulation at the interface.

5.2.8.Conclusion

The long exciton diffusion length of IT-4F enables high photocurrent generation in
comparatively thick planar heterojunction devices using a 40 nm IT-4F layer. While thicker
acceptor layers limit the fraction of excitons diffusing to the D/A interface, thinner acceptor
layers result in a loss of absorption thereby limiting the photocurrent. The overall maximum
PHJ performance still lacks behind BHJ equivalents due to the — still — limited generation
current as well as the low FF. The latter is assigned to a small increase in the field-dependence
of generation® as well as additional non-geminate losses as deduced from the sublinear
dependence of the Jsc on light intensity. The smaller, well-defined interface of the PHJ devices
leads to an increase in the Voc that is related in part to a small shift in the photovoltaic gap and
an increased charge carrier lifetime at equivalent interfacial QFLS approximated by the Voc.
This is a direct result of the spatial separation of holes and electrons in across the planar
heterojunction. In order to further study the effect of the charge carrier density profile and its
role in yielding an increase in Voc as well as to further investigate potential intrinsic FF
limitations arising from the high generation density per unit D/A interface, drift-diffusion
simulations should be employed. While the change in voltage losses reported herein can be
explained by kinetic considerations and does not require explicit determination of the CT state
properties in BHJ and PHJ devices, electroluminescence measurements at lower injection
current density and extending to 1 eV by using an InGaAs detector could enable a further
investigation of the properties of the CT state on the voltage losses and the field-dependence
of generation. Interfacial engineering has already been shown to produce favourable interface
properties in PHJs prepared by a film transfer method.*> Without the need of fine-tuning the
active layer morphology and with their increased stability, IT-4F-based PHJ devices may offer
an interesting approach for real world OPV or OPD applications. The dark current and
detectivity are further investigated in the original publication.’? Whether there is a
fundamental trade-off between device fill factor and high generation current at the limited

interface of planar heterojunctions should be addressed in future publications.
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5.3. Orientation-Dependent Electrostatic Effects in PM6/Y6
Planar and Bulk Heterojunctions

5.3.1. Background

In addition to OPD and OPV applications, planar heterojunctions are also of academic interest
to study physical phenomena at a well-defined interface without additional effects due to
morphological or conformational changes.® The energy levels at the donor/acceptor interface
are a key factor determining the efficiency of free charge generation”07! and the magnitude of
voltage losses”’2-74 in organic solar cells and are highly dependent on morphology and
molecular orientation. When pairing wide-gap donor polymers with narrow-gap NFAs, the
HOMO-HOMO offset (AExnomo) is the lower of the two offsets and hole-transfer the limiting
charge generation step.’® AEnomo also controls the upper limit of the Voc. Accurately
determining AEnowmo is therefore key to determine trade-offs between the upper voltage limit

and charge generation and assess performance limits of organic solar cells.

While the energy levels of isolated molecules are solely affected by their molecular structure,
in reality also inductive’5>-77 and electrostatic effects®71.78-80, that are dependent on the
molecular packing, affect the energy levels of the donor and acceptor component. The former
can often be observed by a change in the optical gap upon aggregation, while the latter results
in an energetic shift of the HOMO and LUMO level.7581 Electrostatic effects may be caused by
intrinsic molecular dipole moments#2-84 or dipoles formed at an interface due to ground state
charge transfer between a donor and an acceptor®®. More recently, it was argued that the
molecular symmetry and typical packing structures cancel molecular dipoles within films and
that the electrostatic interactions on relevant length scales are dominated by the molecular

quadrupole moment.71.80,85

The dominating molecular quadrupole moment is directed in the m-stacking (Qx) direction of
small molecules and therefore the effect is highly orientation dependent.”? Dong et al.
demonstrated the changing orientation of a—6T molecules can create an energetic offset at the
boundary between differently oriented domains of 0.4 eV which enabled charge generation in
a homojunction of the material.8 Such orientation-dependent shifts have been demonstrated
in a range of highly symmetric evaporated materials such as pentacene,”-88 SubPc,8® and
various derivatives of ZnPc¢719 but have proven more difficult to demonstrate experimentally

in solution-processed materials.
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Also Y6 has a large quadrupole moment in the m-stacking direction that has been linked to the
observation of barrierless charge generation in blends with PM6.8 Simulations predict a
downwards bending of the energy levels of Y6 when moving from the interface into the bulk
of the material resulting in a driving force for charge generation despite the absence of a
significant AEgxowmo at the interface.! These observations were further extended for a range of
materials suggesting that such bending is necessary to generate charges efficiently at minimal
offset.”® As pointed out by Eisner and Nelson, this comes at the expense of additional voltage

losses as the upper limit of the Voc is now lowered by the amount of the band bending.%2

As discussed above, inductive and electrostatic effects are highly dependent on morphology
and molecular orientation. Direct determination of donor and acceptor energetic levels in
blends is difficult to achieve.3 The energetic levels of neat films determined by photoelectron
spectroscopy techniques such as ambient photoelectron spectroscopy (APS)% may only serve
as a rough guide to the energy levels of the blend. APS measurements on the blend, on the
other hand, are dominated by the shallower of the two HOMO levels. Planar heterojunction
systems offer an elegant way to assess the interfacial energetics prior to deposition of the top

layer without affecting the morphology of the bottom layer.

Previous studies had shown the strong impact of solvent choice (chloroform (CF) versus
chlorobenzene (CB)) on the orientation of Y6 molecules in blends.2® When depositing neat Y6
films from CB or CF, an astonishing orientation dependent shift of the material energetics was
found and reported here for the first time in a solution processed system.>2 APS and Kelvin
probe measurements were combined to determine the HOMO and Fermi levels, respectively.
This is complemented by simulations. By using the film transfer method to make PHJ OSCs,
the effect of the energetic changes on the performance in working devices was studied.
Transient optical and optoelectronic measurements were carried out to elucidate the
generation efficiency and open circuit voltage changes, respectively. Finally, the observed

effects were extrapolated to BHJs produced from the same solvents.

5.3.2.Contributions
The results discussed herein will largely focus on the observations regarding the non-geminate

recombination kinetics and Voc. A more in-depth discussion of the effect on charge generation
as well as additional background for the energetic measurements is given in the original

publication.2 The results shown here are based on devices prepared by Tack-Ho Lee and
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Chiara Labanti. Energetic measurements were carried out by Yuang Fu with additional
support by Yi-Chun Chin who also provided the simulations of the molecular quadrupole
moments. Tack-Ho Lee and Yifan Dong measured and analysed the transient optical results.

Daiki Minami provided the molecular dynamics simulations.

5.3.3.Orientation Dependent Energetic Shift in Neat Acceptor Films
By choosing solvents with different boiling points, the molecular orientation of Y6 in spin-

coated films can effectively be altered. In this study low boiling point chloroform (CF) and high
boiling point chlorobenzene (CB) were used resulting in a face-on and mixed orientation of
the Y6 molecules, respectively. This was confirmed by GIWAXS measurements revealing an
increased polar angle distribution of the n- m-stacking peak of in Y6 CB films. Atomic force
microscopy additionally confirms an increases surface roughness in Y6 CB. These results are
discussed in more detail in the original publication2 and are in line with previous
morphological studies.2021.9 Figure 5.3.1 (a) schematically depicts the metastable face-on
orientation adopted in Y6 CF and the mixed-orientation in Y6 CB films. The results are further
supported by the reduced absorbance at similar film thickness in the Y6 CB film. This points
to a more random orientation of the optical transition dipole moment (Figure 5.3.1 (b)).
The slightly lower optical gap of Y6 CB (1.38 vs 1.41 eV) may be explained by stronger

delocalisation effects in more tightly aggregated Y6 molecules as previously suggested.20

The energy of the HOMO and Fermi level (Ef) were measured for the two films by APS and
Kelvin probe, respectively.®5586.96 Figure 5.3.1 I shows the measured energy levels of as-cast
films that were used for the further experiments. A large downward shift of 210 meV from -
5.62 eV to -5.83 eV was observed when moving from Y6 CF to Y6 CB. The gap between Enowmo
and Er was slightly reduced from 1.15 eV to 1.13 eV for Y6 CF and Y6 CB, respectively, in line
with the observed small changes in the optical gap. Based on these results, a shift of Erumo
similar to that of Enowmo is expected. The publication further shows the photoemission spectra
as well as the results for thermally annealed films. Due to the probing depth of the APS
measurement of the order of 5 — 10 nm®%+, the measured values of Enomo should reflect the

energy levels in the bulk of the Y6 layers.
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Figure 5.3.1. (a) Chemical structure of Y6 and schematic representation of the Y6 orientation and
packing in films spin-coated from CF or CB. (b) Absorption spectra of the Y6 films deposited from CF
and CB. (c¢) Fermi and HOMO energy level measurements as determined from Kelvin probe and APS
measurements, respectively. (d) Simulated HOMO and LUMO energy levels obtained from molecular
dynamics simulations of face-on and edge-on oriented Y6 clusters with alternate and eclipsed packing
structure, respectively. Absorption spectra were measured by Yuang Fu. Measured and simulated
energetics provided by Yuang Fu and Daiki Minami, respectively.

The measurements discussed here are the first direct observation of such a large shift of Enomo
in solution-processed acceptor materials. Previous measurements on very regularly packing
evaporated a—6T had shown orientation dependent HOMO level shifts of a similar magnitude
that could be assigned to quadrupole mediated electrostatic interactions.8¢ To further support
the above experimental observations and their assignment to the effect of the stronger effect
of the molecular quadrupole moment shifting the Enomo downwards in Y6 CB, density
functional theory (DFT) simulations were carried out by Yi-Chun Chin demonstrating a large
positive Qx of 192 eag?. Complimenting the DFT (b3lyp/6-31 G**) results with molecular
dynamics (MD) simulations by Daiki Minami, shows that taking charge-quadrupole

electrostatic interactions into account can leads to a predicted HOMO level shift of 260 meV
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when switching from a face-on to a fully edge-on orientation (Figure 5.3.1 (d)).

Additionally, a small decrease of the bandgap is predicted for the edge-on case (1.88 eV to 1.86
eV). The observed trends for pure face-on and edge-on simulations are in remarkably good
agreement with the experimental results. Strong intermolecular electronic coupling in Y6
compared with other NFAs had previously been demonstrated by MD simulations.®” Carrying
out the simulations for differently oriented dimers (without taking charge-quadrupole
interactions into account) resulted in negligible changes in the HOMO/LUMO energy levels.
This further supports the assignment of the observed shift to the occurrence of strong
molecular orientation dependent charge-quadrupole interactions. As this effect is expected to
be diminished at the boundary of the Y6 phases, an upwards bend banding may be expected

there in line with the positive Q value of Y6.7!

5.3.4.Bilayers and Planar Heterojunction Devices
Having established the origin of the energy level shift in the Y6 layers produced from CB and

CF, bilayers were produced by Tack-Ho Lee through the polymer film transfer technique
discussed before. To investigate whether the underlying acceptor layer also affects the
energetics of the polymer film transferred onto it, a thin 5 nm PM6 film was deposited on top
of the CF and CB films. Fine tuning of the polymer film thickness is possible by changing the
concentration of the PM6 solution in the organic solvent from which the film is formed on top
of water. Besides affecting the Enomo of Y6, the orientational changes were subsequently
shown to also affect the HOMO levels of the thin 5 nm PM6 layer deposited on top of the Y6
CF and Y6 CB layers, respectively, as shown in Figure 5.3.2 (a). Interestingly, the shift
experienced by the PM6 diminishes for layer thicknesses larger than 5 nm which demonstrates
the short range of such effects®? also in line with previous reports in evaporated systems.”!
Based on these results, a downwards band bending of the PM6 electronic levels towards the
Y6 interface is expected. Y6 CF shows a larger effect on the thin PM6 layer, downshifting the
HOMO level by about 100 meV. This may be explained by the better alignment of the Qx
moment perpendicular to the interface while the CB with its more mixed morphology shows a
smaller effect. Markina et al. computationally demonstrated similar effects at rough versus
planar interfaces.®! Significant effects caused by vacuum level shifts due to integer charge

transfer were ruled out as described in the Supporting Information of the publication.>2

Following this, PHJ devices were fabricated by Tack-Ho Lee with the structure ITO/Zn0O/Y6
(40 nm)/PM6 (30 nm)/MoOy/Ag. The effect of the changing material energetics and
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interfacial band bending affects the charge generation efficiency of the PHJ devices. The
absorbance and EQE spectra of the bilayer films and the corresponding devices are shown in
Figure 5.3.2 (b). They suggest that for the Y6 CB device the internal quantum efficiency of
charge generation is reduced in the PM6 region of absorption and increased in the Y6 region
of absorption. While the latter may be a result of the observed band bending effects affecting
both generation as well as non-geminate recombination (see Figure 5.3.2 (d) light intensity
dependence of the responsivity), the former may result from the reduction of electron or
energy transfer efficiency following PM6 excitation due to the changing orientation and orbital
wavefunction overlap at the interface between PM6 and Y6 CB. Note that the exciton lifetime
of Y6 CB determined by time-correlated single photon counting experiments is decreased
contrary to what maybe expected from the improved generation efficiency in Y6 CB bilayer
devices (see supporting information of the publication). These observations are discussed in
more detail in the publication drawing on results from TAS and PL quenching

measurements.52

The JV-curves of the PHJ devices are shown in Figure 5.3.2 I. Relative to the CB device, the
CF device shows an improvement of all JV-parameters. The Jsc is increased from 4.95 to 6.21
mA/cm? in part due to the differences in charge generation described above as well as
additional limitations of non-geminate losses discussed below. Light induced surface
photovoltage (SPV) measurements of the neat acceptor layers suggest that both Y6 layers may
produce a small number of charges with the more aggregated Y6 CB film showing an increased
SPV signal. However, this is not expected to contribute significantly to the charge generation
over the region of interest. Such contributions will be discussed further in Subchapter 5.4.
FF shows an improvement from 0.578 to 0.699. This change seems to be mainly due to an
increased slope around Voc while the field dependence around Jsc appears to be similar for
both devices. Finally, the most striking influence of the material energetics is the shift in the
device Voc by 110 mV from 0.75 V to 0.86 V for the CB and CF PHJ, respectively. Compared
to the total difference of AExomo of 260 meV (when taking the PM6 interfacial shift into
account) between the two devices, this is unexpectedly small. The device PCE is consequently
improved from 2.13% to 3.73%. A comparison with the corresponding BHJ performances will

be provided later.
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Figure 5.3.2. (a) HOMO energy level of neat PM6 compared to thin layers of PM6 deposited on top
of Y6 CF and Y6 CB. Additionally, the HOMO energy level of the Y6 layers deposited from both solvents
following thermal annealing are shown. This is consistent with the processing conditions used for the
preparation of the PHJ devices. (b) EQE and absorption spectra of the full PHJ devices and bilayers,
respectively. (¢) JV-curve of the PHJ devices. (d) Light intensity dependence of the Voc and normalised
responsivity. The latter was calculated by dividing the Jsc by the corresponding light intensity. The
crosses signify the values of the reconstructed Voc determined from the transient optoelectronic
measurements discussed later. Energetic and EQE measurements carried out by Yuang Fu and Tack-
Ho Lee, respectively.

Figure 5.3.2 (d) shows the light intensity dependence of the Voc and the normalised
responsivity (calculated by dividing the Jsc by the corresponding light intensity) for both PHJs.
The CB PHJ shows a lower Voc over the entire light intensity range and a significantly
increased ideality of approximately 1.5 compared to an ideality factor of close to 1 for the CF
PHJ. This may be a result of the non-geminate recombination having a strong monomolecular
contribution. Turning to the responsivity, the CB device shows reduced current losses at
increasing light intensity in line with a reduced contribution of non-geminate recombination
at higher generation rates. Possible explanations for the observations will be discussed in the

next section.
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5.3.5. Planar Heterojunction: Charge Carrier Kinetics
In order to investigate the effect of electrostatically induced energy level shifts on the non-

geminate recombination Kkinetics as well as the Voc change transient optoelectronic
(differential capacitance and transient photovoltage) analyses were carried out. A particular
focus will be set on explaining the discrepancy between the energetic shift and that of the Vo,
given that typically a linear dependency of these quantities is expected.®® In line with the
results of the evaporated PHJ, the Y6 PHJs studied here show an additional light intensity
independent capacitive contribution in charge extraction experiments. This results in
discrepancies with the results obtained from differential capacitance measurements. All
charge carrier density results quoted from here on are therefore derived from the DC

measurements that correctly predict Voc (as shown in Figure 5.3.2 (d)) and loss current.

Figure 5.3.3 (a) depicts the differential capacitance results for the two bilayer systems
together with exponential fits to the active layer capacitance. As expected from the similar
device thickness, both devices show almost identical geometric capacitance values. It is
apparent that the CF PHJ’s effective electronic bandgap is shifted by about 220 mV when
assessed at an equivalent value of the differential capacitance. This is in good agreement with
the measured shift of the HOMO level observed in the Y6 films. At equivalent light intensity
(and approximately equivalent generation current), the CB device supports significantly more
charge. If as the DC results suggest, a similar shape of the DoS is assumed, this means that the
Fermi level in Y6 CB is closer to the LUMO energy band edge compared to the CF device.
Consequently, the difference in photovoltage at equivalent light intensity is expected to be less

than the observed energetic shift.

Such additional charge accumulation is equivalent with an increase in the lifetime of the
spatially averaged charge carrier density. Figure 5.3.3 (b) shows the obtained charge carrier
lifetime versus the charge density per unit area. The data was plotted here per unit area since
a uniform charge carrier distribution cannot be assumed in PHJs as previously discussed. The
CB PHJ shows a strongly increased lifetime with a similar recombination order (similar slope
of Tvs n). Such an increased lifetime is further supported by TAS measurements by performed

by Tack-Ho Lee and Yifan Dong in the publication.
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Assessed at equivalent values of the charge carrier density, the CB device shows a 50-fold
increase in lifetime. The change in charge carrier kinetics can be converted into a gain in

potential by utilising the following equation:

i CF CB
AVkinetic — nldle JBI  Jgen
oc = n CF
q ]BI gen

where niq is the ideality factor, kT is the thermal energy, g is the elementary charge, Js and

CB
Jer _ 1

Jeen denote the non-geminate loss current <]CF = 50) and generation current (approximated as
BI

Jsc), respectively. A kinetic Voc loss of 110 mV for the CF device relative to CB was calculated,
which in addition to the 220 mV change of the effective electronic gap determined from
differential capacitance measurements takes the difference in Voc to 110 mV. This is in
excellent agreement with the experimentally observed difference! Also, the demonstrated Voc
reconstruction indicates that the charge carrier density and lifetime data shown here

accurately describe the spatially averaged charge carrier kinetics.

The observations made here are fully consistent with earlier observations regarding voltage
shifts and charge carrier kinetics in SubPC/C¢o planar heterojunctions.®® An increase in the
energetic gap was found to be partially counteracted by kinetic contributions in two PHJs
deposited from different evaporation sources. Alterations in the evaporation process had been

shown to lead to differences in the SubPC orientation and subsequent energetic changes.8®
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Figure 5.3.3. (a) Differential capacitance of the PHJ devices with exponential fits of the chemical
capacitance. The shaded area under the exponential signifies the active layer charge. At the bottom also
the charge stored on the electrodes is shown. (b) Charge carrier lifetime versus the charge per unit cell

area.
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5.3.6.Interpretation of Non-Geminate Recombination Analysis
The change in charge carrier lifetime is assigned to a change in the charge carrier distribution

in the PHJs due to interfacial band bending rather than a change in the fundamental lifetime
of interfacial states at the D/A interface resulting in changes to the radiative/non-radiative

voltage losses. In the following, the case for this will be argued:

In PM6:Y6 solar cells, it is notoriously difficult to assess the properties of interfacial CT states
through emission or absorption measurements due to the spectral overlap with the excitonic
states.868 Especially in bilayers where it has been shown extensively in this thesis that the
emission is dominated by the excitonic emission even in larger-offset systems, this would be
the case. Therefore, correlation of the voltage losses to changes in CT state properties is

difficult here.

However, experimental and theoretical studies may be helpful in ruling out intrinsic CT state
lifetime changes as the origin of the recombination related voltage loss. Firstly, assuming that
the bulk energetics translate to changing interfacial energetics — without any interfacial band
bending present — the recombination loss due to non-radiative CT state recombination would
be expected to be higher for the CB according to the energy gap law.5100 This contradicts our
observations. As previously shown, the density of interfacial states may directly influence the
recombination losses. This has also been demonstrated experimentally and theoretically
elsewhere.6-56:101 However, the surface roughness and hence the density of interfacial states is
increased in the case of CB resulting in a predicted increase of the recombination rate and
voltage losses. Due to the face-on orientation with respect to the interface the electronic
coupling between interfacial Y6 and PM6 units would be expected to improve for the CF
devices. Several studies show that this is predicted to result in a decrease in recombination
related non-radiative voltage losses.t102.103 Again, this is contradicting the observations made
here. CT state disorder has also been linked to increasing non-radiative recombination104.105
yet would be expected to increase at the interface of Y6 CB and PM6. Without further
knowledge of the properties of the interfacial states, it seems unlikely that their intrinsic

lifetime changes by a factor of 50 while also explaining the observed energetic changes.

Instead, the observed changes in the non-geminate recombination kinetics may be
consistently explained by invoking the diminishing strength of charge-quadrupole

interactions towards the D/A interface in the Y6 film that is predicted to result in an upward
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band bending.”! The strength of this gradient is additionally influenced by the interfacial
roughness.”°! In the case of CB the stronger electrostatic effects, that are stabilising the
HOMO in the bulk of the material, are expected to lead to an increase in the interfacial band
bending towards the interface as the strength of the electrostatic interaction diminishes. This
is expected to occur over just a few nanometres.”! Therefore, this would result in a driving
force for charge carriers away from the interface, lowering the interfacial recombination rate
at equivalent spatially averaged charge carrier densities. This causes a larger number of
accumulated charges that can be observed in the differential capacitance measurements. In
the case of CB Y6/PM6, the absence of band bending in the PM6 layer at the interface as
demonstrated by the APS measurements on various thickness PM6 top layers could further
result in a surplus of holes accumulating at the interface. Plausibly this could explain the
higher ideality factor in the case of CB Y6/PM6 as recombination is limited by the smaller
electron density at the interface. It would also account for the CB PHJ maintaining a higher
responsivity at high light intensities due to the efficient spatial separation upon generation at
the limited interface. To further support the interpretation of charge accumulation in the
bilayer devices, additional evidence from Surface Photovoltage (SPV) measurements is
discussed in the original publication. Ultimately, future investigations on bilayers should
confirm the above-described effects through drift-diffusion simulations that were beyond the

scope of this study.

Figure 5.3.4 schematically illustrates the energy level bending at the interface due to the
differences in charge-quadrupole interactions in the two bilayer devices. In the following

section, the study will be extended to blend devices deposited from the same solvent systems.
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Figure 5.3.4. Schematic representation of the effect of the charge-quadrupole interactions on the band
bending at the Y6/PM6 interface. The additional band bending in the Y6 CB layer leads to additional
charge accumulation away from the interface which slows down the effective non-geminate
recombination rate thereby partially compensating for the energetic penalty on the Voc. Image obtained
from the original publication.>?

5.3.7. Effect of Acceptor Quadrupole on Blend Energetics

The question remains whether the effects observed in PHJ solar cells are relevant to high-
performing BHJ solar cells comprised of PM6:Y6 — the “fruit fly” of current high performing
systems based on its material derivatives. To this end, PM6:Y6 BHJ films spin-coated from CB

and CF were studied here.

As previously mentioned, determining the energetics of the respective components in blend
films is difficult to achieve through APS measurements as the spectra are dominated by the
shallower of the two HOMO levels. APS spectra carried out on blends therefore only reveal
shifts in the polymer HOMO. Neat PM6 films spin-coated from CB or CF showed no
appreciable shift in their HOMO levels and no changes in the optical gap. Note that PM6 itself
possesses a negligible quadrupole moment.52 Interestingly, when comparing the APS spectra
of neat PM6 spin-coated from CB and CF with the corresponding PM6:Y6 blends deposited
using the same solvent, the CF blend exhibited a HOMO level shift while the CB blend
remained unchanged. The observed downward shift in the CF blend is of a similar magnitude
(87 meV) compared to that observed for a thin layer of PM6 on top of Y6 CF that was discussed
above. This would suggest that the CF blend maintains a similar interfacial orientation as the
PHJ in line with previous results of preferential face-on orientation of both PM6 and Y6 in

blend films coated from CF.2021.23 In contrast to that, blends deposited from CB or o-xylene as
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another representative higher boiling point solvent resulted in a predominantly edge-on
orientation.2%93 The increased film roughness of the CB BHJ films in AFM measurements (see
original publication) also suggest larger domain sizes in line with an interpretation of a more
intermixed/edge-on morphology comprised of tightly packed large crystalline phases. This
edge-on or mixed orientation in the blend did not affect the measured PM6 HOMO. As a result,
also in the BHJ blends a smaller HOMO level offset and hence larger effective electronic

bandgap may be expected for the CF compared to the CB BHJ.

Before assessing how these observations translate to the photovoltaic properties of BHJ
devices, it is worth noting that the effect of the electrostatic interaction between donor polymer
and NFA acceptor quadrupole has been studied for a range of other materials in the framework
of this study. Figure 5.3.5 (a) shows the calculated Q. moment of selected representative
NFAs of the ITIC family together with IDIC and Y6. All NFAs possess a positive quadrupole
moment in line with the molecular A-D-A or A-D-A’-D-A structure they possess. In Figure
5.3.5 (b) and (c), the change of the polymer HOMO level upon blending with the NFAs is
shown for PM6 and the related PBDB-T. There is a clear correlation between the Q. and
AEwnowmo for both polymers. Notably, IT-4F with its large quadrupole moment leads to a large
downward shift in the PM6 HOMO level. Outliers from the overall trend may be explained by
variations in the blend microstructure that have been shown to also affect the PM6:Y6 CB and

CF films differently.
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Figure 5.3.5. (a) Molecular quadrupole moment Q, in m-m-stacking direction for a range of NFAs
including ITIC and its derivatives IT-2M and IT-4F, IDIC and Y6. The values were calculated by DFT
simulation for isolated molecules. (b), (¢) Change in polymer HOMO level AEnowmo upon blending with
the NFAs for PM6 and PBDB-T, respectively. Calculated quadrupole moments provided by Yi-Chun
Chin. Energetics measured by Chiara Labanti.
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5.3.8.Bulk Heterojunction Device Characterisation
After having established that the relative orientation of the PM6 and Y6 components also

affects the energetics in the blend, BHJ devices deposited from CF and CB were prepared and
studied analogously to the bilayer devices. Figure 5.3.6 (a) shows the JV-curves of the BHJ

devices with inverted structure (ITO/ZnO/PM6:Y6 (~100 nm)/MoOs/Ag) produced by Tack-

Ho Lee. The CF BHJ shows the superior performance with all JV-parameters increasing. Most
notably the Jsc is improved to 25.5 mA/em? versus 20.2 mA/cm? for the CB BHJ and the Voc
is improved to 0.85 V compared to 0.80 V. Both characteristics accurately reproduce the trends
observed by Zhu et al. for the same solvent systems2? and are similar to those observed for a

CF/CN vs o-xylene comparison?. CN (chloronaphtalene) was used as a solvent additive.

The change in the J is mainly due to an increase in the EQE caused by the higher absorption
of the CF device in the polymer and acceptor region of absorption (Figure 5.3.6 (b)). This
may support the above hypothesis of a generally more face-on orientation of the CF blend
components resulting in a more in-plane orientation of the transition dipole moment.
Additionally, the CF BHJ maintains a higher responsivity at high light intensity (Figure 5.3.6
(d)) that is likely related to better charge collection under short circuit conditions. This is
supported by the higher effective mobility determined by the charge extraction at short circuit
method (Figure 5.3.6 (c)). The relative change of the mobility is in good agreement with that

found by Zhu et al.2° This improvement in the mobility also explains the increase in FF.

Note, that while the trends in extraction time as determined from current transients are the
same for BHJs and PHJs alike, the trends in the light intensity dependence of the responsivity
reverse for the different device architectures as shown in Figure 5.3.6 (d). While the main
limitation of the short-circuit current density in BHJs is the non-geminate loss of carriers
while drifting through the disordered blend to the electrodes, the limit to the collection
efficiency at short circuit in PHJs is set by the escape time from the planar D/A interface where
the non-geminate recombination occurs (or the re-dissociation probability at the interface).
The former is primarily limited by the transport properties of the bulk. The latter is dependent
on the local mobility and additionally any pronounced bending effects occurring at the well-
defined planar interface. Therefore, the responsivity at high light intensity of the CB PHJ
benefits from the stronger shift in HOMO level, while the CB BHJ suffers from the reduced

mobility of the blend relative to the CF devices.
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Figure 5.3.6. (a) JV-curves of the BHJ devices deposited from CB and CF. (b) EQE and absorption
spectra of BHJ devices and films, respectively. Note that the films were of a similar thickness. (¢)
Effective mobility determined from charge extraction at short circuit measurements as previously
described.1%¢ (d) Voc and normalised responsivity calculated from the Jsc normalised by the light
intensity versus the light intensity in units of sun equivalent illumination levels. The crosses show the
reconstructed Voc from lifetime and charge carrier density measurements. EQE and absorption
measurements by Tack-Ho Lee.

Interestingly, the Voc of neither CF nor CB PHJs benefits from the limited device interface as
previously shown for the evaporated bilayer systems as well as the IT-4F/PM6 system
(Subchapters 4.3 and 5.2, respectively). In the case of the CF BHJ, the Voc and ideality
factor is almost indistinguishable from the PHJ as shown in Figure 5.3.6 (d). The CB BHJ
shows an improvement of about 50 mV at 1 sun relative to its PHJ equivalent. Its ideality

factor is significantly reduced. Both BHJs show a niq of about 1.

The higher Voc of the CF BHJ is in line with what is expected from the downward shift of the
PM6 HOMO level in the CF blend that should lead to a reduced offset with the bulk HOMO of
the Y6 phase. Additionally, the EQE reveals a slight widening of the photovoltaic gap

dominated by the Y6 absorption. To assess the effect this has on the effective electronic gap

224



Blends, Bilayers, Single Component: Solution-Processed Devices

and the non-geminate recombination losses of Voc, DC and TPV measurements were carried

out.

5.3.9.Bulk Heterojunction: Charge Carrier Kinetics
Figure 5.3.7 (a) shows the charge carrier density of the BHJ solar cells versus the Voc. It

reveals a shift in the effective electronic bandgap of roughly 90 mV assessed at 1 sun equivalent
light intensity. At equivalent light intensity, the charge carrier density accumulated is roughly
doubled in the CB BHJ which may be a result of the increasing disorder (40.6 vs 32.1 meV) as
well as a reduction in the recombination flux. The smaller difference in the effective electronic
gap compared to that of the PHJs is expected due to the disruption of the acceptor phases in
blend films that reduces the effect of the electrostatic interactions. Additionally, the smaller
respective phases (compared to the 35 nm Y6 layers in the PHJ) would be expected to lead to
a more spatially homogeneous charge distribution throughout the BHJ films. Overall, the
nature of the complex interface, the additional contribution of morphological disorder, the
small shift in the photovoltaic gap and the difficulty in directly assessing the energetic levels
in the blend complicate the direct assignment of the changing effective electronic gap to the

influence of the electrostatic charge-quadrupole interaction.

The charge carrier lifetimes measured for the BHJs is shown in Figure 5.3.7 (b). In line with
the more homogeneous charge carrier distribution in the BHJ films, the lifetime gain of the
CB BHJ is reduced compared to the PHJ case. Still, a 7-fold increase of the charge carrier
lifetime at equivalent charge carrier densities results in a kinetic gain of about 40 mV. Together
with the shift in the effective electronic bandgap this fully explains the experimentally
determined Voc shift of about 50 mV. The reconstructed Voc from lifetime and charge carrier

density measurements is shown in Figure 5.3.6 (d).

Figure 5.3.7 (a) also shows the spatially averaged values of the charge carrier density
determined for the PHJ devices. The decreasing charge carrier density in the CF PHJ relative
to the CF BHJ is in line with an interpretation of a very uneven charge carrier distribution i.e.

an increased charge carrier density close to the interface.
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Figure 5.3.7. (a) Charge carrier density versus Voc for the BHJ devices. Additionally, the charge
carrier density for the PHJs is shown which was calculated by spatially averaging over the entire active
layer. The values were collected for up to a 6 sun equivalent illumination using DC. For CF the CE results
are shown that were in generally good agreement with DC but yielded less outliers during the collection.
The arrow corresponds to the potential shift at the 1 sun point of the CF BHJ. (b) Charge carrier lifetime
versus the spatially averaged charge carrier density for the BHJ and PHJ devices.

The Increase In the spatially averaged charge carrier density roughly scales with the Increase
in generation current (6.2 vs 25.5 mA/cm?) in line with a localisation of the charge carrier
population around the interface. The comparison of the lifetime plotted against the charge
carrier density should be interpreted accordingly as originating from the highly uneven charge
carrier distribution in the CF PHJ that results in similar lifetimes at vastly difference spatially
averaged charge carrier densities. While such differences likely occur in the CB PHJ and BHJ
devices, the lifetime dependence on the carrier density is quite similar for the PHJ and BHJ.
Together with the increased generation and decreasing effect of electrostatic HOMO level
stabilisation in the BHJ, this may explain the increased Voc. The more uniform charge carrier
distribution of opposite carriers with respect to the D/A interface may also explain the lowered
ideality factor (niq = 1) indicative of a second order recombination process compared to the
PHJ (niq = 1.5). The latter had been assigned in the above section to the reduced electron
density at the interface as a result of the interfacial energetics giving an increased weight to

the electron density in the recombination rate equation.

To summarise: a direct transfer of the conclusions drawn from the bilayer results to the case
of blend devices is not straightforward as the complex nature of the BHJ means it is affected
by different phenomena. Other previously mentioned studies, show similar trends in the open
circuit voltage for CF vs CB and CF/CN vs o-xylene.20:93 Both analysed the radiative and non-

radiative contribution and found with small variations that the change in non-radiative
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recombination as determined from EQEg. contributed most to the voltage differences. Other
studies related changes in the open circuit voltage and non-geminate recombination kinetics
of PM6:Y6 or related derivatives to the disorder and degree of phase separation.!1.107
Furthermore, bandgap narrowing in pure acceptor phases relative to mixed domains (due to
aggregation dependent inductive effects) has been proposed to enable efficient generation and
would affect Voc.”” The correlation of the polymer HOMO level shift with the Q; of the chosen
acceptor in blend systems together with the results obtained from planar heterojunctions
highlight that charge-quadrupole electrostatic effects should be taken into account when
explaining morphology dependent voltage losses. To further study the changing energetics in
blend systems, the use of spectroelectrochemical methods should be considered in the

future.”3

5.3.10. Comparison of Planar versus Bulk Heterojunction Systems

A striking difference between the Y6 planar heterojunction produced from either solvent with
the previously shown results for the DCV-V-Fu-Ind-Fu-V/Cso (Subchapter 4.3) and
PM6/IT-4F (Subchapter 5.2) PHJs is the lack of a voltage gain compared to their BHJ
counterparts. As a reminder, the other two systems demonstrated an increase in Voc relative
to the BHJ of around 40 — 50 mV. When compared with the BHJs of a similar photovoltaic
gap (D:Aratio 2:1 DCV-V-Fu-Ind-Fu-V:Cso BHJ, not 1:2) a reduction in the spatially averaged
charge carrier density at equivalent values of Voc was shown — in line with the smaller interface
requiring a lower total charge at the interface to support the same Fermi-level-splitting. If the
interfacial energetics may be assumed to be the same for the PHJ and BHJ, the Voc may be
understood as a measure of the charge density at the interface (for suitably chosen transport
layers).108.109 Another consequence of this is the apparent longer charge carrier lifetime at
equivalent Voc for the D/Cso and PM6/IT-4F PHJs since the charges accumulating away from
the interface act essentially as a charge reservoir and do not directly partake in the interfacial

non-geminate recombination.

The same observation regarding the spatially averaged charge carrier density was made for the
Y6 CF case while the CB PHJ shows a similar spatially averaged charge carrier density to the
CB BHJ. This may be explained by pronounced HOMO level deepening in the PHJ case
causing additional charge accumulation in line also with the reduced Voc. Interestingly, the
lifetime of the devices at equivalent Voc values does not change in the case of Y6 as shown in

Figure 5.3.8. While the prolonged charge carrier lifetime due to the reduced interface and
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charge accumulation away from the interface leads to the apparent shift of the lifetime versus
the Voc for the D/Ceo and PM6/IT-4F, no such shift is observed for either of the Y6 devices. All
Y6 devices show a similar dependence of the measured lifetime on the Vo (and approximately
the interfacial charge carrier density) regardless of the total accumulated charge carrier
density. The lifetime data points are merely shifted along this function dependent on the range
of the Voc accessible (for the studied light intensity values of 5 to 600 % sun equivalent
illumination) which is determined by the magnitude of the HOMO level shift. No full
explanation is given here for this observation, yet it seems that it is a direct result of the low
interfacial HOMO level offset and the energy level shift towards the interface affecting the
charge carrier accumulation at the interface and their equilibrium with interfacial CT states
mediating non-geminate recombination. To this end, the observation of fast recombination
despite the apparent barrier by electrostatic effects has previously been raised as a curious

property in PM6:Y6 solar cells.8:107
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Figure 5.3.8. Charge carrier lifetime determined from transient photovoltage measurements for
different material systems in planar and bulk heterojunction configuration. The arrows indicate an
apparent shift along the voltage axis when moving from BHJ to PHJ architecture in PM6:1T-4F and
DCV-V-Fu-Ind-Fu-V:Ce (abbreviated as D:C¢ in the legend). While the arrow for Y6 devices signifies
a shift along a similar functional dependence on the V¢ for different solvents and device architectures
(PHJ vs BHJ and CB vs CF).

Finally, also the comparatively low photocurrent of the planar Y6 heterojunctions particularly
when compared to PM6/IT-4F is noteworthy. Based on the previously determined exciton
diffusion length in excess of 30 nm?2°30 and the high absorption coefficient?8 this is surprising.
Other bilayer systems containing Y6 with different charge generating interfaces have produced
similarly low photocurrents.®5110-112 Note that the high photocurrents achieved by

sequentially deposited pseudo-bilayers may result from partial mixing of the phases at the
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interface.3940:113,.114 The FF on the other hand is highly improved compared to the IT-4F planar
heterojunctions which may result from fast spatial separation of charges due to the

electrostatic effects discussed and the lower generated current density at the interface.

5.3.11. Conclusion

In this study, the effect of the electrostatic charge-quadrupole interaction on the energetics of
Y6 films was investigated. Changing the molecular orientation and packing density by using
different solvents led to the observation of a downward HOMO level shift of more than 200
meV for more aggregated mixed-orientation acceptor films relative to those with a
predominantly face-on orientation. Meanwhile the bandgap remained largely unchanged. This
is the first report of such strong orientation-dependent energetic shifts in solution processed
films. To study the effect of the electrostatic phenomenon on the charge generation and
recombination at a donor-acceptor interface, well defined bilayer films and devices were
produced by polymer film transfer onto the acceptor layer. The material energetics correlated
well with the effective electronic gap determined from the charge carrier built-up in devices.
However, the effect of the narrowing of the electronic gap on Voc was partially offset by the
reduced recombination rate caused by an effective barrier to charge non-geminate
recombination. Similar albeit weakened trends were observed for bulk heterojunction devices.
Here the clear correlation with the material energetics is more difficult than in the planar
heterojunction devices because of the complexity of the microstructure and interface. While
electrostatic effects such as the charge-quadrupole interaction lead to efficient charge
generation in low offset donor/acceptor combinations and can effectively reduce the non-
geminate recombination rate, they also set an upper limit to the Voc through the narrowing of
the electronic gap as previously discussed by Eisner and Nelson.®2 However, taking this effect
into account is crucial to optimise interfacial energetics and further increase organic solar cell

performance.

If there is a fundamental energetic driving force required in heterojunctions to facilitate charge
generation — be it energetic offsets at the interface or electrostatic band bending effects — what
if charges could be generated in a homojunction of a neat material through different

generation mechanisms?
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5.4. Charge Generation in Neat Non-Fullerene Acceptors
5.4.1. Background

While light absorption in inorganic or hybrid organic-inorganic semiconductors leads to direct
free charge generation,!15-118 the weak dielectric screening in organic semiconductors results
in the formation of bound excitons upon absorption.119120 Some studies have demonstrated a
small fraction of (often highly-field dependent) free charge generation in small molecules,
homopolymers, or “push-pull” polymers/small molecules (made up of donating and accepting
groups).121-126 Additionally, charge generation has been shown in a homojunction made up of
differently oriented small-molecule domains®® but the energetic offsets at the domain edges
essentially makes this a heterojunction. Therefore, all high performance OSCs still rely on the
original planar and later bulk heterojunctions that enabled the first efficient OSCs by providing
an energetic driving force for exciton separation!27-129 — despite the unavoidable voltage losses

caused by employing the heterojunction. 692100

After the concept of planar or pseudo-heterojunctions has been revived, enabled by the high
exciton diffusion lengths of high performing NFAs, also the observation of highly efficient
charge generation has been reported in neat layers of Y632 raising the possibility of single
component OSCs. Have we come full circle, from homojunction to bulk heterojunction and

back to homojunction OSCs, through the recent progress in NFA materials innovation?

Price et al. indeed argued that under 1 sun conditions 60 to 90% of excitons in neat Y6 films
form charges rather than “intra-moiety” charge transfer like states and that they decay
bimolecularly rather than geminately. The poor photovoltaic performance was assigned to the
poor collection efficiency caused by poor ambipolar transport and fast non-geminate
recombination.32 More modest claims about free charge generation have been made elsewhere
relying mainly on the observation of PL quantum yield measurements upon variation of light
intensity,32 temperature,3! or bias!!2. As previously raised herein, also the bias dependent PL
quenching in IT-4F based devices®! as well as the surface photovoltage measurements on neat

Y6 films52 indicate the occurrence of free charge generation in neat films.

Following these results, single component layers of various NFAs including Y6,7 IT-4F,53
IDIC,130 and IDFBR13! were studied by Park et al.3? with some results presented in this thesis.
The aim was to elucidate the efficiency of free charge generation and the potential for single

component organic solar cells or photodetectors (OPD). Particularly for OPDs, that are often
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operated under reverse bias to aid extraction and hence the photo-response, single-
component systems with their narrower absorption compared to blends are of interest.!32
Indeed, for all studied NFAs significant photocurrent values could be measured under reverse
bias conditions. Particularly IT-4F and Y6 showed significant EQE values of up to 50% at -5 V
— a roughly 40-fold improvement compared to 0 V for Y6. For all devices, the increase of the
EQE correlated well with the increasing PL quenching efficiency for increasing reverse bias.
This indicates that the origin of the increased photocurrent is the bias assisted quenching of
emissive states (i.e., field-dependent generation) rather than improved extraction. To further
support this, the light intensity dependence of the extracted photocurrent is measured at
different biases. By combining charge extraction and small-perturbation transient
photocurrent measurements, an attempt is made at giving a rough estimate of the bimolecular
recombination coefficient under device operating conditions in Y6 single component layers.
While the discussion herein will focus on the optoelectronic results obtained for Y6 to elucidate
whether single component devices are generation or extraction limited, the paper by Park et
al. additionally presents the OPD performance, optical spectroscopy results and quantum
chemical calculations to explain the observed trends in the charge generation efficiency and
its bias dependence in the different NFA materials. A brief overview will be given towards the

end of this chapter.

5.4.2.Contributions
The results discussed herein were mainly obtained as part of the study published by Park et

al. and contain figures adapted from the publication.33 Song Yi Park and Chiara Labanti
fabricated the devices and carried out PL and EQE measurements. Transient optical
measurements were performed by Tack Ho Lee and Yifan Dong. Yi-Chun Chin provided the
measurements of the acceptor energy levels and calculations of the electrostatic potential and
molecular quadrupole moments. The focus of this chapter will be the optoelectronic
characterisation, carried out by the author of this thesis, to assess the extraction efficiency in
Y6 single component devices. See Park et al. for additional data regarding the other NFAs,

additional characterisation and details about the methods.33

5.4.3.Materials and Absorption Spectra

The four NFAs were chosen as representative materials for different types of molecular
structures: twisted (O-IDFBR),!33 planar (IDIC, IT-4F),134135 and curved (Y6)”. Figure 5.4.1

(a) shows the molecular structure of the NFAs.
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Figure 5.4.1. (a) Molecular structures of the four NFA materials used: IDIC, Y6, IT-4F, O-IDFBR.
(b) Energy badn diagram of the single component devices. HOMO levels of the NFAs were determined
by APS. LUMO levels were calculated by adding the optical gap to the measured HOMO level. (c)
Absorption coefficient as a funtion of wavelength of the neat NFA films. Energy level measurements
carried out by Yi-Chun Chin. Absorption spectra measured by Chiara Labanti.

Devices were produced by Song Yi Park with the structure ITO/ZnO/NFA (~40 nm)/MoOs.
/Ag. The corresponding energy levels are shown in Figure 5.4.1 (b) and were determined by
Yi-Chun Chin. HOMO energy levels were measured directly by APS and the LUMO was
determined from the optical gap. Figure 5.4.1 (c¢) shows the absorption spectra of the
different NFAs and demonstrates their suitability for narrow-band photodetection in different
wavelength regions. Despite the differences in the absorption coefficients, all four NFAs show

a sufficiently high (> 10-5 cm) value for photodetector applications.

5.4.4.Bias Dependent Photocurrent and Photoluminescence Quenching
To investigate the mechanism of charge generation in the single component devices (and their

potential applicability as photodetectors), bias dependent EQE measurements are carried out.

The bias dependent EQE spectra of Y6 are shown in Figure 5.4.2 (a) (see Park et al. for the
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spectra of the other NFAs).?3 Figure 5.4.2 (b) shows the peak value of the EQE versus the
applied bias for all four NFAs.
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Figure 5.4.2. (a) Bias-dependent EQE spectra of a Y6 single component device. (b) Peak value of the
EQE spectra versus the applied bias for O-IDFBR, IDIC, IT-4F and Y6. The legend shows the wavelength
at which the EQE spectra reach their maximum. (c¢) Bias-dependent PL spectra of a Y6 single
component device. (d) PL quenching efficiency as a function of bias for all four NFAs. The calculation
of the PLQE is described in the text. Measurements carried out by Song Yi Park and Chiara Labanti.

The electric field across the acceptor layer is expected to be comparable based on the similar
active layer thickness for all four NFAs (48 — 60 nm). At their EQE peak, IT-4F and Y6 reach
a value of = 50% at -5 V while IDIC and O-IDFBR are limited to about 35%. Besides the
maximum achievable value of the EQE at -5 V which may additionally be influenced by lower
absorption (in the case of O-IDFBR), a striking feature is the earlier onset of the EQE increase
at-2 Vin the case of IT-4F and Y6. The data indicates that significant charge generation occurs
also in other NFA materials (besides the previously mentioned IT-4F and Y6) such as IDIC

and O-IDFBR but only when a significant electric field is applied. Furthermore, the data shows
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that at 0 V or forward bias, no significant photocurrent is extracted, making the single

component devices unsuitable for photovoltaic applications.

To further study the origin of the enhancement of the EQE in the different materials, bias-
dependent PL measurements were carried out (see Figure 5.4.2 I for the Y6 results). By
calculating the photoluminescence quenching efficiency (defined as PLQE(V) = (PLov —
PL(V))/PLov, where PLov and PL(V) are the PL intensity at zero bias and the applied voltage,
respectively) the EQE can be related to the bias dependent quenching of the emissive states in
the NFAs. The results shown in Figure 5.4.2 (d) show a very good agreement with the bias-
dependence of the EQE peaks depicted in Figure 5.4.2 (b). IDIC and O-IDFBR show the
lowest PLQE (< 30% and < 50%, respectively) while IT-4F and Y6 achieve PLQEs of around
90% at -8 V. Also, the onset of the PLQE beyond -2 V coincides well with the EQE onset
discussed above. This suggests that the origin of the enhanced photocurrent at reverse bias is
the bias-dependent splitting of emissive states to form free charges in contrast to previous
hypotheses about charge generation being efficient at forward bias while collection limits the

photo-response.

5.4.5. Light Intensity Dependence of the Photo-Response

Light intensity dependent JV-curves were measured to investigate any limitations posed by
non-geminate recombination on the collection efficiency. The measurements were carried out
using white light LEDs that were linearly powered down. To access low light intensities two
additional neutral density filters were used. The light intensity of the LEDs was calibrated to
the 1 sun current density determined from the integrated EQE at -5 V. Note that this
introduces an error if significant non-geminate recombination occurs at 1 sun light intensity
compared to the EQE measurement typically carried out at much lower light intensity. As will
be discussed below, this error is small and the data is suitable to assess limitations based on
the collection efficiency. Figure 5.4.3 (a) shows more than 50 normalised JV-curves
collected at logarithmically spaced light intensity values ranging from 0.028 to 655 mW/cm?
(sun equivalent power). It demonstrated that an appreciable photocurrent can only be
extracted at reverse bias. The profile of the normalised extracted photocurrent shows
remarkably little dependence on the light intensity. Any differences observed stem from the
normalisation of JV-curves and the high noise at low light intensities. Figure 5.4.3 (b) shows
the total extracted current density measured at -5 and -1 V as well as the photocurrent (Jpn)

corrected for the dark current. The values were extracted from the measured JV-curves. At -5
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V, the dark current becomes significant below 0.5 % sun (or 0.5 mW/cm?). Figure 5.4.3 (c)
and (d) show the corrected J,n and the responsivity calculated from Jpp, at various biases as a

function of the incident light intensity.
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Figure 5.4.3. (a) Normalised photocurrent of Y6 versus applied bias at 56 light intensity levels
logarithmically spaced from 0.028 to 655 mW/cm? (equivalent to % sun intensity). The LED light
intensity was calibrated to reproduce the integrated EQE at 1 sun AM1.5 illumination at -5 V reverse
bias. On the right axis, the laser induced charge extracted in transient photocurrent measurements. (b)
Total extracted current and corrected photocurrent of Y6 at -5 and -1 V illustrating the lower bound of
the linear dynamic range at high reverse bias where the dark current increases. The measurements were
obtained from the JV-curves. (¢) Corrected photocurrent of Y6 versus light intensity at short circuit and
reverse bias conditions. (d) Responsivity calculated from the corrected photocurrent divided by the
light intensity in mW/cm? (or % sun equivalent). Not that small discontinuities arise where neutral
density filters were inserted (around 8% sun) to access light intensity levels otherwise inaccessible with
the LED setup due to the unreliable low power output.

At all biases, even at 0 V, the photocurrent shows a high proportionality with respect to the
light intensity. Only beyond 1 sun equivalent illumination at high reverse bias, the responsivity
shows a slight reduction. This is in line with the onset of significant bimolecular losses as the

increasing light intensity and negative bias result in a significant charge carrier density in the
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active layer. However, up to one sun irrespective of the bias, no bimolecular limitation was
discernible. Interestingly, the same was true for the other NFAs.33 There the generally lower
charge generation efficiency (IDIC and O-IDFBR) also resulted in a reduced carrier density
which lowers the bimolecular recombination rate. Note that these results do not rule out a
first-order trap assisted recombination pathway to result in significant non-geminate
recombination during collections since the recombination rate would scale linearly with the

light intensity.13¢

The light intensity independent responsivity suggests that poor charge collection can be ruled
out as the origin of low extracted photocurrent at short circuit (and forward bias) —
surprisingly, given that there is no heterojunction present to spatially separate charges and
efficiently extract them through their respective phases. This is astonishing and contradicts
previous studies that hypothesised extraction to be the limiting factor.3132 The findings
furthermore support the assignment of the bias dependence of the photocurrent to a field-
dependent generation mechanism. In the following, an attempt is made to quantify the
bimolecular recombination coefficient under operating conditions from a combination of

charge extraction and transient photocurrent measurements.

5.4.6.Determination of the Bimolecular Recombination Coefficient
Due to the poor photovoltaic performance as well as the expected high capacity of the devices,

the determination of non-geminate recombination rates from charge extraction and transient
photovoltage measurements seems unfeasible. Instead, an attempt is made here to give an
estimate of the bimolecular recombination rate constant based on the reduction of the laser
induced charge extracted in transient photocurrent measurements as a function of the LED
bias light. As the LED bias light intensity is increased, the background charge carrier density
causes additional recombination of the laser induced charge with the background charge

carrier density.

Firstly, encouraged by the good collection properties at reverse bias conditions charge
extraction measurements were carried out. The devices are kept under constant bias and LED
light illumination. Upon switching the LED lights off, the extracted charge carrier density in
the device is integrated to determine the steady state charge carrier density for a given light
and electrical bias condition. Figure 5.4.4 (a) and (b) show the extracted charge carrier

density as a function of light intensity and the steady-state extracted photocurrent,

236



Blends, Bilayers, Single Component: Solution-Processed Devices

respectively. The charge carrier density shows a sub-linear dependence on the light intensity

in line with a slightly charge carrier density dependent mobility.10
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Figure 5.4.4. (a), (b) Extracted charge carrier density versus the LED background light intensity and
the steady-state current density, respectively. Dashed lines in (a) are fits with a power law exponent of
0.84. The solid line in (b) signifies proportionality between the charge carrier density and extracted
current density. (¢) Photocurrent transients recorded with varying background light intensity recorded
at -5 V. (d) Extracted charge induced by small perturbation laser pulses versus the background charge
carrier density induced by LED illumination for different bias conditions.

By comparing the two graphs it becomes evident that the increase in extracted charge carrier
density with bias is a result of the increased charge generation rather than extraction issues.
As shown in Figure 5.4.4 (b), when plotting against the steady-state photocurrent the data
collected at different biases converges towards higher light intensity. The measurements were
used to calculate a lower bound of the effective mobility of around 10-> cmV-1s1.33 This is in

line with the relatively high ambipolar mobility that has previously been demonstrated for

Y6.29.112,137
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Following that, laser induced small-perturbation transient photocurrent (TPC) measurements
were carried out at different electrical and LED light bias conditions. As shown in Figure
5.4.3 (a), the charge collected in TPC measurements as a function of bias matches well with
the generation profile of the steady-state photocurrent measurements. Figure 5.4.4 (c)
shows the variation of the photocurrent transients with varying the background light intensity
as measured at -5 V. It illustrates the recombination losses occurring at high LED light bias
between the laser induced charge and the steady-state background charge. The extraction time
of the transients was limited by the RC-time constant of the device (Figure 5.4.4 (¢) and
Figure 5.4.5 (a)). Figure 5.4.4 (d) shows the corresponding laser induced charge

determined from integration of the photocurrent transients. The charge carrier density on the

x-axis was interpolated from the previously carried out charge extraction measurements.

The measurements show that the small-perturbation charge is highly bias-dependent while no
effect of the background carrier density is observed until the emergence of bimolecular losses
at high background light intensity — similar to the responsivity in steady-state measurements.
This contradicts the previously proposed equilibrium between thermalised charges at steady-
state and charge generation.32 A simple kinetic model was devised to fit this and calculate the
bimolecular recombination coefficient. The excess bimolecular recombination upon the small
laser perturbation can be calculated by subtracting the steady-state recombination rate from

the total recombination rate:

i eress) = o (v ) e
dt excess) = K, n n-exp RC n

where n is the steady-state carrier density, k> is the bimolecular recombination coefficient, An
is the laser induced charge carrier density that decays approximately with the RC time
constant that can be determined from the TPC transients. Integration yields the excess

recombined charge carrier density Anye:

An?
Anrec =k2'RC' 2n-An+T

The RC time constant was experimentally determined to be about 0.3 ps. The extracted laser

induced charge An as a function of the background charge is then given by:
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An?
An(n) = An(0) —k,-RC-|2n-An +T

This was fitted to the experimental data (Figure 5.4.5 (b)) to yield a range of 0.7 — 3 x 1011
cm3sl. The range may be attributed to the slightly varying extraction times (Figure 5.4.5
(a)). Values obtained by this method are presenting a lower bound as they are collected at

reverse bias with potentially highly non-uniform charge carrier distribution.

The low bimolecular recombination coefficient as well as the high charge carrier density are
both surprisingly similar to the values reported for BHJs containing Y6 (TPV/CE resulted in
values of ko = 2 x 101! ecm3s! and n = 5 x 1016 ¢cm at 6 sun Voc as shown in Subchapter
4.2) despite the lack of a heterojunction to spatially separate holes and electrons. These
observations further support our conclusion of bias assisted charge generation to be the key

determinant of performance for single component Y6 devices studied herein.
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Figure 5.4.5. (a) Photocurrent transients without background illumination at different biases. (b)
Normalised laser induced charge versus the LED induced steady-state charge carrier density. The grey
area signifies the range of values of ko encompassing the measurements at all bias conditions.

Despite the uncertainties of the method, these results suggest that the bimolecular
recombination rate is about three orders of magnitude slower than previously assumed in
device models explaining the poor performance of Y6 single junctions with their poor charge
collection.32 Also other studies suggested that charge collection may be aided by interlayers
that would reduce non-geminate losses due to the supposed high recombination coefficient.!12
Given that charge transfer state formation has previously been demonstrated at these

inorganic interlayers for a range of acceptor materials,!!! it seems more likely that the
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interlayer formed a charge generating heterojunction with Y6 to provide the driving force for

exciton separation.

5.4.7. Photophysical Experiments to Elucidate Differences in Charge
Generation

In the publication, exemplary photophysical studies on Y6 and O-IDFBR solutions and films
address the origin of the differences in charge generation between the different NFAs. A
striking feature of Y6 is the strong red shift and reduction in PLQY for solutions with
increasing concentration and even more so for solid films. Such shifts are not observed for the
more amorphous O-IDTBR in solution and film samples. The observations suggest strong
intermolecular interactions between Y6 molecules. This is further supported with quantum
chemical simulations that suggest that the lowest energy excited state in Y6 has significant
charge transfer character as previously suggested elsewhere to be the precursor of charge
generation in PM6:Y6 blends.!26 Delocalisation has also theoretically and experimentally been

shown to aid charge generation.!38:139

The Increased photogeneration efficiency at reverse bias of IT-4F and Y6 may therefore be
related to their strong intermolecular interaction,'?® compared to the twisted O-IDFBR
structure,!33 aiding the formation of charge transfer excitons that separate to free charges
aided by an external bias. Additionally, the higher charge generation efficiency also correlates
well with the molecular quadrupole moment and electrostatic potential difference between
different molecular moieties in IT-4F and Y6. A more in-depth discussion of these

observations can be found in the publication.

Particularly, at no externally applied bias an additional contribution to charge generation may
stem from energetic offsets at differently oriented grain boundaries mediated by the molecular
quadrupole moment of the acceptor material. In Subchapter 5.3, SPV results suggesting
such trends for CF and CB deposited films of Y6 alluded to this. Devices built here from neat
CF and CB films indeed show small differences in the EQE depending on the morphology of
the film (see Figure 5.4.6)

However, the overall very low EQE at zero bias suggests that this is not a major charge
generation pathway as has been reported previously for well-defined a-6T films.8¢ While such

grain boundaries and orientation dependent energetics may play a role also at reverse bias,
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the majority of the free charge generation seems to be intrinsic without the need of such

offsets.
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Figure 5.4.6. External quantum efficiency spectrum of devices prepared from chloroform and
chlorobenzene resulting in a mostly face-on and mixed orientation, respectively. EQE measurements
performed by Song Yi Park.

5.4.8.Conclusion
In conclusion, surprisingly high charge generation efficiency has been demonstrated for

representative neat NFA (Y6, IT-4F, IDIC, O-IDFBR) devices when a reverse bias is applied
while only miniscule photocurrents could be measured at no applied bias or forward bias. The
origin of the large photocurrent when an electric field is applied is the bias dependent
quenching of the emissive species in the NFAs as demonstrated by bias-dependent PL
measurements. For all four devices, the photocurrent was highly linear with increasing light
intensity which demonstrates low collection losses under reverse bias conditions. Focusing on
Y6, where free charge generation had previously been proposed to be highly efficient even at
no applied bias, additional measurements regarding the charge collection efficiency and the
bimolecular recombination rate underline that the bias dependence of the extracted
photocurrent arises from electric field dependent generation, not extraction. The observed
charge carrier density and bimolecular recombination coefficient in neat Y6 are surprisingly
similar to those established for PM6:Y6 BHJs (albeit at different bias conditions). Differences
in the charge generation efficiency have been analysed in more detail in the publication by
Park et al. and point towards the strong intermolecular interaction in IT-4F and Y6 to be the
key reason for their high charge generation yield at reverse bias.3? While these observations
make single-junctions unlikely contenders for OSC applications, their high reverse bias

responsivity raises the prospect of OPD applications.
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5.5. Concluding Remarks: Bulk versus Planar Heterojunctions
Throughout this thesis, different planar and bulk heterojunction systems were compared

directly: DCV-V-Fu-Ind-Fu-V/Cgo, PM6/IT-4F and PM6/Y6. The motivating factors for the
use of bilayers are either of a practical nature (reproducibility without the need to optimise the
blend morphology, the higher morphological stability) or considerations regarding their
potential to reduce non-geminate recombination related voltage losses. The overall
performance, however, typically lags behind that of their BHJ equivalents, especially for
typically studied high-performance materials that can be optimised to form a favourable blend
morphology — meaning that materials that do not form a favourable morphology when

blended may benefit from a PHJ architecture but are generally of less interest for applications.

In the systems studied herein, PHJ devices were shown to suffer from a range of issues
compared to their BHJ counterparts. Firstly, in Subchapter 4.3 evaporated DCV-V-Fu-Ind-
Fu-V/Cso clearly showed a limitation of current generation due to the low exciton diffusion
length. When increasing the donor layer thickness from 5 to 15 nm, only a small additional
Jsc was measured at the expense of a large reduction in FF (potentially due to field-dependent
generation of charges in the neat donor phase). This made the PHJ a potential candidate for
use as a sub-cell in a multi-junction stack where the requirements for current generation are
reduced while the voltage is added up across the monolithic sub-cells. Here, the benefit may
be the reduced voltage loss of the PHJ that was established due to the reduction of interfacial
area essentially lowering the ratio of interfacial CT states to S1 states that was shown to affect

Voc.6:56

Similarly, PM6/IT-4F showed an increased Voc compared to its BHJ counterpart with
qualitatively similar observations regarding the non-geminate recombination related voltage
losses. Additionally, IT-4F benefits from its significantly larger exciton diffusion length of
around 40 nm. Tuning the active layer thickness according to the exciton diffusion length
(much thicker than typically evaporated PHJs) resulted in large improvement of Jsc. Still, the
BHJs Jsc remains unmatched. The PHJ also resulted in a reduced FF which was tentatively
assigned to a combination of field-dependent generation at the junction and in the neat IT-4F
layer prior to reaching the interface as well as strongly light intensity dependent non-geminate
effects due to the large generation current density at the limited planar interface. The latter
may result in a fundamental trade-off between high charge generation at the small interface

and instant non-geminate recombination of the generated carriers due to a high local carrier
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density. As with other suboptimal OSCs, it turns out that the PM6/IT-4F planar
heterojunction may benefit from its lower dark current when used as an OPD. Trade-offs
between the generation at the limited interface and fast non-geminate recombination reducing

the fill factor in PHJs with high photocurrent should eb further investigated!

Finally, PHJs produced from Y6 layers with different molecular orientation and morphology
were produced. Also Y6 has previously been shown to have a long exciton diffusion length,2°-30
however, the achieved Jsc from IT-4F devices could not be matched. This result is in line with
other previous reports of bilayer devices utilising Y6, none of which show significantly
improved photocurrents despite layer thicknesses of up to 35 nm (in line with the exciton
diffusion length).65110-112 As a consequence of that, the focus here was put on the observed
energetic shifts for films deposited from different solvents and its effect on the Voc that is a
result of the strong electrostatic interactions in aggregated Y6 films. The large shift of more
than 200 meV in the acceptor HOMO level partially translates to the trends in Voc with the
difference being explained by changes in the non-geminate recombination kinetics. The
lowered HOMO level shows a reduced non-geminate recombination rate by a factor of 50. This
is the result of the energetic offset and interfacial band bending that effectively drives the
charges away from the interface. Similar albeit less pronounced trends were observed for the
BHJ devices. Interestingly, potentially due to the interfacial band bending effects, the PHJs
did not yield an improvement of the photovoltage relative to the BHJs as previously observed
for the other PHJ systems. The increased band bending at the interface did however result in
an improved linearity of the current density at high light intensities in line with fast non-
geminate recombination being the limiting factor to high fill factor and current density in high

current density planar devices.

Finally, while neat generation in single component NFA devices was demonstrated in the final
chapter, the low charge generation yield at forward bias make them unlikely contenders for
OSC application. At reverse bias, a high charge generation efficiency was achieved, especially
in IT-4F and Y6 devices. This is in line with the formation of charge transfer excitons enabled
by the strong intermolecular interaction in these materials. These delocalised states had
previously been suggested to be precursors to charge generation in blend films.!26 In neat
films, the application of a reverse bias may provide the driving force to separate these states
and generate free charges. Charge collection was not found to be the limiting factor behind

their poor OSC performance but again, a poor OSC may make a promising OPD.
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The results presented herein show that PHJ systems can be promising for OSC applications,
especially for multi-junction systems with reduced Jsc requirements. Key to furthering this
potential for evaporated materials is the extension of their exciton diffusion length through
morphological or structural improvements. IT-4F demonstrates that high photocurrent
generation is possible given an increased exciton diffusion length. The FF limitations in high
photocurrent planar heterojunctions that have also been observed elsewhere* should be
further addressed in the future. Generally, pseudo-planar heterojunctions may be the more
promising approach to high efficiency systems with a more reproducible deposition method
and favourable vertical phase separation.2!:3° Case studies like that on Y6 demonstrate that
bilayer systems are interesting subjects to elucidate fundamental effects of solar cell operation
with well-defined domains and interfaces. Especially, when the effects partially translate to
BHJs. Hybrid inorganic-organic!!1.112 or evaporated donor-Y6!10 solar cells are potentially also
of interest for multi-junction applications if the origin of the relatively low photocurrent can

be elucidated.
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6.Conclusions and Outlook

The impressive learning curve that silicon PV has undergone makes solar energy a central part
to any future mitigation scenario to combat the climate crisis. Ironically, this success has
eliminated introduction openers of organic solar cell papers that used to promise low-cost
solar energy and cited silicon PV’s high prices. Organic solar cells are currently lagging behind
silicon in terms of price, performance and stability. Yet they offer a great range of niche
applications that should be explored and also offer the lowest carbon footprint of any energy
conversion technology bar hydro (according to a lifecycle analysis by TUV Rheinland).
Learning from the successful journey, that the silicon PV story demonstrated, would mean that
investment into upscale (enabling a technology push) and a guarantee of protected niche
markets (creating a market pull) may be crucial to replicating silicon’s success. For the
academic community, this may mean focusing on research that brings organic solar cells closer
to a commercial product rather than breaking the 20% efficiency barrier with small scale
fabrication techniques, and unstable or high-cost materials. Vacuum-deposited organic solar
cells currently seem to possess the more viable route to large scale application with proven
scalable deposition, high stability and cheaper material synthesis (albeit more expensive

processing).

The first results chapter (Chapter 4) of this thesis focused on gaining a greater understanding
into the loss mechanisms encountered in commercially relevant evaporated organic solar cells.
In comparison with solution-processed films the higher energetic disorder and lowered charge
collection efficiency pose a major challenge that may be addressed through materials
innovation of more rigid materials and better deposition control enabling more phase
separated films. The size limit imposed by the evaporation process may result in a
fundamental limit in this regard. Partially, the constraints by the collection efficiency may be
alleviated by the use of multi-junction systems using thinner sub-cells. Here, the lowered
requirements for charge collection and photocurrent put strategies to reduce the voltage losses
in fullerene-based vacuum-deposited solar cells in the focus. Planar heterojunctions have been
shown to be interesting candidates for this if the exciton diffusion length can be increased to
yield slightly higher photocurrent values. The introduction of evaporable non-fullerene
acceptors may also help to further reduce voltage losses — the results of Subchapter 4.2

indicate that the miscibility, interaction energy and crystallinity of evaporated donors and

260



Conclusions and Outlook

non-fullerene acceptors should be taken into account when choosing suitable materials to

enable high collection efficiencies and fill factors.

The261econdd part of this thesis was dedicated to the study of alternative device architectures
such as planar heterojunctions and single component devices for solution-processed devices.
These may hold promise for increasing stability and more reproducible manufacturing
compared to bulk heterojunctions with their complex morphology and high susceptibility to
processing conditions. Interestingly, the Swedish company Epishine demonstrated the
commercial viability of bilayer devices with their production method. They deposit the
respective electrode materials and interlayers on the top and bottom substrate before
depositing D/A blends on both sides and laminating the substrates with the active layer side
together. However, performance of sharp bilayers of pure donor and acceptor as well as single
component devices was merely enough for a second life as organic photodetectors in the cases
studied herein. Beyond their performance, these devices offer great insight into some of the
open questions of organic solar cells such as the role of the material energetics near the donor
acceptor interface. Future research in bulk heterojunction devices should take these
electrostatic effects into account when determining the effective electronic gap of the blend.
In terms of performance, pseudo-planar heterojunction as reported in the literature may be
the way to go. Crucially, research in the field of solution-processed organic solar cells should
focus on understanding high-performing materials better and translating these findings to
scalable solutions instead of producing another laboratory scale performance record by

blending ever more active layer components with little reproducibility.

Having started my OPV journey at Merck with insights into the industrial side of R&D and
inspired by the determination of Heliatek to make organic PV a large scale, environmentally
friendly solution for urban applications, this has been my takeaway as we have witnessed
impressive performance improvements while commercial partners such as Merck or Armor

have dropped out of the race.

261






