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The PM6:Y6 bulk-heterojunction (BHJ) blend system achieves high short-circuit current (Jsc) values in
thick photovoltaic junctions. Here we analyse these solar cells to understand the observed
independence of the short-circuit current upon photoactive layer thickness. We employ a range of
optoelectronic measurements and analyses, including Mott-Schottky analysis, CELIV, photoinduced
absorption spectroscopy, Kelvin-probe potential measurements and simulations, to conclude that, for
the device series studied, the invariant photocurrent for devices with different active layer thicknesses
is associated with the Y6 diffusion length exceeding 300 nm. This is despite an unintentional doping
that occurs in PM6 and the associated space-charge effect, which is expected to be even more
profound upon photogeneration. This extraordinarily long diffusion length - which is an order of
magnitude larger than typical values for organics - dominates transport in the flat-band region of thick
junctions. Our work suggests that the performance of the doped PM®6:Y6 organic solar cells resembles
that of inorganic devices with diffusion transport playing a pivotal role. Ultimately, this is expected to
be a key requirement for the fabrication of efficient, high-photocurrent, thick organic solar cells.
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Introduction

In 2019, the non-fullerene acceptor (NFA) Y6 blended with PM6 achieved power conversion
efficiencies (PCE) of 15%. In 2020 Y6 blended with an alternative polymer gave 17.6% certified
efficiency.?2 With the PCE of NFA based organic photovoltaic devices reaching the performance level
of first-generation polycrystalline silicon technologies, the feasibility of commercial solutions is
becoming increasingly realistic.>> One of the significant obstacles which must still be overcome en
route to commercialization is the low thickness of most typical organic active layers which rarely
exceeds the 100 nm range.® Determination of, and addressing the causes of such limitations requires
building a general energetic picture of photovoltaic semiconductor junctions, which is a very
important tool for understanding of the role of different materials and electronic processes.
Conventional understanding of solar cell operation which has been initiated and driven by the studies
of inorganic crystalline materials is mainly based on the models of the p-n junction and p-i-n solar cell,
where the electric field is of little relevance for charge collection at short circuit, while instead charge
separation relies on interfacial kinetics, energy steps at interfaces and diffusion driven transport.”®
However with the discovery of the bulk heterojunction organic solar cells (BHJ), due to the low charge
mobilities and low diffusion coefficients (the charge carrier diffusion lengths are typically <20 nm®™1)
a series of new device models has been established where the role of charge collection by electric
fields (drift transport) is essential to the solar cell performance, since purely diffusive transport does
not lead to efficient charge extraction.? One consequence of this reliance on drift transport is that
organic solar cells are typically thin — on the order of hundreds of nanometres — compared to their
inorganic counterparts — microns to tens of microns thick cells. In this regard, it has previously been
shown that low charge mobilities may consequently limit both the short-circuit current (Jsc) and the
fill factor (FF) of organic solar cells.>*>* In particular, organic bulk heterojunctions typically show
lower Jsc values for thicknesses above a particular threshold, despite an increase in the number of
absorbed photons.!?

Among the organic blends demonstrating promising output characteristics at higher active layer
thicknesses, the PM6:Y6 (PM6: poly[(2,6-(4,8-5is(5-(2-ethylhexyl-3-fleoro)thiophen-2-yl)-5enzo[1,2-
5:4,5-5’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-5is(2-ethylhexyl)5enzo[1’,2’-c:4’,5’-
c’ldithiophene-4,8-dione)]; Y6: 2,20-((2Z,20Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-e]thieno[2,"30":4’,50]-thieno[20,30:4,5]pyrrolo[3,2-
glthieno[20,30:4,5]thieno[3,2-blindole-2,10-diyl)bis(methanylylidene))-bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile) NFA based blend has recently gained much
attention showing PCE of around 15% in 100 nm and even still impressive 13% for the 300-nm thick
active layer devices.! We have previously studied the mechanism of charge generation in a 100-nm
thick PM6:Y6 device and found that photocurrent generation is essentially barrierless with near-unity
efficiency. Theoretical modelling suggests that efficient charge separation is related to the ability of
Y6 to form crystalline domains in the optimized blend. Thereby, the dissociation of the interfacial CT
state is assisted by an electrostatic interfacial field which for crystallized Y6 is large enough to
compensate the Coulomb dissociation barrier. ** Profiting from this crystallinity effect are the high Jsc
and electron mobility values obtained in the PM6:Y6 blends. However, a question of interest which
still remains lucid is how the photocurrent depends on thickness, particularly in thicker junctions. The
observed constant Jsc for different active layer thicknesses indicates insignificant bimolecular
recombination.?® In this paper, we employ Mott-Schottky analysis of the PM6:Y6 depletion region,
supported by CELIV, to study the thickness dependence of the device behaviour. To interpret the
experimental observations, we use numerical simulations that incorporate the effect of doping on the



device electrostatics. We demonstrate that high performance in thicker PM6:Y6 devices is due to the
significantly enhanced electron diffusion length, enabling efficient operation even for doped blends.

Experimental
Device fabrication

PM6 was purchased from 1-material and Y6 was provided by Central South University and synthesized
according to literature.! For device fabrication, ITO-coated glass substrates were cleaned in an
ultrasonic bath using detergent, deionized water, acetone and isopropyl alcohol (IPA), the dried
substrates were treated by oxygen plasma at room temperature for 4 min. PEDOT:PSS (poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate)) (Baytron PVP Al 4083) was spin-coated on ITO and
annealed for 15 min at 150°C in the air. PM6 and Y6 were mixed in the 1:1.2 proportion, dissolved in
chloroform and, following addition of 1-chloronaphthalene (CN) (0.5% by volume), spin-cast on top of
PEDOT:PSS. An electron-injecting interlayer of PDINO was then spin-cast onto the active layer from
the 1 mg/mL solution in methanol. The Ag top electrode was thermally deposited in vacuum at the
base pressure of ca. 10 mbar. The device fabrication was completed by glass-on-glass encapsulation
in order to perform measurements in the air.

Characterization

Current-voltage measurements. The solar cell J-V characteristics were measured in a 2-wire
configuration on a Keithley 2400 system. The light J-V measurements were performed using a filtered
Oriel class AAA Xenon lamp and calibrated using a Si photodiode.

Capacitance-voltage measurements. The dark C-V measurements were performed using the Keysight
E5061B Vector Network Analyzer with the frequency measurement range of 5 Hz to 500 MHz. Prior to
the measurements, the tool was calibrated using the 85032E Type N calibration kit. This was followed
by the tool compensation procedure using the “Open”, “Short” and “50 Ohm” measurements at the
device connection fixture. The measurements were performed in the C, mode.'” The performance of
the devices was tested both prior to and after the C-V measurements with no sign of degradation.
Mobility measurements. Carrier mobilities were measured in the space-charge limited conduction
(SCLC) experiments in nitrogen using non-encapsulated single-carrier devices with the following
architectures: ITO/PEDOT:PSS/PM6:Y6/M00O3/Au for hole-only devices and
ITO/ZnO/PM6:Y6/PDINO/Ag for electron-only devices. Extraction of the mobility values was
performed by fitting of the space-charge limited current vs. voltage curves using the Mott-Gurney law,
followed by extrapolation to zero bias.

Photoinduced absorption measurements. In the photoinduced absorption (PIA) measurements,
wavelength-tunable monochromatic light extracted from a tungsten halogen lamp by a
monochromator was directed to a sample as the probe beam, and a 405-nm cw diode laser modulated
by an optical chopper was utilised as the excitation beam. The change in intensity of the transmitted
probe light induced by the modulated excitation beam was recorded by a Si photodiode and a lock-in
amplifier, which was referenced to the modulation frequency of the excitation light. The average
lifetime of free carriers then was evaluated based on the modulation-frequency-dependent PIA data.

Results and discussion

For comparison of operation of thin and thick PM6:Y6 devices two active layer thicknesses of 100 nm
and 300 nm were employed. Fig. 1 shows the J-V curves of the two devices in the dark and under 1



Sun illumination. Similar to the results reported previously, the increase in the active layer thickness
in these standard architecture devices does not cause a notable change in the Voc and Jsc, while the
FF is reduced, albeit less significantly than what is typically observed in organic photovoltaic blends.!!
Whilst the drop in the FF can be assigned to increased recombination, it is striking that the Jsc barely
changes with thickness up to several hundreds of nanometers. This observation is different to most
other organic systems where the Jsc increases due to enhanced light absorption until the optimum
value at a finite junction thickness, followed by noticeable decrease (such as in the case of PCDTBT)
for thicknesses thereafter.!
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Fig. 1 J-V characteristics of the PM6:Y6 devices with active layer thicknesses of 100 nm (a) and 300
nm (b).

Fig. 2 shows the external quantum efficiencies of the two devices. It can be seen that consistent
with the invariant Jsc, the EQE also remains significantly unchanged in magnitude across the entire
wavelength spectrum.
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Fig. 2 External quantum efficiency spectra of the PM6:Y6 devices with active layer thicknesses of 100
nm and 300 nm.

It has previously been shown that photocurrent generation in organic solar cells can be correlated
with the depletion layer width with respect to the junction thickness.**® Thus, undoped devices with
the depletion region extending throughout the active layer are expected to show better performance
than the doped devices with similar device architecture.’® To determine the depletion region in the
device, capacitance-voltage experiments were performed. Capacitance-voltage measurements are an
established technique used to determine the doping density of a semiconductor.?’ The capacitance-



voltage analysis of organic solar cells, based on Mott-Schottky formalism, enables to obtain some of
the important device parameters, including active layer doping, depletion layer width etc., thereby
helping to build a more comprehensive model of the device operation.’® By conducting the
measurements in the dark, where the mobility of the carriers does not affect the device electrostatics,
we can establish the depletion region caused by unintentional doping rather than a mobility
imbalance.!”®

The results of the capacitance-voltage experiments in the dark and the Mott-Schottky plots for the
100-nm and 300-nm devices, along with the derivative doping profiles across the active layer width
are demonstrated in Fig. 3. The doping profiles were obtained similarly to Refs. 15 and 16. The linear
descending region of the Mott-Schottky plot in Figs. 3a and 3b is expected to follow the expression:

A2 2(Vg = V) 1)
C?  qeggNgp, '

where A is the device area, Cis the capacitance, Vg is the built-in voltage, g is the elementary charge,
€ is the relative permittivity of the active layer, &o is the vacuum permittivity and Ngpp is the doping
concentration. This enables to estimate the apparent bulk doping level within the active layer: Ngp, =
2x10'® cm™ for the 100 nm cell, and Ngp, = 8x10*° cm™ for the 300 nm cell. Although the difference in
the obtained doping concentrations is not significant, previous reports of validity of the Mott-Schottky
analysis suggested that the values obtained for thinner active layers are less reliable since the junction
is almost fully depleted and dark injection becomes dominant.??? As such, we will employ the doping
concentration obtained for the 300 nm device for further analysis.
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Fig. 3 Mott-Shottky plots (a, b) and apparent doping profiles (c, d) of the PM6:Y6 devices with active
layer thicknesses of 100 nm (a, c) and 300 nm (b, d).



The doping concentration in the 300 nm PM6:Y6 device was confirmed via the charge extraction by
linearly increasing voltage (CELIV)? measurements, yielding the value of 8.7x10%° cm™. Experimental
current density transients in Fig. 4 are presented in the form of j2 as a function of (Rt + Uos), where R
is the pulse ramp-up rate, t is time, and U, is the offset voltage. The pulse ramp-up rate of 0.8V/50us
and the offset voltage of -0.5 V were used in the measurement. The red lines represent linear fits,
enabling to estimate the carrier concentration via expression:

slope = m , (2)
where g is the elementary charge, € is the dielectric constant and N, is the doping concentration.?*
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Fig. 4 Experimental current density transient obtained in the CELIV measurement for the 300-nm
thick PM6:Y6 device at the pulse ramp-up rate of 0.8V/50us and the offset voltage of -0.5 V.

The C-V measurements enable to estimate the width of the depletion region x via
gl

X == , (3)

which at Jsc (V = 0V) is equal to 85 nm for the 100-nm device and 170 nm for the 300-nm device. This
suggests that a significant part of the active layer within the 300 nm cell remains in the flat-band

condition. It has previously been suggested that the discrepancy between the depletion width and the
photoactive layer thickness d (x < d) can lead to substantial losses in photocurrent due to an inefficient
collection of charges generated in the low-field part of the cell outside the high-field depletion region.
However, our measured effective space charge width in the 300 nm junction device, cannot explain
the Jsc value similar to that obtained in the thinner optimized cell.

The above depletion width picture is confirmed by simulations of the device band diagrams and
the J-V characteristics, using AFORS-HET,?® where the active layer doping level obtained from the
Mott-Schottky analysis was employed (see Table 1 for simulation parameter details). The respective
simulated energy band diagrams taking into account the impact of doping on band bending within the
active layer are given in Fig. 5. It is evident, that while the 100-nm cell is almost fully depleted at Jsc (V
=0 V), resulting in the electric field which extends across the whole width of the active layer, in the
300-nm cell the active layer is only partly depleted. In the thick device, the depletion region will occupy
about half of the active layer closest to the cathode. The remaining half of the device thickness is
defined as the neutral region and in this part of the device there is little electric field. Therefore, while
in the 100-nm cell the dominant charge transport mechanism is bound to be the drift of the carriers,
for the 300-nm device however, carrier diffusion has to play a more significant role in order to avoid
loss in the photocurrent.



Table 1 Parameters for the AFORS-HET simulation of energy band diagrams and performance of the
organic solar cells with structure ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag for various active layer
thicknesses.®

Parameter PEDOT:P PM6:Y PDIN
SS 6 o
Thickness [nm] 30 100, 5
300

Relative dielectric 2.2 3.5 5
constant
Band gap [eV] 3.0 1.27 2.6
Electron affinity [eV] 2.2 41 3.7
Effective density of 10% 10%°  1.5x1
states [cm™] 0%
Band-to-band 1.7x10

recombination u

coefficient [cm3s?]
Electron mobility [cm?V- 107 1- 5x107
s 2.5x10°

3
Hole mobility [cm?V1!s 0.77 2x10* 107
g/
Doping concentration 2.25x10> 8x10¥ 10%°
[cm?]
Anode hole surface 107 - -
recombination velocity
[ems?]
Anode electron surface 10? - -
recombination velocity
[ems?]
Cathode electron - - 10’
surface recombination
velocity [cm s]
Cathode hole surface - - 10?
recombination velocity
[ems?]

Typically in inorganic thin film solar cells, the ratio x/d varies from around 10% in Cu(ln,Ga)Se;
(CIGS) to 100% in fully depleted devices like amorphous Si.26"2 When going from small to large values
of x/d, the mechanism by which charge generation occurs changes. While devices with low x/d are
controlled by diffusion such as in the case of c-Si and dye-sensitized solar cells (DSSC), the larger the
space charge region becomes relative to the absorber thickness, as in a typical 100 nm organic solar
cell, the more drift will affect charge carrier collection.

The diffusion length, [; can be calculated using the formula:
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where u is mobility, and 7 is the carrier recombination lifetime. The space-charge limited current

)29

(SCLC) measurements (Fig. 6)% in the 300 nm device, yields mobility values of e = 4x10° cm?/(Vs) and

un = 2x10* cm?/(Vs) for the electrons and the holes, respectively. It is interesting to note that the
electron mobility is about an order of magnitude higher than most other NFAs reported recently.3%32
The carrier recombination lifetime, obtained from photoinduced absorption (PIA) measurements® at
the open circuit condition (Fig. 7), is 9.8x10°® s. It should be noted that the open circuit condition is
relevant in this case since carrier diffusion in the neutral region of the active layer is being considered.
As a result, the electron and hole diffusion lengths are estimated to be 330 nm and 70 nm,
respectively. These rather high estimated carrier diffusion length values in the 300-nm cell may

provide an explanation to the observed device performance, specifically, the high Jsc value.?
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Fig. 5 Simulated energy band diagrams at the “short circuit” condition (a, b) and comparison of
simulated and measured J-V characteristics (c, d) of the PM6:Y6 devices with active layer thicknesses
of 100 nm (a, c) and 300 nm (b, d). See Table 1 for simulation parameter details.
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Fig. 6 Space-charge limited current (SCLC) vs. voltage curves for the 300 nm-thick PM6:Y6 devices
with the following structures: a) ITO/ZnO/PM6:Y6/PDINO/Ag, b) ITO/PEDOT:PSS/PM6:Y6/MoOs/Au.
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Fig. 7 Photoinduced absorption spectroscopy characteristics of  the

ITO/PEDOT:PSS/PM6:Y6/PDINO/Ag (35 nm) photovoltaic devices at the open circuit condition. Global

fitting of the measured in-phase and out-of-phase data points provides the average carrier lifetime
value of 9.8x10°® s,

Our analyses above show that PM6:Y6 exhibits high electron mobility and slow carrier
recombination which result in the large carrier diffusion length. This diffusion length is greater than
the width of the flat-band region and can be responsible for the efficient photocurrent in thick
junctions where the depletion region does not extend over the entire active layer thickness. In this
respect, the operation of the thicker PM6:Y6 device resembles that of conventional silicon cells and
DSSCs, in terms of a significant part of the active layer remaining in the flat-band condition and charge
transport relying mainly on diffusion. Another advantage of the long diffusion length and low x/d, is



the reduced Shockley—Read—Hall (SRH) recombination in the neutral region, since the minority carrier
concentration is smaller than the majority carrier concentration.*

Conclusions

In conclusion, using the Mott-Schottky analysis of 100 and 300 nm PM6:Y6 solar cells, supplemented
by mobility, PIA measurements and simulations, this paper puts the spotlight on carrier diffusion as
an important charge transport mechanism facilitating efficient operation of devices with higher active
layer thickness. Specifically, the impact of enhanced carrier diffusion is expected to be significant for
doped active layers, with the present work estimating the doping concentration of the order of 10%®
cm3 for the used PM6:Y6 batch. Although such doping levels would still be compatible with the
depletion region extending throughout the whole active layer width within the thinner devices, for
the thicker devices it would result in the significant part of the active layer remaining at “flat band”,
i.e. with almost no electric field driving carrier transport. In this case, enhanced diffusion, via high
carrier mobilities, appears to play an important part in carrier transport, resulting in the better-than-
expected device performance.
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