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ABSTRACT

Organic photovoltaics (OPVs) offer a lightweight and potentially cost-effective ap-
proach for solar energy harvesting. The first OPV heterojunction device was reported
in 1985 with 1% efficiency. There has been a rapid development of small molecule
and polymer materials, as well as different growth techniques such as vapor-deposition
and solution-processing over the past 30 years. With recent emergence of the non-
fullerene acceptors (NFAs), the efficiency has been improved to 15%; a benchmark
for OPV commercialization. The flexible and semitransparent form factors of OPVs
also lead to unique applications such as flexible electronics and building integrated
photovoltaics (BIPV), showing considerable market potential.

This dissertation will focus on high efficiency single and multijunction OPVs.
Following the background introduction of organic materials and solar cells, the sim-
ulation methods based on transfer matrix is discussed. The rest of the work can be
divided into two parts. The first part studies a group of dipolar donor molecules with
donor-acceptor-acceptor’ structures, either with the propeller or coplanar donor unit.
The molecular conjugation length and side chain configuration are adjusted to bet-
ter understand the structure-property-performance relationships. In the second part,
two multijunction structures will be discussed, both of which employ subcells with
the d-a-a’ donors. The first structure focuses on the fully vacuum-deposited tandem
and triple junction cells with efficiencies of 10-11%, delivering several important mul-
tijunction design principles. It is followed by discussion of a tandem cell combining

the vacuum-deposited and solution-processed NFA-based subcells, achieving a record

xiil



15% efficiency with close to 100% fabrication yield. A variety of characterization
methods including crystallography, photoluminescence, external quantum efficiency
and current density-voltage measurements, optical simulation etc. will be presented
along with these results. With improved donor and NFA materials along with their
inherent structural design flexibility, further improvement of OPV performance is

expected to be achieved in the near future with plenty of market potential.
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CHAPTER I

Introduction to Organic Photovoltaics

Organic material is usually defined as a chemical compound that contains a
carbon-hydrogen bond.[! A more general definition is a compound that contains a
significant amount of carbon. While the simple carbon oxides (for example, CO and
COy) are inorganics, fullerene molecules like Cgy and Crq are considered as organics.

Organic material is an important material category that is found in all living
things, from DNA to chromosomes. Organics for optical and electrical applications
are divided into small molecules (monomers and oligomers) and polymers. The small
molecule has well defined molecular structures and weights, with simple pathways
for purification.>? They can be deposited by vapor-deposition or solution process.
Polymers, on the other hand, have large molecular weights with repeating subunits
along a chain, which can only be solution-processed.¥ Several examples of small
molecules and polymers are listed in Fig. 1.1. The names and molecular structures
of organic materials mentioned in this dissertation can be found in Appendix A.

Organics are known as excitonic materials. An exciton is defined as a bound state

of an electron and a hole with electrostatic Coulomb force, whose binding energy is®:

7
E, = 1.1
"7 Aneoe,r’ (L.1)

where ¢ = 1.6 x 1071%C (elementary charge) and gy = 8.85 x 10712F/m (the per-
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Figure 1.1: Examples of organic small molecules and polymers.

mittivity of free space). The value ¢, is the dielectric constant (also called relative
permittivity), and r is the exciton radius. For inorganic materials like silicon or sap-
phire, €, is usually > 10.1%7 It leads to a small exciton binding energy on the order of
10 meV, which is comparable with the room temperature thermal energy of kg1 =
26 meV. The so-called Wannier-Mott excitons, can therefore dissociate at room tem-
perature into free electrons and holes. For organics, the low dielectric constant (~
3) ¥l results in large exciton binding energy of several hundreds meV. Such a tightly
bonded electron-hole pair is called the Frenkel exciton, which usually resides on a

single molecule with small radius. !

Table 1.1: Comparison of inorganic and organic materials.

Inorganic Organic
Exciton Wannier-Mott Frenkel
Charge Transport Band Transport Polaron Hopping
Absorption coefficient Low (10*-10° cm™1) High (10°-10° cm™)
Mobility High (>1000 cm?/Vs) Low (107%-1 ¢cm?/Vs)
Exciton binding energy Low (10-100 meV) High (500-1000 meV)

Table 1.1 compares the main differences between organic and inorganic materi-

als. Due to the charge transport mechanism of hopping, organics exhibit much lower



mobility than the inorganics. On the other hand, the main advantage of organic
materials is their much higher absorption coefficient, showing potential for optoelec-
tronic applications including solar cells. Organic devices are usually low cost, light
weight, with simple ways of fabrication and mechanical flexibility. Section 1.1 will
explain the intra- and inter-molecular properties of organics in detail, leading to the
significance of organic semiconductor research. Then in Section 1.2, we will cover
basic concepts and properties of organic photovoltaics (OPVs). Finally, Section 1.3
briefly summarizes the OPV history and state of the art, which brings out the topics

of following chapters for high efficiency single and multijunction OPVs.

1.1 Properties of organics

1.1.1 Intramolecular properties

Unlike inorganic solids that are held together through stronge covalent or ionic
bonds resulting in continuous bands, organic molecules interact by the much weaker

[19] The electronic wavefunction is localized on the individual

van der Waals force
molecules that leads to discrete energy levels with narrow energy band widths. Inside
an organic molecule, atoms are connected by covalent bonds with the overlapping elec-
tron clouds, causing energy splitting to the lower and higher energy molecular orbitals.
To calculate the electronic orbitals of organic materials, the Born-Oppenheimer (B-

0) approximation ! is applied which separates the electronic and nuclear motions.

The wavefunction can be written as:

Lptotal = Welectrom’c' Lpnuclear' O spin- (12)

The total energy components are also treated separately as (near equilibrium):

Eiotar = Ec(0) + Vi (0) + AE(Q) + AVN(Q), (1.3)



where F, is the electron kinetic energy, Vi is the nuclear repulsion energy, and Q
refers to the relative nuclear coordinate. For an N-electron system, the wavefunction
can be written as: ®.({r;}) = Hf\il @, ;(r;) where r; is the electron position. The
electronic states can then be solved from the eigenvalues of Schrodinger’s equation
with the B-O approximation, assuming that the electron distribution changes much
faster than nuclear positions upon excitation due to the much smaller mass. For
more complex systems, the molecular levels can be calculated by density functional
theory (DFT)[, where the electron density functions are used instead of solving the

discrete electronic wavefunctions.
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Figure 1.2: Electronic orbitals vs molecular states.

As indicated by Fig. 1.2 left, each electronic orbital from the lower to higher
energy is filled with two electrons of antiparallel spin based on the Pauli exclusion
principle™?l. The HOMO level refers to the highest occupied molecular orbital, while
the LUMO level is the lowest unoccupied molecualr orbital. Other orbital levels
below the HOMO and above the LUMO are noted as HOMO-1, HOMO-2... and
LUMO+1, LUMO+2... respectively. The orbital energies have values < 0 referenced

to the vacuum level. Figure 1.2 on the right displays the molecular electronic states.



The ground state is noted as Sy, followed by the singlet excited states Si, Ss. .., with
the energies referenced to each other. The electronic states refer to a collection of
electrons and contains a linear combination of different orbitals. The most important
transition for OPV, for example, is from Sy to S; state, noted as S; <— Sp. In the
calculation of orbitals we assume molecular relaxation is much slower than excita-
tion. The electronic states are formed after relaxation. Therefore the exciton binding
energy, E'g, needs to be included with an energy shift.

|
i

Energy

Nuclear Coordinates

Figure 1.3: Franck-Condon principle energy diagram associating Morse potential
and electronic transitions. Figure from Wikipedia:Franck-Condon principle.

While the electrons are treated separately based on the B-O approximation, the
nuclear motion also plays an important role upon excitation of the organic molecules.
The vibrational excitations are phonon modes, resulting in roughly equal level spac-
ings from the bottom of each electronic state that causes the broadening of absorption
bands. The simplified solution has a form of simple harmonic oscillator. It is often
corrected by the relatively more accurate Morse potential with a finite energy, where

the potential is:



V., = Do(1 —e )2 o =/k./2D,, (1.4)

where D, is the well depth, k. is the force constant at the minimum of the quantum
well, « relates to the potential width, and r is the distance between the atoms with
the equilibrum bond distance r.. The eigenenergies of the vibrational states have the

form of (m being the nuclei mass):

1 1 1
E, = hyy(n + 5) ~ 1D, [hv(n + 5)]2; vy = %\/QDe/m. (1.5)
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Figure 1.4: Absorption vs emission. Normalized steady state absorption (black)
and emission (red) spectra of the tetracene monomer in toluene, displaying small
Stokes shift. Figure from Ref.[!

The electronic state diagram with confined vibronic states are illustrated in Fig.
1.3, with a shift ¢g in nuclear coordinates from S; to S; states. The vibronic transi-
tions follow the Franck-Condon principle approximation!'® that they occur without
changes of nuclei positions, resulting in vertical transitions. The organic optical prop-
erties are related to the transitions between different states, resulting in absorptions

and emissions. At room temperature, the absorption occurs mostly from the lowest



vibronic state of the ground state to different vibronic excited states, noted as 0—0,
0—1, 0—2... According to Kasha’s rule,!*) photon emission occurs in appreciable
yield after relaxation from the lowest vibronic state of the excited state, i.e. 0«0,
1+-0, 2<-0. .. As a result, the emitted photon energy is lower than the absorption. A
Stokes shift between the 0-0 absorption and emission transition is usually observed
due to molecular rearrangements as shown in Fig. 1.4.

As indicated in Table 1.1, organic materials generally exhibit very strong absorp-
tion. The transition probability between the initial (7) and final (f) states follows the

Fermi’s golden rule:['”]

2m
hpei = = |<vg[H'[0> [ p (1.6)

with p being the density of the final states. The perturbation is H' = -u-E, where
p refers to the dipole moment and E refers to the electric field. The matrix element
My ; = <t¢|Hnt|tp;> should be non-zero to allow for a transition. Based on B-O

approximation, it can be written as:

Mpei = =<the p(rp)|p - Eltbei(r))><tn Q1) |[¢n,i(Qi)><0;(Sy)]oi(Si)>.  (1.7)

The first term is the spatial transition between electronic states, requiring the
initial and final states with opposite spatial parity. The transition has higher prob-
ability to occur with the dipole moment g extending along the molecular axis. The
second term comes from the nuclear vibronic transitions, with the Franck-Condon

factor (F'C') defined as:

FCpi = |<tn Q) |ona(Qi)>]*. (1.8)

The transition is more likely with larger overlap between the two vibronic states

in different electronic manifolds, i.e., with a higher FC factor. Therefore, a minimal



change of the nucleus position is preferred. The last term in Eq. 1.7 requires the initial
and final spin states having the same parity, forbidding singlet-triplet transitions.
The oscillator strength (f) showing the absorption or emission strength between

the two states is defined by: ")

4dmrmec

4.319 x 107?
in,fm — T4 oz \Vin,fm ie2FC z:—/ d 1.9
Jin.f 3¢h (Vin,fm) [Mif.el” FCp o e(v)dv, (1.9)

where ¢ and f, n and m refer to the initial and final electronic and vibronic states,
respectively; and ji5. is the electronic transition dipole moment. The second part of
the equation shows a more practical expression where ng is the refractive index of the

medium, € is the molar absorption coefficient, and v is the wavenumber.

1.1.2 Intermolecular properties

In the solid state, organic molecules are held together via the relatively weak van
der Waals force compared with the covalent or ionic bonds. The van der Waals force
is oriented by the interaction of permanent or induced dipoles. Such dipole-dipole
interaction between the molecules produces an attractive force, which is called the
London dispersion force that decreases as r—6.['8) In addition, a repulsive component

~12) from the Pauli exclusion

arises at closer distance between the molecules (oc r
principle due to electron orbital overlap. The overall interaction can be approximated

by the Lennard-Jones potential'® as a function of distance:

v == |(9)" - (9], (1.10)

where ¢ is the potential wall depth, o is the distance at zero potential, and r is the
distance between the molecules.
Due to the weak intermolecular force, the electrons tend to be highly localized on

a single molecule. The tight binding approximation is therefore proper to describe



nearest neighbor interactions.?” That the total Hamitonian is treated as a sum of
the individual molecular components and the interaction between neighbors. The
solution leads to a broadening of the single molecule electronic orbitals into narrow
energy bands, as illustrated by Fig. 1.5. In contrast to the continuous band structure
of inorganics, the discrete energy bands for organic materials result in charge transfer

by thermally-assisted hopping. !
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Figure 1.5: Broadening of the energy bands with intermolecular interactions.
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Figure 1.6: Forster and Dexter transfers. D refers to ’donor’ and A refers to
"acceptor’.

There are two major types of energy transfer between the organic molecules that
describe exciton diffusion: Forster transfer and Dexter transfer, as drawn in Fig.
1.6. Forster transfer, also known as fluorescent resonant energy transfer (FRET),

originates from non-radiative resonant dipole-dipole coupling. It possesses a relatively



long transfer distance on the order of 10 nm that depends on r—¢. FRET occurs when
there is overlap between the donor emission and acceptor absorption spectra, which
serves as the main transfer path in organic solar cells. For Dexter transfer, the excited
electron is transferred from one molecule to a second through close contact, occurring

at a much shorter distance; typically within 1 nm.

1.1.3 Why OPVs are interesting

Solar energy has been one of the most promising renewable energy alternatives to
reduce greenhouse gas emissions. The highest solar cell efficiency ~ 46% is achieved
for the concentrated GalnP/GaAs/GalnAs/GalnAs multijunciton cell, as reported by
Fraunhofer ISE.[?!) The very high fabrication and accessory (concentrators, trackers,
cooling systems etc.) costs make it most suitable for high-tech applications such as
in space. Crystalline Si solar cells are the most widely utilized solar technology that
has been optimized for commercial electricity generation with stable performance. A
record single junction efficiency over 26% has recently been demonstrated.?? Though
Si is a very abundant element, the module and the balance of the system (BOS) costs
of the solar panels are much higher than the material itself.>*) Moreover, the bulk
form factor also limits its use where the flexibility and light weight are important.

Thin film solar technologies are made with layers hundreds of times thinner than
silicon solar cells. Among them, amorphous Si (a-Si) offers very low cost but also
low efficiency; around 10%. This makes a-Si less competitive with other commercial
technologies in the market. «-Si panels are less subject to cracks than crystalline
Si, but are not designed for flexible applications. CdTe and CIGS are popular thin
film technologies, both of which reach the power conversion efficiencies > 20%. [24:2%)
However they both contain cadmium, which is one of the most toxic materials to hu-
man health, making panel disposal an environmental concern. CIGS can be deposited

on the glass or plastic substrates with full-panel flexibility. Its main disadvantage,
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however, is the very high production cost. Organic photovoltaics, on the other hand,
provide unique features over inorganic thin film PVs including very low cost, flexible

and lightweight form factors with transparency to the visible spectrum. %2627

Low cost

Organic materials, both small molecules and polymers, can be deposited by vac-
uum deposition or solution processes. Theses low energy processes do not require
high temperature resistant substrates, greatly reducing the fabrication costs. Due to
the large absorption coefficient and low mobility, the OPV thickness is on the or-
der of several hundred nanometers, leading to a small material consumption. All of
these factors make OPV a potentially low cost thin film technology if a competitive
efficiency and lifetime can be achieved. In addition, the organic materials for OPV
usually only contain the non-toxic elements like C, H, O, S, N, with relatively small

environmental impact.

Flexibility

Metal deposition

Metal etch
Organic deposition

Figure 1.7: Conceptual diagram of the OPV roll to roll fabrication on flexible
substrates. Figure from Ref. %%,

OPV cells with ultrathin active layers (usually < 300 nm) can be deposited or
printed on a variety of flexible substrates from plastics to metal foils. 283" The light

weight form factor therefore allows for application to different types of surfaces, such
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as the wearable solar fibers on cloth, or solar paints on buildings or cars. Such features
also makes it applicable to roll-to-roll (R2R) fabrication?631  as illustrated by the
conceptual diagram in Fig. 1.7. OPV materials and the metal electrodes are deposited
on the moving web through different deposition technologies, such as vacuum thermal
evaporation (VTE), organic vapor phase deposition (OVPD)P? spray coating!®?,

doctor blade coating®¥ etc., all integrated into one system. The production cost can

be reduced with the high speed R2R fabrication process.

Semitransparency

Figure 1.8: Semitransparent OPVs for BIPV applications.

A unique feature of OPVs is that they can be made semitransparent with tunable
colors due to the narrow absorption bands of excitons. The opaque metal contact
is replaced with the transparent electrode such as indium tin oxide (ITO) or Ag
nanowires. With the recent development of non-fullerene acceptors absorbing pri-
marily in the near-infrared (NIR), it is possible to make OPVs almost transparent in
the visible below 650 nm while generating power with the absorption in NIR.[3%:35]
The donor and acceptor absorption ranges and blend ratios can be chosen to achieve
neutral or saturated colors, showing great potential in building integrated photo-
voltaic (BIPV) markets %37 for electricity generation as well as decoration purposes,

as shown by the examples in Fig. 1.8.
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1.2 Concepts and properties of OPVs

1.2.1 Heterojunction

In inorganic solar cells, the n-type semiconductor has a larger free electron concen-
tration than holes. This unbalance is created by doping the intrinsic semiconductor
material with electron-rich donor impurities. The p-type semiconductor doped with
an acceptor gives a larger free hole concentration. Figure 1.9 (left) illustrates the
simplified case for an inorganic p-n junction. The photo-excited electrons flow from
the p-type to the n-type material due to the energy offset, while the holes flow with

the opposite direction.
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Figure 1.9: Organic vs. inorganic junctions. Definition and working principle
(under light) of (Left) The n- and p-type semiconductor in inorganic solar cells. Er
refers to the Fermi level; (Right) The donor/acceptor heterojunction in organic solar
cells.

For organics, however, electrons and holes are bonded as excitons with a large
energy, leaving almost no free charges. A type-II junction (where the HOMO and
LUMO levels of one molecule are both higher than the other) is required for efficient
exciton dissociation, as seen in Fig.1.9 (right). We call the material with shallower
energy levels (relative to the vacuum) the donor. The other material with deeper
HOMO and LUMO levels is the acceptor. With a large enough energy offset, the

exciton can dissociate at the donor-acceptor interface, leaving the electrons on the
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acceptor side while the holes are left on the donor side. Due to this definition, a
donor in one system can also be the acceptor in another. The details of photocurrent

generation will be explained below.

1.2.2 Dark current

In the dark, the OPV behaves like a diode. The generalized inorganic Shock-
ley equation based on delocalized free charge carriers, however, cannot be directly
applied to the case of organics. Giebink et al. developed the ideal diode equation
with a picture of polaron pair generation, dissociation and recombination shown by

Fig.1.10.13%
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Figure 1.10: Polaron pair related processes in organic heterojunctions.

The exciton diffuses to the donor/acceptor interface and forms polaron pairs (PP),
also known as charge transfer (C7T') states, with the density of (. kppy refers to the
dissociation rate from PP to free electrons and holes, with densities of n; and py,
respectively, at the interface, while k... is the free carrier bimolecular recombination
coefficient. kpp, refers to the polaron pair recombination rate back to the ground
state, which is also linked to the PP population under thermal equilibrium, with
the population of (.,. The ideal diode equation for an organic heterojunction (HJ)
in absence of the interface traps can be simplified as Eq. 1.11a. Under equilibrium

condition, ,ﬁ#‘:’d = 1.
seq
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Molecular disorder in most organic materials broadens the density of states with
Gaussian distribution close to the HOMO and LUMO levels. The states at the low
energy tail of the distribution can be treated as traps, which leads to an addition
recombination mechanism at the interface. Ideality factors np and n4, respectively,
for the donor and acceptor materials are therefore introduced, leading to the modified
dark current equation in Eq. 1.11b. The five parameters: np, Jsp, na, Jsa and Rg,

can be fitted from the measured dark current density as a function of voltage.

(1.11a)

V- JRS> kppa } |

Jdark(‘/) — JsO |:eXp ( ]CBT/(]

V—JR k V—JR k
Jaark(V) = Jsp [GXP < S) Prd 1 + Jsa {exp ( S) PP 1 )

kPPd,eq

TleBT/ q kPPd,eq nAkBT/ q kPPd,eq
(1.11b)
1.2.3 Photocurrent and external quantum efficiency (EQE)
LUMO [
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Figure 1.11: Photocurret generation in OPVs and the definition of external quantum
efficiency (EQFE). Figures from*,

In Fig. 1.10, Jx is the exciton flux density, generated by photons under illumi-
nation. As seen in Fig. 1.11, the photocurrent generation of organic solar cells can
be divided into four steps. First, the incoming photons create the molecular excited
state - the exciton. It then diffuses toward the junction, where the electrons and holes

see a favorable energy gap at the interface between the donor and acceptor materials
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and form the charge transfer state. Finally, it dissociates into free polarons that are
collected at the respective electrodes.

The external quantum efficiency (FQF) is defined as the ratio of the number of
charge carriers collected at the electrodes to the number of incident photons. It is
the product of the four efficiencies shown in Fig. 1.11: light absorption (14), exciton
diffusion (ngp), charge transfer (nor) and charge collection (nc¢). By definition, the
photocurrent can be calculated by integrating the FQFE over incident light irradiance
at each wavelength.

The most widely applied illumination spectrum for reporting solar cell perfor-
mance is AM 1.5G solar spectrum. The " AM” is the air mass that sunlight needs to

travel through before reaching the earth, which is defined as:

1
cos(6)’

AM = (1.12)

where 0 is the zenith angle (see Fig. 1.12). AM = 1 if the sun is directly overhead,
and AM = 0 if it is measured in space before going through the atmosphere. AM

1.5, therefore, corresponds to the latitude of 48°, roughly where Seattle locates.
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Figure 1.12: The definition of Air Mass (AM). The locations of AM 0, 1 and 1.5
are marked by the red stars.

The ”G” or ”D” following AM 1.5 refer to ”Global” and ” Direct” respectively. As
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shown by Fig. 1.12, after reaching the earth’s atmosphere, some of the solar radiation
is scattered, absorbed or reflected out, while the rest of the light either directly reaches
(i.e. D) or diffuses to the earth’s surface. Global (G) is defined as the total radiation
of direct and diffuse, plus the portion that is reflected by the ground. Fig. 1.13
presents the solar irradiance of AM 0, AM 1.5G and AM 1.5D. AM 0 has the highest
irradiance intensity and is that of a black body at the sun’s surface temperature of
5778 K. AM 1.5G is higher than AM 1.5D, both of which are lower than AM 0 with
dips above 900 nm, which is primarily caused by the absorption of water and CO, in
the atmosphere. The standard OPV cell performance in this dissertation is based on

AM 1.5G, 1 sun spectrum with a power density of 1000 W/m?.
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Figure 1.13: AM 0, AM 1.5G and AM 1.5D solar spectral irradiance over wave-
length.

With the AM 1.5G spectral irradiance (@p, with the unit of Wm™2nm~"') and the
measured EQE response, the photocurrent (.J,,) generated by the solar cell without

voltage bias is:

Jon = / W@rMNEQEX) |\ (1.13)

he/A
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1.2.4 Current density-voltage (J-V') characteristics

A solar cell, either organic or inorganic, is used to generate electric power at
forward voltage bias under illumination. Fig. 1.14 shows the J-V characteristics of

a solar cell. The three main parameters are short circuit current (Js¢), open circuit

voltage (Voc) and fill factor (FF').

J (current
(density)A
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]

Figure 1.14: Current density-voltage (J — V') characteristics and parameters of the
solar cells. Figure taken from http://met.usc.edu/projects/solarcells.php

The Js¢ is defined as the solar cell current density at zero bias voltage. Based
on Eq. 1.11b, the dark current is always zero at zero bias under equilibrium. The
Jsc is therefore the photocurrent, which is determined by the EQFE and the incident
spectral irradiance as discussed above. When measuring the J-V characteristics under
a solar simulator (usually with a Xe light source), there is always a spectral mismatch
between the simulator and the actual AM 1.5G solar irradiance. The mismatch factor,

M, is used to correct the current generation discrepancy: )

2 En(NSe(\) [2? Es(\)Sr(\)
22 Es(\)Sr(\) ' 2 Er(\)Sr(N)

M= , (1.14)

where FEr()\) is the reference spectral irradiance, Eg()) is the simulator spectral
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irradiance, Sg(A) is the responsivity of the reference cell, and Sy () is the responsivity
of the OPV cell being tested. All the parameters are functions of wavelength (\) over
the range of the solar spectrum detected by the reference or the test cell. It is
worth noting that the spectra, Er(\) and Eg()\), appear both on the numerator and
the denominator that cancels out their absolute values. Therefore only the relative
spectra are needed to calculate M. With the measured current density (Jsc measured)

under solar simulator illumination, the actual Jsc correctea 15 then:

JSC’ measured
JSC’,corrected = T (].]_5)

In theory, the Jgc corrected by the mismatch factor should be equal to the EQFE
integrated Jgo calculated from Eq. 1.13.

The Vo corresponds to the forward bias applied to the solar cell at zero current,
where the dark current and photocurrent are balanced. The FF' is defined as the
maximum power density generated in the 4" quadrant, P, (the yellow box in Fig.
1.14), divided by the product of Jgc and Ve (the white box). The power conversion
efficiency (PCFE) is therefore:

Prae  Jsc X Voo X F'IF

]Dincident ]Dincident

PCE = (1.16)

Under AM 1.5G solar irradiation, Pi,cigen: = 100 mW/cmz, leading to a simpler
expression: PCE (%) = Jsc(mA/em?) X Voo (V) x FF.

1.2.5 Single and multijunciton device structures

Single junction OPVs
A single junction OPV structure as shown in Fig. 1.15 on the left contains an
active layer that generates photocurrent, sandwiched by the buffer layers on both

cathode and anode sides. The buffers prevent exciton quenching while efficiently
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conducting electrons and holes. The OPVs often employ the bottom-illuminated
structure where the light enters in from the substrate side. A transparent electrode
such as indium tin oxide (ITO) is usually applied to the glass substrate. Metal
electrodes such as Ag or Al are deposited on the other side of the device, while they

can be replaced by the transparent electrodes for semitransparent applications.

Metal Electrode

Buffer
|
: | F Acceptor Mixed HJ (M-HJ)
| - 1 EI\ (LOW Neer ngh nED)
r L
I : Planar Heterojunciton (HJ) Acceptor Iv
Buffer (High nec, Low ngp)

Transparent Electrode

Planar-mixed (PM) -HJ

Figure 1.15: Single junction device structures and different types of heterojunctions.

Among the four efficiencies that determines FQF (as discussed in subsection
1.2.3), the light absorption and exciton diffusion are the main limitations. In organic
materials, the exciton diffusion length is typically on the order of 10 nm. For active
layers with a planar heterojunction (P-HJ) structure as shown in the middle of Fig.
1.15, the layer thicknesses are limited by the exciton diffusion lengths in the donor
and acceptor materials, leading to inefficient light absorption.

To mitigate the problem of the short diffusion length, vacuum deposited mixed-
heterojunction (M-HJ) for small molecule OPVs has been introduced.*!l The donor
and acceptor molecules are mixed in the active region, similar to the bulk HJ structure

for polymer cells*?.

Such a structure results in large area of donor-acceptor interfaces
within the active layer, improving the exciton diffusion efficiency to ~ 1 that enables
a thick active layer for efficient light absorption. On the other hand, compared with

the P-HJ structure, the electrons and holes generated in the mixed layer are more
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likely to meet and recombine on the way to being collected by the electrodes. The
donor:acceptor (D:A) ratios and morphologies can be adjusted to optimize the charge
collection efficiency. In other cases, a neat layer with the thickness close to the exciton
diffusion length is placed adjacent to the mixed HJ, forming the so-called planar-mixed
heterojunction (PM-HJ) to further improve the absorption. ¥l High efficiency OPV
devices in this dissertation are mostly based on the M-HJ while some also comprising

PM-HJ structures.

Multijunction OPVs

Sub-cell 1
Active region

Sub-cell 2
Active region

apouy

Figure 1.16: Tandem cell working principle with two subcells connected in series.

In single junction OPVs, there is the trade-off between Jgo and Vo caused by the
thermalization of the excited carriers generated by photon energies greater than the
energy gap.*¥ The relatively narrow absorption range of organic molecules also limit
the current generation. Multijunction OPVs with two or more stacked subcells have
been widely used to decrease the thermalization loss, and to give broader spectral
coverage. The subcells can be connected in series or in parallel, where the former
is more widely employed. Figure 1.16 displays the tandem cell working principle

with two subcells connected in series. The subcells absorbing in different wavelength
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ranges are connected by a charge recombination zone (CRZ) that balances the current
in the tandem stack. The CRZ usually contains an electron-transporting layer, a hole-
transporting layer and recombination cites such as metal nano-particles*’. Ideally,
it forms an ohmic contact, acting as a recombination center of electrons and holes.
It should also be transparent, and with good charge transport ability, to minimize
optical and electrical losses within the stack. A third and fouth subcell can be further

added to the stack to improve the performance.

1.3 OPYV history and state of the art

1.3.1 A brief history

The concept of organic photodiode was first introduced in 1970s.1 Tang and
Albrecht put a single layer microcrystalline Chlorophyll-a through electrodeposition
between two dissimilar metals with different work functions, giving a Voo of 0.5 V
and PCE of 0.001 %. In 1986, Tang reported a breakthrough of the vacuum-deposited
OPYV cell with the bilayer structure: ITO/Copper(II) phthalocyanine (CuPc)/3,4,9,10-
perylenetetracarboxylic bis-benzimidazole (PTCBI)/Ag.[*") Instead of the dependence
of charge generation on the bias field in single-active layer cells, excitons are dissoci-
ated into charges at the interface of the two organic materials. The electrodes there-
fore simply provide ohmic contact to the organic layers. The P-HJ device achieved a
much higher Jsc = 2.3 & 0.1 mA /cm?, FF = 0.65 + 0.03, with orders of magnitude
higher PCE =~ 1.0% under 75 mW /cm? light illumination.

In order to improve the solar cell internal quantum efficiency as well as to protect
the organic layers from damage due to metal deposition, organic exciton blocking
layers were introduced adjacent to the electrodes to prevent exciton quenching. In
2000, P. Peumans et al. used Bathocuproine (BCP) between the PTCBI acceptor

and the Ag cathode with the structure: ITO/CuPc/PTCBI/BCP/Ag.1*8l With ef-
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ficient blocking of excitons and good electron transport, the efficiency is improved
to 2.4% with a light trapping geometry. The hole transporting layers on the an-
ode side were also introduced in later years, for example, the MoOs and poly(3,4-
ethylenedioxythiophene)-poly (styrenesulfonate) (PEDOT:PSS).

Historically the efficiency of OPVs has largely been driven by the choice of accep-
tors. In the 1980s and 1990s, efficiencies using high electron affinity perylene based
compounds (for example, PTCBI) were ~ 2% as discussed above. The vacuum-
deposited fullerene Cgq was first discovered by H. Kroto in 1985 and has been pro-
posed as a photovoltaic material since early 1990s.[*! For quite a long time, however,
it escaped the attention of the OPV community, until P. Peumans and S. R. For-
rest published the structure with Cg as the acceptor material in 2001.5% A PCE
= 3.6% was demonstrated with the structure ITO/PEDOT:PSS/CuPc/Cgy/BCP /Al
under 150 mW /cm? AM 1.5G illumination, primarily due to the much longer exciton
diffusion length (Lp) of Cgp compared with PTCBI.

As it has been discussed in the previous section, in order to achieve high exci-
ton diffusion efficiency while maintaining large absorption, M-HJ or PM-HJ device
structures are generally used instead of P-HJs (see Fig. 1.15). Such concept was first
introduced by A. J. Heeger and coworkers with the phase-separated solution-processed
polymer donor-acceptor network blends, so the called bulk heterojunction.*? A sim-
ilar idea was employed to the vacuum-deposited small molecule cells also by Forrest
et al., which is the M-HJ.PY The OPV cell with CuPc:Cgy M-HJ as the active layer
achieved a similar PCE = 3.5% with the P-HJ structure. The Jgc was greatly im-
proved to 15.4 mA/cm?, while the FF was reduced to 0.46 due to the incomplete
photogenerated charge collection. Unlike the almost lossless charge transport in ho-
mogeneous layers, charge recombination limits the thickness of the mixed layers. In-
spired by the structures reported earlier, J. Xue, S. R. Forrest et al. further proposed
the hybrid PM-HJ.*3] A single junction OPV efficiency of 5.0% was demonstrated
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with the mixed CuPc:Cgy sandwiched in between a neat layer of CuPc and Cgp.

In more recent years, Czy has been generally employed in high efficiency OPVs
instead of Cgg because of its much stronger absorption. The spherical shapes of the
fullerenes Cgg and Crg, as well as the easy sublimation by thermal evaporation, render
them by far the most commonly used acceptors for vacuum-deposited small molecule
OPVs. Similar fullerene molecules, Phenyl-C61-butyric acid methyl ester (PCg; BM)
and Phenyl-C71-butyric acid methyl ester (PC7;BM), have been used for solution-
processed OPVs. By pairing the fullerene acceptors with a range of donors, the OPV
efficiency for both vacuum- and solution-processed devices have been improved from
3% to over 10%.

The fullerene-based OPVs went through a bottleneck period several years ago,
with the efficiencies stuck at 11-12%.5% Until most recently, non-fullerene acceptors
(NFAs) are widely developed for solution-processed OPVs.P3l The energy levels of
the NFAs can be tuned to achieve the desired absorption features towards the NIR
while maintaining high Voo and FF. The NFAs have therefore opened a new avenue
for improved optical coverage and energetic pairing with a wide diversity of donor
molecules that have been developed over this same period, pushing the OPV efficiency

to a new level.

1.3.2 State of the art

Single junction OPVs

The most efficient single junction VTE cell to date is achieved by the DTDCPB:Czq
M-HJ, with PCE = 9.6%.% It shows photoresponse onset of 800 nm with Vpo =
0.92 V. Another molecule iBuBTDC with similar absorption range also exhibits PCFE
> 9% when mixed with Cry.?"! These two donor molecules both bearing the donor-
acceptor-acceptor’ (d-a-a’) structure will be discussed in Chapters III and IV. An

efficiency of 10.2% for DTDCPB:Cyq is achieved with a thicker active layer. A NIR-
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absorbing VTE cell with absorption beyond 900 nm, on the other hand, has not
achieved such high efficiency. DTDCTB has been one of the few high efficiency NIR-
absorbing vapor-deposited donors reported, giving PCE = 5.3% when mixing with
Ceo P and 8.0% with Cro®. The recently published VTE NIR-absorbing donor
slightly improved the efficiency to 6.1% when mixed with Cg."”

Solution-processed OPVs have developed more rapidly than VTE cells with a
larger material base - both small molecules and polymers. Small molecule-based
solution-processed cells have achieved the highest efficiency similar with that of the
VTE cells ~ 10%P%, while the highest PCE reported for the polymer cells with
fullerene acceptors is 11.7% processed from hydrocarbon solvents.®? Recent develop-
ments of NFAs has pushed the single junction efficiency to 14% by pairing a polymer
donor with a small molecule NFA.?l More importantly, by flexibly adjusting the
energy levels, the NFA-based devices are able to absorb deeper into the NIR while
maintaining a similar Vpo. The NFAs with energy gaps < 1.4 eV have been reported
with PCEs > 11%,13%9 which is much higher than the fullerene-based cells in the
same category. Ternary structures with two donors and one acceptor, or one donor
and two acceptors mixed in the active layer is another approach to improve OPV
efficiency. The absorption of the ternary system can be improved over the binary
structures without sacrificing Vpe and FF. The ternary cell with PCE = 12.2% has

been reported. [61]

Multijunction OPVs

Multijunction cells have been demonstrated to further improve the performance
over single junction OPVs by reducing the thermalization loss as well as covering
a broader solar spectrum with two or more subcells. 0263 Most multijunciton work
reported has a series connection configuration with two terminals. The all vacuum-
deposited tandem and triple junction cells with subcells showing minimal absorption

overlap was reported in 2014 with efficiencies of 10.0% and 11.1% respectively 4
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(see Chapter V). A similar VTE tandem efficiency of 9.9% was reported in 2017.1°7)
Further improvement of VTE multijunctions have been largely limited by the NIR-
absorbing subcells. Heliatek announced a 13.2% efficient vacuum-deposited tandem
OPV in 2016, although no details of the structure or measurement are available.
Similar to the case for single junction cells, solution-processed multijunction ef-
ficiency has increased apace. Fullerene-based tandem structures with efficiencies ~
10-11% were published around 2014, 6558 improving to PCE = 12.3% in 2017.[5% A
tandem with double NFA-based subcells was reported recently with PCE = 13.1%.[7)
Very recently, by pairing a NFA-based NIR-absorbing subcell and the DTDCPB:Cx
green-absorbing VTE subcell, we have been able to achieve the milestone efficiency
of 15%, an important step towards OPV commercialization. The details of this work

will be presented in Chapter VI.

Besides efficiency, the lifetime and cost are two other important factors that de-
termines the feasibility of a solar technology. A lifetime span of 10 to 20 years with
< 20% efficiency degradation has been achieved by OPV (ongoing project modified
from previous work[7!l). It has also been demonstrated with the R2R fabrication for
low cost mass production.] The focus of this dissertation, though, will only be on
developing high efficiency OPVs. An introduction of device simulation is presented
in Chapter II. It is followed in Chapters III and IV, where the single junction OPV
cells with d-a-a’ vacuum-deposited donors are studied for a better understanding of
the structure-property-performance relationships. Chapters V and VI are the core
chapters with the works on high efficiency multijunction cells, achieving > 10% and
15% PCEs. The practical efficiency targets based on calculations will be discussed in

the last chapter (VII), with an outlook of the OPV technology presented.
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CHAPTER II

Device Performance Simulation

In order to achieve single or multijunction OPV cells with high efficiencies, a
simulation tool is essential to predict the device performance. A reliable simula-
tion method can serve as a guide for device structure design without doing extensive
experiments. It becomes more important for multijunction structures. Here we in-
troduce the optical simulation method. The single junction absorption is calculated
based on the transfer matrix method, from which the photocurrent can be derived.
For a tandem or multijunction cell, the J-V characteristics are calculated by adding
up the input subcell J-V curves under a given absorbed light intensity. Each of the

simulation steps will be explained in detail in this chapter.

2.1 Transfer matrix method

The transfer matrix method is used to determine the absorbed power of each
thin film layer as a function of wavelength at each position.? A structure example is
shown in Fig. 2.1 comprising m layers with the thicknesses d, ds, - - -, d,, grown on
an optically thick substrate. The absorption of each assumed isotropic layer can be
described by a complex index of 7, that n; = n; + i-k;. The substrate is usually much
thicker than the incident light wavelength, which needs to be treated separately from

the thin film layers. The reflection (R*) and transmission (7%) at the air/substrate
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Figure 2.1: Geometry of the multilayer stack used in electric field calculations by
transfer matrix method. Layers 0 and m+1 are the transparent substrate and air.
Figure from Ref.[?
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where 7 is the refractive index of the substrate. If the reflection (R) and transmission
(T') at the substrate/thin film-1 interface is calculated, the overall reflection (R’) and
transmission (77) can then be written as:

,_R+R ., TT

=—. 2.2
14+ R*R’ 14+ R*R (22)

Within each layer, the electric field along the positive and negative propagation
directions perpendicular to the layer interface are E* and E~, respectively. At the

interface between layers j and k, the electric field is related by the 2 x 2 interface

matrix [jj:
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where 7j; and t;;, are the Fresnel complex reflection and transmission coefficients:

J k

Also considering the phase shift marked by the matrix L;:

the electric field relation between layer 0 and layer m+1 can be described by the

transfer matrix S:

E, Bl S S m

== S 5 S = = I(n—l)nLn . I(m—l—l)m- (2 6)
— — n=1
E, E, So1 bSa

The reflection (R) and transmission (7") at the substrate/thin film 1 interface are

then:
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With R* and T* calculated from Eq. 2.1, and R and T calculated from Eq. 2.7, the
overall R” and T" including the substrate and thin films can be calculated from Eq.
2.2.

From Eqgs. 2.3 to 2.6, the time averaged absorbed power can be expressed as a

function of position along the thin film stack:
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where ¢ = 3 x 10® m/s is the speed of light, g = 8.85 x 1072 F/m, and the electric
field of each layer is the sum of the ones propagating in the positive and negative
directions:

(@) = (59Tt e STV B, (2.9)

For the expression of t; and t; please refer to Ref. 2l The transfer matrix Matlab code

is uploaded on http://umich.edu/~ocm/research.html.

2.2 Single junction simulation

Previous to the simulation, the wavelength-dependent refractive index n; and
extinction coefficient k; of each layer in the single junction stack need to be measured
by ellipsometer and input into the MATLAB program. Based on the transfer matrix
method discussed in the previous section, the absorbed power Q;(A) (Eq. 2.8) at each

position (z) in the stack is calculated, which leads to the exciton generation rate:
G(\z) = (VRO Q; (). (2.10)

In order to calculated the EFQF, we will need to know the exciton diffusion, disso-
ciation and charge extraction efficiencies besides the absorption (refer to Fig. 1.11).
The OPV cells with active layers of planar or mixed HJs are therefore calculated in

different ways.

2.2.1 Cells with planar heterojunction (P-HJ) structures

The OPV cell with a P-HJ active layer contains neat donor and acceptor layers.

The exciton dissociation and charge extraction efficiencies are close to 100%, while
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the EQFE is mainly limited by exciton diffusion. The steady state exciton diffusion in
each of the two layers can be solved by:
,0*n

LD m—n—FTG:O, LD: VDT, (211)
T

where n is the exciton density, Lp refers to the exciton diffusion length of the donor
or acceptor material, D is the exciton diffusivity, and 7 is the exciton lifetime. Lp
and 7 of the donor and acceptor are input into the program. For example, the Lp
for the acceptor Cgp and Cyq are about 25 nm and 11 nm respectively, while for small

molecule donors it is usually < 10 nm.

dn_O
- —de—

Acceptor

— n=20
a n_y
—_— —— =
dx
Figure 2.2: Boundary conditions of the P-HJ structure.

The exciton diffusion equation is then solved for the donor and acceptor layers,
with the boundary conditions shown by Fig. 2.2. Here, n = 0 refers to the quench-
ing donor/acceptor interface where exciton dissociation occurs. While dn/dx = 0 is
the non-quenching boundary with no surface recombination velocity, applied to the
interface between the active layer and the buffer blocking layers. For buffers like
MoQg3, a partial quenching boundary can be assumed to better match with the actual
device performance. After solving Eq. 2.11 with the proper boundary conditions,
the photocurrent generated as the excitons diffuse towards the donor-acceptor (D-A)
interface is then:

Lh

Jph = QT ) Jph,device = Jph,donor + Jph,acceptor~ (212)
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Finally, the EQFE of the device is calculated by:

Jlq

BQE = —-——;

EQEdevice - EQEdonor + EQEacceptory (213)

where Eg is the incident electric field of the AM 1.5G solar spectrum.

Therefore, with the optical constants (n,k) and thickness of each layer in the OPV
stack as well as the donor and acceptor exciton diffusion lengths as inputs, the EQF
of bilayer devices can be calculated based on the transfer matrix method and exciton
diffusion equation. In situations when the FQFE is known, the exciton diffusion lengths

can be fitted.

2.2.2 Cells with mixed heterojunction (M-HJ) structures

For the P-HJ device, we assume 100% exciton dissociation and charge collection
as an approximation. However, it is different for the devices with M-HJs, which are
more widely used for high efficiency OPVs. As discussed in Section 1.2.1, excitons
experience rapid dissociation with a short diffusion path towards the donor/acceptor
interfaces in the blend active layers. It is therefore reasonable to assume 100% exci-
ton diffusion and dissociation efficiencies. On the other hand, the charge collection
efficiency (7..) can be significantly lower than 100%. Therefore, .. needs to be input
as a known or fitting parameter for M-HJ OPV optical simulations, independent of
the wavelength.

The 7. of OPV cells can be measured by reverse voltage-biased EQFE. With the
large build-in field at reverse bias, electrons and holes are extracted with an efficiency
close to 100%, while the absorption is independent on voltage. The FQFE signal will
increase with the reverse voltage before reaching a maximum. Figure 2.3 shows an
example of an OPV cell charge collection efficiency measurement, in which case the

EQFE reaches the highest value at ~ -3.5 V. The 7. is then calculated by dividing
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the FQFE value at each wavelength with 0 V by the value with -3.5 V. It is almost
a constant ~ 0.8 independent of the wavelength, which is a common value for M-HJ

OPV cells.

Ratio

10} |—-3.5V

0.0

400 500 600 700 800
Wavelength (nm)

Figure 2.3: An example of the M-HJ charge collection efficiency measured by reverse
voltage-biased FQF.

Similar to the bilayer structure, the exciton generation profile as a function of
wavelength and position is first calculated using transfer matrices. It is then assumed
that all excitons generated in the blend D:A layer are dissociated into free carriers.
Or equally, we can set the exciton diffusion length (L, in Eq. 2.11) to infinity. The
current density calculated is then corrected by multiplying 7.. to get the final value.
Finally, the FQFE is obtained by Eq. 2.13 (without separating the donor and acceptor
contributions).

Unlike the exciton diffusion efficiency input for the P-HJ simulation that only
depends on the donor or acceptor material, the 7. of the blend is sensitive to the layer
thickness. Figure 2.4 shows the fitted 7.. as a function of the active layer thickness of
a M-HJ OPV cell. With each thickness, the current density is measured (Jsc areas)

and total current generated in the active layer (Jsco gen) is calculated assuming 100%
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Figure 2.4: Fitted charge collection efficiency as a function of M-HJ active layer
thickness.

charge collection. The effective 7. is defined as:

JSC,meas
Nee,eff = ¥ (214)
SC,Gen

As the DTDCPB:Cyy (1:1) layer thickness increases from 40 nm to 90 nm, the 7. g
decreases sharply from 0.76 to 0.70 and fluctuates between 0.68 and 0.72. The mea-
sured Jgo increases with the thickness due to higher absorption, and reaches the
highest value at 80 nm, after which the absorption increase is smaller than the charge
collection loss. The single junction simulation tool for devices with M-HJ active layers
therefore can also be used to calculate the effective charge collection efficiency if the
measured Jgo is known. Optimizing active layer blend ratios and growth conditions
can be helpful to improve the charge collection efficiency especially for thick films.
From the above descriptions, the exciton diffusion and charge collection efficien-
cies are input parameters for the neat and mixed active layers, respectively, used to
calculate the device FQF and Jgco. The layer thicknesses can be adjusted in the
simulation to achieve the highest Jso. On the other hand, the optical simulation

cannot predict the FF, and the charge collection efficiency for M-HJ cells may vary
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with thickness. Nevertheless, it is a usefully tool to optimize the devices structure for

single junction cells, providing important guidance for experiment.

2.3 Multijunction simulation

The optical simulation plays an important role in single junction device optimiza-
tion that saves time and materials. When coming to multijunctions with more layers
and design possibilities, it becomes more and more difficult to try all thickness combi-
nations by experiment. A good FQFE and J-V characteristics prediction by simulation

is therefore even more critical for multijunction designs.

2.3.1 Device performance simulation

== Input J-V-1
Cathode g
Subcell-2 |:> Jses ™ EQE, I::) =502 |:> Subcell-1 J-V
"SC—I,lsun
Interconnecting @ @ @ @ Tandem J-V
Subcell-1 |:> Jsc, > EQE, |:> np= Jsc-2 E> subcell-2 J-V <;]
a 'ISC-Z, 1sun
Anode
Input J-V-2

Figure 2.5: Multijunction simulation flow.

The simulation flow for multijunction cells is summarized in Fig. 2.5 containing
four steps. The absorption profile of the subcells in the tandem or multijunction
stack is simulated the same way as for the single junction cell. Taking a tandem
cell as an example, the measured optical constants n and k for each layer are first
used to calculate the Jgo and FQFE generated in each subcell by the transfer matrix
method and the relationship in Eq. 2.13. The quantum efficiency of the tandem cell
is defined as the sum of FQF's of the two subcells. In order to simulate the tandem J-

V' characteristics, the J-V characteristic for each subcell at different light intensities
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(several data sets between 0 and 1 sun) need to be input. As shown by step 2, the
effective light intensity () is taken as the ratio between the calculated subcell Jg¢ in
the tandem stack and the input measured 1 sun Jg¢ of the same subcell. The 7 value
is usually between 0.5 to 0.8 sun due to the absorption overlap between the subcells.
We can then get the subcell J-V characteristics in the tandem stack by interpolating

the input J-V at the effective light intensities.
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Figure 2.6: Tandem J-V characteristic simulation: (Left) Adding up the subcell

voltage at each current; (Right) Zoom-in of the short-circuit region. Figures from
Refl™,

Finally, the J-V characteristic of the tandem cell is generated by adding up the
subcell J-V characteristics. For the two subcells connected in series, at each current
density the tandem voltage is the sum of the two subcells, as indicated by the blue
dashed line in Fig. 2.6, left. The tandem parameters including efficiency can be
obtained from the J-V curve. Figure 2.6 (right) shows the detailed characteristics
near zero voltage. The current-limiting subcell works at a reverse voltage bias while
the subcell with larger Jgo works at a forward bias. The tandem Jgo therefore
usually lies in between the two subcell Jg¢ at a total voltage of 0 V. The FQE and
J-V simulations of the multijunction cells with more than two subcells follow the

same procedure as the tandem cell.
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2.3.2 Contour algorithm

Input parameters:
solar spectrum, optical constants, exciton
diffusion lengths, layer thicknesses, sub-cell J-V

Randomly chanée an active layer L
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7
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7

Multijunction J-V characteristics
calculated by sub-cell J-V interpolations

A
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Change to new setting Keep original setting
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Figure 2.7: Simulation contour algorithm for optimizing multijunction cells.

The ultimate goal of the multijunction simulation is to find the approximate op-
timized layer thicknesses especially for the active layers of each subcell. It can be
done more efficiently with the contour algorithm shown in Figure 2.7. As already dis-
cussed, the solar spectrum, optical constants of all constituent layers, exciton diffusion
length and initial thickness for each layer, as well as the sub-cell J-V characteristics
at different light intensities are input at the beginning of the optimization cycle. An
active layer thickness in the multijunction stack is randomly changed by a value for
every calculation cycle. The optical field distribution and quantum efficiency are
calculated based on the transfer matrix method. The J-V characteristics of the tan-
dem or triple-junction cell are then calculated by interpolating the input sub-cell J-V
data. The power conversion efficiency is obtained from the calculated J-V curve. If
it increases compared with the previous calculated value, the structure is changed to

the new setting, otherwise they are kept at their original thickness values. The new
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generation of device structure is then re-optimized through iteration, until the highest
output efficiency becomes stable after hundreds of calculation cycles. The thickness

step change each time is carefully designed to avoid trapping at local maxima.

2.4 An example
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Figure 2.8: Optical simulation example of single junction cell: calculated and mea-
sured EQE of green- (left) and NIR-absorbing (right) single junction cells.

Here we show an example of tandem cell simulation with the above methods. The
details of this tandem structure will be discussed in Chapter VI. For now, we call
the green-absorbing cell ”Cell 1”7 and the NIR-absorbing cell ”Cell 2”7, both of which
employ the M-HJ structure. The measured FQF's of single junction cells 1 and 2 are
shown by the solid lines in Fig 2.8. With measured n and £ values of each layer, the
Jsc and EQFE of the single junction cells are calculated based on the transfer matrix
method with input charge collection efficiencies. Here the effective noes of Cells 1 and
2 are assumed instead of measured, to match the calculated Jgc with measurement
values. The simulated FQF curves of the two cells are displayed in Fig 2.8 as dashed
lines.

For Cell 1 with 80 nm active layer thickness, the calculated curve almost overlaps

with the measurement, except for the low wavelength below 450 nm that shows a

38



100

 E———(— ———S———
= = Subcell 1(calc) = = Subcell 2 (calc)

'I:an;:Ier'11 JI-V"

e S ubcell 1 (meas) e===Subcell 2 (meas) “TE‘ -1 4 [
80 N I - o 12+
. I || <
— 1 g -10}
2 60 ) 1 >
[ ' = 8
W 1 a
g L ! i Bl
g 40 . g
1 "S' 41 A
20 A ] = ol ——Measured ‘|
5 -
Yo O - - - Calculated i
f i \ | - | 0 S ————————— . i i %
400 500 600 700 800 900 1000 00 03 06 09 12 1.5
Wavelength (nm) Bias (V)

Figure 2.9: Optical simulation example of tandem cell: FQFE and J-V characteris-
tics simulation and measurement of the tandem and its subcells.

higher peak. As the thickness increases to 160 nm, the mismatch between the simula-
tion and experiment gets larger. The simulation shows a higher photoresponse below
600 nm and a lower response above 600 nm as indicated by the blue dashed line in
Fig. 2.8 left. For the NIR-absorbing cell, the calculated EQFE roughly matches with
the measured curve, except for a sharp peak from 800 to 850 nm. The device per-
formance of the tandem cell comprising the two subcells (Cell 1 as the front cell and
Cell 2 as the back cell) is than simulated with the input of the fitted nces from the
single junction calculation and the single junction J-V characteristics under different
light intensities. Figure 2.9 on the left displays calculated and measured EQFEs of
the subcells in the tandem stack. Subcell 1 here has the active layer thickness of 160
nm. The calculated EQF discrepancy is smaller than the single junction shown in
Fig. 2.8 left.

In the simulation, we assume isotropic materials and perfect interfaces between
adjacent layers. In reality, the organic material absorptions are usually anisotropic,
that the fitted optical contacts n and k may vary with different fitting models. Also,
the films always have certain roughnesses, especially for ITO as well as the cathode
with metal diffusing into the organic layers underneath. All of these factors account

for the calculation uncertainties. The mismatch at ~ 400 nm for subcell 1 and ~ 850
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nm for subcell 2 is likely due to the fitting error of the anisotropic optical constants.
For subcell 1, it turns out the calculated photoresponse is also more sensitive to the
active layer thickness especially with a metal reflector. The variation of actual grown

film thicknesses and blend ratios can also cause the discrepancies.

Table 2.1: Simulated vs. calculated tandem cell performance.

J V. PCFE
Dewvice 8¢ oc FF

(mA/cm?) (V) (%)
Measurment | 12.6 + 0.3 | 1.58 + 0.01 | 0.72 + 0.01 | 14.3 + 0.3

Calculation 13.1 1.57 0.70 14.5

Figure 2.9 on the right compares the simulated and measured tandem J-V char-
acteristics with the data listed in Table 2.1. The simulation gives ~ 4% relative
higher Jsc and lower FF, with PCE = 14.5% compared with the measured PCE =
14.3 + 0.3%. It shows that though with small mismatches, the calculation methods
of single junction and tandem cells introduced in this chapter can well predict the
device performance thus provide guidance of structural designs especially for multi-
juncitons. Further modifying layer parameters of the electrodes, and adjusting the
anisotropic optical constant fitting models of the active layers are essential to improve

the simulation accuracy.
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CHAPTER III

Donor-acceptor-acceptor’ (d-a-a’) Small Molecule

Donors with Propeller Donor Units

In this and the subsequent chapter, we present a group of vacuum-deposited small
molecule donors bearing the structure of donor-acceptor-acceptor’ (d-a-a’). The rel-
atively large ground state dipole moment of the d-a-a’ donors tends to enhance both
the intra- and inter-molecular charge transport, improving the OPV performance
compared with the traditional non-polar donor molecules. This chapter will focus
on the d-a-a’ molecules with propeller donor units based on triphenylamine, while

Chapter 4 will discuss the d-a-a’ donor molecules with coplanar donor groups.

3.1 Background

3.1.1 The emerging of d-a-a’ small molecules

For vacuum deposited small molecule donors, it was once believed that the dipolar
groups in the molecule were likely to generate a random electrostatic potential in
the solid-state film, which hindered charge percolation due to energetic disorder. ™
However, recent works have shown that molecules with relatively large dipole moment
generally lead to more favorable exciton and charge transport pathways. At the single

molecule level, the electron-donating group (d) and the electron-withdrawing group
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(a) can be chemically as well as specially manipulated to achieve a desired degree of
intramolecular charge transfer, which determines the absorption strength and energy
levels. In the bulk or at the supramolecular level, molecules with large dipolarity
along the backbone tend to pack into an anti-parallel dimeric configuration with a
net dipole moment of zero, which leads to a short intermolecular cofacial distance that
facilitates charge-hopping.[™ It also favors the homo-aggregation of donor molecules
in the mixed active layer for improved phase separation. Recently, a large number of
vacuum-deposited small molecules with donor-(m-bridge)-acceptor (d-m-a) and donor-
acceptor-acceptor’ (d-a-a’) configurations have been published with high efficiencies,
most of which originated at the group of Prof. K.-T Wong at National Taiwan
University. These molecules with long rod-like shapes tend to align their backbone
axes parallel to the substrate surface, leading to a high in-plane extinction coefficient
and efficient vertical charge transport.

In 2011, a d-m-a donor material TPDCDTS was synthetized with a coplanar
diphenyl-substituted dithienosilole (DTS) 7-conjugated spacer connecting the triph-
enylamine electron-donating block and the dicyanovinyl (DCV) electron-withdrawing
block. The 7-bridge enhanced the electronic coupling between "D’ and ’A’ units within
the molecule thus effectively lowers the energy gap. The TPDCDTS:C;y device with
MoOjs as the anode buffer exhibited PCE = 3.8%.[™! Another set of triphenylamine-
m-DCV small molecules, DTTh and DT'Tz, were reported by T.Seo and his colleagues,
taking thienothiophene-thiophene and thienothiophene-thiazole as the m-conjugation
linkers respectively. The thiazole unit of DT'Tz facilitates intramolecular charge trans-
fer and intermolecular packing, leading to a higher device efficiency of 6.2% compare
with 5.4% of DTTh.["

The donor molecules employing d-a-a’ structures were also first reported in 2011. (7]
Compared with the d-m-a structure, their double acceptors with strong electron-

withdrawing feature tend to reduce the energy-gap while maintaining a deep HOMO
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level. Higher absorption towards the NIR as well as a relatively large Voo can there-
fore be obtained simultaneously. Among the d-a-a’ donor molecules reported, the
most efficient ones for NIR-absorbing and green-absorbing OPVs are DTDCTB and
DTDCPB, respectively.

3.1.2 DTDCTB and DTDCPB

For DTDCTB, the ditolylaminothienyl and DCV were taken as the end d and a’
groups. Instead of a m-block, another 2,1,3-benzothiadiazole acceptor was inserted in
between as the middle bridge. As confirmed by X-ray crystallography, the thiophene
in the ditolylaminothienyl unit and the benzothiadiazole rings exhibit coplanar confir-
mation with a small dihedral angle of 5.5°, favorable for intramolecular charge transfer.
The DTDCTB cells exhibit absorption up to 900 nm, with the HOMO level lying at
-5.3 eV. The device with the PM-HJ structure: ITO/MoO3 (30 nm)/DTDCTB (7
nm)/DTDCTB:fullerene (1:1, 40 nm)/fullerene/BCP (10 nm)/Ag (150 nm) achieved
Voo = 080 V, PCE = 4.4% and Vpoc = 0.79 V, PCE = 5.8% when pairing with
Cgo or Crg as the fullerene acceptor.!” The DTDCTB devices were further optimized
to obtain better performance: a thin layer of calcium was inserted in between the
BCP and Ag, increasing the FF' of the DTDCTB:Cg cell from 0.50 to 0.55 with the
PCOE improved to 5.3%;1°6) The 1,3,5-Tri(m-pyridin-3-ylphenyl)benzene (TmPyPB)
was introduced as the cathode buffer with higher electron mobility compared with
BCP that improved the DTDCTB:Cyq efficiency to 6.1 £+ 0.2% with FF = 0.52 +
0.01.1) The DTDCTB is by far the most efficient NIR cell among the vacuum de-
posited small molecules. Together with its high Ve, it has also been a red subcell
candidate for multijunciton applications. 04

The HOMO levels of the d-a-a’ molecules can be effectively tuned by modifying
the D unit where the HOMOs are heavily populated, while it barely affects the LU-

MOs. DTDCPB were reported followed the previous work, which contains a weaker
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ditolylaminophenyl donor block to replace the ditolylaminothienyl in DTDCTB. ™!

Different from the almost coplanar confirmation between ’d” and ’a’ blocks in DTD-
CTB, there is a large distortion between the phenylene and benzothiadiazole rings in
DTDCPB with a dihedral angle of 24.7°. The bond length between these two units as
well as the bond length alternation are also longer than that of DTDCTB, indicating
weaker m-delocalization and reduced quinoidal character. The DTDCPB molecule
thus shows blue-shifted absorption with reduced extinction coefficients. With a bet-
ter balance between current density and voltage, the DTDCPB:Cy (1:1.6) PM-HJ
device exhibited a higher PCE = 6.6 + 0.2%.[™

Later Y. Zou et al. eliminated the neat donor and acceptor layers in DTDCPB:Cr
cells for better charge collection. The thickness of the mixed active layer was increased
from 40 nm to 70 nm without affecting the F'F. The champion device with the struc-
ture: ITO/MoOj3 (10 nm)/DTDCPB:Cyq (1:2, 70 nm)/BCP (10 nm)/Al (100 nm)
delivered Jgo = 14.8 mA/em?, Voo = 0.89 V, FF = 0.62 and PCE = 8.2%.18
O.L.Griffith et al. further optimized the DTDCPB:Cyy cell with additional donor
material purification and the BPhen:Cgq compound buffer. The device with 1:1 D:A
ratio and 80 nm active layer thickness achieved PCE = 9.6%, the highest among
vacuum deposited OPV cells with Js¢ = 15.8 mA/cm2, Voo = 0.92 V and FF =
0.67.04

The following two sections in this chapter will show our follow-up work on the two
donor molecules. By device optimization, the OPV efficiencies for both molecules are
further improved compared with the previously published results. The DTDCTB:Cgg
and DTDCPB:Cy will then be employed as the subcells in the tandem structures

introduced in Chapter V and VI, respectively.
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3.2 NIR-absorbing molecule DTDCTB

As we recall from Section 3.1.2 that in previous work, the molecule DTDCTB
donor has been paired with both the fullerene Cgy and Cyy acceptor, achieving the

56,78 Both structures exhibit similar Vo

best efficiency of 5.3% and 6.1% respectively.
~ 0.80 V and FF = 0.55. The main difference lies in the Jgc. As seen from Fig. 3.1
below, the absorption of the neat Cyy is much higher than Cgy along the visible spec-
trum below 700 nm, resulting in a higher absorption in green of the DTDCTB:Crq
device with a higher Jgo. On the other hand, due to the weak absorption of Cg,
the DTDCTB:Cgy only shows photoresponse in the NIR region, leaving a transpar-
ent window in green. It is therefore an ideal NIR-absorbing subcell candidate for

multijunction applications. This section will therefore focus on the optimization of

DTDCTB:Cg single junction cells.

3.2.1 DTDCTB:Cg, blend film characterization

0 25 50 75100
. Ceo ratio (%)

0.0 STF N
400 500 600 700 800 900

Wavelength (nm)

Figure 3.1: DTDCTB:Cy, optical constants. Extinction coefficient (k) of
DTDCTB:Cg films with different blend ratios, along with & for Cgy, Cr9, and DTD-
CTB neat films. Here, D refers to DTDCTB and C refers to Cgg. Inset: & at A= 450
nm and A= 700 nm as a function of Cgy percentage in the mixed film.
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The extinction coefficients (k) of the DTDCTB:Cyg films measured as functions of
blend volume ratio are shown in Fig. 3.1. The DTDCTB exhibits an absorption peak
at A = 700 nm, while Cgy shows two peaks at A = 360 nm and 450 nm, corresponding
to Frenkel-type and intermolecular CT excitations.®!) The CT feature results from
electrons excited from the HOMO of one molecule to the LUMO of a nearby Cgq
molecule, and hence is sensitive to the Cgg concentration. In contrast, the intramolec-
ular Frenkel transition absorption strength is linearly proportional to the molecular
concentration. To analyze the Frenkel and CT absorption in the DTDCTB:Cgg mixed
film, £ at A = 450 nm and A = 700 nm as a function of the Cgy percentage is plotted
in the inset of Fig. 3.1. The DTDCTB Frenkel absorption peak at A\ = 700 nm
linearly decreases with Cgg concentration, as expected. On the other hand, the Cgg
CT peak at A = 450 nm is significantly reduced even at a modest dilution, leading to

very small absorption in the green.
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Figure 3.2: Atomic force microscopy (AFM) images of the neat Cgg, neat DTDCTB
and DTDCTB:Cg with different ratios. R, refers to the root mean square roughness.

The active layer film morphology and roughness were characterized by atomic

force microscopy (AFM) as shown by Fig. 3.2, with different D:A ratios. The neat
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Ceo appears to be ball shapes with diameter ~ 20 nm and a surface roughness of R,
= 2.21 nm. The neat DTDCTB, on the other hand, shows an amorphous surface
with R, = 0.52 nm. The mixed film of the donor and acceptor molecules greatly
reduce the Cgg roughness, showing amorphous feature similar with DTDCTB. The
roughness also decreases at lower Cg, concentration, with R, = 0.71 nm at 1:4 D:A

ratio and R, = 0.49 nm for D:A=1:1.

D-A mixed film (no=50%)
(220)

neat C60 film (no=0%)
(220)
(111)

Figure 3.3: Selected area electron diffraction (SAED) patterns of the Cg and 1:1
DTDCTBC6O

Fig. 3.3 shows the selected area electron diffraction (SAED) patterns of the neat
Cgo and 1:1 DTDCTB:Cg films. The film morphology changes from granular to
smooth. The Cgg shows a polycrystalline, face centered cubic structure. The diffrac-
tion rings are relatively clear, corresponding to the (111) and (220) planes as labeled.
In contrast, the SAED pattern for the DTDCTB:Cgy mixture is diffuse, indicating
a more disordered, isotropic morphology. The AFM and SAED morphology data
both show that mixing the donor molecule DTDCTB with the acceptor Cgg leads to
amorphous structure and smooth surface. We will see in the following subsections
that the DTDCTB:Cgo with 1:1 ratio achieves the best device performance with the

lowest, trapped charge density.
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3.2.2 Device optimization and performance

Devices with the P-HJ structure were first fabricated and studied, as shown in
Fig. 3.4 on the left. The MoOj3 serves as the anode buffer layer due to its large
work function, high transmittance, and low resistance!®?, while BPhen is used as the
exciton blocking buffer layer adjacent to the cathode[®l. The thickness of Cgo active
layer is fixed at 40 nm, while the DTDCTB thickness is changed from 5 nm to 15 nm.
As seen from the FQF plots, the Cgy photoresponse around 450 nm decreases with
increased DTDCTB thickness. On the other hand, the EQF in the NIR region is also
reduced with thicker DTDCTB up to 15 nm, showing inefficient charge extraction

with layers thicker than the exciton diffusion length.
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Figure 3.4: DTDCTB/Cg bilayer device structure and performance, including EQFE
and J-V characteristics with different DTDCTB thicknesses.

It is clear from the J-V plots in Fig. 3.4 that with 5 nm DTDCTB, the cell
exhibits diode-like behavior, with Jgc = 3.8 mA /ecm?, Voo = 0.60 V, FF = 0.61 and
PCFE = 1.4%. As the thickness increases to 10 and 15 nm, the curves are dominated
by series resistance, and the FF' is reduced to ~ 0.25. On the other hand, the Voo
increases considerably from 0.60 V to 0.76 V, indicating the poor converage of the
DTDCTB on Cgy in the 5 nm case. Based on the results, we can therefore conclude
that the DTDCTB has a very short exciton diffusion length on the order of 5 nm,
which is generally the case for d-a-a’ donor molecules. The active layer therefore

needs to be made in a M-HJ structure to achieve better performance.
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Figure 3.5: The DTDCTB:Cgy/Cgo PM-HJ device structure (left) and energy levels
(right).

Table 3.1: DTDCTB:Cgy (40nm) device performance with different ratios.

DTDCTB:Cgy Ratio Jse Voc PE PCE*
(40 nm thickness) (mA/cm?) (V) %
1:4 7.3 0.82 0.50 3.0
1:2 9.1 0.78 0.54 3.8
1:1 10.3 0.80 0.54 4.4
1.5:1 10.1 0.78 0.43 3.4
2:1 8.6 0.78 0.39 2.6

* Edge effect not considered, giving ~ 10% overestimation.

The device structure with mixed DTDCTB:Cg, active layer is optimized in terms
of D:A mixed ratio, layer thicknesses and buffer layers. Among the three active layer
architectures: D/D:A/A; D:A/A and D:A, the mixed DTDCTB:Cg plus a neat layer
of Cgo gives the best balance between Jso and FF. The detailed device structure is
shown in Fig. 3.5 along with the energy level diagram. Again, MoO3; and BPhen
serve as the buffer layers respectively on the anode and cathode side. The neat Cg
layer was fixed at 10 nm while the ratio and thickness of the DTDCTB:Cgy mixed
layer are optimized, with the results summarized in Table 3.1 and 3.2. The V¢ stays
~ 0.8 V with different ratios, while both Jsc and FF reach the maximum value at

1:1, giving the highest PCE = 4.4% with active layer thickness fixed at 40 nm. The
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relation between the DTDCTB:Cg ratio and FF will be discussed in the next section

with the study of charge trapping density.
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Figure 3.6: DTDCTB:Cgy/Cgy PM-HJ device performance: J-V characteristics and
Inset: EQE.

Table 3.2: DTDCTB:Cg (1:1) device performance with different thicknesses.

DTDCTB:Csy Thickness Jsc Voc . PCE*
(1:1 ratio) (mA/cm?) (V) %
40 nm 9.0 0.82 0.52 3.8
45 nm 10.6 0.82 0.53 4.6
50 nm 11.3 0.82 0.53 4.8
55 nm 12.3 0.82 0.56 5.6
60 nm 12.7 0.82 0.56 5.8
65 nm 12.6 0.82 0.54 5.6

* Edge effect not considered, giving ~ 10% overestimation.

After optimizing the ratio, the cells with different DTDCTB:Cgo thicknesses from
40 nm up to 65 nm were fabricated with the D:A ratio fixed at 1:1. The Vo = 0.82
V is independent of thickness, while Jg¢ increases as the active layer gets thicker and

saturates at ~ 60 nm. The reduced charge collection ability with further increased
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thickness suppressed the absorption increases. The FF' also increases with thickness,
from FF = 0.52 at 40 nm to FF = 0.56 at 60 nm, which is likely due to improved
crystallization of the DTDCTB molecule. The J-V characteristics and EFQFE of the
optimized device with 1:1 ratio and 60 nm thickness is displayed in Fig. 3.6. It
achieves Jso = 12.7 mA/ecm?, Voo = 0.82 V, FF = 0.56 and PCE = 5.8%. Due
to the edge effect as will be discussed later in this chapter, the Jg¢ is corrected by
EQFE measurement, giving PCE = 5.3%. It equals to the best DTDCTB:Cg, device
published in the literature®. As seen from the FQE plot in Fig. 3.6, it mainly
absorbs between A = 500 nm and 900 nm, with the peak value of EQE ~ 55% at A
= 700 nm. On the other hand, the FQF in the green below 500 nm is less than 30%
due to the exponentially reduced Cgy CT absorption when mixing with DTDCTB,

showing potential for use in the multijunciton NIR-absorbing subcells.
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Figure 3.7: BPhen:Cgy mixed buffer working mechanism.

Different cathode buffer combinations are also tested for the optimized DTDCTB:Cg
active layer, with the performances summarized in Table 3.3. The device with BPhen
serves as the reference cell, with PCE = 5.4%. It has been reported that adding an
ultrathin low work function metal layer like Ca between the BPhen buffer and the
Ag cathode reduces the charge extraction barrier, leading to higher photocurrent. !
Here we observed similar phenomena, that the current density is improved from 12.4
mA /cm? to 12.8 mA/ecm?. The PCE is also slightly improved to 5.5%. In addition,

a BPhen:Cg electron filter has been previously reported for efficient exciton blocking
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Table 3.3: DTDCTB:Cg, device performance with different cathode buffers.

Jsco Voc PCE*
Cathode Buffer FF
(mA/cm?) (V) %
BPhen 12.4 0.82 0.52 5.4
BPhen w/ Ca 12.8 0.82 0.52 9.9
BPhen:Cg 1:1 11.6 0.82 0.55 5.2
BPhen:Cg/Bphen 114 0.82 0.55 5.1

* Edge effect not considered, giving ~ 10% overestimation.

34 As illustrated in Fig. 3.7, the electrons conduct through

and electron conducting.
the Cgp path indicated by the blue circles, while excitons can still be blocked efficiently
by BPhen with a wide energy gap. The optimal BPhen:Cgy ratio is 1:1, exhibiting
the maximum conductivity and > 80% blocking ratio.® The FF of DTDCTB:Cyg
cell employing the mixed buffer is improved, while the Jg¢ is decreased. The PCE is

slightly reduced to 5.2%.

3.2.3 Charge trapping in mixed DTDCTB:Cg, films

Charge trapping in the active layer of OPVs has previously been studied using
methods such as impedance spectroscopy, deep-level transient spectroscopy, transient
photocurrent, and thermally stimulated current. It has been found that trapping is
strongly dependent on the particular combination of D-A molecules and illumination
conditions employed. However, the important problem of the dependence of charge
trapping on the content and concentration of D-A mixtures and on film morphology
has not been thoroughly investigated previously. Here we describe a method based
on the current induced by a short wavelength optical pump measured using a longer
wavelength probe beam[®® that provides an accurate and quantitative determination
of the trapped charge density in organic semiconductor thin films. 5!

Figure 3.8, left, shows the pump-probe set up configuration. The relatively intense
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Figure 3.8: The pump-probe charge trapping measurement. Schematic of the
measurement and sample configurations (left), and time evolution of the Cgy photo-
and trap-currents under pump and probe illumination (right). The film is packaged
to prevent exposure to the environment. Figures from Ref. %%,

illumination of the high energy pump populates the traps with charges generated
subsequent to exciton dissociation. The trapped charges are then depopulated by
a delayed, low energy pulse that induces an incremental current. The currents are
collected at the interdigitated contacts on the substrate. The charge generation rates

from the HOMO level and the trap state are given by:

gHOMO = NHOMOTHOMOL pump; (3.1a)

gtrap = ntrapgtraprprobea (311?))

where n are the densities of electrons in HOMO level and in trap states denoted
by the subscripts, HOMO and trap. ¢ is the photo-absorption cross-section, and I’
is the single pass photon flux generation efficiency of the pump or the probe. The

trapped-to-HOMO charge density ratio can be expressed as: (5!

n“«ap _ |:O—HOMO:| |:Fpump[trap:| (3 2)

nNgomo Otrap Ftraplp

I, and I,;,, are the free charge and trap induced currents. During the measurement

we assume the cross sections are equal: ogomo = Oprap- Figure 3.8, right, shows the
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time evolution of I, and Iy, for a neat Cg film as an example. I, is significant only
when the pump is present, between ¢t = 60s and 90s. Once the pump illumination
is terminated, [}, — 0 , indicating that I, is due only to carriers excited from
trapping sites. An offset in 1,4, observed following the pump illumination (¢ = 90
- 120s) is due to thermal emission of residual trapped charge that vanishes once the
probe is turned off.

The Ii,4p is found to saturate at high pump power (Ppym,), whereas I, increases
linearly with Puymp, 4.€. I, o< Puump, suggesting an intensity-independent photo-
generation efficiency. Correspondingly, nuap/nromo determined from Eq. 3.2 also
saturates at high P,,.,, due to nearly complete occupation of the trap sites. The
Nirap/MHOMO Tatio is measured to be 10~* at high Ppyump- By assuming ngoymo =
102" cm ™2 corresponding to the approximate acceptor molecular density, the trap

density is therefore ny,q, = 10'" cm ™.
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Figure 3.9: Charge trapping characteristics and DTDCTB:Cgy device performance
as functions of donor concentration np.
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With the same method, the Iiqp, I, and nyep/nromo of DTDCTB:Cgy mixed
films are measured as a function of the DTDCTB donor concentration, np (see Fig.
3.9a). Fig. 3.9b and c display the device parameters as a function of np, which
have been discussed in the previous subsection for device optimization. Interestingly,
Nirap/MHOMO 18 Teduced by a factor of ten as np is increased from 0% (neat Cgy ) to
20% (Cgo-rich mixed film). When np is increased to 50%, that is the 1:1 DTDCTB:Cgq
film, n4rap/nEOMO Teaches a minimum of 3 + 1.5% 1077, and thereafter, monotonically
increases. On the other hand, the highest PCE is achieved at np =~ 50%. Further,
I, increases with np at smaller concentration due to efficient exciton dissociation in
the mixtures, as expected. The maximum I, is obtained at np ~ 20%. The efficiency
variation with doping density directly follows changes in FF, while FF decreases
monotonically, from 0.54 £ 0.01 to 0.33 £ 0.01, as nyqp/NHOMO Increases from 3 +
1.5x1077 to 5 + 2.5x107%, as shown in Fig. 3.10. It provides direct evidence that
D-A interface recombination leads to the commonly observed dependence of FF in

mixed heterojunction OPV devices on the mixture ratio.
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Figure 3.10: FF vS. Nyap/NHOMO: 8S Nirap/NHOMO InCreases, FF monotonically
decreases. The dotted line is a guide to the eye.

The high 14, /nHOMO In the neat Cgo film suggests that charges are trapped at the
grain boundaries as illustrated by Fig. 3.11a. As shown in Fig. 3.9, nyqp/nromo is

U-shaped relative to the donor concentration in the blend film, with a minimum at np
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~ 50%. This suggests that charge trapping occurs at the D-A nanocrystalline domain
boundaries in the mixed films. For DTDCTB:Cgy mixtures, the D-A interfaces form
a transport barrier of 0.56 eV for electrons and 0.9 eV for holes as calculated from the
LUMO and HOMO energy offsets between these molecules. Hence, electron transport
across Cgg domains is blocked by donor domains at high np, whereas the transport of
holes is blocked by acceptor molecules at low np, as illustrated in Figs. 3.11b and c.
These boundaries are minimized (along with n4.qp/nroM0) for approximately equal
concentrations of donor and acceptor molecules, at which point continuous percolating
pathways are formed that transport holes and electrons, respectively, resulting in the

best device performance especially in FF.

(a) neat C60 film (b) A-rich mixed film (c) D-rich mixed film
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Figure 3.11: Charge carrier transport (upper figures) and energy band diagram
(lower figures): (a) Neat, granular Cgg, (b) uniform smooth acceptor-rich mixed films,
(¢) uniform smooth donor-rich mixed films.

3.3 Green-absorbing molecule DTDCPB

3.3.1 Device performance

In addition to DTDCTB, the OPV devices with the d-a-a’ molecule DTDCPB
with the propeller diethylaminoethyl donor block are fabricated and optimized. As
introduced in the background section, the twisting angle between the 'd” and central
"a’ unit of DTDCPB is as large as 24.7°compared with the 5.7°of DTDCTB (Fig. 3.12,

left). Due to the weaker electron donating ability, the DTDCPB exhibits reduced
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intramolecular charge transfer and blue shifted absorption, as shown by Fig. 3.12
(right). The DTDCPB solid state film mainly absorbs from A = 450 nm to 750 nm,
with a peak extinction coefficient (k) value of ~ 0.5 compared with 0.9 for DTDCTB.
We therefore pair it with the acceptor C7g with much higher absorption in the visible

than Cgg to achieve the high efficiency OPV cell.
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Figure 3.12: Single crystal molecular structures (left) and extinction coefficients
(right) of DTDCTB and DTDCPB film.
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Figure 3.13: DTDCPB:Cy single junction FQF with 1:1 and 1:2 ratios. Inset:
device structure.

The DTDCPB:Cyy device structures are optimized in the same way as the DTD-

CTB:Cgg cells. The active layer with M-HJ structure (without the neat layer) gives
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the best performance. The device structure and FQFE with 80 nm active layer thick-
ness and 1:1 or 1:2 D:A ratio are displayed in Fig. 3.13, with the performances
summarized in Table 3.4. From the FQF curves we can see that both cells have the
peak value ~ 70%, while the 1:2 ratio exhibits higher photoresponse in the visible
region below 600 nm and slightly lower absorption in NIR. The device with 1:2 ratio
achieves slightly higher Jsc and FF than the 1:1 ratio, while the V¢ is reduced from
0.92 V to 0.90 V. The optimized DTDCPB:Cyy (80 nm) cell achieves FI' = 0.70 and
PCE = 9.5%, which is the highest efficiency among the vacuum-deposited OPV cells

to date.

Table 3.4: DTDCPB:Cyy device performance with 1:1 and 1:2 ratios.

D:A ratio Jso Voo E PCFE
(80 nm thickness) (mA/cm?) (V) %
1:1 14.8 0.92 0.69 9.4
1:2 15.0 0.90 0.70 9.5

3.3.2 Thick active layer

The vacuum-deposited small molecule OPV cells generally possess the active layers
thinner than 100 nm, for example, 60 nm for DTDCTB:Cgg and 80 nm DTDCPB:Cr,.
Thicker active layers could increase the bimolecular recombination probability of the
dissociated polarons, leading to reduced F'F. The absorption coefficient peak values of
the small molecule D:A blends is mostly between o = 1x10° cm™! and 2x10° cm™1.

The intensity of light transmitted through the film is:

I = Iye ™, (3.3)

where [ is the incident light intensity, and d is the film thickness. Therefore it

requires d ~ 100 - 200 nm to achieve 90% absorption of the peak wavelength. The
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wavelength off the peak value needs even thicker film for efficient absorption.

For opaque single junction cells, the incident light travels in the device for roughly
twice the film thickness due to metal cathode reflection like Ag, that the active layer
under 100 nm can be sufficient for absorption. For applications like semitransparent
solar cells as well as the multijunction front cell where the cathode is transparent or
far away, the cell requires much thicker active layer to generate the same amount of
current as the opaque single junction cell. Here, we demonstrate a thick DTDCPB:Cr

cell with the active layer thickness up to 180 nm and PCE > 10%.
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Figure 3.14: J-V characteristics of DTDCPB:Cyy cell (1:1 and 1:2) with 160 nm
active layer thickness.

The DTDCPB:Cyq cell with 1:1 ratio has been reported, with the highest efficiency
of 9.6%.54 The device with 1:1 ratio and 80 nm active layer thickness achieved com-
parable PCE = 9.4% as presented in previous subsection. However, as the thickness
goes to 160 nm, the FF falls from 0.69 to 0.59. Though Js¢c increases from 14.8 to
15.4 mA/cm?, the efficiency is reduced to only 8.2%. Interestingly, as the D:A ratio
changes from 1:1 to 1:3 with the thickness fixed at 160 nm, the FF' is improved as
listed in Table 3.5. It reaches the maximum value of 0.67 at 1:2 ratio. The Jg¢ also

increases to > 16 mA /cm? at higher D:A ratios.
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Figure 3.14 compares the J-V characteristics of the 1:1 and 1:2 ratio devices with

160 nm thickness. The current density of both cells converge to 16.8 mA /cm?

at
-1 V reverse bias with sufficient charge exaction, indicating similar absorption and
charge generation. However, the 1:1 cell shows a much faster current drop towards 0
V and foward bias while the cell with 1:2 D:A ratio stays relatively flat. It therefore
indicates a more ideal charge transport path of electrons and holes in the 1:2 film
than that of the 1:1 film, promoting more efficient charge extraction thus higher Js¢
and FF. The 1:2 cell with 160 nm thickness achieves PCE = 9.8%, improved from the
80 nm cell. As we can see from Table 3.5, increasing the active layer thickness to 170
nm further increase the Jso to 17.0 mA /cm? while the FF is slightly reduces to 0.66,
giving a higher PCE = 10.2%. Further increase in thickness to 180 nm reduces all the
performance parameters, indicating inefficient charge extraction. The DTDCPB:Cyq

cell with the thick active layer will be further discussed in Chapter VI for tandem

applications.

Table 3.5: DTDCPB:Cyy device performance with thick active layers.

DTDCPB:Cyy Device Jse Vo FF pek
(mA/cm?) (V) %

1:1 (160nm) 15.4 0.90 0.59 8.2
1:1.5 (160nm) 16.5 0.90 0.65 9.6
1:2 (160nm) 16.2 0.90 0.67 9.8

1:3 (160nm) 16.3 0.91 0.65 9.6

1:2 (170nm) 17.0 0.91 0.66 10.2

1:2 (180nm) 16.8 0.89 0.65 9.7
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3.4 Edge effects

Organic materials generally possess low charge mobilities (< 1072 ¢cm?/V-s) due
to charge hoping conduction characteristics. Their commonly assumed lateral charge
diffusion lengths < 1 pm is much shorter than the millimeter to centimeter OPV
device dimensions. Therefore, the device area is often defined by the overlap between
anode and cathode. However, we find that under certain structural circumstances, the
fullerene molecules in the OPV cells exhibit centimeter-scale electron diffusion, orders
of magnitude longer than what expected for organics. Both DTDCTB and DTDCPB
devices can generate current outside the device edge identified by the electrodes, the

so-called ’edge effect’.[87]
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Figure 3.15: Line scan of the OPV devices comprising different donor materials,
showing the setup (left), device structure (middle) and scan profiles (right).

The device structure exhibiting edge effects measured by line scan is shown in Fig.
3.15. The active layer contains the mixed donor:fullerene heterojunction capped by a
neat fullerene layer, sandwiched in between the MoOj3 anode buffer and the electron
blocker such as BPhen. For the measurement, as shown on the left, the white light
being chopped at ~ 200 Hz is incident from the glass substrate through a fiber with a
~ 20 pm core size. The current generated from the cell is read by a lock-in amplifier,
and it is measured as a function of fiber position both outside and inside the device
area. As shown in Fig. 3.15 on the right, both the DTDCTB:Cg, and DTDCPB:Cr

devices with a Cgy neat layer show signal with the fiber illuminated outside the cells.
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They are grown on unpatterned ITO with the area defined by the 1 mm diameter
circular Ag cathode. The cell position is from -0.5 mm to 0.5 mm, while the signal
extends up to £+ 1.5 mm. The relatively large signal drop at the device edge (4 0.5
mm) is primarily due to the lack of cathode reflection as well as the smaller built-
in field outside the contact area that reduces the charge collection efficiency. The
current signal of the DBP:Cy;( cell with the same device structure, however, drops
to zero immediately outside the Ag cathode. The edge effect of DTDCTB:Cgq and
DTDCPB:Cyy can be explained by electron diffusion in the neat fullerene cap layer
confined by energy barriers on both sides almost free of recombinations. It is enabled
by the energy level shift ~ 0.3 eV of the fullerene molecule in the mixed active layer
as compared with the neat layer.[*”l A surprisingly long Lp = 3.5 cm is estimated for

Cgo under such device architecture.
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Figure 3.16: Line scan profile of single, tandem and 4-junction cells. S1, S2, S3
refers to the area under the curve with the position < -0.5 mm, -0.5mm - 0.5 nm and
> (0.5 nm.

The edge effect for OPV cells can lead to the overestimation of Jg¢ and PCE. So
far it has only been found in DTDCTB and DTDCPB PM-HJ devices with a neat
fullerene layer. The performances of the DTDCTB:Cgg cell in this chapter as well

as the multijunction cells in Chapter V therefore both have edge effects. Figure 3.16
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Table 3.6: Edge effect correction of Jgo with single, tandem and 4-junction struc-
tures.

Device* | S2:(S1+S52+S3) | 2D integration | Jsc actual:JsCmeasured
Single 10 : 11 5:6 10 : 11
Tandem 13: 14 6:7 8:9

4-junction 5:6 2:3 5:6

* Single junction refers to the DTDCPB:Cgg cell with neat Cgg layer; Tandem and 4-
junction cells comprise DTDCPB:Cgo and DBP:Crq subcells (details see Chapter V).

plots the line scan profiles of the single junction DTDCPB:Cg as well as the tandem
and quadruple-junction cells with 1 mm diameter circular device area (see Chapter
V for structural details). The ratio (either 1-Dimension or 2-D integration) between
the area under the curve inside the device (S3) and the total area (S;+S2+S3) is
summarized in Table 3.6. The quadruple-junction cell exhibits more intense edge
effect than the tandem and single junction cell. It is likely due to its smaller current
density and the very thick stack that the area outside the device without metal
reflector can still generate relatively large current.

The line scan profile can only give a rough estimation of the current generated
outside the device, due to the relatively large fiber light spot and the non-standard
incident white light spectrum. All Jsc actuai:sC measurea ratios lie in between the 1-D
and 2-D integrations. The single junction DTDCPB:Cgq generates ~ 10% current
outside the device area. It can be corrected directly by taking the integrated EQFE as
Jsc as mentioned in Section 3.2.2. The ratio between the tandem cell Jg¢ measured
without and with elimination the edge effect is 8:9, while it is 5:6 for the quadruple-
junction cell, showing the overestimation can be as large as 20%. An accurate J-V
measurement for multijunciton cells therefore should be conducted using a shadow
mask underfilling the device that confines the illumination area. The d-a-a’ molecules
besides DTDCTB discussed in this dissertation all employ M-HJs structures without

the neat acceptor layer, therefore are not affected by this phenomenon.
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CHAPTER IV

D-a-a’ Small Molecule Donors with Coplanar

Donor Units

In the previous chapter, we discussed two d-a-a’ small molecule donors, DTDCTB
and DTDCPB, with the ditolylaminothienyl and ditolylaminophenyl propeller shape
donor units. The DTDCPB:Cy, device is able to achieve PCE > 10%, so far the
most efficient vacuum deposited OPV. In this chapter, a new set of molecules bearing
coplanar donor groups with reduced rotational freedom are designed and character-

ized, achieving comparable device performance with DTDCPB.

4.1 Background

The electron-donating coplanar dithieno[3,2-b:2,3-d]pyrrole (DTP)-based groups
have been introduced to vacuum deposited d-a-a’ molecules. ®¥! Though lacking direct
nitrogen contributions to the conjugated backbones that leads to blue-shifted absorp-
tion, the DTP-based molecules generally exhibit larger absorption coefficient with
higher photocurrent. H. Lu et al. synthesized and characterized a set of molecules
in 2014 with DTP or aryl-substituted DTP as the donor block and benzothiadiazole-
DCV (molecules DBT, TDBT, ADBT) or pyrimidine-DCV (molecules DPT, TDPT,

ADPT) as the a-a’ units.**l The donor with DBT showed longer wavelength absorp-
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tion than DPT due to better quinoidal behavior of benzothiadiazole than pyrimidine.
On the other hand, molecules with terminal aryl substitutions on the « position of
DTP displayed improved chemical stability as well as red-shifted absorption with an
extended conjugation length. The PM-HJ devices were prepared with 1:2 donor:Crq
ratio. Among all the six donors, the TDPM with the p-tolyl-substituted DTP-
pyrimidine-dicyanovinylene configuration showed the highest PCE = 5.6%. However,
the conformational flexibility between DTP and the terminal aryl substitution may
subtly influence the intermolecular interactions that are crucial for OPV performance.

Here we synthesize and characterize a set of d-a-a’ donor molecules with the ben-
zene ring fused onto the DTP unit that forms a heterotetracene to reduce rotational
disorder. Molecules with different conjugation lengths and side chain configurations

are studied to further clarify their structure-property-performance relationships in

OPVs. 1555

4.2 Cross-conjugation effects of d-a-a’ donors on V¢

4.2.1 Intramolecular charge transfer

The d-a-a” molecules, antiBTDC and synBTDC are first synthesized to under-
stand the cross-conjugation effect, which refers to the condition where one of the
three m-bonds in a set is excluded from interaction that interrupts the electron delo-
calization. Two asymmetric heterotetracenes with different thienyl ring arrangements
are introduced to couple with benzothiadiazole-dicyanovinylene, yielding the isomeric
d-a-a’ structures of antiBTDC and synBTDC, as shown by Fig. 4.1 on the left. Com-
pared to previously reported DTP-based molecules!®!, instead of introducing an aryl
end-capping group, these d-a-a’ molecules employ a terminal benzene ring that is
fused with the electron-donating DTP unit to give a coplanar structure with reduced

conformational variations.
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Figure 4.1: Molecular chemical structure and X-ray characterized crystal structure
of antiBTDC and synBTDC d-a-a’ molecules, with specific labeling of carbons.

Table 4.1: Bond lengths and bond length alternations (BLA).

D C1-Cy Cy-Cy C3-Cy Cy-Cy C5-Cg BLA®
ye

(4) (4) (4) (4) (A) (A)
antiBTDC 1.426 1.398 1.417 1.375 1.433 0.031
synBTDC 1.450 1.374 1.420 1.375 1.450 0.046

2 Calculated as (C3-Cy)-[(C2-C3)+(Cy-C5)]/2.

The crystal structures of antiBTDC and synBTDC characterized by X-ray diffrac-
tion are shown in Fig. 4.1, right. The bond lengths of the labeled carbon atoms are
listed in Table 4.1. Bond length alternation (BLA) is defined as the difference be-
tween C3-C4 bond length and the average of C2-C3 and C4-C5 bond lengths of the
benzothiadiazole acceptor.®” We find that antiBTDC has a smaller BLA = 0.031 A
compared to 0.046 A for synBTDC, as well as a decreased C1-C2 bond length.

The electronic density plots in Fig. 4.2 can be used to predict the transition
characteristics for each molecular orbital (MO) composition, with the calculated val-
ues listed in Table 4.2. Compared to synBTDC, a bathochromic absorption shift
together with a four-fold increase in the oscillator strengths (f) of the lowest energy

singlet ground-to-excited state transition (S1+-Sp) was found for antiBTDC. The
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antiBTDC

synBTDC

Figure 4.2: antiBTDC and synBTDC charge densities of the lowest energy singlet
excitations (514-Sp), with the given molecular orbital (MO) transitions where blue
denotes occupied, and purple symbolizes unoccupied MOs.

S14-Sp of antiBTDC and synBTDC comprise two MO transitions (HOMO—LUMO,
and HOMO-1—-LUMO) with different weighting. The HOMOs are delocalized over
the molecular backbone while the LUMOs are localized on the electron-deficient
benzothiadiazole-dicyanovinylene fragments. The HOMO-1 is primarily populated
on the electron-rich heterotetracene unit. The lowest energy transitions of antiBTDC
and synBTDC comprise both 7m-7* and charge transfer character. The MO spatial
overlap for S5y is calculated to be 43% and 27% for antiBTDC and synBTDC,
respectively. The internal dipole moments of the ground states (p,) and the excited
states (p.) are listed in Table 4.3, together with the transition dipole moments (p,)
and the total dipole moments change (ji4e). Both py, = 15.42 D and p. = 16.48 D of
antiBTDC are slightly larger than those of synBTDC (py = 14.84 D, p. = 13.77 D),
along with the larger u;, = 5.00 D.

Compared with previously reported DTP-based d-a-a’ molecules, ! the electroac-
tive carbon of the thiophene in DTP donor unit of antiBTDC and synBTDC is
blocked by fusing a phenylene ring. The smaller BLA and shorter C1-C2 bond length
of antiBTDC compared to those of synBTDC indicates a stronger electronic coupling

between donor and acceptor units, which leads to larger absorption oscillator strength
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Table 4.2: Computed lowest-energy electronic transition (S14-S5p) parameters.

HUMO/ | |
Molecule | X\ (nm) © f MO composition (A) €
LUMO (eV)
. 98% HOMO — LUMO [43%]
antiBTDC 676 -5.36/-3.33 | 1.12
2% HOMO1 — LUMO [16%]
66% HOMO —s LUMO [30%]
synBTDC 652 -5.50/-3.29 0.25
34% HOMO-1 —s LUMO [22%)

& Calculated with S195p.
b Oscillator strength.
¢ Molecular orbital (MO) overlap (A).

Table 4.3: Computed 575y dipole moments.

Molecule pg (D) | pe (D) | pge (DF | pur (D)
antiBTDC 15.42 16.48 1.08 5.00
synBTDC 14.84 13.77 1.07 2.31

a Total dipole moment at Sg.

b Total dipole moment at S;.

¢ Total dipole moment change between Sy and S;.

d Total transition dipole moment between Sy and S;.

and fewer changes in bond length upon photoexcitation. Thus, conjugation of the
donor moiety in antiBTDC can facilitate m-electron delocalization and promote in-
tramolecular charge transfer transitions, resulting in a tendency to form mesomeric
structures of the BT unit.®” For synBTDC, however, m-electron delocalization is
suppressed over the molecular backbone due to cross-conjugation regardless of the
presence of the highly electronegative N atom. The density functional theory (DFT)
calculations further confirm the electronic characteristics of these two molecules. We
find that antiBTDC has a larger MO spatial overlap and ., leading to a higher
electronic transition probability®? and a larger oscillator strength associated with

the S+ Sy transition.
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Figure 4.3: Extinction coefficient and normalized absorbance of antiBTDC and
synBTDC in solution and solid state.

Table 4.4: Physical parameters of antiBTDC and synBTDC.

Dye Amaz solution | Amaz, fitm | Eg.opt | AEcy HOMO | LUMO | Ty
(nm)* (nm) | (eV)" | (eV) (eV)! (eV)y | (c)

antiBTDC 612 619 1.52 1.52 | -5.4 + 0.05 -3.9 331

synBTDC 581 594 1.66 1.63 | -5.5 £ 0.05 -3.8 319

& Measured in CH5Cls solution.

b Optical gap estimated from the absorption onset of the thin films.

¢ Difference between E,, and E,.q4.

4 Highest occupied molecular orbital (HOMO) level determined by ultraviolet photoelectron spec-
troscopy (UPS).

¢ LUMO = HOMO + E4 opt.

f Decomposition temperature obtained from thermogravimetry analysis (TGA).

The single crystal and calculated intramolecular charge transfer results above
agree well with the measured molecular extinction coefficients in dichloromethane
solution and their normalized thin film absorbances, as shown by Fig. 4.3. Compared
with antiBTDC, the thin film absorption onset of synBTDC is hypsochromically
shifted from a wavelength of A = 820 nm to 750 nm. The full width at half maxima

(FWHM) of the absorption spectra of both films are broadened by ~ 70 nm with a
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10 nm red shift compared with their solution spectra. Compared with antiBTDC,
the optical energy gap of synBTDC is increased from 1.52 + 0.03 eV to 1.66 + 0.04
eV, while the measured HOMO level is shifted from -5.4 4= 0.05 eV to -5.5 £ 0.05 eV.
The detailed photophysical and electrochemical parameters of these two donors are

summarized in Table 4.4.

4.2.2 Intermolecular charge transfer and mobility
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Figure 4.4: Crystal packing configurations of antiBTDC and synBTDC. Side chains
are omitted for clarity.

The large ground state dipole moments of antiBTDC and synBTDC lead to an
antiparallel molecular arrangement along their long backbone axes, as shown by the
crystal packing configurations in Fig. 4.4. The antiBTDC molecule has a dihedral
angle of 8.8° between the thienoacene donor and benzothiadiazole acceptor with an
intermolecular interfacial distance of 3.23 A. In contrast, syn BTDC shows an almost
perfect coplanar conformation with a dihedral angle of 1.9° between 'd” and central
’a’ units, but a larger interfacial distance of 3.45 A. Also seen from Fig. 4.4, an-
tiBTDC exhibits a co-facial m-stacking with a pitch angle of 29.8°, while synBTDC
forms a staircase-like arrangement with a much larger pitch angle of 47.0°. DFT
calculations were performed to visualize the electrostatic potential of monomers and
dimers (Fig. 4.5) found in the crystal structure. The antiparallel dimeric pairs show
a reduced polarized electrostatic potential as compared to that of the monomers. The

antiBTDC dimer exhibits a more homogeneous electron density distribution over the
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molecular backbone as compared to the synBTDC dimer due to its compact stack-
ing arrangement where each molecular donor unit is more closely positioned to an

acceptor unit.

Monomer

Antiparallel dimer
(front view)

Antiparallel dimer
(side view)

3 e
-0.04 a.u. 0.04 a.u.

Figure 4.5: antiBTDC (left) and synBTDC (right) dimers surface electrostatic po-
tential, calculated from the crystal geometry of dyes taking an isovalue of 0.0004.

Due to intimate intermolecular -7 stacking, the thin film absorption spectra of
both isomers are broadened and red-shifted compared with their solution spectra,
as shown in Fig. 4.3. The antiparallel arrangement assembles into centrosymmet-
ric m-stacked dimers, resulting in a net dipole moment of zero.®” Compared with
synBTDC, the closer stacking of antiBTDC results in stronger intermolecular w7
interactions that facilitate charge transport, and hence a higher film conductivity
and fill factor. %3 Together with a smaller pitch angle, the molecular arrangement of
antiBTDC shows a diminished molecular dipole indicated by its more homogeneous
electron density distribution that further improves charge transport.

In addition, the mobilities of the vacuum deposited antiBTDC and synBTDC films
are measured by the methods of metal insulator semiconductor-charge extraction by

linearly increasing voltage (MIS-CELIV) 4%l as well as space charge limited current

(SCLC) M8, The MIS-CELIV sample structure is: ITO/d-a-a’ donor (40 nm) /MgF,
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(15 nm)/Al. A waveform generator is used to shape the triangular voltage pulse that
increases by 2 V in 200 pus, with an initial negative offset between 0 V and -4 V. The
transient current is recorded by a digital oscilloscope. The signals of the antiBTDC
and synBTDC samples are shown in Fig. 4.6a and b, that the extracted mobility
for both donors are 3 & 2 x 107% em?V~!s7!. The SCLC measurement of these two
donors is then performed to fit the trap density of states (V;) from the trap limited
current and the conductivity (o) obtained from the ohmic regime (Fig. 4.6¢), with

the sample structure: I'TO/MoOj3 (15 nm)/d-a-a’ donor (40 nm)/MoO3 (15 nm)/Al.
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Figure 4.6: Hole mobility measurements of antiBTDC and synBTDC. (a)
/ (b) MIS-CELIV measurement. (c¢) SCLC measurement with the fit to the ohmic
and trap-filled limit regimes.

In the ohmic regime indicated in Fig. 4.6c, there is linear relationship between
current and voltage:

Vv
Jonm = app—- (4.1)

Here, p is the free carrier density, 4 is the hole mobility, and d is the sample thickness.

Assuming an exponential distribution of traps, the trap limited current is: [

m 9 1 m—+1 m-+1
em ] [m+ ] 1% (4.2)

J - Nv )
T = Ak {q(m + 1N, m+1 d?m+1

where Ny is the HOMO density of states, IV; is the density of traps, m = T;/T

where T, is the characteristic trap temperature. Ny is set to 10! cm ™2, a typical
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value for organics; p = 3 x 107% cm?V~!s7! as measured by MIS-CELIV. With
Eq. 4.1 and 4.2, we fit the ohmic and the trap-filled limit current respectively of
the two donor materials. The parameters obtained from the fits are listed in Table
4.5. The neat antiBTDC and synBTDC show similar N, ~ 8 x 10'® cm™3 and 1 x
10* em ™3 respectively, while synBTDC has more than one order of magnitude lower
conductivity (¢ & 2 x 107 S/cm) than antiBTDC (o ~ 5 x 1078 S/cm). As will
see from the next section, it results in higher series resistance and hence lower FF' of

the synBTDC:Cyq cell than that of the antiBTDC:Cyq cell.

Table 4.5: Fitted parameters from SCLC mobility measurement.

Molecules m N, (em™3) | p (em™®) | o (S/cm)
antiBTDC 27401 | 8x 10 1x107 | 5x10°8
synBTDC 26+03 | 1x10"* | 3x10% | 2x10°°

4.2.3 Device performance
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Figure 4.7: FEQF and J-V characteristics of the optimized antiBTDC:C;y and
synBTDC:Crq devices. Inset: device structure.

To examine the photovoltaic performance of the two regioisomeric donors, we

mixed them with Cry to form the active layer of the vacuum deposited OPV cells.
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The optimized device structure as shown in Fig. 4.7, inset, is configured as follows:
ITO/MoO3 (10 nm)/d-a-a’ donor:Crq (1:2 ratio by vol.)/BPhen:Cgq (1:1 ratio by vol.,
10 nm)/ BPhen (5 nm)/Ag (100 nm). Similar with the DTDCTB and DTDCPB cells,
MoQj serves as the anode buffer. While the transparent exciton blocking and electron
conducting buffer consists of a BPhen:Cg (1:1) mixed layer capped with a neat BPhen
layer adjacent to the cathode.®¥ Both antiBTDC and synBTDC are mixed with
Cro with 1:2 ratio to achieve the highest PCFE, with different optimized active layer
thicknesses (60 nm and 50 nm thick, respectively). Atomic force microscopy (AFM)
images of the d-a-a’ donor:Cry 1:2 mixtures are shown in Fig. 4.8. The two films
exhibit similar surface morphologies, although synBTDC:Cyy shows a higher mean

square roughness (R,).

3.0 nm

0.0 1.0 ym 0.0 1.0 ym

Figure 4.8: Atomic-force microscopy (AFM) images of (a) antiBTDC:Cy 1:2 and
(b) synBTDC:Cyy 1:2 blends. R, refers to the mean square roughness.

The FQE vs. wavelength of OPVs employing these two donors are shown in Fig.
4.7 left. The antiBTDC:Cyq cell shows absorption extending to A = 820 nm, while
synBTDC:Crq cell is blue shifted to A = 750 nm. Figure 4.7 (right) shows the fourth
quadrant J-V characteristics, with detailed device parameters listed in Table 4.6. The
antiBTDC:Cyq cell exhibits Jgo = 14.2 + 0.7 mA/cm?, Voo = 0.91 + 0.01 V, FF =
0.56 £+ 0.01, and PCE = 7.2 + 0.3% under 1 sun intensity, AM 1.5G simulated solar

illumination. The cross-conjugated synBTDC has reduced performance compared to

74



that of antiBTDC with Js¢ = 11.6 + 0.6 mA/cm?, FF = 0.52 + 0.01, and PCE
= 6.1 £ 0.3%. However, the Voo = 1.01 &+ 0.01 V of the synBTDC-based device is
0.1 V higher than that of its antiBTDC-based counterpart, due to the lower HOMO

energy of the former.

Table 4.6: Device performance of antiBTDC, synBTDC and PYDC OPV cells.

R J, V. PCFE
Device 5 5¢ oc FF

(R-em®) | (mA/cm?) (V) (%)

antiBTDC:Cm
142 +£0.04 | 142+0.7 | 091 £0.01 | 056 £0.01 | 7.2=£0.3

(1:2, 60nm)
synBTDC:Cr
1.86 £0.04 | 11.6 £ 0.6 | 1.01 £0.01 | 0.52 £0.01 | 6.1 £ 0.3
(1:2, 50nm)
PYDC:Cr
3.26 £0.07 | 101 £0.5 | 1.06 £0.01 | 048 £0.01 | 5.1 £0.2
(1:2, 50nm)

The peak FQE of 60% for both antiBTDC:Cyy and synBTDC:Cy, cells indicates
similar charge collection efficiencies, which implies that the differences in morpholo-
gies of the two blends are not critical to the differences in their current densities.
The cross-conjugation of synBTDC results in reduced inter- and intra-molecular
charge transfer, and a larger energy gap compared with antiBTDC. Consequently,
its HOMO level shifts to lower energy, thereby increasing Vpe. The lower efficiency
of the synBTDC:Cr cell primarily resulting from the lower current density is therefore
due to its absorption cutoff that does not extend as deeply into the NIR. The PCFE
= 6.1 £ 0.3%, however, is one of the highest efficiencies achieved among OPVs with
Voe > 1.0 V, which is advantageous for applications in high voltage multi-junction
photovoltaic cells.

We have shown that the cross conjugation effect of antiBTDC and synBTDC
determine, to a limited extent, Ve of heterojunctions comprising Cyy. To further

examine the influence of molecular structure on Vpeo, a d-a-a’ donor PYDC (see
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Figure 4.9: PYDC:Cqy 1:2 OPV cell J-V characteristics. Inset: Molecular structural
formula of PYDC, and its FQF spectrum.

Fig. 4.9, inset) was synthesized. In this molecule, the benzothiadiazole block in
antiBTDC is replaced with a pyrimidine unit. Due to the reduced quinoidal character
of pyrimidine, the absorption of PYDC shifts to shorter wavelengths with an onset
at A = 600 nm, indicating an increased optical energy gap of 2.05 £ 0.05 eV. The
PYDC:Cyq cell employs the same structure as antiBTDC:C,q and synBTDC:Crq, with
an active layer thickness of 50 nm. The FQF spectrum and J-V characteristics are
shown in Fig. 4.9, with device parameters summarized in Table 4.6. The PYDC:Cr
cell exhibits a relatively narrow absorption spectrum, leading to the lowest Jgso =
10.1 + 0.7 mA/cm? among the three donor molecules. However, with the central
pyrimidine unit, the PYDC-based OPV achieves a higher Voo = 1.06 + 0.01 V, with
FF =0.48 £ 0.01 and PCE = 5.1 + 0.2%. The series resistances (Rg) of the devices
with different donors obtained from the J-V characteristics are also listed in Table

4.6, which accounts for the trends observed in FF'; i.e. as Rg increases, F'F' decreases.
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4.2.4 Photoluminescence (PL)
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Figure 4.10: Steady-state and transient photoluminescence (PL) of an-
tiBTDC neat and mixed films. a) Steady-state PL spectra of antiBTDC neat
donor, donor:Cr blends, and neat Czy. b) PL spectra of 1% antiBTDC diluted
in a PMMA matrix, and as a neat film. c¢) Time-resolved transient PL of an-
tiBTDC:PMMA 1:100, and antiBTDC:Cyy 1:2 blends. d) Wavelength-resolved tran-
sient PL of antiBTDC:PMMA. All measurements are conducted at room temperature.
The time constants obtained from the fits (dashed lines) are: 7,; = 40 £+ 10 ps, 7u2
= 200 £ 20 ps; 7,1 = 30 & 10 ps, 12 = 120 4+ 10 ps; 7. = 210 £+ 20 ps.

Steady-state PL spectra of antiBTDC and synBTDC are shown in Fig. 4.10 and
Fig. 4.11, respectively, along with their HOMO and LUMO energies relative to those
of Cry (insets). The neat Czy emission spectrum is also depicted in Fig. 4.10a for
reference. When excited at A\ = 442 nm, the antiBTDC film exhibits a NIR emission
peak at A = 870 nm, while the synBTDC film emits with the peak at A = 800 nm.
In both cases, the PL emission from the C; blends are blue shifted by approximately
50 nm with several times higher intensity compared with the neat donor film. As we

increase the antiBTDC:Cyy blend ratio from 1:2 to 1:8, the emission is further blue-
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Figure 4.11: Steady-state and transient PL of synBTDC neat and mixed films, at
room temperature. Details are the same with the above figure for antiBTDC. The
time constants obtained from the fits (dashed lines) are: t,; = 50 £ 10 ps, t,e = 200
+ 20 ps; tp1 = 30 £ 10 ps, tpe = 130 £ 10 ps; . = 230 £ 20 ps.

shifted and the intensity increases by more than ten times (Fig. 4.10a). To understand
this phenomenon, antiBTDC and synBTDC are diluted in poly(methyl methacrylate)
(PMMA) with a 1:100 weight ratio to suppress intermolecular interactions. As shown
in Fig. 4.10b, the emission wavelength of the antiBTDC:PMMA film is 150 nm
shorter as compared to that of the neat antiBTDC film along with two orders of
magnitude higher intensity. Similarly, there is a 150 nm blue shift in the case of
synBTDC:PMMA film emission (Fig. 4.11b).

The time-resolved transient PL of antiBTDC-based films blended with PMMA
(1:100) and Czq (1:2), respectively, were examined and then fit to biexponential time
decays as shown in Fig. 4.10c. The time constants of antiBTDC:PMMA emission
obtained from the fits are 7,; = 40 £ 10 ps and 7,0 = 200 £ 20 ps, while the
parameters for antiBTDC:Cyy are 7,1 = 30 & 10 ps and 73 = 120 4+ 10 ps. The neat

antiBTDC donor film, on the other hand, shows a single exponential time decay of
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Figure 4.12: Transient PL emissions of antiBTDC. a) Transient PL emission of
an antiBTDC film with a single exponential fit (dashed line). b) Wavelength-resolved
transient PL of antiBTDC:Cyq 1:2 blend film. Measurements are conducted at room
temperature. Time constants obtained from the fits: 7; = 190 4+ 30 ps, 7. = 100 £+
20 ps.

74 = 190 £+ 30 ps (Fig. 4.12a). Figures 4.10d and 4.12b depict the transient emission
of antiBTDC:PMMA and antiBTDC:Cy, films at different wavelength intervals. The
decay becomes slower at longer wavelengths. As indicated by the dashed line in
Fig. 4.10d, the antiBTDC:PMMA emission between A = 790 to 880 nm has a single
exciton lifetime of 7, = 210 + 20 ps. The films of synBTDC mixed with PMMA and
Cro showed similar transient behaviors (see Fig. 4.11c and d).

Mixing of the d-a-a’ donor compounds in the non-polar PMMA matrix eliminates
solvation effects in the molecular emission spectra.®” We therefore deduce that the
hypsochromic shifts of the fluorescence in Fig. 4.10b and Fig. 4.11b of antiBTDC
or synBTDC diluted in PMMA, respectively, are due to the emergence of monomer,
in contrast to excimer emission in neat d-a-a’ thin films. The blue-shifted PL of the
antiBTDC:Cyy 1:8 blend compared with the 1:2 blend shown in Fig. 4.10a suggests
singlet emission with two possibilities: (i) more pronounced antiBTDC monomer vs.
excimer emission as it is diluted in the blend; or (ii) direct emission from Cry. As seen
from the energy level diagram in the insets of Figs. 4.10a and Fig. 4.11a, the large
differences in HOMO energies between antiBTDC or synBTDC and Cy, facilitates

efficient dissociation of excitons injected from the C;q side of the heterojunction.
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However, their similar LUMO energies with an offset smaller than 0.3 eV is insufficient
to result in efficient exciton dissociation, causing back charge transfer to the d-a-a’
molecule followed by donor fluorescence. We conclude, therefore, that the singlet
emission observed from the blends originates from the donor itself.

The transient PL further clarifies the origin of the spectral features in the PMMA
and Cyy blends. The antiBTDC:PMMA emission at A = 790 to 880 nm corresponds
to antiBTDC excimer fluorescence as observed in the neat antiBTDC film. It shows
an exponential decay with the characteristic exciton lifetime of 7. = 210 £ 20 ps
(Fig. 4.10d dashed line), which matches the 7,5 = 200 £ 20 ps obtained from the an-
tiBTDC:PMMA transient PL. It is also nearly identical to the neat antiBTDC lifetime
of 7; = 190 £ 30 ps as shown in Fig. 4.12a. The emission from antiBTDC:PMMA
therefore contains both monomer and excimer emission components, contributing to
the shorter 7,; and the longer 7,9, respectively, in Fig. 4.10c. The PL emission of
antiBTDC:Cyg, on the other hand, decays faster than antiBTDC:PMMA and is dom-
inated by the shorter lifetime component of 7,y = 30 £+ 10 ps, very close to that
for antiBTDC monomer emission, 7,;. In Fig. 4.12b we show the existence of long-
wavelength emission with 7. = 100 £ 20 ps, corresponding to 7,2 = 120 4+ 10 ps in
Fig. 4.10c. It is due to both antiBTDC excimer (7,2) and charge transfer state (CT)

emission at the donor-acceptor interfaces (7or), i.e.:

— = (4.3)

Now Ty is approximately 0.5 7,9, giving 7o &~ 7,2 ~ 200 ps. The emission intensities,
however, are lower than the monomer donor emission even in the donor-acceptor
blend.

The considerable donor emission from the donor:Cyy blends suggests incomplete
exciton dissociation at the donor-acceptor interfaces, with charge back-transferring

to the donor molecule. This results in exciton dissociation within the donor domains,
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which reduces the cell shunt resistance (Rg,). Therefore a linear increase of photocur-
rent under reverse bias is observed in the J-V characteristics, resulting in Ry, ~ 500
Q cm? and FF < 0.60 for both antiBTDC and synBTDC devices. 8} A higher LUMO
energy for more efficient exciton dissociation is expected to improve the FF, although

the current density may be reduced.

4.2.5 Conjugation length vs Vpo
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Figure 4.13: Conjugation length vs. Voc. a) Highest occupied molecular orbital
energy (Egowmo) vs. reciprocal of the backbone conjugation length (1/N) of a series
of DTP- and heterotetracene-based d-a-a’ donor molecules. b) Vpe vs. donor Egono
for d-a-a’:Cyy heterojunctions.

The heterotetracene-based d-a-a’ donors discussed above and the previously re-
ported DTP-based d-a-a’ donor molecules!®®¥! all contain a benzothiadiazole or pyrim-
idine central electron-withdrawing block, bridging the a’ unit of dicyanovinylene and
an electron-donating aryl-substituted or benzene-fused DTP group. The molecular
conjugation length (N) is defined as the number of double bonds along the shortest
path connecting the terminal carbon atoms of the backbone®, that varies from 5
to 9 with the molecules we analyzed. Figure 4.13a summarizes the HOMO energies
(Egowmo) of these molecules as a function of 1/N. The molecules with benzothiadia~

zole is shown by solid squares, while those with pyrimidine are shown by open circles.
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Here, Eyono is chosen instead of commonly used electron transition energies since
the conjugation length of both molecular groups is only adjusted by modifying their
electron-donating unit that primarily affects the HOMO energy. An approximately
linear relationship is observed between Erono and 1/N that can be explained by the
free electron model. ') The longer conjugation (smaller 1/N) leads to more extended
m-electron orbitals, resulting in red-shifted absorption and a shallower HOMO. With
reduced quinoidal character, the molecules with pyrimidine generally exhibit larger
energy gaps and deeper HOMO levels than their benzothiadiazole counterparts with
the same N (PYDC-antiBTDC; DPM-DBT; TDPM-TDBT), and their HOMO levels
are more sensitive to changes in conjugation, as indicated by the larger fitted slope.
The crossing point of the two fits at N = 13 (Fig. 4.13a) indicates an upper limit
of Fyomo = -5.2 €V. Like polymers, extended molecules are subject to kinetically
induced disruptions (e.g. twists or kinks) in the backbone, limiting the spatial extent
of the orbitals in excited state. Nevertheless, it is apparent that further tuning of the
Enono energy is possible for N > 9 reported here, which offers a design approach
for achieving NIR absorbing donor molecules.

From Fig. 4.13b, a deeper HOMO (i.e. smaller N) generally leads to an increased
Voc. The m-conjugation of antiBTDC is reduced compared with TDBT, with Voo
increased from 0.76 £ 0.01 V to 0.91 £ 0.01 V. With a fused benzene ring on the
DBT molecule, antiBTDC achieves closer packing motifs than TDBT, resulting in a
decreased transfer energy, and hence an increase in FF, from 0.46 4+ 0.01 to 0.56 +
0.01. Similar to antiBTDC, PYDC benefits from the improved molecular stacking over
TDPM. It also achieves a higher Voo = 1.06 £ 0.01 V. Further, DPM, with a relatively
small N = 7, has the largest Egono = -5.6 & 0.05 eV of this group. However, the low
FF = 0.33 £ 0.01 indicates poor charge transfer due to the unprotected electroactive
carbon that limits Voo compared with PYDC. The synBTDC-based device has Voo =

1.01 £ 0.01 V, which is 0.1 V higher than antiBTDC and the smallest N = 5 achieved
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by interrupting the antiBTDC conjugation with the flipped thiophene unit within
the molecular backbone. Such cross conjugation effectively reduces the molecular
conjugation and leads to a higher Vpoo. Among all of the molecules discussed, the
slope of the expected linear relationship of Voo to Exoaro energy is 0.75 + 0.13 C71,
as indicated in Fig. 4.13b.
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Figure 4.14: eVoc vs. E,°P" (optical energy gap) of the d-a-a’ molecules, estimated
from the absorption onset of the thin films. The dashed lines indicate Ej,ss (i.€. E,%"
- eVoe) of 0.6, 0.8 and 1.0 eV respectively.

The photon energy loss, Ej,s, which is the difference between e Vo and the lowest
absorbed photon energy of the devices employing these donors is shown in Fig. 4.14.
The Ej,ss of the donors with benzothiadiazole central ’a’ unit all fall into the region
between 0.6 and 0.8 eV, while the molecules with pyrimidine show FEj,.; between 0.8
and 1.0 eV. The antiBTDC and synBTDC exhibit Ej,,s < 0.7 eV, which is relatively

small for organic solar cells.

4.2.6 Summary

In conclusion, the above analysis in this section elucidated the structure-property-
performance relationships of highly dipolar d-a-a’ small molecules used in organic

donor-acceptor heterojunctions. Specifically, the molecules introduced with anti and
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syn asymmetric heteroacenes as coplanar donors of BTDC were used to investi-
gate molecular regioisomeric effects on photogeneration efficiency when blended with
fullerene acceptors. Both molecules pack in an antiparallel arrangement to achieve
a centroymmetric dimer, leading to a net dipole moment of zero. The synBTDC
with a shorter backbone conjugation length exhibits a larger bond length alternation
(BLA), a higher angle slipped staircase-like crystal stacking and reduced intra- and
intermolecular charge transfer compared with antiBTDC. An optimized OPV based
on antiBTDC:Cyq blend achieves Voo = 0.91 &= 0.01 V, FF = 0.56 & 0.01 and PCFE
= 7.2 + 0.3%. Despite the reduced charge transfer and blue-shifted absorption which
lead to smaller Js¢, synBTDC shows a lower HOMO energy with higher Voo = 1.01
+ 0.3 V, with a power conversion efficiency of 6.1 £ 0.3%. The design of PYDC leads
to a further enhanced Vpe = 1.06 4+ 0.01 V due to the reduced quinoidal character
of pyrimidine.

It is found that the Ve of the d-a-a donor:Cyy devices is a function of the donor
conjugation length: a reduction of backbone conjugation lowers the HOMO level for
both groups of molecules with embedded benzothiadiazole or pyrimidine central ’a’
unit, leading to an enlarged donor-acceptor HOMO-LUMO gap and a larger Vpe.
The OPVs with antiBTDC and synBTDC donors show a photon energy loss < 0.7
eV, while the singlet donor PL emission in blends with C;g implies inefficient exciton
dissociation at the donor-acceptor interface and possible back transfer resulting in
relatively low FF's. Shortening the alkyl chains, or raising their LUMO energy for
more complete exciton dissociation may lead to further improvements in FF, and
ultimately the device performance. In the next section, we will study a group of
d-a-a’ donors with different side chain configurations, that the device performance is

improved to PCE > 9.0%.
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4.3 Side-chain effects of d-a-a’ donors

In the previous section we described the effects of cross-conjugation of d-a-a’
small molecule donors on the open circuit voltages (Voc) of fullerene-based OPVs.
Modification of the side chain length also serves as an effective approach to optimize
the small molecule OPV performance. For example, Bauerle et al. altered the side
chains linked to the donor moiety of a-d-a configured molecules with propyl, hexyl
and p-tolyl groups.'%!] The changes induced in morphology led to an increase in PCE
from 3.7% to 5.6% as the alkyl chain lengths decreased (hexyl vs. propyl). Moreover,
it has been reported that subtle variations of molecular alkyl substitutions affects
the tendency for crystallization.!'%?l Yet, molecules with shortened side chains are
difficult to purify by column chromatography because of their insufficient solubility
in common organic solvents. Therefore, there is a trade-off between desired material
properties and processability. This section will introduce two d-a-a’ small molecules
that possess the same backbone structure as antiBTDC, to analyze the effects of side

chains on device performance.

4.3.1 Molecular crystal structures

The molecules iBuBTDC and nBuBTDC are shown in Fig. 4.15. They share the
same backbone structure as antiBTDC, while iBuBTDC possesses a shorter branched
isobutyl chain and nBuBTDC has an n-butyl chain. The alkyl chains of iBuBTDC and
nBuBTDC are smaller than antiBTDC but still provide sufficient solubility during
column chromatography purification.

The different lengths and shapes of the side chains of antiBTDC, iBuBTDC and
nBuBTDC shown in Fig. 4.15 (indicated by red circles) result in different molecular
conformations between the central thiophene and the benzothiadiazole acceptor units
along the intervening C-C single bond that connects them. The antiBTDC exhibits

a s-trans arrangement (Fig. 4.15a, blue circles), while iBuBTDC and nBuBTDC are
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Figure 4.15: (left) Molecular structural formula and (right) atomic arrangements
of antiBTDC, iBuBTDC and nBuBTDC.

s-cis conformation (Fig. 4.15b and c¢). The electronic transition parameters computed
from DF'T are listed in Table 4.7. The three donors possess similar HOMO and LUMO
energies, and lowest energy singlet ground-to-excited state transition (S7+Sp) molec-
ular orbital (MO) compositions (98% HOMO—LUMO, plus 2% HOMO-1—-LUMO).
The oscillator strengths (f) of the S;« Sy transition are also similar, with f ~ 1.1.
The antiparallel arrangement of centrosymmetric dimer stacks is observed in crys-
tals of all three molecules due to the large ground state dipole moment of > 10 D.
Figure 4.16 shows the packing configurations of the donor molecules with structural
parameters summarized in Table 4.8. The molecules with different side chains show
similar average intermolecular 7-7 distances of between 3.44 to 3.49 A. A dihedral an-
gle of 8.8° between the thienoacene donor and benzothiadiazole acceptor is observed

in antiBTDC, while both iBuBTDC and nBuBTDC present almost perfect copla-
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Table 4.7: Computed S;+ S, parameters of antiBTDC, iBuBTDC and nBuBTDC.

HUMO/ b
Molecule | .. (nm) @ % | MO composition (A) ¢
LUMO (eV) @
' 98% HOMO—LUMO
antiBTDC 676 -5.36/-3.33 1.12
2% HOMO-1—LUMO
98% HOMO—LUMO
iBuBTDC 676 -5.33/-3.33 1.09
2% HOMO-1—LUMO
98% HOMO—LUMO
nBuBTDC 678 -5.33/-3.33 1.10
2% HOMO-1—LUMO

a Calculated from the S;+.Sj transition.
b Oscillator strength.
¢ Molecular orbital (MO) compositions in terms of the corresponding contribution.
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Figure 4.16: Crystal packing configurations of a) antiBTDC, b) iBuBTDC and c)
nBuBTDC. The intermolecular interplanar spacings of antiBTDC and iBuBTDC are
indicated by the red arrows.
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Table 4.8: Crystal packing parameters of antiBTDC, iBuBTDC and nBuBTDC.

Crystal parameter antiBTDC | iBuBTDC | nBuBTDC
Crystal system Triclinic Triclinic | Monoclinic
Dihedral angle (°) 8.8 3.4 2.0
Average intermolecular 7-7 distance (A) 3.47 3.44 3.49
Packing density (g/cm?) 1.407 1.496 1.469

nar conformations with dihedral angles of 3.4° and 2.0° , respectively. The longer
alkyl chain of antiBTDC separates the adjacent 7-m stacks with a distance of 12.34
(Fig. 4.16a), while iBuBTDC tends to pack more compactly, with a distance of 6.14
between adjacent stacks (Fig. 4.16b). The nBuBTDC, however, forms orthogonal
stacks, as shown in Fig. 4.16c. The packing densities of iBuBTDC and nBuBTDC
are 1.496 g/cm? and 1.469 g/cm3, respectively, which is considerably higher than that
of antiBTDC (1.407 g/cm?).

The results above lead to the conclusion that the d-a-a’ molecules with different
side chain configurations lead to different optical and electrical properties in their thin
films. The smaller isobutyl and n-butyl chains attached to the backbones of iBuBTDC
and nBuBTDC, respectively, provide less steric hindrance then the 2-ethylhexyl chain
of antiBTDC, resulting in smaller dihedral angles between the benzothiadiazole ac-
ceptor group and the thienoacene donor unit. The same calculated oscillator strength
associated with the S;1+-Sj transition of the three donor molecules, however, indicates
a similar degree of molecular orbital overlap. This confirms that the side chains do
not have a direct impact on the electronic coupling between the donor and acceptor
units along the molecular backbone, and thus on the intramolecular charge trans-
fer. The cyclic voltammograms of iBuBTDC and nBuBTDC are similar to that of
antiBTDC, suggesting that the electrochemical properties are also not significantly

affected by the side chains. The differences in absorption coefficient as well as device
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performance, therefore, are more closely related to intermolecular charge transfer and

the packing morphologies.

4.3.2 Physical parameters

nBuBTDC

Current (A)

-1.0 -0.5 0.0 0.5

Potential (V vs. Fc*/Fc)

1.0

Figure 4.17: Cyclic voltammograms (CV) of nBuBTDC and iBuBTDC. It is refer-
enced to the Ferrocenium/Ferrocene (Fct /Fc) redox couple, where the HOMO of Fe
is assigned to be -4.8 eV relative to the vacuum level.

Table 4.9: Physical parameters of antiBTDC, iBuBTDC and nBuBTDC.

Nonset.fitm|  Eg.opt AEqcy | HOMO | LUMO T,
Molecules
(nm) (eV)e (eV) (eV) (eV) (“C)
antiBTDC 815 1.52 1.52 -5.40°¢ -3.88¢ 331
iBuBTDC 809 1.53 1.52 -5.35¢ -3.83¢ 339
nBuBTDC 809 1.53 1.52 -5.35¢ -3.83¢ 341

& Optical bandgap estimated from the film absorption onset.
b Electrochemical bandgaps, calculated from CV.
¢ HOMO level measured in CH5Cl,.

4 LUMO Measured in THF.
¢ Measured in CHyCICH5Cl.
f Decomposition temperature, obtained by thermogravimetric analysis (TGA).

Cyclic voltammograms (CV) of iBuBTDC and nBuBTDC are shown in Fig. 4.17.
The HOMO and LUMO energies for both iBuBTDC and nBuBTDC based on the
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oxidation potential and the first reduction potential are -5.35 eV and -3.83 eV, re-
spectively. Figure 4.18 presents the absorption coefficients of the donor films. The
molecules all show absorption between wavelengths of A\ = 450 and 800 nm, with a
peak at A = 620 nm. This is consistent with the energy gap of 1.52 eV measured
by CV (Table 4.9). The absorption coefficient of iBuBTDC is slightly larger than
nBuBTDC, both of which are about 20% higher than antiBTDC (Fig, 4.18), which
can be attributed to the higher packing density of the former molecules. In addition,
all the molecules have thermal decomposition temperatures (7}, corresponding to 5%
weight loss) of 340-350 °C measured by thermogravimetric analysis. The detailed

photophysical and electrochemical parameters of the molecules are summarized in

Table 4.9.
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Figure 4.18: Absorption coefficients of antiBTDC, iBuBTDC and nBuBTDC.

The dipolar d-a-a’ molecules tend to form dimer units that are packed in a slipped-
stack manner as presented in the prevous subsection. All three donors form long-range
m-stacked networks as shown in Fig. 4.16. The closer crystal packing distance be-
tween iBuBTDC molecules and thus higher packing density due to its shorter isobutyl
side chain (Fig. 4.16b) leads to a higher absorption coefficient than the other two

molecules studied, followed by the nBuBTDC with slightly lower packing density. The
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relatively long, branched side chain of antiBTDC leads to the lowest density. The
higher absorption of iBuBTDC and nBuBTDC over antiBTDC also lead to higher

Jsc as will be shown by the device performance below.

4.3.3 Device performance
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Figure 4.19: Optimization of the iBuBTDC:Cy, cells. a)/c)EQE and b)/d)
device parameter plots with different donor:acceptor ratios and active layer thick-

nesses. The active layer thickness of a) and b) is fixed at 40 nm; the D:A ratio of ¢)
and d) is fixed at 1:3.

The OPV devices are fabricated with the structure as follows: ITO/MoOj3 (10
nm)/d-a-a’ donor:Czy /BPhen:Cgy (1:1 ratio by vol., 10 nm)/ BPhen (5 nm)/Ag
(100 nm). The active layers are optimized in terms of D:A ratios and thickness.
Taking iBuBTDC:Cyj as an example, As the Cy ratio increases, the photo response
in green increases while the NIR part decreases (Fig. 4.19a). As seen from the device
parameter plot of iBuBTDC:Cyq cell with fixed active layer thickness of 40 nm in Fig.

4.19b, the Vo gradually increases while PCFE is dominated by the F'F' that reaches
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its maximum value at 1:3 ratio.

The active layer thicknesses are then optimized with the D:A ratio fixed at 1:3.
From Fig. 4.19c, as the active layer becomes thicker, the EQFE grows both in the
green and the NIR region with a fixed point of 60% at 530 nm. It eventually leads to
very flat photo response over the wavelength between 400 and 700 nm. The device
parameter is plotted as a function of active layer thickness (Fig. 4.19d). The Voo =
0.94 V does not change with the thickness, while the FF' fluctuates in a very small
range between 0.56 and 0.58. The Jg¢ gradually increases and reaches the peak value
at the thickness of 70-80 nm. The overall PCE turns to a saturated point at 70 nm.

All three donors present the optimized D:A ratio of 1:3 and active layer thickness of

70 to 80 nm.
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Figure 4.20: EQFE (left) and J-V (right) characteristics of antiBTDC, iBuBTDC
and nBuBTDC cells.

The EQFE and J-V characteristics of the three optimized d-a-a” OPV devices with
1:3 donor:acceptor (D:A) ratio and 70 nm active layer are compared in Fig. 4.20 (solid
lines), with details summarized in Table 4.10. All three cells exhibit photoresponse
between wavelengths of A = 350 to 800 nm, with Voo > 0.9 V. The iBuBTDC (red
circle) cell shows the highest response in the NIR region with EQE ~ 65% at 650
nm. The Js¢ of iBuBTDC:Cyy and nBuBTDC:Cyq are 16.1 + 0.8 mA /cm? and 15.7

+ 0.8 mA/cm?, respectively, compared to 14.4 £ 0.7 mA/cm? for antiBTDC:Cy.
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Table 4.10: Device performance of antiBTDC, iBuBTDC and nBuBTDC mixed
with C70.

J Vi
Device 5¢ o¢ FF PCE (%)

(mA/cm?) (V)
16.1 £ 0.8 0.94 + 0.01 0.58 = 0.01 88 0.5
16.5 £ 0.8 0.94 + 0.01 0.60 £+ 0.01 9.3 £ 0.5%

iBuBTDCZCm

nBuBTDC:Cxy 15.7 £ 0.7 0.92 £ 0.01 0.52 £ 0.01 7.5 £04

antiBTDC:Crq 14.4 + 0.7 0.93 + 0.01 0.56 + 0.01 754+ 04

* iBuBTDC with additional temperature-gradient sublimation.

With a higher Jg¢ but lower FF than antiBTDC:C;, the nBuBTDC:Cy, gives a
similar PCE = 7.5 & 0.4% at 1 sun, AM 1.5G illumination. On the other hand, the
iBuBTDC device achieves FF = 0.58 + 0.01 and PCE = 8.8 + 0.5%, the highest
among the three donors. Further improvement of the iBuBTDC device performance is
achieved by additional purification of the source material using temperature-gradient
sublimation !, resulting in an increase in FF from 0.58 4 0.01 to 0.60 & 0.01. The
iBuBTDC:Cq cell with 80 nm thick active layer grown from the purified iBuBTDC
achieves PCE = 9.3 + 0.5%, with Jsc = 16.5 £ 0.8 mA /cm2, Voc = 0.94 + 0.01 V
and FF = 0.60 £ 0.01. The FQF and J-V characteristics of this iBuBTDC:Cr, cell
are plotted as dashed lines in Figs. 4.20. All three devices exhibit nearly wavelength-
independent FQF across the visible spectrum due to the balanced absorption of the

optimized 1:3 D:A active region blends.

4.3.4 Grazing incidence X-ray analysis

To further understand the effects of side chains on morphology and device per-
formance especially the FF, grazing incidence x-ray diffraction (GIXD)!" was per-
formed on vacuum-deposited films grown on Si substrates pre-coated with a 10 nm

thick layer of MoOgs. Shown in Fig. 4.21 are the diffraction patterns and the corre-
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Figure 4.21: Two-dimensional grazing incidence X-ray diffraction (GIXD) scattering
patterns of vacuum deposited donor and acceptor thin films and the corresponding
line cut profiles.

sponding line-cut profiles of the neat donor and acceptor samples. The iBuBTDC film
shows a (100) diffraction peak in the out-of-plane (¢,) direction at 0.61 A~', with a
crystal coherence length of CCL, = 2.5 nm. The 7-7 stacking is seen in both in-plane
(¢zy) and g, directions with a full azimuthal angular spreading at 1.79 A1, corre-
sponding to a distance of 0.35 nm, and CCL,, = 2.1 nm. The nBuBTDC molecule
shows a similar morphology with the (100) diffraction peak at ¢, = 0.58 A~! (CCL,
= 2.8 nm) and 7-7 stacking at 1.78 A~' (CCL,, = 2.7 nm). The antiBTDC exhibits
longer range order with a (100) peak at ¢, = 0.49 A~' (CCL, = 4.0 nm); and a 77
peak at ¢, = 1.79 At (CCL,, = 2.7 nm). The Cyy acceptor thin film also shows
molecular packing with the (100) diffraction at ¢, = 0.72 A=, with CCL, = 8.5 nm,
and the (010) and (001) diffraction peaks at 1.21 A~! and 1.39 A~! respectively. A
weak diffraction ring is seen at 1.86 A~', corresponding to a distance of 0.34 nm
characteristic of the Cyy intermolecular spacing. The GIXD patterns of d-a-a’:Cy
blend films were also measured. However, the diffraction patterns are dominated by

the Cr9 component due to its much stronger crystallinity than the d-a-a’ donors in
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vacuum-deposited films, preventing differentiation between the morphologies of the
three blends.

The devices based on the three compounds exhibit different FF's due to differ-
ences in their in-plane and out-of-plane stacking motifs shown in Fig. 4.21. The
strongest diffraction signal in the in-plane direction with almost no out-of-plane com-
ponent is observed for antiBTDC, suggesting a preferred edge-on orientation. In
contrast, iBuBTDC shows the most intense signal along ¢., while nBuBTDC shows
diffraction intermediate between the two molecules. The higher ratio of face-on m-7
stacking in the iBuBTDC film leads to efficient charge transport perpendicular to the
substrate, resulting in the highest FF. As seen in Fig. 4.19d, F'F and Vpc of the
iBuBTDC:Cyy are relatively independent of active layer thickness up to 80 nm, indi-
cating significant long-range order. A 10% relative improvement of FF is observed
for the iBuBTDC:Cyy cell compared with nBuBTDC:Cyy, which is likely due to the
orthogonal arrangement between the adjacent stacks of nBuBTDC molecules that

impedes intermolecular charge transfer.

4.3.5 Summary

In summary, the effects of side chain length and shape of small molecule d-a-a’
donors on vacuum-deposited thin film properties and OPV performance are analyzed
in this section. Two new donors (iBuBTDC and nBuBTDC) modified from the pre-
viously reported antiBTDC are synthesized, featuring shorter branched and straight
alkyl chains, respectively. The various side chains attached to the same d-a-a’ back-
bone show the same -7 stacking distance of ~ 3.5 A but different crystal packing
configurations, resulting in distinct absorption and charge transfer properties of the
three donor molecules. The iBuBTDC with its short isobutyl chain forms a compact
arrangement between adjacent -7 stacks that leads to the highest film density. Based

on GIXD measurements, iBuBTDC also shows the largest out-of-plan 7-7 stacking
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diffraction intensity, while antiBTDC stacks mostly in the in-plane direction. The
iBuBTDC therefore achieves improved absorption and intermolecular charge trans-
port compared with antiBTDC, leading to higher OPV Jgc and FF with the highest
PCE = 9.3 + 0.5%. The nBuBTDC with n-butyl side chain has a similar absorp-
tion coefficient and Jg¢ to iBuBTDC. However, the orthogonal packing arrangement
between neighbor stacks hinders intermolecular charge transfer that significantly re-
duces the FF, giving a PCE = 7.5 + 0.4%), similar to that of antiBTDC. These results
suggest that the side chains of d-a-a’ small molecule donors play an important role
in crystal packing that provides an opportunity to fine tune morphology to achieve a

significantly improved device performance.
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CHAPTER V

All-Vapor-Deposited Multi-Junction OPVs

In Chapters III and IV, we studied several vacuum-deposited d-a-a’ molecules
with different donor unit configurations, achieving OPV power conversion efficiencies
of 9-10%. However, there are two limitations for single junction cells as indicated by
Fig. 5.1. First, the photons with energy larger than the HOMO-LUMO gap results
in large thermalization energy loss. Also, unlike inorganic materials with continuous
absorption of photons with energy above the band gap (Si is shown as a typical
example), organic materials usually exhibit a narrow range of absorption peaks with
discrete exciton states. Multijunction structures are designed to compensate such
losses and improve the power conversion efficiency beyond that of thermodynamically-

limited single junction cells.

Thermalization loss Absorption loss
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Figure 5.1: Thermalization and absorption losses in single junction OPV cells.
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Here we designed and demonstrated all vacuum-deposited multijunction OPV
structures with two to four subcells, achieving efficiencies > 10%. The design prin-
ciples of the tandem and multijunction cells will be discussed first, followed by the
experimental results. The devices in this chapter are grown on unpatterned I'TO with

the area defined by 1 mm diameter circular metal cathode (0.785 mm?).

5.1 Multijunction design principles

The multijunction designs in this and the next chapter are based on series connec-
tions of the subcells, requiring a balanced current density (see Fig. 1.16). The charge
recombination zones (CRZ) consisting of several interconnecting layers are between
the subcells that act to recombine the electron from one subcell with the hole from
the adjacent cell to balance the total current flow in the tandem or multijunction
stacks. There are three multijunction design principles generally used to achieve high

efficiency:

1. Subcells with minimal absorption overlap.

TN I I S S N NS M N B B S

L
g

Absorption

Wavelength (nm)

Figure 5.2: Tandem design principle - 1: subcells with minimal absorption overlap.
In order to cover a broader range of the solar spectrum with highest possible

current density, ideally different subcells should have very small absorption overlap

as indicated by Fig. 5.2. The combination of the green- and NIR-absorbing subcells

in this chapter have complementary absorptions, and the NIR-absorbing cell is placed
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as the front cell adjacent to the ITO complying the optical field distribution. In some
cases, the NIR-absorbing cell also has strong absorption in the visible region that
generates much higher current density than the green-absorbing cell. It is then placed
as the back cell to allow the visible light going through the front green-absorbing cell

first for sufficient absorption, which is the structure to be discussed in Chapter VI.

2. Lossless charge recombination zone (CRZ).

J9Ae
I Sundsuuoaiaul |

apouy

Figure 5.3: Tandem design principle - 2: the CRZ should have no optical or electrical
losses.

The CRZ (as seen in Fig. 5.3) serves is a critical component in multijunction
structures. It usually consists of an electron-transporting and a hole-transporting
interconnecting buffer. It requires very high conductivity for sufficient recombination
at the interface to avoid charge accumulation that reduces the Voo and FF' of the
multijunction cell. Usually, an ultra thin layer of metal nanoparticles (NPs), like
Ag NP is deposited in between the two buffer layers to act as the recombination
center.*”) In an ideal case, the Vo of the multijunction cell should be equal to the

subcells connected in series:

n
VOC’,Multijunction - E VOC’,Subcell—n (51)
1

The CRZ should also be optically lossless, so that it leaves more light to be absorbed
by the active layers. A transparent CRZ with efficient recombination is essential for

any high efficiency multijunciton OPV cells.
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3. Make use of different orders of optical interference maxima.

|E?|

3 sub-cell 4% sub-cell

Tandem cell

Distance
(nm)

100 200

Figure 5.4: Tandem design principle - 3: multijunction structure with subcells
placed at different optical interference maxima.

The OPV subcells with M-HJ structures usually have a thickness limit due to
the decrease of charge collection efficiency and FF. A tandem structure with one
green-absorbing and one NIR-absorbing subcell may exhibit a relatively large absorp-
tion loss. Third and 4th subcells, therefore, can be inserted to further improve the
multijunction absorption and efficiency. As illustrated by Fig. 5.4, taking the metal
contact as the static point, light with different wavelengths will show intensity peaks
at different positions. The peaks extend further from the metal as the wavelength
increases, while the tandem cell is placed at the first order of the optical interference
maximum. To harvest light more efficiently, the 3rd and 4th sub-cells are placed at
the second interference maximum. The thickness and absorption of each sub-cell is

adjusted to match the current density between the subcells.

5.2 Tandem structure and performance

5.2.1 Structure and subcells

The tandem cell with the structure shown in Fig. 5.5 is fully grown by VTE. The

front subcell adjacent to the transparent anode comprises the primarily orange-to-
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NIR absorbing donor, DTDCTB blended with Cg. It is paired with a green-absorbing
DBP:Cyy back subcell. As discussed in Section 3.2, the Cgo intermolecular charge
transfer (CT) absorption in the green is greatly reduced when diluted in DTDCTB.
At 1:1 blend ratio, the CT absorption by Cgg is suppressed to only 40% of its value
in the neat film (Fig. 3.1), thus providing a spectrally complementary system with
the green-absorbing sub-cell. The extinction coefficient of the 1:1 DTDCTB:Cgy and
the 1:10 DBP:Cyj blends along with the AM 1.5G solar spectrum, are shown in Fig.
5.5 on the right. The DBP:Cy film exhibits a broad spectral response at A < 700
nm, while the DTDCTB:Cg layer primarily absorbs from A = 500 nm to 900 nm. By
stacking these two sub-cells, absorption spans the wavelengths from A = 350 nm to
900 nm, thereby covering a large portion of solar spectrum with only minimal overlap
between the constituent devices. The tandem thus harvests light efficiently with good

current match between the sub-cells.
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Figure 5.5: Tandem cell with DTDCTB:Cgy and DBP:C7y subcells: structure and
subcell extinction coefficients.

An optimized DTDCTB:Cgy (1:1) single junction photovoltaic cell with 60 nm
M-HJ and 20 nm neat Cg ratio achieves Jsc = 11.6 £ 0.2 mA/cm?, Voo = 0.82 &
0.01 V, FF = 0.55 + 0.01 and PCE = 5.3 + 0.1% at 1 sun, AM 1.5G illumination.

In the tandem structure, the thickness of the neat Cgy layer was reduced from 20 nm
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to 5 nm to move the front cell closer to the cathode and increase the absorption by
the DTDCTB:Cgp active layer, and to reduce the CT absorption of the Cg layer.
The optimized structure of the back subcell is: ITO/MoO3 (5 nm)/DBP:Cyq (30 nm,
1:10 ratio by vol.)/Czo (7 nm)/BPhen (7 nm)/Ag (100 nm), resulting in Jsc = 11.3
+ 0.2 mA/cm?, Voo = 0.90 + 0.01 V, FF = 0.61 + 0.01 and PCE = 6.2 + 0.1%.
The DBP:Cyq layer is as thin as 30 nm to balance the current of the DTDCTB:Cgg

front cell.

5.2.2 Charge recombination zone

The CRZ between the front and back subcells employs a three-layer structure:
electron conducting buffer/Ag NP (14)/MoOs. The Ag NPs pin the Fermi levels of
the other two layers, providing charge recombination and plasmonic field enhance-
ment. **) The 3,4,9,10-perylenctetracarboxylic-bisbenzimidazole (PTCBI) had been
widely used as the buffer.[19197 In spite of its high conductivity, interconnecting
layers with a PTCBI blocker have a significant absorption loss in the visible and a
rather low exciton blocking efficiency. Hence, for cell interconnection we employed a
previously reported transparent exciton blocking and electron conducting BPhen:Cgq

electron filter®¥ which has been introduced in Section 3.2.2.

08}l —PTCBI |
— BPhen:C60
0.6}

=< 0.4}
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Figure 5.6: Extinction coefficients of PTCBI and BPhen:Cgg.
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Figure 5.7: Simulated optical field distribution in the tandem cell with PTCBI or
BPhen:Cgg as interconnecting buffer layer.

Fig. 5.6 compares the extinction coefficient of BPhen:Cgy with PTCBI. The
PTCBI presents large absorption between 450 nm to 800 nm with & as large as
0.7. In contract, BPhen:Cgy only exhibits a very small absorption below 500 nm
and k£ =~ 0 above 500 nm. Figure 5.7 shows the simulated absorbed power distribu-
tion within the tandem cell, comparing a 5 nm thick PTCBI with a similarly thick
BPhen:Cgy mixed buffer. As the dashed white rectangle indicates, the BPhen:Cg is
transparent, in striking contrast with the PTCBI buffer. The reduced absorption of
the interconnecting buffer leads to improved current density of the front cell as well
as the tandem cell, which will be discussed below. The simulation also shows that

both sub-cells fit within the first interference maximum of the optical field.

5.2.3 Tandem performance

Figure 5.8 shows the FQF spectrum of the tandem OPV with the structure shown
in Fig. 5.5 using PTCBI interconnecting layer. The FEQFE of the tandem cell is

calculated (solid line) based on the transfer matrix method, along with the sum of

the subcell measured EQFE (dashed line). The tandem EQFE is higher than that
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measured for both individual component subcells, and is nearly identical with the
sum of these efficiencies, except for < 10% loss between 550 nm and 700 nm where
the subcells show a small absorption overlap. The tandem device gives Jgc = 9.2 +

0.2 mA/cm?, Voo = 1.72 & 0.01 V, FF = 0.58 & 0.01, giving PCE = 9.2 £ 0.2%.
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Figure 5.8: Quantum efficiencies of the tandem cell with PTCBI. EQF of
the measured front-only cell, back-only cell, the sum of the two, and the calculated
EQFE of the tandem cell structure with PTCBI as the interconnecting buffer layer.

The fourth quadrant J-V characteristics of tandems utilizing the two intercon-
necting layers, PTCBI and BPhen:Cgg, are shown in Fig. 5.9. Here, the front cell is
fabricated approximating the DTDCTB:Cgy sub-cell in the tandem stack by inserting
a 0.1 nm thick Ag nanoparticle layer followed by a 40nm thick MoO3 spacer located
beneath the Ag contact. As expected, when PTCBI is replaced with BPhen:Cgg, Jsc
increases from 9.9 + 0.2 mA/cm? to 10.4 + 0.2 mA/cm? in the front sub-cell, with
no significant change in FF. Hence, the efficiency of the front sub-cell increases from
4.8 + 0.1% to 5.1 £ 0.1%. Also from Fig. 5.7, the optical field in the DBP:Cy
sub-cell is enhanced when using BPhen:Cgp, leading to a corresponding increase in
current. Consequently, Jsc of the tandem cell is increased to 9.9 + 0.2 mA /cm?. The
results of the cell using BPhen:Cgy whose structure and optimized layers thicknesses

are shown in Fig. 5.5, are summarized in Table 5.1.
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Figure 5.9: J-V characteristics of the front-only and the tandem cell with PTCBI
or BPhen:Cg as interconnecting buffer layer.
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Figure 5.10: Tandem performance with BPhen:Cg,. Measured and simulated
a) EQE; and b) J-V characteristics of the optimized tandem cell using BPhen:Cgy as
the interconnecting buffer layer.

The optimized tandem cell FQF shown in Fig. 5.10a is similar to that employing
a conventional PTCBI buffer, while the measured front subcell peak EQF increased.
Figure 5.10b shows measured and calculated 4" quadrant J-V characteristics. The
calculated tandem J-V agree with the measurement, suggesting that the models are
predictive of performance, thereby simplifying device layer thickness design. The
optimized tandem OPYV cell achieves a measured Jsc = 9.9 + 0.2 mA/cm2, Voo =
1.72 £ 0.01 V, FF = 0.59 + 0.01, with PCE = 10.0 4+ 0.2%. This represents a > 60%
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improvement over the discrete cell efficiencies comprising the stack. Furthermore,
the tandem Vpe is equal to the sum of the constituent sub-cells, suggesting that
the interconnecting charge recombination layer is lossless. However, as discussed in
Section 3.4, this tandem structure shows edge effect that leads to an overestimation
of J-V measurement, especially for small area cells. The corrected values of Js¢ and

PCE are 8.9 mA/cm? and 9.0%, respectively.

Table 5.1: Measured (meas) and calculated (calc) tandem and subcells performance.

Cells Jse Yoa FF PCE
(mA/cm’) (V) (%)
Front (meas) 104 +0.2 | 0.82 +£0.01 | 0.59 £ 0.01 5.1 £0.1
Front (calc) 10.0 0.82 0.57 4.7
Back (meas) 11.3 + 0.2 | 0.90 + 0.01 | 0.61 £ 0.01 6.2 + 0.1
Back (calc) 9.4 0.90 0.61 5.2
Tandem (meas)* 99 4+ 0.2 1.72 £ 0.01 | 0.59 £ 0.01 | 10.0 £ 0.2
Tandem (calc) 9.6 1.72 0.60 9.9

* Correction due to edge effect: Jso ~ 8.9 mA/cm?, PCE ~ 9.0%.

5.2.4 Further discussion

Lassiter et al. showed that an optimized multijunction structure employs subcells
whose currents are approximately matched at the maximum power point (MPP) of
operation. %! They defined An as the power conversion efficiency penalty that is
related to the mismatch in constituent sub-cell current densities at their MPPs. That

is, the optimal design corresponds to An—0, where:

I Ve
It Varr + JveVare + -+ - + Iy Vi

Ap=1-— (5.2)

Here, Jy; and V), are the simulated current density and voltage at the MPP. The

subscript M refers to the multijunction cell, and 1, 2, ---, n refer to each of its sub-
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Figure 5.11: Efficiency ws. light intensity. Responsivity (R) and PCE of
the tandem solar cell with BPhen (7 nm) or BPhen:Cgo (1:1, 5 nm)/BPhen (2 nm)
as the cathode buffer layer as a function of light intensity up to 4 suns, AM 1.5G
illumination.

cells. According to the simulated J-V characteristics of the sub-cells in Fig. 5.10b,
the optimized tandem cell has An = 0.28%. This is very close to the ideal case for a
tandem where Jyr = Jy1 = Jue, and Vi = Vi + Vags.

In one tandem cell structure, the BPhen cathode buffer (7 nm, below the Ag
contact) was placed with the previously described high electron conductivity, exciton
blocking BPhen:Cg (5 nm)/BPhen (2 nm) compound electron filter that reduces bi-
molecular recombination at the buffer /acceptor interface. The electron filter increases
the efficiency of the back cell, but also increases the FF and Jg¢ differences between
the subcells, which ultimately causes a larger mismatch. The current mismatch re-
sults in Ap = 4.8%, leading to a slight reduction in Js¢ = 9.0 + 0.2 mA/cm? and
PCE = 9.6 + 0.2% from the tandem in Fig. 5.10. However, the reduced tendency
for bimolecular recombination and exciton-polaron quenching suggests that the use
of this compound buffer can result in improved response at high intensity.'*) The
responsivity and PCFE are measured from 0.2 sun up to 4 suns intensity of the tandem

cells, with BPhen or BPhen:Cgy/BPhen as the cathode buffer layers (see Fig. 5.11).
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The responsivity of the tandem cell with BPhen decreases from 0.112 £+ 0.002 A/W
to 0.090 £+ 0.002 A/W, while the tandem with the mixed buffer shows only a minor
(5%) change from 0.092 + 0.002 A/W to 0.087 £ 0.002 A/W. The tandem cell with
the mixed cathode buffer shows no efficiency change up to 1 sun intensity, after which

it decreases due to series resistance. At 4 suns, both cells exhibit a power conversion

efficiency of 9.0%.

5.3 Triple- and quadruple-junctions
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Figure 5.12: Triple- and quadruple-junction structure and performance: a) De-
vice structure; b) Quantum efficiency and c) J-V characteristics, compared with the
tandem cell.

From the simulated tandem cell quantum efficiency shown by Fig. 5.10a, the
maximum value is 80% below A = 600 nm and falls below 50% at 800 nm. Therefore
there is still a considerable absorption loss both in the green and NIR region. To
take further advantage of the optical field distribution and achieve even higher V¢,

as introduced in the design principle section, an additional DBP:Czy (1:10) subcell
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and another DTDCPB:Cg (1:1) subcell is inserted at the front of the tandem stack
at the second optical interference maximum as the triple- and quadruple- junction
structures, as indicated by Fig. 5.12a.

In the triple-junction cell, the middle DTDCTB:Cgy (1:1) cell is sandwiched be-
tween two DBP:Cy( sub-cells. The BPhen:Cg, interconnecting layers are used between
the sub-cells to ensure minimal absorption loss. Compared with the tandem cell, the
thicknesses of the back DBP:Crq and the middle DTDCTB:Cg cells are increased over
that used in the tandem such that the front, short-wavelength absorbing DBP:C
sub-cell fits into the second order optical interference maximum. The front and back
green-absorbing cells absorb at different optical maxima to efficiently harvest short
wavelength photons while, cooperating with the middle NIR-absorbing cell. Similar
to the tandem cell, the thicknesses of each active layer is optimized by simulation to
achieve current balance between sub-cells at 1 sun intensity.

Table 5.2: Device performance of the triple- and quadruple-junction cells.

J V. PCE | PCEoyprecsed”
Cells 5¢ oc FF ted
(mA/cm?) (V) (%) (%)
3-junction | 7.3+ 0.2 | 258 + 0.01 | 0.59 + 0.01 | 11.1 + 0.2 /
A-junction | 6.4 4 0.02 | 3.38 + 0.01 | 0.58 + 0.01 | 12.6 + 0.3 10.3

* Corrected efficiency due to edge effect. Triple junction was not measured.

As summarized in Table 5.2, compared with the tandem, the Voo of the triple
junction cell increases to 2.58 4= 0.01 V. Although Js¢ decreases to 7.3 4= 0.2 mA /cm?,
it achieved PCE = 11.1 + 0.2%. Figure 5.12b shows that the calculated quantum
efficiency at wavelengths from 400 nm to 700 nm approaches 100% in the triple-
junction cell due to contributions from the two DBP:Cyy sub-cells at the different
interference maxima. Note that its Voo is 0.04 V lower than the sum of its sub-cells,
mainly due to the reduced optical intensity in each active layer. By further adding

a front DTDCTB:Cgy subcell, the quantum efficiency at the NIR region increases
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close to 100%, improving PCFE to above 12% with Vo of 3.38 V. Both the triple and
quadruple-junction efficiencies need to be corrected due to the edge effect (see Section
3.4). The quadruple-junction gives PCE = 10.3% when fabricated with larger device
area and measured with a shadow mask to eliminate the edge effect.

Through this work we demonstrate that the multijunction OPV consisting of
sub-cells with complementary, or non-overlapping spectra, and whose sub-cells are
positioned to absorb different optical interference orders, can achieve efficiency >
10%. The Voo of the NIR-absorbing DTDCTB:Cgq cell is as high as 0.82 V with
absorption up to 900 nm. The tandem Vpo = 1.72 V is also among the top of the
published structures. On the other hand, both Js¢ and FF has large room for further

improvement, showing potential for future increases in efficiency.

5.4 Tandem EQF and J-V angle-dependence measurements
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Figure 5.13: Tandem cell subcell EQE measurement: set up (left) and the measured
result (right).

The subcells in a tandem structure have different photoresponsive regions with
small overlap. Therefore the EQF of the subcells and the tandem cannot be measured
by the same set up used for single junction. For the incident monochromatic light

at each wavelength, usually only one of the subcells can be turned on. The other
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subcell with very small or no response at the incident wavelength will put the tandem
cell close to the open-circuit condition. In order to get an accurate measurement,
one of the subcells in the tandem needs to be saturated with a DC light bias while
measuring the other subcell. "% Figure 5.13 left shows the sketch of the set up.
A red LED emitting at 735 nm wavelength is used to bias and saturate the NIR-
absorbing DTDCTB:Cgg subcell while measuring the DBP:Cq cell. Similarly, a 505
nm green LED is used to bias the DBP:Cyy subcell. On the right are the measured
subcell EQFEs. The measured Jgs¢ of the specific tandem cell is 7.6 mA /cm?, while the
EQF integrated current density of the green-absorbing and NIR-absorbing subcells
are 7.5 mA/cm? and 7.3 mA/cm? respectively. It shows the DTDCTB:Cg is the
current-limiting subcell in the stack. On the other hand, the measured subcell current
is slightly lower than the tandem, indicating the subcells may not be fully saturated
with the light biases. Nevertheless, the setup exhibits good accuracy for the tandem

structure containing subcells with minimal absorption overlap.
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Figure 5.14: Tandem subcell angle-dependent EQF.

The incident light angle (relative to the normal incidence) in Fig. 5.13 is then
adjusted from 0° to 60° relative to normal to measure the angle-dependent FQFE. Seen
from Fig. 5.14, as the angle increases, the FQFE of the front DTDCTB:Cg cell does
not change while the back DBP:Cyy cell FQE decreases significantly at A = 500 nm.

The longer light path through the front cell at large incident angle therefore reduces
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Figure 5.15: Single and multijunction cell angle-dependent Jgo characteristics.

the back cell absorption. However since the back cell is not the current-limiting cell,
the effect on tandem current balance is smaller than the back cell itself.

Figure 5.15 exhibits the measured Jg¢ of the single junction (DBP:Cyy), tandem
and quadruple-junction cells as functions of incident light angle under 1 sun AM 1.5G
illumination. The tandem and quadruple-junction OPVs have the same structures as
discussed earlier. As the angle () increases, the power density decrease with cos(f),
which is indicated by the dashed lines. All of the single, tandem and quadruple-
junction curves roughly follow the cosine function. The drop becomes steeper as the
number of subcells increases due to unbalanced current density, although the effect
is not dramatic except for the quadruple-junction above 45° angle. This result is
helpful to understand the multijunction cell performance in a terrestrial application.
The multijunction designs, especially the tandem cell, therefore show promise for

outdoor applications with relatively small performance loss caused by the solar angle.
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CHAPTER VI

High Fabrication Yield Tandem OPV Combining
Vacuum-deposited and Solution-Processed

Non-Fullerene Acceptor-Based Subcells

The all vacuum-deposited multijunction structure in Chapter V is able to achieve
efficiency of 10-12%. However, the performance is still limited by the NIR-absorbing
DTDCTB:Cgq cell, whose EQFE peak value is lower than 60% and the FF is lower
than 0.6. As a result, the green-absorbing DBP:C; cell needs to be made very
thin (30 nm) without the mixed buffer to balance the current and FF. To achieve
very high efficiencies, a NIR-absorbing solar cell with better performance is required.
Solution-processed non-fullerene acceptors (NFAs) with energy gaps < 1.4 eV have
been recently reported with PCEs > 10%%5%9 appearing to be promising as NIR-
absorbing subcells for high efficiency multijunction OPVs. The green-absorbing sub-
cell is vacuum-deposited for good uniformity, purity and controllability. The DBP:Cy,
cell is replaced by DTDCPB:Cyq introduced in Chapter 111, the highest efficiency VTE
cell to date. The tandem structure requires deposition of the solution-processed NFA-
based cell onto the surface of a previously vacuum-deposited fullerene-based cell. A
nearly optically and electrically lossless charge recombination zone (CRZ) between

the sub-cells is employed that efficiently caps and protects the underlying vacuum-
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deposited layers, resulting in ~ 100% fabrication yield for 2 mm? and 9 mm? devices

and a milestone tandem efficiency of 15% under 1 sun, AM 1.5G spectral illumination.

6.1 NIR-absorbing NFAs

The fullerene acceptors, Cgg and Cqy for vacuum deposition, and PCgBM and
PC7BM for solution-processing, have long been used in OPV cells. They provide
good electron conductivity and transport when mixed with donors. On the other
hand, the HOMO and LUMO levels of the fullerene acceptors are fixed at -6.2 eV
and -4.0 eV with the absorption edge ~ 700 nm. Their extinction coefficients are
also relatively low (Cgp and Cry as an example shown in Fig 3.1). For NFAs, by
adjusting the HOMO energy, the absorption edge can be red-shifted to beyond 900
nm while maintaining relatively high Voo and FF, making them promising NIR OPV

candidates by pairing with a variety of donors.

Ag 80 |
MoO,

2
PCE-10:BT-CIC g 40 b
(1:1.5~100nm) | w

-O~PCE-10:PC7T1BM(1:1.5)
ZnO —-A-PCE-10:BT-CIC(1:1.5)

0 1 1 1
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Wavelength (nm)

Figure 6.1: Inverted PCE-10:BT-CLC device structure (left) and EQE (right),
compared with PCE-10:PC;,BM fullerene acceptor-based cell.

Figure 6.1, left, shows the NIR-absorbing NFA-based cell comprising a mixture of
NFA BT-CIC and the donor polymer PCE-10.%" The device is in inverted structure
that electrons are conducted through ZnO and being collected by the ITO, while holes

are transported by MoOj3 and collected at the Ag cathode. The NFA BT-CIC has
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Table 6.1: Devcei performances of PCE-10:PC7;BM and PCE-10:BT-CIC cells.

J 1% PCE AVT*
Device ¢ oc FF
(mA/em?)| (V) (%) (%)

PCE-10:PC7;BM 17.9 0.80 0.69 9.6 /
PCE-10:BT-CIC 22.5 0.70 0.71 11.2
PCE-10:BT-CIC

15.8 0.68 0.66 7.1 43
(Semitransparent)

* .
Average transmittance.

an a-d-a configuration whose planar backbone and electron-withdrawing Cl atoms
reduces the energy gap.[''? It exhibits a LUMO energy of -4.1 eV, which is similar to
that of the fullerene acceptor [6,6]-phenyl-C71-butyric acid methyl ester (PC7BM),
but a shallower HOMO energy of -5.5 eV (compared to -6.0 eV for PC7;BM). On
the right is shown the FQFE, as compared with the PCE-10:PC;;BM cell. Both cells
show EQFE peak values ~ 75%, while the PCE-10:BT-CIC cell exhibits almost 100
nm red-shifted photoresponse to 950 nm. The performance of these two cells with
100 nm Ag cathode is summarized in Table 6.1. Due to the red-shifted absorption of
the NFA acceptor, the PCE-10:BT-CIC cell achieves Js¢ = 22.5 mA /cm?, compared
with 17.9 mA/cm? of the PCE-10:PC7;BM cell. The FF also improves from 0.69
to 0.71 while the Voo drops from 0.80 V to 0.70 V. The PCE = 11.2% is achieved
by the PCE-10:BT-CIC cell, much higher than the VTE-processed DTDCTB:Cgq
NIR-absorbing cell introduced in Chapter III with similar absorption range.

The PCE-10:BT-CIC cell shows the highest EQF from 600 nm to 900 nm while
leaving a transparent window below 600 nm, with FQFE dropping to < 30% at 450
nm. Figure 6.2 shows the device transmittance with different Ag thicknesses from 10
nm to 20 nm. The cell with 10 nm Ag shows an average transmittance of 43% in the
visible, achieving PCE = 7.1% as listed in Table 6.1. The device is light blue as seen

from the photo in Fig. 6.2, left. The NFA-based NIR-absorbing cell, therefore, is an
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important candidate for multijunction and semitransparent OPV applications.
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Figure 6.2: Non-fullerene acceptor (NFA)-based semitransparent cell.
(Left) The photo of semitransparent PCE-10:BT-CIC cell with 10 nm Ag; (Right)
Device transparency with different Ag cathode thicknesses.

6.2 Tandem structure and performance

6.2.1 Subcells
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Figure 6.3: Absorption coefficients of 1:2 DTDCPB:Cyy and 1:1.5 PCE-10:BT-CIC
blends.

The front cell (near the transparent conducting anode in the tandem structure)

grown by vacuum thermal evaporation (VTE) employs the d-a-a’ donor DTDCPB
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blended with Crg." The solution-processed NFA-based back cell (adjacent to the re-
flecting metal cathode) comprises the PCE-10:BT-CIC. % The active layer absorption
coefficients is shown in Fig. 6.3. The vacuum deposited small molecule DTDCPB:Cy
cell strongly absorbs light between wavelengths of A = 400 nm to 700 nm. The 1:1.5
PCE-10:BT-CIC mixture shows absorption from A = 500 nm to 950 nm, with a peak
absorption coefficient of 1.3 x 10° ecm ™! at around A = 700 nm and 800 nm, compared
with a peak of 1.0 x 10° cm~! for DTDCPB:C7y at A\ = 500 nm. The combination of
these cells in a tandem structure results in broad spectral coverage of solar illumina-
tion between 400 nm and 900 nm, with each subcell in the stack generating similar
currents.

The performance of the optimized single junction PCE-10:BT-CIC NFA cell used
for integration into the tandem cell is summarized in Table 6.2, with the conventional
structure: ITO/PEDOT:PSS (50 nm)/PCE-10:BT-CIC (1:1.5, 75 nm)/TmPyPB (5
nm)/Ag (100 nm), to be connected with the VTE subcell in series. It attains Jgo =
22.1 + 0.4 mA/cm?, Voo = 0.69 £ 0.01 V and FF = 0.70 & 0.01, resulting in PCE =
10.7 4 0.2% at 1 sun (100 mW /cm?), AM 1.5G simulated spectral illumination. This
is comparable to that of an analogous inverted cell®® indicating efficient electron
and hole transport in the TmPyPB and PEDOT:PSS buffer layers. The device shows
an average external quantum efficiency, FQE > 70% between A = 500 nm and 850
nm, while leaving a transparency window at A < 600 nm that is filled by the visible-
absorbing subcell in the tandem structure.

Due to a Js¢ > 20 mA /cm? and the spectral coverage into the NIR of the PCE-
10:BT-CIC single junction cell, it is optimally employed as the back cell in the tandem
OPV. This creates a processing challenge since the PEDOT:PSS and PCE-10:BT-
CIC need to be spin-coated from solution on top of the previously VTE-grown films
comprising the front cell. Figure 6.4a, left, shows the VITE grown DTDCPB:C70
single junction structure (reference): ITO/MoOsz (10 nm)/DTDCPB:Cy (1:2 160
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nm)/BPhen:Cqo (1:1, 8 nm)/Ag (100 nm). It requires a thicker active layer than
the previously reported structure (160 nm compared to 80 nm) % since it lacks the
reflecting metal cathode when inserted into the tandem stack in the front cell posi-
tion. The donor:acceptor (D:A) ratio is optimized at 1:2 to achieve FF > 0.65. The
reference cell yields Js¢ = 16.4 + 0.3 mA/cm?, Voo = 0.90 £+ 0.01 V, FF = 0.66 +
0.01 and PCE = 9.7 £ 0.2 % (Table 6.2).
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Figure 6.4: DTDCPB:Cy, subcell with and without (reference) charge recombina-
tion zone containing PEDOT:PSS: a) Device structures; b) J-V characteristics; and
c) EQE.

Table 6.2: PCE-10:BT-CIC and DTDCPB:Crq subcell performance.

J Ve PCE
Device 5¢ oc FF

(mA/cm?) (V) (%)

PCE-10:BT-CIC
(1:1.5, 75nm)
DTDCPB:Cr
(1:2, 160nm)
DTDCPB:Cyy

(1:2, 160nm, w/ CRZ)

221 £04 | 069 £0.01 | 0.70 £ 0.01 | 10.7 £ 0.2

164 £ 0.3 | 0.90 £ 0.01 | 0.66 £0.01 | 9.7 £ 0.2

164+ 0.3 | 090 £ 0.01 | 0.67 £0.01 | 99 £ 0.2

6.2.2 Charge recombination zone

The CRZ comprises an ultrathin layer of Ag NPs (3 A) sandwiched in between a

VTE-deposited electron filtering buffer layerBPhen:Cgy and a transparent, solution-
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processed PEDOT:PSS layer. The hydrophilic PEDOT:PSS forms a uniform capping
layer that prevents the solvents from penetrating and damaging the underlying hy-
drophobic VTE layers. To understand the performance of the CRZ, it is inserted
immediately adjacent to the Ag cathode (Fig. 6.4a, right). As shown by the J-V
characteristics in Fig. 6.4b, the device with the CRZ exhibits identical Js¢ and Ve
to that of the reference cell, with a higher FF' = 0.67 + 0.01 and PCE = 9.9 + 0.2%
indicating that the recombination zone is optically and electrically lossless. Accord-
ing to the EQF spectra in Fig. 6.4c, the cell with 50 nm thick PEDOT:PSS spacer
shows slightly higher photoresponse at long wavelengths than the reference, which is

consistent with differences in the optical field distributions.

PCE-10:PC,,BM BPhen:C,, w/ Ag NP (34)

Figure 6.5: Contact angles between the PEDOT:PSS droplet on top of different
organic films. The volume of the droplet is 10 pl

The hydrophilicity of the acidic (pH = 1-2) PEDOT:PSS usually leads to incom-
plete wetting and the possibility of dissolving the underlying hydrophobic layers. In
the tandem structure, the acid-resistant BPhen:Cgq is employed as the front cell exci-
ton blocking layer. The contact angle of the PEDOT:PSS on a BPhen:Cg film is 97
+ 2°) smaller than on the PCE-10:PC7 BM (101 £ 2°) active layer. The ultra-thin
Ag NP layer on top of BPhen:Cg further decreases the contact angle to 90 + 2°(see
Fig. 6.5). This results in uniform coverage of the PEDOT:PSS on BPhen:Cgy/Ag
NP while maintaining relatively high surface energy. It effectively protects the VTE

front cell from the penetration by the solution-processed back cell active layer.
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6.2.3 Tandem performance and fabrication yield
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Figure 6.6: Tandem cell combining NFA-based and VTE subcells. a)
Schematic of the tandem device, with the recombination zone highlighted by the
red dashed box. b) Simulated absorbed optical power density distribution (relative).
c¢) Tandem cell energy level diagram.

The tandem OPV comprises the NIR NFA-based cell on the surface of the vacuum-
deposited DTDCPB:Crq cell, separated by the BPhen:Cgo/Ag NP/PEDOT:PSS CRZ
(see Fig. 6.6a for the detailed structure). The simulated relative absorbed power
distribution is displayed in Fig. 6.6b. The largest absorption occurs within the back
cell in the NIR between 700 nm and 900 nm; while the visible light absorption in
the front cell without the reflecting metal cathode is less intense, requiring a thicker
active layer to balance with the back cell. On the other hand, the CRZ shows almost
no absorption, indicating minimal optical loss. The energy level diagram is shown in
Fig. 6.6c. A 2 mm? tandem cell with a 165 £ 5 nm thick 1:2 DTDCPB:Cyq layer in
the front cell achieves 14.3 + 0.3% under 1 sun, simulated AM 1.5G solar irradiation
(see Table 6.3).

The measured EQFE spectra of the single junction DTDCPB:Crq (1:2, 160 nm) and
PCE-10:BT-CIC (1:1.5, 75 nm) cells are plotted in Fig. 6.7 left (circles and triangles,
respectively). The subcells absorb between A = 350 nm and 950 nm, both exhibiting a

peak EQFE > 70%. The quantum efficiencies of the front and back junctions measured
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at NREL as well as the sum of the two in the tandem are shown by the lines. The
tandem cell features a nearly wavelength-independent quantum efficiency > 70% from
A = 400 nm to 900 nm. The PCE-10:BT-CIC cell in the tandem exhibits a reduced
EQFE at A < 750 nm compared to the single junction cell due to residual absorption by
the DTDCPB:Cyqy cell. The combination of spectral coverage and efficiency leads to

a balanced current and minimal absorption overlap between the two stacked subcells.
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Figure 6.7: Tandem cell performance combining NFA-based and VTE sub-
cells. (Left) Measured quantum efficiencies of the tandem and discrete subcells;
(Right) J-V characteristics of the optimized tandem cell together with the single
junction subcells.

Figure 6.7, right, shows the J-V characteristics of the optimized, 2 mm? tandem
cell with 160 nm DTDCPB:Cyy thickness, together with the discrete subcells. The
tandem cell exhibits Jsc = 12.6 + 0.2 mA/cm?, Voo = 1.58 £+ 0.01 V and PCE =
14.3 £ 0.3%, with FF = 0.72 + 0.01 higher than both single junction cells. A further
increase of the DTDCPB:Cyy thickness to 170 nm increases the Jgo to 12.7 £ 0.2
mA /cmy while the FF slightly decreases to 0.71 £ 0.01, achieving a similar efficiency
of 14.3 £ 0.3%. The reduction in the tandem cell Voo compared with the sum of
the Voo of the subcells is smaller than 20 meV, implying that the CRZ is nearly
electrically lossless. The performance of the 9 mm? tandem cells shows 2% (relative)

lower efficiency than the 2 mm? devices, giving Js¢ = 12.7 £+ 0.2 mA /cm?, Voo =
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Figure 6.8: Tandem efficiency histogram and device yield. Efficiency his-
togram for a population of 36 optimized tandem cells (2 mm? effective area, without
antireflection coatings). Inset: Tandem cell fabrication yield for populations of 2 mm?
and 9 mm? devices.

1.57 +£ 0.01 V, FF = 0.72 and PCE = 14.3 £ 0.3%. The difference in FF is due to
variations between batches of commercially supplied ITO.

Figure 6.8 shows a histogram of PCFEs for a population of 36 tandem devices (2
mm?) with the optimized structures. The efficiencies fall in a narrow range between
13.9% and 14.4% with the mean value of 14.2%. A total population (including both
optimized and unoptimized structures) of 88, 2 mm? tandem cells was characterized
with results tabulated in Fig 6.8, inset. Of these, 85 devices had a spread in ef-
ficiencies < 3% for each device structure, corresponding to a 97% device yield. A
similar yield of 95% is observed for a population of 43, 9 mm? tandem cells. The
hydrophilic-hydrophobic interface between PEDOT:PSS and the underlying films in
the recombination zone therefore acts as a robust protecting cap of the VTE films
that results in near perfect device yield.

To reduce optical losses, an ARC was grown onto the glass substrate after the
devices were complete. It consists of a bilayer of 120 nm MgF5 (index of refraction,
Nargr, = 1.38 £ 0.01) and 130 nm low refractive index SiOy (ng0, = 1.12 = 0.03

obtained via glancing-angle deposition[''*'" The MgF, was deposited by VTE
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Side view

Figure 6.9: Scanning electron microscope (SEM) 45° and side views of the SiO, film
(porous), deposited on the Si substrate with 85° oblique angle.

while the SiO, was grown by electron beam deposition with the substrate at an angle
of 85° to the beam direction. The scanning electron microscope (SEM) images of
the SiOq is shown in Fig. 6.9 with the 45° and side views. The SiO, presents the
porous morphology with tilted pillars standing on the substrate, thereby achieving
lower refractive index of ~ 1.1 compared with original value of 1.4 - 1.5 grown without

substrate tilting.
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Figure 6.10: Tandem cell performacne with antirefelction coating. (Left)
Measured transmission ratio between the glass substrates with and without the an-

tireflection coating (ARC). Inset: ARC structure; (Right) J-V characteristics of the
tandem cells with and without ARC.

The transmission ratio of the glass substrate with and without the ARC increases
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by 3% - 4% between A = 400 nm and 1000 nm (Fig. 6.10, left). The ARC-coated
tandem cell with 170 nm thick 1:2 DTDCPB:Cr, and 2 mm? area shows an increase in
Jsc from 12.7 4+ 0.2 mA /em? to 13.3 4+ 0.3 mA /em? to achieve PCE = 15.0 + 0.3%,
a milestone efficiency for OPV commercialization. The performance parameters and
J-V characteristics are shown in Table 6.3 and Fig. 6.10 (right). The 9 mm? tandem

cell shows similar Jgo improvement with ARC, exhibiting PCE = 14.5 + 0.3%.

Table 6.3: Tandem performance with PCE-10:BT-CIC and DTDCPB:Cyy subcells.

J V PCE
Device™ 5¢ oc FF

(mA/cm?) (V) (%)

Tandem (w/ 160nm | 12.6 + 0.2 | 1.58 & 0.01 | 0.72 + 0.01 | 14.3 4+ 0.3
DTDCPB:C70)

Tandem (w/ 170nm | 12.7 4 0.2 | 1.59 £ 0.01 | 0.71 £ 0.01 | 14.3 + 0.3
DTDCPB:C70)

Tandem (w/ 170nm | 13.3 £ 0.3 | 1.59 £ 0.01 | 0.71 £ 0.01 | 15.0 &+ 0.3
DTDCPB:Cyy + ARC)

* .
2 mm? device area.

6.2.4 Large area tandem OPVs

A 1 cm? tandem cell on patterned ITO was fabricated and tested to determine
if the solution/vapor deposition process could be successfully employed over larger
areas. The device without ARC grown on the patterned ITO exhibits Jgc = 12.6
+ 0.3 mA/cm?, Voo = 1.58 £ 0.01 V, FF = 0.57 & 0.01 and PCE = 11.5 & 0.3%
(see J-V characteristics in Fig. 6.11). For comparison, the device performance with
different areas (without ARC) are summarized in Table 6.4 and the FF trends at
different incident power densities are shown in Fig. 6.11, right.

2 and

As listed in Table 6.4, the Jgo for a 1 cm? cell is consistent with 2 mm
9 mm? cells independent of device area, which indicates the measurement accuracy.

This larger device also affirms the scalability of the solution/vapor deposition process.
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Figure 6.11: 1 cm? tandem cell performance. (Left) J-V characteristics of 1
cm? tandem cells without ARC. Inset: Photo of four 1 em? cells; (Right) FF as a

Incident Power Density (mW/cm?)

function of incident light power density for different device areas.

Table 6.4: Tandem performance with different device areas (without ARC).

Area Jsc Voe PE PCFE R,

(mA/cm?) (V) (%) (02 em? )
2 mm? 126 £ 0.2 | 1.58 £0.01 | 0.72 £ 0.01 | 14.3 £ 0.3 2.7+ 0.2
9 mm? 127+ 0.2 | 1.57 £0.01 | 0.70 £ 0.01 | 14.0 £ 0.3 5.6 £ 0.5
1 cm? 126 £ 0.3 | 1.58 £0.01 | 0.57 £ 0.01 | 11.5 = 0.3 28 £+ 2

Compared with smaller area cells, the only difference is in FF, which decreases by ~
20% from > 0.7 to 0.57. It follows the trend of the increasing series resistance (Rg)
from 2 mm? (2.7 + 0.2 2-cm?) to 1 cm? (28 4 2 £2-cm?) by one order of magnitude.

From Fig. 6.11 we find that at low power density ~ 0.1 sun, the F'F' of different areas

2 2

converges to > 0.72. With increasing incident power, the FF of 2 mm* and 9 mm
cells show slight decrease, while the 1 cm? cell decreases dramatically from 0.72 at 0.1
sun to 0.57 at 1 sun. It confirms the reduction in F'F' is due to the Rg of the patterned
ITO as the area and current density increases, consistent with previous analyses. ']

Reducing the Rg by using a thicker ITO, a sub-anode contact, or a metal grid are

likely to further improve the large area device FF' and PCE.
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6.2.5 FF analysis
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Figure 6.12: Tandem FF analysis. (Left) The FFs of subcells and tandems
cells (2 mm?) as functions of DTDCPB:Cy, blend ratios. (Right) The FF vs. light
intensity for the single junction subcells. The error bars for the measured (£ 0.01)
and calculated (£ 0.02) data are omitted for clarity.

The tandem cells exhibit FF' > 0.7 which is higher than both single junction
cells, contributing significantly to the PCE. To understand this phenomenon, the
measured and calculated FF's of the tandems and subcells (2 mm?) with different
DTDCPB:Cy ratios are plotted in Fig. 6.12, left. The solid circles and triangles
represent the measured values of the single junction DTDCPB:Cyy (160 nm) and
PCE-10:BT-CIC (75 nm) cells under AM 1.5G, one sun illumination. Figure 6.12,
right, plots the measured FF of the two cells as a function of incident light intensity
from 0.1 to 1 sun. Both subcells show increasing F'F' with lower light intensity due
to reduced bimolecular recombination at smaller current densities. When the two
cells are stacked in tandem, the light intensity and current within each subcell is
smaller than in the discrete single junction cells. The calculated FF's of the subcells
in the stack shown in Fig. 6.12 left are therefore higher than their single junction
counterparts. According to optical simulations, the front DTDCPB:Cyq is operated
at an equivalent 0.7 to 0.8 sun intensity that results in an increase in FF' by as

much as 0.02 (open circles); the back PCE-10:BT-CIC cell operates at a relatively
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low intensity of ~ 0.5 sun corresponding to FF = 0.73 4+ 0.02 (open triangles). The
calculated tandem F'F' (open stars) lies between the calculated FF's of the two subcells
and matches with the measured values (solid stars) within the simulation error (4
0.02), confirming that the higher tandem FF is due to the reduced light intensity

within each subcell.

6.2.6 Efficiency outlook

The thermodynamic efficiency limit of single junction OPVs has been shown to be
between 22% and 27%, with the actual value determined by the energy loss from exci-
ton and polaron pair binding subsequent to their optical generation. ** Multijunction
solar cells can outperform the single junction thermodynamic limit, which suggests
that there is large room for improvements in the OPV efficiency described here. For
example, NFAs-based OPVs exhibit efficient charge separation with a relatively small
energy loss (Ees < 0.6 V) M1 compared to Ejyss = 0.7 - 0.8 eV for fullerene-based
cells. By replacing the fullerene acceptor of the front cell with an NFA, the tandem
Voc can be increased by approximately 0.2 V. In addition, the NFA-based back cell
FF is as high as 0.70 due to ordered intermolecular stacking of the planar molecules,
leading to a tandem FF = 0.72. Thus, increasing the front cell FF' from 0.67 to above
0.7, again through replacement of the fullerene with an NFA, a tandem FF = 0.75 is
likely to be achieved. Further, the average tandem quantum efficiency still has room
for improvement from 75% to > 90% by stacking of three or more subcells using the
variety of deposition techniques. Based on these assumptions, we can expect a 20%
relative increase in efficiency of multijunction OPVs to PCE 18% in the near future.

Theoretical efficiency calculations will be presented in Chapter VII.
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6.3 National Renewable Energy Laboratory (NREL) mea-
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Figure 6.13: Quantum efficiencies measured by NREL. Quantum efficiencies
of DTDCPB:Cyq front cell and PCE-10:BT-CIC back cell in the optimized tandem
stack (2 mm? device with ARC) measured by NREL.
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Figure 6.14: I-V characteristics measured by NREL. NREL measured tandem
cell I-V characteristics (2 mm? device with ARC), with the extracted efficiency of

14.7 £ 0.3%.
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Table 6.5: Extracted efficiencies of 8 tandem cells (with ARC) measured at NREL.

Tandem Area #1 #2 #3 #4
2 mm? 14.7% 14.6% 14.6% 14.7%
9 mm? 14.4% 14.3% 14.4% 14.3%

* The NREL measurements reported were not certified due to a moratorium on OPV
certification to allow for a system upgrade at the time of our request.

Efficiencies of both the 2 mm? and 9 mm? tandem cells encapsulated in the N,
environment were measured by NREL to cross-check their performance. For quantum
efficiency measurements, the NIR-absorbing back cell was biased by an unfiltered red-
rich Xe lamp while the visible-absorbing front cell was biased by a Xe lamp with a 600
nm short wavelength passband filter. The current-voltage (I-V') characteristics (un-
masked) were then measured by the One-Sun Multi-Source Simulator (OSMSS). 18]

The solar simulator spectrum was adjusted based on the measured FQF to achieve
the same mismatch factor for all subcells (between 0.997 to 1.005). The measured
subcell quantum efficiencies and tandem J-V characteristics (2 mm? with ARC) are
shown respectively in Fig. 6.13 and 6.14. All three device parameters measured by
NREL (Fig. 6.14) are slightly lower than the result in Table 6.3 measured in our lab,
leading to the extracted efficiency of 14.7 4+ 0.3%. The extracted efficiencies of the
2 mm? and 9 mm? tandems with ARC are listed in Table 6.5. The 4 cells measured
for each area present very consistent performance, confirming the uniformity of the
tandem devices. Both efficiencies are within experimental and statistical errors of
results obtained on similar cells in our laboratory, taking account the solar simulator
spectrum variations and possible degradation during shipment.

The same cells shown in Table 6.5 were measured in our lab with and without
a mask. The Jgc with the mask is ~ 2% lower than the unmasked case, which
is likely due to the non-negligible mask thickness compared with the aperture size.

The J-V characteristics of the tandem cells are reproducible from device to device
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Figure 6.15: Measured tandem performance parameters over time (2 mm? tandem
w/o ARC).

and run to run, and are independent of the light exposure time (1-5 min). The
cells were measured at NREL more than 2 months after fabrication, showing stable
performance with little or no apparent degradation. The parameters plotted in Fig.
6.15 are measurements of the same cell from the fabrication date (09/04/2017) to one
week after it was shipped back from NREL (11/17/2017). The data points for 11/10
were measured by NREL, and other measurements were done in our lab. The devices
were kept in the dark between measurements. The data show the device is stable
over the two months with reproducible results. It is worth noting that we obtained
the same parameters as NREL after the cell was returned, with a slightly lower PCE
than before, which may be due to handing during shipment. The methods to improve

the cell stability under continuous illumination are still under study.

6.4 Summary

In summary, a high efficiency tandem OPV structure is demonstrated with the

NIR-absorbing NFA-based PCE-10:BT-CIC back cell spin-coated onto the visible-
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absorbing VTE-grown DTDCPB:Cyq front cell. The cell broadly absorbs the solar
spectrum between A = 350 nm and 950 nm. The nearly optically and electrically
lossless CRZ comprising the PEDOT:PSS cap on a Ag nanoparticle layer adjacent to a
BPhen:Cgq electron filtering/exciton blocking layer protects the VT E-grown cell from
damage during the solution deposition of the NFA active layer. This results in > 95%
tandem device yield out of > 130 devices measured in total with 2 mm? and 9 mm?
device areas, and has been successfully extended to yield 1 cm? devices with the same
structure. The 2 mm? and 1 cm? tandem cell deliver PCE = 14.3 £ 0.3% and 11.5 £
0.3%, respectively. The ARC coated glass substrate increases the light in-coupling,
yielding a maximum PCE = 15.0 + 0.3%. The combination of VTE deposition
and solution processing, along with fullerene and NFA subcells provides design and
fabrication routes previously unavailable to the fabrication of multijunction OPVs.

An NFA-based OPV multijunction efficiency of ~ 18% is projected based on the

design principles demonstrated here.
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CHAPTER VII

Is There a There There?

This dissertation has introduced the development and state of the art of the OPV
efficiency, especially for vacuum-deposited cells. The recent fast-pace development
makes OPV relevant again among thin film solar technologies. So, how much more
can it be improved? Will it be competitive in the solar market?

Figure 7.1 shows the efficiency development over time of the main thin film solar
technologies. The CdTe and CIGS have the longest history with gradual development
over the past 40 years, achieving ~ 22% efficiency.?»%"] Perovskites are able to get
similar efficiency with a much shorter time period starting from 2013. All of the three
technologies, however, contain toxic materials such as Cd and Pb, leaving potential
problems of packaging and material disposal. Especially for perovskites, water-soluble
Pb compounds may cause serious environmental issues, while their poor reliability
is another concern."'” On the other hand, a-Si, dye-sensitized solar cells (DSSCs),
OPVs and quantum dot (QD) solar cells display relatively lower efficiencies between
10-15%. There has not been much development of a-Si and DSSC over the past
20 years with the PCFEs staying at 12-13%, which has led to a reduced research
interest. The QD solar cell efficiency has improved from ~ 3% to > 13% since
2010.1%% However, it also has toxic and stability issues. For OPV cells, the efficiency

remained at ~ 11% between 2012 and 2016, followed by a big jump recently to 15%
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Figure 7.1: Thin film solar cells efficiency development chart. Figure from the
website www.ossila.com.

with the emergence of non-fullerene acceptors. As discussed in Chapter VI, a further
improvement to ~ 18% can be expected by 2020, as marked by the dashed blue line in
the chart. It could therefore outperform many of the thin film technologies with a very
low cost and environmental friendly production. We will discuss below the possible

pathways to achieve better OPV efficiencies supported by theoretical calculations.

7.1 The trend

From the early 2000s, OPV efficiency has improved faster than any other thin film
solar technologies except perovskites. As seen from Fig. 7.1, perovskite cells experi-
enced phenomenal development between 2013 and 2016, during the OPV bottleneck
period. This diverted attention from OPVs at a critical time. However, the recent
emergence of NFAs has renewed interest in the development of OPV. It has led to a

30% (relative) efficiency increase in 2 years, and the trend is likely to continue.
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Figure 7.2: Routes for high efficiency OPVs.

Figure 7.2 shows the routes for achieving high efficiency OPVs, which can be
divided into single and multijunction cells. Traditional single junction cells employ a
binary structure, where the active layer contains one donor and one acceptor material.
The ternary cell is achieved by adding an additional donor or acceptor molecule,

511" A double heterojunction structure has also been

with > 12% efficiency reported.
demonstrated by directly stacking two binary blend active layers.['?!) Both the ternary
and double junction can effectively improve the active layer absorption and thus Jg¢,
while the FIF and Vpe often are not limited by the lower boundary among the two
binary cells. The mechanism that determines Voo and FF' of the ternary and double
junction devices is currently an important research topic['??, which can lead to further
efficiency improvements by choosing the appropriate material sets. Ternary structures
with NFAs are likely to lead the new trend for high efficiency OPVs. [123:124]

The multijunction structure contains a stack of single junction subcells, which
can be connected in series, in parallel, or even measured separately as a four-terminal

[125]  Combinations of high efficiency single junction subcells do not neces-

structure
sarily lead to high efficiency multijunction cells. It requires balanced current density
for series connection, balanced voltage for parallel connection, as well as a board cov-

erage of solar spectrum with small energy losses that leads to a large V. The NFAs
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are a popular choice for this reason. Theoretical calculations of both single and mul-
tijunction cells are performed below that predict the practical OPV efficiency limits

using various device architectures.

7.2 Theoretical calculations

7.2.1 Opaque OPVs

To estimate efficiency prospects based on foregoing results, we assume a device
can achieve 90% EQF over the wavelength between 350 and 1100 nm. The FF' is set
to be a constant of 0.75. The energy loss, Fj.ss, is defined as the difference between
the lowest absorbed photon energy (i.e. the optical gap E,,) and the Voe. For a
single junction cell with a long absorption edge of 900 nm (£, = 1.38 eV) and a

energy loss of 0.5 eV, for example, the calculated efficiency would be:

30.2mA/em? x (1.38 — 0.5)V x 0.75

PCEipeory =
theory 100mW /em?

= 19.9%, (7.1)

where Jsc = 30.2 mA/cm? is calculated by integrating FQE = 90% over the AM

1.5G solar spectrum up to 900 nm.

§inglé Junction

E,..=0.3-0.7 eV

5 1 N 1 . 1 N 1 . 1 N 1 . 1
12 14 16 18 20 22 24
Energy Gap (eV)

Figure 7.3: Efficiency calculations of single junction opaque OPVs, with the energy
loss (Ejpss) from 0.3 eV to 0.7 eV.
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Figure 7.3 plots the calculated efficiency as a function of the single junction E,
with different Ej,s. As expected, the efficiency goes up as Ej.s decreases from 0.7
eV to 0.3 eV. With the trade off between Jgc and Ve, the maximum efficiency is
achieved with E,, ~ 1.4 eV, i.e. the absorption onset around 900 nm. The peak
wavelength shows a slight blue shift from 920 nm to 850 nm as FEj,ss goes up. As
calculated from Eq. 7.1, the device with Ej,s, = 0.5 eV could achieve the maximum

PCE = 19.9%. Further reducing Ej. to 0.3 eV, if possible, gives PCE = 24.5%.

——Tandem |
— 3-junction
=——4-junction
—— 5-junction |
—— B-junction

04 05 06 07
Wavelength (nm) Eloss (eV)

Figure 7.4: Efficiency calculations of multijunction opaque OPVs with 2-6 subcells,
as a function of Ej,.. The subcells are connected in series with balanced. The subcell
EQF distributions in tandem and triple-junction cells are shown on the left.

For multijunction cells, the absorption edge is first set to be 1100 nm (E,,; ~ 1.1
eV). Again EQE = 90% over the spectrum, while the Jg¢ is divided evenly among
the subcells in a series connection, as shown in Fig. 7.4 on the left with examples
of tandem and triple-junction structures. The Jso generated under AM 1.5G solar
spectrum up to 1100 nm with EQE = 90% is 38.9 mA/cm?. Therefore the tandem
cell Jgo for this calculation is 38.9/2 = 19.5 mA /cm?, and for a triple-junction cell
it is 38.9/3 = 13.0 mA/cm? etc. We assume there is no absorption overlap between
the subcells and that the absorption onset of each subcell is found according to the

current density of the multijunciton cell. The Vp¢ of the multijunction cell is then
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the sum of subcell Voo (= Eopt - Eioss)-

Figure 7.4, right, shows the calculation of multijunciton efficiencies with up to 6
subcells in series as a function of Ej,ss (per subcell). All structures have the same
slope, with ~ 12% PCE decrease as Ej,s, goes from 0.3 eV to 0.7 eV. Due to the
accumulated Vo, the efficiency first increases with the number of subcells and sat-
urates at 5 junctions. There is the largest efficiency jump from the tandem to triple
junction, with PCE = 26.3% and 30.2% respectively, at Ej,s; = 0.5 eV. Adding ad-
ditional subcells could improve the efficiency > 35% in theory, while it may not be

practical to fabricate due to material and processing limitations.
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Figure 7.5: Efficiency calculations of tandem (left) and triple-junction (right)
opaque OPVs, with the energy loss from 0.3 eV to 0.7 eV.

The tandem and triple-junction efficiency is also calculated as a function of the
optical gap of the reddest subcell, as shown by Fig. 7.5. In contrast to the single
junction that shows a peak efficiency at an energy gap of ~ 1.4 eV (900 nm absorption
cutoff), the PCE roughly increases with the onset wavelength up to 1100 nm (E,,; ~
1.1 eV). However, the increase becomes much slower beyond 900 nm. Again, taking
Eiss = 0.5 eV as an example, the tandem cells with the absorption onset at 900 nm
and 1100 nm are predicted to exhibit efficiencies of 25.7% and 26.9%. In other words,

the NIR-absorbing subcell with the absorption edge ~ 900 nm is sufficient for high
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efficiency multijunciton OPVs.

From the above calculations, we learn that with similar Ej,ss, the multijunction
structures are expected to achieve ~ 25% relative higher efficiency than the single
junction cell. In both cases, the absorption edge around 900 nm with E,,; ~ 1.4 eV is
sufficient, which has already been demonstrated by NFA-based cells with EQE > 70%
and PCE > 11%.5% Longer wavelength absorption does not improve much, or even
reduce the efficiency due to the trade-off between the Js¢ and V. The assumption
of FQE = 90% can be challenging, and the limiting factor for the multijunction
structure is likely to be the short-wavelength-absorbing subcell with absorption onset
< 700 nm while maintaining high FQE. If setting EQFE = 75%, the single junction
PCE > 15% and tandem or triple junction PCE > 20% are still valid according to

the calculations. These are realistic targets based on the current OPV development.

7.2.2 Semi-transparent OPVs

One unique OPV feature is its semi-transparency. The donor and acceptor mate-
rials have narrow absorption bands, that the material pairs and blend ratios can be
adjusted to achieve desired transparency to the visible spectrum. For single junction
cells, transparencies (T') of 50% (EQE = 50%) or 100% (EQE = 0%) in the visible
at A < 650 nm (E,,; = 1.9 eV) are calculated, with EQE = 90% at A > 650 nm. Such
photoresponse characteristics should be possible to achieve using NFA-based ternary
cells. The calculated semitransparent single junction efficiencies as functions of the
optical energy gap is plotted in Fig. 7.6, showing similar trends as the opaque cell.
For T = 50%, the efficiency reaches the maximum at E,,; ~ 1.4 eV (A = 900 nm)
when the energy loss is higher than 0.5 eV. With lower Ej,ss, smaller energy gap with
absorption deeper into the NIR region to 1100 nm can further increase the efficiency,
however, not by much. At Ej,,, = 0.5 ¢V and T = 50%, it gives the maximum
PCE = 15.5% with absorption onset at 930 nm. The OPV cell with 7' = 100% and
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Figure 7.6: Efficiency calculations of single junction semitransparent OPV, with the
transparency (7') of 50% or 100% below 650 nm.

Eipss = 0.5 eV still generates PCE ~ 10%, suggesting that it could be employed as
a completely transparent window in the visible while working as a 10% efficient solar
cell.

The uneven EQF distribution between the visible and NIR region of semitrans-
parent devices is easier to achieve with multijunction structures. A triple junction
cell with one subcell absorbing in the visible and two subcells in the NIR can be
connected in series or parallel, as shown by the structures in Fig. 7.7 on the left.
In the series connection, the NIR and IR subcells absorb from 640 nm - 840 nm
and 840 nm - 1100 nm respectively, with EQF = 90% and a balanced Jgc = 12.2
mA /cm?. The efficiencies are calculated with different visible subcell transparencies
from 30% to 80%. Recalling that the Jsc of multijunction cells is often between
the subcells(™ here we assume the triple junction Jso = 0.1 x Jsonrr + 0.9 x
Jsc visible; Where Jgo nrr and Jsc visivie are short-circuit current densities of the NIR-
and visible-absorbing subcells. The efficiency is plotted in Fig. 7.7 top right with
Ejoss = 0.3 eV -0.7 eV, giving PCE = 18.9% at 50% transparency when Ej,,; = 0.5
eV, which is higher than PCE = 15.5% for the single junction. On the other hand,

a rapid roll-off towards higher transparencies is observed due to the very low current
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Figure 7.7: Efficiency calculations of semitransparent triple-junction OPVs, with
transparency from 30% to 80%.

density generated in the visible subcell, leading to PCE < 10% at T = 80%.

To solve the problem of the unbalanced current between the visible and NIR sub-
cells at high transparency, the subcells can be connected in a series-parallel network
as shown in Fig. 7.7 bottom. The two NIR subcells absorbing between 640 nm and
1100 nm are connected in series with a total FQFE = 90%, then connected in parallel
with the visible subcell whose V¢ is roughly twice that of the NIR subcell. In this
case, a three-terminal connection is required as shown in the middle figure where the
current from the visible and NIR regions are summed. The design benefits since the
Voe balance does not change with the transparency, which results in a much slower
efficiency drop at higher transparency. At Ej,s = 0.5 ¢V and T = 50%, then PCE

= 19.5%. PCE = 14.8% does not show much decrease as T increases to 80%.
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7.3 Conclusion

During the 6 years of my PhD program, I witnessed the OPV efficiency growing
from 7% to over 15%. Chapter III and IV introduced several vacuum-deposited donor
molecules bearing the d-a-a’ structure. The large ground state dipole moment leads
to enhanced intra- and inter-molecular charge transfers, resulting in large Jgo while
maintaining relatively high Vpe. The two d-a-a’ molecules with propeller donor units
described in Chapter III, DTDCTB and DTDCPB, serve as promising NIR-absorbing
and green-absorbing subcell candidates, with single junction efficiencies of ~ 6% and
10%. In addition, a group of d-a-a’ molecules with coplanar donor units are discussed
in Chapter VI. The molecular conjugation length as well as the side chain configu-
ration are manipulated to understand their effects on device performance. Though
iBuBTDC:Cyy with 9.3% efficiency still does not outperform DTDCPB, its higher ab-
sorption and current generation has the potential to be applied to multijunction cells
with further structure optimization. The structure-property-performance relations of
such d-a-a’ molecules also provides design guidance for higher efficiency VTE cells.

The DTDCTB:Cgy cell is employed as the NIR-absorbing subcell in the fully
vaccum-deposited multijunciton structure in Chapter V, paired with DBP:C; green-
absorbing subcell. The multijunction with 2-4 subcells were fabricated, achieving
> 10% efficiency. The 15% efficient tandem cell presented in Chapter VI employs
the DTDCPB:Cy( as the visible-absorbing subcell, while the NIR-absorbing subcell
is replaced with the solution-processed NFA-based cell PCE-10:BT-CIC with much
higher Js¢c and FF than DTDCTB:Cgp. The NFA-based OPVs has opened a new era
for high efficiency OPVs. Further efficiency improvement is expected with reduced
energy losses. The vacuum-deposited NFAs, which has not yet been developed, could
be another breakthrough for all vacuum-deposited cells.

Figure 7.8 summaries the three commercialization criteria of OPV: efficiency, cost

and lifetime with their expected values. The 14% single junction and 15% multijunc-
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Figure 7.8: OPV commercialization criteria: efficiency, cost and lifetime, and their
expected market entry values

tion efficiencies have already been achieved recently in the lab® showing potential
of OPV technology. Based on the theoretical calculations in this chapter, 15% single
junction and 20% multijunction efficiencies are practical targets. On the other hand,
there is always a gap between the efficiencies achieved in the lab and the ones in
industrial large scale production.?'"! A 15% module efficiency is likely to require
PCE = 18%-20% demonstrated in the lab, which is the multijunction efficiency goal
of next step. The material cost for OPV in the industrial scenario (> 100 GW gen-
eration) with R2R fabrication was estimated < 0.5 $/ W26 while it is projected to
be further reduced with improved cell performances. Due to the higher material con-
sumptions, the cost of multijunctions in terms of $/W with current efficiency can be
slightly higher than the single junction. Multijunction cells, on the other hand, have
advantages in semitransparent applications and also with higher voltage outputs. It
is therefore reasonable to conclude that the single and multijunciton cells are equally
competitive in the market, while the single junction is likely to step in first due to its
lower cost and simpler processing procedures.

Another very important factor for OPV cells is the lifetime. The most recent result

in our lab on the vacuum-deposited DBP:Cyq cell delivers the extracted Tgq lifetime
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longer than 20 years under continuous solar illumination. Multijunction structures
with similar material sets but smaller current density than single junctions are ex-
pected to achieve even longer lifetimes. The stability of NFA-based OPVs have also
been reported with Tgy = 2000 hrs, free of burn-in problems. 2" The stability of high
efficiency OPV structures, either solution- or vacuum-processed, have not yet been
fully studied. However, it is optimistic to assume that they could achieve similar

lifetime with device structure engineering.

— e ) . .
Off-Grid On-Grid 4 Other | | = Likely to be the first
| | | market entry of OPV.
Telecom and Aural Residential and Wholesal I Portables and I Examples:
Transportation | ura commercial olesale \ consumer products I - BIPV;
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- Integrated into cloth;
Requires high efficiency - OPV greenhouse.
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Figure 7.9: Possible OPV market entry - portables and consumer products.

The OPV efficiency and lifetime is not likely to exceed that of Si or GaAs. On
the other hand, it does not need to compete with them. The advantages of OPV
technology lies in the light and flexible from factors, low-cost fabrications and semi-
transparent features. Shown in Fig. 7.9 is the different solar cell applications. Instead
of building power stations for on-grid and off-grid electricity generation which requires
high efficiency and long lifetime, OPVs are more likely to find their market in portable
and consumer products. Some of the examples are building-integrated PVs, applying
on cars and clothes, OPV green houses!'?!! etc. At 15% efficiency, low material
cost and 10 to 20 yrs lifetime, OPVs could potentially outperform other thin film
technologies for these applications with low module and balance of system (BOS)
cost fraction. Whether the OPVs can achieve these goals or not, it should become

clear in the next few years.
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APPENDIX

Organic Chemical Structures

Small Molecule Donors:
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144
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Polymers:

[6,6]-Phenyl Cg; butyric acid [6.6]-Phenyl C+ butyric acid
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