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Abstract

Quantum dots (QDs) are promising building block materials for many emerging
energy-harvesting applications. We theoretically investigated the influences of the QD-
QD (CdTe-CdSe) charge transfer rates and mechanisms on QD solar cells power
conversion efficiencies using multi-level modeling methods including the first principle
quantum chemistry calculations of QD electronic and charge transfer properties and the
kinetic modeling of solar cell performances.

We developed tight-binding electronic structure models to explore the QD
electronic properties, and the charge transfer kinetics including their dependences on QD
sizes and QD surface-to-surface distance. We calculated the QD-QD charge transfer rates
following the non-adiabatic rate expression by Marcus. The QD-QD electronic coupling
strength decays exponentially as the QD surface-to-surface distance increases. The QD-
QD charge transfer rates generally increase (decay) as the acceptor (donor) QD radius
increases. We found that the TS coupling mechanism can dominate the QD-QD coupling
over the TB coupling. The difference between the TS and TB coupling size dependences
results in a dominance switch between the TS and TB charge transfer mechanisms in the
QD dyad as the QD sizes grow.

We further explored the use of an external charge to modulate the QD-QD

coupling strength and the coupling mechanism. We found that a positively charged group
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in the bridge strengthens the D-A coupling for all QD sizes. A negatively charged group
in the bridge causes the D-A coupling reduction in large QDs. For small QDs, the D-A
coupling variation induced by the negative charge depends on the QD sizes. Compared
to the neutral bridge, we found that through-solvent and through-bridge mechanisms
switch their dominance at smaller (larger) QD sizes for the positively (negatively) charged
group in the molecular bridge.

Using the computed charge transfer rates, we explored the power conversion
efficiencies of QD solar cells based on QD dyads and QD triads. We found that the external
and internal power conversion quantum efficiencies are significantly enhanced by
introducing a third QD between the donor and acceptor QDs. The improvements in the

efficiencies can be further enhanced by tuning the band-edge energy offset of the middle-

position QD from its neighbors.
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1. Introduction

Semiconductor nanoparticles/nanocrystals, or quantum dots (QDs) have been
widely utilized in many mature and emerging fields such as ultrasensitive biological
detecting, labeling and imaging,>* single-photon turnstile device,>® multicolor optical
coding for biological assays,”® and thermoelectric materials and devices.!®>* As the world
energy consumption and sustainable energy source needs grow,*!® QDs are also
considered as promising materials for designing and manufacturing third generation
photovoltaic (PV)!2and photoelectrochemical (PEC)*% solar cells.

QDs have many advantages in constructing solar cells, compared to traditional bulk
silicon crystals. First, they can be synthesized in simple and less expensive ways.?® Second,
the interior of a QD has a higher purity than its bulk counterpart because of QD self-
purification function, which drives impurities to the nanoparticle surface.?” PEC cells
benefit from a large surface-to-volume ratio that enhances catalysis.?® Lastly, the quantum
confinement determines the band gap and energy levels as QD size changes.?®! QDs with
various sizes and band gaps can be used to capture a wide-range of the ultraviolet and
visible spectrum of sunlight.?*3? For example, cadmium chalcogenide QDs have size-
dependent band gaps that cover the entire ultraviolet and visible spectrum.3® In addition,
QDs can replace the traditional p-n junction. The Piezo-electric effect and the permanent
dipole moment in QDs create a large electric field that drives the carriers into desired
locations.3**® The band alignment and the deformation potential contribute to a type-II
staggered band gap architecture, which can also replace the traditional p-n junction in

separating excitons into electrons and holes.**-28 Multiple exciton generation are found in
1
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QD solar cells, which allows the peak external photocurrent quantum efficiency to exceed
100%.3%40

The power conversion efficiency in the current QD based solar cell does not exceed
12%, which is low compared to dye sensitized solar cell (13%)* and perovskite solar cell
(22.1%).%2 Using inverted structure designs, i.e., inserting a layer of slightly doped p-type
QDs with 1,2-ethanedithiol into the nickel oxide-PbS QD p-n junction, a 9.7 % power
conversion efficiency (PCE) has been reached in a PbS colloidal quantum dot solar cell.*
With a solution-based passivation scheme using molecular iodine, a PbS colloidal QD solar
cell can reach a certified 9.9% PCE.** In contrast, a Zn—-Cu—In—-Se QD solar cell reaches
11.6% PCE because the absorption onset is extended to ~ 1000 nm, which generates higher
photocurrent than other solar cells.*®

Charge recombination is a key factor that limits the QD based solar cell PCE.*6-%°
Large charge recombination rates arise from the high-density surface states. Meanwhile,
the charge separation processes are slow because of the weak QD-QD electronic
couplings.1®% Molecular ligands like halide,** hydroxyl,>? and sulfide®*>* are commonly
used in experiments to passivate the QD surfaces, so that the surface states are partially
eliminated and the charge recombination rates are controlled to low levels. The core-shell
structure is another surface passivation strategy to create a shell at the donor-acceptor
interfaces in QD assemblies that blocks the charge recombination.>>®” As compared to
usual band alignments among the QD donor, ligand barrier and QD acceptor, the cascade
band alignment helps to generate higher photocurrent and to slow the charge recombination

at the interfaces between different materials.*342:58:59
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The electronic properties of the QDs and charge transfer between QDs have been
investigated theoretically and experimentally. The QD band structures and densities of
states have been explored with methods from tight-binding model, %! DFTB semi-
empirical methods,%%%3 and ab initio quantum chemistry computation methods.>*%4% These
theoretical studies confirm the quantum confinement effects of small sizes QDs and find
that the surface states are mostly related to the dangling bond on the QD surfaces. Also,
the band edge positions are highly affected by the surface ligands, leading to HOMO pining
phenomena in cadmium chalcogenide QDs.>*®® The computed charge transfer time scale
in ZnSe/CdS core/shell QD solar cells is ~ 150 fs,% consistent with the charge transfer rates
obtained with transient absorption spectrum measurements in core/shell QD solar cells.®”®
The QD size-dependent band edge energies and densities of states were attributed to the
size-dependent charge transfer rates in the QDs. For a CdSe-TiO> solar cell, the electron
injection rate from CdSe to TiO, QDs measured by transient absorption spectrum is ~ 10*°
st for 2.4 nm CdSe QDs and decreases rapidly to ~ 107 s as the QD diameter increases to
7.5 nm. 1768

The experimental and theoretical studies showed that the QD sizes (affect charge
separation rates) and the surface passivation conditions (affect charge recombination rates)
in the QD assemblies are the most important factors that determine the power conversion
efficiencies in QD solar cells. However, the origins of the charge transfer QD size-
dependences are poorly understood, which impedes designing novel strategies to overcome

the high charge recombination rate. For example, the QD size-dependent electronic
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couplings and reorganization energies were not fully considered in calculating the QD size-

dependent charge transfer rates.!’:%®
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Scheme 1. (a) CdTe-CdSe dyad based QD solar cells. Two kinds of
photoconductive polymers (white and yellow) separate the CdTe (blue) and CdSe
(red) QDs. Both the CdTe and CdSe QDs absorb light and generate charge carriers

which are then collected by the transparent electrode and back electrode through two
different polymers. QDs with various sizes are used to capture the wide range of the
visible-IR spectrum of the sun. (b) A CdTe-CdSe dyad unit in (a). The CdTe and CdSe
QDs are non-covalently linked by a dithiol bridge. After an electron is photoexcited
in the CdTe QD, electron transfer occurs from the CdTe QD conduction band
minimum (CBM), through the bridge lowest unoccupied molecular orbital, and to the
CdSe QD CBM,; after an electron is photoexcited in the CdSe QD, hole transfer occurs
from the CdSe QD valence band maximum (VBM), through the bridge highest
occupied molecular orbital (HOMO), and to the CdTe QD VBM. The separated charge
carries are further collected by the electrodes in (a).

To have a better understanding of the charge transfer rate, mechanism and their

influences on power conversion efficiencies in QD solar cells and hence to provide novel
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design strategies in improving the cell performance, we explored theoretically the QD
electronic interaction and charge transfer kinetics in QD solar cells. We focus our study on
the CdTe-CdSe QD dyad with type-I1 band edge energy alignment (Scheme 1). Theoretical
strategies developed in this thesis can be applied to other QD systems.

The thesis is organized as: in chapters 2 and 3, we focus on the charge transfer
properties in the CdTe-CdSe QD dyad; in chapter 4, we focus on the power conversion
efficiency of QD solar cells based on QD dyads and triads.

In chapter 2, we discuss the charge transfer kinetics between the CdTe and CdSe
quantum dots. The size-dependent electronic properties of these QDs are simulated with a
tight-binding Hamiltonian with parameters fitted to experimentally derived data and to
computed results using ab initio quantum chemistry methods. The dependence of
electronic donor-acceptor couplings and charge transfer rates on QD sizes and QD surface-
to-surface distance are explored. The charge transfer rates as a function of reaction free
energy are discussed to link the charge transfer in QD assemblies to Marcus theory.
Moreover, we shall see a mechanism dominance switching between through-space/solvent
and through-bond/bridge pathways in the QD-QD charge transfer, as the QD radii and/or
the QD surface-to-surface distance increase.

In chapter 3, we investigate the use of external charge to tune the QD-QD electronic
couplings and their dependences on QD sizes and the QD surface-to-surface distance. A
charged group is introduced into the molecular bridge that links the CdTe and CdSe QDs.
The charge influenced D-A couplings are studied using tight-binding Hamiltonians and are

explained by the charge induced changes in the effective tunneling barrier, the
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donor/acceptor-bridge interactions and the effective tunneling pathway length. The
different effects of the bridge charged group on through-solvent and through-bridge
couplings are analyzed. Experimental implications of these charge influenced D-A
couplings, through-solvent and through-bridge contributions are discussed in the end of the
chapter. Moreover, we shall see the mechanism dominance switching between through-
space/solvent and through-bond/bridge pathways in the QD-QD charge transfer occurs at
smaller (larger) QD sizes when a positively (negatively) charged group replaces the
corresponding neutral charge.

In chapter 4, we use the QD size-dependent charge transfer rate obtain in chapter 2
and 3 to explore theoretically the power conversion efficiency in QD solar cells where a
QD triad is used as the energy-harvesting and charge-separating engine unit. We
hypothesized that use of the QD triad will effectively reduce the charge recombination
processes in the QD dyad. We found that the QD triad engine has high solar cell
performance when the charge recombination rates are larger or comparable to the charge
separation rates. The effects of QD absorber density, band edge offsets among three QDs

and QD sizes on the QD triad engine performance are also discussed.



2. Size-dependent electron-transfer kinetics of quantum-
dot assemblies

In this chapter, we discuss on the mechanisms of charge transfer between CdTe and
CdSe QDs. This collaborative work with Peng Zhang (Duke University), Brian P. Bloom
(University of Pittsburgh) and David H. Waldeck (University of Pittsburgh) has been

published on J. Phys. Chem. C, 2017, 121 (27), pp 14401-14412.

2.1 Introduction to charge transfer in QD assemblies

The size-dependent band gaps of semiconducting nanoparticles (NPs), or quantum
dots (QDs), make them useful as tunable light-harvesting structures that can absorb light
across the solar spectrum. Because of quantum confinement,?>®°*~"7 These features and the
convenient solution processability of QDs has led to their use in light-emitting’® and light-
harvesting devices.3>"37°81 |n comparison to the well-known optical bandgap effects, the
effect of QD size on the charge transfer characteristics of QD assemblies are less well
understood.

Optimization of charge transfer requires a design that promotes the desirable charge
transfer separation and inhibits the undesirable recombination pathways. One primary
strategy is to create an energy gradient that promotes charge transfer and minimizes
recombination. Successful band alignment between electrodes and QDs has been shown
experimentally to increase charge separation efficiencies in QD bulk heterojunction
architectures,”®2% and QD-based solar cell efficiencies have reached over 10% by

employing band alignment engineering.%®%°8-%0 The photo-induced charge-transfer
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between CdTe and CdSe QD layers depend on the QD size,3" ™ surface ligands,™
linkers,3"% interfacial charge recombination,?®%2% and QD organization.3%8

The efficiency of type Il heterojunction QD solar cells depends strongly on their
charge-transfer kinetics,”®7"9-% and the size-dependent charge transfer properties of QDs
offer an avenue to manipulate and improve the efficiencies of solar cells.®® Systems with
smaller CdTe QDs and larger CdSe QDs have faster inter-QD electron transfer rates than
systems with larger CdTe QDs and smaller CdSe QDs. The QD band edge energies for the
CdTe and CdSe QDs have a type I alignment when CdSe is small and CdTe is large. The
type | alignment makes the ET energy unfavorable (A:G > 0). Thus, the electron transfer
rate from a large photo-excited CdTe QD to a small ground CdSe QD is slow compared to
rates that would be found for type 11 band alignment.® Kamat et al.18%88297 stydied electron
transfer (ET) rates between photo-excited CdSe quantum dots and metal oxide
nanoparticles, both theoretically and experimentally; and they concluded that the ET rates
increased with CdSe QD size because of an increase in the electronic density of states
(DOS). Chu et al.®® showed that charge transfer rates between Sn;Ss linked CdSe QDs
depend on the QD size and linker conformations and used linear-scaling density functional
theory methods to evaluate electronic and vibronic couplings between QDs. Graff et al.*’
examined electron transfer between a CdTe donor QD and CdSe acceptor QDs ranging in
size from 2 nm to 4 nm and found that the ET rate increased monotonically with reaction
free energy. These studies attribute the size-dependence of electron transfer rates between
QDs to the size-dependent band edge energetics (i.e., electronic density of states and

reaction free energy effects).
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To make predictions of the Marcus ET rate as a function of QD size, requires
methods that are qualitatively reliable and affordable for the computation of the key
electronic properties (i.e., the QD-QD electronic couplings, band edge energies, and
electronic DOS).%8% We use an empirical tight-binding approach as a compromise between
cost and reliability. The sp3s* tight-binding model®%61:9-192 has heen widely used to
calculate the conduction band minimum (LUMO) energy, valence band maximum
(HOMO) energy, and the DOS for CdSe and CdTe QDs as a function of size. The typical
sp3s* tight-binding models are based on nearest-neighbor Hamiltonians and do not describe
through-solvent interactions between non-covalently coupled QD pairs. We introduce a
modified tight-binding model that includes both through-solvent (TS) and through-bond
(TB) electronic coupling interactions between atoms in the two distinct QDs. These
electronic couplings perturb the QD densities of states,'1% but we neglect this effect,
assuming weak NP-NP coupling. We validated the approach, by comparisons of computed
band-edge energies to experimental values and comparisons of tight-binding electronic
DOS to those derived from higher-level theory.

We use this semi-empirical approach to investigate how the QD-QD ET Kinetics
change with QD size and the nature of the chemical linkers between QDs. We use a tight-
binding model to compute size-dependent nonadiabatic ET rates between QDs. The rates
are then decomposed into through-bond and through-solvent contributions as a function of
QD radius and distance. The analysis finds that QD radius strongly affects the key ET rate
parameters, namely the electronic couplings (the relative contributions of through-bond

and through-solvent interactions are radius dependent), the QD densities of states, the
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reaction free energies, and the ET reorganization energies. Compared to small molecule
ET systems, the inverted free energy effects are typically weaker in QD ET systems
because the reaction is usually made more exergonic by increasing the acceptor radius,
which increases the acceptor density of states and accelerates the ET rate. Taken together,
these two effects compensate each other somewhat and the inverted effect can be masked.
These studies provide qualitative design principles for tuning the ET kinetics of coupled

QD assemblies.

2.2 Charge transfer theory and computational methods to
capture charge transfer in QD assemblies

2.2.1 Charge transfer rate equation between two QDs

CdTe QD excited states are generally assumed to undergo rapid internal conversion
to the lowest energy excited electronic state (sub-picosecond time scale) and ET time scales
are typically much slower (ps or longer).2%2%7 Thus, we approximate the ET as proceeding
between the LUMO (HOMO) of the electron (hole) donor and unoccupied (occupied)
orbital manifold of the electron (hole) acceptor. Further, we assume that the total QD-to-
QD ET rate can be written as a sum of independent state-to-state electron transfer rates.
The outer sphere reorganization energy 4, depending on the QD radii, for each state-to-
state electron transfer rate is assumed to be the same and is approximated by the two-sphere
Marcus formula; inner sphere reorganization energy effects are neglected. In this
approximation, the overall QD-to-QD ET rate is:1%%

2
1 _(arG+A+Ey)

kee = [ K(E)P(EYAE = Eik; = T XV EDP fmmse” 7 2.1)
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where K(E) is the electron transfer rate between the LUMO of CdTe and the unoccupied
orbitals of CdSe at energy E, p(E) is the CdSe density of states (DOS), ki is the electron
transfer rate between the LUMO of CdTe and the i unoccupied orbital of CdSe with
energy E; (relative to its LUMO energy), and 4:G is the energy difference between the
LUMO:s of the donor and acceptor. Since our systems are finite, the density of states in eq
2.1 is calculated as a sum over discrete electronic states. The use of eq 2.1 ignores Auger
effects, described by Lian, Alivisatos, Prezhdo and others,?112113 which are found to
become important for charge transfer rates in the highly inverted free energy regime.

We use a tight-binding Hamiltonian to compute the electronic structure of the QD
assemblies that consist of a donor, acceptor, and bridge. The CdTe and CdSe QDs are
modeled by defining a sphere of radius R, with its center at one Cd atom in a zinc blende
lattice. Energy levels, densities of states, and electronic couplings between the donor and
acceptor for different QD sizes are obtained from the tight-binding model. Because the
electronic couplings V(Ei) between the LUMO of CdTe and the low-lying unoccupied
orbitals of CdSe were found to be of the same order of magnitude over the energy range
relevant to ET, V(Ei) was treated as energy independent and was approximated as the
coupling between the LUMOs of CdTe and CdSe. The other ET parameters change as a
function of the QD size. Hole transfer from photo-excited CdSe to CdTe occurs in the
model between the HOMO of CdSe and the occupied orbitals of CdTe (4:G for hole
transfer is given by the HOMO energy differences). The through-solvent (Vpas) and

through-bond (Vba,p) contributions to the couplings were each analyzed.
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2.2.2 Tight-binding model for QDs electronic structure calculations

Electronic Hamiltonian. The QD assembly includes a donor (D), acceptor (A),

and bridge (B) with
H=Hy(D)+Hy(B) +Hy(A) + Vpg + Vs + Vp,4 (2.2)

where H, is the Hamiltonian operator for the isolated donor (D), bridge (B), or acceptor
(A) and Vpp, Vg4 and V), describe the electronic interactions between the components of
the assembly. When the QDs are weakly interacting, the limit of interest here, the acceptor
DOS in eq 2.2 is well approximated by the DOS of the isolated acceptor. The Hamiltonian
for the bridge (B) includes chemical bridging species that bind to the QDs. Interactions
mediated by solvent are included in the through-solvent analysis.

Hamiltonians of the fragments. The tight-binding Hamiltonian of an individual

Hy=YiuEila,i >< a,i| + X floc,i>< a’,i’| (2.3)

i;ti',a;ta' Vii',aa
where |a, i > denotes orbital i on site a and Eia is the corresponding orbital energy. Each
atom (site) in a QD is described using two effective orbitals with two electrons. The

coupling v, -between orbitals in eq 2.3 is distance dependent (unless they are on the same

atom, in which case the interaction is zero):

v = agel Pt (1- 5, ) (2.4)

des 1S the distance between atom a and a’. Ay, fir, and Ei. (in eqs 2.3 and 2.4) are
determined by fitting the computed CdTe and CdSe QDs band edge energies to

experimental values.®® E;, values are set to previously parameterized s and s* orbital
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energies in the sp3s* tight-binding Hamiltonian.®®®? The Hamiltonian H, enables the
computation of p(E) in eq 2.1. Our simplified tight-binding Hamiltonian is a two-orbital
per atom Hamiltonian. Compared to the sp3s* model, our simplified tight-binding model
parameterizes the through-solvent interactions between QDs, which is required for the
following analysis.
Through-solvent QD-QD interactions. The interaction between two QDs is

approximated as the sum of the pairwise atomic interactions between the QDs,

Vba = Xiqa Biga'l i >< ', i (2.5)
where a and a’ atoms (sites) belong to different QDs. B, .. is also distance dependent

B

jaq’ = Die %) (2.6)
where i =0, 1 represents s and s* orbitals respectively; d; .. is the distance between atom
a of the donor CdTe and atom o’ of the acceptor CdSe, and Di and y; are parameterized
using DFT analysis of QD-QD through-solvent electronic couplings (see below). This
model does not explicitly account for the coupling through the organic molecular layer,
which may depend on geometry!** and energy.!'>1® The model reflects the influence of
the organic layer through the decay parameter y;.

Through-solvent coupling and tight-binding parameter fitting. The through-
solvent contribution to the electronic coupling (eq S1) between D and A QDs is denoted as

Vpas,

Vpas =< olVpal@a > (2.7)
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where ¢p and ga are the eigenstates of the isolated QDs. For electron transfer, we compute
Vpa;s using the LUMOs of the donor and the acceptor. The interaction between the HOMOs
describes the hole transfer coupling.

The through-solvent coupling is computed using block-diagonalization (BD) based
on the Kohn-Sham matrix of density functional theory (DFT).11"-11% Although we are
focused on the through-solvent coupling, our analysis begins with a model of the full D-B-
A system. D-B-A is broken into three components: a dithiol molecule is used as the bridge
(B), the donor (D) is a CdTe QD, and the acceptor (A) is a CdSe QD. DFT calculation of
the D-B-A system produces the Kohn-Sham matrix F°, which is orthogonalized using the
overlap matrix S:

F =S1Y2p05-1/2 (2.8)
F is then partitioned into D, B, and A blocks:

FDD FDB FDA
F= <FBD Fgp FBA) (2-9)
FAD FAB FAA
The diagonal blocks are each diagonalized,

UXX_lFXXUXX = Ex (2.10)
where X =D, B, and A. The composite matrix that transforms from adiabatic to diabatic
states is

Upp 0 0
T = ( 0 Uggp 0 ) (2.11)
0 0 Uy

The matrix F is transformed to:
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Epp UDD_IFDBUBB UDD_lFDAUAA
T™'FT = UBB_lFBDUDD Egp UBB_lFBAUAA (2.12)
UAA_lFAD Upp UAA_lFAB Ugp Ega

The through-solvent coupling between the D and A is:
Vpas = UDD_lFDA Upa (2.13)
For molecular orbital m on D (e.g., the LUMO of CdTe) and molecular orbital n on
A (e.g., the LUMO of CdSe), the electronic coupling is Vpas(m, n), and we use it to fit the
parameters in eq 2.6 that describe the through-solvent DA interaction. We first perform
B3LYP/lan2dz calculations on the CdssTess—SH(CH2)xSH-CdssSess systems as a function
of x and derive the electronic couplings using eq 2.12. The distance dependent through-
solvent electronic couplings for CdssTess—CdasSess systems, with the same edge-to-edge
distances as in the linked Cds3Tess—SH(CH2)xSH-CdssSess systems, calculated with eq 2.4
are fit to the couplings obtained from eq 2.12 (using a nonlinear least squares fitting
scheme). Since the through-solvent interactions between two QDs arise mainly (>94%)
from the surface atoms in the nearest “hemisphere”, we expect that the through-solvent
coupling parameters fit to eq 2.6 for a CdzsTess and CdzsSessz QD pair can be used for larger
QD pairs. Note that dithiol molecules can attach either covalently or noncovalently to the
NP.37120.121 Eor calculational convenience, we noncovalently link the NPs with the bridging
molecules, and the D-B and B-A couplings are relatively weak. The general conclusions
related to the NP size-dependence of the ET kinetics do not likely depend on this linkage

chemistry.
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Through-bond electronic couplings. Linked NPs are also coupled by bond-
mediated interactions (denoted as Vpap). Second-order perturbation theory describes these

couplingst?2123

VpeV
Voap = Lp——2t (2.14)

E-Ep

where E is the electron or hole tunneling energy, approximated by the average energy of
the donor and acceptor molecular orbital energy and Eg is the energy of the effective bridge
(dithiol) molecular orbital, which is offset by ~ 3 eV compared to E (changes to this offset
energy on the scale of 1 eV will not change our qualitative conclusions). The bridge-
mediated couplings Vps and Vsa are calculated from Vpp =< ¢@p|Vpg|@s > and Vg, =
< @g|Vsalwa >. One effective bridge orbital is used to describe either electron- or hole-
mediated tunneling. The effective bridge molecular orbital is taken to couple only the two
nearest Cd atoms on each of the two QDs. Therefore, the through-bond coupling is
evaluated using the wavefunction coefficients of these two Cd surface atoms that bind to

the bridging molecule,

CpC
Vbap = S;_’J—E; (2.15)

where Cp and Ca are the atomic coefficients of the Cd atoms that bind to the bridge. The
amplitude of the Cd wavefunction coefficient is strongly influenced by the QD structure,
including its size. The parameter ¢ is different for electron and hole mediated tunneling and
accounts for the manifold of either bridge bonding or bridge anti-bonding molecular

orbitals. &is parameterized for each of these two manifolds using results of a bridge-
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mediated coupling analysis. £ values are independent of QD size, as long as the bridge
molecules are identical in structure.
The D, B, and A states, which are computed using block-diagonalization, are used to

compute the bridge-mediated coupling between the CdzsTess and CdzsSess:

VppV
Voap = Lot (2.16)

E-Ep

where Vpg and Vga are computed as Vos=Upp FpeUss and Vea=Ugs FeaUaa, respectively.
The summation in eq 2.16 runs over all bridge orbitals. The through-bond coupling
between QD-localized diabatic states m and n are Vpap(m, n). The LUMO-LUMO or
HOMO-HOMO through-bond couplings are computed for the CdzsTess~SH(CH2)SH-
Cds3Sess system to estimate Vpags)b. The wave function coefficients Cps) and Cass) for
CdssTess and CdssSess QDs are computed from the tight-binding model (eq S1), with the
tunneling energy Ezs=(Ep33) +Ea@3))/2, s0 £ineq 2.15 is

Ez3—ER)V
£ = (E33—EB)VDA(33),b (2.17)
Cp(33)CA(33)

We find that including only the frontier orbitals of the bridge in the coupling
calculation is sufficient because the bridge length is short. The effective bridge energy, Esg,

is therefore approximated as the energy of the bridge LUMO.

2.2.3 Reorganization energy and reaction free energy for charge
transfer between two QDs

The reorganization energy, 4, and reaction free energy are the remaining parameters
in eq 2.1. In high-dielectric constant solutions, the outer- sphere reorganization energy

dominates 4. The inner sphere contribution is typically tens of meV for semiconducting

17



QDs, % while the outer sphere / is usually hundreds of meV,%"1%* so we neglect the inner
sphere contribution in our treatment. We use the Marcus two-sphere model for the outer

sphere reorganization energy:1%°

1= eZ(i_l)(L_{_L_L (2.18)

&’ 2Rp  2R4  Tpa
where ¢op and &s are the optical and static relative dielectric constants of the solvent,
respectively. We set gop=2 and &s=15 (es is ~ 7 for bulk CdTe and CdSe, and the influence
of varying &s is discussed in section 2.3.5). Rp (Ra) is the radius of the donor (acceptor) QD,
and rpa is the center-to-center distance between the QDs.

The reaction free energy difference includes contributions from the electronic
energy difference between the QD eigenstates, the difference between the QD-QD
Coulomb interaction in the initial and final states, and the entropy difference between initial
and final states. The entropy contribution from the QDs to 4G is assumed to be small
because the electron transfer charge is spread over very large QD surface areas. The
entropy contribution to the solvation free energy is also neglected because the charge on
the QDs in the charge separated state is highly delocalized. The ET reaction free energy
is estimated using

A,Ggr = EcaseLumo + Ec — Ecare.Lumo (2.19)
where EcdseLumo and Ecdre,Lumo are the LUMO electronic energies of CdSe and CdTe
and Ec is the Coulomb energy for the charge-separated state approximated by two point

charges at a center to center distance of rpa,

1

E ~-— (2.20)

EsTDA
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where the dielectric constant &s is the same as in eq 2.18, intermediate between the bulk
semiconductor and solvent dielectric constants. The free energy difference for hole transfer
from the photo-excited CdSe to a ground-state CdTe QD is

A,Gyr = Ecarenomo + Ec — Ecase,nomo (2.21)

where Ecdse,Lumo and Ecdre,Lumo are the electronic energies of the CdSe and CdTe

HOMOs.

2.2.4 Parameterization of the tight-binding models for QDs
The parameters in eqs 2.3-2.6 are obtained as described above and listed in Table
1. We check the band edges and DOS of the QDs obtained from this parameter set here.

Table 1: Site energies and orbital coupling atom-to-atom parameters for CdTe
and CdSe QDs in eqs 2.3-2.4

Species CdTe CdSe
Parameters Ei(eV) Ai(eV) Bi(1/A) Ei(eV) Ai(eV) Bi(1/A)
i=0 -8.89 47.61 1.46 -9.63 52.64 1.57
i=1 -0.59 -5.89 1.02 0.03 -20.58 1.35

*The two orbitals used for each atom. i = 0 corresponds to the valence band and i = 1
corresponds to the conduction band. (same below)

The CBM energy decreases and the VBM energy increases as the CdTe and CdSe

QD sizes grow. The band edge energy positions that are obtained from the tight-binding

model for the two different QDs have a type Il alignment. These band edge energies are

used to estimate the reaction free energy (egs 2.19 and 2.21).
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Size-dependent band edges of CdTe and CdSe QDs. The band edge energies of
CdSe and CdTe are known as a function of QD radius.®* The band edge energies also
depend on the linker atom;>* here we assume a thiol linker. The parameters A, 5i, and E
shown in Table 1 (egs 2.3 and 2.4) were computed by fitting the experimental band edge
energies (Figure 1). The atomic site energies were chosen as the s and s” orbital energies
from the sp®s” method. This choice of s and s™ energies is not unique, but small changes to
these parameters do not significantly alter the band-edge energies and DOS that are

derived.
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Figure 1: CdTe and CdTe QD band-edge energies as a function of QD size in
the tight-binding model (dots) and experimental data (lines);*

CdSe DOS. The computed CdSe conduction band DOS from the tight-binding
model is shown in Figure 2 along with those calculated from the sp3s™ method. Our tight-
binding results approximately reproduce the magnitude and energy dependence of the DOS
obtained from the sp3s* model near the band edge (-3.4 to —2.4 eV). When the energy is

larger than -2.4 eV, our DOS is much smaller than the DOS that is found with the sp3s”
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method because the p orbitals that produce a higher density of states in the conduction band
are absent in the tight-binding model. The LUMO energy of CdSe QDs is ~ 0.39 eV lower
than the LUMO energy of CdTe. The CdSe DOS in the energy range from —-3.4 eV to —2.4
eV dominates the integral in eq 2.1, and for the energies larger than -2.4 eV, the DOS
contributes little to the ET rate. The computed valence band DOS of CdTe (Figure 2 b,c)
decreases with energy and increases with the cube of the QD radius. These trends agree

qualitatively with the sps™ model and the free-particle model.

200 120
—Tight-binding model —Tight-binding model
- —sp3s* model T;_ 100 —Free particle model
— ¥ |
E 150 @ sp3s* mode
o § 80
E q Z 60
v 100 N
‘s ©
z 2 40
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Energy/eV Energy/eV
(@) (b)

Figure 2: CdTe and CdSe densities of states. (a) CdSe conduction band DOS
calculated using our tight-binding model (black) and the sp3s* model (blue) with a
Gaussian width 0.05 eV; (b) CdTe valence band DOS calculated using our tight-
binding model (black), the sp3s* model (blue) and effective mass free particle model
(red) with a Gaussian width 0.1 eV. The CdSe QD has 15.5 A radius.

Distance dependent electronic couplings between CdssTess and CdzsSes. The
tight-binding parameters for through-solvent and through-bond couplings are fitted to

couplings derived from DFT calculations (B3LYP/LANL2DZ for geometry optimization
21



and B3LYP/LANL2DZdp with ECP for electronic structure calculations) on CdzsTess—
SH(CH2)xSH—Cd33Ses3 (x=2-7). These dithiols, particularly ethanedithiol (x=2), are
commonly used as crosslinkers to increase the conductivities of QD thin films.!?® The
Kohn-Sham matrix for this system is computed at the B3LYP/LAN2DZdp level, which is
appropriate for describing CdssTess and CdssSess QD electronic structure.*?® Through-
solvent and through-bond couplings for these systems are obtained using eqgs 2.8-2.13 and
2.17.

The computed through-solvent couplings (Vpas) between CdssTess and CdasSess,
and their dependence on the surface-to-surface distances Rs, are shown in Figure 3. The
LUMO-LUMO and HOMO-HOMO couplings decrease approximately exponentially with
distance (decay exponent Ss). The ps values for the LUMO-LUMO and HOMO-HOMO
decays are 0.30 A and 0.51 A%, respectively. Assuming an effective mass m” = me,
tunneling through a one dimensional 3 eV square barrier (typical of QD electron affinity),
produces a coupling decay constant of 0.89 AL, Our computed Ss values are smaller than
this value. This may arise from the reduced effective mass of electrons in semiconductors
(0.116 for CdSe and 0.098 for CdTe)!?” and the polarization of frontier orbitals that arises
from interactions with the bridge molecule (influencing both the effective height and shape
of the tunneling barrier). The computed through-solvent coupling value is consistent with
experimental electron transfer rates between CdTe and CdSe QDs.8 The electron transfer
rates between 2.5 nm CdTe and 3.5 nm CdSe QDs separated by 1.0 nm are measured to be
10° 571,88 and the associated coupling is estimated to be 1072 eV, assuming a reorganization

energy of 0.28 eV and a reaction free energy of -0.50 eV based on eq 2.19. Our result for
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the LUMO-LUMO coupling between CdssTess and CdssSess separated by 10 A is 3.27 x

107 eV, qualitatively consistent with the experimentally estimated coupling of 102 eV.%

+ HOMO-HOMO, DFT
+ LUMO-LUMO, DFT
—HOMO-HOMO,TB

-5 -3t
== LUMO-LUMO, TB
% 6 0.51 @
> > 4
£ £
7 =
| * HOMO-HOMO, DFT
4+ LUMO-LUMO, DFT
8 v ] ==HOMO-HOMO,TB
=—LUMO-LUMO, TB -
L 1 1 L i _6. L L 1 i
8 10 12 14 16 8 10 12 14 16
Distance /A Distance /A
@) (b)

Figure 3: CdTe-CdSe electronic couplings as a function of distance. Through-
solvent (a) and through-bond (b) HOMO-HOMO (blue) and LUMO-LUMO (red)
couplings between Cd33Te33 and Cd33Se33, based on block diagonalization of the
Kohn-Sham matrix (DFT in plots) and our tight-binding method (TB in plots). The
numbers along the lines indicate the slopes, in units of A-.

The computed through-bond CdssTess to CdssSess couplings are shown in Figure
3b. The exponential decay of the coupling with distance is consistent with a bridge-
mediated super exchange mechanism. For the CdssTess—SH(CH2)xSH-Cd33Sess system, we
found a through-bond decay exponent of $,=0.28 A (electron-mediated coupling) and
=050 A (hole-mediated coupling). The through-bond coupling decay constant
computed with the B3LYP/6-31G(d) analysis is 0.26 A for an alkyl chain,*?® similar to
the above value. Wang et al. studied ET from CdSe QDs molecularly bridged (by n-

methylene based SH-[CH:]»—COOH) to SnO: films using optical pump—THz probe
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spectroscopy.t?! They found that the coupling decays with bridge length, with = 0.37 +
0.03 A%, in qualitative agreement with our computed S, value. A recent study of Graff et
al. finds a similar coupling decay, 8 value of 0.27 A%, for CdTe-CdSe QD pairs linked by
a hydrocarbon with an amide group in the middle.®” The qualitative consistency between
our computed couplings and the couplings drawn from experimental rate data enables us
to use the DFT results to fit our tight-binding model.

Fitting the tight-binding through-solvent parameters using DFT. The fitted
through-solvent CdssTess—to-CdssSess tight-binding coupling parameters (eq 2.6) are
shown in Table 2. The values are close to the fs values because the through-solvent
interaction is the sum of atom-atom interactions that originate with similar tunneling
barriers. The values derived for this specific system can be used for larger CdTe and CdSe
QDs because the main contribution to the through-solvent coupling arises from the
interaction between surface atoms on the two facing hemispheres, and the through-solvent
tunneling barrier between the two ‘hemispheres’ does not change as the QDs size grows.

Table 2: Through-solvent coupling parameters for CdTe and CdSe QDs in eqs

2.5-2.6

Di(eV) yi(1/A)
i=0 -7.11 0.54
i=1 -0.06 0.31

Fitting the tight-binding through-bond parameters using DFT. The through-bond
tight-binding scaling parameter is & (independent of QD size, egs 2.15 and 2.17). The &
value depends on the bridging molecule, and its value drops approximately exponentially

with distance. In the ET coupling and rate analysis below, we fix the bridge molecule
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(length and chemistry) and change the QDs size (CdTe-SH(CH2).SH-CdSe). For these

structures, &= 30 eV? (11.2 eV?) for LUMO-LUMO (HOMO-HOMO) couplings.

2.3 Size and dielectric constant dependent electron and hole
transfer rates

2.3.1 Size-dependent QD DOS and activation free energy

DOS. The DOS computed with our tight-binding method generally increases with
the conduction band energy and was compared with the DOS (see Figure 4a) estimated

using an electron in a sphere model,® namely

3
p(E,) = VL B, (2.25)
where Ej, is the electronic energy for a particle with an effective mass m*, and V is the
volume of the sphere.

The computed DOS of CdSe conduction band is qualitatively consistent with the
simple tight-binding model. The fine structure in the DOS spectrum originates from
breaking the degeneracy of the first 13 electronic orbitals ((n-1)s (n-1)p nd ns np orbitals,
see inset in Figure 4a), which resembles the degeneracy of the orbitals derived from the
spherical potential model and from the sp3d®s* tight-binding model.1%212° At very high
energies, the tight-binding models fail; however, this energy regime is not relevant to the
ET processes of interest here. Another important characteristic of the DOS (Figures 4b,c)
is its dependence on the QD radius. If we integrate the DOS over a 1 eV energy window
near the band edge, we find that it appears to increase as the radius Rcdse cubed; i.e., the

volume. This dependence is consistent with the DOS in the sp3s” model and the free-

particle model.1%>!2® This DOS radius dependence near the band edge indicates that the
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tight-binding model captures the essential features of the QD’s electronic structure. We

find similar agreement between our computed CdTe valence band DOS and the DOS

obtained from the sps” model and the free-particle model.
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Figure 4: CdTe and CdSe QD densities of states as a function of QD sizes. (a)
The graph shows the conduction band DOS of CdSe QDs with a 15.5 A radius
calculated using our tight-binding model (blue dotted line, energy bin size of 0.02
eV), spherical potential we well model (black solid line), and energy levels of the first
13 electronic states from the tight-binding model (inset). The effective mass for the
spherical potential model is 0.12 m..'” (b) & (c)The plot shows the integrated DOS of
CdSe & CdTe QDs as a function of radius in the sp’s* model, our model, and cubic
fitting. The energy range is from the CdSe LUMO energy to ~1 eV higher;

Activation free energies. The Marcus free energy of activation (for Ei=01ineq 2.1)
2
isAGT = % for LUMO-LUMO (electron) or HOMO-HOMO (hole) transfer. Figures

5a,b show AG* contours with varying CdSe and CdTe radii. The free energy of activation
for ET reaches its smallest value for a QD radius ratio (Rcgre/Rcdse) of ~ 1.8, however the
radius ratio value depends on the electronic structure of the two QDs, the edge-to-edge
distance between the QDs, and the dielectric constant (discussed below). In contrast to the
molecular case, the acceptor DOS influences the overall charge transfer rate; and the
maximum charge transfer rate in these coupled QD systems may not occur when AG* = 0.
The AG* for hole transfer reaches its smallest value for a QD radius ratio (Rcase /Rcdte) ~
2.0, similar to ET. That is, both HT and ET Franck-Condon factors are the largest when
the donor radius is ~ 2 times larger than the acceptor radius. For a fixed donor radius when
|4:G| > A (inverted region), AG* increases with the acceptor radius for both HT and ET. If
charge transfer rates depended only on AG*, the HT and ET rates vs. the acceptor radius
would display a maximum with acceptor size. Note that the QD radius ratio (Rdonor/Racceptor)
which produces the charge transfer activation free energy valley in Figure 5a,b depends on

the dielectric constant (&s), since 4:G and A depend on &s.
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Figure 5: CdTe-CdSe charge transfer reaction free energy contour plots. (a) The
Contour plots are shown for the charge transfer Gibbs energy of activation as a
function of QD radii for (a) LUMO-LUMO electron transfer; (b) HOMO-HOMO hole
transfer

For a CdTe-CdSe coupled QDs with fixed radii, activationless electron and hole
transfer cannot be realized simultaneously, because both Rcare/Rcase (for electron transfer)
and Rcadse/Rcdte (for hole transfer) would need to be larger than one. However, if the band
edge energies of the two coupled QDs can be tuned independently (for example, by
changing the QD chemical composition), both electron and hole transfer could be tuned

into the activationless regime.

2.3.2 Size-dependent TS/TB electronic coupling between QDs

Through-space analysis. We construct a simple model for the dependence of the
donor-acceptor coupling on the QD radii, including the influence on through-bond and

through-space interactions. Donor and acceptor electronic states are each assumed to be
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localized on one of the QDs and to be delocalized predominantly on the surface atoms,
consistent with findings of a DFTB (density functional based tight binding) analysis of
CdTe and CdSe QDs.%®% The through-space coupling between QDs of radii r1 and r; is
calculated by summing over all pairwise interatomic interactions, vij, with distance, dij,

between the atoms. The interaction vjj is assumed to decay exponentially with distance,

such that v;; e~ "s4ij, where cs is a constant with units of energy, ys describes

= & I
the electron tunneling decay between QDs, and Np and Na are the number of surface atoms
on the donor and acceptor, respectively. The two QDs are centered (in Cartesian
coordinates) at (0, O, -ri-a) and (0, O, ro+a), and 2a is the edge-to-edge distance between
them. Using polar coordinates (see Figure 6), the through-space coupling (where ri=ry,

ri=r2) is

ND 2T (2T
Jpas = pres gy f f f f 1; sinf; 1; sin; v;; de; de; db; db;

= S pNa (7 fon fom fozn sinf; sin; e™s% do; de; do; db; (2.23)

16721 1Ty Y0
The distance dij is

dij =

\/(Tj sinb; cosg; — 1, sind; cosp;)” + (1 sind; sing; — r; sinf; sing,)* (2.24)

+(7; cosB; —1; cosB; + 2a)?

The TS coupling Jpas is approximately exponential in the distance between the
QDs. More than 90% of the QD-QD coupling arises from the hemispheres of QD

atoms that face each other (for QDs with radii > 17.5 A, ys = 0.44A™* (fitted from DFT
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computed couplings between CdssTess and CdssSess; see Sec. 2.2.3), and edge-to-edge

distances > 8 A).

(?";‘, 9!': @I) (r.,'": 9.,'": QGJ-')
d ..

Figure 6: The geometrical model of charge transfer couplings between two
spherical QDs. The z-axis joins the QD centers. One effective bridge orbital appears
at the origin.

The tight-binding model is used to investigate the size-dependent through-space
couplings for CdTe-S-(CH2).-S—CdSe. Figure 7a shows the dependence of the through-
space couplings on the QD radius, as derived from the simple geometrical analysis (black,
eq 2.21) and from the tight-binding model (red, blue). The LUMO-LUMO and HOMO-
HOMO couplings are qualitatively consistent with one another and are determined, in part,
by the atom-to-atom through-space interaction distance decay constant fs. As the QD size
increases, the through-space couplings decrease. The through-space couplings for radii <
10 A are typically one order of magnitude larger than the couplings for radii > 20 A. For
fixed edge-to-edge distances, the QD center-to-center distance grows with QD radius and

as a result the wavefunction amplitude for each individual surface atom decreases. The

approximate amplitude on a surface atom scales with 1/+/N, where N is the total number of
surface atoms; thus the coupling between two QDs is expected to decrease as 1/R, where

R is the QD radius. Deviations from a simple 1/R dependence (for QD radii from 7.5 A -
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9.5 A) likely arises from the non-spherical structure of the QDs and the spreading of
amplitude into the NP core. Note, that Figures 7a,b show plots of In(V-R) versus R, and the
range along the vertical axis are different between the two graphs. The differences between
the tight-binding model and the geometrical analysis arise from the non-spherical shape of
finite size QDs and the additional non-surface atomic interactions of the QDs in the tight-
binding model. The through-solvent (through bond) couplings are within a factor of 2 - 3
(~7) of the constant potential model over the entire range.

Through-bond analysis. The second-order coupling between atoms on different

VipVpj
€—€p

QDs mediated by one bridge orbital is w;; = where ¢ and ey are tunneling and bridge

energies, respectively. In analogy with the through-solvent analysis, we write v;, =

1 1 - , . . .
—— o~ Ybdip . — . —= o~ VbApj-
b e and vp; = ¢ e ; where ¢y is a constant with units of energy, and

b 1S the decay of the pairwise interaction between a QD atom and a bridge site (y» = 1.53
A is chosen to reproduce the size-dependent dot-to-dot through-bond coupling derived
from the tight-binding analysis). dix and dy; are the distances between the bridge site and
the surface atoms on the QDs, calculated similarly with eq 2.24. The through-bond
coupling is similar to eq 2.23, but with the bridge mediated wj;; and thus the distance dijj
replaced with (dib + dy;) and ys replaced by y». Note that dij and (dib + dy;) can be viewed as
effective through-space and the through-bond tunneling distances, respectively, for the two
QDs. The dj; values represents the through-solvent tunneling distance, independent of the
ligand length. The through-bridge tunneling pathway distance is determined by the length

of the organic bridging molecules, which is encoded in the values of di, and dy;.
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Figure 7: CdTe-CdSe charge transfer couplings as a function of QD sizes.
Panels (a) and (b) show the size-dependence of the through-space (a) and through-
bond (b) couplings between spherical QDs in the constant potential model (black
line) and the HOMO-HOMO (blue dotted line) and LUMO-LUMO (red dotted line)
couplings in the tight-binding model; the surface-to-surface distance, a, is 8.9 A,
similar to the length of an extended ethanedithiol linker. Here, B is 1.0 Aand Bvis
1.5 A1 (Sec. IL.). Panel (c) shows log(TS coupling)-log(TB coupling) between LUMOs
of the QDs, for various NP size combinations, and panel (d) shows the same as part (c)
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for the HOMO couplings between QDs. 1og(TS coupling)-log(TB coupling) is
approximately a function of the QD radius product Rcare x Rcase.

The tight-binding model is also used to investigate the size-dependent through-
bond couplings for CdTe-S-(CH2).-S—CdSe. The bridge molecule creates coupling
pathways for super exchange between the two QDs. Figure 7b shows the computed
through-bond couplings using both the geometrical and the tight-binding analysis. The
through-bond coupling, like the through-space coupling, decreases with increasing QD
radius. Note that the through-bond couplings deviate more strongly from the constant
potential model (solid black line) than do those for the through-space case. For through-
solvent couplings, all atoms are used in the tight-binding model; for through-bond
couplings, only two atoms near the bridge are considered. However, in our constant
potential model, all surface atoms are considered.

Comparison of through-space and through-bond couplings. Two differences
between through-space and through-bond couplings in Figure 7 are noteworthy. First, the
deviation from a 1/R dependence of the coupling’s pre-exponential factor in the small
radius limit is greater for through-space than for through-bond tunneling. This is reflected
as the unsmooth curves for the couplings from the tight-binding model. This deviation
arises because of the greater number of surface atoms involved in the through-space
coupling as compared to the through-bond coupling. Second, the through-space couplings
decrease more slowly with QD radius than the through-bond couplings (for fixed edge-to-
edge QD distances). This occurs because the through-bond tunneling distance dip + db;

increases more rapidly with QD radius than the effective through-space tunneling distance
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dij (see Figure 7 and eq 2.23). Contour plots of the logarithmic difference between through-
space and through-bond couplings (see Figures 7c,d) indicate that the QD radius
combination producing a constant coupling difference occurs when the product Rcgre %
Rcadse IS approximately constant. When the through-bond and through-space couplings are
equal, Rcate X Rease = 225 A% (126 A?) for the LUMO-LUMO (HOMO-HOMO) coupling.
Dominance of through-space or through-bond coupling is therefore indicated by the value

of Rcdte % Rcase, Which can be controlled experimentally.

2.3.3 Size-dependent electron transfer rates

Charge transfer rates are computed using eq 2.1 with the coherent sum of the
couplings Vpa = Vpas + Vpab. We decompose the charge transfer rates into three terms,
proportional to Vpas?, Vpap?, and the interference term 2VpasVoap. We define the Vpas?
and Vpap® dependent terms in eq 2.1 as the through-space and the through-bond
contributions to the rate, respectively. This separation is useful when either the through-
bond or the through-space coupling dominates the donor-acceptor interaction. Figure 8
shows the computed through-space (panel a) and through-bond (panel b) electron transfer
rates as a function of acceptor radius (eq 2.1) using DOS, coupling, reorganization energy,

and free energy differences.

Through-space ET rates. Figure 8a shows the rates computed for photoinduced ET
from CdTe to CdSe as Rcase increases from 7.5 A to 27.5 A, for five different CdTe QD
radii. Although the electronic coupling between CdTe and CdSe decreases as Rcdse

increases, the increase in the CdSe DOS and the increasing reaction driving force lead to
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an increase in the electron transfer rate with CdSe size. Note also, that the ET rates increase
as the CdTe radius (Rcare) decreases for all CdSe QDs. For small CdTe QD radii (< 12.5
A), the computed ET rates range from 4.5 x 101°s? to 6.7 x 10! s, consistent with the
experimental ET rates.®®% The rate computed for ET from a small CdTe QD (Rcare = 13.5
A) to a large CdSe QD (Rcase = 27.5 A) is 2.7 x10™ s, in close agreement with the
experimentally derived ET rates (1.2 - 2.8 x 10t s%) for a small donor CdSe QD (Rcdse =
14.0 A) to metal oxide NPs.*3! The rate computed for ET from a small CdTe QD (Rcate =
6.5 A) to a large CdSe QD (Rcase = 27.5 A) is 9.9 x 10 s1 in the tight-binding analysis,
comparable to the ET rate derived from first principles DFT simulations (6.3 x 10*2s™) for
ET between a radius 6.5 A QD and a TiO2 nanobelt. %

An increase in the ET rates can arise either from an increase in the acceptor DOS
or from changes in AG*. We found that the CdSe DOS increases approximately with the
QD radius cubed (Figure 4b,c). As Rcase changes from 7.5 A to 27.5 A for Regre = 7.5 A,
the AG* changes from 0.04 eV in the normal regime to 0.23 eV in the inverted regime. The
reorganization energy of the CdTe-CdSe pair changes from 0.64 eV to 0.44 eV, and the
LUMO-LUMO energy difference changes from —0.32 eV to —1.08 eV. This reorganization
energy is consistent with typical values reported in the literature.®% The rapid decrease in
the LUMO-LUMO energy offset and the slow variation of the reorganization energy with
the CdSe radius causes the ET process to change from the normal to the inverted free
energy regime; however, a rate maximum was not found in the computed ET rates because
the DOS grows rapidly as Rcase increases, which tends to increase the rate with Rcase. The

lower coupling as a function of QD radius and the increased activation free energy in the
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inverted regime, are both more than compensated by the growing electronic DOS with
Rcase. Figures 2, 4a, 7b show that the computed DOS does not uniformly increase with
energy and the LUMO-LUMO coupling’s pre-exponential factor does not have a pure 1/R
dependence (as discussed above). Taken together, these two effects cause small variations
in the dependence of the ET rates on Rcase, displayed in Figure 8a. ET rates for 7.5 A <
Reare < 27.5 A show a similar Rcase dependence.

The ET rate decreases as Rcare increases for all Rease Sizes because of the decrease
in electronic coupling and the decrease in reaction free energy change associated with the
shift in the CdTe’s LUMO energy. For a fixed Rcase, the tunneling energy for ET is set by
the LUMO energy of the CdTe QD, which decreases as the radius increases, and the CdSe
DOS at the CdTe (LUMO) tunneling energy also decreases as the CdTe size increases. The
decreasing DOS and coupling as a function of Rcgre Causes a subsequent decrease in the
ET rates; the ET rates from a photo-excited CdTe QD to a 7.5 A CdSe QD decrease from
10 s to 10* st as Regre increases from 7.5 A to 27.5 A. Note that the recombination rate
for the QDs is typically of order 10® to 107 s, which precludes efficient ET at rates below
108 st

In summary, the ET rate increases with Rcase because the DOS of CdSe increases
with the CdSe radius. The growth in the CdSe DOS itself increases the ET rates, and this
effect dominates all other effects (namely coupling and activation free energy changes),
which tend to decrease the ET rate as Rcdse increases. In addition, the ET rate decreases as

the CdTe radius increases because its LUMO shifts to lower energy and accesses a smaller
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CdSe DOS. As the CdTe radius increases, the electronic coupling drops and the ET rate

slows.
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Figure 8: QD-QD charge transfer rates as a function of QD sizes. Computed
through-space ET (a), through-bond ET (b), total electron (c) and total hole (d) transfer
rates between CdTe and CdSe QDs are plotted as a function of the acceptor QD
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radius for different sizes of the donor QD - based on eq 2.1. The solvent dielectric
constant is 20. ET and HT rates increases as the charge donor radius decreases, but
they may increase or decrease with the acceptor radius depending on the donor
radius.

Through-bond ET rates. Figure 8b shows ET rates computed for photoinduced ET
from CdTe to CdSe by way of a through-bond coupling mechanism as a function of Rcase
for five CdTe radii. As the acceptor CdSe QD radius increases from 7.5 A to 27.5 A, an
ET rate maximum (at R case) appears for all Reare sizes. The positions of the maxima shift
to larger CdSe radii as Rcare increases, following the approximate line R case = 0.21 X Rcare
+8.0. For small acceptor QDs (7.5 A), the computed through-bond ET rate changes over
eight orders of magnitude as the donor QD size changes from 7.5 A to 27.5 A and the
reaction free energy changes from negative to positive. The appearance of the rate
maximum occurs because the through-bond LUMO-LUMO coupling decreases more
rapidly than the CdSe conduction band DOS grows with increasing Rcase (Similar to the
through-space dependence of ET rates on QD size).

The predicted difference between through-bond and through-space ET rates arises
from the competition between the decrease in the through-bond coupling and the increase
in the DOS as a function of Rcase. For larger CdSe QDs, the QD conduction band DOS
increases and the through-space and through-bond LUMO-LUMO couplings decrease with
increasing CdSe size. The through-bond LUMO-LUMO coupling decays more rapidly
than the through-space LUMO-LUMO coupling as Rcadse increases. The decrease in

through-bond coupling is rapid enough to compensate for the increasing DOS with Rcase,
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making it possible to observe the activation free energy effects on the computed rates, vide
infra.

Overall electron transfer rates. The overall electron transfer rates were computed
using the coupling evaluated as the coherent sum of the through-space and through-bond
coupling contributions. Figures 8c and 8d show how the rates change with acceptor size.
For all acceptor radii, the charge transfer rates decrease as the donor size increases, because
the through-space (Voas?) and through-bond (Voas?) couplings decrease with the donor
size, as discussed above. However, the ET and HT rate changes have different acceptor
size dependencies for different donor radii. The ET rate changes show three distinct
dependences as the acceptor radius grows: (1) the ET rate increases for donor radii (Rcare
)>~17.5A; (2) the ET rate decreases for donor radii (Rcate) < ~ 8.5 A; and (3) the ET rate
displays a maximum when the donor radius is in the range of 8.5 — 17.5 A. As the acceptor
radius increases from 7.5 A to 27.5 A for hole transfer, the rates (i) decrease if the donor
radius is small (Rcase < ~ 9.5 A) and (ii) show a maximum if the donor radius is large (Rcase
>~9.5A).

For small donor QDs, the HT and ET rate variations with respect to the acceptor
radius are dominated largely by changes in the reaction free energy and coupling (the DOS
variation effect on the charge transfer rate is small compared to those effects from the
changes in the reaction free energy and coupling). This is because, for type Il QD
architectures, the energy gap E (E > 0) between donor and acceptor band edges is large for
small donor QDs and the charge transfer process is in the inverted region (4:G = —E + Eg,

eqs 2.20 and 2.21), where the charge transfer rate decreases with the increase in the energy
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gap E (caused by the increase in the acceptor QD radius). The electronic couplings for hole
transfer and ET (and consequently the hole transfer and ET rates) also decrease with
increasing acceptor size, for small donor radii. Conversely, for large donor QDs, the HT
and ET rates increase with an increase in the acceptor QD size. This is because the large
increase in the DOS with an increasing acceptor radius dominates the HT and ET rates
more than the decrease in rate caused by a decrease in coupling. Also, the charge transfer
process is mostly in normal region, where the ET rate increases with the increase in energy
gap E or the acceptor QD radius.

In the small QD size regime, the through-space and through-bond interference is
relatively strong because they have similar values (the magnitude of the TS and TB cross-
term VpasVpab is comparable to the magnitude of the individual TS or TB couplings). The
total charge transfer rates always decrease as the acceptor radius increases, in contrast to
the through-space and through-bond rates where a rate maximum versus acceptor radius is
observed. The comparison of through-space and through-bond couplings is discussed in
Sec. 2.3.2 (Figure 7). In the regime where through-space and through-bond couplings are
of similar size, both contribute to the rate, and our calculations show that the overall charge
transfer rate is smaller than the incoherent sum of the rates that arise from through-space
and through-bond channels alone, indicating destructive interference. Therefore, the charge

transfer rate decreases as the acceptor radius grows.

40



—=R_ ;. =75A
=R, =125A

—=Rc, =17.5A
_._FI:GEE-ZZ.E\A

—8=R_ o, =275A

125A 1054

-0.5 0 0.5 1 04 0.2 0 0.2 0.4 0.6 0.8

(AG + h)eV (AG + M)/eV
(@) (b)

Figure 9: QD-QD charge transfer rates as a function of A:G+A with fixed

acceptor (a) and donor (b) radii. The numbers on the lines indicate the radii of the

QD, which determines the value of A:G+A.

ET Rates as a function of 4-G+A. In the two-state Marcus theory, the charge

transfer mechanism changes from the normal to the inverted regime when A4.G+4 changes

sign. The total ET rates (eq 2.1) as a function of 4.G+4 are shown in Figure 9. Note that

all the ET parameters (reaction free energy, reorganization energy and donor-acceptor

coupling) are all radius dependent. ET rates drop rapidly as 4-G+A increases when the

acceptor radius is fixed (Figure 9a). This is because the donor-acceptor electronic coupling

and the acceptor DOS near the corresponding donor LUMO energy position decreases with

the increase in the donor radius. In these ET systems, a transition from the normal to the

inverted regime displays only a modest decrease in the ET rates, and only in some instances

when the donor radius is fixed (Figure 9b). For example, if Reare is fixed at 12.5 A, the rate

goes through a maximum for positive 4:G+A. The coupling’s change with QD size has
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significant effects on the rate versus 4-G+/ plots, for the same reasons discussed in the
context of the rate dependence on QD sizes. In the positive A:G+4 regime, 4:G+A increases
as Rcdse decreases (Figure 9b). Increasing 4,G+A reduces the rate, while decreasing Rcdse
accelerates the rate by increasing the electronic coupling. These two counteracting effects
make the ET rates weakly sensitive to 4:G+4, except when Rcgse is small (in this case the
electronic couplings are more sensitive to Rcase than in the large radius case). Including
other factors, such as the inner sphere reorganization energy, will not substantially change
the general conclusions regarding the rate dependence on 4:G+/ and they may soften the
rate maximum.

Transition between through-bond and through-space coupling mechanisms as
QD radii change. Through-bond ET rates are generally one order of magnitude larger than
the corresponding through-space rates if the donor and acceptor QDs radii are smaller than
12 A (see Figure 8). However, as one or both of the QDs increase in size, the through-
space charge transfer rates tend to be larger than the through-bond rates at fixed CdSe to
CdTe edge-to-edge distances. Therefore, the ET between CdTe and CdSe QDs at a given
distance are predicted to have specific radii in which the ET mechanism switches from
dominantly through-space to dominantly through-bond.

Figure 10a shows a contour plot of the through-bond and through-space ET rate
differences as a function of donor and acceptor radii. As discussed in Sec. 2.3.2, the
through-bond couplings are larger than the through-space couplings if the two QD radii are
less than 15 A (at fixed distances) and vice versa. This difference between through-space

and through-bond couplings causes the through-bond ET rates to be two orders of
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magnitude larger than the through-space ET rates in the small-size regime (both QD radii
~ 10 A), and one order of magnitude lower in the large-size regime (both QD radii ~ 25
A). In other size regimes, through-space ET rates can be larger or smaller than through-
bond ET rates depending on the radii. This switching between through-bond and through-
space mechanisms as a function of QD size causes the through-bond mechanism to
dominate for small QDs and the through-space (including through-solvent) mechanism to

dominate for larger QDs.
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Figure 10: Through-solvent and through-bridge electron transfer mechanism
dominance switch. (a) The plot shows contour lines at fixed values of log10(krs/kz1s)
for ET as a function of CdTe and CdSe radii. (b) Equal rate lines for through-bond

and through-space ET rates are shown for CdSe and CdTe QDs bridged by
SH(CH?>):SH (2C), SH(CH2);SH (3C), SH(CH2)sSH (4C) and SH(CH>)sSH (5C). The
values of loguolks(Rcare, Rcase)/ko(Rcare, Rease] are indicated on the contour lines.

The through-space and through-bond couplings between QDs decrease with edge-
to-edge distance in the bridged structures (Figure 7). Our calculations find that the equal-

rate separation line for different edge-to-edge distances (dithiol bridge lengths) are
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approximately L = Recgre X Rcase, Where L = 126 A? (Figure 10a). The equal rate lines for
different bridge lengths nearly overlap. Therefore, the edge-to-edge distance between QDs
does not significantly change the dominance of the coupling mechanisms. This
insensitivity to distance arises from the fact that the through-space and through-bond
coupling distance decay constants are nearly equal for all of the QD sizes studied. Our DFT
results show that both through-space and through-bond LUMO-LUMO couplings decay
exponentially with decay constants of 0.30 A™. For electron mediated QD-to-QD
tunneling, the position of the bridge LUMO energy defines the effective tunneling barrier.
The dithiol molecules have LUMO energies near the ionization limit, so the vacuum
tunneling barrier and the bridge-mediated electron tunneling barriers are similar; however
other bridging molecules with different energetics could change this feature. We find that
the dividing line separating through-bond and through-space ET coupling mechanisms is
nearly independent of the edge-to-edge distance. Analogous behavior is found for hole
transfer (see Figure 7c,d in section Sec 2.3.2). In general, the contour plot for the through-
space and through-bond hole transfer rates as a function of CdSe and CdTe radii has similar
characteristics to those found for the ET rates shown in Figure 10a. The line where the
through-space rate equals the through-bond rate is also independent of the dithiol length.
The crossover line for through-bond/through-space hole transfer is described by Rcare %

Regse = 225 A2,

Differences between electron transfer and hole transfer rates depends only on the

QD radius ratio. Efficient solar cells require similar electron and hole transfer rates to
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keep charge carriers from becoming trapped. After an electron in a photoexcited QD
transfers to another QD, a hole is left. If the hole transfer is slow, the regeneration of the
photoinduced electron current will be inhibited. Figure 11 shows the difference between
the total electron and the hole transfer rates as a function of QD radii. The total ET rates
are larger than the total hole transfer rates for the approximate radius ratio Rcdre/Rcdse <
1.3, and ET rates are smaller than hole transfer rates if Rcdre/Rcdse > 1.3. As discussed
above, smaller donor and larger acceptor radii generally lead to larger charge transfer rates,
mainly because of the acceptor DOS. Larger ET rates correspond to smaller Rcare/Rcdse
values, and larger hole transfer rates correspond to smaller Rcase/Rcate Values. The CdTe
to CdSe radius ratio of 1.3 (for comparable hole transfer and ET rates) is different from the
radius ratio of ~ 2.0 where the ET activation free energy reaches its minimum and the value
of 1.3 is also far from ~ 0.6 (~ 1.8 for Rcase/Rcate) Where the hole transfer activation free
energy reaches its minimum value. This difference between these two radius ratios arises
from the differences in the band edge energies of CdTe and CdSe. It is possible that other
QD pairs will have comparable ET and hole transfer rates, as well as large charge transfer

rate values.
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Figure 11: Ratio of electron to hole transfer rates as a function of QD radii.The
plot shows contour lines at fixed values of log(ker/kur) as a function of CdTe and CdSe
radii.

2.3.4 Size-dependent hole transfer rates

Through-solvent hole transfer rates. The computed hole transfer (HT) rates from
photo-excited CdSe of a fixed size to ground state CdTe are shown in Figure 12a as a
function of Rcate. As the acceptor Reare increases, a maximum HT rate is found at a radius
of ~12 A. A maximum in rate is found because of the larger HT pairwise atom-to-atom
distance decay constant y; value (see Table 2) for the HOMO-HOMO interaction than for
the LUMO-LUMO interaction. This causes the coupling to decay more quickly as a
function of QD radius for the HOMO-HOMO (HT) coupling than for LUMO-LUMO (ET)
coupling. In bulk CdTe, the estimated effective masses are 0.112 me for light holes and
0.892 me for heavy holes.'?” The estimated electron effective mass in bulk CdSe is 0.116
me. Therefore, the DOS of the CdTe valence band is expected to increase more slowly as

the energy decreases, compared to the case of electron transfer. The slower DOS increase
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in the CdTe valence band and the more rapid coupling decrease coupling with Rcadre than
in the ET case lead to maxima in the HT rates as a function of Rcare for nearly activationless
HT reactions. The computed HT rates decrease with donor radius (Rcase), and the causes
are similar to those that produce a decrease in the ET rates with its donor radius (Rcare).
Note that these rate maxima may be modified by features not yet taken into account, such

as inner sphere reorganization energy, QD structure, or QD surface states.
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Figure 12: Size-dependent hole transfer rates. Computed through-solvent (a)
through-bond (b) HT rates between CdTe and CdSe QDs as a function of acceptor QD
radius. The HT rates depend on the donor QD radius. The dielectric constant is 15.

We found that the maximum HT rate is expected to occur near a single CdSe radius
for all CdTe QD radii. The charge transfer rate as a function of 4,G (which depends on QD
radii) is expected to reach a maximum when -4,G = 1.1%81%2133 The value of Regre for
activationless HT, R"cate, increases with Rcase. For example, if Rcase increases from 7.5 A

to 21.5 A, R"cqre increases from 8.5 A to 12.5 A. The computed R”cate that maximizes the
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HT rate does not change significantly with Reqre; its value remains near 11 A. The rapid
decrease in the HOMO-HOMO coupling with Rcgre compared to the slow increase in the
DOS causes the rate maxima to be weakly Rcdre dependent as Rcase varies. The predicted
oscillations in the HT rates as a function of Rcare are relatively large compared to the
oscillations predicted for the ET rates, because of the fluctuations in the HOMO-HOMO
through-solvent coupling (Figure 7b) and in the CdTe valence band DOS are larger than
for ET.

For a 7.5 A radius QD acceptor, the HT rates are ~ 10'?2 s as the donor QD size
varies from 27.5to0 7.5 A. For a 7.5 A radius QD acceptor, the ET rates range from 10%° to
10%?s? as the donor QD size decreases from 27.5 to 7.5 A. These trends in the rates are
understood because the reaction free energy windows for HT and ET from a QD donor to
a small QD acceptor are different. For ET from a 7.5 - 27.5 A radius donor (CdTe) QD to
a small 7.5 A radius acceptor (CdSe) QD, A,G* changes from 0 to 0.25 eV, whereas HT
from a 7.5 - 27.5 A radius donor (CdSe) QD to a small 7.5 A radius acceptor (CdTe)
acceptor, A,.G* changes from 0 to 0.45 eV.

Through-bond HT rates. The computed through-bond HT rates as a function of
Rcare at selected Rcdse values are shown in Figure 12b. The HT rates decrease with a
decrease in both CdTe and CdSe QD sizes. Maxima in the Rcqdre dependent HT rates occur
approximately following the linear relation R'cqre = 0.23 X Rcase + 7.5. The stronger
through-bond HOMO-HOMO coupling decay with Recdre, combined with the slow growth
in the computed CdTe DOS with Rcare, causes the reduced HT rates as Rcgre grows. The

faster through-bond HOMO-HOMO coupling decay, compared to the through-solvent
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HOMO-HOMO coupling decay as a function of Rcgre, results in the Rcqre dependent
maxima in the HT rates to disappear when Rcgse increases. The HT rates decrease with
increasing Rcgse for the same reason as in the case of through-solvent hole transfer. In
summary, as the size of the CdTe QD increases, the rapid decay of the through-bond
HOMO-HOMO coupling compensates the possible HT rate enhancements produced by the
increase in the CdTe DOS and the decrease in the activation free energy. As a result, the

through-bond hole transfer rates are always predicted to decrease with an increase in Rcare.
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Figure 13: CdTe-CdSe hole transfer rates as a function of A,G+A with fixed

acceptor (c) and donor (d) radii. The numbers on the lines indicate the radii of the QD,
which determines the value of A,.G +A.

HT Rates as a function of A,.G+A. In the two-state Marcus theory, the charge
transfer mechanism changes from the normal to the inverted regime when A,.G +A changes

sign. The total HT rates (eq 2.1) as a function of A,.G +A are shown in Figure 13a and 13b
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respectively. In these QD-QD HT systems, a transition from the normal to the inverted
region appears only in some instances. For example, if Rcate is fixed at 12.5 A, the rate
goes through a maximum for positive A,.G +A. The reasons have been discussed in the main
text.

Transition between through-bond and through-solvent coupling mechanisms as
QD radii change. Through-bond HT rates are generally one order of magnitude larger than
the corresponding through-solvent rates if the donor and acceptor QDs’ radii are smaller
than 12 A (see Figure 12). However, as one or both of the QDs increase in size, the
through-solvent charge transfer rates tend to be larger than the through-bond rates at fixed
CdSe to CdTe edge-to-edge distances. Therefore, the charge transfer between CdTe and
CdSe QDs at a given distance are predicted to have specific radii in which the charge
transfer mechanism switches from dominantly through-solvent to dominantly through-
bond.

A contour plot of the difference between the through-bond and through-solvent HT
rate is shown in Figure 14a. The through-bond to through-solvent HT transition occurs at
smaller Rcate X Rcdse Values than for ET and arises because of the different through-bond
and through-solvent coupling dependence on the QD size. The LUMO-LUMO and
HOMO-HOMO through-bond couplings are close to each other for all QD sizes, and they
are larger in magnitude than those of through-solvent couplings for small QD sizes.
However, through-solvent couplings decay more slowly than through-bond couplings as a
function of the donor and acceptor QD radii. Therefore, a crossover from through-bond to

through-solvent at larger QD radii occurs. In addition, the magnitude of the LUMO-LUMO
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through-solvent coupling is smaller than the HOMO-HOMO through-solvent coupling for
small QD sizes. Therefore, through-solvent HT coupling crosses with through-bond HT
coupling at a smaller QD size than for ET. The similarity between the two through-bond
couplings may arise from the nature of the bridge dithiol molecule, and the differences
between the two through-solvent couplings are expected from the differences between the
atom-to-atom interaction pre-factors and distance constants (Table 2) for LUMO-LUMO

and HOMO-HOMO couplings in the tight-binding model.
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Figure 14:Through-solvent and through-bridge hole transfer mechanism
dominance switch (a) Contour lines indicate logi(krs) —logi(krs) for HT as a function
of CdTe and CdSe radii. (b) Equal rate lines for through-bond and through-solvent
HT rates for CdSe and CdTe QDs bridged by SH(CH:):SH (2C), SH(CH>)sSH (30),
SH(CH>)sSH (4C) and SH(CH2)sSH (5C). The values of logio[ks(Rcare, Rcase)/ko(Rcare,
Rcase] are indicated on the contour lines.

The transition from through-bond to through-solvent dominated HT mechanism
weakly depends on edge-to-edge distance. The through-solvent and through-bond

couplings between QDs decrease with edge-to-edge distance in the bridged structures
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(Figure 7). Our calculations find that the equal-rate separation line for different edge-to-
edge distances (dithiol bridge lengths) are approximately L = Rcdre X Rcdse, Where L = 225
AZ for HT (Figure 14b). The equal rate lines for different bridge lengths nearly overlap.
Therefore, the edge-to-edge distance between QDs does not significantly change the
dominance of the coupling mechanisms. This insensitivity to distance arises from the fact
that the through-solvent and through-bond coupling distance decay constants are nearly

equal for all of the QD sizes studied. The same reasons have been discussed for ET case.

2.3.5 Dielectric constant effects on charge transfer rates
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Figure 15: Solvent dielectric constant effects. (a) Contour plot of reaction free
energy, A:G, and reorganization energy, A, with respect to QD radii; the dashed lines
refer to A:G (in eV, labeled at the top of the plot), the solid lines refer to A (in eV,
labeled inside the plot) and the dot-dash line indicates the QD radius combination
where — A:G = A. (b) The donor acceptor radius ratio that produces the smallest charge
transfer activation free energy value is plotted as a function of dielectric constant.
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The QD radius ratio (Rdonor/Racceptor) that produces the charge transfer activation
free energy valley in Figure 5a,b depends on the dielectric constant (es), since 4:G and 4
depend on &s. The Rdonor/Racceptor Value that produces the smallest charge transfer activation
free energy values is plotted in Figure 15a. The Rdonor/Racceptor Value (Rcate/Rcase for ET,
and Rcdse/Rcate for hole transfer) that produces the smallest activation free energies
decreases as &s increases, and the dependence is especially pronounced when &s < 20. When
&s > 20, the Raonor/Racceptor Value that produces the smallest activation free energy decreases
slowly to 1.8 for ET (2.0 for hole transfer) as &s approaches the dielectric constant of water.
For ET (hole transfer) can be analyzed similarly), the Coulomb energy of the charge
separated state is much smaller than the reorganization energy (|Ec| << 1), so the activation
free energy is dominated by A and the band edge energy difference (Ecdse,Lumo - Ecdte,Lumo),
eq 2.19. The 4 increases with &s, while |Ecdse,Lumo - Ecdrte,Lumo| IS independent of &s, but
increases as Rcdte/Rcase decreases (See Figure 1 for details). Therefore, the Rcate/Rcdse

values for activationless ET (-|4:G|+4=0) decrease as &s grows.

2.4 Summary and conclusions

We constructed a tight-binding Hamiltonian model to describe the electronic
properties of large QD systems and used it to explore the size dependent electron and
hole transfer rates between donor and acceptor QDs.

Through-bond and through-space couplings depend on the QD radii. The
through-bond coupling between QDs linked by an extended geometry dithiol molecule
decreases with increasing QD radii because the wavefunction amplitudes of the QD atoms

attached to the dithiol decrease as the QD radii increases. The through-space coupling
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between two QDs at fixed distance also decreases with increasing QD radii because of the
same surface wavefunction dilution effect. Overall, the decrease in the through-space
coupling is weaker than the decrease in the through-bond coupling with increasing QD
radius because the increasing surface area of the QD partially compensates for the
wavefunction dilution effect.

A growing acceptor DOS competes with the shrinking coupling and Franck-
Condon factor for rate control. As the acceptor QD radius increases, the decreasing
through-bond and through-space electronic couplings and the increasing DOS have
opposite effects on the rate. As the acceptor QD size increases, the through-bond (electron
transfer and hole transfer) and the through-space hole transfer rates display a maximum as
a function of acceptor radius. The acceptor radii of these three rate maxima are determined
by the radius-dependent AG*. However, as the acceptor radius increases, the through-space
electron transfer rate depends weakly on the acceptor radius, and there is no maximum in
the rate versus radius plot. This behavior occurs because the growth in the acceptor DOS
(which accelerates the rate) overwhelms the rate slowing induced by the decrease in the
through space electronic coupling and the reaction free energy inverted effect. This
interplay of size effects can produce a rate behavior in QDs that is distinct from the inverted
free energy regime found for electron transfer and hole transfer in molecules.

The electron transfer or hole transfer rates show a similar size-dependence because
of the comparable competition among coupling, DOS, and Franck-Condon factors. In
general, the rates show maxima as the acceptor QD radii increase for donor radii ranging

from~9.5 Ato ~ 21.5 A. For smaller donors (radii < ~ 9.5 A), the rates drop as the acceptor
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radius increases and for larger donors (radius > ~ 21.5 A), the electron transfer rates
increase with the acceptor radius. In molecules, the charge transfer rate displays a
maximum when the reaction changes between the normal and the Marcus inverted regimes;
however, in the QD systems a charge transfer rate maximum can only occur in certain size
regimes and is determined by the QD’s electronic properties.

Donor radius effects on charge transfer rates. The through-space, through-bond,
and total charge transfer rates decrease with donor radius for three reasons; (1) the
tunneling energy increases as the donor radius increases, (2) the tunneling electron accesses
a lower acceptor DOS, and (3) the donor-acceptor coupling decreases. Therefore, larger
charge transfer rates are expected for smaller donor QD radii.

Charge recombination. The charge recombination rate also depends on the sizes
of CdTe and CdSe QDs, but they are most strongly influenced by the surface defect
states.**1% The electronic properties of the surface defect states are system dependent and
their description would require high-level electronic structure analysis, which is beyond
the scope of the current study. The charge recombination rates arising from the QDs in the
absence of defect states (our model) are expected to be much slower than the defect state
induced charge recombination rates of 10® s observed experimentally.*¢>7

The dominance of through-space vs. through-bond charge transfer
mechanisms is determined by QD size. Through-bond coupling dominates for small QD
pairs and through-space coupling dominates for larger QD pairs. The fraction of the QD
surface area that participates in the through-space coupling increases with the QD radius.

As such, increasing the QD radius weakens the through-bond coupling more than it
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weakens the through-space coupling. When through-space and through-bond couplings are
comparable in strength, the total charge transfer rate needs to include interference among
the coupling pathways. For small QDs, we find that the interference effect on the total
charge transfer rate is significant. The interference changes the size dependence of the
charge transfer rate compared to the individual through-space and through-bond rate
dependences on size. For large QDs, the interference effect is less significant. The
contributions of the through-bond and through-space charge transfer mechanisms can be
manipulated by changing the QD radii as shown in Figures 10a,14a. When Rcdre X Rcdse =
225 A? for electron transfer (126 A? for hole transfer), through-space and through-bond
mechanisms contribute approximately equally. When Rcgre X Rcase is much larger than the
above values, through-space coupling dominates. Through-bond coupling dominates when
Rcate % Rease is much less than 225 A? for electron transfer (126 A? for hole transfer). These
values are found to be independent of dithiol length in the edge-to-edge distance range of
9 - 13 A. This originates from the similar rate of decrease for the through-space and
through-bond couplings with edge-to-edge distance in the QDs. The larger prefactor for
through-space coupling compared to through-bond coupling causes through-space charge
transfer rates to be larger than through-bond charge transfer rates when Rcdre X Rcdse IS
larger than 225 A? for electron transfer (126 AZ for hole transfer). When the through-space
charge transfer mechanism dominates for large QDs, the details of the bridge chemistry are
not important, unless they perturb the electronic structure of the QDs.

Consequences of electron transfer and hole transfer rate differences for charge

separation schemes in QD assemblies. The electron transfer and hole transfer rates for
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fixed edge-to-edge QD distances are not generally equal. In QD solar cells with both CdSe
and CdTe photo absorbers, the ratio of electron transfer and hole transfer rates influences
the charge-separation efficiency.3"-139 We calculated this rate ratio using the tight-binding
analysis, and provided a design principle for tuning the rate ratio by modifying the QD
sizes. For example, the electron transfer and hole transfer rates can be tuned to be very
similar and thus optimize solar cell performance (e.g., when Rcgte/Rcdase = 1.3), or the
electron transfer and hole transfer rates can be tuned to be very different (e.g., when

Rcdte/Recdse << 1.3 the electron transfer rate is much larger than the hole transfer rate).
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3. Charge-influenced Through-solvent and Through-
bridge Electron Transfer Between Linked Quantum Dots

In this chapter, we theoretically study the charge influences on the through-solvent
and through-bridge donor-acceptor couplings between linked quantum dots. This work is

based on a collaborative project with Peng Zhang.

3.1 Introduction

Electron transfer is an essential process in nanoparticle (NP) and quantum dot (QD)
implications like QD solar cell 33268140141 Op Jight-emitting diode (QLED),4214
nanoparticle-based battery,'*> photocatalysis,**¢'4" QD-based biotechnology,®!4-10 QD
integrated circuits,**'%? and photodetectors.'>3%>* Controlling the charge transfer rates in
the QDs is critical to the development of these QD related technologies. For example, the
relative high charge recombination rates in the QD solar cell as compared to the charge
separation rates limit the QD solar cell performance.*>#6:485057 |n previous studies, it is
found that through-solvent (TS) donor (D)-acceptor (A) couplings can be comparable to
through-bridge (TB) couplings in QD-QD charge transfer systems, although TS
contribution to charge transfer coupling in most donor-bridge-acceptor (D-B-A) systems is
much weaker than TB couplings.®>¢%" Qur calculations of size-dependent electron
transfer (ET) in QD dyads suggest that TS coupling is larger than TB coupling if the
product of the two QD radii is large (>225 A? for the CdTe-CdSe dyad).*®® Larger through-
solvent coupling is found to arise from direct interactions between QD surface atoms in the
QD-QD contact, and the number of these atoms grows with QD radius. These findings

suggest that the TS coupling can be comparable to the TB coupling, depending on the
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conditions like D-A distance and system sizes. In such systems, the TS and TB coupling
contributions should both be considered.

Strong QD-QD coupling is required in QD solids to evolve from carrier hopping to
high-mobility band-like charge transport in delocalized and extended QD solid states.%>°
Weak QD-QD coupling should be maintained in the QLED devices so that the electron and
hole wave functions are localized within the QDs, and thus the devices provide high
electroluminescence efficiency.1%144160.161 The QD-QD couplings need to be controlled in
QD solar cells so that the couplings for the charge separation processes are strong while
the couplings for the charge recombination processes are weak.*46483057 |n addition,
controlling the dominant the D-A coupling mechanism (the through-solvent (TS) or
through-bridge (TB) channels) might be important for some QD implications. For example,
chiral induced spin selectivity (CISS) was found in charge transfer through chiral
molecules like DNA chain.%2-1%¢ QD dyad linked by chiral molecular bridge may also have
CISS effects. To improve the spin selectivity yield, charge transfer between two QDs
should occur exclusively through the spin selected through-chiral bridge channel, and vice
versa. These requirements in controlling the QD-QD coupling strength and the dominate
coupling mechanism (TS and TB mechanisms) motivate us to study the possible
manipulation of the QD-QD electronic couplings.

It is known that external electric field can perturb the energetic and wave functions
of the molecular system, therefore changing the electron tunneling barrier and tunneling

pathways. We propose that the charge group in the molecular bridge that links the two QDs
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can influence the D-A coupling strength and tune the dominance between through-bridge
and through-solvent D-A coupling mechanism.

The influence of the external charge on the TS and TB charge transfer couplings are not
well understood and the results are controversial. A theoretical study shows that the amino
acid mediated ET coupling between two ethylene can be influenced by the charge on the
amino acid, however, the charge induced effect on the D-A coupling is small.®” Similarly,
a semi empirical quantum-chemical calculation in conjugated oligomers shows that the
external field produce negligible effects on the charge transport in organic semiconductor
even with a relatively strong field (10 V/m).168

In this study, we introduce a charge into the bridge region between two QDs by
replacing a neutral group in the molecular bridge with a charged group. We use -NHz* to
replace -NH:z R group and -COO to replace -COOH R group in the extended alkyl dithiols
HS(CH2)nCH(R)(CH2)nHS (n =1, 2, 3, 4). We first describe a tight-binding model that
includes through-solvent and through-bridge couplings between the QDs in a linked QD
dyad. We then systematically examine the changes in the QD, solvent and bridge molecular
frontier orbital energies in the presence of a charged species. With the charge influenced
energy parameters, we use the tight-binding model to calculate the TS and TB coupling
strengths for QD dyads linked by neutral and charged dithiols. We lastly investigate the
charge influenced TS and TB coupling dependences on the QD size and on the QD surface-

to-surface distance.
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3.2 Theoretical models and computational details

Tight-binding models for TS and TB couplings. CdTe-CdSe QD dyad is often
used as a charge separation and energy harvesting unit in QD solar cells, and the two QDs
in the dyad are usually linked by an extended molecular like dithiol 37:3888.169.170 The type-
Il CdTe-CdSe dyad with band edge energy alignment for donor and acceptor allows
electron transfer through the conduction bands and hole transfer through the valence bands.
We proposed a tight-binding model to describe the through-solvent and through-bridge
couplings between the two QD as illustrated in Figure 16. In the QD-linker-QD system,
the donor (CdTe), bridge (B) and acceptor (CdSe) units are surrounded by water solvent

(S), and their electronic properties are treated by a tight-binding Hamiltonian.

00000000
00000000

:U

= 'COOH, -COO_, 'NHz, 'NH3+

Figure 16: Through-solvent and through-bridge coupling tight-binding model
scheme. 3D lattice model of two QDs (large red and blue circles) coupled through
solvent molecules (gray circles) and a bridge molecule HS(CH2)-CH(R)(CH2):HS (n =
1,2, 3,4, R=-COOH, -COO-, -NHz, -NH3*). Only n =1 case is shown. The sulfur atoms
of the dithiol link the QDs. The solvent molecules near the QD surfaces couple (black
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arrows) to the QDs, and each solvent molecule couples (blue arrows) to its nearest
neighbors.

The Hamiltonian of the whole system is,
H=Hp+Hg +Hs+ Hy + Hpg + Hpg + Hap + Hyg (3.1)
Here H, (k = D, B, S, A) is the Hamiltonian for the donor QD, bridge molecule, solvent
molecules, and the acceptor QD. H;,, (I =D, A; m=S, B) describes their mutual interactions.
We assume that there is no direct interaction between the QDs because of their large
separation (the smallest QD-QD distance studied is ~ 1 nm, and the QD-QD through-

vacuum coupling at this distance is on the order of 10~8 eV, which are much smaller than

the solvent and bridge mediated couplings between the QDs). Also, we neglect direct
charge transfer between solvent and the bridge because of the much weaker water-bridge
coupling as compared to the water-water interaction. When a water molecule placed
perpendicular to the HSCH,CH(COOH)CH_HS backbone and ~ 5 A away, the coupling

between their lowest unoccupied molecular orbitals (LUMO) is ~ 10~* eV, which is much

smaller than the water-water coupling 0.45 eV used in this study.

QD tight-binding model Hp and Ha. For QDs, we use a tight-binding model
developed previously. The details of this tight-binding treatment of the CdTe and CdSe
QDs are discussed elsewhere.®31%8 |n this model, each atom in the QD is treated as a charge
hopping site and has two effective orbitals (for conductance and valence band
respectively). The QD atomic positions are determined by the geometry of a QD cut out of
bulk zinc blende structure. Each atom in the QD couples to four (unless for surface sites,
which have less than four) nearest atoms, and the site (orbital) energy and atom-atom
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coupling values are fitted to reproduce the experimentally®*!%® derived QD band-edge
energies as a function of the QD radius. The parameters in Hp and Ha is listed in Ref. 5.
Tight-binding model for solvent molecules Hs. Each solvent molecule is treated as
a charge hopping site. The site energy and their interactions are parameterized using
molecular dynamics simulations combined with ab initio computations. The details of the
parameterization are presented in Sec. I11. Specifically, the solvent Hamiltonian Hs is
Hs = XY & |iXi] + ZF X vs (1041 + LXED (3.2)
where N is the number of solvent molecules in the system and v, is the solvent-solvent
coupling. Index i (j) denotes the i (j'") solvent molecule in the 3D lattice model. In this
model, we place each water into the 3D cubic lattice. The distance between two lattice
point is 3.1 A, representing an average water-water shortest distance.*’* We only consider
the nearest-neighbor interaction, v, = 0.45 eV (see Sec. I1l). The site energy ei is the same
for N solvent sites if the QD-linker-QD system is neutral. When a charged group is
introduced into the bridge, & changes according to the distance between the water and
charge centers. We assume that the solvent-solvent coupling is less sensitive to the
introduced bridge charge. For two water molecules placed 3.1 A (O-O distance) away, their
LUMO-LUMO coupling variation by an external charge is ~ 0.01 eV, or ~ 0.5% of their
LUMO energy shifts. Note, the point charge is placed 5 A away to both water molecules.
The QD-solvent interaction His (I = D and A).
His = X Xy vi (1D + )X (3.3)
where index i represents a QD surface atom and index j denotes a solvent molecule. We

assume the QD can only interact with the water molecules when the distance between the
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water O atom to the nearest QD surface atom is not larger than 5 A. We further assume a
constant interaction between water and the QD surface atom. In our calculation we choose
v;; = 0.45 eV, which is the same as the water-water interaction. This is an adjustable
parameter in our calculations, and the choice of this value assumes that the non-covalent
water-water and water-QD interactions are on the similar order of magnitude. Variation of
this parameter will not change the qualitative nature of our conclusions on the charge
induced through-solvent coupling change.

Molecular bridge model. The CdTe and CdSe QDs are linked by dithiols
HS(CH2)nCH(R)(CH2):HS (n=1, 2, 3, 4; R =-COOH, -COO", -NHz, -NH3z") with the QD-
QD distance determined by the number of alkyl units 2n. The charged R groups are used
to introduce charges into the bridge region between the QDs. Note, dithiol molecules can
attach either covalently or noncovalently to the QD.3"12%121 For calculational convenience,
we non-covalently link the QDs with the bridging molecules, and the D-B and B-A
couplings are relatively weak. The general conclusions related to the charge influenced
through-bridge coupling do not likely depend on this linkage chemistry. When n = 1, the
surface-to-surface distance between the QDs is 10 A. The bridge Hamiltonian Hs is
constructed using the Kohn-Sham matrix computed using B3LYP/6-31G*. We further
assume that only the S valence atomic orbitals (3s, 3p) couple to the nearest QD atom. The
coupling strength is also chosen to be 0.45 eV. This choice was made because both the
water and the bridge interact with the QDs non-covalently and the O atom in water and the
S atoms in dithiol have similar electronic properties. Our qualitative conclusions will not

be sensitive to the choice of this value.
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Block-diagonalization method computed TS and TB couplings. Since there is no
direct interaction between the bridge and solvent, we can dissect the D-A coupling into the
TS and TB contributions respectively. For the TS coupling, the D-S-A system can be
defined from the system Hamiltonian in eq 3.1, i.e., HiI=Hp+Ha+Hs+Hps+Hsa. In the
current system, electron transfer between the QDs occurs through the tunneling
mechanisms, because the energy disparity between the QD band edge energies and the
water (bridge) HOMO/LUMO energy is large (deep tunneling). In this scenario, the D-S-

A system Hamiltonian matrix is divided into matrix blocks corresponding to D, S and A,
HDD HDS 0
Hy=|Hsp Hgs Hgy (3.4)

and is block-diagonalized to

Ep Vps O
H{ = <VSD Eg VSA) (3.5)
0 Vyus Ey
using
Cpp O 0
0 0 Cpp

and H;" = T~1HT. In eqs 3.4-3.6, the secular equations HyxCix = ExCxi (k=D, S, A) are
solved for the individual donor, solvent and acceptor in the D-S-A electron transfer system.
Ep,4 represents the D/A QD band structure, and the corresponding eigenstate wave
functions are Cpp/a4. The coupled solvent molecules, as a whole, have a band structure in
Es and Cgg is the corresponding eigenstate wave functions.

The solvent-mediated LUMO-LUMO coupling is then:122123
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Vi vl
VDA,s = 21—]]3;]51SA (3.7)
S

Here E is the tunneling energy, which is estimated as the average band edge energies of
the donor (Ep) and acceptor (Ea) QDs, i.e. E = (Ep+ Ea)/ 2. Index | represents the 1" solvent
band state. V¢ (V<,) is the interaction between the donor (acceptor) LUMO and the I
solvent band state.

Similarly, the bridge-mediated electronic coupling is approximated:122123

VheVe
Vbap = Zz—gﬁ EB}: (3.8)

where E = (Ep+ En)/ 2. Index | represents the I bridge molecular orbital. V5 (Vi,) is the
interaction between the donor (acceptor) LUMO and the I™ bridge molecular orbital.
Charge perturbation to the TS and TB couplings. When a charged group is
introduced into the bridge, the bridge molecular orbital energies (Es), the solvent band
structures (Es), and the band edge energies of the QDs (Ep/a) will be changed. The relative
energy variations between Eg, Es and Ep/a change the effective tunneling barriers in the D-
S-A (E—Es ineq 7) and the D-B-A (E — Eg in eq 3.8) systems. The Eg change magnitude
depends on the electronic property of the bridge molecule and the change become small as
the dithiol alkyl unit (dithiol length) increases. The water and QD energy changes (Es and
Epia) depend on their distance to the charge center and the solvent dielectric property. As
the QD size grows, the QD wave functions dilute and thus the Ep/a change magnitude is
expected to decay as well. For positive charge, Eg, Es and Ep/a becomes lower and the

negative charge raise these energies.
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Upon the charge perturbation placed at the center of the bridge molecule, the bridge
molecular orbital wave functions are redistributed among the constituting atoms. When
replacing the neutral R group to the negatively charged R group, the two terminal —SH
groups of the dithiol bridge have more wave function amplitudes. Therefore, the donor
(acceptor)-bridge interaction increases (Vpbs and Vea in eq 3.8). In contrast, when R is
replaced by a positively charged one in the dithiol bridge, the two terminal —SH groups
will have less wave function amplitudes, and the donor (acceptor)-bridge interaction
decreases. These effects also apply to the solvent eigenstates.

When a charged group is introduced into the bridge, if the charge-perturbed
tunneling barrier (E — Eg or E —Es) is comparable to the donor-bridge/solvent and
bridge/solvent-acceptor interactions, the deep tunneling conditions are invalid. In this
scenario, we should also consider the D-A coupling enhancement due to the resonance
tunneling contribution. However, this will alter the specific magnitude of the D-A coupling

enhancement, and our general conclusions on the charge effects still hold.

3.3 Parameterization of the charge induced solvent and QD
energy changes

Water HOMO and LUMO energy changes in the presence of an external charge.
We used classical molecular dynamic (MD) simulation combined with quantum chemistry
calculations to compute the charge effects on the water HOMO and LUMO energies. We

solvated CH3sCOO™ (NH4*) in an explicit 15.0 A TIP3P water box and added counterion
Na* (CI7) to neutralize the system charge. We used GAFF force field parameters of

CH3COO™ (NH4"). We performed MD simulations in the NPT ensemble (constant pressure
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at 1 atm, temperature at 300K) molecular dynamics with periodic bound-conditions using
AMBER14.12 The MD was performed for 2 ns with 1 fs time step. The temperature was

controlled using the Langevin thermostat with collision frequency 2.0 ps~t. The initial

velocities were randomly generated. After the system reached thermodynamic equilibrium,
we selected 2000 MD snapshots (separated by every 200 MD steps). For each MD
snapshot, we performed quantum mechanics/molecular mechanics (QM/MM) calculations
to parameterize the water HOMO and LUMO energy responses to the external charge at
selected charge-water distances L (4 A — 23 A).

In the QM/MM calculations, the QM part consisted of the ion, the counterion and
a water molecule. The geometry center-to-center distance between this water and the ion
was set as L. The MM part contained other water molecules represented by point charges
(TIP3P water model). HF/6-31G* was used for the QM calculations. The water HOMO
and LUMO energies were calculated with a block-diagonalization method. In this method,
we treated the water molecule as the D block and the ion-counterion as the A block,
respectively. For each snapshot, we averaged the water HOMO (LUMO) energies within
a spherical shell (L +/— 0.5) A around the ion center.

The average water HOMO and LUMO energies in eV as a function of the distance
L from the NH4" are —11.2/L — 13.7 and —10.8/L + 5.7, respectively. For CH3COQ™, the
average distance-dependent water HOMO and LUMO energies in eV are 10.8/L — 13.7 and
9.9/L +5.7, respectively. The average HOMO and LUMO energies and the fitted functions
are shown in Figure 17. Additional MD and QM/MM calculations have been carried to

check the convergence of the derived distance-dependent water HOMO and LUMO energy
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variations. From Figure 17, the charge induced energy variations decay fast as L increases.
When L > 17 A, the energy change magnitude decreases to less than 15% as compared to
that for L ~ 4 A.

Water-water interaction (v, in eq 4.2). The water LUMO-LUMO coupling without
the charge perturbation was computed between two water molecules with the O-O distance
fixed at 3.1 A. The coupling was obtained by averaging the mutual orientations of the two
water molecules. We used HF/6-31G* to perform the quantum chemistry computations
along with the block diagonalization method. The averaged LUMO-LUMO coupling is

0.45 eV. The HOMO-HOMO coupling computed in the same way is 0.07 eV.
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Figure 17: Charge-influenced water frontier orbital energetics. Water HOMO
(a) and LUMO (b) energies as a function of distances between the water molecule and
the NH4+ and CH3COOH- ions.

QD band edge energy changes in the presence of external charge. We used
CdssTess and CdzsSess QDs to parameterize the charge perturbed QD band edge energy.
The electronic properties of the 12617176 and CdssSess QDs were well studied both

experimentally and theoretically. They could be calculated with affordable computational
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resources, so their charge influenced band edges were used as references for parameterizing
size- and distance-dependent band edge energy shifts of the CdTe-CdSe QD dyads. The
band edge energy shifts of larger QDs were obtained using energy corrections to the site

energies in the tight-bind model (Hp and Ha) based on the Coulomb’s law.
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Figure 18: CdssTess and CdssSess dyads with (a) NHs* and (b) CHsCOO- in
between. The ions are 5 A to each QD surfaces. Water and counterion are not shown.

We used MD simulations to sample the water, QD, and counter-ion configurations.

The CdssTess and CdssSezs QDs (separated by 1 nm surface-to-surface distance) were fixed

in the MD simulation. The NH4* (CH3COQO™) ion was placed midway and fixed between

two QDs. (Figure 18) The geometries of the CdssTess and CdzsSess QDs were optimized
with B3LYP/LANL2DZ level of theory and the geometries of the NH4* or CHsCOO™ ions
were optimized with B3LYP/6-31G(d, p) level of theory using Gaussian 16.1"” The QD-
ion-QD system was solvated in an explicit 15.0 A TIP3P water box, and the counterion
(Na* for CHsCOO™ and CI~ for NH4") was added randomly. Note, the force field for CdTe
and CdSe QDs had not been well established, so that all Cd, Te and Se atoms were replaced
with C atoms (hydrogen atoms were used to passivate the surface C atoms) and the general

force field for C-H-O-N systems were used. Since the QD atom positions were fixed in the
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MD simulations, and only the water and counterion coordinates were necessary in the
evaluation of QD HOMO and LUMO energies, this force field replacement produces
negligible influence on the evaluation of the QD HOMO and LUMO energy shifts. We
performed MD simulations in the NPT ensemble (constant pressure at 1 atm, temperature
at 300K) molecular dynamics with periodic bound-conditions using AMBER14.17? The
MD was performed for 1 ns with 1 fs time step. The temperature was controlled using the

Langevin thermostat with collision frequency 2.0 ps~*. The system coordinates were saved

every 50 steps for electronic structure calculation after the system reached thermodynamic
equilibrium (the final 1000 snapshots were saved).

The system electronic structure was calculated using the QM/MM approach with
HF/LANL2DZ QM method. The QM part consisted of the QDs, ion and counterion
represented by point charges (TIP3P water model). The total charges were constrained to
reside on the ions with the constraint HF method in Q-Chem.1817® The individual QD band
edge energies were calculated with a block-diagonalization method similar to eqs 4.4-4.6,
but only the HOMO and LUMO energies in the Ep and Ea blocks in eq 4.5 would be needed
if the ion and counterion are put into the solvent block of eq 4.4. HOMO and LUMO
energies were obtained by averaging over all the MD snapshots.

The valence band edge (HOMO) and conduction band edge (LUMO) energy shifts
(4E) of CdssTess and CdssSess QDs were calculated as the energy differences between QD

dyads with and without CH3COO™ and NH4" (and counterions), and the averaged results

are shown in Table 3. The cation raises the HOMO and LUMO energies by ~ 0.50 eV and

the anion decreases the HOMO and LUMO energies by ~ 0.25 eV, consistent with the
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water results that the negative charge destabilizes the HOMO and LUMO energies and the
positive charge stabilizes them. An important factor is the averaged positions of the counter
ions because if a positive (negative) ion decreases (increases) the HOMO and LUMO
energies, its counterion increases (decreases) them. In the MD simulations of the QD-ion-
QD-counterion system, the CI~ stays ~ 17 A to the QD centers on average, or ~ 10 A to
the QD surfaces, which is much larger than the 5 A ion-QD surface distance. Therefore,
the influence from NH4" to the QD energies is much more significant than the influence

from CI~. For QD-CH3sCOO™-QD systems, the counterion Na* stays ~ 22 A to the QD
centers on average, so the influence from CH3COO™ to the QD energies is also much larger
than the influence from Na®. In addition, the Na*-QD distance is larger than the CI™-QD
distance, and thus the CH3COQ™ increases the QD energies more than the NH4" decreases
the QD energies. The smaller volume of Na* compared to CI~ leads to the differences
between the Na*-QD distance and the CI™-QD distance. As we increase the MD simulation

time to 1 ns, the average counterion-QD distances converge.

Table 3: Cds;sTess and CdssSess HOMO and LUMO energy shifts AE induced by
CH:COO- and NHg*; calculated with HF/LANL2DZ

CdasTess CdasTess Cds3Sess Cds3Sess
HOMO (eV) | LUMO (eV) | HOMO (eV) | LUMO (eV)
CHsCOO~ 0.56 0.51 0.52 0.43
NH4* -0.27 -0.33 -0.23 -0.20
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Charge influenced QD band-edge energy change as a function of QD radius
with fixed charge-QD distance. We treated the charge group as a point charge, and we
placed it 5 A away from the QD surface. The QD electronic structure was treated with the
tight-binding model described in Ref. 5. Because of the charge perturbation, we assumed
the site energy for each QD atom was shifted according to the Coulomb’s law. We further
assumed the atom-atom nearest-neighbor coupling was not changed by the external charge.
With this charge perturbed Hp and Ha, we obtained the QD size-dependent band energy
changes induced by the external charge. The band energy changes were shifted by
corresponding constant energies to reproduce the quantum chemistry computation derived
band energy shifts (Table 3) for the CdasTess and CdssSess QDs. The pre-shifted band
energy changes are shown in Figure 19a. Roughly, the logarithm of the band edge energy
change magnitude is linear to the QD radius and the slope is —0.043 AL, Therefore, the QD
band edge energy change as a function of QD radius r is AE, = exp(—0.043r + ¢,),
where the constant c¢; values are listed in Table 4.

Table 4: c1 and c: values in calculating the charge-influenced QD band edge
energy shifts AE, = exp(—0.0437 + ¢;) (d=5A) and AE; = exp(—0.028d + c;)
(r=8.2 A for CdTe, 7.7 A for CdSe) by an external charge

C1, C2 CdTe HOMO | CdTe LUMO | CdSe HOMO | CdSe LUMO
—1 charge -0.23,-0.44 | -0.32,-0.53 | -0.32,-0.51 | —-0.51,-0.70
+1 charge -0.96,-1.17 | -0.76,-0.97 | -1.14,-1.33 | —-1.28,-1.47

Charge influenced QD band-edge energy change as a function of the charge-

QD surface distance with fixed QD size. Similar to the treatments in obtaining the charge
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influenced QD band-edge energy change as a function of the QD radius, the charge
influence on the CdTe (radius 8.2 A) and CdSe QD (radius 7.7 A) band-edge energy change
as a function of the charge-QD surface distance d is AE; = exp(—0.028d + c,), where

the constant c, values are listed in Table 2.
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Figure 19: Charge-induced QD band edge shifts calculated using the
Coulomb’s law as a function of QD radius (a) and the distance (b) from the QD
surface to the external charge.

3.4 Results and discussion

With the tight-binding models in eqgs 4.1-4.8 and the parameters obtained in Sec 111,
we first investigated the charge influenced through-solvent and through-bridge couplings
for a CdTe-CdSe QD dyad with fixed sizes (CdTe radius is 8.2 A and CdTe radius is 7.7
A). This QD pair (QD pair I) approximates the CdssTess-CdssSess dyad whose charge
transfer couplings have been studied previously.'® The QDs are linked by the
HS(CH2)2CH(R)(CH2)nSH (n = 1; R = -COOH, -COO~, -NHj, -NHs*) dithiol, which sets
the QD surface-to-surface distance to be ~ 1 nm. We then investigated the QD distance

dependences of the charge influenced TS and TB couplings by varying the dithiol molecule
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length (n varies from 1 to 4). We further explored the QD size dependence of the charge-
influenced TS and TB coupling. We also discuss the implications on perturbing the charge

transfer coupling strength between two QDs by using charged molecular bridges.

3.4.1 Charge induced TS coupling in a QD dyad with fixed QD sizes

Charge effects on TS coupling. The TS coupling between QD pair | was calculated
with the tight-binding model described in Sec. 1. The surface to surface distance between
QDs is 10 A. The QDs are surrounded by water molecules represented by a lattice. The
shortest distance between the QD surfaces and the water lattice edge is 10 A, with the
nearest neighbor water-water distance of 3.1 A.1"* The water lattice size is large enough
because the TS coupling plateaus with further increase of the water lattice size. The water
LUMO energy under the positive charge (negative charge) as a function of the distance L
between the water and the charge center varies as —10.8/L + 5.7 eV (9.9/L + 5.7 eV).
Without charge, the water LUMO energy is 5.7 eV. The water LUMO energy (5.7 eV) and
nearest-neighbor coupling (0.45 eV) produce through water coupling decay constant of

0.85 A7, which is consistent with typical through-water ET coupling characteristic decay
constant of about 0.8 to 0.85 A~1,180

The computed TS couplings |Voas| between CdTe and CdSe are 8.4 x 107° eV
(without charge), 3.8 x 10~°eV (with a positive charge, increased by 350%) and 7.4 x 107°

eV (with a negative charge, reduced by 12%). These results are listed in Table 5. We define
the effective tunneling barrier Et as the energy difference between the averaged QD LUMO

energy and the lowest energy of the solvent band.
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Table 5: Tight-binding QD band edges and through-solvent and through-
bridge couplings for dithiol with -COO-, neutral, and -NH5* groups at 5 A to both QD
surfaces; Eris Ez — 0.5 * (Ep + Ea), where D is CdTe, A is CdSe and B is water (column
4) or dithiol (column 6).

CdTe CdSe Water Though Dithiol Through-bridge
LUMO | LUMO solvent solvent LUMO (eV) | coupling |Voap|
(eV) (eV) band edge coupling (eV)
(eV) [Voas| (eV)
-COO —-1.88 —2.22 3.52 7.4x10°8 3.53 4.4x10°®
Er=5.57 Er=5.58
neutral -2.39 —2.65 3.15 8.4x10°° -COOH: 1.46 -COOH:
Er=5.67 Er=3.98 1.0x10°
-NH: 1.26 -NH;: 7.1x10°®
Er=3.78
-NH;s* —2.72 —2.85 1.23 3.8x10°° -0.86 3.5x10°°
Er=4.02 Er=1.93

Without charge on the bridge, the effective tunneling barrier Er is 5.67 eV. With
the positive charge, Et decreases to 4.02 eV. The CdTe (CdSe) QD LUMO energy
decreases from —2.39 eV (—2.65eV) to —2.72 eV (—2.85 eV), while the water band edge
energy decreases from 3.15 eV to 1.23 eV. The reduced Er is responsible for the enhanced
TS coupling (eq. 9). For an effective through N solvent tunneling pathway, the coupling is
approximated by eq 4.9.18 In eq 4.9, Vo1 and Vna are interactions between D and the

solvent site (coupled to D), and between the solvent site (coupled to A) and A, respectively.
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Vs is the solvent-solvent nearest neighbor interaction. Inspecting the wave functions of the
low energy states in the solvent band structure, we found the low energy TS pathways are
mainly formed by the water molecules closed to the positive charge. These pathways are
localized around the shortest path (in parallel to the bridge molecule backbone) between
two QDs. Vp1 and Vna values are determined by the vi; values in eq 4.3 and the QD wave

function amplitudes and are roughly independent of the external charge.

¢ VpiVna Vs N
Vogs' = L2008 (L (49)

With the negatively charged bridge, Er decreases to 5.57 eV compared to the 5.67
eV value for the neutral bridge. In this case, the CdTe (CdSe) QD LUMO energy increases

from —2.39 eV (—2.65 eV) to —1.88 eV (—2.22 eV), while the water band edge energy

increases from 3.15 eV to 3.52 eV. These two energy increases are very close and the net
change in Etis small, —0.1 eV. However, the computed TS coupling is decreased by the
negative charge, although the tunneling barrier Et is lowered by 0.1 eV. Inspecting the
wave functions of the low energy states in the solvent band structure, we found the low
energy TS pathways are mainly formed by the water molecules far away from the negative
charge. These pathways (detoured pathway) connecting the D and A require more
tunneling steps (N in eq 4.9 is large) as compared to pathways localized around the bridge.
Since the negative charge is placed in the middle of the molecular bridge, the energy of the
water in the short pathways near the molecular bridge is significantly increased,
contributing negligibly to the D-A coupling. For the negatively charge bridge, the tunneling

steps N is increased and thus is responsible for the decreased TS coupling. The
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consequences of the detoured pathways will also affect the QD TS coupling size and
distance dependences.

Compared to the neutral bridge system, the TS coupling strength change (reduced
by 12%) with negatively charged bridge is weaker than the TS coupling strength change
(increased by 350%) with positively charged bridge. This is caused by the cancellation
effect between the reduced effective tunneling barrier Er (enhance the coupling strength)
and increased effective tunneling distance (reduce the coupling strength) in the presence of
the negative charge.

The change in Er for the negatively charged bridge is sensitive to the QD LUMO
energy change. For small QDs, the QD LUMO energy is highly dependent on the QD
geometrical structure. Therefore, it is possible that the increased amounts in the LUMO
energies of the QDs are smaller than the increased amount of the dithiol LUMO energy in
the presence of a negative charge. In such case, Erwill be increased by the negative charge.
The effects of the negative bridge on the effective tunneling barrier and effective tunneling
distance will then both decrease the coupling strength, which means the TS coupling
strength reduction will be much larger than 12%. In contrast, if the increased amounts in
the LUMO energies of the QDs are much larger than the increased amount of the dithiol
LUMO energy in the presence of a negatively charged bridge, Er will be significantly
decreased. The effect of the reduced effective tunneling barrier, which enhances the
coupling strength, will be much more important than the effect of the increased effective
tunneling distance which reduces the coupling strength. In such case, the TS coupling will

be strengthened by the negatively charged bridge.

78



Charge influence on the TS coupling Distance dependence. The TS coupling as
a function of the QDs surface-to-surface distance ds is explored with the tight-binding
model. We use the same dyad system as in xxx. The positive and negative charge is placed
in the middle position of the molecular linking bridge (ds/2). The computed couplings as a
function of ds for different bridge conditions are shown in Figure 20a. In all distances, the
TS coupling in the presence of a positive charge is larger than the TS coupling in the neutral
case, which is also larger than the TS coupling in the negative charge case. The differences
between the TS coupling strength among the three systems grow as ds increases. For the
neutral QD dyad, the computed coupling distance decay constant s dyad 0.85 A%, For the
positively and negatively charged bridges, S5 are 0.78 A and 0.89 A2, respectively. For
the super exchange tunneling mechanism, the coupling distance decay constant can be

approximated by,

(4.10)

where § = d;i— 1, and d.sr = Nb. N is the solvent site number in eq 4.9 and b is the
S

distance between two adjacent solvent sites. For the positively charged bridge, d.s = ds,
so that 6 = 0. The positive charge lowers the effective tunneling barrier Et, therefore
weaken fs. For the negatively charged bridge, the dominant tunneling pathways are far
away from the charge center, so that the effective pathway length d.fr > dgoré§ > 0.
Therefore, the negatively charged bridge has larger fs, compared to the neutral and

positively charged bridges.
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Figure 20: Charge influenced distance-dependent through-solvent and
through-bridge QD-QD couplings . Through-solvent (a) and through-bridge (b)
coupling as a function of the surface-to-surface distance between two QDs. The radii
of the CdTe and CdSe QDs are 8.2 A and 7.7 A, respectively. The dithiols used in (b)
are SH(CH2).CH(R)(CH2)»SH (n =1, 2, 3, 4;R =-COOH, -COO-, -NH:, -NHs*).

3.4.2 Charge induced TB coupling in a QD dyad with fixed QD sizes

Charge influence on the TB coupling. We computed the through-bridge coupling
between the CdTe and CdSe QDs as a function of the surface-to-surface distance ds. The
variation of ds is achieved by changing the length (n) of the bridging dithiols
SH(CH2):CH(R)(CH2)sSH (n =1, 2, 3, 4; R = -COOH, -COO~, -NHa, -NHs*). The same
CdTe and CdSe QDs as above were used. The computed In|Vpap| for different bridges as
a function of ds are shown in Figure 20b. In general, the TB donor-acceptor coupling
between the QDs linked by the negatively charged dithiols is larger than the coupling
between the QDs linked by the neutral bridge and positively charged dithiol, except for the
short bridge length (n = 1). For n > 1, The computed distance decay constant /5, values are
similar for neutral and charged bridges. These results are caused by the opposite
contributions to the D-A TB coupling from the charge induced the tunneling barrier
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(Er=E—EBg) changes and from the D-B and B-A interaction changes (Vos and Vga). (see eq
4.8)

At the small ds (n = 1), the computed charge influenced TB coupling values and the
effective tunneling barrier Et are shown in the last two columns of Table 5. Er is defined
by the energy difference between the dithiol LUMO energy (Eg) and the average QD
LUMO energy (E). By changing the substituent group from -COOH to -COO~, the
through-bridge coupling [Vpayp| is decreased from 1.0x1075 eV to 4.4x107% eV (by 56%);
Similarly, |Vpap| is decreased from 7.1x107¢ eV to 3.5x1078 eV (by 51%) by changing
the substituent group from -NH to -NHs*. Replacing -COOH to -COO™ increases the
bridge LUMO energy from 1.46 eV to 3.53 eV, while the CdTe (CdSe) LUMO energy is
increased from —2.39 eV (—2.65 eV) to —1.88 eV (—2.22 eV). Thus, effective tunneling
barrier Er increases from 3.98 eV to 5.58 eV. The increased Er weakens the TB D-A
coupling (eq 4.8). On the other hand, the negatively charge group on the bridge pushes the
bridge electronic wave functions towards two -SH terminals, enhancing the donor
(acceptor) - bridge interactions (Vps and Vsa terms in eq 4.8). The increased Vps and Vea
interactions strengthen the TB D-A coupling (eq 4.8). The overall charge induced effects
on the TB D-A coupling are determined by the relative contributions from the increased
tunneling barrier and the enhanced donor (acceptor) - bridge interactions. For the short

dithiol bridge (n = 1), the electrostatic interactions between the -COO™ group and the -SH

terminals are strong. The increased tunneling barrier by these electrostatic interactions has

more impact on the TB coupling than the enhanced donor (acceptor) - bridge interactions.
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For the long dithiol bridges (n > 1), the electrostatic interactions between the -COO™ group

and the -SH terminals are weak, and the wave function redistribution effects have more
influence on the TB coupling than the tunneling barrier change.

When changing -NH: to -NHz3", similar analysis can be made for the tunneling
barrier change and the Vps and Vaa interaction changes. The -NHz* substituent decreases
the tunneling barrier and pulls the bridge electronic wave functions away from the two -
SH terminals, weakening the Vpg and Vaa interactions. The relative contributions of the
decreased tunneling barrier and the weakened donor (acceptor) - bridge interactions to the
overall TB coupling strength determine the positively charged bridge effects on the TB
coupling strength change. (eq 4.8)

The electronic polarizability of the QDs and the linker molecule under the electric
filed generated by the charged group on the linker molecule determines the tunneling
barrier change and the donor (acceptor)- bridge interaction change. The charge induced TB
coupling thus depends on the electronic properties of the QDs and linker molecules in
different QD dyads. For bridge linked QD dyads in which the tunneling barrier increase
contribution is less than the donor (acceptor)- bridge interaction increase contribution, the
TB coupling between the QDs will increase.

The computed coupling distance decay constant Sy values in the CdTe-CdSe QD
dyad are found to be independent of the charge on the dithiol bridge. The derived f, value

is ~0.37 A~ which is consistent with the S in our previous study.® The tunneling barrier

(E7) change and the charge induced dithiol unoccupied orbital wave function redistribution

impose opposite influences on the TB coupling change as the D-A distance varies. As the
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bridge length increases, the change in Er and the change in the dithiol wave function
redistribution both decrease because the charged group has less influence on the longer
dithiol backbone and the QDs compared to the shorter one. Therefore, the Sy values of the
QD dyads with the charged bridges have negligible differences compared to the S values
of the QD dyads with the neutral bridges. Note, the S, values also depend on the specific
QDs and the linker molecule used to construct the QD dyad.

(a) (b)

-COOH
Reloley
NH,,

# Nocharge
B -1 charge
® +1 charge -4.5

== =No charge trend

ene

< N L] -1 charge trend < B oNHG
E 5 + = +1 charge trend | __?l:v‘ 51 —COOH trend
Tw =1 = =-COO trend
g - - - u g = -NH,, trend
> -5.5 - ,"ﬂ: - > -5.5 = =-NH] trend
% Co T %
5} 6 + » E) -6
6.5 6.5
[ ] L -~ ~=
-7 L N n L 2 -7 L had |
6 8 10 12 14 16 18 6 8 10 12 14 16 18

QD Radius r/A QD Radius r/A

Figure 21: Charge influenced QD size-dependent through-solvent and
through-bridge QD-QD couplings . Left panel for TS and right panel for TB.

3.4.3 QD size-dependent TS and TB couplings influenced by charged
bridges

Charge influence on the QD size dependent TS coupling. We investigated the TS
coupling between two QDs of varying sizes at a fixed QD surface-to-surface distance 10
A using the tight-binding model described in Section 11. The two QDs have the same radius
and are connected by the neutral or charged dithiols molecules mentioned above. The
computed through-solvent coupling logio|Vpas| for different bridge charge conditions as a

function of the QD radius r are shown in Figure 21a.
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For the positively charged molecular bridges, the computed TS coupling strengths
between the two QDs decrease as the QD radii r increases from 7.5 A to 17.5 A, and the
coupling strength is always larger than that of the QDs linked by the neutral bridge. The
TS coupling strength difference between the positively charged dithiol system and the
neutral dithiol system decreases as the QD size grows. These results are caused by different
changes in the effective tunneling barrier and the tunneling pathway for different bridge
charge conditions as the QD size grows. The QD conduction band edge (LUMO) energy
decreases as the QD size grows. Therefore, the through solvent tunneling barrier increases
(eq. 7), resulting in the decreased D-A coupling, as the QD size grows. The bridge charge
perturbation to the solvent molecule energetics is limited by the solvent-charge distance
(see Fig. 4b). For large QDs, there are more contributions to the D-A coupling from solvent
pathways whose tunneling barriers are weakly perturbed by the distant charge localized on
the molecular bridge. Therefore, as the QD size grows, the TS coupling is no longer
dominated by the pathways around the molecular bridge, and all the solvent molecules
between the whole contact region (between the two facing hemispheres of the QDs)
contribute to the D-A coupling. The portion of low-energy pathways in the total pathway
becomes small. Therefore, the increase in the D-A coupling strength becomes smaller as
the QD size grows.

For two QDs linked by a negatively charged molecular bridge, the QD-QD TS
coupling is stronger for small QDs (r < 12 A) and becomes weaker for large QDs (r > 12
A) as compared to the TS coupling between two QDs linked by a neutral molecular bridge.

In contrast to the positive charge influence on the D-A TS coupling, the negative charge
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influenced tunneling barrier and tunneling pathway changes may contribute oppositely to
the D-A TS coupling, depending on the QD size. The overall D-A TS coupling is mainly
determined by the charge influenced tunneling barrier as the QDs size varies.

For small QDs, the tunneling barrier reduction due to the negative charge influence
contributes positively to the D-A coupling. However, these low tunneling barrier pathways
have long tunneling distance (detoured pathways, much longer than the QD surface-to-
surface distance, see Sec. 1l1.1), contributing negatively to the D-A coupling. In our
calculations, for small QDs studied in this section, the barrier reduction effects on the D-A
coupling change dominate, therefor the D-A coupling becomes stronger when replacing
the neutral bridge to a negatively charged bridge. For general QDs, whether the D-A
coupling is enhanced or weakened depends on the dominance of the tunneling barrier
reduction and the increased tunneling distance. This is different from positive charge
perturbations to the D-A coupling, where the D-A coupling is enhanced.

As QDs size grows, the QD conduction band edge (LUMO) energy decreases, thus
the tunneling barrier reduction becomes small, and eventually the through solvent
tunneling barrier may become larger than that of the neutral bridge. Therefore, the
contribution to the D-A coupling strength variation caused by the tunneling barrier change
becomes negative as the QD sizes grow. At the same time, for large QDs, there are more
solvent tunneling pathways which have comparable tunneling distances to the QD surface-
to-surface distance and have tunneling barriers weakly perturbed by the negative charge.
Compared to the small QD case, the negative contribution to the D-A coupling caused by

the increased tunneling distance becomes small. Nevertheless, both the tunneling barrier
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and distance changes contribute negatively to the D-A coupling, resulting in a steeper D-
A coupling decay (as QD sizes increase) compared to the case with a neutral molecular
bridge. The specific coupling decay rate depends on the relative electronic responses of the
solvent and QDs to the external charge and their mutual distances. For large D-A distances,
the bridge charge influence on the D-A coupling QD size dependence becomes small.

Charge influenced TB coupling size dependence. We computed the through-
bridge donor-acceptor coupling for the CdTe-CdSe QD dyad linked by the
HS(CH2)nCH(R)(CH2)nSH bridge when n = 1 (R = -COOH, -COO~, -NH2, -NH3"). For
each of the four dithiols, the computed TB coupling as a function of the QD radius with
fixed QD surface-to-surface distance is shown in Figure 21b. Two QDs have the same radii
in the plots. The TB coupling value [Vpap| drops with the increasing QD radius r and the
TB coupling QD size dependence is insensitive to the bridge charge. Both the positively
and negatively charged substituent in the dithiol bridge decrease |Vpays| for all r.

As we discussed earlier, the TS D-A coupling change is regulated by two effects:
the tunneling barrier shift and the wave function redistribution of the bridge unoccupied
orbitals induced by the bridge charged substituent group. The two effects contribute
oppositely to the D-A coupling changes (see discussions in Sec. I11.1). For short molecular
bridges (n=1), we found the D-A couplings are reduced for both charged bridges. The slope
of the log1o|Vbas| vs. r is mainly determined by the reduced QD wave function amplitude
on each constituent atom as the QD sizes grow. In our tight-binding model, one atom from
the donor QD and one atom from the acceptor QD couple to the bridge molecule.

Therefore, as the QD sizes grow, Vps and Vsa (see eq 8) decrease. The logio|Voas| vs. r
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function is not necessary linear, because the QD wave functions are not exponential
functions of r. The specific decay rate depends on the composition of the QDs and the

bridge molecules.

3.4.4 Tuning QD-QD charge transfer couplings using charge
influenced TS and TB couplings

In the experiments, dithiols like 1,3-benzenedithiol are often used to link the QDs
to obtain closely packed QD assemblies, where the QD surface-to-surface distance is ~ 1
nm.*®2 This distance corresponds to the surface-to-surface distance in the CdTe-CdSe QD
dyad linked by HSCH>CH(R)CH2SH (R = -COOH, -COO™, -NH>, -NH3") in this study.

D-A coupling strength influenced by charged groups in the molecular bridge for
small QDs. Our current calculations showed that changing R in the HSCH,CH(R)CH2SH
dithiol from neutral to charged group (-NH. to -NH3* and -COOH to -COQ") can enhance
the overall D-A coupling strength for small QDs (QD radii r < 12 A). The enhancement
magnitude is more pronounced in smaller QDs. For example, for the CdTe (r = 11.5 A)
and CdSe (r = 11.5 A) QD dyad, the overall D-A coupling strengths for the QD dyad linked
by positively and negatively charged bridges are all one order of magnitude larger that of

the corresponding neutral bridges (positive group : 1.1x10~8 eV vs 1.8x107 5 eV; negative
group: 2.7x10" eV vs 3.3x10~8 eV). The D-A coupling enhancements are contributed by

the increased TS couplings due to the charge perturbations. In both case the TB coupling
strength are reduced by the charge perturbations.
D-A coupling strength influenced by charged groups in the molecular bridge for

large QDs. For large QDs (r > 12 A), replacing the neutral R group in the
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HSCH>CH(R)CH2SH dithiol neutral with a positively charged one can enhance the D-A
coupling, while the change of a neutral R group to a negatively charged group can weaken
the D-A coupling. The positive charge induced D-A coupling enhancement becomes
weaker as the QD size grows. In contrast, the negative charge induced D-A coupling
reduction will be more pronounced in larger QDs. For example, for the CdTe (r = 17.5 A)
and CdSe (r = 17.5 A) QD dyad, the overall D-A coupling strength for the QD dyad linked
by positively (negatively) charged bridge is 70% larger (smaller) than that of the

corresponding neutral bridges (positive group : 9.9x10~" eV vs 1.7x107; negative group:
1.1x107° eV vs 3.2x1077 eV). The positively charged group induced D-A coupling

enhancement arises from the larger contribution from the increased TS coupling strength
than from the decreased TB coupling strength by the positive charge perturbation. The
negatively charged group induced D-A coupling decrease is caused by the decreased TS
and TB coupling due to the negative charge perturbation.

TS and TB coupling dominance switch as the QD size change. We found in our
previous study®® that the TB D-A coupling strength in the CdTe-CdSe QD dyad separated
by a surface-to-surface distance ~ 1 nm decays faster than the TS D-A coupling strength
as the QD sizes grow. We found that the TS and TB coupling mechanisms switch their
dominance when the CdTe and CdSe QD radius rswitch ~ 15 A (although the overall D-A
coupling decreases as the QD sizes grow). The TB coupling strength can be one order of
magnitude larger than the TS coupling strength when r < 15 A. In contrast, the TS coupling
strength can be one order of magnitude larger than the TB coupling strength r > 15 A. The

switch of the dominant coupling mechanism arises from the fact that the increasing surface
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area of the QD partially compensates for the wave function dilution effect for the TS
coupling.

In the current calculations, we found the coupling mechanism switch occurs at a
smaller QD size when a positively charged R group replaces the neutral one, because of
the increased through-solvent coupling for all size QDs. In our calculation, the rswitch
reduces from 12 A to a value smaller than 7.5 A. The specific rswicn value depends on the
specific system, but the feature that the mechanism switch occurs at smaller QDs could be
general. For the negatively charged group, the coupling mechanism switch occurs at a
larger QD size compared to the neutral R group case, because the negatively charged group
in the bridge increase the TS coupling strength decay rate as the QD sizes grow. In our
calculations, rswitcn increases from 12 A to 16 A when replacing COOH with -COO".

Tuning the relative strength between the TS and TB couplings can be important
when we want to control ET through selected mechanism (TS or TB). For example, to
improve the chiral induced spin selectivity (CISS) effect,62-1% it is important to exclude
the electron transfer contributions from non-spin selectivity channels to the total electron
transfer rates. Often electron transfer through chiral bridge is responsible for the CISS
effect, thus it is advantageous to reduce the TS coupling strength and enhance the TB
coupling. Our calculations suggest that a negatively charged group in the bridge can
change the ratio of TB to TS coupling strength from 34% to 126% for two QDs with radii
~ 16 A when the bridge changes from HSCH2CH(COOH)CH:HS to
HSCH>CH(COO)CH,HS". For longer dithiols, the TB to TS coupling strength ratio change

may be larger since the -COO™ group in longer dithiols increases the TB coupling strength
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(while it decreases the TB coupling strength for the short dithiol
HSCH>CH(COOH)CH2HS). (Figure 20b)

Solvent impact. Water is used as the solvent in our calculations. The screening
effect of the high dielectric constant of water limits the charge influence on the frontier
orbital energies of the water molecules which are distant from the bridge charge center.
For less-polar solvents with low dielectric constant, the charge influence on the solvent
frontier orbital energies can be stronger and can extend to longer distances. While the low
dielectric constant effect on the effective tunneling barrier depends on the relative frontier
orbital energy changes of the QDs and the solvent molecules, its effect on tunneling
pathway can be more significant. Therefore, the less-polar solvents might magnify the

charge effects on the D-A coupling on large QDs.

3.5 Summary

We built a tight-binding model to investigate the charge influenced through-solvent
(TS) and through-bridge (TB) electron transfer couplings between the CdTe and CdSe QDs
linked by neutral and charged dithiols HS(CH2)nCH(R)(CH2)aSH bridge (n =1, 2, 3, 4; R

= -COOH, -CO0™, -NHa, -NH3z"). We studied the charge induced D-A coupling changes

and their dependences on the QD size and on the QD surface-to-surface distance.

We found that the positively charged group -NHs" in the dithiol bridge increases
the overall computed QD-QD coupling strength by up to 1 order of magnitude for all QD
sizes and QD surface-to-surface distances. -NHz* influenced D-A coupling strength decays

faster than -NH. as the QD sizes grow with fixed QD surface-to-surface distance. And -
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NH3" lowers the D-A coupling distance decay constant. These influences of -NH3* charge
on D-A coupling properties arise from the TS contribution perturbed by the positive charge.
The positive charge influenced TS coupling strength is up to 1 order of magnitude larger
than the TS coupling strength for the neutral bridge. In contrast, the -NHs* group in the
molecular bridge has negligible influence on the TB coupling strength for long dithiols (n
> 1) and decreases the TB coupling by ~ 50% for the short dithiol (n = 1), independent of
the QD sizes. As a result of the relative changes in TS and TB coupling strengths induced
by the positive charge, the TB to TS dominance switch occurs at smaller QD sizes as
compared to the neutral molecular bridge.

We found that the effects of the negatively charged group -COO™ in the dithiol on
the overall computed D-A coupling strength depend on the CdTe and CdSe QD sizes. For
small QDs (radius < 12 A), when the charged group in the dithiol bridge changes from -
COOH to -COOQ™, the strength change in the D-A coupling strength is sensitive to the QD
radii; for large QDs (radius > 12 A), the -COO ™~ in the dithiol decreases the D-A coupling
strength between the QDs by up to 70%. The -COO™ influenced D-A coupling strength
decays faster than -COOH group as the QD sizes grow with fixed QD surface-to-surface
distance. And the -COO™ increases the D-A coupling distance decay constant. These
impacts of -COO™ charge on the D-A coupling properties are from the TS coupling

contributions perturbed by the negative charge. The negative charge influenced TS
coupling strength is sensitive to the QD radii when the QD radii are < 12 A and can be ~ 1

order of magnitude smaller than the TS coupling strength for neutral bridge linked QDs
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when the QD radii are > 12 A. In contrast, the -COO~ influenced TB coupling strength

between the QDs is ~50% less than the TB coupling for the neutral bridge when dithiol is

short (n = 1); for the long dithiols (n > 1), the -COO™ group increase the TB coupling

strength by ~50%. Because of the relative changes in TS and TB coupling strengths
induced by the negative charge, the TB to TS dominance switch occurs at larger QD sizes
as compared to the neutral molecular bridge.

For the through-solvent QD-QD coupling, the bridge charge induced strength
change is a consequence of the relative contributions from the tunneling barrier shift and
from the effective pathway length change because of the charge in the bridge. For the
through-bond coupling, the bridge charge induced strength change is a result of the relative
contributions from the tunneling barrier shift and from the donor (acceptor)-bridge
interaction change induced by the bridge charge. The charge induced donor (acceptor)-
bridge interaction change arises from the QD unoccupied orbital wave function
redistribution under the electric field generated by the bridge charge.

We suggest that the charged substituents can be used to tune the QD-QD coupling
strength and the dominant charge transfer mechanism in the QD dyad linked by a bridging
molecule. Specifically, the -NH3" substituent can be used to strengthen the D-A coupling
between the QDs separated by 1,3-propanedithiol. For the CdTe-CdSe QD dyad separated

by the same dithiol, the -COO™ substituent can be used to strengthen the D-A coupling for
small QDs and to weaken the coupling for large QDs. Both the -NHs" and the -COO™

substituent groups can be used to switch the charge transfer mechanism from through-
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bridge dominant to through-solvent dominant tunneling in small CdTe-CdSe QD dyads
linked by 1,3-propanedithiol. These findings provide strategies to control the charge
transfer rates, charge recombination rates and their mechanisms in QD solar cells, NP-

based batteries and QD-based photoelectrochemical sensors using charged linker species.
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4. Solar Cell Performance Using Quantum Dot Triad
Charge-separation Engines

In this chapter, we use kinetic modeling to explore the solar cell performance of
quantum dot dyads and triads based solar cells. This collaborative work with Peng Zhang
(Duke University), Brian P. Bloom (University of Pittsburgh) and David H. Waldeck
(University of Pittsburgh) has been published on J. Phys. Chem. C, 2018, 122 (11), pp

5924-5934.

4.1 Introduction to kinetics in QD dyad and triad

While the size-tunable physical and electronic properties of semiconductor
quantum dots (QDs) make them attractive for potential solar cell applications, QD-based
photovoltaics remain limited by charge recombination processes that compete with the
transduction of the initial photogenerated exciton into photocurrent.!%171%18 One design
strategy to improve efficiencies is to engineer the band energetics to promote charge
separation. Here, we explore the use of higher-order assemblies of QDs, namely QD triads,
to realize improvements in device performance. The proposed triad motif has two QDs in
contact with the electrodes (one with the anode and one with the cathode) and a third
intervening QD to enhance the charge separation efficiency. The three QDs are designed
to have a cascading band-edge energy alignment (see Figure 22a) that promotes both
electron transfer (ET) and hole transfer (HT).84-18°

Simpler two layer QD assemblies have been used for QD solar-cell architectures
and have led to efficiencies of 10.6%.871% In a two-layer CdTe-CdSe QD solar cell design,

both QDs act as light absorbers and produce charge carriers, where an ~ 5 nm CdTe QD
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has a band gap of ~ 1.8 eV, and an ~ 4 nm CdSe QD has a band gap of ~ 2.1 g\, 33.38.88.91.191-
194 Absorption of light in dyad systems can cover a wider range of the solar spectrum,
compared to single QD-sensitized solar cells. Type-11 energy band alignment (Figure 22b)
for the QDs enhances ET from a photoexcited CdTe QD to a CdSe QD and HT from a
photoexcited CdSe QD to a CdTe QD. Type Il band alignment also slows back electron
transfer, compared to the case for type-I band alignment.38891921% Eqor 3 CdSe QD electron
acceptor, the energy difference between its conduction band and the valence band of a
CdTe QD is more favorable for charge recombination in type-Il1 QDs than for type-1 QDs
because the non-radiative charge recombination is disfavored by the Marcus inverted effect
in type-I heterojunctions.®1% Nevertheless, charge recombination is believed to limit the
power conversion efficiency of QD solar cells!®"1%1% and can dominate over the device
advantages of type-11 architectures, which arise from the large forward charge transfer rates
and the small differences between electron and hole transfer rate constants. The ET rates,
HT rates and their differences in the type-Il architectures can be controlled by tuning the
ligand structure and the QD sizes, which determine the electronic energy landscape.*®
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Figure 22: Band alignment between CdTe and CdSe QDs . Cascade versus non-
cascade energy landscapes for (a) QD triads and (b) QD dyads. All ET and HT
processes are thermodynamically favored in the cascade energy alignment scheme. In
the non-cascade scheme, at least one of the ET and HT processes is
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thermodynamically unfavorable. Panel (b) shows Type-II vs Type-I energy
landscapes for dyads. Both ET and HT are thermodynamically favored for Type-II
energy alignment, while one charge-transfer step is thermodynamically disfavored
for-Type I energy alignment.

Multi-layered QD thin-film solar cells typically exhibit increased energy-
conversion efficiencies compared to single-layer cells.’894193.194.200201 The high efficiency
of multilayered QD thin-films is usually explained by the large short-circuit current that
results from the large number of QD absorbers in the device.'%%! For example, a tandem-
layered QD triad solar cell structure was found to produce a 3.0% power conversion
efficiency, as compared to the 1.65% efficiency for a single layer large band gap QD solar

202 \were found to have short-circuit currents

cell.®* Multi-chromophore organic solar cells
that changed from 2.5 mA/cm? to 4.5 mA/cm?when a donor platinum tetra-benzoporphyrin
was linked to an organic dye acceptor with an unsaturated bridge. Molecular triad
architectures were also shown to have larger ET yields than the yield found in molecular
dyad systems.?32% |n a trilayer organic solar cell, with an ET energy cascade but a flat
valence band profile, an ~ 2-fold increase in power conversion efficiency was observed.
The increase in efficiency was mostly realized in the short-circuit current.?%

The open-circuit photo-voltage deficit, or the gap between the experimentally
measured and the theoretically estimated open-circuit photo-voltages, is believed to be the
main cause of the diminished performance of most QD solar cells.87:9%190210-215 Thjg deficit
is caused primarily by charge recombination at the interfaces, via surface states that lie in

the energy gap between the conduction and valence bands. Strategies to reduce these

charge recombination effects are needed to increase the open-circuit photo-voltage and to
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further improve QD solar cell performance. Inspired by multi-layer solar cell designs and
by a need for strategies to reduce charge recombination, we studied the effect of
introducing a third QD in a CdTe/CdSe QD heterojunction. The general design principles
that we explore are: (1) introduce a middle QD that absorbs light and generates charge
carriers, in addition to the absorption and carrier generation provided by the outer CdTe
and CdSe QDs of the triad; (2) use the middle QD to slow charge recombination because
of the additional spatial separation it provides between the photogenerated and separated
electron and hole; and (3) use the electron/hole spatial separation to weaken the electron—
hole Coulomb attraction, lowering the exciton binding energy and enhancing the free
carrier generation efficiency. The middle QD, which benefits the overall charge separation,
however, can slow the overall rate of charge flow in the cell because of the increased inter-
electrode distance associated with adding the third QD. It is thus important to attain a
balance between these opposite effects to produce improved device performance.

In this chapter, we analyze the properties of QD dyad and QD triad charge transfer
structures between electrodes. The dynamics are analyzed using a master equation
approach, akin to that applied earlier to organic photovoltaic solar cells.?16-218 |n the earlier
studies, electron donor-acceptor systems were embedded in a photovoltaic cell and steady-
state currents and powers were analyzed as a function of bias voltage. The open-circuit
photo-voltage (Uoc) was found to decrease as the charge recombination rate increased.?®
Using detailed balance constraints, Uoc values in those studies were found to depend on
the ratio of the temperature and the ‘sun temperature’ (given by the sun’s blackbody

temperature).?!821° The non-radiative recombination rates and the exciton binding energy
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decrease the open-circuit voltage to an extent that depends on the electronic energies of the
donor and acceptor. We analyze how adding a third QD (moving from a dyad to a triad)
can suppress charge recombination and enhance the overall charge-transfer yield. The dyad
and triad QD systems studied have more electronic states than are included in simple dyad
organic solar-cell models.?!%2!8 We investigate the current and power characteristics of the
dyad and triad structures to determine the power conversion efficiencies. The charge flux
produced by the photo-excitation drives charge separation across the electrodes, and
input/output powers are calculated using steady-state analysis. The influences of non-
radiative charge recombination and of QD energy band alignment on the currents and

power conversion efficiencies are explored.

4.2 Theory and kinetic models for QD dyad and triad systems
4.2.1 Master equations in QD dyad and triad

The QD solar cell dyad model includes a left QD (L), a right QD (R), and two
electrodes (cathode A and anode Y, see Figures 23a,b). The QD triad model (Figure 23a)
has an additional QD (M) that is located between the L and R QDs. Each QD has four
accessible states: neutral (L, M, R), excited (L*, M”, R), positively charged (L*, M*, R"),
and negatively charged (L™, M~, R7). Thus, each QD dyad has 16 possible states (4?) and

each QD triad has 64 possible states (4%). Excitation, radiative decay, electron transfer,
hole transfer, charge injection to and from the electrodes, and non-radiative charge

recombination are included in the model. However, we assume that charge transfer only
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occurs between nearest-neighbor QDs. For example, the kinetic equation governing the
population of the L*R” state of the QD dyad (Figure 23c) is

d [L*R°] +R*
it —(kra + krre + kpan + Krre + krye ) [L"R7]

+krex[L'R] + Kige[L'R™] + kpn[LR™] + kyge[LR™] (4.1)
where krq is the radiative decay rate constant of R, krex is the excitation rate constant of R,
kree (KLre) is the electron transfer rate constant from R to L (L to R), kzx (K4zs) is the hole
transfer rate constant from L to A (A to L), kgrye (kyge) IS the electron transfer rate constant
fromRto Y (¥ to R). The intrinsic non-radiative decay rate of a single QD is incorporated

in kric. The Kinetic equation for L*"M™R in the QD triad system is:

d [L*M*R]
dt

= —(kyre +kpan + kyie + kyre + kyre + kyrn + kya + Krex )[L"M*R]

+Epex[LEMR] + ke [L'M*R] + kgyn[L*M™R*] + kgyq[LTM*R*]
+kpn[LM*R] + kpye[L"M*R™] + kgye[L*M*R7] (4.2)
kmLc is the charge recombination rate constant from M to L, kmie (Kume) is the electron
transfer rate constant from M to L (L to M), kmre (Krme) i the electron transfer rate constant
from M to R (R to M), kmrn (Krmn) is the hole transfer rate constant from M to R (R to M),
and the other rate constants are defined in analogy with those in eq 4.1. The other 15 kinetic
equations for the dyad and the other 63 kinetic equations for the triad are constructed in

analogy with egs 4.1 and 3.2. See the Appendix A for the equations governing the dyad.
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4.2.2 Charge transfer rates in QD dyad and triad systems

CT rates. The ET and HT rate constants (kct) between two states in the charge-
transfer network are modeled using the non-adiabatic ET rate in the high-temperature
(Marcus) limit108.10°;

(ArG+E+Act)?
4 Act kT

ket = 5 Voal” 7z J dE g(E) exp(= ) (4.3)

where E is the electron energy relative to the acceptor band edge, 7 is Planck’s constant
divided by 2m, ks is Boltzmann’s constant, T is the temperature, Vpa is the electronic
coupling between two QDs, Aet is the reorganization energy, 4:G is the reaction free
energy, and g(E) is the density of electronic states for the acceptor QD, approximated

using

g(E) = (Volume)@ﬁ (4.4)
In eq 4.4, my is the effective mass of the transferred charge; m” = m¢” for electron transfer
and m” = my” for hole transfer. 4,G is taken as the energy difference between the relevant
QD band edges (HOMO and LUMO positions) under zero-bias conditions. The
reorganization energy A is calculated using the Marcus two-sphere model,*%® and it is ~
0.15 eV for the CdTe and CdSe QDs in Figure 23b, where the free energy for ET is ~ 0.26
eV and for HT is ~ 0.52 eV, which means that both ET and HT are in the normal Marcus
region. Note that detailed balance between the forward and reverse charge transfer rates is

guaranteed by eq 4.3, so it is used to compute the rate constants in eqs 4.1 and 3.2.
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Figure 23: Schemes of charge transfer network in CdTe-CdSe based solar cell
(a) Schematic diagram of a QD triad architecture. (b) The energy diagram for the triad
structure in (a) and for all of the photo-excitation (Ex)/radiative decay (Rd), ET/back
ET (BET), HT(BHT), and charge recombination (CR) processes in the triad solar cell of
the QD triad system. The HOMO and LUMO energies of the L and R QDs are
indicated for a 5.5 nm CdTe QD and a 4.5 nm CdSe QD.3338 The middle (M) QD is
modeled to have LUMO and HOMO energies equal to the average values of the
corresponding L and R QD energies and a 5.0 nm diameter. The Fermi energies of the
electrodes are shifted symmetrically by external applied potentials U, so that each
electrode has an 0.5eU energy shift. (c) Kinetic schemes for the states and ET steps
associated with the L+R* state in the QD dyad.

The QD triad energy landscape is shown in Figure 23b. A QD dyad solar cell
similar to ITO-CdTe-CdSe-Al is used as a reference in our analysis. The metal electrodes
are assumed to have an equal Fermi energy (of — 4.1 eV), for simplicity. The QD triad has
the same energetics for the L and R QDs as in the dyad, but it also contains a middle CdSe

QD, M, with a 5.0 nm diameter (unless stated otherwise). In addition, we assume that the
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M QD has its band-edge energies tuned by its capping ligands.>*®” Note that chemical
composition, QD radius, and capping ligands can all be used to tune the band energetics.
The photoexcitation rate (Ex), radiative decay rate (Rd), ET/back ET (BET) rates, HT/back
HT (BHT) rates, and charge recombination (CR) rate for the triad cell are indicated in

Figure 23b. The rate constants for these processes in the dyad system are shown in Figure

23c.
The hole-transfer rate from the HOMO of L to the left electrode A is modeled as, 8
(AyG+E+2,)?
Kpan = ﬁf dE f(E) exp[—— == (4.5)
with

1

[exp (;’f}) +1]

f(E) = (4.6)

and the term v, = 2?" [V.4l?, where V., is an effective electronic coupling between L and

the electronic states of electrode A. The contributions to 4:G from the electronic energies
are calculated using the HOMO energy for L and the applied chemical potential (the Fermi
level, Er, plus the bias voltage U) of A. E is the energy difference between a hole state of
the HOMO of L and the Fermi edge of electrode A. A, is the reorganization energy for
hole transfer from L to the left electrode and is estimated with the Marcus two-sphere
model with the radius of the left electrodes set to infinity. The HT rate for the reverse
process has f(E) replaced by [1 — f(E)] in eq 4.5, and (4:G+E) replaced by — (4:G+E). For
ET from R to the right electrode Y, f(E) in eq 4.5 is replaced with [1 — f(E)] and v, is

replaced with vy
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The rate of QD photoexcitation is kex = As Ns(Xs), Where ns(xs) = 1/ [exp(xs) — 1] is

the Bose-Einstein distribution for the photons and xs = Eg/ksTs , where Eg = ELumo —
E Homo, Tsis the sun’s black-body temperature, and As is the Einstein A coefficient for

absorption.?® The corresponding radiative decay rate, kra = As[1 + ns(Xs)], satisfies a
relationship that is similar to a detailed balance condition under constant solar radiation,

and is characterized by the Tsvalue defined above,?%

% = exp[—(Erymo — Enomo) /kpTs] (4.7)

Charge Recombination rates. Effective charge recombination at the QD-QD
interfaces are assumed to occur from the M QD to the L QD with a rate of ku.c, and from
the R QD to the M QD with a rate of krmc in the triad. For the dyad, only charge
recombination from the R QD to the L QD with a rate constant of kric is included. The
effective rates include the intrinsic non-radiative decay in a single QD and other charge
recombination via surface states in kric, kmc and krvec. Nearest-neighbor charge
recombination rates depend mainly on surface states, and we assume that the nearest-
neighbor charge recombination rate kr.c for the dyad and the nearest-neighbor charge
recombination rates for the triad, kmic and krme, are similar. The specific values of the solar
cell current, voltage, and power conversion efficiencies will change depending on
mismatches among the three rate constants, but the general conclusion that a M QD can
improve the QD dyad solar cell performance is robust. The charge recombination rates

depend on the reorganization energy, the localized surface states, and the reaction free
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energy. These values are held fixed in our simulations. We use one effective rate constant

(two rate constants in the triad) to describe charge recombination.

4.2.3 Dyad and triad-based cell properties

We normalize the population of all states (e.g., the states in Figure 23c) to 1, and
the steady-state master equations are written as Ac=0, where c is the vector for the
populations of all states and A is the coefficient matrix for the master equations. Solving
the equation Ac=0 is to solve the null space of matrix A, which is done by using the null
function of MATLAB. The steady-state populations of the states of the R QD and Y
electrode are c1, C, Ci...Ch and the associated ET rate constants are ki, k2, ki...kn. Here i
denotes an ET process. The steady-state circuit current (I¢) is defined as the net current
from the QD dyad/triad system to the electrode,

Io = 3 o(— 1) cik; s=0,1 (4.8)
The integer s=0 represents the current from the R QD to ¥, and s = 1 represents the
current from Y to the R QD.

The photo-induced excitation current (lex) is calculated by summing the transition
‘current’ from the HOMO to the LUMO levels for each QD. If the concentrations for the
ground state QDs (e.g., LM*R and LMR") is g1, g2, gs...gm, and the rate constants for these
states to be photoexcited are Kexi, Kexz, Kexa...Kexm (€X indicates excitation),

lex = XiZ0 Gikexi (4.9)
For example, g1 corresponds to the LMR™ state of the triad, and kex: corresponds to the

excitation rate of the LMR* - L"MR" process. The excitation power Pex is defined as,
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Pox = Xi%0 9ikexiAE; (4.10)
where AEj is the energy of the ith excited states.

Steady-state power conversion efficiency (PCE). Using the kinetic equations
described above, steady-state photocurrents and photo-voltages can be calculated (see Sl
for details). The maximum output power Pmax of the system is defined as the maximum of
the product of the photocurrent Ic and the chemical potential difference between the
electrodes, U=E, — E,, where E, and E, are the chemical potentials of the A and ¥
electrodes, respectively. The external quantum efficiency (EQE) is defined by the ratio of

Pmax to the input power Pin:

max(I.-U) Isc'Uoc'FF

Ny = 22 % 100% = X 100% =

o _ . X 100% (4.11)
Here, I5c is the short-circuit current, U, is the open-circuit voltage, and FF is the fill
factor. EQE is a measure of the light to electrical energy power conversion efficiency. In

our analysis, the input power Piy, is taken to be constant, and we compare the values of Pmax

n P .
exdyed _ _maxdyad - Assyming that all QDs have an equal

ex,triad P max,triad

for dyads and triads, namely

probability of photoexcitation, Pin of the triad systems is 50% larger than that for the dyad
because of the additional QD. Thus, we normalize Isc and Pmax for system size.
We also study the internal quantum efficiency #in, which is the ratio of the maximum

output power to the photo-excitation power in the case of maximum output power,

Nin = 29X % 100% (4.12)

ex
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Here, Pex is the power associated with light absorption. This parameter represents the
efficiency of energy conversion from the photoexcited QDs to electrical power in the
circuit.

System parameters. To calculate the current-voltage values for the solar cells, we
use the parameters in Table 6. Since the dielectric constant of the bare CdTe and CdSe
QDs is ~ 7 and the dielectric constant of 1,2-ethanedithiol is approximately 41,22 we use
an intermediate value of 20 for the assembly. The dielectric constant determines the
reorganization energy and thus impacts the charge transfer rates (see Sl for further
discussion). The influence of the dielectric constant on Isc, Uoc, Pmax, and on efficiencies
is examined by varying the ET and charge recombination rates. As we explore the influence
of the band-edge (HOMO and LUMO) energies for the M QD on Isc, Uoc, Pmax and on the
efficiencies, the parameters in Table 6 will change as described.

Table 6: Parameters used in the current-voltage, output power-voltage, and
efficiency calculations.

Value Notes

&s 20 Dielectric constant of the QD assembly; arbitrarily estimated as the
average dielectric constant of the complex of the CdTe/CdSe QDs

and surface ligands.

oA 1nm Surface to surface distance between neighboring QDs; about the

end-to-end distance of the extended SH(CH2).SH molecule
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R, 2.75 nm, Radii of L, M and R QDs, respectively

Rwm, 2.50 nm,

Rr 2.25nm

E4 (4.1 - Left electrode potential; —4.1 is the Fermi energy of the left A
0.5e4U) eV | metal electrode; AU is the applied external potential and e is the

magnitude of the electron charge.

Ey 4.1+ Right electrode potential; —4.1 is the Fermi energy of the right ¥
0.5e4U) eV | electrode;

Voa 104 eV Electronic coupling between CdssTess and CdssSess QDs linked by

and SH(CH.)2SH; surface to surface distance ~ 1 nm

Vep

Vg 1085t Inverse of the characteristic time scale for QD excitation and decay

vy.v, | 108eV-st [ 27/ 7 |coupling|? value for ET/HT between QD and electrodes

T 300 K Room temperature

Ts 6000 K ‘Sun surface temperature’

me” 0.l1a.u. Effective electron mass of CdTe and CdSe??":223.224

mpy” 0.1 a.u. Effective hole (light) mass of CdTe and CdSe!?
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4.3 Solar cell performance of QD dyad and triad systems.

We first describe the current-voltage (I-U) relations for dyads and triads as the
charge recombination rate is varied and the HOMO (LUMO) energy of M is fixed at the
average value of the HOMO (LUMO) energies of L and R. The I-U characteristics enable
the calculation and analysis of the open-circuit voltages, the short-circuit currents, and the
power-voltage (P-U) curves. The maximum output powers are also extracted from the P-
U relations. Next, the internal quantum efficiencies for the dyad and triad systems are
analyzed as a function of the charge recombination rates. The dependence of the external
and internal quantum efficiency on the middle QD energetics, effective hole mass (see Sl),
and quantum dot radii are explored. Finally, we relate our findings to recent investigations

aimed at improving the open-circuit voltage for PbS-based QD solar cells.

4.3.1 1-U and P-U characteristics of QD assemblies

The characteristic Ic -U and P-U relations that are computed for QD dyad and triad
systems follow the predictions of the Shockley diode model,??52%6 and behave more ideally
(i.e., like an ideal diode??®) than is found in experiments®-383 (see Figure 24). The current
changes modestly as the voltage increases from 0 V to ~ 1.2 V, but drops to 0 nA (and then
to negative values) as the voltage increases to ~ 1.5 V. See Sl section Sl1.4 for discussion
of the decrease in I as U increases. Figure 23b indicates that the energy difference between
the LUMO of R and the HOMO of L is 1.56 eV, and that the open-circuit voltage is ~ 1.5
V, consistent with other theories and models.?'8221:227228 The output power Poyt initially
increases with the applied potential, but decreases rapidly when the external potential

continues to rise. Pmax decreases as the charge recombination rate increases from 107 s™*
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to 10*2 s™1; the value of the potential where Pmax Occurs also changes with the charge-

recombination rates. As the nearest-neighbor charge-recombination rate for both the dyad
and triad increases, the peak position of Poyt shifts to the left on the voltage axis first, and
then shifts back to the right on the voltage axis, for both the dyad and triad. The peak
position of Poyt first shifts left due to the increase in charge recombination rates because
the Ic-U curves in Figure 24a shift left (Uoc decreases) as the recombination rate increases;
the peak position of Pout shifts right as the charge recombination rate increases because the
I-U curves in Figure 24a shift down and the flattening tails of the Ic-U curves disappear as
the recombination rate constant increases. Note that the nature of the Ic-U curves is different
for the dyad and triad systems; the triad has a larger efficiency than the dyad regardless of
the recombination rate.

The short-circuit current (Isc), the open-circuit voltage (Uoc), the maximum output
power (Pmax), and the power conversion efficiency (in) are extracted from the Ic -U and P-

U curves and plotted in Figure 26.
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Figure 24: Current-Voltage and Power-Voltage curves. (a) I -U and (b) P-U
curves for the QD dyad (blue) and triad (red) systems with different charge
recombination rates, 105 s! (solid), 107 s (dash-dot), 10° s! (dashed), and 10" s!
(dotted). The current and output power are normalized by factors of 2 and 3 for the
dyad and triad, respectively. See Figure 25 for details of the I. -U curves near the
open-circuit voltage.

When the charge recombination rate is large (>107 s™1), the current I drops rapidly

and then nearly linearly to zero as the voltage approaches the open circuit voltage.

However, when the charge recombination rate is small (<107 s™1), the current I has an

exponentially decaying tail. Charge recombination dominates the processes that reduces
the positive current generated by ET and HT. As the voltage increases, the backward
current increases. If the CR rate is large, the net current Ic drops rapidly to zero as the
voltage increases. If the CR rate is small, the net current Ic drops slowly to zero as the
voltage increases. In experiments, the charge recombination rates are usually large

compared to the ET and HT rates, and only the former case is observed.
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Figure 25: Detailed current-voltage curve near open-circuit voltage. Enlarged I-
U characteristic curves near the open-circuit condition for QD dyad (blue) and triad
(red) systems for different charge recombination rates, 10°s™ (solid), 10”s! (dash-dot),
10°s (dashed), and 10''s (dotted).

4.3.2 Short-circuit current Isc, Open-circuit voltage Uoc, Maximum
output power, Pmax and Internal efficiency nin

Short-circuit current Isc. As the charge recombination rate increases, the lsc
(Figure 26a) decreases from picoamps to femtoamps, consistent with theoretical estimates
of Einax et al.?*® based on similar kinetic analysis of organic solar cells. If we use a 5 nm
QD to define the device area, the current densities for the dyad and triad are ~ 40 mA/cm?
and 150 mA/cm?, respectively. Increasing the charge recombination rate reduces the charge
flux to the electrodes and thus decreases Isc. The dyad has slightly larger Isc values than

the triad when the charge recombination rate is less than 108s™. The addition of the M

QD decreases the nearest neighbor ET and HT rates compared to those of the dyad because
the corresponding processes involve a reduced A,.G for each step in the triad. Therefore,
the improvement of the current caused by the presence of the M QD is not caused by an

enhancement of individual ET and HT rates. The M QD adds another step in the ET and
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HT chains, which slows the overall charge transfer between the electrodes. If the charge
recombination rate is sufficiently small (< 108s™1), the current in the system will depend
mainly on the ET and HT rates, and the dyad will have a slightly larger external efficiency
(see Figure 26c¢). If the charge recombination rate is large enough (> 107 s~1) however, it
will reduce the current in the dyad more than it does for the triad. In this limit, the
additional QD slows the charge recombination more than it slows the ET and HT rates.
Hence, the triad system has a larger short-circuit current. The value of the charge
recombination rate at which the short circuit current of the dyad and triad systems switch

(the intersection point in Figure 26a) is ~ 5 x 107 s™*, which is significantly less than the
ET and HT rates (~ 10'°s™1). The maximum improvement in Isc for the triad vs. the dyad
is around 0.25 pA (378%) and occurs when the charge recombination rate is ~ 10%s™2.

This indicates that the additional QD in the triad system is most useful when the charge
recombination rate is of the order of the ET and HT rates; reducing the charge

recombination rate always increases the short-circuit current.
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Figure 26: Solar cell performance comparisons between QD dyad and QD triad
based solar cells. (a) Short-circuit current, (b) open-circuit voltage, (c) maximum
output power, and (d) internal quantum efficiency 7 for the QD dyad (blue) and
triad (red) solar cell systems as a function of the log of the charge recombination rate,
krec. This analysis uses krec = krre= kmrec = krme.

Open-circuit voltage Uoc. The open-circuit voltage Uoc also decreases with an
increase in the charge recombination rate (see Figure 26b). The triad Uoc decreases from

1.85 V to 1.44 V, and the dyad Uoc decreases from 1.73 V to 1.32 V as the charge

recombination rate changes from 10*s ™! to 10*2s™1. The computed Uoc is relatively large

compared to the experimental results.331%2 Note that Uoc correlates positively with the
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energy difference between the LUMO of R and the HOMO of L, which is 1.56 eV. This
value is derived from the optical gaps of single CdTe and CdSe QDs, and is overestimated
compared to electrochemical measurements.®® A comparison of the dependence of Uoc on
the charge recombination rate between the dyad and triad finds that the QD triad system
always has a higher open-circuit voltage than that of the QD dyad, by ~ 0.18 V (13%). The
middle QD in the triad system reduces the effective non-radiative charge recombination
rate in the system between the two outer QDs, which increases the open-circuit voltage
independent of kric.2%%18 A 13% improvement in Uoc is obtained with the parameters in
Figure 26b for the triad compared to the dyad, however larger improvements for the triad
vs. dyad can be expected for other donor-acceptor systems with different band-edge energy
levels for L and R.

Maximum output power, Pmax. The maximum output power as a function of the
recombination rate (Figure 26c¢) resembles the short-circuit current as a function of the
recombination rate. Both Pmax Of the dyad and triad decrease with increasing charge
recombination rates, and Pmax Of the dyad and triad are equal to each other when the charge
recombination rate is < 10°s™%, which is slightly smaller than the charge recombination
rate value that is found for the scenario when Isc of the dyad and triad are equal to each
other, because the triad Uoc value is always larger than that of the dyad. If the charge
recombination rate is ~ 10°s™* (close to the ET and HT rate), Pmax for the triad is more than
four times larger than that of the dyad. As with the Isc, decreasing the charge
recombination rate when it is near the ET/HT rate is an effective way to increase Pmax;

however, once the charge recombination rate is below 10°s™* (below 1% of the HT and
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ET rates), it has little influence on the maximum power. Pmax determines the EQE (see eq
4.11) for fixed Pin, and thus the QD triad systems are more efficient than the QD dyad
systems when the charge recombination rate is comparable to the charge-separation rates.
The improvement in the EQE can be very dramatic if the charge-recombination rate is
comparable to the charge-transfer rates.

Internal efficiency nin. Figure 26d shows the internal quantum efficiency #in as a
function of the recombination rate. #in has a sigmoidal dependence on the logarithm of the
recombination rate and decreases as the charge recombination rate increases for both the
triads and dyads. A smaller charge recombination rate leads to a larger number of charge
carriers moving to the electrodes, so #in increases as the charge recombination rate
decreases. The theoretical limit for #in is determined by the excitation and decay rates, or
by the energy gaps of the QDs. The value of #in for the triad is always larger than the value

for the dyad. For example, if the charge recombination rate is 10°s™%, the triad #in is 56%
and the dyad 7in is 8%; if the charge recombination rate is 101°s™1, the triad #in is 31% and

the dyad 7inis 1%. When the charge recombination rate is close to the ET/HT rates, using
a QD triad architecture is a particularly effective strategy to slow the overall recombination

and raise the internal quantum efficiency.
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Figure 27: Effects of mediate QD band edge energies on PCE . Maximum
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(b, d and f) energy offsets of the middle QD relative to the HOMO and LUMO
energies of the R QD. For (a) and (b), the charge recombination rate is 105s7; for (c)
and (d), the charge recombination rate is 10°s™; for (e) and (f), the charge
recombination rate is 10" s”'. The HOMO and LUMO band edge offsets of the L QD
with respect to the R QD are shown by the vertical lines in the figures.

4.3.3 Effects of the M QD energy offsets (HOMO and LUMO) on the
triad performance

The cascading energy band alignment of the triad shown in Figure 22b is used in
the above analysis, and the HOMO and LUMO energy levels of M were fixed in the
previous simulations to examine how the solar cell performance changes as the charge
recombination rates vary. Changing the HOMO and LUMO energies of M alters the
excitation/decay rates, the charge transfer rates, and the backward charge transfer rates that
modify the triad performance. We studied how the band edge energies of M influence Pmax

and #in for three given charge recombination rates: 10°s7%, 10°s™% and 10 s™1. The

HOMO (LUMO) energy of M was varied in ranges centered on the fixed HOMO (LUMO)
energies of the L and R QDs. The HOMO (LUMO) energies of the L and R QDs were
taken at —4.89 eV (—3.07 eV) and —5.41 eV (—3.33 eV), respectively, so that the HOMO
(LUMO) energy offset of L with respect to R is 0.52 eV (0.26 eV).

Figures 27a, ¢, and e show the maximum output power (Pmax, €9. 3.11) and internal
quantum efficiency (#in, €g. 3.12) as a function of the HOMO energy offset (Eoftset H) Of M.
Figures 27b, d, and f show Pmax and #in as a function of the LUMO energy offset (Eoffset L)
of M. As the Eomset 1 Value increases from —0.2 eV to 0.6 eV, or as the Eoftset L Value
increases from —0.2 eV to 0.4 eV, Pmax and zin first increase and then decrease. Pmax reaches

a maximum when Eoftset 1 1S ~ 0.46 eV and Eoftset L 1S ~ 0.03 eV, while 7in reaches a
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maximum when Eoftset 1 1S ~ 0.16 eV and Eoftset_1 iS ~ 0.13 eV for a charge recombination

rate of 10°s™* (Figure 27a). As the charge recombination rate increases (from 10°s™! to
10 s™Y), Pmax and in have their largest values for lower Eqiset 1 Values and larger Eoffset L

values. The charge recombination rates are taken to be energy independent. However,
changes in band-edge offsets change the overall ET rates from L to R and the overall HT
rates from R to L. The maximum in the Pmax and #in values with respect to the Eoffset 1 Of
the M QD arise because the HT rate from R to M and the HT rate from M to L change in
opposite directions as Eoffset H Varies. Similarly, the maximum in the Pmax and #in values
with respect to the M QD Eoffset L Value arises because the ET rate from L to M and the ET
rate from M to R vary in opposite directions as Eoffset L grows.

In our model (eq. 3.3), the overall HT rate through the triad is determined by
krmnkmin/(Kemn+kmen), and the dependence of the rate constants (krwn and kmin) on the
acceptor QD’s density of states (eq. 3.4) make the overall HT rate sensitive to the energy
band offsets. A decrease (increase) of the band edge energy difference between L and M
(between M and R) increases (decreases) the acceptor density-of-states, so it increases
(decreases) the HT rate. While Pmax depends on the net current between QDs, #in depends
on the ratio of the net current between QDs to the photoexcitation rate. Thus, these
parameters depend somewhat differently on the excitation and decay rates of M, and they
have maximum values at slightly different Eofset 1 Values. A similar behavior is apparent
for the overall ET rates kpmekmre/(Kume+kmre) and the dependences of Pmax and #in 0N Eoffset L.

As the recombination rate increases (Figures 27c through 27e), similar plot shapes

are obtained, and the origins of the trends are the same as for the case of slow recombination
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rates (Figures 27a and 27b). However, the maxima of Pmax and #in 0ccur at smaller Eoffset H
and larger Eoftset L Values compared to the case when the recombination rate is small, as
mentioned above. For the dependences of Pmax and #in on the M QD Eofrset_ 1 Value, the ET
and HT processes determine Pmax and #in if the charge recombination rate is very small.
The two HT rates, krmn and kmin, must be similar to prevent a blockade in the hole transfer
through the triad. If the charge recombination rate is large, however, it is more important
to reduce the charge recombination to obtain large Pmax and 7in values. For example, kmin
is one order of magnitude larger than krmn When Eoftset 1 IS 0.01 eV, so the hole moves
rapidly through the HOMO of M compared to the charge recombination time. The
inference that kmin > krvn produces larger Pmax and #in values than when kwmin < Krwn is
confirmed by the unsymmetrical plots of Pmax and #in VS. Eoffset 1 In Figure 27. That is, the
left portions of the plots correspond to the kwmih > krvn regime and the right portions
correspond to the kmin < krmn regime. That is, Pmax and #in are more sensitive to the M QD
Eoffset_H When Kmin < krmn than when kmin > krvin, For the dependences of Pmax and #in on the
M QD Eoftset L Value, a similar analysis finds that the Pmax and #in Values reach their maxima
as a function of the M QD Eqsffset L for similar reasons.

Figures 26¢ and 26d show that the QD triad improves the external and internal
power conversion quantum efficiencies, especially when the charge recombination rates
are comparable to the ET and HT rates. If we adjust the M HOMO and LUMO energies
simultaneously, additional improvements in Pmax and #in can be realized (Figures 27c¢ and

27d). For charge recombination rates of 10°s™!, maximum values of Pmax (0.39 pW) and

nin (~ 58%) occur when Eoftset 1 and Eofset L Of M are set to 0.36 eV and 0.13 eV,
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respectively. These parameters give an Isc value of 0.33 pA, representing a ~ 400%
improvement over the dyad architecture, and a Uoc value of 1.59 V, representing a ~12%

improvement over the dyad architecture. When the charge recombination rate is 10°s™%,

the largest Pmax (0.52 pW) and 7in (~ 72%) values occur at electronic state energies with
Eoftset H Of 0.46 eV and Eofset L 0F 0.03 eV for M. In the high charge recombination rate
limit, Isc, Uoc, Pmax, and #in are not significantly changed by M and are insensitive to its
band edge energies.

The results of optimizing Pmax by tuning the M QD band-edge energies are
summarized in Table 7. The case of a dyad is compared with the case of two triad systems;
Triad 1 has the M QD band-edge midway between that of the L and R QDs and Triad 2
has band-edge energy offsets tuned to optimize Pmax. The advantages in performance of the
triad over the dyad architecture becomes more significant as the recombination rate grows.
When the recombination rate becomes larger than the ET and HT rates, however, the
Eottset H (Eofset L) Values for M that produce the maxima of Pmax and zin are outside of the
energy range bounded by the HOMO (LUMO) energy offsets of the L and R dots (Figures
27e and 27f), breaking the type Il alignment in Figure 22a. Table 7 shows that the upper
bound of Uoc is not limited by the energy difference between the LUMO of the R QD and
the HOMO of the L QD; Uoc cannot be larger than the largest band gap of the QDs in the

dyad/triad system.
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Table 7: Performance of QD dyad and triad systems I. The Isc, Uoc, Pmax, and
nin values for the QD dyad and triad systems (5.5 nm CdTe and 4.5 nm CdSe, mh* = 0.1
a.u.) are calculated with two charge recombination rates, 10°s™and 10°s™.

krie= Kmic = krme= 10%s72 Krie= KmLec = krme= 10°s7?
Dyad Triad 1 Triad 2 Dyad Triad 1 Triad 2
Pmax (PW) |  0.064 0.37 0.38 0.45 0.45 0.52
1in (%) 8.5 56 55 67 75 67
Isc (PA) 0.066 0.32 0.33 0.37 0.37 0.45
Uoc (V) 1.42 1.60 1.59 1.67 1.83 1.60

Table 7 shows that #in, Isc, and Uoc depend on the energetics of the M QD, but the
values are not at their maximum values for the HOMO and LUMO energies for Triad 2.
We are interested in the open-circuit voltage Uoc as a function of the M QD Eoffset H and
Eotset L. The Uoc values can be scanned in the same way as Pmax (described above), and it
reaches a maximum when Eoftset H = 0.06 eV and Eoftset L = 0.28 eV if the charge

recombination rate is close to the ET and HT rates (10° s™1). Figure 28a is plotted for

Eotiset L = 0.28 eV, and Figure 28b is plotted for Eoftset 1= 0.06 eV. Although a maximum
Uoc value is reached, Uoc is nearly independent of the M QD Eoftset 1 Value and Uoc only
changes from 1.66 V to 1.67 V as the Eoffset 1 Varies from 0.81 eV to 0.01 eV. Uocis
sensitive, however, to the M QD Eoftset L Value and Uoc changes from 1.32 V to 1.68 V as
Eoftset_ L changes from —0.17 eV to 0.43 eV. The LUMO gap between the L and R QDs is
0.26 eV in this case, which is much smaller than the HOMO gap between the L and R QDs

0.51 eV. Therefore, the electron populations in the three LUMOSs is more evenly distributed
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than the hole population is among the three HOMOs at steady-state. The electron energy

IS more sensitive to the M QD LUMO energy than the hole energy is to the M QD HOMO

energy.
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Figure 28: Mediate QD-dependent open-circuit voltage in QD triad systems .
Open-circuit voltage as a function of (a) HOMO band edge offset Eottset 1 and (b)
LUMO band edge offset Eottset L of the M QD. The charge recombination rates are set
to 10°s, which is the same order as the ET and HT rates.

4.3.4 Effects of QD absorber number on triad performance

In the above analysis, we assumed that all three QDs could be photoexcited. We
also explore the case where only one QD (L, M, or R) may absorb light in the QD triad.
This can be viewed as analogous to heterojunctions involving non-absorbing electron and
hole transport layers, as are typically used in devices. Our simulations find that the Isc,
Uoc, Pmax, and zin values for the triad are larger than those of the dyad when the charge

recombination rate is large (> 10°s™1). These values can be further improved by varying

the M QD band edge offsets (Figures 27 and 28). These results agree with the three-QD-
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absorber model and confirm our analysis on the M band energy dependences of Pmax and

Hin.
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Figure 29: I-U and P-U curves with L QD as light absorber. I-U (a) and P-U (b)
characteristic curves for QD dyad (blue) and triad (red) systems for different charge
recombination rates, 10°s1 (solid), 107 s! (dash-dot), 10°s1 (dashed) and 10 s1
(dotted). Only the L QD is photo excited and effective hole mass is 0.1 a.u.

In the one-QD-absorber system, the computed output power and current are not
normalized by the number of QDs. The I-U and P-U curves and the Isc, Uoc, FF, Pmax and
nin values are similar to the case found with the three QD absorber system. (Figures 29 and
30) This observation indicates that our conclusions are not limited by the number of photo-
absorbing QDs. A noteworthy difference in the Isc is that, for the one-QD-absorber model,
Isc is larger than the normalized Isc value for the three-QD-absorber model. This arises
because the three QDs have different excitation and decay rates. A large difference in Pmax
and #in vs. band-edge energies in the one-QD-absorber case for the triad occurs when we
compare the effects of varying the middle QD energetics. If only L can be excited, the Pmax
and 7in VS. Eoffset L CUrves are very similar to Figures 27b and 27d, but the plots of Pmax and

77in VS. Eoftset 1 are different in the limit of low HOMO energy for M. The Pmax and #in Vs.
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Eotset 1 plots plateau as Eoset 1 decreases (Figure 31). If only L is photoexcited, the most
important processes are hole transfer from the L HOMO to the left electrode, the ET chain
(L—>M — R — Y), and charge recombination from the M LUMO to the L HOMO. The
transport processes are not affected by the M HOMO energy, as long as its value is lower
in energy than the L HOMO. The charge recombination from the R LUMO to the M
HOMO and the HT from the M HOMO to the L HOMO are also important for determining
Pmax and zin. The HT rate (kmin) increases more slowly as Eoftset 1 decreases, because the L
density of states has a square root dependence on energy (eq 4.4). Similarly, if only R is
photoexcited, the Pmax and #in S. Eoiset_H plots have shapes analogous to the plots in Figures
27a and 27c, but the Pmax and #in VS. Eoffset L plots will plateau as Eoffset L grows. In the case
where only the M QD is photoexcited, Pmax and 7in VS. Eoffset L and Pmax and #in VS. Eoffset H

plots should resemble the three-QD-absorber model, based on the above analysis.
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Figure 30: Solar cell performance for QD triad with L QD as light absorber . (a)
open-circuit voltage, (b) short-circuit current, (c) maximum output power, and (d) fill
factor for the QD dyad (blue) and triad (red) solar cell systems as a function of the
charge recombination rate, kri.. Only the L QD can be photoexcited.
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Figure 31: Mediate QD energetics influences on PCE for QD triad with L QD
as light absorber . Maximum output power (blue and dashed, left vertical axis) and
internal quantum efficiency (red and dotted, right vertical axis) as a function of the

HOMO (a, c and e) and LUMO (b, d and f) energies of the middle QD. For (a) and (b),
kric is 10°s7; for (c) and (d), kric is 10°s'. The HOMO (LUMO) energies of the L and R
QDs are taken as -4.89 eV (-3.07 eV) and -5.41 eV (-3.33 eV), respectively. The HOMO
and LUMO positions of the L and R QDs are indicated by the vertical lines in the
figures. Only the L QD can be photoexcited.
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Figure 32: Mediate QD energetics influences on PCE for QD triad with R QD
as absorber . Maximum output power (blue and dashed, left vertical axis) and internal
quantum efficiency (red and dotted, right vertical axis) as a function of the HOMO (a,

c and e) and LUMO (b, d and f) energies of the middle QD. For (a) and (b), krc. is 10°
s for (c) and (d), krec is 10°s™'. The HOMO (LUMO) energies of the L and R QDs are
taken as —4.89 eV (-3.07 eV) and -5.41 eV (-3.33 eV), respectively. The HOMO and
LUMO positions of the L and R QDs are indicated by the vertical lines in the figures.
Only the R QD can be photoexcited.
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4.3.5 Effects of quantum dot size on triad performance

The HT and ET rate constants depend on the QD sizes, since the QD band edge,
DOS, and reorganization energies are all functions of the QD radii. The experimentally
measured band edges of CdTe and CdSe QD are fitted as exponential functions of the QD
diameters.®® In the above analysis, we presented the solar cell performance for a 5.5 nm
CdTe QD (Eromo = —4.89 eV, ELumo= —3.07 e¢V) and 4.5 nm CdSe QD (Exomo = —5.40
eV, ELumo=—3.33 eV) dyad (pair [, L QD size > R QD size). We also compared the results
for different donor and acceptor QD sizes of 4.5 nm CdTe (ExHomo = —4.93 eV, ELumo =
—3.00 eV) and 5.5 nm CdSe (EHomo = —5.38 eV, ELumo= —3.38 eV) (pair II, L QD size <
R QD size). The largest difference between pair | and pair Il is that the LUMO-LUMO
band offset of pair Il is much larger than that of pair I. The Isc, Uoc, Pmax, and zin values
for pair 1l are shown in Table 8. Varying the M QD band edge offsets improve the
maximum value of Pmax for the pair 1l-based triad system, but this value is smaller than the
values of the pair | based triad system when the charge recombination rate is small (~10°
s~1). Comparing the increase of the maximum value from dyad to triad, we found that the
improvement is larger in the pair 1l1-based system than in the pair | based system.

Maximum Pmax values are obtained by varying the band edge offset of M QD in
pair ll-based triad. The Isc, Uoc and #zin values of pair Il are calculated when Pmax
maximizes. They are shown in Table 8. When the recombination rate is 10°s™%, use of a
triad affects Isc, Pmax, and zin very little, but it increases Uoc from 1.65 V to 1.94 V (18%);

when the recombination rate is 10°s™%, the triad enhances lsc, Pmax, and #in considerably
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and the Uoc increases from 1.41 V to 1.65 V (17%). When the charge recombination rate
is very large (compared to charge transfer rates), the energy difference between the R QD
LUMO and the L QD HOMO becomes more important and limits Uoc. When the charge

recombination rate is very small (10%s™*, about 100 times smaller than the charge transfer

rates), Uoc is determined mainly by the ET and HT rates and their differences, which could
make the Uoc larger than the energy difference between the R QD LUMO and the L QD
HOMO.

Table 8: Performance of QD dyad and triad systems II. The Isc, Uoc, Pmax and
ninvalues for the QD dyad and triad systems (4.5 nm CdTe and 5.5 nm CdSe, mn"= 0.1
a.u.) are calculated with two charge recombination rates, 10°s™! and 10°s™2.

Kric= KmLe = Krme= 10°s™* Kric= KmLe = Krme= 10°s™*
Dyad Triad Dyad Triad
Pmax (PW) 0.059 0.38 0.42 0.43
11in (%) 8.2 58 66 71
Isc (pA) 0.062 0.32 0.35 0.35
Uoc (V) 1.41 1.65 1.65 1.94

4.3.6 Effects of hole effective hole mass on triad performance

We used the light hole effective mass m,"= 0.1 a.u. in the above modeling. The hole
effective mass depends on the QD structure, position on the Brillouin zone, and surface
structure.'?”  The heavy hole m," is about 1 a.u. for CdTe and CdSe (Table 9). This
parameter affects the HT rates between the QD HOMOs, and the HT rates are rescaled by

a constant 10*? when we change the hole effective mass. In this case, the three-QD-
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absorber model and the band-edge energies of M in the third column of Table 9 were used

to compute the Isc, Uoc, Pmax, and #in values.

Table 9: Performance of QD dyad and triad systems III . The Isc, Uoc, Pmax and
ninvalues for the QD dyad and triad systems (5.5 nm CdTe and 4.5 nm CdSe, mn"=1
a.u.) are calculated with two charge recombination rates, 10°s™ and 10°s™%.

krLe= kmLe = krme= 109571

KrLe= kmLe = krme= 10572

Dyad Triad 2 Dyad Triad 2
Pmax (PW) 0.064 0.37 0.45 0.45
nin (%) 8.5 56 67 75
Isc (pPA) 0.066 0.32 0.37 0.37
Voc (V) 1.42 1.60 1.67 1.83

When the charge recombination rates are 10°s™1, the Iscand Uoc values are nearly

unchanged (Table 8), but the Pmax and #in values are slightly smaller than in the systems

with light holes. The larger discrepancy between the HT and ET rates, compared to the

cases where we use the light hole effective mass, produces higher trapped charge carrier

concentration, more charge recombination, and exciton decay events become more

important, leading to lower Pmax and #in values. When the charge recombination rates are

10°s7%, Isc, Uoc, Pmax, and #in are larger than in systems with the light hole. If charge

recombination between QDs is significant, increasing the ET/HT rates will have the same

effect as decreasing the relative charge-recombination rates. Because the heavy hole mass

is ten times larger than the light hole mass, the performance of the QD solar cell models
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for both heavy and light holes will behave more like the models with only heavy holes, but

the general analysis above for light holes remains valid.

4.3.7 Implications for PbS QD solar cells.

A large recent improvement in QD-based solar cell performance was achieved by
using a PbS QD dyad system as the photoactive material. However, these PbS QD solar
cells suffer from a small open-circuit voltage that is believed to arise from charge
recombination between donor and acceptor QDs.871190210.211229 The discussion above on
Uoc shows that its value is sensitive to charge recombination rates and can be influenced
by using a third QD, creating a triad system. In either the pair | or pair Il systems, the
maximum Uoc change found was ~ 0.4 V, consistent with the open-circuit voltage deficit
values found in PbS QD solar cell systems. In a PbS-EDT (1,2-ethanedithiol) /PbS-TBAI
(tetrabutylammonium iodide) photovoltaic device design, eliminating the sub-bandgap
states should provide a larger performance improvement than other methods that optimize
interfacial charge transfer to reduce the Uoc deficit.>!* A cascade band edge energy
architecture, derived from using different ligands, was shown to lead to high Uoc and FF
values, which improved the device efficiency.®’ In a PbS/ZnO colloidal QD heterojunction
solar cell, a mixed ligand treatment to passivate surface traps was shown to reduce the Uoc
deficit from ~ 0.7 V to ~ 0.5 V.21° Solution-based passivation in the PbS-EDT/PbS-MAI
QD solar cell produces a 12.5% Isc improvement and gives a record 10.6% cell
efficiency.® These findings are consistent with the analysis performed above, which

examines the influence of charge recombination rates and solar cell architecture on the
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photovoltaic performance. In particular, we find that the inclusion of a middle QD can

decrease the Uoc deficit (Figure 28b) by as much as 0.3 V.

4.4 Summary and conclusions

We used a master equation approach with steady-state analysis to model the
current-voltage, power-voltage, and related photovoltaic performance properties of QD
dyad and triad systems. The triad systems show predicted improvements in Uoc, Isc, Pmax,
and #in compared to the corresponding dyad systems when the charge recombination rates
are large. However, when the charge recombination rates are small, the middle QD can
reduce lsc and slightly decrease Pmax. The performance improvements of the triad over the
dyad can be as large as 17% in Uqoc, 400% in lsc, 540% in Pmax, and 600% in #in (See Table
8 in 9) when the charge-recombination rates are comparable to the charge-transfer rates. A
small improvement in preventing charge recombination (if its rate is comparable to the
charge transfer rate) can greatly enhance lsc, Pmax, and #in values while Uqc is only mildly
affected. The performance of the triad system is less sensitive to charge recombination
rates than is the performance of the dyad system. The increased performance of the triad
system over the dyad is attributed to inhibition of the direct charge recombination between
the QDs near the two electrodes.

Tuning the HOMO and LUMO energies of the middle QD in the triad perturbs Pmax
and 7in, and strategies to tune these energies depend on whether the charge recombination
rates are large or small compared to the ET and HT rates. In our cascade energy alignment
case, the M QD HOMO should be tuned to enhance the hole transfer processes when the

charge recombination rates are negligible and should be tuned to reduce the charge
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recombination from the R QD LUMO to the M QD HOMO when the charge recombination
rates are significant. The M QD LUMO should be tuned to slow the back ET from R to L
when the charge recombination rates are slow and should be tuned to inhibit the charge
recombination between the M and L QDs when the charge recombination rates are large.
Correctly positioning the M QD LUMO is the most important parameter for overall cell
performance (as demonstrated by a greater than five-fold improvement in internal and
external quantum efficiencies) in the regime where competing charge recombination

degrades the device performance.
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5. Conclusion

In this dissertation, we described several tight-binding models to study the
electronic properties of CdTe and CdSe QDs, the donor-acceptor electronic couplings and
the charge transfer rates of CdTe-CdSe QD dyads and used the computed charge transfer
rates to analyze the solar cell properties of QD dyad and triad based solar cells. The
theoretical findings suggest novel design strategies to control the charge transfer rates
between QDs and thus to improve the QD solar cell power conversion efficiencies. In
addition, our findings of the QD size-dependent electron transfer mechanisms between
QDs also shed light on methods to select charge transfer channels in various charge
transfer systems.

In chapter 2, we used a tight-binding model originally built in our work to
calculate the electronic structure of the CdTe-CdSe dyad linked by a dithiol bridge
molecule and to study the QD size-dependent charge transfer rates in the dyads. It is
found that both the electron and hole transfer rates decrease as the donor QD radius
increases, but may decrease, show a peak or increase as the acceptor QD radius increases,
depending on the QD size dependences of the acceptor density of states, electronic
couplings between two QDs and the reaction activation energy. The dependences of
charge transfer rates on the acceptor QD radius reproduce the consequences of the
reaction free energy inverted effects on the dependences of charge transfer rates on the

reaction free energy. Balanced electron and hole transfer rates are obtained when the CdTe
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and CdSe radius ratio is ~ 1.3. We also showed that the charge transfer dominating
mechanism depends on the product of the CdTe and CdSe radii. For large (small) radii
products, the through space (bridge) charge transfer mechanism dominates.

In chapter 3, we further studied into the through space/solvent and through-
bridge charge transfer mechanisms in QD dyad systems, focusing on the bridge charge
influence on the QD-QD electronic couplings. We found that the positively (negatively)
charged group in the molecule bridge stabilizes (destabilizes) the frontier orbital energies
of the bridge and solvent molecules and the band edge energies of the QDs, compared to
the neutral bridges. The bridge charge also changes the localization of the bridge orbitals
and the through-solvent pathway contributions from the high and low energy pathways
to the total through-solvent donor-acceptor couplings. These bridge charge effects on the
electron tunneling barrier and pathway result in that replacing the neutral group in the
bridge with the positively charged group increases the donor-acceptor coupling, but
replacing the neutral group with the negatively charged group can either increase,
decrease or have little effect on the donor-acceptor couplings, depending on the electronic
responses of the QDs, solvent and bridge molecules. We also shown that the through-
solvent and through-bridge mechanism dominance switch by varying the QD sizes can
be significantly tuned by the bridge charge.

Finally, in chapter 4, we focused on the performance of QD solar cells based on

QD dyads and triads, using the QD size-dependent charge transfer properties obtained in

135



the previous chapters. We found that the short-circuit current, open-circuit voltage,
maximum output power (representing the external power conversion efficiency) and
internal power conversion efficiency decrease as the charge recombination rates between
two nearest-neighbor QDs increase. The QD triad based solar cells have better
performance than the QD dyad based solar cells, especially when the charge
recombination rates are comparable to the charge transfer rates. We also shown that the
mediate QD band edge energy offsets can be tuned to further improve the performance
of the QD triad system.

We did not consider the explicit surface capping ligands on the QDs in this
dissertation, but the capping ligand effects on the CdSe QD electronic structures can be
found in the last paper listed in the biography section. In this dissertation, we mainly
focused on QD size-dependent properties, because the QD size-induced quantum

confinement effects are what most QD applications base on.
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Appendix A

: [th*] = —(kra + kgre + kpan + Keic + krye ) [L*R"]
+krex[L*R] + Kpge[L'RT] + kapn[LR™] + kyre[L'RT] (A1)
% = —(krre + kpan + kpe + kgye ) [LTR7]
+kire[L'R] + kaon[LR™] + kype[L'R] (A 2)
i %ZR] = —(krex * kirn + kian + kyre ) [L*R]
+krg[LYR*] + kgpn[LR™] + kopp[LR] + kgrye[L*R7] (A3)
< [:J;R] = —(kpan + kyre ) [L'R™] + kan[LR™] + kgye[LTR"] (A4)
L) = —(kna + Kan + Krre) [LR'] + Krex[LR] + kpan[L'R"] + kyge[LRY]
(A5)
T = (kg + ke ) [L7R™] + Jepan[L'R7] + leyge [L7R] (A 6)
(ke + Kune + K + v ) (LR
+kra[L™R*] + krpe[LR™] 4 kpan[L*R™] + kgye[L™R™] (A7)
d[z;fﬂ = —(kire + kain + krin + kyge ) [L"RT +kppe[LR™] + kign[L"R] +
kpan[L'R™] + kgye[L”R™] + kgic[L'R"] (A8)
: [CLi*f*] = —(kra +kpa +kpan + kg + krye ) [L'R7]

+krex[L'R] + kpex[LR] + kapn[L™R™] + kyge[L'R™] (A9)
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d [L'R™]

= _(de + kprn + kpan + Krie + krye ) [L*R_]

dt
+kiex[LR™] + kppn[L™R*] + kppn[L"R™] + kyge[L*R] (A 10)
d [L°R] *
dt = _(de + Krex + kpan + Kige + Kipn + Kyre ) [L R]
+Kpex[LR] + kra[L*R*] + kppe[L*R™] + kppn[L™R*] + kapn[L™R] +
krye[L'R™] (A11)
d [L°R*] s
it —(kpa tkire + Kpan + kyre ) [L'R™]
+Kpex[LR*] + kppe[L*R*] + kapn[L"R*] + kgye[L*R"] (A12)
d [LR"] \
1t —(Kpex t kra + krin + Kapn + Krpe + krye ) [LR7]
+kpalL"R*) + kgrex[LR] + kprp[L*R] + kpsn[L*R*] + kipe[L"R*] + kyge[LR]
(A 13)
d [LR*] \
i —(Kpex t+ kapn + kyre ) [LR™]
+kalL'R*) + kpan[LYR*] + kgye[LR*] + kgp[L*R*] (A 14)
d[LR™] B
1t —(kapn + Kkrre + Krye + Kpex) [LRT]
+kpre[L™R] + kpg[L'R™] + kpan[LYR™] + kyge[LR] (A15)
d [LR]
1c —(krex t Kkpex + kapn + kyre ) [LR]
+kpa[L*R] + kga[LR*] + kpan[L*R] + Kkgye[LR™] + kgpc[L*R™] (A 16)
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