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Electron and energy transport in nanostructured devices

Manipulating matter on the nanoscale is key to engineering devices of unprecedented compactness and function. How-
ever, elucidating the properties of matter on nanometer length scales poses enormous challenges for experiments and
simulations alike. Nanoscale devices often contain materials without long–range order and therefore have rugged
potential energy surfaces with multiple thermodynamically accessible minima. [1–3] These materials hence lack strict
momentum selection rules, which diffuses the band structure and forbids long–range coherent or ballistic transport, and
also exhibit new physics and chemistry, such as nonadiabatic phonon–assisted transitions, [4,5] the Staebler–Wronski
effect (in hydrogenated amorphous silicon), [6–8] dynamical localization, [9–11] anomalous diffusion, [12–14] and
ergodicity breaking. [15]

The wealth of new physics and chemistry found in disordered materials opens up new design possibilities for
nanoscale devices, particularly at phase boundaries, and poses new questions as to whether natural systems already
exploit these effects. For example, nanoscale morphologies are critical for good performance in organic solar cells,
as they can affect the light conversion efficiency of devices by orders of magnitude. [16, 17] Curiously, the optimal
morphology has a characteristics length scale of 10 nm, which is comparable to the size of naturally occurring pho-
tosynthetic complexes, [18–20] which bind chlorophyll pigments in very particular spatial orientations. Is this pure
coincidence? Another example is the discovery of anomalously large capacitance effects on nanopatterned surfaces,
which have been exploited in new supercapacitor devices to achieve ever higher energy densities. [21, 22] As before,
the nanostructure of the electrode surfaces and the nature of phase interfaces are critical for determining electrical
storage capacities on the nanoscale, yet the molecular processes responsible are not well understood.

Detailed computer simulations can help reveal the underlying molecular mechanisms of energy collection,
transport and storage in nanoscale systems. These simulations will pose enormous challenges for existing numerical
techniques and will require a synthesis of multiple techniques from theoretical chemistry that includes hybrid quantum
mechanical/molecular mechanical electronic structure theory (QM/MM), nonadiabatic ab initio molecular dynamics
(AIMD), and quantum statistical mechanics using path integral Monte Carlo. The question of sampling rugged energy
landscapes at the nanoscale will pose an especial challenge, and will require an interdisciplinary approach combining
multiscale, multiphysics simulations and random matrix theory.

1 Electrical and optical properties of disordered systems
1.1 Bulk heterojunction organic semiconductors

“Local scale ordering appears to be essential for high charge carrier mobility... There are no clear defining
length scale boundaries where one physical feature cannot occur.” — Ref. [23]

Figure 1: Cartoon of a bulk heterojunction solar cell, showing incident
sunlight (yellow arrow), a layer of intermixed donor and acceptor phases
(blue and red), and charge separation at the interface followed by charge
migration. Reproduced from Fig. 1 of Ref. [24].

Solar cells made with organic semiconductors have
recently attracted interest as low–cost alternatives to con-
ventional crystalline silicon solar cells. [25] Unlike the
latter, the former have complicated donor—acceptor in-
terfaces that are not simple faces between ideal crystal
surfaces. [23, 26] This is particularly true of so–called
bulk heterojunction devices, where the donor and accep-
tor phases are intermixed on the nanoscale as shown in
Figure 1. Since the interface is where charge separation
occurs, accurate knowledgeof the shape and locationof
interfaces is critical to understanding how photocur-
rent is generated. New experiments suggest that the
interface is not a discrete surface between pure phases,
as is commonly assumed in computational studies and
theoretical models, but instead permeates the entire de-
vice. [27] Furthermore, these materials hence show sig-
nificant sensitivity to processing conditions.
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Figure 2: Transmission electron micrographs showing the bulk
morphology of a solar cell containing P3HT:PCBM films (a) be-
fore annealing, (b) after annealing at 150ºC for 30 min, and (c) after
annealing at 150ºC for 2 h, showing the formation of domains of
size 10 nm. Reproduced from Fig. 1 of Ref. [17]. (P3HT, poly(3–
hexylthiophene); PCBM, [6,6]–phenyl–C61 butyric acid methyl
ester)

Figure 3: Cartoon of the computational procedure using ex-
plicit statistical sampling of microstates (black arrows), showing
how random matrix theory (red arrow) can allow us to circumvent
the additional cost of statistical sampling.
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For example, thermal annealing was shown to improve the efficiency of certain polymeric solar cells by severalfold by
changing the film morphology, as shown in Figure 2. [17] In other devices, annealing results in phase separation, thus
destroying the device. [16] Thus, the fine scale structure of a material can have profound consequences for material and
device properties, even without changing the bulk chemical composition.

The need for better simulation methods. Studying the morphology of phase boundaries in bulk heterojunction
devices is difficult experimentally, [23] and thus atomistic computational simulations could complement these efforts.
However, modeling phase boundaries and their associated phenomena such as surface charges or band bending [28]
pose enormous challenges for existing simulation techniques. The sensitivity of the binary mixtures in bulk hetero-
junctions to thermal fluctuations reflects a rugged potential energy landscape with many low–lying minima, which
necessitates sampling enough configurations in phase space for thermodynamically converged predictions using con-
ventional techniques. Furthermore, determining electronic and optical properties also require knowledge of excitonic
states, which normally requires costly high level ab initio calculations such as time–dependent density functional theory
(TDDFT) [29] or complete active space self–consistent field (CASSCF) wavefunction calculations. [30] The whole
process is shown schematically in Figure 3, and is much more expensive computationally than calculations on small
molecules. This motivates further studies into how the cost of these calculations can be reduced with simplified em-
pirical models while maintaining proper statistical sampling.

Figure 4: Potential energy surface of benzene dimer (black) and benzene
dimer cation (red) predicted using empirical fragment charges, showing
excellent fits to ab initio data (crosses) using the same set of parameters for
the neutral dimer and the cation. [31]

Multistate force fields for nanoscale simulations.
Simulating systems large enough to capture morpholog-
ical variations on the ca. 10 nm length scale will require
significant advances in both electronic structure and sam-
pling methods. New approximate electronic structure
calculations, such as the exciton scattering approach [32]
and multiscale methods involving quantum mechani-
cal/molecular mechanical (QM/MM) hybrids [33–35]
have helped to reduce the cost of these simulations.
The cost can be reduced further for charge transfer ex-
citations with my newly developed empirical fragment
charge model, [31] which will allow us to develop force
fields describing multiple excited states with a single
empirical potential, with smaller scaling costs relative
to methods such as empirical valence bond models. [36]
This model naturally reproduces the derivative disconti-
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nuity phenomenon, [37] which is not correctly described in most common density functional approximations [38] and
results in underestimated excitation energies [39, 40] and overestimated polarizabilities. [41] Furthermore, we have
developed a semiautomatic parameterization tool to fit force fields to higher–level ab initio data using energy– and
force–matching techniques. [42] This will speed up the development of the necessary empirical potentials. Thus we
expect to be able to scale up calculations to much greater system sizes with comparable or greater accuracy than conven-
tional DFT–based calculations. Some results for small molecules are shown in Figure 4, showing that highly accurate
excited state force fields are possible with this method. This will allow us to reduce the computational cost of these
simulations from several CPU–months to a few minutes.

Machine learning tools for simulation modeling and model fitting. It is easy to generate terabytes of raw sim-
ulation data in atomistic simulations. How much data is enough? And how can one extract physical and chemical
insight from the data? Machine learning techniques proffer answers to these questions in lieu of labor–intensive anal-
ysis using expert intuition, and can be valuable when such intuition is absent. For example, we have found nonlinear
dimensionality reduction techniques to be useful for extracting reaction mechanisms from dynamical data, even for bar-
rierless reactions on excited state surfaces. [43] For such highly non–equilibrium reactions, the conventional chemical
picture described by transition state theories does not apply and chemists have little intuition for such processes. Others
have developed automated tools for detecting rare events such as chemical reactions in atomistic simulations, which
help pinpoint specific data points of particular interest. [44] It will be interesting to investigate how to combine these
machine learning tools to automate the discovery, statistical sampling, and post–analysis of interesting simulation
events. In particular, it will be interesting to test whether new statistical tools such as algorithmic model selection [45]
and symbolic regression [46, 47] will be able to automatically identify simplified models that can nontheless describe
accurately the statistical nature of thermal, compositional and structural fluctuations in disordered systems. It is likely
that new interdisciplinary work with statisticians and applied mathematicians will be needed to extend these methods
to treat random matrix models instead of just models with a small collection of scalar parameters. These computational
techniques will help to identify emergent universal behavior and thus shed further insight into their physics. [48]

Figure 5: Left: Cross–correlation between the (eigenvalue) density of
states and the (eigenvector) delocalization lengths in metal–free phthalo-
cyanine, showing an asymmetric correlation between the excitation energy
and the corresponding localization of the eigenstates, and in particular a
blue–shifted subpopulation of localized states. Right: A similar plot from
a three–dimensional Anderson model. [49]
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New computational methods for random matrix
calculations. Random matrix models offer new and
exciting possibilities for sidestepping the explicit sam-
pling process shown in Figure 3, and instead finessing
the combined sampling and electronic structure prob-
lem into a single calculation involving the statistics of
entire random matrix ensembles. Nevertheless, once
new stochastic model Hamiltonians are developed, there
still remains the problem of calculating observables from
them. Whereas ordinary matrices are populated with
numbers, random matrices have matrix elements that
are themselves random variables, and cannot be manip-
ulated with established [50] computational linear alge-
bra routines methods. This will require further interdis-
ciplinary work in developing numerical algorithms for
finding eigenvalue and eigenvector statistics of random
matrices. There also remains the question of whether
efficient numerical approximations can be found to the
solutions of these models. Together with mathematicians at MIT, we have found that free probability theory offers
an attractive possibility for approximate calculations of the density of states. [49, 51, 52] Further developments in free
probability theory will allow us to replace matrix diagonalizations with numerically efficient integral convolutions. [53]
Futher applications of free probability may enable us to elucidate eigenvector statistics, [54] which would pave the way
toward more general predictions of ensemble–averaged observables.
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Newstochasticmodels for excitonbandstructure. We expect that the advances in random matrix theoretic tech-
niques and automated simulation monitoring tools will allow new computational studies that reconcile the best aspects
of simple theoretical models and detailed atomistic simulations. Detailed simulations offer unprecedented accuracy
in modeling physical and chemical properties, while simple theoretical models proffer insight into the universality of
processes in disordered systems. Machine learning algorithms can aid in the discovery of new physical models that
reproduce key aspects of detailed atomistic simulations. We have already found that traditional descriptions of disor-
dered electrons are insufficient to describe the complicated band structure of excitons in organic semiconductors. [49]
For example, thermally disordered metal–free phthalocyanine, a commonly used organic semiconductor, [26,55] shows
an unusual line shape in the absorption band, the so–called Qx band. [56] As shown in Figure 5, the excitons in this
band resolve into distinct subpopulations that have different localization properties in different parts of the energy
spectrum. These features cannot be reproduced with simple Anderson models [9, 51, 57] and motivates further de-
velopment of new model Hamiltonians for excitons in organic semiconductors, taking into account anisotropies in
intersite couplings and nonadiabatic exciton–phonon couplings when necessary. These models will allow for accurate
insights into disorder–induced physics arising from nanoscale morphological features like phase boundaries, ma-
terial defects such as dislocations or grain boundaries, chemical impurities, and thermal fluctuations, and their effects
on the electrical and optical properties of disordered materials.

1.2 Energy transfer in photosynthetic systems
“A high degree of order is clearly not essential for transmitting excitation energy.” — Ref. [20]

Figure 6: Atomic force micrographs of photosynthetic membranes in
the purple bacterium Rhodobacter sphaeroides. Scale bar: 100 nm. (a) A
cluster of membrane patches. (b) Identifying two types of complexes of
size 12 nm (red arrows) and 7 nm (green arrows). (c) Matching these
complexes to atomic models of photosynthetic protein complexes (inset).
Reproduced from Fig. 1 of Ref. [20].

The technologies that we will develop to study inter-
facial effects in disordered organic semiconductors can be
adapted readily to study the naturally occurring analogues
of solar cells, i.e. the various photosynthetic systems that
can be found in living organisms. [19] Biologists have
uncovered a staggering complexity of naturally occurring
light harvesting and energy transducing photosynthetic
complexes, [19] which also show structural features span-
ning multiple length scales. [20] These discovered struc-
tures have inspired new artificial, biomimetic devices for
light collecting pigments. [58,59] Yet many fundamental
questions remain. How do these complexes work, and
why do they have such complex structures with short–
range orders over many length scales?

More accurate modeling of exciton—phonon in-
teractions in nanoscale protein complexes. The pos-

sibility that quantum coherence (entanglement) may play an important role in photosynthesis has stimulated many
theoretical [60–63] and experimental [62,64–66] studies of individual protein complexes. However, no consensus has
yet emerged. More accurate computationals models of photosynthetic pigments can offer better insights into their
photophysics and photochemistry. Specifically:

1. The nonadiabatic quantum dynamics of excitons can be better modeled with more realistic system—bath interac-
tions. More realistic spectral densities beyond the well, such as Ohmic or Debye bath spectral densities, [67,68]
can allow coupling to low-lying vibrational modes that can enhance the efficiency of excitation energy trans-
fer [69–72] rather than dissipate it. [67, 68]

2. Including thermal effects, e.g. by explicit molecular dynamics sampling or with random matrix techniques, will
allow for possible large amplitude deviations and conformational changes from experimental crystal structures,
which may significantly affect the coupling between chromophores by altering their relative orientations. [73]

3. Atomistic polarizable QM/MM simulations can also treat potential shifts in exciton levels due to polarization
and solvatochromic effects. [74–76]
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4. QM/MM calculations can also yield full transition densities for electonic excitaations, which allow for a more
accurate description of pigment—pigment couplings beyond Förster’s formula, which have long been considered
important at the short pigment—pigment distances in these crowded protein complexes. [77]

Taking into account these details in the exciton Hamiltonians will allow for much more accurate simulations of exciton
properties. The real–time dynamics and imaginary–time quantum statistics of excitons on light harvesting complex II
(LHC-II) that I worked on in my undergraduate thesis [78,79] can be made more realistic and also extensible to other
systems.

Newmultiscale,multiphysicsmodels to study systems–level designprinciples inphotosynthetic complexes and
membranes. Accurate models of the structure of photosynthetic complexes and their exciton bands and dynamics
will allow for realistic models of phenomena on larger length scales. Specifically:

1. We will be able to model the diverse structures of photosynthetic complexes and their optical absorption and
excitonic transport properties to elucidate their design principles. For example, why are some of these so highly
symmetric, like light harvesting complex II (LH2) of purple bacteria? [18] and why do other structures like the
corresponding complex (LHC–II) from spinach [80] lack these spatial rotational symmetries?

2. Detailed QM/MM simulations will enable us to study how chlorophyllic and carotenoid pigments interact in
photosynthetic complexes. The photochemical roles played by carotenoids like xanthins and luteins are not well
understood; paradoxically, they appear both to promote light absorption [81] and quench electronic excitations.
[82, 83] Detailed atomistic simulations that couple both types of pigments together will help understand the
dynamics and photochemistry of entire photosynthetic systems.

3. Accurate models of photosynthetic complexes will allow us to understand how different complexes like light
harvesting complexes and reaction centers interact at the membrane level. Micrographs of photosynthetic
membranes of purple bacteria, such as the one shown in Figure 6, show that the membranes have strong short–
range order but little or no long–range order. [20] Initial theoretical studies suggest that only nearest neighbor
contacts are necessary for energy transport in these membranes. [84, 85] It will be interesting to see if these
conclusions still hold with more detailed models of photosynthetic complexes.

New multiphysics simulations combining models for individual photosynthetic complexes will us to play with various
designs for photosynthetic membranes, and may may reveal further insight into the robustness and design principles
of membranes, which in turn builds up from an accurate understanding of the physics of smaller length scales.

2 Energy storage in nanostructured supercapacitors

Figure 7: (A) Plot of specific capacitance of the
(CH3CH2)4N+·BF−

4 /CH3CN electrolyte interacting with a
nanoporous carbon electrode. (B) Diagram of proposed solvation
structures for pore size exceeding 2 nm, (C) between 1 nm and 2 nm, and
(D) less than 1 nm. Reproduced from Fig. 3 of Ref. [86].

Electricity often needs to be stored before use in devices
like capacitors. Capacitors have very high discharge rates
and excellent cycle life, but their energy densities are too
low for many applications. [87] However, so–called su-
percapacitors, a.k.a. ultracapacitors or electric double
layer capacitors, have thousands of times higher energy
densities, [88–93] which opens up applications for en-
ergy storage in micron–sized devices. [94,95] In particu-
lar, nanostructured carbon-based electrodes are believed
to hold the greatest potential for improving supercapac-
itor technology, due to the relatively low cost and exten-
sively characterized surface chemistry. [22,89,93,96,97]
However, the mechanism for energy storage in super-
capacitors remains poorly understood.

Conventional capacitors store charge on metal sur-
faces separated by a bulk dielectric medium; this de-
sign dates back to the first Leyden jars of the 1740s. In
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contrast, supercapacitors are thought to store energy by
charging up the electric double layers that form between
phase boundaries. [88] For nanoscale devices, however,
deviations from bulk behavior occur. One of the first observations were in a supercapacitor using nanostructured car-
bon electrodes with well-defined pore sizes in the range of 0.5—5 nm, and an electrolyte of tetraethylammonium
tetrafluoroborate in acetonitrile. [86] As shown in Figure 7, the capacitance became anomalously large when the av-
erage pore size fell below 1 nm, i.e. when the pores became too small to admit fully solvated ions. [98] This cannot be
explained by the electric double layer mechanism of capacitance.

New empirical potentials for electrochemical simulations. Atomistic simulations of electrochemistry are lim-
ited by the lack of computational models that are tractable for at least 104 atoms and can also describe essential phe-
nomena such as polarization and charge transfer. Polarization has already been demonstrated to affect even qualitative
phenomena in solvation processes, [99] and we expect that charge transfer will be important in highly ionic envi-
ronments under the influence of complicated electrical fields. Earlier computational studies of capacitors [100] using
nonpolarizable force fields are therefore of questionable quality. My PhD work in using fluctuating–charge models to
model charge transfer effects [101–104] will prove to be essential to treat intermolecular charge transfer in large systems
with many ions. This will provide the necessary atomistic description of the ion solvation and transport properties, and
redox chemistry that occur at the electrode surfaces.

Newstudies of the electrical charge storagemechanisms. Our new computational models will allow us tomodel
the electric double layer explicitly, [105] and we can then study the belief that only the electric double layers which are
produced at interfacial layers contribute to the charge storage in supercapacitors. [88, 106] The simulations will also
allow us to study how the local chemistry will be affected by electrode morphology, [107] and the role of surface
states and possible impurities. [22] Chemisorbed impurities in particular may create functional groups that allow
new chemistry to occur, contributing to pseudocapacitance effects. [22, 89] The introduction of new chemistries and
impurity–induced localization effects [9] is a particularly intriguing prospect that to date has not been addressed.
Theoretical methods and computational tools that we have developed to study disorder in organic semiconductors may
prove to be extremely useful to deal with impurity effects. The proposed molecular dynamics studies will allow us to
understand the fundamental mechanisms for electrical energy storage on the nanoscale and provide insight into how
to create devices that harness anomalously high capacitances. [106]
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