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To improve conversion efficiency:
Relaxation by excitons
Keep energy of high frequency
photons in electronic sector:

E

Relaxation by Multiple Exciton
Generation:
mb 	
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Photo-excited first exciton
relaxes by exciting second
exciton instead of phonons
X->XX process needs to be
faster than e-ph relaxation
Max efficiency:
44% 1 Sun
(Klimov 2005)
70% 1000 Sun (Nozik 2013)
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Multiple Exciton Generation
To save the exciton generation from the jaws of electron-phonon interaction:

“We’re

going to need a bigger Coulomb interaction”

In nanoparticles electrons cannot avoid each other: screening is
reduced, Coulomb interaction enhanced (Nozik 2001-2004)
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MEG: Consensus Status (in solutions)
Discovery: Schaller, Klimov (2004)
Consensus status: Beard (2011)
MEG is certainly present in NPs, even after charging is removed
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conversion efficiency by channeling excess photon energy normally lost to heat into
usable free energy (1). One approach that has
received considerable attention involves using
quantum dots (QDs) to harvest that excess energy as additional charge carriers via multiple exciton generation (MEG) (2). A similar process
occurs within bulk semiconductors (impact ionization); however, it requires 7 eV (180 nm) photons to produce one extra carrier in silicon (3)
and therefore is incapable of impacting solar cell
technologies. MEG has been shown to occur in
isolated PbSe QDs at about twice the efficiency
(4) observed in bulk PbSe, demonstrating that
quantum confinement can increase the efficiency of the primary conversion step from a highenergy photon to multiple charge carriers (5–7).
These studies used ultrafast transient absorption spectroscopy (TAS) to infer the number of
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external bias and under 1-sun solar intensities
have been important research goals.
Two recent reports have shown progress
toward these goals. Sambur et al. reported an
internal quantum efficiency (IQE) greater than
100% in a photoelectrochemical cell consisting
of a monolayer of PbS QDs strongly coupled to
an atomically flat anatase surface (12), although
the external quantum efficiency (EQE) and power
conversion efficiency (PCE) were small due to
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Fig. 3. (A) EQE peaks for 1860independent devices made with QD bandgaps
of 0.71 eV (yellow), 0.72 eV (blue), and 0.73 eV (red), as well as a device
PbSe QDs
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Bandgap:
produces two or more
electron-hole pairs. Here, we report on photocurrent enhancement arising from
MEG in lead selenide (PbSe) QD-based solar cells, as manifested by an external quantum efficiency
0.73 eV
(the spectrally resolved ratio of collected charge carriers to incident photons) that peaked at 114 T 1%
0.72
eV internal quantum efficiency (corrected for reflection
in the best device measured.
The associated
and absorption losses) was 130%. We compare our results with transient absorption measurements
0.71 eV
of MEG in isolated PbSe QDs and find reasonable agreement. Our findings demonstrate that MEG
charge carriers can be collected
suitably designed QD solar cells, providing ample incentive to better
ARincoated
understand MEG within isolated and coupled QDs as a research path to enhancing the efficiency
of solar light harvesting technologies.
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exciton generation (MEG) is a process that can occur in semiconductor nanocrystals, or
AMultiple
quantum dots (QDs), whereby absorption of a photon bearing at least twice the bandgap energy

the number of incident photons at a given wavelength. This includes those photons that never
reach the active layer due to reflection and absorption by inactive layers, so an EQE greater
than 100% implies an IQE (restricted to photons
absorbed by the activeBandgap:
layer) that is possibly even
greater. Here, we demonstrate a peak EQE as high
0.72 eV
as 114 T 1% in a PbSe QD solar cell, providing
0.83
eV
definitive proof that MEG occurs
in QDs.
Our approach toward this demonstration has
0.98 eV
been to form arrays of all-QD absorber layers
that can be incorporated into suitable solar cell
architectures such as Schottky barriers and p-n
planar heterojunctions (used in this study). The
assembly of the QD layer must address a multitude of issues resulting from the synthetic techniques used to produce the colloidal QDs before
deposition. Long-chain organic ligands, such as
oleic acid, are used in the synthesis of PbSe
QDs to control growth kinetics, allow for stable
colloidal dispersions, and passivate surface states
through their metal-ligand chemistry. However,
when present in QD films, they create a large
barrier to electronic transport. Therefore, these
ligands must be removed while maintaining or

Internal Quantum Efficiency (%)
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MEG implemented in working solar cell, II.

Carter lab: EQE>100%
Optimized cell performance by
varying the composition PbSxSe1-x

The Quantum Confinement Dilemma (QCD)
in Nanostructured Solar Cells
Quantum Confinement Dilemma

Enhances
Coulomb
interaction:
Enhances MEG

Widens gap:
Absorption is
pushed out of
solar spectrum

Localizes charges:
Hinders transport
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Transcending QCD: Gap reduction strategies
1. Engineering surface reconstruction can lower gap while
preserving MEG, Si nanoparticles
Voros et al, Phys. Rev. B87, 155402 (2013)
2. Engineering core structures in Ge nanoparticles
Voros et al, submitted
3. Si nanoparticles with high-pressure low gap core
structures
Wippermann et al, Phys. Rev. Lett. 110, 046804 (2013)
In collaboration with Stefan Wippermann, Marton Vörös,
Adam Gali, Dario Rocca, and Giulia Galli

Transcending QCD: Transport boosting strategies
1. Embedding nanoparticles into suitable host forms
complementary charge transport pathways for
electrons and holes: Si nanoparticles embedded in ZnS
Wippermann et al, accepted in PRL (2014)
TALK OF STEFAN WIPPERMANN
M24.00003, Wednesday 12.03

In collaboration with Stefan Wippermann, Marton Vörös,
Adam Gali, Francois Gygi, Dario Rocca, and Giulia Galli

Nanoparticle solar cells appeared on the
NREL efficiency chart

Nanoparticle solar cells
Built-in field
generated
by difference in
electrode
work functions
Built-in field
generated by
forming p- and ndoped nanoparticle
layers

FET mobility in PbSe Nanoparticle films

nce spectra of four diﬀerent sized PbSe
hylene. (b) Schematic of cross section of
(c) AFM height image of EDT treated
Kang, et al. Nano Lett. 11,
3887 (2011)

rge transport properties of NC ﬁlms
re thorough understanding of elecms.

Mobility as fc. of diameter D:
Small D: steep rise
Large D: plateau/decrease

FET mobility in PbS and PbSe Nanoparticle films

M. Law group
Nano Lett.,
10, 1960 (2010)

1. Mobility as fc. of diameter D:
Small D: steep rise
Large D: plateau/decrease
Mobility low: µ~10-3-10-2 vs. 1000
cm2/Vs for bulk Si
Hopping type seeT dependence

e NC FET, showing a
VG. VSD ) -10 V.
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es of an EDT-treated
ning from 0 to 40 V.
xponential transient
linear increase in ID

ves that seem to
s of an ideal FET,

FET mobility in PbS and PbSe NP films

FIGURE 4. Carrier mobility as a function of ligand length in ambipolar PbSe NC field-effect transistors (6.1 nm NCs). Each data point
is the average of 6-12 devices prepared on different days. Error bars
are mostly smaller than the symbols. Molecular lengths were
M. Law group
calculated using MM2 energy minimization in the ChemBio 3D
Nano Lett.,
software package considering only the projected sulfur-to-sulfur
10, 1960 (2010)
distance (∼1.5 Å per C-S bond and ∼1.25 Å per C-C bond)19 and
neglecting S-Pb bonding. The plot assumes that the inter-NC
spacing is proportional to the extended length of each ligand (see
text). Channel dimensions: length )10 µm; width )1000 µm; film

2. Mobility as funtion of ligand length:
Monotonic exponential decay

FET mobility in PbS and PbSe NP films
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Nano Lett.,
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of only 16 meV for the 3.1 nm NC films and 4 m

Transcending QCD on device level: abinitio-based hierarchical transport studies

Ab initio description of coupled NPs

Extraction of representative parameters

Hopping limit: Marcus,
Miller-Abrahams

Band limit: Boltzmann
transport

Kinetic Monte Carlo simulation of device transport

Marcus theory with ab initio parameters
for nanostructures

H. Li, Z. Wu, M. Lusk, J. Phys. Chem. C 18, 46 (2014)
Liu et al., J. Phys. Chem. C 115, 240 (2011) for organic
systems

Individual nanostructures

Marcus theory with ab initio parameters
for nanostructures
CdSe NPs,
5% size fluctation
two NPs coupled

Iek-Heng Chu et al., J. Phys. Chem. C 115,
21409 (2011)

Monte Carlo methods
ZnO nanocrystals
Continuous time random walk
Nearest neighbor hopping
Disorder effects

3x3x3 network
Large number of
parameters

Chandler & Nelson Phys. Rev. B 75, 085325 (2007)

Figure 6. Electron mobility as a function of the oxide thickne
between adjacent NCs.

Monte Carlo methods
Si NPs in SiO2

a

The superscript m refers to the number of times the transition
probability has been lowered.

below the one calculated by Jiang and Green;26 this diﬀerenc
is ascribed to the band-like transport hypothesis employed i
their paper which may be valid for kT < hΓ,11 that is at lo
temperature only for the material considered.
Contrary to experimental results of Liu et al.8 and Kang e
al.,27 the results in Figure 7 demonstrate that electron mobilit

Figure 7. Electron mobility as a function of the NC radius.

increases as the electronic coupling increases with decreasin
(see Figure 5). Despite the diﬀerent electron
Si and PbSe, this general feature should b
observed for both. As a consequence, the increase in total hop
needed for carriers to ﬂow through NC solid with decreasin
NC diameter cannot solely account for their observation.
Figure 8 shows two resonant peaks in the electric ﬁel
dependence. The ﬁrst peak appears when the driving electr
ﬁeld counterbalances the reorganization energy to be paid a

Hadrien Lepage et al., J. Phys. Chem.
NC diameter
structures of
116,
10873
ofCthe
simulation
box.(2012)
Otherwise, it would

the two edges
corrupt the true dynamics. This algorithm enables the
simulation of an arbitrary degree of disorder. The ASKMC
calculations were performed with an integration time of t = 1 s
along with α = 1.5, γ = 2, and δ = 0.1 which deﬁnes Nf (see
Scheme 1).

Hierarchical Transport Modeling:
ab initio based Kinetic Monte Carlo
- I. Carbone, S. Carter and GTZ
J. Appl. Phys. 114, 193709 (2013)
- M. Voros, I. Carbone, S. Carter, G. Galli and GTZ
in progress

a"Schematic"of"a"periodic"arrangement"of"NPs."(a)"gold"nanoparticles"interconnected"by"thiol"chains"(Li,"Galli"et"
08)."(b)"reconstructed"silicon"nanoparticles"linked"with"an"organometallic"compound."

Galli et al.

Hierarchical Transport Modeling:
ab initio based Kinetic Monte Carlo
1. Define nanoparticle lattice

2. Ab initio description of nanoparticle energetics

3. Dynamics: Miller-Abrahams/Marcus
thermally assisted hopping

4. Kinetic Monte Carlo simulation of device transport

1. Define nanoparticle lattice
1. Topology of lattice retained, only size disorder
2. Remove lattice, size and positional disorder
Metal
electrode

- PBC in x,y, conduction in z
- Nanoparticles enveloped by ligands
- Network can be infilled

1. Define nanoparticle lattice:
Size disorder only
Fixed hopping distance „d”
Nanoparticle radius selected
with Gaussian distribution
Always six nearest neighbors,
packing density ~ ρ=0.52
Closest packing of monodisperse spheres is not
the cubic but hexagonal
close pack with 12
nearest neighbors:
ρ=0.74

1. Define nanoparticle lattice:
Size and positional disorder
PackLSD (collision driven molecular dynamics):
Generate disordered jammed packing,
density: ρ=0.62-0.63 (monodisperse max.:ρ=0.634)
A. Donev, F. H. Stillinger, and S. Torquato, J.
Comp. Phys, 202: 737 (2005)

2. Towards ab initio nanoparticle energetics
Input to transport: energy differences
na before
na-1 after

Confined kinetic
energy (~1/R2)

nb before
nb+1 after

Long range Coulomb
interaction (~1/d)

Coulomb
External field

On-site
Coulomb (~1/R)

2. Towards ab initio nanoparticle energetics
1. Kinetic energy Ekin

Kang and Wise J. Opt. Soc. Am. B,

14, 1632 (1997)

2. On-site Coulomb EC self-polarization

Lannoo, Delerue, Allan,
PRL 74, 3415 (1995)

Loading first charge

Loading additional charges
Alt. 1: Configuration interaction from pseudopotentials

An, Franceschetti, Zunger, PRB 76, 045401 (2007)

Alt. 2: True ab initio: GW using Density Functional
Perturbation Theory Galli group, PRB 85, 081101 (2012)

s (dcrystal ) = s0 dcrystal ,

(6)

where s0 is a parameter constant across all crystal sizes.

2. Towards ab initio nanoparticle energetics

The site energies, given by the LUMO energy levels for electron carriers, and the HOMO

evels for hole carriers, were calculated by Kang and Wise for a range of nanocrystal diameters. 3

kin
1.
Kinetic
energy
E
Sophisticated
k.p corresponding
calculationto their
We assign site energies to each site by adopting
the Kang-Wise values
Kang and Wise J. Opt. Soc. Am. B,

designated sizes. Figure 3 shows the HOMO and LUMO levels used
in our(1997)
simulation.
14, 1632

Figure 3: HOMO and LUMO energies for PbSe used in hopping simulations. Values were calcuated by Kang and Wise. 3
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PHYSICAL REVIEW B 76, 045401 !2007"
site charging energy EC

2. On
from Configuration interaction
(a) Charging Spectrum for different εout ; R=30.6 Å
with pseudopotentials
qp

εgap
εout=1
An, Franceschetti,
Zunger,
PRB 76, 045401 (2007)

εout=2.1

εout=20

Electron and hole charging energies !a" and addition
of a R = 15.3-Å PbSe quantum dot, calculated for three

FIG. 3. Electron and hole charging energies !a" and addition
energies !b" of a R = 30.6-Å PbSe quantum dot, calculated for three

2. Coulomb energetics
3. Nearest neighbor Coulomb
4. Ewald summation for the long-range Coulomb portion

Nanoparticle layer sandwiched between
two semi infinite metallic electrodes: mirror images
1
1
2
1
2

new (neutral) unit cell: 2L

2. Electron-hole interaction
Solar photons generate electrons and holes
Account for electrons and holes in on-site and
long-range Coulomb interaction

Analogous equation for holes

Now
including
holes

Lannoo, Delerue, Allan, PRL 74, 3415 (1995)
An, Franceschetti, Zunger, PRB 76, 045401 (2007)

3. Dynamics: Transition rates
Thermally activated
nearest-neighbor hopping
Miller-Abrahams: low T single phonon

Marcus: high T ”multi phonon”/polaronic
λ: reorganization energy
H: ”electronic coupling”

3. Dynamics: Transition rates
TRIPLET ENERGY… . II. A POLARON THEORY…

Transition between
Miller-Abrahams and
Marcus can be in
experimentally relevant
T range
Polymer system:
Fishchuck et al, PRB 78 (2008)
(a)

3. Dynamics: Solving rate equations with
Monte Carlo: BKL method
BKL: J. of Comp. Phys. 17, 10 (1975) [analogue to
Gillespie, N-fold way, residence time]
1. Calculate all hopping rates Γi
2. Draw a uniform random number r1
3. Identify hop j for which:

4. Execute hop j
5. Advance simulation time using
second random number r2

4. Kinetic Monte Carlo:
Measuring the mobility

1. Execute iterations
2. Check that steady state has been achieved
3. Statistical analysis with re-blocking
4. Electron mobility in (cm2/Vs):

RESULTS: 1.Diameter dependence of µ	


Small D: steep rise
Large D: plateau/decrease

Exp: larger the diameter,
harder to control the size distribution:
Possible σ=0.1*diameter

to a Gaussian distribution of mean, dcrystal and standard deviation, s (dcrystal ). Col-

tal size generally becomes more difficult to control as crystal size increases. 1,7,23

RESULTS: 1.Diameter dependence of µ: Physics 	


It is noted
that there are two competing factors related to charging energy. On on
by using a standard deviation that increases
with diameter:

actual charging energy parameter Ec decreases with increasing crystal diameter. Thi

s (dcrystal ) = sal.
,
to conclude
that diameter dependence(6)
of the charging energy is responsible for th
0 dcrystal

Small D: steep rise

Large D: plateau/decrease

of the mobility in the small diameter region. 14 On the other hand, the charging energy
arameter constant
crystal sizes. D less
1. across
For all
increasing
As the electron density (#/unit
incurred only if carriers interact during transport. Our Figure 6 implies that for small
hops
are enough
to for
cross
is kept constant, for
ergies, given by
the LUMO
energy levels
electron carriers,volume)
and the HOMO
sizes, multiple carriers are not
forced to occupy
the same
nanocrystal,
sample
increasing
D the
electron
#/ thus the chargin
carriers, were calculated by Kang and Wise for a range of nanocrystal diameters. 3
nanoparticle
increases,
causing
kin(D) less have
negligible
impact
on
transport.
We
therefore
attribute
the
rapid rise of the mobility
2.
E
steep
for
energies to each site by adopting the Kang-Wise values corresponding to their

increasing transport blockade by
increasing D, reduces
and hopping-distance
charging energy ΕC	

s. Figure 3 shows the HOMO and LUMO
levels used in oureffects.
simulation.
energy disorder

O and LUMO energies for PbSe used
in hopping
Values energy
were calcuFigure
6: Thesimulations.
average charging
barrier per hop (open circles) and the numbe

RESULTS: 2. Ligand length dependence of µ	

Longer the ligand, wider the hopping barrier,
lower the mobility
EDT

HDT

RESULTS: 3. Size disorder dependence of µ	

Nanoparticle diameter=5nm±spread
Exponential decrease of µ with spread	


µ

decreases in simulation,

increases in experiment

RESULTS: 4. Electron-hole effects
Relevance of FET mobilities for solar cells?
Simulated equal electron and hole densities.
Small D: Electron-hole binding slows transport
Larger D: electron-hole attraction reduces
charging barrier, boosts transport

SUMMARY
Developed hierarchical ab initio-based Kinetic Monte Carlo
Reproduced NP diameter dependence of mobility,
explained physics of non-monotonic diameter dependence
Reproduced ligand length dependence of mobility
Called attention to electron-hole correlation effects
Disorder dependence requires further analysis
Framework for extensive method developments established

