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I do as I preach

Our “Solar Snow Koan” camp at Burning Man
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DOE Goal - Reach grid parity at 1$/W

The Solar Moore’s Law:
Price drops by 20% for every doubling of production
No doubling per 18 months: area is not scaled down as in chips
DOE Sunshot initiative: Reach grid parity at 1$/W!
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Present Day
Present status: 0.53-0.72 $/W: Economy of scales, strong
production in China: DOE’s SunShot goal achieved early!
Present records:
GaAs	

HIT c-Si cell	

Thin film CdTe 	

Organic solar cells	


29%
26%
20%
12%

Alta Devices	

Panasonic, SunPower	

First Solar	

Sumitomo

BUT: (1) Fracking moved grid parity to ~0.3$/W
(2) Energy problem needs pursuing all promising ideas
Bold & Innovative PV designs are needed
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valence b. gap

conduction band

Solar Energy Conversion: Basics
1. No absorption below gap:
photon wasted

E

2. Absorption to bottom of
conduction band: optimal

3

3. Absorption high into band:
excess energy to phonons heats cell

2
1

Optimization of gap:
max efficiency: 31%
(Shockley Queisser 1961)

In real PV cells ~80% of incident
solar energy is lost!
DOS
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Examples of Innovative PV Designs

3 V

3 I

Eg

Multiple
junctions

Intermediate
Band absorbs
IR photons:
Boosts absorption
at low energies.
Max eff: 49%

Hot carriers

Multiple excitons
generated by high
energy photon:
Boosts absorption
at high energies.
Max eff: 44%

Measured efficiency increases
not close to theoretical maxima

6	


Selection of Innovative PV Designs
Efficiency of colloidal nanoparticle
solar cells rapidly grew to 9.2% by
2014 from 4% a few years ago.

Organic PV(McGehee): 9%-2011, 12%-2014

In the 17 years since its invention,
IB was only tried in epitaxial solar
cell structures, with limited success.
IB was never tried in colloidal NPs
CM can be enhanced by
(a) optimizing NP design, and
(b) implementing IB at the same time
to pursue CM-IB synergies

IB boosts
absorption at
low energies

CM boosts
absorption at
high energies
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The Full Spectrum Boost Project

Focus on colloidal nanoparticle
solar cells

Implement the Intermediate
Band mechanism in colloidal NP
solar cells

(a) Optimize NP design for CM
(b) Implement CM and IB to
boost absorption at low & high E

IB boosts
absorption at
low energies

CM boosts
absorption at
high energies
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perovskite solar cells
Michael Grätzel

of metal halide perovskites
as light harvesters has
The PerovskiteThe rise
Revolution
Started
instunned the photovoltaic comm
efficiency race
continues, questions on the control of the performance of perovskite solar
commentary
characterization
are being Cells
addressed. too
Nanoparticle
Solar

A

lkali-metal lead and tin halides
had been synthesized already in
18931, yet the first
crystallographic
h+
Sensitizer
studies that determinedTiO
that caesium lead
2
halides had a perovskite structure
with the
HTM
chemical
formula
CsPbX
3 (X = Cl, Br or I)
+
h
Blocking
layer by the
were only carried out 64
years later
TCO
Danish scientist Christian Møller 2. He also
e–
Back contact
observed that these coloured
materials
were photoconductive, thus suggesting
that they behave as semiconductors. In
1978, Dieter Weber replaced caesium with
Glass substrate (front contact)
e–
methylammonium cations (CH3NH3+)
to generate the first three-dimensional
organic–inorganic hybrid perovskites3,4.
The general crystal structure of these
Figure 2 | Schematic cross-section of a solid-state mesoscopic solarmaterials
cell usingisN719
or CH
3NH1.
3PbI
3 as a
shown
in Fig.
Caesium
sensitizer. The perovskite nanoparticles are precipitated from solution
onto
a
mesoscopic
TiO
film
acting
ions or small organic cations
such
as
2
methylammonium
and formamidinium
as an electron-extraction layer. Spiro-MeOTAD was mostly used as an
HTM16,17. The external
electric
occupy
cuboctahedral
voids formed
circuit contacting the solar cell is shown in black. In the close-up view
on thethe
left,
the light radiation
by
the
12
nearest-neighbour
halideinions.
–
+
(yellow wavy arrow) hitting the sensitizer generates electrons (e ) and holes (h ) that are transported
The structural characterization of hybrid
the TiO2 and HTM layers, respectively. TCO, transparent conducting tin oxide layer.
perovskites of the formula CH3NH3BX3
(with B = Sn(ii) or Pb(ii), and X = Cl,
Br or I) has also been reviewed in more
common solvent such as γ-butyrolactone,
γ-butyrolactone,
recent dimethylsulphoxide
studies5.
dimethylformamide or dimethylsulphoxide. and toluene toMethylammonium
control the nucleation
lead iodide,
However, this approach typically led to
of CH3NH3PbI
crystals
within
CH33NH
boththe
interesting optical
3PbI3, has
electronic
properties
that have been
uncontrolled morphological variations,
mesoporousand
TiO
scaffold
and
the
2
actively
investigated
during
the past
which resulted in poor reproducibility
subsequent growth of 5–7
a dense CH3NH
3PbI3
two
decades
.
It
is
a
semiconducting
of photovoltaic performance. To gain a
capping layer. The latter plays a crucial role
pigment with a direct bandgap of 1.55 eV
better control of the crystal formation
in enhancing
the absorption
photonsonset of
corresponding
to an of
absorption
and growth a sequential deposition
by the perovskite
in
the
wavelength
800 nm (ref. 6), which makes this material
method was developed23. Lead iodide
region above
550 nm,
thus substantially
a good
light absorber
over the whole visible
solarphotocurrent.
emission spectrum.
Theissue
excitons
(PbI2) was first loaded by spin coating
increasing the
In this
produced is
byan
light
absorption
have a
from dimethylformamide onto the
of Nature Materials
Article
by this
weak binding
energy ofin
about
0.030 eV,
mesoporous titanium dioxide film and
group26 in which
they describe
detail
which means that most of them dissociate
then exposed to a solution of CH3NH3I in
their method
of solvent-controlled crystalvery rapidly into free carriers at room
8
isopropanol; this led to the formation of
growth engineering
used
toelectrons
attain these
temperature
. The
and holes
the final perovskite pigment penetrating
high PCE values.
produced in this material exhibit a small
effective mass9 resulting in high carrier
the porous titania film. Strikingly, on the
mobilities
that range from 7.5 cm2 V–1 s–1 for
mesoscopic length scale the conversion
More exciting
discoveries
electrons9 to 12.5 cm2 V–1 s–1 – 66 cm2 V–1 s–1

Figure 1 | Crystal structure of cubic metal halide
perovskites with the generic chemical formula
ABX3. Organic or inorganic cations occupy
position A (green) whereas metal cations and
halides occupy the B (grey) and X (purple)
positions, respectively.

Perovskite: CH3NH3PbI3
“Higha timescale
Tc-like”
of hundredsexplosion
of nanoseconds,

resulting in long carrier-diffusion
lengths — that is, the average distance
that can be covered by carriers before they
recombine — ranging between 100 nm
and 1,000 nm (refs 11,12). Despite some
of these appealing properties that were
already known for more than 20 years,
the extraordinary potential of hybrid
perovskites in photovoltaic applications
was only revealed less than 5 years
ago by researchers working on liquidelectrolyte-based dye-sensitized solar cells
(DSSCs)13,14. These two papers and the
three publications15–17 that followed in 2012,
reporting on the use of tin or lead iodide 9	

perovskites in a solid-state version of the
DSSC, set off the current meteoric rise of
perovskite solar cells (PSCs).

analogue CH3NH3PbBr3
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device stability was poor
dissolution of the perovs
solvent. However, by cha
electrolyte formulation a
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noted that CH3NH3PbI3
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(Fig. 2). The N719 dye15
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role of the sensitizer inje
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A change in paradigm
discovery by Lee et al.17
scaffold made of Al2O3 i
produced similar — if n
conversion efficiencies, e
is unable to assist in elec
to its large bandgap. Thi

Simple, low temperature
solution-based fabrication
Lifetime ~ hours
Top cell for Si?

Ascension of perovskite solar cells

In 2009, when Kojima et al. introduced

Full Spectrum Boost: Theory Infrastructure
Nanoparticle Structure: ab-initio-driven structural relaxation

One particle energies: DFT, GW, Quantum Espresso

Transport:
Parameter & lifetime calculation
Band formation,
Lifetime for
Boltzmann
transport

Ab-initio compute
of E1p, Ec, τ for
Marcus/Miller-A.
hopping transport

,PBE, PBE0

Optical absorption:
TDDFT

Intermediate
Band: VB/IB,
VB/CB rates

Carrier
Multiplication:
X->XX rate
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Plan of the Talk

Carrier Multiplication Boost at high energies

Intermediate Band boost at low energies

Transport to extract photo-induced charge carriers
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Plan of the Talk

Carrier Multiplication Boost at high energies

Intermediate Band boost at low energies

Transport to extract photo-induced charge carriers
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Down-conversion by Carrier Multiplication
E

Keep energy of high energy
photons in electronic sector:

mb 	

Coulo
n
actio
inter

DOS

Electron relaxation by Carrier
Multiplication:
Photo-excited first exciton
relaxes by exciting second
exciton instead of phonons
Max efficiency:
44% 1 Sun
(Klimov 2005)
70% 1000 Sun (Nozik 2013)
13	
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prebreakdown region uncertain. By using freshly
etched and carefully electroded samples, it is
possible to avoid these difficulties. In addition, ‘the
above “space charge” effects are not observed when
separate current and voltage probes are used.

the order of 1. From the plot we see that the
concentration of free charge carriers increases in
the same way as the current when the sample
breaks down. This is obviously the most direct
evidence for the increase of charge carrier concentration at breakdown. In Figs. 11 and 12 the

Carrier Multiplication - 1957

MECHANISM

FOR

BREAKDOWN

Since experimentally it is possible to rule out
the breakdown
can 2. pp.
be l-23.
surface
J. Phys. phenomena,
Chem. Solids.
Pergamon
Press 1957. Vol.
regarded as a bulk phenomenon involving either
an increase in the concentration of the free charge
carriers or an increase in the mobility of the
IMPACT
IONIZATION
OF IMPURITIES
IN GERMANIUM*
charge
carriers. From
Hall effect measurements,
it
can be readily demonstrated that the breakdown
N. SCLAKt
AND E. BIJKSTBIN
mechanism involves predominantly an increase in
States 10
Naval
free charge concentration.United
In Fig.
the Research
increase Laboratory, Washington, D.C.
(Received

16 September

1956)

Abstract-The
low-temperature
electrical breakdown effect in germanium
is investigated
experimentally as a function of the temperature, magnetic field, background radiation, type and
volt
V
concentration of impurities, geometry, surface effects and the orientation of the specimens.
A
study is also made of the time dependence. The effect FIG.
is shown
involve
chargeincarrier
multiplica11. to
The
mobility
breakdown.
After the sample
tion which is attributed to the impact ionization of breaks
impurities
by
free
charge
carriers.
A
mean
down, the mobility is independent of applied
value theory is developed for the critical breakdown field which yields E, = 2c//.1
[(71/2kT)-1]
*
voltage.
where c is the velocity of sound, p is the mobility of the carriers, I is the ionization energy of the
impurities and y is a factor which corrects for the fact that electrons with energy higher than
the mean value initiate the breakdown. The data are shown to be in substantial agreement with
this theory. The framework for the more rigorous transport theory is outlined and used to compute
rise and decay times for the breakdown, which are consistent with the experimental observations.

“Impact Ionization” (=CM)
has a 1% efficiency in bulk
Sclar (1957)

INTKODUCTION

The experimental data to be presented are concerned with the reversible nondestructive breakACCORDING to semiconductor
theory,
in the
A
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 at
down effect which occurs at relatively low fields
absence of radiation andZ for a nondegenerate
FIG.
10. The germanium
Hall effect in
breakdown.
concentra- a low temperature in germanium. This effect has
specimen,
should
become The
an insulator
8
0.4
tion
carriers andapproaches
the measured
currentzero.
showBythe been
studied as a function of geometry of specias ofitsfree
temperature
absolute
same
dependence
on appliedwe
voltage.
Thisto indicates
that men, surface treatment, magnetic field, temperaraising
the temperature,
are able
excite free
% 0.2
the breakdown is accompanied by a change in the con- ture,
background
radiation,

Carrier Multiplication
Save the exciton generation from jaws of electron-phonon interaction:
“We gonna need a bigger Coulomb interaction”
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Carrier Multiplication
Save the exciton generation from jaws of electron-phonon interaction:
“We gonna need a bigger Coulomb interaction”

1. In nanoparticles electrons cannot avoid each other: screening is
reduced, Coulomb interaction enhanced (Nozik 2001)
2. Use Mott insulators/perovskites! U large in bulk (Manousakis 2010)
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CM in Nanoparticles: Discovery, Status
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Klimov, Schaller (2004) quantum yield
(=#electrons/photon) up to 700%

Beard (2011): CM present,
with lower efficiency

Nanoparticles in solution, not in solar cell

tive indices).
bandgaps near 0.72 eV (Fig. 3A). The best
In the UV-visible spectral region of most in- vice measured had a peak EQE of 107.5 T 0.6
terest, the modeled reflectance (Fig. 2, dashed which increased to 114 T 1% with the appl
black) and the measured reflectance (brown) agree tion of a 70-nm film of MgF2 to act as an a
First
working
CM/MEG
solarreflection
cell:coating
Dec.
REPORTS
very
well and
are fairly insensitive
to QD and
on the2011
glass. Of the 18 dev
ZnO layer thicknesses because in this region the made,
all achieved
EQE
values over 95%
the limited absorption
of the monolayer of
QDs.
Similarly, MEG has been invoked as an explanation for
increased ultraviolet
(UV) responsivity
photons are all absorbed within 50 to 100 nm of 15
exhibited
EQE
greater than 100%. The m
in PbS QD photoconductors (13) measured unPeak
External
Photocurrent
Quantum
der a large externaluncertainty
bias. However, showingranged
an
the ZnO/QD interface. We show how the IQE surement
from T0.6 to T
EQE greater than 100% without an applied bias
MEG athas the
remainedpeak.
an open challenge.
EQE is a
and Efficiency
calculated RExceeding
vary in fig. 100%
S4 forvia
different
TheThevariations
result from slig
spectrally resolved photocurrent measured una Quantum
Cell by nor- different
der zero external bias
and represents
the ratio of
layerinthicknesses.
TheDot
IQE Solar
is determined
film
thicknesses,
degree of ligand
photocarriers collected by an external circuit to
Octavi E. Semonin,1,2 Joseph M. Luther,1 Sukgeun Choi,1 Hsiang-Yu Chen,1 Jianbo Gao,1,3
Arthur J. Nozik,1,4* Matthew C. Beard1*

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
Bandgap:
absorbed by the active
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
definitive proof that MEG 0.83
occurs ineV
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
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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

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

140

Proves presence of CM

PCE (%)

T

hird-generation solar energy conversion

90 strategies attempt to improve the overall

EQE>100%:

Internal Quantum Efficiency (%)

produces twoBandgap:
or more electron-hole pairs. Here, we report on photocurrent enhancement arising from
120
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%
0.72TheeV
in the best device measured.
associated internal quantum efficiency (corrected for reflection
110
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 AR
collected
in suitably designed QD solar cells, providing ample incentive to better
coated
understand MEG within isolated and coupled QDs as a research path to enhancing the efficiency
100
of solar light harvesting technologies.

nsity (mA/cm2)

External Quantum Efficiency (%)

exciton generation (MEG) is a process that can occur in semiconductor nanocrystals, or B
A Multiple
160
quantum dots (QDs), whereby absorption of a photon bearing at least twice the bandgap energy

0.72 eV

4

h ν / Eg

5

sizes. We plot the p
cell (estimated at ~1

Nanoparticle solar cells appeared on the
NREL efficiency chart in 2010

QCD - The Quantum Confinement Dilemma
in Nanoparticle Solar Cells
Positives

Enhances Coulomb
interaction:
Enhances CM

Negatives

Widens gap:
Absorption is pushed
out of solar spectrum

Localizes charges:
Hinders transport
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QCD - The Quantum Confinement Dilemma
in Nanoparticle Solar Cells

Negatives:
Decreasing size
increases gap,
charge localization

Decreasing size enhances CM but introduces negatives

Positives:
Decreasing size
increases Coulomb, CM

21	


Transcending QCD
in Nanoparticle Solar Cells

Negatives:
Decreasing size
increases gap,
charge localization

Transcendent factors:
Preserve positives, suppress negatives

Positives:
Decreasing size
increases Coulomb, CM
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Transcending QCD
in Nanoparticle Solar Cells
Transcendent factors:
preserve positives, suppress negatives
1. Surface reconstruction of nanoparticles
2. Shape engineering of nanoparticles: from dots to rods
3. Exotic core phase nanoparticles
4. Charge separation, transport and extraction

Reconstruction Compensates Gap-Enhancement
without Reducing Coulomb Strength/CM	


Quantum confinement
enhances the gap in
unreconstructed NPs

Reconstruction
- compensates gap enhancement
FIG.
2. (a) Impact ionization
- preserves enhanced Coulomb/CM

rate
FI
d=2.0 nm nanoparticle with and wit
d=
Voros, Galli, Zimanyi Phys. Rev. B, 2013 24	

tion. Enhancement in the (b) triontio
d
due to surface reconstruction for the
du

2. Lowered Symmetry: Gap Reduction,
More Allowed Transitions

Many transitions forbidden by symmetry-driven selection rules
Lowering symmetry of nanoparticles allows more transitions:
Nanorods: lower CM onset energy; enhanced CM at higher energy	

Nanowires: Cui group

Gali, Kaxiras, Zimanyi, Meng, Phys. Rev. B 2010 25	


3. Exotic Core Phase Si/Ge NPs:
3.1. Reduce
Gap by using Bulk-Gapless Phases
Non-diamond
Si nanoparticles

Looking for multiple exciton generation in embedded nanoparticles

Si28 β-tin (Si-II)

Si34 R8 (Si-XII)

EG = 3.4eV

EG = 2.42eV

EG = 0.4eV
(passivation issue)

Si35 (Si-I)
EG = 3.01eV

Si36 hex. dia. (Si-IV)
Motivation

Problem

Si34 BC8 (Si-III)
Current Progress

EG = 2.49eV
Summary

11/14

Wippermann, Voros, Gali, Rocca, Zimanyi, Galli Phys. Rev. Lett. 110, 04680426(2013)
	


Looking for multiple exciton generation in embedded nanoparticles

3.1. Gap reduction in BC8/Si-III

Gap vs. NP-diameter

BC8/Si-III is gapless in the bulk
27	


[nm]
Motivation

Problem

Current Progress

Summary

12/14

Phase 0.9
cd
BC8
hd
Ibam
R8
bct
ST12

3.1. Comparison of LDA and GW
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FIG. 2 (color online). Electronic gaps of hydrogenated Si
nanocrystals as a function of the nanoparticle (NP) diameter
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distributi
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3.2.

micron-scale spikes on the surface after 88 fs-laser pulses
(Fig. 1(a)) and exhibit peaks in the Raman spectra indicative
High Pressure
Polymorphs
Black
Si!1, 443
), Si-III
(387 cm
of Si-XII (354
cm!1, 395 cm!1in
cm!1), and a-Si (broad peaks at 150 cm!1, 300 cm!1, and
J. Appl. Phys. 110, 053524 (2011)
470 cm!1) (Fig. 1(b)).28 The intensities of the silicon polymorph Raman modes are at least an order of magnitude
Top
ofatPV
cell
transformed
, suggesting thatbya relalower 1.
than
the layer
Si-I peak
519
cm!1
high volume
energyoflaser
(Mazur
2013)
tively small
siliconpulses
polymorphs
is generated
compared to Si-I.
2. estimated
Observed
enhancement
of subWe
the large
residual
strain in the high-pressure
gap polymorphs
absorption
crystalline
by measuring the position of the SiIII peak around 443 cm!1 and the Si-XII peak around 354
3. Observed the formation of BC8/Sicm!1 (these peaks were selected because they are the most
III phase by Raman scattering
clearly pronounced Raman modes of their respective phases
(Fig. 1(b))).
Though
small variations
to 2annealed
cm!1) exist
4. When
BC8/Si-III
phase(1was
amongaway,
the 20 sub-gap
spectra recorded
at different
positions
on each
absorption
greatly
reduced
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Using nanocones to enable complete light
absorption in thin Si

Sangmoo Jeung, Mike McGehee, Yi Cui, Nature Comm.

4. Charge Separation and Extraction:
4.1. Si NP in ZnS
1. Create ZnS matrix with 512 atoms
2. Replace 35-172 Zn/S atoms
with Si atoms
3. Relax structure with Qbox package
T(anneal) upto 1,000K
4. Calculate energy

FIG. 2. (color online). Sulfur shell formation on the surface

of a Si NP.of
ThePRL,
S atoms March
within this shell
3-fold coordiCover
14,are2014
35

nated, featuring one Si-S bond and two S-Zn bonds, resulting
in the formation of S lone pairs, which are involved in the
HOMO (blue isodensity plot) and near-HOMO states.

was used
The result
NPs, sulp
free, essen
This phys
detailed a
To proc
the entire
density of
Si123 NP
observatio
phur shell
the NP, S
spatial re
sphere th
a shell wi
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S atoms o
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each elect
termined
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Before proceeding with the analysis of the entire system, we discuss a remarkable interface e↵ect. During annealing the Si NP drew S atoms from the matrix, leading

EDOSr

The pro

4.2. Complementary Charge Transport Channels
4

Top of Valence Band

Bottom of Conduction Band

Electron transport: NP-NP transition

host matrix
tions to the total Hole
EDOStransport:
divided intoin
matrix,
interface and NP states at the example of
ocal density of (b) valence and (c) conduction states, integrated over an interval of 0.5
Complementary charge transport channels –
recombination reduced
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Demonstration of Carrier Multiplication
in a Functioning Solar Cell
Beard & Nozik
(2011):
CM in working
solar cell.
Used hydrazine:
combustible

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

Carrier Multiplication Summary
Carrier Multiplication is a promising solar paradigm
Quantum Confinement Dilemma: QC enhances Coulomb/CM, but
enhances the gap and makes charge extraction harder

Transcending QCD possible:
1. Surface reconstruction of NPs: decreases gap, preserves MEG
2. Shape engineering of NPs (from dots to rods): decreases gap,
increases number of allowed transitions
3. Exotic core phase NPs: decrease gap, increase Coulomb/CM
4. Embedding NPs in host matrix: interface changes type I -> type II:
complementary charge transport channels form, reduce recombination

Plan of the Talk

Carrier Multiplication Boost at high energies

Intermediate Band boost at low energies

Transport to extract photo-induced charge carriers
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concentrator [14], is also represented in Fig. 2. The cell
intervals of integration and chemical potenwith intermediate band presented in this paper can reach
et, as described above. The temperature for
an efficiency of 63.1% instead of the 40.7% which is the
e crystalline network temperature Ta
SQ model limit.
emphasize that, in spite of the distributions
If only one of the radiative links of the intermediate
photons being those of equilibrium, inside
band is absent, the cell proposed here shall behave like
uctor the photons are not in equilibrium as
the SQ cell. In effect, as no electron is extracted from the
ons are neither homogeneous nor isotropic.
intermediate band to the external circuit (condition IC3)
ng equation
also be used
for thewith
photons
1.can
Absorb
photon
sub-gap
energy: toelectron
IB->CB
& VB->IB
the transitions
and from the
band remaining
radiatively
he Sun by using the solar temperature Ts and
linked balance out.
he chemical
By chemical
doing so we doping
im2.potential.
Fill IB by
or by photo-doping
that the cell illumination is isotropic. This
dition (IC7) for maximum efficiency. It is
e use an ideal concentrator, of zero absorpnds the luminescent photons
CBescaping from
where inside the solar disk. Such a concenave a geometrical concentration of, at least,
sun distance to the sun radius, that is 46 000.
to our outline let usIC
now calculate, by a
ctrons, the current I delivered IB
to an external
rent leaves the semiconductor by the valence
CV
contact) and returns VI
by the conduction
band
tact), which involves a flow of electrons
nd of value Iyq (q, electron charge). Thus,
VB
conduction band,
Ÿ
G , `, Ts , 0d 2 NseG , `, Ta , mCV dg
Ÿ C , eG , Ta , mCI dg . (6)
seC , eG , Ts , 0d 2 Nse

Up-conversion with Intermediate Band
Solar Cells

delivered at a voltage that equals the quasigroup
plitting of the twoUp-conversion:
bands involved [6],Dionne
that
FIG. 2. Efficiency limit for a solar cell with an intermediate
.
band and for a two-terminal ideal tandem cell, in both cases vs
nt is extracted from the intermediate band,
the lowest band gap eI , and for a cell with a single band gap.
Ÿ
The corresponding values of the highest band gap in cells with
T , 0d 2 Nse , e , T , m d

of layers at
Reports
tions propa
10, 20, and 40 repeat periods
of due
QDt
is lost
view of
a single
Fig. 5. Illuminated
1-sun J–V
curves
for theshows
three QDan
and expanded
the baseline/control
Fig. 3. Histograms of count of QDs at particular
height values.
In (a),
there
gion.
With
GaAs
p-i-n
solar
cell
devices,
indicating
a
clear
increase
in
short-circuit
current
comprising
the
i-region
of
these
is a large spike in counts between 1 and 4 nm, indicating presence of a single
of straindev
ba
density
and
minimal
loss
in
open-circuit
voltage
for
the
10and
40-layer
QD
mode of QD size associated with the 1.8 ML sample, while in (b), a second,
of
approximately
1.8
ML
InAs,
follo
QD (1.8 M
cells.
much larger mode appears averaging between
10 and 15 nm in height at a higher
GaAs
capping
layer.
High-temperatu
InAs cover
InAs coverage value.
a layer of strain-balancing GaP
(4 ML
degradation
a second layer of high-temperature
G
InAs cover
for the next repeat unit. Total
repeat
served
beyu
12–13 nm. The control GaAs
cellisw
WL and
n
100-nm bulk layer intrinsicabsorption
region. T
parameters are discussed elsewhere
greater num
photolithographic and mesa isolation
This inc
then applied for the fabrication
arrE
detail,ofthe
Gold front grid fingers were
evapora
(∼915
nm)
The grid metallization shadowing
with thewa
AM
In order to focus on only the
cell proper
approa
antireflection coatings werecrease
not empl
of 0
The suppre
poor extrac
III. RESULTS AND D
this depth
Fig. 4. Structural layer layout for QD embedded GaAs p-i-n solar cell device
One-sun current–voltageopposed
data were
to
illustrating layer description and order within one repeat unit of superlattice
nation conditions using an 910
Agilent
B
nm (∆
embedded within the intrinsic region of the p-i-n device (layer thicknesses not
to scale).
luminescen
metric analyzer. One-sun AM0
illum
Fig. 6. EQE
measurements
the three QD and the baseline/control GaAs
(1) Process steps increase
from
~10 tofor50-100
was
two-zone
TSin Space
Systems EL
18-kW
p-i-n solar cell devices, indicating no significant
degradation
the bulk GaAs
absorption wavelengths and a consistent increase
in sub-GaAs
EQEto AM0
ing anusin
injec
intensity
wasband-edge
adjusted
(2) Efficiency
increase
minimal
the statistics
extracted from
AFMvalues
images
for
similar
coverage
with increasing numbers of QD layers.
Spectra det
values. Values in Fig. 3(a) were derived from the image in Fig. 2 cell provided by NASA Glenn Resea
InGaAs
inf
Fig. 5 shows the 1-sun AM0
illum
(1.82 ML), and Fig. 3(b) shows the statistics from a 2.17 ML
under equiv
test sample and the bimodal distribution is clearly evident here. baseline GaAs p-i-n and the 10, 20

Intermediate Band: Epitaxial Design

Intermediate Band: Colloidal Nanoparticle Design
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Intermediate Band Summary
IB is the most promising paradigm to boost sub-gap absorption
Epitaxial implementation yet to fulfill its promise

Proposed to use Colloidal Nanoparticles to implement IB
Several designs to form intra-gap states
Proof of Concept: Intra-gap state by NP relaxation
Chemical doping of intra-gap state by cobaltocene
Demonstrated formation of intermediate band in NP arrays
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Transport in Nanoparticle Solar Cells

Built-in field generated by
difference of electrode
work functions

Built-in field generated by
forming p- and n-doped
nanoparticle layers

FET mobility in PbS and PbSe Nanoparticle films

M. Law (2010)

ano Letters

Mobility(diameter D): rise->maximum
Mobility µ~10-3-10-2 v. 103 cm2/Vs bulk Si

Hierarchical transport studies based on
electron energy calculations
Energetics of coupled nanoparticles/nanostructures

Extraction of representative parameters

Hopping limit: Marcus,
Miller-Abrahams: Ec, Ekin, τ	


Band limit: Band formation,

Kinetic Monte Carlo of
device transport

Current-current correlation
and response function

Boltzmann transport: W, meff, τ	


I. Carbone, S. Carter and GTZ J. Appl. Phys. 114, 193709 (2013)
M. Voros, I. Carbone, S. Carter, G. Galli and GTZ submitted

1. Define nanoparticle lattice
Nanoparticle radius selected
with Gaussian distribution
Always six nearest neighbors,
packing density ~ ρ=0.52

PackLSD: collision driven
molecular dynamics
Generate disordered jammed
packing, density: ρ=0.62-0.63
Donev et al, (2005)

εout=20

s (dcrystal ) = s0 dcrystal ,

2. allAb
Initio
parameter constant across
crystal
sizes.
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Nanoparticle energetics
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-5HOMO
nergies, given
by theEnergy
LUMO
Charging
(eV) energy levels for electron carriers, and the
Charging Energy (eV)

-2

-1

One-particle
energy
Addition/charging
energy
carriers, were
calculated by Kang
and WiseEfor a range of
nanocrystal diameters. 3
Kang and Wise (1997)
An, Franceschetti, Zunger (2007)
e energies to each site by adopting the Kang-Wise values corresponding to their
1p

0

Ec

es. Figure 3 shows the HOMO and LUMO levels used in our simulation.

MO and LUMO energies for PbSe used in hopping simulations. Values were calcu2. Electron
and
Wise. 3and hole charging energies !a" and addition
FIG. 3. Electron and hole charging energies !a" and addition

!b" of a R = 15.3-Å PbSe quantum dot, calculated for three
f the macroscopic dielectric constant of the surrounding

energies !b" of a R = 30.6-Å PbSe quantum dot, calculated for three

3. Dynamics: NP-NP 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: Device level modeling

Metal
electrode

RESULTS: Diameter dependence of µ	


Small D: steep rise
Large D: plateau/decrease

σ = width of NP size distribution

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: 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
acrossincreasing
all crystal sizes.
1. For
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levels sample
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We
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rapid rise of the mobility
increasing
D,
energy
energies to each site by adopting the Kang-Wise values corresponding to their

blocking transport by Coulomb
disorder is decreases
with
D
and hopping-distance
blockade/charging energy ΕC	

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

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: Verifying Electron-hole effects
Simulated equal electron and hole densities
Presence of holes neutralizes the Coulomb barrier:
conductivity grows instead of peaking

Transport optimization leads to 9% efficiency
NATURE MATERIALS DOI: 10.1038/NMAT3984

Transport optimization by strategic
- ligand-exchange processes
- bandgap-engineering
- surface passivation and
- atomic layer deposition infilling
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9.2% efficiency was reached in PbSTBAI nanoparticle solar cells
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2015: The year nanoparticle
solar cells break 10% ?!

a, Device architectures. b, Representative J–V characteristics of devices with Au anodes
TBAI device consists of 12 layers of PbS-TBAI and the PbS-TBAI/PbS-EDT device consists of
um e�ciency (EQE) spectra for the same devices.

The Full Spectrum Boost Project

Transcending competing paradigms in nanoparticle solar cells:
Integrating Transport and CM+IB boosted absorption

Unified Transport Theory:
Integrating band & hopping transport
Ab initio-based Multi-scale Modeling

Band transport:
ab initio-based
semi-classical
Boltzmann theory

Hopping transport:
ab initio-based
Marcus/Miller-Abr.
kinetic Monte-Carlo

Full Spectrum Boost:
Integrating the Intermediate Band &
Carrier Multiplication Paradigms

Low energy boost:
Intermediate
Band in
NP solar cells

High energy boost:
Carrier
Multiplication in
NP solar cells

Bottom-up
Modeled
System
Price of PV
PV System
Price,
2009-2013
Systems by Sector, Q4 ’09 - Q4 ‘13
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Since Q4 2009, modeled system prices fell between 16% – 19% per year
1/2 - 2/3 of reduction attributed to module price reductions
From Q4 ‘12 to Q4 ‘13, modeled system prices fell between $0.07/W - $0.44/W, or 3-12%
Q4 2013 bottom-up modeled residential system price of $3.29/W is consistent with leading
residential installers’ pricing, such as SolarCity’s reported Q2 2014 costs ($3.03/W), plus a
reasonable operating profit margin.
Note: Standard crystalline silicon modules (13.5% efficiency in Q4 2009 to 15.0% in Q4 2013). System sizes: residential: 5 kW in Q4
2009 through Q4 2013; commercial: 202 kW in Q4 2009 to 223 kW in Q4 2012 (200 kW in Q4 2013); utility-scale: 175 MW in Q4 2009
to 185 MW to Q4 2013). Modeled system sizes in the residential and commercial rooftop sectors were chosen based on typical system
sizes, then adjusted for optimal inverter configuration. System sizing for utility-scale benchmarks were chosen for comparison
purposes against pricing reported from DOE’s Energy Information Administration (2010).
Source: SolarCity. (2014). “Cost Calculation Methodology.” Accessed September 2, 2014: http://investors.solarcity.com/events.cfm.
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Reduction of Nonradiative Recombination
by Strain in Nanoparticle Arrays
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Reduction of Nonradiative Recombination
by Strain in Nanoparticle Arrays

Figure 5: The logarithm of the ratio between radiative (kr ) and nonradiative (knr ) decay rates for
the four capture processes outlined in Figure 4, as a function of decreasing strain on the NP (see
text), for a Pb defect at the surface of a 1.3 nm Si NP terminated by an oxide layer. The black
horizontal line represents the boundary between radiative (white area) and nonradiative (gray area)
recombination processes. Configurations representing di↵erent relaxation schemes around the defect
(and hence di↵erent amount of strain) are shown on the x axis: rnn (nearest neighbor), rnp (Si NP and
first layer of oxygen) and r1 (all atoms in the system). Nonradiative rates given by Equation 7 and 3
are indicated by the dots and open circles respectively.
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Nonradiative recombination rates for the processes displayed in Figure 4 and the rnn
configurations were also calculated using Marcus theory (Equation 5). After comparing the

mation on the surface
hell are 3-fold coordiS-Zn bonds, resulting
h are involved in the
HOMO states.

the simulation volume. Each electronic state j was projected onto atomic orbitals i centered at the positions of
the ions in the above three regions. The contribution of
each electronic state to each region’s EDOS(E) was determined4.2.
as the sum
of the projections
of the state ( ) to
Projected
DOS
the atomic orbitals ( ) in that region, in a narrow energy
interval around E:

Projected states to atomic orbitals to determine character of states
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The projected density of states are shown in Fig. 3a,
where energy intervals of 0.1 eV were used.
The Figure clearly shows that the states at the bottom
of the conduction band (CB) are dominantly localized
inside the nanoparticle. The first conduction states that
reach into the matrix are located well above the conduction band minimum (CBM). Furthermore, the states at
the top of the valence band (VB) are dominantly localized outside the nanoparticle.
Figs. 3b and 3c show isodensity plots of the valence
and conduction states, integrated over a 0.5 eV energy interval at the respective band edge. These figures reinforce
our physical picture of the electronic conduction states
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at the CBM being localized inside the NP. Further, the
hole states at the VBM that were dominantly localized
3. (color online). (a) Contributions to the total EDOS divided into
in the S-shell for the previously considereed small NP are

