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DOE Sunshot Goal - Reach grid parity at 1$/W
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Swanson’s Law/Solar Moore’s Law



Present Day
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Present status: 0.5-0.7 $/W: SunShot goal achieved!

Present records:

BUT fracking moved grid parity to ~0.3$/W

So, the energy challenge needs pursuing all promising ideas

GaAs 29% Alta Devices

HIT c-Si/a-Si cell 25.6% Panasonic, SunPower

Perovskites 22 EPFL, Korea, Oxford

Thin film CdTe 20% First Solar

Organic solar cells 12% Sumitomo



Solar energy conversion is inefficient 
at low and high end of spectrum
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1. No absorption below gap: 
photon wasted

2. Absorption to bottom of 
conduction band: optimal

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

Optimization of gap:  
max efficiency: 31%  

New physics needed: 3rd generation PV
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Adapt 3rd generation up-conversion and down-
conversion channels to provide Full Spectrum Boost 
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IB boosts 
absorption at 
low energies

CM boosts 
absorption at 
high energies

Carrier Multiplication (CM): high-above gap photon 
excites electron that relaxes by exciting 2nd electron
CM boosts absorption at high energies  

Intermediate Band (IB): below-gap photon excites 
electron from an intra-gap band to conduction band 
IB boosts absorption at low energies



Colloidal Nanoparticle Solar Cells are promising 
platform for the Full Spectrum Boost Project
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A. Colloidal Nanoparticle Solar Cells Broke 
10% Psychological Barrier in 2015
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PbS CNPs
Sargent group
Nano Lett, 15, 7691 (2015)  



B. Colloidal Nanoparticles are promising platform to 
implement Carrier Multiplication and Intermediate Bands
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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

IB boosts 
absorption at 
low energies

CM boosts 
absorption at 
high energies

CM can be enhanced in Nanoparticles 
because Quantum Confinement 
enhances Coulomb interaction 

CM boosts 
absorption at 
high energies  

IB boosts 
absorption at 
low energies



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

High energy boost: 
Carrier 

Multiplication in 
NP solar cells   

Hopping transport: 
ab initio-based 

Marcus/Miller-Abr.

kinetic Monte-Carlo  

Band transport:
ab initio-based 
semi-classical 

Boltzmann theory

Low energy boost: 
Intermediate 

Band in 
NP solar cells 

Full Spectrum Boost:
Integrating the Intermediate Band & 

Carrier Multiplication Paradigms

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

The Full Spectrum Boost Project



Full Spectrum Boost: Theory Infrastructure

One particle energies: DFT, GW, Quantum Espresso      ,PBE, PBE0 

Nanoparticle Structure: ab-initio-driven structural relaxation

Carrier 
Multiplication: 

X->XX rate

Optical absorption: 
TDDFT

Transport: 
Parameter & lifetime calculation

Intermediate 
Band: VB/IB, 
VB/CB rates
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Ab-initio compute 

of E1p, Ec, t for 
Marcus/Miller-A. 
hopping transport

Band formation, 
Lifetime for 
Boltzmann 
transport



1. Down-conversion by Carrier Multiplication
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E

DOS

Keep energy of high energy 
photons in electronic sector:

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)  



CM in Nanoparticles: Discovery, Status

Klimov (2004): Presence of CM in 
Nanoparticles proven Beard (2011)
Nanoparticles in solution
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Semonin et al (2012): 
First working CM/MEG solar cell



QCD - The Quantum Confinement Dilemma
in Nanoparticle Solar Cells 
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Positives of QC Negatives of QC

Enhances Coulomb 
interaction:

Enhances CM

Widens gap:
Absorption is pushed 
out of solar spectrum

Localizes charges:
Hinders transport
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Quantum confinement 
enhances the gap in 
unreconstructed NPs

1a. Reconstruction Compensates Gap-Enhancement 
without Reducing Coulomb Strength/CM

Reconstruction 
- compensates  gap enhancement
- preserves enhanced Coulomb/CM

Voros, Galli, Zimanyi Phys. Rev. B, 2013



1b. Lowered Symmetry: Gap Reduction, 
More Allowed Transitions

15
Gali, Kaxiras, Zimanyi, Meng, Phys. Rev. B 2010

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

Klimov group
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1c. Exotic Core Phase Si/Ge NPs:
Reduce Gap by using Bulk-Gapless Phases

Si35 (Si-I)

Si28 β-tin (Si-II) Si34 R8 (Si-XII)

Si34 BC8 (Si-III)Si36 hex. dia. (Si-IV)

EG = 0.4eV
(passivation issue)

EG = 2.42eV

EG = 2.49eV

EG = 3.01eV

EG = 3.4eV

Wippermann, Voros, Gali, Rocca, Zimanyi, Galli Phys. Rev. Lett. 110, 046804 (2013) 
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1c. Comparison of LDA and GW



Carter lab: EQE>100% in working solar cell 

(a) Optimized cell performance by varying the 
composition PbSxSe1-x.

(b) Avoided using hydrazine

1d. Demonstration of Carrier Multiplication 
in a Functioning Solar Cell

 

Semonin (2012): 
CM in working 
solar cell.
Used hydrazine: 
combustible



2. Up-conversion with Intermediate Band 
Solar Cells

VB 

IC 

CB 

VI CV 

IB 

1. Absorb photon with sub-gap energy: electron IB->CB & VB->IB

2. Fill IB by chemical doping or by photo-doping



Intermediate Band PV: 
Epitaxial Design

(1) Process steps increase from ~10 to 50-100

(2) Efficiency increase minimal: Great chance for nanoparticles



Intermediate Band PV: 
Colloidal Nanoparticle Platform

Quantum confinement

Surface relaxation 

Surface doping

Core doping 

Core-shell NPs  

1S
e$

NP$

1S
h$

1P
h$

1P
e$

E"

E
F" Mn



Intermediate Band from surface relaxation

Intermediate band from surface relaxation

Cd33Se33 NP



Intra-gap State from NP Surface Relaxation

Cd33Se33 NP: An intra-gap state is formed by NP relaxation
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Intra-gap State Filling by Chemical Doping

Intra-gap state filled by cobaltocene doping
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Klimov 2014

Intra gap state

Cobaltocene

Voros, Galli, GTZ 2014



Intermediate Band Formed in NP Array

Intra-Gap states combine into Intermediate Band in Simple Cubic 
nanoparticle array: Proof of concept 
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Voros, Galli, GTZ ACS Nano 9, 6882 (2015)



Synergy between Intermediate Band absorption 
and Carrier Multiplication channels

EVC 
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IB lowers CM onset  

Theoretical maximum: 55% at one-sun, 72% at full concentration



3. Transport bosted 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



Transport boosted through 
Metal-Insulator-Transition in CNP solids

PbSe NP film - Au/Ag CNPs 
substitution:
Mobility exhibits MIT 

Kagan, Murray group
Nature, 524, 450 (2015)  
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PbSe NP film - Atomic 
Layer Deposition:
Mobility exhibits MIT

Law group
Nature, 524, 450 (2015)  



Metal-Insulator-Transition in CNP solids
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Photo-doping of PbSe CNPs:
Activation energy goes to zero

Van der Zant, Siebbeles group
Nature Nanotech, 6, 733 (2011)  
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P doping of Si NPs:
Localization length exceeds 
CNP diameter

Kortshagen, Shklovski
Nature Materials, 11, 299 (2015)  



FET mobility in PbS and PbSe Nanoparticle films

Mobility(diameter D): rise->maximum

Mobility µ~10-3-10-2 v. 103 cm2/Vs bulk Si 

M. Law (2010)



Hierarchical transport studies based on 
electron energy calculations

Energetics of coupled nanoparticles/nanostructures

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

Band limit: Band formation, 
Boltzmann transport: W, meff, t

Kinetic Monte Carlo of 
device transport

Extraction of representative parameters

Current-current correlation 
and response function

I. Carbone, S. Carter and GTZ J. Appl. Phys. 114, 193709 (2013)
M. Voros, G. Galli and GTZ ACS Nano (2015)



Input to transport: energy differences from ab initio

Long range Coulomb 
interaction (~1/d)

Confined kinetic 
energy (~1/R2)

External field

na before
na-1 after

nb before
nb+1 after

3a. Towards ab initio-based transport modeling: 
nanoparticle energetics

Coulomb

On-site 
Coulomb (~1/R)



Towards ab initio nanoparticle energetics

Validate by comparison 
to experiment

Law group Nano Letters 10, 960 (2010) 

Kinetic energy Ekin

Sophisticated k.p calculation

Kang and Wise  J. Opt. Soc. Am. B,                                                                                
14, 1632 (1997)    



Towards ab initio nanoparticle energetics

On site charging energy EC

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

Table 1.

D (nm)

3.8

3.9

4.2

5.1

5.1

6.0

6.0

6.8

7.1

7.3

8.4
a

EC (meV)

19.0

18.0

15.2

9.7

9.7

6.7

6.7

5.1

4.8

4.5

3.3

Substantial screening of 
charging energy EC in NP 
layers
D. Norris Nano Letters 11, 3887 
(2011)



Thermally activated 
nearest-neighbor hopping

Miller-Abrahams: low T single phonon

Marcus: high T ”multi phonon”/polaronic

λ: reorganization energy
H: ”electronic coupling”

Dynamics: Transition rates



Metal 
electrode

Transport simulation: Kinetic Monte Carlo

BKL, Gillespie, N-fold way, Residence time method: 
J. of Comp. Phys. 17, 10 (1975) 



Diameter dependence of mobility 

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

I. Carbone, S. Carter and GTZ
J. Appl. Phys. 114, 193709 (2013)

Compelling evidence for veracity of code



(Eb-Ea) > Overlap Energy (OE): 
Thermally activated hopping 
transition

(Eb-Ea) < Overlap Energy (OE): 
Metallic, non-activated quantum 
transition

Approaching the Metal-Insulator Transition 
from the Hopping regime: ”Overlap Energy”

Overlap Energy (OE)
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Metal-Insulator-Transition:
Nanoparticles with metallic couplings percolate

PbSe NP film: Au/Ag 
CNPs substituted 

Kagan, Murray group
Nature, 524, 450 

(2015)  

CNPs connected 
by metallic 
transitions 
percolate 

Percolation probability as the 
function of OE/s



Mobility exhibits Metal-insulator Transition

Insulator

Metal



Collapse of effective gap T0 indicates MIT 

Effective gap T0 as as function of OE/s (Overlap energy/width of 
site energy distribution)



Two possible interpretations:
a. MIT as a Quantum phase transition

s(T) ~ exp(-T0/T)

Gap T0 is critical: 

T0~(n-nc)b 

S.V. KRAVCHENKO et al.

For each sample we observed the same p(T, n,,) charac-
teristics independent of contact configuration. Samples

were mounted with a weak thermal link to the mixing

chamber (via a stainless steel rod) allowing a change in

the temperature from 0.2 to 7.5 K during the experiment.

We controlled the temperature using two calibrated resis-

tance thermometers placed in good thermal contact with
the sample.
Figure 1 shows the resistivity (in units of h/e ) as a

function of electron density. for Si-12b for several tem-

peratures. One can see that all curves cross at some re-

sistivity p 2h/e and electron density n,, = 0.96 x
10 cm, which corresponds to a mobility of about
10 cm /V s. At densities below this point, the resistivity

is higher for lower temperatures, behavior which is char-

acteristic of an insulating state. In contrast, for n, ) n,
the lower the temperature, the lower the resistance, be-

havior which is characteristic of a metallic state. The

data, including p, for other samples are identical except
n varies (see also Ref. 12). This behavior, particularly

the existence of a single crossing point, is qualitatively

identical to the behavior of the @HE to insulator transi-

tion (see Figs. 2 and 4 in Ref. 6 and Fig. 3 in Ref. 8).
To see the temperature dependence of resistivity, in

Fig. 3 we replot p data as a function of temperature for

30 difFerent electron densities varying from 7.12 x 10 to
13.7x 10 cm . At low densities, the curves grow mono-

tonically as the temperature decreases, behavior char-

acteristic of an insulator. However, for n, & n, the
temperature behavior of p becomes nonmonotonic: resis-

tivity increases at T + 2 K and decreases as the temper-

ature is decreased; this behavior is "insulating" at higher
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T and "metallic" at lower T. At still higher n„resistiv-
ity is almost constant at T & 4 K but falls by an order
of magnitude at lower temperatures showing a strongly
metallic behavior as T -+ 0.
A striking feature of the p(T) dependencies for differ-

ent n, is that they can be made to overlap by scaling

them along the T axis. In other words, resistivity can
be represented as a function of T/Te with To depending

only on n, . This was possible for quite a wide range
of electron densities (typically n,,—2.5 x 10 + n,,
n, + 2.5 x 10~o cm 2) and in the temperature interval

0.2—3 K. The results of this scaling are shown in Fig. 4
where p is represented as a function of T/To. One can

see that the data dramatically collapse into two sepa-
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ple Si-12b) for different electron densities (designated by dif-

ferent symbols) at B = 0.
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b. MIT as a Percolation transition

One component system
Mobility s is critical:

s ~ (c-c*)g

Webman et al, PRB, 11, 2885 (1975)

WEBMAN, J. JORTNER, AND M. H. COHEN
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suiting in a new set of correlated random numbers

fr") We .then assigned the values g&&
= 1 for r"

&no, or g&&=x for x''& ro, with 0&so&1. The dis-
tribution function P(r") peaks again at about r"
=0.5, and, as is apparent from Fig. 1, Ct1 -ro.
The counting procedure for the concentration (i.e. ,
the volume fraction C) of metallic bonds was per-
formed as for model A. This second averaging

process results in a spatial propagation of the

bond correlation.
To demonstrate the effects of the various bond

correlation schemes on the distribution of metal-

lic bonds, we have defined a certain configuration

of z bonds around each vertex in the lattice and

counted the number N(n) of sites for which n out

of the z bonds are metallic. Thus g'„.ON(n) is
equal to the total number of sites in the lattice.
For the uncorrelated system N(n) =(„')C"(1—C)'

The histograms portrayed in Fig. 2 for z = 22
clearly illustrate the increase of the contribution

of higher-n values, which is due to the effect of in-

creasingly strong correlation among the bonds.

The numerical studic- reported below were per-
formed for an 18&18&18 network. %'e have stud-

ied the effect of the finite sample size on the stat-

C

FIG. 7. Comparison of 0.(C)™with the numerical
values of obtained for model A.

istical fluctuations in the conductivity data by us-

ing different sets of random numbers. The effects
of statistical fluctuations (see Fig. 3) are more
pronounced near the percolation threshold for low-
x (& 10 ) values. As expected, the statistical fluc-
tuations in the transition range mere somewhat

la.rger for the doubly correlated samples (model

C) than for models A and B. We also note that

changing the sample size from 15&15&&15 to 18
&&18&18 has practically no effect on the numerical
results.

III. NUMERICAL STUDIES

Conductivity data for the three bond correlated

models are presented in Figs. 4-6. Several

features of these results will be now considered.
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FIG. 8. I.og-log plots of 0 vs (C—C*) used for the

determination of A and p in the power law cr(c) =A(C—C*)~

near threshold. The values of A and of p are summa-

rized in Table I.
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where aM is the conductivity of the lattice with all bonds present (x = 1). (We 
omit the numerical coefficients which have to be in (1) and in the following 
equations.) 

It is usually supposed that  the critical index t does not depend on the type of 
the percolation problem, but i t  depends on the dimensionality of space [l, 21 
(universality hypothesis). This means for example that the index t is the same for 
the plane wire lattice and for the graphite paper with holes randomly punched 
in it [3]. The results of computer and model experiments do not contradict the 
universality hypothesis. These results give for the three-dimensional case 
t, = 1.0 and for the two-dimensional case t, = 1.3. The connection between the 
index t and the correlation radius index is discussed in papers [a, 41. 

The first problem considered in this paper is the generalization of (1) for the 
case of non-zero conductivity of dielectric regions. In  terms of the wire lattice 
model this generalization means that the randomly chosen metallic bonds be- 
tween nearest neighbours are not removed, but they are replaced by bonds with 
smaller conductances. Let the conductivity of the lattice with all metallic bonds 
replaced be oD and let us assume that h f aU/aM < 1. It is clear that a(x) is 
a regular function of x for any small but non-zero value of h. Thus the parameter 
h plays the same role as the magnetic field in the ferromagnetic phase transition 
theory. The first question is what is the order of magnitude of a(%) a t  the point 
x = x,. In  close analogy with the phase transition theory we suppose that a(x,) 
obeys a power law 

So we introduce a new critical index s. In  the two-dimensional case one can 
determine this index from an exact result obtained by Dykhne [ 5 ] .  Dykhne has 
found that in a two-component system with symmetrical distribution of both 
components (metal and dielectric) u(xc) = ( ~ ~ o ~ ) l / ~ ,  i.e. s = 1/2. Following the 
universality hypothesis we suppose that s = 112 for all two-dimensional perco- 
lation problems. There are no exact results for the three-dimensional case. The 
computer calculations performed by Webman, Jortner, and Cohen [ 61 (W. J.C.) 
show that in this case also a(x,) > aD, i.e. s < 1. The effective medium approxi- 
mation gives s = 1/2 independently of space dimensionality but, i t  is known [I] 
that this approximation does not work near the percolation threshold. 

Fig. 1. The theoretical dependence of ~(z) for the (bbx, OD) 

problem (solid line). (1) Equation (1); (2) equation (3) 

Two component system:
Mobility has critical crossover:

s ~ (si/sm)s f[(x-xc)(si/sm)m] 

Efros, Shklovskii, Phys.Stat.Sol. 76,475 (1976)



MIT: Quantum vs. Percolation

Percolation transition

onset

The quantum phase 
transition & the 
percolation 
transition theories 
yield different 
phase boundaries!

We adopt the 
percolation picture
as otherwise the 
metal phase would 
extend in the non-
percolated region. 

Data should be 
analyzed according 
to both theories to 
determine most 
appropriate theory



3b. Complementary Charge Transport Channels

45

Top of Valence Band Bottom of Conduction Band 

ZnS NPs: Electron transport: NP-NP transition

Hole transport: in host matrix

Complementary transport channels reduce recombination  

Wippermann, Voros, Galli, GTZ, PRL 2014



Summary of Full Spectrum Boost project

Boosting efficiency at high energies with down-conversion: 
Quantum Confinement Dilemma can be overcome, Carrier 
Multiplication can be efficiently implemented

Colloidal Nanoparticles are promising platforms for 3rd

generation solar cells

Transport can be boosted through Metal-Insulator 
Transition, Percolative quantum critical framework can 
describe transition

Boosting efficiency at low energies with up-conversion: 
Intermediate Band solar cells can be implemented in 
Colloidal Nanoparticles; Strong synergies with CM



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

High energy boost: 
Carrier 

Multiplication in 
NP solar cells   

Hopping transport: 
ab initio-based 

Marcus/Miller-Abr.

kinetic Monte-Carlo  

Band transport:
ab initio-based 
semi-classical 

Boltzmann theory

Low energy boost: 
Intermediate 

Band in 
NP solar cells 

Full Spectrum Boost:
Integrating the Intermediate Band & 

Carrier Multiplication Paradigms

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

The Full Spectrum Boost Project



Collision Driven Molecular Dynamics (PackLSD):

Generate disordered jammed packing, 
density: ρ=0.62-0.63  (monodisperse max.: ρ=0.634)

A.Donev, F. Stillinger, and S. Torquato, J. Comp. Phys, 202, 737 (2005)

Nanoparticle array: 
Size and positional disorder
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1c. Gap reduction in BC8/Si-III

Motivation Problem Current Progress SummaryCurrent Progress

[nm]

BC8/Si-III is gapless in the bulk
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High Pressure Polymorphs in Black Si

1. Top layer of PV cell transformed by 
high energy laser pulses   (Mazur 2013)

2. Observed large enhancement of sub-
gap absorption

3. Observed the formation of BC8/Si-
III phase by Raman scattering

4. When BC8/Si-III phase was annealed 
away, sub-gap absorption greatly reduced 


