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Five pathways of basic science tools making direct impact 
in renewable energy and medicine

1. Strongly interacting electrons in 
perovskites

Boosting efficiency of energy 
conversion in solar cells

2. Metal-Insulator Transition Improving charge extraction from 
solar cells

3. Quantum glassy dynamics Mitigating performance degradation 
of world record holder Si solar cells

4. Renormalization group and 
scaling

Developing better magnets for the 
electromotor of the Toyota Prius

5. Test of Relativity and Nobel-
winning femtosecond lasers

Creating LASIK and laser cataract 
eye surgery
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1. Boosting Solar Absorption Efficiency
by Strongly Interacting Electrons in Perovskites 
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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%  

To boost efficiency substantially:
New physics needed: 3rd generation PV
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Break the Ruling PV Paradigm: 
Get two Electrons for One Photon
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Carrier Multiplication (CM): 
high-above gap photon excites 
electron that relaxes by exciting 
2nd/3rd electron

CM boosts absorption efficiency 
at high energies. 
Theoretical max: 44%, 
instead of 31%  

photon



Carrier Multiplication is driven by Strong Interactions 
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Carrier Multiplication requires 
enhanced Coulomb interaction: 

Quantum Confinement in 
Nanoparticles

Nanoparticles from inherently high 
PV efficiency bulk: Perovskites: 

22.7% 



Colloidal Nanoparticle Solar Cells Broke 
10% Psychological Barrier in 2015, now 13.4%
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Nano Particle (NP) PV: 13.4%
In last 3 years NP-PV efficiency 
grew fastest of all PV technologies, 
beating even bulk perovskite PV! 

Perovskite NP PV is stable 



Colloidal Nanoparticle Solar Cells are promising 
platform for the Full Spectrum Boost Project
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Colloidal Nanoparticles for
Intermediate Band Solar Cells
Márton Vörös,*,†,‡ Giulia Galli,*,‡,# and Gergely T. Zimanyi*,†

†Department of Physics, University of California, Davis, California 95616, United States, ‡Institute for Molecular Engineering, University of Chicago, Chicago, Illinois
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T
he maximum theoretical efficiency of
conventional single junction bulk
solar cells is limited to 33% (Shockley!

Queisser (SQ) limit1) by two main factors:
photons with subgap energies cannot be
absorbed, and electron!hole pairs that
were excited above the band gap by high-
energy photons decay by emitting pho-
nons, thereby heating the solar cell. Several
ideas have been put forward to transcend
the SQ limit, including up-conversion and
down-conversion approaches.2 The former
involves capturing the subgap pho-
tons,3!6 while the latter attempts to prevent
thermalization of excited electron!hole
pairs.7,8

A leading up-conversion proposal is to
absorb subgap photons by an intermediate
band (IB), formedwithin the band gap of the
absorber.4 Other proposals include absorp-
tion by impurity states.5,6 The optimal value
of the gap in an IB cell was determined to be
about 2.4 eV for one-sun, and 1.93 eV under
full concentration. With an appropriately
positioned IB, the efficiency of an IB solar
cell may rise well above the SQ limit:
49.4% at one-sun and 63.1% under full
concentration.4,9

A down-conversion proposal that re-
ceived widespread attention is the Multiple
Exciton Generation (MEG) paradigm. It was
advocated that MEG may be particu-
larly efficient in nanoparticle absorbers.7

When this expectation was experimentally
verified,10,11 it paved the way for the use of
colloidal nanoparticles for solar energy
conversion.12!20

Here, we propose adopting colloidal
nanoparticleswith IBbands for up-conversion
processes. The IB scheme was mostly real-
ized in epitaxial quantum dots (EQD) em-
bedded in multilayer heterostructures,21,22

where one or more intragap state(s), well
separated from the conduction and the
valence bands of the epilayers, may be
found. The benefit of up-conversion in
EQD-IB cells was unambiguously confirmed
by observing an increase of the subgap
absorption.23!25 Other approaches to IB
solar cells included heavy doping of bulk
absorbers.26!28

While these results demonstrate the
great promise of the intermediate band
concept, exploiting IBs in epitaxial systems
faces challenges. In particular: (i) The sur-
face density of epitaxial quantum dots is
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ABSTRACT The Intermediate Band (IB) solar cell concept is a promising

idea to transcend the Shockley!Queisser limit. Using the results of first-

principles calculations, we propose that colloidal nanoparticles (CNPs) are a

viable and efficient platform for the implementation of the IB solar cell

concept. We focused on CdSe CNPs and we showed that intragap states

present in the isolated CNPs with reconstructed surfaces combine to form an

IB in arrays of CNPs, which is well separated from the valence and

conduction band edges. We demonstrated that optical transitions to and

from the IB are active. We also showed that the IB can be electron doped in a

solution, e.g., by decamethylcobaltocene, thus activating an IB-induced absorption process. Our results, together with the recent report of a nearly 10%

efficient CNP solar cell, indicate that colloidal nanoparticle intermediate band solar cells are a promising platform to overcome the Shockley!Queisser

limit.

KEYWORDS: nanocrystal . nanoparticle solid . intermediate band . solar cell . density functional theory . doping . absorption
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Carrier multiplication in Nanoparticles: Discovery, Status

Klimov (2004): Presence of CM in 
Nanoparticles proven 
Beard (2011): 
Report of consensus

devices, with QD size-dependent bandgaps (Eg)
of 0.98 eV (Fig. 2, A and B), 0.83 eV (Fig. 2, C
and D), and 0.72 eV (Fig. 2, E and F). At the
lowest photon energies (hn) the first exciton ab-
sorption peak is clearly visible, and optical mode
buildup is responsible for the observed oscil-
lations at higher photon energies. Despite re-
flection and absorption by the glass, ITO, and
ZnO layers before the incident light reaches the
QD layer, the device with the largest sized QDs
(Eg = 0.72 eV) exhibited an EQE of 106 T 3%
at 3.44 eV photon energy (l = 360 nm) (Fig.
2E). We determined the IQE from the EQE in
two ways. First, because all photons not absorbed
within the solar cell are reflected, to first order, the
IQE is equal to the EQE divided by ½1 − RðhnÞ$,
where R(hv) (Fig. 2, brown) is the reflectance at
a photon energy of hn (measured using an in-
tegrating sphere to include diffuse reflectance).
The EQE=ð1 − RÞ ratio (Fig. 2, purple) repre-
sents the lower limit to the IQE, as it is not cor-
rected for light absorbed by other layers that do
not contribute to the photocurrent. For example,
the EQE=ð1 − RÞ ratio decreases for photon en-
ergies less than 2 eV because of ITO absorption
in that near-infrared spectral region. To account
for such losses, we used a second approach. We
determined the absorptance and reflectance of
each layer by applying an optical model (18) with
index of refraction (n) and extinction coefficient
(k) determined by ellipsometry for each compo-
nent layer (see SOM text for ellipsometry and
modeling details, and fig. S2 for plotted refrac-
tive indices).

In the UV-visible spectral region of most in-
terest, the modeled reflectance (Fig. 2, dashed
black) and the measured reflectance (brown) agree
very well and are fairly insensitive to QD and
ZnO layer thicknesses because in this region the
photons are all absorbed within 50 to 100 nm of
the ZnO/QD interface. We show how the IQE
and calculated R vary in fig. S4 for different
layer thicknesses. The IQE is determined by nor-

malizing the EQE to the calculated absorptance
(Eq. 1):

IQE ¼ EQE
A

ð1Þ

where we include the absorptance of both the
ZnO and the PbSe layers A = APbSe + AZnO.
The IQE differs fromEQE=ð1 − RÞ only slightly
in the UV-visible region but more in the longer-
wavelength region (where absorption by ITO
does not yield photocurrent). The IQE curves
exhibit short-circuit collection yields of around
85% until the photon energy surpasses the MEG
threshold, after which the IQE rises to a peak
efficiency of 130% in the 0.72 eV QDs, 108% in
the 0.83 eV QDs, and 98% in the 0.98 eV QDs.
The glass, ITO, and ZnO begin to absorb large
quantities of light at photon energies greater
than 3.5 eV, and the EQE and IQE drop sharply.
Enhanced interfacial recombination of carriers at
these high photon energies may also contribute
to the drops in EQE and IQE, as is typical in
conventional solar cells.

To verify the accuracy of our measurement
apparatus, we measured the EQE of a Thorlabs
FDS-100-CAL calibrated silicon photodiode and
observed excellent agreement with the commer-
cially provided NIST-traceable calibration (fig.
S5). In an effort to reduce the ~3% uncertainty
associated with the full-spectrum EQE determi-
nation, we then optimized our apparatus for mea-
surement in the near-UV where the EQE peaks
and applied it to three sets of PbSe QDs with
bandgaps near 0.72 eV (Fig. 3A). The best de-
vice measured had a peak EQE of 107.5 T 0.6%,
which increased to 114 T 1% with the applica-
tion of a 70-nm film of MgF2 to act as an anti-
reflection coating on the glass. Of the 18 devices
made, all achieved EQE values over 95% and
15 exhibited EQE greater than 100%. The mea-
surement uncertainty ranged from T0.6 to T1%
at the peak. The variations result from slightly
different film thicknesses, degree of ligand re-

moval, surface passivation, and other uncontrolled
variables.

There are several reports of IQE greater than
100% and one report of an EQE greater than
100% based on impact ionization in bulk semi-
conductor devices. Canfield et al. (3) reported a
peak EQE of 128% at a photon energy of 7.7 eV
in a bulk silicon photodiode, corresponding to a
relative photon energy of 7 Eg. For bulk silicon-
based solar cells, the photon energy threshold
for carrier multiplication occurs around 3.9 eV,
or 3.5 Eg (3), and at 2.8 eV, or 4.1 Eg, in ger-
manium (29). Here, the onset for the 0.72 eV
bandgap QDs was ~2 eV or ~2.8 Eg.

To further assess the MEG efficiency, hMEG

(7), in Fig. 3B, we plotted the IQE curves from
Fig. 2 versus hn=Eg (the photon energy normal-
ized to the bandgap of the QD). Some researchers
suggest (8) that to assess the fundamental photo-
physics of the MEG process, the quantum effi-
ciency should be plotted on an absolute photon
energy basis (see fig. S6 for a plot on the ab-
solute photon energy basis). However, we argue
(7) that the hn=Eg basis is more appropriate for
understanding the fundamental competition be-
tween hot-carrier cooling and the MEG relaxa-
tion channel, as well as the practical utility for
solar energy conversion. The slope of such plots
is also proportional to the number of additional
excitons created per bandgap of photoexcitation.
Regarding this issue, we find it notable that the
IQE curves for different sized QDs are so sim-
ilar on the hn=Eg basis, indicating that the abil-
ity to convert high-energy photons to multiple
excitons is mainly determined by the excess en-
ergy relative to the threshold energy required to
create an exciton.

We compared photocurrent results to spectro-
scopic results reported in previous literature in
Fig. 3C. We found a clear trend in peak IQE val-
ues (blue circles) that agrees well with spectroscopic
measurements (hollow triangles and squares), de-
spite a difference of about 15% due to intrinsic
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Fig. 3. (A) EQE peaks for 18 independent devices made with QD bandgaps
of 0.71 eV (yellow), 0.72 eV (blue), and 0.73 eV (red), as well as a device
with an antireflective coating (black). (B) Collected IQE curves versus the ratio
of photon energy to bandgap, hv/Eg, for the three QD sizes in Fig. 2. The
dashed curve is a previously published fit for colloidal QDs using the model
described in (7), whereas here it has been normalized for intrinsic losses in
the cell due to recombination. (C) Peak IQE values for seven different QD

sizes. We plot the peak IQE values corrected for intrinsic losses in the solar
cell (estimated at ~15%). Error bars are the propagated uncertainty of 5 to 30
measurements at the given wavelength of both the reference detector and the
test solar cell. The solid black curve is the original fit to colloidal QDs from (7),
whereas the dashed curve is the same as in (B). The hollow triangles and squares
represent ultrafast transient absorption measurements of PbSe QD solutions
taken from (9) and (10), respectively.
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Semonin et al (2012): 
First working CM/MEG solar cell



QCD - The Quantum Confinement Dilemma
in Nanoparticle Solar Cells 

11

Positives of QC Negatives of QC

Enhances Coulomb 
interaction:

Enhances CM

Widens gap:
Absorption is pushed 
out of solar spectrum

Localizes charges:
Hinders transport



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

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: 
Path towards synergetic 55%
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FIG. 1. Size dependence of the single-particle-averaged im-
pact ionization rate for non-reconstructed clusters: (a) rate
plotted on an absolute energy scale, (b) rate plotted on a rel-
ative energy scale, the energy being normalized with the gap
of the corresponding nanoparticle. (c) Size dependence of the
averaged Coulomb matrix element and (d) number of trions.
The color code for the lines in (b), (c) and (d) subfigures is the
same as in (a). Note that while in (a) the largest d=2.0 nm
nanoparticle has the highest impact ionization rate, the oppo-
site is true in (b) where the smallest d=1.1 nm nanoparticle
wins.

that such reconstructed nanoparticles might indeed form
[36].

Results and discussion – We first analyzed the effects
of quantum confinement as a function of the nanoparticle
size. As expected, the electronic band gap increased and
the EDOS at low energy decreased [see Fig. 1(a)] as the
nanoparticle diameter decreased. In addition, in agree-
ment with Nozik’s predictions [4], the screened effective
Coulomb interaction Weff was enhanced [see Fig. 1(c)].

Fig. 1(c)(upper panel) shows that the effective
Coulomb matrix element W eff increased with decreas-
ing particle size on relative energy scales. Fig. 1(c)(lower
panel) shows that the TDOS remained nearly constant
as the nanoparticle size decreased on the relative energy
scale and thus decreased on the absolute energy scale. In
sum, Fig. 1(a) shows that for non-reconstructed NPs, on
absolute energy scales the DOS reduction effect prevailed
over the enhanced interaction, leading to a reduction of
the impact ionization rate Γ.

One way to decrease the gap of small NPs and increase
the EDOS at low energy is to reconstruct their surfaces
[37–40]. We investigated the effect of surface reconstruc-
tion on the impact ionization (II) rates by comparing
results obtained for 1.2 and 2.0 nm NP with and without
reconstructed surfaces.

In the nanoparticle with d=1.2 nm, the (2× 1)-like re-
construction gave rise to a class of low energy states, re-
ducing the gap by 1 eV [Fig. 2(a)]. Correspondingly, the
impact ionization rate of the reconstructed nanoparticles

FIG. 2. (a) Impact ionization rate for the d=1.2 nm and
d=2.0 nm nanoparticle with and without surface reconstruc-
tion. Enhancement in the (b) trion density of states (TDOS)
due to surface reconstruction for the d=2 nm nanoparticle.

FIG. 3. (a) Hole and electron contributions (Eq. 2) to the
averaged exciton rate for the d=1.1 nm nanoparticle. Blue
solid and red dotted lines represent electron and hole impact
ionization rates, respectively. (b) subfigure shows the same
for the d=2 nm nanoparticle.

was strongly enhanced on the absolute energy scales as
well. A similar enhancement was found for the 2 nm NP
[Fig. 2(a)]. However, in the smaller NP the ionization
rate was mainly enhanced by the gap reduction, whereas
for the d=2 nm nanoparticle, the gap was essentially un-
changed and the TDOS enhancement was the primary
driver of the rate increase.

This is illustrated in Figs. 2(b), where we plot the en-
hancement of the TDOS for both electrons and holes.
While the TDOS for the reconstructed nanoparticle was
on average larger than that of the non-reconstructed one
[Fig. 2(b)], the enhancement of the effective matrix ele-
ment was closer to zero [35]. The combination of these
two effects lead to a promising overall 20-30% increase of
the II rate in the energy range of interest. These findings
indicated that reducing the energy gap and enhancing
the EDOS within the bands by surface reconstruction
are promising avenues to maximize the benefits of MEG
for solar energy conversion.

To gain a more detailed picture of the II process, we
separately analyzed the contribution of holes and elec-
trons to the computed II rates (Eq. 2). As shown in
Fig. 3(a), the single-particle-averaged ionization rate of
hole-mediated processes showed an oscillatory behavior
in the d=1.1 nm nanoparticle. These oscillations were
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was strongly enhanced on the absolute energy scales as
well. A similar enhancement was found for the 2 nm NP
[Fig. 2(a)]. However, in the smaller NP the ionization
rate was mainly enhanced by the gap reduction, whereas
for the d=2 nm nanoparticle, the gap was essentially un-
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While the TDOS for the reconstructed nanoparticle was
on average larger than that of the non-reconstructed one
[Fig. 2(b)], the enhancement of the effective matrix ele-
ment was closer to zero [35]. The combination of these
two effects lead to a promising overall 20-30% increase of
the II rate in the energy range of interest. These findings
indicated that reducing the energy gap and enhancing
the EDOS within the bands by surface reconstruction
are promising avenues to maximize the benefits of MEG
for solar energy conversion.

To gain a more detailed picture of the II process, we
separately analyzed the contribution of holes and elec-
trons to the computed II rates (Eq. 2). As shown in
Fig. 3(a), the single-particle-averaged ionization rate of
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in the d=1.1 nm nanoparticle. These oscillations were
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Quantum confinement
enhances the gap in 
unreconstructed NPs

1.a Compensate Gap-Enhancement without Reducing 
Coulomb Strength: Reconstruction

Reconstruction
- compensates gap enhancement
- preserves enhanced Coulomb/MEG

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



1.b Reduce Gap by Lowering NP Symmetry: 
More Allowed Transitions

14Gali, 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, Cui
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1.c Reduce Gap by using Bulk-Gapless Phases:
Exotic Core Phase Si/Ge NPs

Looking for multiple exciton generation in embedded nanoparticles

Motivation Problem Current Progress Summary

Non-diamond Si nanoparticles

Si35 (Si-I)

Si28 β-tin (Si-II) Si34 R8 (Si-XII)

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

EG = 0.4eV
(passivation issue)

EG = 2.42eV

EG = 2.49eV
EG = 3.01eV

EG = 3.4eV

11/14

Wippermann, Voros, Gali, Rocca, Zimanyi, Galli Phys. Rev. Lett. 110, 046804 (2013) 



2. Boosting carrier extraction by driving CNP solids
through Metal-Insulator Transition

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

Kagan, Murray group
Nature, 524, 450 (2015)  

preserves the superlattice structure20. Microscopy studies demonstrate
that, despite the decrease in the interparticle distance, the superlattices
remain intact (Extended Data Fig. 8). Furthermore, marked atomically

coherent interfaces between nanocrystals are not observed in the elec-
tron-diffraction patterns of selected areas (Extended Data Fig. 8c)18.
We studied the electrical conductivity of PbSe nanocrystal films doped
with Au/Ag nanocrystals by laminating films on patterned substrates
(Extended Data Fig. 9). Current–voltage (I–V) curves (Fig. 3a) show
that the direct-current conductivity (s) is modulated by more than
six orders of magnitude, from s 5 6.7 3 1026 S cm21 for pure PbSe
nanocrystals, to s 5 7.05 S cm21 for 16.5% Au/Ag-doped PbSe super-
lattices (Fig. 3b). Unlike the situation that occurs with classical doping
in microelectronics, modulation in the conductivity of the PbSe nano-
crystal superlattice is achieved not by ionization of the Au/Ag dopant,
but by percolation (described below). Other nanocrystal inclusions
within superlattices may allow classical ‘doping’ through thermal ion-
ization to yield n- or p-type materials.

The observed doping dependence of conductivity in Au/Ag-doped
PbSe nanocrystal superlattices follows the classical behaviour observed
for percolation in a random metal–dielectric composite (blue line in
Fig. 3b)21. Percolation models predict a piecewise function to model
conductivity, divided into three regions of compositional space:

s(x)~

sm x{xcð Þt if xwxc

sm
sD

sM

! "s

if x~xc

sd xc{xð Þ{q, qw0 if xvxc

8
>>><

>>>:

where x is the concentration of metal, xc is the site percolation
threshold (19.5% for hexagonal close-packed and face-centred cubic
arrangements22), sm and sd are the conductivities of the metal
and dielectric constituents respectively, and t, s, and q are exponential
factors that depend on the dimensionality of the system but have
no precise definition in three dimensions. The large increase of
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qy (Å
–1)

a b c

e

d

f

5 nm50 nm

Figure 2 | Characterization of doped multi-
layered superlattices. a, b, HAADF-STEM images
of multilayer films of Au/Ag–PbSe nanocrystals.
c, The corresponding TSAXS pattern shows
scattered intensity along the qz and qy vectors.
d, Tomographic reconstruction of a portion of the
multilayer films in which Au nanocrystals (yellow
spheres) are highlighted, with e and f showing
the YZ and XY slice views of the same region,
respectively.
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Figure 3 | Direct-current conductivity characterization of PbSe nanocrystal
superlattices doped with varying amounts of Au/Ag nanocrystals. a, I–V
curves, and b, conductivity of the nanocrystal superlattices as a function of
Au/Ag doping. The blue curve in b shows the expectations of the Efros–
Shklovskii percolation model21. c, Temperature-dependent conductivity of
films of PbSe superlattices doped with 16.5% Au/Ag nanocrystals (red), and
films of pure Au/Ag nanocrystals (blue). d, e, Schematics showing conductivity
in systems below (d) and above (e) the percolation threshold in a honeycomb
lattice showing the hopping path for electrons in d (dashed black arrow)
and the direct electron transfer between Au nanocrystals in e (filled black
arrow). The error bars in b show the standard deviation of 12 measurements.
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cycles. The films, which initially act as p-channel depletion
mode FETs with poor gate modulation, steadily become
ambipolar after 20−25 ALD cycles and then n-channel-
dominated enhancement mode FETs with good gate
modulation after 30−40 ALD cycles. The hole current
decreases, electron current increases, and threshold voltage
shifts from a large positive value to ∼0 V. Deposition of more
than ∼40 cycles of ALD results in no further change to the
transfer curves because the films are totally infilled at this point
and additional ALD only adds to the thickness of the overcoat,
which is electrically inactive. We believe that these changes in
FET behavior result from the passivation of acceptor states and
electron traps on the QD surfaces by the growing alumina layer.
As a starting point, we assume that sulfide ions adsorbed on
PbSe QDs act as acceptor dopants and cause the moderately
high hole concentration in sulfide-treated films prior to ALD
infilling. Unpassivated chalcogenide ions on the surface of
nonstoichiometric CdX and PbX QDs are believed to be
acceptors.45−48 The high hole concentration explains why the
FETs show high p-channel conductance with weak gate
modulation and a low on/off ratio (the large doping prevents
these devices from being turned off by the gate). It is also the
reason that sulfide-treated films on glass substrates are p-type in
thermopower measurements (see Methods). Infilling with ALD
alumina has two major effects on the electronic properties of
these films. First, alumina deposition steadily passivates the
acceptors and lowers the hole concentration, causing the FETs
to evolve from unipolar p-channel transport before ALD to
ambipolar transport after 20−25 ALD cycles and then to
dominant n-channel transport for >30 ALD cycles. This
decrease in hole concentration is responsible for the negative
shift in threshold voltage to ∼0 V and the switch in dominant
carrier type from holes to electrons seen in Figure 8.
Thermopower measurements confirmed that films on glass
become n-type after ALD infilling. XPS measurements verified
that alumina is indeed deposited in the films starting from the
first several ALD cycles (see Supporting Information Figures
S8−S10).
The second effect of alumina infilling is to increase the

electron mobility by passivating electron surface traps within
the QD band gap. Trap passivation can explain the observed
increase in electron mobility with both the number of ALD
cycles (a more complete alumina coating gives better
passivation, Figure 8b) and the ALD temperature (higher
temperature increases precursor reactivity and gives more
complete surface reactions, Figure 5a). Evidence for trap
passivation comes from comparing the dependence of mobility
on gate bias for devices before and after ALD infilling (Figure
9). Accurate measurements of μlin as a function of VG require
FETs with ideal I−V characteristics at small VSD. We used a
gated 4-point FET geometry featuring gold electrodes with
especially thin titanium adhesions layers (∼1 nm) to eliminate
contact resistance and the slightly nonlinear I−V characteristics
of our normal devices at small VSD (see Figure 4b and
Supporting Information Figure S2 for examples of these
nonlinear I−Vs, which we believe are caused by an injection
barrier between the QDs and titanium). The measurements
were performed at 80 K to quench the ID transient and simplify
comparisons between devices before and after ALD (see
above). As shown in Figure 9, FETs without ALD have a hole
mobility that increases dramatically with |VG| and then levels off
at VG < −40 V. Such gate-dependent mobility is common for
disordered semiconductors such as amorphous silicon,49

organics,50 and nanocrystalline TiO2
51 in which carrier mobility

increases with carrier density as a result of trap filling.52,53 The
average hole density induced in the accumulation layer by the
gate bias is p = Cox(VG − VD/2 − VT)/e, corresponding to ∼1.9
holes per QD at the bias where the mobility saturates (VG ∼
−40 V). At this large VG, the Fermi level is close to the 1Sh
level, most of the traps are filled (including deep gap states and
band tail states), and the activation energy for detrapping is
minimized, so the mobility is maximized. Above this gate bias,
injected carriers move primarily through the 1Sh QD states with
a mobility limited by the interdot electronic coupling,
confinement disorder, and QD charging energy rather than
the density of states in the QD band gap. In contrast to the
highly gate-dependent mobility of FETs without ALD, FETs
with ALD show a high (electron) mobility that does not
increase with VG because the trap density in these films is low
as a result of ALD infilling. With few traps to contend with,
carriers injected into the infilled films can readily access the 1Se
QD states even at small values of VG, giving a mobility that is
nearly independent of gate bias. A close look at Figure 9 reveals
that the electron mobility actually decreases somewhat with VG,
possibly because of enhanced electron−electron interactions at
higher carrier densities. Overall, our mobility versus VG data
show that ALD infilling greatly reduces the concentration of
localized gap states in sulfide-capped PbSe QD FETs. We
conclude that trap passivation by the alumina coating is the
main cause of the high electron mobility in these devices.
Alternative explanations for the impact of the ALD alumina

coating, for example, that it lowers the tunnel barrier height or
reduces the QD charging energy, are unable to account for the
main observations, including the polarity switch and the
increase in electron mobility with ALD temperature. We rule
out tunnel barrier lowering because alumina is a very wide
bandgap insulator (Eg > 7 eV). Moreover, although the QD
charging energy certainly decreases when interstitial voids (ε ∼
1) are infilled with amorphous alumina (ε ∼ 8−11),54 the
charging energy of a 6 nm PbSe QD in a random close-packed
QD film is already less than 10−15 meV,18 making the impact
of any further decrease in charging energy relatively
unimportant for room-temperature transport.

Figure 9. Carrier mobility versus the absolute value of VG for sulfide-
capped PbSe QD FETs before and after full ALD infilling at 75 °C.
The devices were measured at 80 K and |VSD| = 1 V using a gated 4-
point FET geometry to eliminate contact resistance and other
distortions. Note that the carrier density (top axis) is an upper limit
and may be overestimated by as much as a factor of 3 (see Methods).
See Supporting Information Figure S11 for plots of mobility versus
VSD for these devices.
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where k1l is the effective dielectric constant of the film and a is the
initial separation of the electron and hole, which is taken as
the QD radius. In Supplementary Section 5 we estimate, using the
Bruggeman effective medium theory41, that k1l is !85. Following
the work of Brus42 and Delerue43 we determine a dissociation
energy DEdiss of an electron–hole pair of 11 meV. These parameters
and a mobility of 3 cm2 V21 s21 result in a dissociation rate kdiss of
1.3 × 1012 s21 at room temperature, in line with the observation
made above that excitons dissociate within the !1 ps time resol-
ution of our terahertz experiments.

The intrinsic decay rate of the electron–hole pair kdec could be
considered to be the radiative recombination rate, and would in
that case be !1 × 106 s21 (ref. 44). As other recombination chan-
nels may be present in these films, we use a conservative value of
1 × 109 s21. The abovementioned parameters have been used to
plot h as a function of temperature in Fig. 5.

The quantum yield of charge carrier photogeneration exhibits a
large relative increase at low temperature and saturates at unity
above a temperature that is determined by kdis and kdec. From the
data shown in Fig. 4 we inferred that h is constant with temperature
in the temperature range 90–350 K. Inspection of Fig. 5 shows that
this implies that h is close to unity, and that all photogenerated
electron–hole pairs dissociate. This is consistent with the conclusion
drawn above on basis of the comparison of terahertz conductivity
and transient absorption measurements.

Transition to band-like transport
We turn to the observation that the activation energy of the photo-
conductivity depends strongly on excitation density, as shown in

Fig. 4b. This dependence can be attributed to a change in carrier
mobility, because the charge carrier photogeneration yield is
unity and constant. The thermal activation at low excitation den-
sities can be due to electronic disorder. At a low density of
charges, it is mainly the lowest energy sites that are occupied.
Such low energy sites will have nearest-neighbour sites that are sig-
nificantly higher in energy, as shown schematically in Fig. 6.
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concentration. b, Localization length ⇠ versus the electron concentration in
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comes from the uncertainty caused by linear fit and is as large as the
symbol size. The average diameter of a NC in films is shown by a horizontal
dashed line.

XP,nom = 1% to 26.8 nm at XP,nom = 20%, as shown in Fig. 3b
and Table 1.

For larger nominal doping n= (1.9–2.8)⇥ 1020 cm�3, ⇠ exceeds
the NC diameter and reaches three NC diameters for the highest
doping level. This indicates the approach to the MIT with growing
n. These data are consistent with the nc ' 5⇥ 1020 cm�3 predicted
by equation (1). Similar growth of ⇠ was observed in ref. 3 for
CdSe NCs.

We also studied the e�ect of the NC separation to verify the
theory prediction, equation (6). The P-doped Si NCs are prone
to oxidation if exposed to air. An oxide shell starts to grow from
the outer surface towards the core by consuming the original
Si lattice. The neighbouring NCs are now separated by two oxide
shells, whose combined thickness s grows with time. According to

equation (6) the critical electron concentration nc increases with
increasing s—therefore, ⇠ decreases. In Supplementary Section 5
we report our study of ⇠(s) and find a qualitative agreement
with equation (6).

Conclusions
We derived the MIT criterion given by equation (1) for films
of semiconductor NCs analogous to the Mott criterion for bulk
semiconductors. According to this criterion, MIT occurs in Si NC
films at a critical concentration nc '5⇥1020 cm�3. We investigated
the electron transport in P-doped Si NCs to test this theory.
ES variable range hopping conduction was found for all doping
concentrations n up to n=2.8⇥1020 cm�3. The localization length
increases with increasing doping concentration and exceeds the
diameter of a NC at n > 1.9 ⇥ 1020 cm�3, which indicates the
approach to the MIT in P-doped Si NC films, in agreement with
our theory.

Methods
Methods and any associated references are available in the online
version of the paper.
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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 

tends to localize the electrons to individual NPs, against quantum delocalization, driven by

the overlap energy OE of electronic states of neighboring NPs. Therefore, the dimensionless

ratio (OE/�) is a natural control parameter for tuning across the MIT. We simulated our

model over a wide range of the (OE/�) control parameter, and report our results next.

First, since the competition of the localizing and delocalizing tendencies plays out over

a percolation transition, we started by characterizing the formation of sample-spanning,

percolating metallic clusters. Fig. 2 illustrates the probability of the emergence of a sample-

spanning percolating cluster as a function of (OE/�) in our samples with 400 NPs. Fig. 2

shows a broadened percolation transition with a center around (OE/�)p,c = 0.22, and with

an onset of (OE/�)p,o = 0.11. The width of the percolation transition is narrowing with

increasing sample sizes.

Figure 2: The percolation probability of sample spanning metallic clusters as a function of OE/�.

In each sample, one expects the MIT to occur for (OE/�) � (OE/�)p,c of that par-

ticular sample, because the transport path unavoidably involves thermally activated hops

9

Percolation probability as the 
function of OE/s



for (OE/�) < (OE/�)p,c, while for (OE/�) > (OE/�)p,c the percolating metallic cluster

shunts the activated transitions. The critical percolation points (OE/�)p,c of the particular

samples have their own distribution, which is responsible for the broadening of the averaged

percolating transition in Fig. 2. The precise location of the MIT with respect to the onset

of percolation will be discussed below.

Fig. 3 illustrates the electron mobility as a function of temperature, as (OE/�) is varied

across the percolation transition of Fig. 2, while keeping the electron density fixed. The

MIT is visible qualitatively: at low overlap energies OE, the transport occurs by thermally

activated hopping, whereas at higher overlap energies OE the transport transforms into a

temperature-independent metallic behavior.

Figure 3: The temperature dependence of the electron mobility for a range of (OE/�) sweeping from
0 to 0.34.

It is noted that the overall magnitude of the mobility is exponentially sensitive to a few

factors, such as the ligand length that controls the NP-NP separation. Even small changes

10

Mobility exhibits Metal-insulator Transition

Insulator

Metal

OE/s



Collapse of effective gap T0 indicates MIT 

Effective gap T0 as a function of OE/s (Overlap energy/width of site 
energy distribution), for different e/NP densities

Figure 5: The e↵ective gap T0 as a function of (OE/�) for electron densities varying from 0.125 to 0.5
electron/NP.

12

e/NP



Possible interpretation:
MIT as a Quantum Phase Transition

s(T) ~ exp(-T0/T)
Gap T0 (in exponential) 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

10
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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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FIG. 3. Temperature dependencies of the resistivity (sam-
ple Si-12b) for different electron densities (designated by dif-
ferent symbols) at B = 0.
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FIG. 4. Resistivity vs T/To (a) and scaling parameter Tp vs
electron density (b) for Si-12a. Open symbols correspond to
the insulating side of the transition and closed to the metallic
one.
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Gap goes to zero before percolation completed?
Figure 6: Phase diagram on the electron density vs. (OE/�) plane.
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Quantum criticality: 
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Alternative: MIT as a Quantum 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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FIG. 5. Numerical results for 0 for model B. 10 0.2 0.6 O.S

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&&15to 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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0.6
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)



Quantum vs. Percolation: formal difference

σ crit (x,T ) =
σ non−crit

1+ a(xc − x)e
T0 /T

Quantum critical:
Criticality in exponent:

average gap experienced by 
electrons goes to zero

Quantum percolation:
Criticality in pre-exponent:

average number of hopping 
steps in conducting path goes to 

zero, gap remains finite

σ crit (x,T ) = e
−T0 (xc−x )

γ /T



Figure 6: Phase diagram on the electron density vs. (OE/�) plane.
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Metal-Insulator Transition in NP FETs: 
Quantum Criticality vs. Quantum Percolation

Geometric Percolation 
transition onset

Quantum criticality: 
Effective gap =0

Quantum percolation

The quantum
criticality & the
quantum percolation
theories yield different
phase boundaries

Only the quantum
percolation picture
is consistent with the
geometric percolation
of metallic bonds. 

Qu, Voros, Zimanyi, Sci. Rep. 2017


