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

Relaxation by Multiple Exciton 
Generation: 

Photo-excited first exciton 
relaxes by exciting second 
exciton instead of phonons 

X->XX process needs to be 
faster than e-ph relaxation 

Max efficiency:  
44% 1 Sun     (Klimov 2005) 
70% 1000 Sun (Nozik 2013)   
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To save the exciton generation from the jaws of electron-phonon interaction: 

“We’re going to need a bigger Coulomb interaction” 
 

 

 

 

 

 

 

In nanoparticles electrons cannot avoid each other: screening is 
reduced, Coulomb interaction enhanced  (Nozik 2001-2004) 



MEG: Consensus Status (in solutions) 

Discovery: Schaller, Klimov (2004) 
Consensus status: Beard (2011) 
  
MEG is certainly present in NPs, even after charging is removed 



MEG first implemented in working solar cell: 
Dec. 2011 

EQE > 100%:  

Good  

Peak External Photocurrent Quantum
Efficiency Exceeding 100% via MEG
in a Quantum Dot Solar Cell
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*

Multiple exciton generation (MEG) is a process that can occur in semiconductor nanocrystals, or
quantum dots (QDs), whereby absorption of a photon bearing at least twice the bandgap energy
produces two or more electron-hole pairs. Here, we report on photocurrent enhancement arising from
MEG in lead selenide (PbSe) QD-based solar cells, as manifested by an external quantum efficiency
(the spectrally resolved ratio of collected charge carriers to incident photons) that peaked at 114 T 1%
in the best device measured. The associated internal quantum efficiency (corrected for reflection
and absorption losses) was 130%. We compare our results with transient absorption measurements
of MEG in isolated PbSe QDs and find reasonable agreement. Our findings demonstrate that MEG
charge carriers can be collected in suitably designed QD solar cells, providing ample incentive to better
understand MEG within isolated and coupled QDs as a research path to enhancing the efficiency
of solar light harvesting technologies.

Third-generation solar energy conversion
strategies attempt to improve the overall
conversion efficiency by channeling ex-

cess 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 en-
ergy as additional charge carriers via multiple ex-
citon generation (MEG) (2). A similar process
occurs within bulk semiconductors (impact ion-
ization); however, it requires 7 eV (180 nm) pho-
tons 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 efficien-
cy of the primary conversion step from a high-
energy photon to multiple charge carriers (5–7).
These studies used ultrafast transient absorp-
tion spectroscopy (TAS) to infer the number of
electron-hole pairs produced per absorbed pho-
ton. Because of the indirect nature of the mea-
surements, as well as the high photon fluences
needed, there have been conflicting reports re-
garding the quantum yield determined from
TAS (8–11). Furthermore, disagreements have
arisen over the impact that MEG can have on
solar energy conversion (7, 8). Therefore, con-
firming the TAS results and demonstrating that
MEG can occur in a working solar cell without

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

the limited absorption of the monolayer of QDs.
Similarly, MEG has been invoked as an explana-
tion for increased ultraviolet (UV) responsivity
in PbS QD photoconductors (13) measured un-
der a large external bias. However, showing an
EQE greater than 100% without an applied bias
has remained an open challenge. The EQE is a
spectrally resolved photocurrent measured un-
der zero external bias and represents the ratio of
photocarriers collected by an external circuit to
the number of incident photons at a given wave-
length. This includes those photons that never
reach the active layer due to reflection and ab-
sorption by inactive layers, so an EQE greater
than 100% implies an IQE (restricted to photons
absorbed by the active layer) that is possibly even
greater. Here, we demonstrate a peak EQE as high
as 114 T 1% in a PbSe QD solar cell, providing
definitive proof that MEG occurs in QDs.

Our approach toward this demonstration has
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 multi-
tude of issues resulting from the synthetic tech-
niques 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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Fig. 1. Comparison of current-voltage characteristics under simulated AM1.5G illumination of devices
assembled from EDT- and EDT+hydrazine–treated (A) small 0.98 eV QD films and (B) large 0.72 eV QD
films. Solid lines correspond to 100 mW cm−2 illumination, dot-dashed lines to dark conditions, purple
to small QDs with EDT+hydrazine, red to large QDs with EDT+hydrazine, and gray to the respective QDs
with EDT-only treatment. The upper inset to (A) displays a false-color cross-sectional SEM of a typical
device. The inset to (B) shows the effect of aging (25 days under N2) on mismatch-corrected PCE.
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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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Carter lab: EQE>100% 
 
Optimized cell performance by  
varying the composition PbSxSe1-x 
  
 

MEG implemented in working solar cell, II. 

 

 



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

Widens gap: 
Absorption is 
pushed out of 
solar spectrum 

Localizes charges: 
Hinders transport 

Enhances 
Coulomb 
interaction: 
Enhances MEG  



Transcending QCD: Gap reduction strategies   

1. Engineering surface reconstruction can lower gap while 
preserving MEG, Si nanoparticles 
Voros et al, Phys. Rev. B87, 155402 (2013) 
 
2. Engineering core structures in Ge nanoparticles 
Voros et al, submitted 
 
3. Si nanoparticles with high-pressure low gap core 
structures  
Wippermann et al, Phys. Rev. Lett. 110, 046804 (2013) 

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



Transcending QCD: Transport boosting strategies   

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

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



Nanoparticle solar cells appeared on the  
NREL efficiency chart  



Nanoparticle solar cells  

Built-in field 
generated 
by difference in 
electrode 
work functions 

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



FET mobility in PbSe Nanoparticle films  

Kang, et al. Nano Lett. 11,  
3887 (2011) 

3888 dx.doi.org/10.1021/nl2020153 |Nano Lett. 2011, 11, 3887–3892
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temperature-dependent charge transport properties of NC films
described here provides more thorough understanding of elec-
trical conduction in NC films.

Various sizes of PbSe NCs (diameters ranging from 3.8 to
8.4 nm), passivated primarily with oleic acid, were prepared
by injecting a mixture of tri-n-octylphosphine selenide and
diphenylphosphine into a hot solution of lead oxide, oleic acid,
and octadecene following a modified literature procedure.26,27

Throughout the particle synthesis and the postsynthesis proce-
dure to prepare clean NC dispersions, exposure of the particles to
ambient was carefully avoided. See Supporting Information for
details. The optical absorbance spectra of these NCs dispersed in
tetrachloroethylene are displayed in Figure 1a. Particle diameters
were determined from a published correlation of size with the
first absorbance peak.28

Figure 1b shows a schematic of the cross section of a typical
PbSe NC FET that was prepared by the following procedure.
Briefly, a layer of Al/Au (10 nm/75 nm) was deposited on the
backside of a heavily doped Si wafer to work as a gate electrode.
The front side of the wafer was covered with thermally grown
300 nm thick SiO2 (specific capacitance =11.5 nF/cm

2). On top
of the SiO2 layer, source and drain Cr/Au (2.5 nm/32.5 nm)
electrodes were patterned by standard photolithography.29 The
length (L) and the width (W) of the channel varied from 50 to
200 μm and from 1 to 2 mm, respectively. These wafers were
treated with octadecyltrimethoxysilane (OTMS)30 to passivate
electron traps at the SiO2/NC solid interface and then trans-
ferred into a nitrogen glovebox. Films of NCs were spin-coated
on these wafers from dispersions of different sized PbSe NCs in
anhydrous octane. To improve conduction, the films were
treated with 0.05 M ethanedithiol (EDT) in acetonitrile.26,29

Cracks in the films, which resulted from the chemical treatment,
were filled by a second round of spin-coating of NC dispersions.
The resulting films were continuous and devoid of cracks, as
shown in an atomic force microscopy (AFM) image in Figure 1c.
Without any air exposure, these devices were then transferred
into another glovebox equipped with a vacuum probe station.
The devices were inserted into the vacuum probe station either at
room temperature or at 235 K and stored under vacuum (∼10!6

Torr) for more than two hours before taking electrical measure-
ments. See Supporting Information for details.

The drain current!gate voltage (ID!VG) characteristics of
the PbSe NC FETs at a given drain voltage (VD) showed a typical

V-shaped ambipolar transport characteristic, where ID increases
with the magnitude of applied VG (|VG|) (see Figure 2a or
Supporting Information Figure S1). The increase in ID with
positive gate voltage (right wing) indicates electron conduction
while increased ID with negative gate voltage (left wing) results
from hole conduction. The ID!VG characteristics measured near
room temperature showed significant hysteresis such that ID
upon carrier injection (while |VG| increases) was higher than
that upon carrier extraction (while |VG| decreases) for both
electron and hole conduction. For example, see the gray curve
in Supporting Information Figure S1. This type of hysteretic
behavior is generally observed from a system where injected
charge carriers become trapped and screen the gate bias.26,31

Unfortunately, the prominent hysteresis in the ID!VG curve
prevented extraction of meaningful electron and hole mobilities
or conductivities at room temperature. This is because an ID!VG
curve with noticeable hysteresis yields two very distinct trans-
conductance (dID/dVG) values (one upon carrier injection and
the other upon carrier extraction) and thus two distinct mobility
or conductivity values.

Importantly, the hysteresis was significantly suppressed at
lower temperatures, especially for electron conduction. As a con-
sequence, the hysteresis for electron conduction (right wing)
became essentially negligible below 200 K, whereas noticeable
hysteresis for hole conduction (left wing) persisted even at lower
temperatures. (See the blue and the red curves in Supporting
Information Figure S1 that were measured at 80 and 200 K,
respectively.) Such a suppression of hysteresis upon cooling
suggests that carrier trapping is thermally activated. Also, the
nearly complete disappearance of hysteresis for electron con-
duction at low temperatures implies that electron transport is not
influenced by traps at these low temperatures. This leads us to

Figure 1. (a) Optical absorbance spectra of four different sized PbSe
NCs dispersed in tetrachloroethylene. (b) Schematic of cross section of
PbSe NC FET (not to scale). (c) AFM height image of EDT treated
7.1 nm PbSe NC films.

Figure 2. (a) ID!VG characteristics of an FET based on 7.1 nm PbSe
NCs measured at different temperatures from 200 to 28 K (VG sweep
direction: from!50 to 70 V). (b) Semilog plot of σ vs 1/kBT for films of
four different sized NCs. (c) Log!log plot of d(log σ)/d(log T) vs T to
determine temperature dependence of conductivity. (d) Semilog plot of
σ vs 1/T0.5 for films of four different sized NCs.
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trical conduction in NC films.
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diphenylphosphine into a hot solution of lead oxide, oleic acid,
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from hole conduction. The ID!VG characteristics measured near
room temperature showed significant hysteresis such that ID
upon carrier injection (while |VG| increases) was higher than
that upon carrier extraction (while |VG| decreases) for both
electron and hole conduction. For example, see the gray curve
in Supporting Information Figure S1. This type of hysteretic
behavior is generally observed from a system where injected
charge carriers become trapped and screen the gate bias.26,31

Unfortunately, the prominent hysteresis in the ID!VG curve
prevented extraction of meaningful electron and hole mobilities
or conductivities at room temperature. This is because an ID!VG
curve with noticeable hysteresis yields two very distinct trans-
conductance (dID/dVG) values (one upon carrier injection and
the other upon carrier extraction) and thus two distinct mobility
or conductivity values.

Importantly, the hysteresis was significantly suppressed at
lower temperatures, especially for electron conduction. As a con-
sequence, the hysteresis for electron conduction (right wing)
became essentially negligible below 200 K, whereas noticeable
hysteresis for hole conduction (left wing) persisted even at lower
temperatures. (See the blue and the red curves in Supporting
Information Figure S1 that were measured at 80 and 200 K,
respectively.) Such a suppression of hysteresis upon cooling
suggests that carrier trapping is thermally activated. Also, the
nearly complete disappearance of hysteresis for electron con-
duction at low temperatures implies that electron transport is not
influenced by traps at these low temperatures. This leads us to

Figure 1. (a) Optical absorbance spectra of four different sized PbSe
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PbSe NC FET (not to scale). (c) AFM height image of EDT treated
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Figure 2. (a) ID!VG characteristics of an FET based on 7.1 nm PbSe
NCs measured at different temperatures from 200 to 28 K (VG sweep
direction: from!50 to 70 V). (b) Semilog plot of σ vs 1/kBT for films of
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Mobility as fc. of diameter D: 
Small D: steep rise 
Large D: plateau/decrease 
 



FET mobility in PbS and PbSe Nanoparticle films 

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

Mobility low:  µ~10-3-10-2 vs. 1000 
cm2/Vs for bulk Si  
 
Hopping type seeT dependence 

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



FET mobility in PbS and PbSe NP films 

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

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

transform linear ID-VSD plots into curves that seem to
possess the linear and saturation regions of an ideal FET,
potentially leading to incorrect mobility values. Since we
have not found a way to stop the transients of the al-
kanedithiol-treated devices, we simply measure the output
and transfer data as quickly as possible (<500 ms) in order
to sample only a small part of the transient (approximately
the dotted oval in Figure 3a) and thereby minimize the
distortion. This procedure produces transfer curves that are
free from hysteresis. We emphasize that the mobilities
calculated from our data are probably lower bounds because
our apparatus cannot detect transients that are faster than
∼10 ms, if such transients exist.

Mobility Dependence on Ligand Length. At room tem-
perature, long-range charge transport in our PbSe NC solids
occurs by nearest-neighbor hopping, i.e., a series of incoher-
ent tunneling transitions between adjacent NCs. Thousands
of individual hops are required for a carrier to traverse the
10 µm FET channel. The NCs form an array of localized but
coupled electronic sites with significant positional disorder
and a Gaussian spread of site energies (as inferred from the
Gaussian line shape of excitonic features in optical absorp-
tion spectra). The tunneling transition rate Γij of a charge
carrier hopping from a NC of energy Ei to one of energy Ej

across a tunnel barrier of width d can be described by a
Miller-Abrahams expression,16 which is a product of expo-
nential distance and energy terms

Here, Γ0 is an attempt frequency, ! is the tunneling decay
constant, and T is the temperature. The Boltzmann term is

included because hopping to a state of higher energy is an
activated process. The NC energies include both the site
energies and the charging (Coulomb) energies. At large
applied fields, ! and (Ej - Ei) can be modified by the
additional field-induced potential difference between the
NCs. Therefore, VSD was chosen such that the field across
individual tunnel barriers was smaller than kT (specifically,
<4 mV/nm) in order to minimize field-induced effects on the
barrier height and the carrier mobility.

Equation 1 provides a basis for calculating the mobility
of charge carriers in disordered colloidal NC solids at any
temperature. The mobility in the nearest-neighbor hopping
regime (where the thermal energy is comparable to or larger
than the NC energy spread ∆E) is given by17

Equation 2 predicts an exponential decrease in mobility with
increasing average barrier width d̃ for a given NC sample at
fixed temperature. Figure 4 presents the average electron
and hole mobilities in the linear regime (µlin) for ambipolar
FETs fabricated from 6.1 nm diameter PbSe NCs treated
with one of a series of alkanedithiol ligands (HS(CH2)nSH,
with n ) 2-6). A single batch of NCs was used so that the
site energy distribution and charging energy of the NC films
were held constant. The data are linear on a semilog plot,
with the highest electron and hole mobilities (0.07 and 0.03
cm2 V-1 s-1, respectively) measured with the shortest mol-
ecule (EDT) and the lowest mobilities (7 × 10-4 and 2 × 10-4

cm2 V-1 s-1) measured with the longest molecule (HDT).

FIGURE 3. (a) Time trace of ID for a typical PbSe NC FET, showing a
quasi-exponential decay after a change in VG. VSD ) -10 V.
Measurements should be made quickly to avoid significant distortion
of the output and transfer data. (b) Output curves of an EDT-treated
device at three different VSD sweep rates, scanning from 0 to 40 V.
Very slow measurements sample the entire exponential transient
and result in a peak at low VSD followed by a linear increase in ID
with VSD.

Γij ) Γ0 exp(-!d){exp[-Ej - Ei

kT ] (Ej > Ei)

1 (Ej e Ei)
} (1)

FIGURE 4. Carrier mobility as a function of ligand length in ambi-
polar PbSe NC field-effect transistors (6.1 nm NCs). Each data point
is the average of 6-12 devices prepared on different days. Error bars
are mostly smaller than the symbols. Molecular lengths were
calculated using MM2 energy minimization in the ChemBio 3D
software package considering only the projected sulfur-to-sulfur
distance (∼1.5 Å per C-S bond and ∼1.25 Å per C-C bond)19 and
neglecting S-Pb bonding. The plot assumes that the inter-NC
spacing is proportional to the extended length of each ligand (see
text). Channel dimensions: length )10 µm; width )1000 µm; film
thickness )20-35 nm.

µ ) µ0 exp(-0.865!d̃) exp[-∆E
kT ] (2)

© 2010 American Chemical Society 1963 DOI: 10.1021/nl101284k | Nano Lett. 2010, 10, 1960-–1969



FET mobility in PbS and PbSe NP films 

3. Mobility as function of disorder: 
Strong effect at small disorder 
Weak at large disorder M. Law group  

Nano Lett.,  
10, 1960 (2010) 

CM ≈ 2πε0( εin(r)εout

εin(r) - εout
)r ln[2r + d

d ]
with εin(r) the dielectric constant of the NCs, εout ) 2.6 the
dielectric constant of the alkanedithiolate tunnel barriers,33

r the average NC radius, and d the edge-to-edge separation
between NCs. Using εin(r) values for PbSe NCs calculated
from a generalized Penn model,5 we find charging energies

of only 16 meV for the 3.1 nm NC films and 4 meV for the
8.6 nm NC films (see Table 1). This small spread in EC can
account for only a 60% increase in mobility with NC size,
much less than the observed mobility change of 1-2 orders
of magnitude. Furthermore, EC is substantially less than the
thermal energy kT (∼26 meV). We conclude that the charg-
ing energy is of little importance to room-temperature
transport in our NC films.

Surprisingly, the carrier mobilities also depend only
weakly, if at all, on the site energy disorder (∆R) of the NC
films. PbSe NCs are characterized by size-dependent energy
levels, and the finite polydispersity of any colloidal NC
sample results in a distribution of site energies within a NC
film (energy disorder). Charge transport should be inhibited
by energetic disorder if ∆R is of order kT or larger because
hopping over long distances then requires thermal assistance
(eq 2). We estimate ∆R as the width of the first exciton peak
(the 1Sh-1Se transition) in NC absorption spectra (Figure S1
in Supporting Information) and find values ranging from 50
to 159 meV (Table 1). Despite the large magnitude and
spread of these ∆R values, there seems to be no correlation
between ∆R and the carrier mobilities. For example, FETs
made from NCs of similar size but different energy disorder
have very similar mobilities (Figure 6d), despite the fact that

FIGURE 6. Carrier mobility as a function of NC size for ambipolar EDT-treated PbSe NC FETs. Contour plots of (a) electron mobility and (b)
hole mobility against NC diameter (y axis) and site energy disorder ∆R (x axis) for devices prepared from 12 different batches of NCs (red and
blue markers). (c) The dependence of mobility on NC size. Arrows denote four NC samples of nearly equal energy disorder (indicated in Table
1), showing that mobility depends on NC size rather than the size distribution. Lines serve as guides to the eye. (d) Mobility plotted against
energy disorder for four NC samples of very similar size (marked with b in Table 1), emphasizing that mobility is independent of the
polydispersity of the samples. Many error bars are smaller than the data markers. Each marker represents the average of 6-12 FETs prepared
on different days over the course of several months. Channel dimensions: length ) 10 µm; width ) 1000 µm; film thickness ) 20-35 nm.

TABLE 1. Charging Energy, Site Energy Disorder, and Carrier
Mobilities of PbSe NC FETs

diameter
(nm)

EC

(meV)
∆R

(meV)
µe

(cm2 V-1 s-1)
µh

(cm2 V-1 s-1)

3.1 16 159 0.0060 0.00020
4.1a 11 79 0.016 0.0023
4.8 9 65 0.032 0.0056
5.0 9 55 0.014 0.0039
5.2b 9 83 0.058 0.016
5.3a,b 9 72 0.054 0.010
5.4b 9 101 0.057 0.015
5.6b 8 125 0.057 0.012
6.1 7 59 0.070 0.028
6.5a 6 68 0.056 0.017
6.9 6 50 0.046 0.021
8.6a 4 73 0.025 0.039

a NC samples of equal ∆R but different diameter. b NC samples of
equal diameter but different ∆R.
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Transcending QCD on device level: ab-
initio-based hierarchical transport studies 

 

Ab initio description of coupled NPs 

Hopping limit: Marcus, 
Miller-Abrahams 

Band limit: Boltzmann 
transport 

Kinetic Monte Carlo simulation of device transport 

Extraction of representative parameters 



Marcus theory with ab initio parameters 
for nanostructures 

Individual nanostructures 

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



Marcus theory with ab initio parameters 
for nanostructures 

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

CdSe NPs,  
5% size fluctation 
two NPs coupled 



Monte Carlo methods 

ZnO nanocrystals     3x3x3 network 
Continuous time random walk   Large number of  
Nearest neighbor hopping       parameters  
Disorder effects 

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



Monte Carlo methods 

Si NPs in SiO2 

Hadrien Lepage et al., J. Phys. Chem. 
C 116, 10873 (2012) the two edges of the simulation box. Otherwise, it would

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

3. RESULTS AND DISCUSSION
The NCs were located on a three-dimensional 3 × 3 × 3 cubic
lattice with periodic boundary conditions (see insets of Figure
11) in order to consider the specific 3D percolation effect. Only
the nearest neighbors are coupled, the coordination number
being equal to 6 in a cubic lattice. The electric field is applied
along the Z direction, and the mobility is given by

μ =
× ×
× ×

q Z
t F

net carrier transition through the simulation box
total number of carriers in the simulation box

e

ext
(25)

The mobility decreases exponentially with increasing oxide
thickness between adjacent NCs as expected. The quantitative
mobility calculated in Figure 6 is several orders of magnitude

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

al.,27 the results in Figure 7 demonstrate that electron mobility

increases as the electronic coupling increases with decreasing
NC diameter (see Figure 5). Despite the different electronic
structures of Si and PbSe, this general feature should be
observed for both. As a consequence, the increase in total hops
needed for carriers to flow through NC solid with decreasing
NC diameter cannot solely account for their observation.
Figure 8 shows two resonant peaks in the electric field

dependence. The first peak appears when the driving electric
field counterbalances the reorganization energy to be paid at

Scheme 1. Flowchart of the KMC Algorithm (White Blocks
Only) and the ASKMC Algorithm (Both White and Green
Blocks)a

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

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

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

The Journal of Physical Chemistry C Article
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- I. Carbone, S. Carter and GTZ 
     J. Appl. Phys. 114, 193709 (2013) 
 
- M. Voros, I. Carbone, S. Carter, G. Galli and GTZ       
     in progress 

Hierarchical Transport Modeling:  
ab initio based Kinetic Monte Carlo 

1."ábra"Schematic"of"a"periodic"arrangement"of"NPs."(a)"gold"nanoparticles"interconnected"by"thiol"chains"(Li,"Galli"et"
al."2008)."(b)"reconstructed"silicon"nanoparticles"linked"with"an"organometallic"compound."

Galli et al. 



Hierarchical Transport Modeling:  
ab initio based Kinetic Monte Carlo 

 

1. Define nanoparticle lattice 

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

4. Kinetic Monte Carlo simulation of device transport 

2. Ab initio description of nanoparticle energetics 



Metal  
electrode 

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

1. Define nanoparticle lattice  

1.  Topology of lattice retained, only size disorder 
 
2.  Remove lattice, size and positional disorder 



Fixed hopping distance „d” 
 
Nanoparticle radius selected  
with Gaussian distribution 
 
Always six nearest neighbors, 
packing density ~ ρ=0.52 
 

1.  Define nanoparticle lattice:  
Size disorder only 

Closest packing of mono-
disperse spheres is not 
the cubic but hexagonal 
close pack with 12 
nearest neighbors: 
ρ=0.74 



PackLSD (collision driven molecular dynamics): 
 
Generate disordered jammed packing,  
density: ρ=0.62-0.63  (monodisperse max.:ρ=0.634) 
 

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

1.  Define nanoparticle lattice:  
Size and positional disorder 



Input to transport: energy differences 

Long range Coulomb 
interaction (~1/d) 

Confined kinetic  
energy (~1/R2) 

External field 

na before 
na-1 after 

nb before 
nb+1 after 

2. Towards ab initio nanoparticle energetics 

Coulomb 

On-site  
Coulomb (~1/R) 



1.  Kinetic energy Ekin       Kang and Wise J. Opt. Soc. Am. B,             
                                                                                 14, 1632 (1997)     

2. Towards ab initio nanoparticle energetics 

2. On-site Coulomb EC self-polarization Lannoo, Delerue, Allan,  
                     PRL 74, 3415 (1995) 

Loading first charge 

Loading additional charges 

Alt. 1: Configuration interaction from pseudopotentials           
               An, Franceschetti, Zunger, PRB 76, 045401 (2007) 
 
Alt. 2: True ab initio: GW using Density Functional  
         Perturbation Theory  Galli group, PRB 85, 081101 (2012) 
            



1.  Kinetic energy Ekin    Sophisticated k.p calculation      
       Kang and Wise  J. Opt. Soc. Am. B,             

                                                                             14, 1632 (1997)     

2. Towards ab initio nanoparticle energetics 

Site Energies

Ea and Eb in Equation 2 are determined by the nanocrystal sizes assigned to each location in the

simulation lattice. For the simulation of films of mean crystal size, dcrystal, we distribute the crystal

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

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

This is captured by using a standard deviation that increases with diameter:

s(dcrystal) = s0dcrystal, (6)

where s0 is a parameter constant across all crystal sizes.

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

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

We assign site energies to each site by adopting the Kang-Wise values corresponding to their

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

Figure 3: HOMO and LUMO energies for PbSe used in hopping simulations. Values were calcu-
lated by Kang and Wise.3

8



2. Towards ab initio nanoparticle energetics 

2. On site charging energy EC 
from Configuration interaction 
with pseudopotentials           
                
An, Franceschetti, Zunger,  
PRB 76, 045401 (2007)      

   

The successive application of approximations !i" and !iii"
leads to

!!N,N − 1" = J , !27"

which describes the trend in the numerical results. Thus the
value of !!N ,N−1" can be interpreted as an indirect measure
of the Coulomb repulsion between carriers, independent of N
under the aforementioned approximations. When the small

spacings between the quasiparticle energy levels are taken
into account, however, !!N ,N−1" is more pronounced for
odd values of N, because each orbital level can be occupied
by two carriers. The nearly constant value of !!N ,N−1" as a
function of N is characteristic of quantum dots where the
near-edge states are highly degenerate. For example, in Si
quantum dots, where the S-like conduction-band edge states
originate from the six X valleys of bulk Si, up to 12 electrons
can be loaded into the nearly degenerate S-like conduction
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FIG. 2. Electron and hole charging energies !a" and addition
energies !b" of a R=15.3-Å PbSe quantum dot, calculated for three
values of the macroscopic dielectric constant of the surrounding
medium !"out=1 ,2.1,20". For clarity purposes, in !b" the hole ad-
dition energies are indicated with a negative value.
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FIG. 3. Electron and hole charging energies !a" and addition
energies !b" of a R=30.6-Å PbSe quantum dot, calculated for three
values of the macroscopic dielectric constant of the surrounding
medium !"out=1 ,2.1,20". For clarity purposes, in !b" the hole ad-
dition energies are indicated with a negative value.
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3. Nearest neighbor Coulomb 
 
4. Ewald summation for the long-range Coulomb portion 

2. Coulomb energetics 

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

1 1 2 1 2 

new (neutral) unit cell: 2L 



2. Electron-hole interaction 

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

Now 
including 
holes 

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

Analogous equation for holes 



Thermally activated  
nearest-neighbor hopping 
 
Miller-Abrahams: low T single phonon 
 
 
 
 
 
Marcus: high T ”multi phonon”/polaronic 
 
 
 λ: reorganization energy 

H: ”electronic coupling”  

3. Dynamics: Transition rates 



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

3. Dynamics: Transition rates 

The obtained value for a /L is quite realistic,43 and we think
this additionally supports the hopping character of the trans-
port. In contrast, the disorder parameter is extraordinary low
as compared to the inhomogeneous linewidth of the S1←S0
0–0 transition in a random organic solid !"50 meV#.44 Nev-
ertheless, it is in qualitative agreement with !i# the narrow
linewidth of the T1→S0 0–0 phosphorescence transition and
!ii# its weak bathochromic shift at low temperature.28 Recall
that random walk theory predicts relaxation of the mean en-
ergy of an ensemble of hopping elements, in the present case
triplet excitations, to a mean energy −!2 /kT below the center
of the DOS distribution from where they can recombine
radiatively.45 Between 300 and 10 K, the measured batho-
chromic shift amounts to 20 meV only.28

The data in Fig. 2 are displayed in two representations to
allow for comparison of the fits with the experimental data.
Equation !12# reduces to a Marcus-type expression showing
a simply activated behavior in the case of vanishing disorder.
The presence of energetic disorder then results in a deviation
from the straight line !see Fig. 3#. In fact the larger the dis-
order ! becomes the more curvature occurs in the tempera-
ture dependence of the transfer rate. For our material, the
disorder is weak, and this manifests itself in a nearly linear
dependence when plotted on Arrhenius coordinates as shown
in Fig. 2!a#. On the other hand, the Miller-Abrahams-type
expression of Eq. !13# gives a straight line when the triplet

transfer rate is plotted logarithmically against 1 /T2, in agree-
ment with the low-temperature data shown in Fig. 2!b#. From
results presented in Fig. 2, one can observe that a change in
the nature of the triplet exciton transport occurs at a critical
temperature Tcr=80 K. If triplet excitons couple to acoustic
phonons, one can conclude that TD=2Tcr implying that the
Debye temperature in the present material is TD=160 K and
the Debye frequency is wD=2.1"1013 s−1.

Having confirmed that our theoretical approach is suited
to describe the experimental results, we next consider how
the triplet energy transfer depends on the relative magnitude
of disorder effects and polaronic contributions. The influence
of disorder is expressed by the width of the Gaussian density
of states, !. Polaronic site relaxation is manifested in the
geometric reorganization energy, #, and it is considered in
the model through the activation energy Ea=# /4. Figure 3
therefore presents the effective triplet energy-transfer rate We
as a function of temperature calculated using Eqs. !12# and
!13# parametric in the ! /Ea ratio. The material parameters
used for the calculation are kept similar to the ones found for
the Pt-polymer considered in Fig. 2. The geometric distortion
energy # is fixed to be 200 meV !corresponding to
Ea=50 meV#, and the disorder parameter is varied from
!=2.5 to 35 meV.

From Fig. 3 it is evident that the two temperature regimes
differ in their sensitivity to the ! /Ea ratio. The energy-
transfer rate We as a function of temperature calculated from
Eq. !12# is plotted as solid line. Increasing the energetic
disorder results in just a weak change in the temperature
dependence of the energy-transfer rate for ! /Ea$0.3
!i.e., !$15 meV#. Above this value, increasing the disorder
causes a stronger change in the triplet transfer rate with tem-
perature and concomitantly a deviation from simple Arrhen-
ius behavior. In contrast to the high-energy branch, the tem-
perature dependence of We calculated within the M-A model
for lower temperatures varies strongly with energetic disor-
der. The underlying concept is a phonon-assisted tunneling

(b)

(a)

FIG. 2. !Color online# The triplet transfer rate as a function of
temperature plotted !a# on Arrhenius coordinates !b# against T−2.
The closed circles represent the experimental data as described in
the text. The lines indicate fits according to Eqs. !12# and !13# using
the parameters listed in !a#.

FIG. 3. !Color online# The dependence of the triplet energy-
transfer rate on temperature as a function of the ratio ! /Ea. The
transfer rates in the high-temperature range !solid lines# are calcu-
lated using Eq. !12# !multiphonon hopping# and those in the low-
temperature range !dashed lines# are derived from Eq. !13# !single
phonon hopping#. The values used for ! /Ea are indicated in the
figure.
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1. Calculate all hopping rates Γi 

2. Draw a uniform random number r1 
3. Identify hop j for which: 
 
 
4. Execute hop j 
5. Advance simulation time using 
second random number r2 

 
BKL: J. of Comp. Phys. 17, 10 (1975) [analogue to 
Gillespie, N-fold way, residence time] 

3. Dynamics: Solving rate equations with 
Monte Carlo: BKL method 



4. Kinetic Monte Carlo: 
Measuring the mobility 

1.  Execute iterations  
2.  Check that steady state has been achieved 
3.  Statistical analysis with re-blocking 

4.  Electron mobility in (cm2/Vs): 



RESULTS: 1.Diameter dependence of µ	



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

Small D: steep rise 
Large D: plateau/decrease 



RESULTS: 1.Diameter dependence of µ: Physics 	



Small D: steep rise 

1. For increasing D less 
hops are enough to cross 
sample 

2. Ekin(D) less steep for 
increasing D, reduces 
energy disorder 

Large D: plateau/decrease 

As the electron density (#/unit 
volume) is kept constant, for 
increasing D the electron #/
nanoparticle increases, causing 
increasing transport blockade by 
charging energy ΕC	



Site Energies

Ea and Eb in Equation 2 are determined by the nanocrystal sizes assigned to each location in the

simulation lattice. For the simulation of films of mean crystal size, dcrystal, we distribute the crystal

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

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

This is captured by using a standard deviation that increases with diameter:

s(dcrystal) = s0dcrystal, (6)

where s0 is a parameter constant across all crystal sizes.

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

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

We assign site energies to each site by adopting the Kang-Wise values corresponding to their

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

Figure 3: HOMO and LUMO energies for PbSe used in hopping simulations. Values were calcu-
lated by Kang and Wise.3

8

It is noted that there are two competing factors related to charging energy. On one hand, the

actual charging energy parameter Ec decreases with increasing crystal diameter. This led Lee et

al. to conclude that diameter dependence of the charging energy is responsible for the rapid rise

of the mobility in the small diameter region.14 On the other hand, the charging energy cost is only

incurred only if carriers interact during transport. Our Figure 6 implies that for small nanocrystal

sizes, multiple carriers are not forced to occupy the same nanocrystal, thus the charging processes

have negligible impact on transport. We therefore attribute the rapid rise of the mobility to disorder

and hopping-distance effects.

Figure 6: The average charging energy barrier per hop (open circles) and the number of carriers
per nanocrystal at 0.002 carriers/nm3 (closed circles). At smaller crystal sizes, multiple carriers
are less likely to occupy a single nanocrystal.

Finally, we note that very similar parameters were used to account for all the experimental

data, as illustrated by Table 1. Two relevant parameters are not included in the Table. HOMO

and LUMO energies were directly taken from the calculations of Kang and Wise (Figure 3),3 and

the tunneling amplitudes were computed by the code of Brennan22 as the half energy splittings in

Figure 2 divided by Planck’s constant. Neither of these inputs contained any fitting or adjustment

on our end. Finally, the simulations of Figure 4b differ from Figure 4a in the a parameter alone,

which only serves as an overall scaling factor. The fact that nearly identical parameter sets are

able to account for three sets of non-monotonic experimental data suggests that the hopping model

incorporates the most significant energy terms and represents the most relevant physical processes.

13



RESULTS: 2. Ligand length dependence of µ	



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

EDT HDT 



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



RESULTS: 3. Size disorder dependence of µ	



CM ≈ 2πε0( εin(r)εout

εin(r) - εout
)r ln[2r + d

d ]
with εin(r) the dielectric constant of the NCs, εout ) 2.6 the
dielectric constant of the alkanedithiolate tunnel barriers,33

r the average NC radius, and d the edge-to-edge separation
between NCs. Using εin(r) values for PbSe NCs calculated
from a generalized Penn model,5 we find charging energies

of only 16 meV for the 3.1 nm NC films and 4 meV for the
8.6 nm NC films (see Table 1). This small spread in EC can
account for only a 60% increase in mobility with NC size,
much less than the observed mobility change of 1-2 orders
of magnitude. Furthermore, EC is substantially less than the
thermal energy kT (∼26 meV). We conclude that the charg-
ing energy is of little importance to room-temperature
transport in our NC films.

Surprisingly, the carrier mobilities also depend only
weakly, if at all, on the site energy disorder (∆R) of the NC
films. PbSe NCs are characterized by size-dependent energy
levels, and the finite polydispersity of any colloidal NC
sample results in a distribution of site energies within a NC
film (energy disorder). Charge transport should be inhibited
by energetic disorder if ∆R is of order kT or larger because
hopping over long distances then requires thermal assistance
(eq 2). We estimate ∆R as the width of the first exciton peak
(the 1Sh-1Se transition) in NC absorption spectra (Figure S1
in Supporting Information) and find values ranging from 50
to 159 meV (Table 1). Despite the large magnitude and
spread of these ∆R values, there seems to be no correlation
between ∆R and the carrier mobilities. For example, FETs
made from NCs of similar size but different energy disorder
have very similar mobilities (Figure 6d), despite the fact that

FIGURE 6. Carrier mobility as a function of NC size for ambipolar EDT-treated PbSe NC FETs. Contour plots of (a) electron mobility and (b)
hole mobility against NC diameter (y axis) and site energy disorder ∆R (x axis) for devices prepared from 12 different batches of NCs (red and
blue markers). (c) The dependence of mobility on NC size. Arrows denote four NC samples of nearly equal energy disorder (indicated in Table
1), showing that mobility depends on NC size rather than the size distribution. Lines serve as guides to the eye. (d) Mobility plotted against
energy disorder for four NC samples of very similar size (marked with b in Table 1), emphasizing that mobility is independent of the
polydispersity of the samples. Many error bars are smaller than the data markers. Each marker represents the average of 6-12 FETs prepared
on different days over the course of several months. Channel dimensions: length ) 10 µm; width ) 1000 µm; film thickness ) 20-35 nm.

TABLE 1. Charging Energy, Site Energy Disorder, and Carrier
Mobilities of PbSe NC FETs

diameter
(nm)

EC

(meV)
∆R

(meV)
µe

(cm2 V-1 s-1)
µh

(cm2 V-1 s-1)

3.1 16 159 0.0060 0.00020
4.1a 11 79 0.016 0.0023
4.8 9 65 0.032 0.0056
5.0 9 55 0.014 0.0039
5.2b 9 83 0.058 0.016
5.3a,b 9 72 0.054 0.010
5.4b 9 101 0.057 0.015
5.6b 8 125 0.057 0.012
6.1 7 59 0.070 0.028
6.5a 6 68 0.056 0.017
6.9 6 50 0.046 0.021
8.6a 4 73 0.025 0.039

a NC samples of equal ∆R but different diameter. b NC samples of
equal diameter but different ∆R.
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µ decreases in simulation,            increases in experiment  



RESULTS: 4. Electron-hole effects 

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



SUMMARY 

 

Developed hierarchical ab initio-based Kinetic Monte Carlo 

Reproduced ligand length dependence of mobility 

Called attention to electron-hole correlation effects 

Reproduced NP diameter dependence of mobility,  
explained physics of non-monotonic diameter dependence  

Disorder dependence requires further analysis 

Framework for extensive method developments established  


