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ABSTRACT:Understanding the impact of positional and energetic disorders in
nanocrystal (NC) quantum dot thin� lms on charge transport is crucial to determine
what to prioritize in terms of the synthesis and fabrication of these materials and to
accelerate their development for electronics. Here, we computationally construct
realistic NC thin� lms with di� erent types of disorders and apply a density functional
theory (DFT)-parameterized, kinetic Monte Carlo simulation to systematically study
the e� ects of disorders on transport. We obtain statistics on the carrier transit pathways
through the NC� lms and carrier residence times on individual NCs. This provides
insights into the distribution of transit times across the thin� lms and the e� ective
mobility. We conclude that the impact of positional disorders on charge transport depends on the type of disorder and how it a� ects
the spacing between neighboring NCs. The formation of transport paths with short inter-NC distances can enhance mobility.
Meanwhile, random packing (RP) of NCs and energetic disorders due to a distribution of NC sizes decreases mobility 2- to 4-fold.
Because of the large reorganization energy of small NCs, increasing the electric� eld has little in� uence on the median residence time
of a charge carrier on an NC; however, an electric� eld straightens the transport path of the charge carrier and reduces the average
number of hops a carrier makes, which can slightly enhance mobility. Deep electronic trap states are especially detrimental to carrier
mobility, particularly at low� elds and when the� lms are otherwise highly ordered.
KEYWORDS:nanocrystals, PbS, positional and energetic disorder, deep electronic trap state, charge transport, time-of-� ight (ToF),
density functional theory (DFT), kinetic Monte Carlo (KMC) simulation

� INTRODUCTION

Nanocrystal (NC)-based semiconductors consist of colloidal
semiconductor NCs deposited into thin� lm from solution and
are used in a wide range of devices, including transistors, light-
emitting diodes (LEDs), photovoltaics, photodetectors, and
thermoelectrics.1,2 Charge-carrier mobility is a crucial param-
eter for device performance, with higher mobility, for example,
enhancing responsivity and detectivity of NC photodetectors3

and improving charge-carrier extraction in NC solar cells.4

Expanding the use of NC-based semiconductors for optoelec-
tronic and electronic applications, therefore, requires predictive
and controllable carrier mobilities. The properties of the NCs
themselves, the way they are assembled into thin� lms (e.g.,
selection of ligands and postprocessing of the� lm), and the
operation conditions of the device in� uence how charge
transport occurs in NC-based semiconductors, meaning that
there is no single mechanism that can fully describe all
scenarios.5� 12 Near room temperature and when NCs are in
the strong con� nement regime (i.e., quantum dots) and are
not strongly electronically coupled to their nearest neighbors,
transport tends to occur through phonon-assisted hopping
between neighboring NCs,8 with mean hopping rates depend-
ent on the NC size,13,14 surface chemistry,15,16 and their
packing within the thin� lm.9,17 In this present work, we focus
on NC semiconductors exhibiting transport in this regime.

While colloidal NCs can be highly monodisperse and the
packing of NCs tends toward ordered superlattices,18,19 the
reality is that most often, these bottom-up fabricated
semiconductors exhibit some energetic and positional dis-
orders.17,20� 23 Inhomogeneity in the sizes of the NCs17 leads
to inhomogeneity in the band gaps of the individual NCs20,24

and exacerbates packing nonidealities. Because hopping times
between NCs scale strongly with their spatial separation and
the energetic o� set between the electronic states of
neighboring NCs, positional and energetic disorders have a
signi� cant impact on carrier mobility with, for example,
experimental and computational evidence of increasing NC
size distribution, leading to an exponential decrease in
mobility.25 Time-of-� ight (ToF) measurements of NC thin
� lms show current transients that exhibit power law decays
before and after the mean transit time,8,14 indicative of
dispersive hopping.26 Fitting the power law decays can provide
insight into the distributions of the hopping distance and the
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activation energy between hopping sites,27 which are linked to
the positional and energetic disorders in NC thin� lms.
However, achieving and isolating di� erent types of disorders
experimentally is challenging; thus, modeling can be an
important method for obtaining insights into the impact of
disorders on transport.

Previous computational work on positional disorders in NC
thin � lms has largely focused on whether positional disorders
hinder delocalized transport.28� 30 Considering the regime of
localized carriers, the impact of positional and energetic
disorders in NC solids on mobility has predominately been
studied by modeling the thermally activated carrier hopping
based on the Miller� Abraham model.15,17,20 The Miller�
Abraham model de� nes an energy-dependent uphill hopping
rate, but ignores reorganization energy of the system after each
hop and the variation of the downhill hopping rate.31 For
systems with high reorganization energy exceeding the disorder
of the energy landscape, which is now known to be the case for
NC solids assembled from small NCs with highly localized
charge, the impact of energetic disorders and deep electronic
traps can be very important,8,32� 34 so we, therefore, turn to a
Marcus-based approach. Recently, a density functional theory
(DFT)-parameterized, multiscale model for phonon-assisted
hopping in NC thin� lms was developed and implemented in a
kinetic Monte Carlo (KMC) simulation of charge transport,
enabling predictive values for mobility.8 Such approaches have
been used to successfully study the impact of disorders on
mobility in small organic molecules and polymers, as reviewed
extensively in the literature.35,36

Here, we computationally construct NC thin� lms with
di� ering types of disorders and apply a DFT-parameterized,
multiscale model to simulate the di� usion of charge carriers as
a function of the electric� eld. We study� lms with common
types of positional disorders, including missing NCs, local
misalignment, and randomly packed structures. We also
include e� ects such as NC size dispersity and its accompanying
energetic disorder, as well as the presence of NCs behaving as
deep electronic trap states in our investigations. We analyze the
impact of these di� erent types of disorders on e� ective
mobility as well as the distributions of hopping times, carrier
transit times, and path lengths traversed by the carriers.

� RESULTS AND DISCUSSION
Constructing Nanocrystal Thin Films and Quantifying

Their Positional Disorder. As a model system, we consider
lead sul� de (PbS) NCs and computationally generate thin
� lms (t = 200 nm in thickness) consisting of 32,000 NCs.

The face-centered-cubic (FCC) structure, in which PbS
NCs are known to pack,18,19,37 is the ordered case (Figure 1a).
All NCs have radiusrNC = 1.60 nm (band gapEg = 1.31 eV)
and are terminated with iodine ligands (i.e., we take facet
separation between neighboring NC surfaces to be� 0 = 6 Å).
The unit cell of the FCC NC lattice has lattice parametera =
� 2(2rNC + � 0) = 5.37 nm, and the distance between the� rst-
nearest-neighboring NC centers isd0 = (2rNC + � 0) = 3.80 nm.

We then construct structures with three common types of
positional disorders reported in NC thin� lms: locally
misaligned NC38,39 (Figure 1b), missing NCs40 (Figure 1c),
and randomly packed (RP) structures41 (Figure 1d). The
structures with di� erent extents of misalignment (i.e., NCs o�
from their FCC lattice positions) are created by performing
molecular dynamics (MD) simulations at three nonzero
temperatures on an FCC NC superlattice with each NC in a

Lennard-Jones (LJ) potential. The speci� c structures for
analysis are snapshots of the system after it has achieved
temperature equilibrium. Similarly, the structures with missing
NCs are created by� rst deleting 1� 6% of NCs from the FCC
NC superlattice and then following the same procedure as for
generating structures with misalignment. Therefore, NC
misalignment is also present in structures with missing NCs.
The RP structures with packing fractions from 58 to 62% are
created using the Math2Market module“GrainGeo” in the
“Pack/Pile Analytical Sphere” mode, which is based on the
random seed expansion method using a local Delaunay
tessellation and a distance� eld function.42,43

Technical details for the creation of the structures are found
in the Computational Methods. While this work focuses on
charge transport occurring via phonon-assisted hopping, we
note that these NC structures can be in principle used to study
the impact of disorders for other transport regimes, such as
variable range hopping6 or exciton di� usion.44

To quantify the positional disorder in the di� erent
structures, we exploit pair distribution function (PDF) analysis
because it is a robust way to compare the computationally
generated structures to real NC thin� lms for which PDFs can
be easily obtained from the grazing-incidence small-angle X-ray
scattering (GISAXS) spectrum.18 For reference, inFigure 1e�
h, we show GISAXS patterns for each type of computationally
generated structure. The PDFs inFigure 1i� l show the
distribution of distances between neighboring NC centers,d, in
each structure.

We evaluate two parameters from the PDFs: (i) the shift of
the peak,� P and (ii) the peak width,� , which we use to map
the generated structures onto the positional disorder space
� (� , � P) ( Figure 2a). Peak broadening occurs with NC
misalignment (e.g.,Figure 1k), while peak shifting is associated

Figure 1.Types of positional disorder in nanocrystal (NC) solids. We
consider (a) an FCC NC superlattice free from disorders, (b) relaxed
FCC NC superlattices with some NCs o� -center, (c) relaxed FCC
NC superlattices with some NC vacancies, and (d) RP NC
superlattices with di� erent packing fractions. (e� h) GISAXS patterns
and (i� l) pair distribution functions (PDFs) corresponding to
con� gurations shown in panels a� d. The (111) peak of FCC
superlattices and the� rst nearest-neighbor peak of RP superlattice
con� guration are� tted by a Gaussian. The peak shift� P is de� ned as
the deviation of the mean of the Gaussian from the corresponding
peak position in the perfect FCC superlattice. The peak width� is
de� ned as the standard deviation of the Gaussian.
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with the packing fraction [or� lling factor (FF)] of the NC
lattice, which can be observed in PDFs of RP structures
(Figure 1l) and FCC superlattices with missing NCs (Figure
1j).

E� ect of Positional Disorders on the E� ective
Mobility of Charge Carriers in NC Thin Films.To study
the e� ect of positional disorders individually on charge
transport in NC solids, we employ a model for charge
transport that simulates a ToF experiment.8 We use this ToF
simulation to link directly back to experimental work; however,
we compare the e� ective carrier mobility extracted from these
ToF simulations to those extracted from random-walk (RW)
simulations (Computational Methods) and � nd that they are
consistent.

As illustrated inFigure 2b, in the ToF simulation, we apply a
bias in thez-direction,Ez across the NC thin� lms with
thicknesst = 200 nm. A charge carrier traverses this NC thin
� lm via phonon-assisted hopping between neighboring NCs
with a rate:45

�c

�e

�d�d�d�d�d�d�d�d�d�d
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�g�g�g�g�g�g�g�g�g�g
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| | Š
+ �

(1)

Vct is the electronic coupling between neighboring NCs,� is
the nuclear reorganization energy of an NC upon addition/
removal of a charge,Np is the number of degenerate product
states (two in the case of PbS), and� E is the energy o� set
between neighboring NCsi andj:

E E E E z z( )/2 ( ) .j i z j ig, g,� = Š Š · Š (2)

Eg,j andzj are the band gap and thez-position of thejth NC,
respectively.

Although we know that electronic coupling depends on the
orientation of NC facets across which the hop is happening,46

here, we assume that electronic couplingVct between
neighboring PbS NCs is isotropic such thatVct depends only
on the NC size (radiusrNC) and the distance between NC
surfaces,� :

V r V e r( , ) .ct NC 0 NC� = � �Š � Š
(3)

The parameters� = 1.2 Å� 1, V0 = 2500 meV·nm� , and� =
2.4 are determined by� ts to the DFT-calculatedVct, as
described in Supporting InformationTable 1. For rNC = 1.60
nm PbS NCs with halide ligands,� = 6 Å andVct = 0.60 meV.

Nuclear reorganization energy� is NC size-dependent:

r r( ) .0 NC� �= �Š
(4)

The parameters� 0 and� are again determined by� ts to the
DFT-calculated� (Computational Methods, Supporting
InformationSI2 and Supporting InformationTable 1). Here,
� is an inner shell reorganization corresponding to the
rearrangement of the atoms on the NC when charge is
added or removed. While the atoms of the neighboring NCs
also experience some rearrangement, for the PbS NC system
with halide ligands, the energy associated with this rearrange-
ment can be reasonably neglected.14 We determine reorganiza-
tion energy� = 43.40 meV forrNC = 1.60 nm PbS NCs.8 In the
Supporting InformationSI3 and SI6, we describe how the
selection of ligands may impact the inter-NC distance, the
electronic coupling, and the reorganization energy.

When a charge carrier hops between NCs of di� erent sizes
(e.g., in a� lm with size dispersity), we take the average
electronic couplingVct (e.g.Vct = (Vct,i + Vct,j)/2) and average

Figure 2.Impact of positional disorder on mobility. (a) Map of the studied arti� cial NC superlattice on the positional disorder space parameterized
by the peak shift and broadening of the pair distribution functions. (b� d) Schematic of time-of-� ight (ToF) simulation and the method for
calculating the e� ective carrier mobility based on the mean or the median of the distribution of transit times measured at di� erent biases. (e� g)
PDFs of NC� lms with misalignment, missing NCs, and di� erent random packings. Colors enable comparison to panel a. Insets show the
normalized e� ective carrier mobility as a function of the extent of the positional disorder.
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reorganization energy� [e.g., � = (� i + � j)/2] for the two
di� erent-sized NCs with radiirNC,i andrNC,j.

For biases ranging from 10� 2 to 10 mV/nm, we calculate the
transit times required for charge carriers to hop across the thin
� lm. We de� ne the median of the distribution of 10,000
charge-carrier transit times to be the e� ective transit timettr(E,
T) ( Figure 2c), from which the e� ective carrier mobility� =
� (t/ ttr(E, T))/ � E can be computed (Figure 2d). If rNC = 1.60
nm and PbS NCs are arranged in an FCC lattice free from
positional disorders, we calculate carrier mobility� FCC = 4.19
× 10� 1 cm2V� 1 s� 1. In Supporting InformationTable 2, we also
report the e� ective mobility calculated using the mean of the
transit time distribution. In general, it is important to note the
shape of the distribution because in the case of dispersive
hopping, transit time distributions can have long tails such that
the mean and median of the distribution may di� er
signi� cantly and the e� ective mobility is ill-de� ned.

We perform simulations on structures that span the
positional disorder space shown inFigure 2a and exhibit
di� erent extents of the NC misalignment (blue shaded region
in Figure 2a), di� erent amounts of missing NCs (violet shaded
region), and randomly packed structures with di� erent packing
fractions (orange shaded region). The e� ective carrier
mobilities shown in the insets ofFigure 2e� g are normalized
by the mobility in an FCC lattice free from positional disorder
� FCC = 4.19× 10� 1 cm2V� 1s� 1. While carrier mobility in the
RP lattices decreases to 10� 20% of that in an ordered FCC
lattice (Figure 2g), missing NCs lead to only a minor change in
carrier mobility (Figure 2f), and increasing NC misalignment
in an FCC superlattice actually enhances carrier mobility
(Figure 2e). In the most misaligned FCC superlattice
structures we construct, the mobility increases by a factor of 4.

These three results can all be quantitatively explained by the
fact that positional disorders in� uence the distance between
neighboring NCs, which in turn in� uences the charge hopping
rate in two ways (eq 1). First, the electronic couplingVct
decreases exponentially with increasing distance between NC
surfaces� (eq 3, Supporting InformationTable 1). Second,
the energy o� set � E between two neighboring NCs varies
linearly with the interparticle distance along the� eld direction
(z-direction) (eq 2), dz = zj � zi = (2rNC + � ) e�z. The PDFs
shown inFigures 2e� g show the distributions in inter-NC
distance for each of the structures.

Misalignment results in a Gaussian distribution of
interparticle distanced = 2rNC + � and thus a Gaussian
distribution of inter-NC surface distances centering at� 0 = 6
Å with standard deviation� (Figure 2e). This leads to (1) a
log-normal distribution of electronic couplingVct between
neighboring NCs, where the expectation value ofVct is as
follows:

V r V r( , ) exp( /2 ) ,ct NC 0 0
2 2

NC� � �� � � = · Š � + · �Š
(5)

and (2) a Gaussian distribution of energy o� sets� E. As shown
in Supporting InformationFigure S3, the larger the misalign-
ment, the larger is the standard deviation� of the �
distribution, the larger is the expectation value ofVct, and
consequently the more paths for electrons with faster hopping
rateskET. This � nding is consistent with the observed higher
charge mobilities in some percolative semiconductor47 and
metallic NC networks48 compared to ordered NC super-
lattices.

The structures with missing NCs are slightly more porous
(packing fraction range from 73.3 to 69.6%) compared to the

FCC lattice and the misaligned structures (packing fraction
74%). The PDFs show that the distribution of distances
between neighboring NC surfaces broadens and the peak in
the distribution shifts to larger values by 0.05� 0.37 Å (Figure
2f). The distributions of� E, Vct, and kET resulting from
di� erent � distributions are plotted in the Supporting
InformationFigure S3. We� nd that broadening in distribution
enhances average electronic coupling� Vct� and leads to faster
kET. At the same time, the overall increase in inter-NC
distancesd leads to a decrease in average electronic coupling
� Vct� (eq 5) and an increase in energy o� sets� E, both of
which reducekET. These e� ects counteract each other such
that only a minor change in carrier mobility is observed for the
structures with missing NCs.

The decrease in mobility in RP lattices stems from
increasing interparticle distance between the� rst nearest
neighbors (see peak shift inFigure 2a). The increase is from
3.80 nm in the FCC lattice (packing fraction of 74%) to 3.85
nm in the RP with a packing fraction of 62% (38% porosity)
and to 3.97 nm in the RP with a packing fraction of 56% (44%
porosity) (Figure 2g), resulting in the inter-NC surface
distances peaking at 6.5 and 7.7 Å for the two RP structures,
respectively (compared to� 0 = 6 Å for the FCC lattice). As
highlighted previously, increased inter-NC distances lead to
decreased electronic coupling and increased energy o� sets� E,
decreasingkET, and therefore, the mobility.

In all positional disorder scenarios (misalignment, missing
NCs, and random packing), in the low� eld condition (biases
of 10 � V/nm� 10 mV/nm), the impact on the mobility
stemming from the energy o� set � E between NCs is small
compared to that from the electronic coupling,Vct. Speci� cally,
the change in the interparticle distance in thez-direction
(along the� eld) � dz = ±2.77 Å within one standard deviation
range results in a change in energy o� set� E between NCs of
up to±2.77 meV, which leads to a±5% variation inkET (eqs 1
and2). Meanwhile, the change in interparticle distance� dz =
±2.77 Å leads to a variation of the electronic couplingVct by
up to two orders of magnitude (eq 5), and therefore a variation
in kET by up to four orders of magnitude (eq 1).

We conclude that whether the positional disorder is harmful
(or helpful) to charge transport depends on the type of
positional disorder, most importantly, the extent of its impact
on the spacing between neighboring NCs. The formation of
transport paths with a shorter inter-NC distance, resulting
from NC misalignment and denser packing of NCs, can even
enhance the e� ective mobility. We note that while the
positional disorder in� uences the inter-NC distance, as
discussed in theSupporting Information, the selection of
ligands is key to de� ning the inter-NC distance because of
both the physical length of the ligand as well as the impact of
the ligand on the geometry of the structure.

Comparing E� ects of the Energetic Disorder and the
Positional Disorder on Charge Transport.Most often, the
positional disorder will not be present alone in an NC� lm. For
example, dispersion in the NC size leads not only to the
positional disorder of the NCs but also to the energetic
disorder (NC band gaps are size-dependent). Energetic
disorders can also occur independent of positional disorders,
for example, stemming from surface defects that slightly shift
the band gap of individual NCs.49,50

With simulations, we can conveniently investigate the
in� uence of energetic and positional disorders on carrier
transport separately and together. Four NC thin� lms are
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constructed: (i) an FCC superlattice where all NCs have a
band gapEg of 1.31 eV (radiusr = 1.60 nm); (ii) an FCC
superlattice where NCs are randomly assigned a band gapEg
within a Gaussian distribution of NC band gaps (with the
standard deviation being 6%), ranging from 1.07 to 1.55 eV,
within three standard deviations from the mean (1.31 eV); (iii)
an RP structure constructed with 6% size dispersity (equivalent
to 6% energetic disorder) and a packing fraction of 62% FF
with all NC band gaps set to 1.31 eV; and (iv) the same RP
structure above but with each NC band gap calculated from its
radius (ranging from 1.31 to 1.89 nm, that is, within three
standard deviations from the mean 1.60 nm), leading to a
range of band gaps from 1.13 to 1.61 eV (Supporting
InformationSI2). We run ToF simulations on all four NC
� lms (structures i� iv), for which details and the corresponding
RW analysis are discussed inComputational Methodsand
Supporting InformationSI2. As calculated above, the e� ective
mobility for the� lm with no disorder is� i = � FCC = 4.19×
10� 1 cm2V� 1s� 1. Introducing 6% energetic disorder (structure
ii) leads to a 5-fold decrease in mobility (� ii = 8.93× 10� 2

cm2V� 1s� 1). The introduction of positional disorders in the RP
structure (structure iii) results in an 8-fold decrease in mobility
(� iii = 5.61 × 10� 2 cm2V� 1s� 1). Correlated energy and
positional disorders in the RP structure leads to a 30-fold
decrease in mobility (� iv = 1.39× 10� 2 cm2V� 1s� 1). These
� ndings are in a range consistent with experimental studies; for
example, a thin� lm with HgSe NCs having a� 6% size
dispersity decreases mobility 10-fold compared to the value of
mobility extrapolated for the case of no size dispersion.25

To understand these� ndings, we look at the transit timesttr
and the path lengthsL� normalized by the� lm thicknessL =
200 nm for 10,000 electrons traversing the four di� erent
structures under an electric� eldEz = 0.6 mV/nm (Figure 3a�
d). The distribution of path lengths is shown in green along the
top axis, and the distribution of transit times is shown in gray
along the right axis. These distributions show that the decrease
in mobility found in structures ii, iii, and iv stems from the
increase in the median transit time (fromttr = 5.35 ns for
structure i tottr = 18.06, 42.10, and 139.67 ns for structures ii,
iii, and iv, respectively) and not an increase in the path length
because the median-normalized path lengths remain com-
parable (L�/ L = 39.59, 41.01, 39.04, and 40.88 structures i, ii,
iii, and iv, respectively).

We gain insight into the reason for the increase in transit
time by examining the representative trajectories for each
structure (i.e., the trajectory closest to the medians of the
transit time and normalized e� ective path length distributions),
which are indicated by the red star inFigure 3a� d and
depicted inFigure 3e� h. As expected from the fact that the
median-normalized path lengths are comparable, we� nd that
the representative trajectories are all complex with the electron
making approximately 2400 to 2500 hops and traversing
comparable distances of 7900 to 8200 nm before reaching the
other side of the 200 nm thick� lm in structures i, ii, iii, and iv.
The di� erent transit times stem from the time the charge
carrier spends on each NC during its trajectory, that is, the
residence time (see calculation in Supporting InformationSI4
and color coding inFigure 3e� h).

Figure 3.E� ects of positional and energetic disorder on transport. We consider four di� erent arti� cial structures: an FCC NC superlattice free from
disorders (column 1), an FCC NC superlattice with a Gaussian-distributed energetic disorder (standard deviation of the band gap is 6%) (column
2), a RP NC structure constructed with 6% size dispersity and a packing fraction of 62% but with no energetic disorder (column 3), and the same
RP structure with 6% size dispersity and the NC band gap calculated based on its radius (column 4). (a� d) Scatter plots of 10,000 carrier
trajectories (green dots) parameterized by the charge-carrier transit time and the normalized e� ective path length. (e� h) Most representative
trajectories de� ned as the one closest to the median of both distributions (red star in a� d) are depicted with the color scale showing the residence
time on each NC (i� l) for the representative trajectories and the distributions of residence time of the carrier on a linear scale up to 50 ps
(indicated by the gray dashed line and arrow in each inset, which plots the same distributions on a log scale up to 1 ns). The dotted line indicates
the median of the distribution.
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The residence time distributions for the representative
trajectory are shown inFigure 3i� l, and we see that the median
residence timetr increases from 1.72 ps in structure i to 3.31,
11.60, and 23.58 ps for structures ii, iii, and iv, respectively.
With the introduction of energetic disorders in the FCC
(structure ii), the peak of the residence time distribution does
not shift signi� cantly compared to that in the FCC lattice free
of energetic disorder (structure i); however, the tail of the
distribution grows and extends beyond 10 ps. This is because,
in the absence of the positional disorder, the charge hopping
ratekET is only in� uenced through the energy o� sets� E (eq
1). A broader range of� E leads to a broader range ofkET (i.e.,
slower and faster hops). With the introduction of only
positional disorders (structure iii), the distribution of residence
time features a shift in the peak to longer times and elongation
of the tail compared to that of structure i. The shift in the peak
can be explained by the weaker electronic coupling strengths
Vct because of the broader range and larger average of
interparticle distances (eqs 1, 3, and5, Supporting Information
Figure S3 (c)). The broader range of interparticle distances
also contributes to the longer tail by slightly broadening energy
o� sets� E (eqs 1and 2). Finally, the introduction of both
energy and position disorders (structure iv) results in a peak of
the residence time distribution beyond 10 ps and the tail of the
distribution weighted toward longer times, which result from
both the weaker electronic coupling and the broader energy
o� sets � E. The shift toward longer residence times in

structures with increasing disorders explains the increase in
transit times (Figure 3a� d) and the decrease in mobility.

We conclude that, at low electric� elds, the weaker
electronic coupling strengths and the broader range of energy
o� sets stemming from the positional disorder in an RP
structure compared to an FCC lattice have a larger impact on
the e� ective mobility than the energetic disorder coming from
6% size dispersity. Furthermore, we� nd that the energetic and
positional disorders stemming from a 6% size dispersity and
random packing impact mobility by slowing the hopping rate,
but do not impact the number of hops or the complexity of the
hopping.

Electric Field-Dependent Charge Transport in Dis-
ordered NC Thin Films.We next examine the in� uence of
electric� eld on charge carrier hopping in the thin� lm of RP
NCs [structure (iv) in Section III]. It is known that in the case
of polaron transport, e� ective mobilities are� eld-dependent
with mobility � rst increasing and then decreasing with
increasing� eld.51,52 We consider electric� eld strengths
ranging from 0.015 to 15 mV/nm (Figure 4a), comparable
to the typical applied electric� elds ranging from 0.5 to 5 mV/
nm in PbS NC� eld-e� ect transistors (FETs) and solar
cells,1,53 and those of around 17 mV/nm in PbS NC LEDs.54

These biases are all in the low-� eld limit, where we assume that
the charge-carrier wavefunctions are strongly con� ned within
individual NCs (negligible exciton polarization), and therefore,
reorganization energy and electronic coupling can be

Figure 4.Electric� eld-dependence of charge transport. (a) E� ective mobility of the electron as a function of an applied electric� eld for a RP NC
solid with 6% size disorder. (b) Transit time distributions on a log scale for the carrier through disordered NC thin� lms for the four biases
indicated in a. (c) Normalized median e� ective path length (blue) and the median residence time (orange) of the representative trajectories as a
function of the applied bias. (d� g) Visualization of representative trajectories, where the color scale indicates the residence time on each NC. (h�
k) Joint distributions of the residence time and band gap of each NC for the representative trajectories at each� eld. The color scale represents the
frequency with which a carrier lands onto an NC with a certain size (band gapEg) and staying for timetr. The white dashed lines indicate the band
gap and residence times with the highest occurrence. The distributions of the residence time (side, olive histogram) and the band gap of visited
NCs (top, red histogram) are also plotted, together with the distribution of the band gap of all NCs within the thin� lm (dashed black line on the
top of the red histogram).
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considered� eld-independent. In this limit, both the ToF and
RW models agree (Supporting InformationSI2).

Over these three orders of magnitude increase in the electric
� eld, the carrier mobility increases by 22% from 1.29× 10� 2

cm2V� 1s� 1 below 0.3 mV/nm to 1.58× 10� 2 cm2V� 1s� 1 at 15
mV/nm. To understand this increase, we analyze the
distributions of residence timestr and the path lengthsL� of
the carriers (Supporting InformationFigure S5). Increasing
electric bias only decreases the median residence timetr from
24 to 17 ps (orange data points inFigure 4b); however, it
dramatically straightens the path of charge transport as
quanti� ed by the decrease in average e� ective path lengthL�
from 13,994 to 801 nm (blue data points inFigure 4b). This
straightening of the transit path narrows the distribution of
transit timesttr and shifts it to smaller values, as shown for four

electric� eld strengths (0.3, 1.5, 6.0, and 15.0 mV/nm) in
Figure 4c. The trends are visualized inFigure 4d� g, which
show the representative trajectories for the 0.3, 1.5, 6.0, and
15.0 mV/nm biases. The color scale representing residence
time is similar while trajectories clearly straighten with 3580
hops taken for the representative trajectory at 0.3 mV/nm and
only 212 hops taken for the representative trajectory at 15
mV/nm.

Figure 4h� k shows the band gapsEg of the NCs where the
charge carriers land. At high electric� eld (Figure 4k), the
distribution of band gaps of the NC where the charge carriers
land (red histogram) resembles the distribution of band gaps
present in the NC thin� lm (black dashed line) because the
carriers follow a direct path through the device and hop to the
closest NC in thez-direction regardless of its energy o� set. In

Figure 5.Impact of deep electronic traps on transport. (a) Schematic of energy o� sets present in an NC� lm with electronic traps in a perfectly
ordered FCC lattice of NCs showing no size or energy dispersion at 0 mV/nm. (b) Log-scale distributions of transit time for carriers through an
ordered FCC lattice of NCs under di� erent electric� elds ranging from 0.3 to 15 mV/nm. (c) Median residence times for carriers on an NC acting
as a trap (red) compared to one that is not (blue) as a function of electric� eld. (d) Representative trajectories (the mean of the carrier transit time
ttr) under low (0.3 mV/nm) and high (6.0 mV/nm) biases when 2% of NCs are behaving as traps. The gray circles with black outlines (highlighted
in part with black arrows) indicate the NCs acting as trap states which the carrier visits during this trajectory. (e) Distributions showing the
occupation of NCs and the residence time for 10,000 carrier trajectories at 0.3 mV/nm (left two maps) and 6.0 mV/nm (right two maps). The
white dashed lines indicate the median residence times. The color scale represents the frequency with which a carrier hops onto an NC located at a
certain energy level and stays for a certain amount of time. (f� j) Same information as panels a� d) but for an RP NC thin� lm with a 6% NC size
distribution as well as 2% deep traps. The distributions of the band gap of both the occupied NCs (top, red histogram) as well as all NCs within the
thin � lm (dashed black line on top of the red histogram) are shown in j) for the RP case. Carriers are more often trapped in the disordered� lms;
however, the median residence times in the NCs acting as traps are a factor of 10 smaller than for the FCC case. In the FCC case, the distribution
of transit time contains two lobes, with the broader lobe (highlighted by arrows at 0.3 and 15 mV/nm for example) peaking 2� 3 orders of
magnitude larger than the narrower lobe, indicating that the deep traps strongly undermine the carrier transport. While in RP NC thin� lm, the
existence of deep traps only further broadens the single-lobe distribution of the carrier transit time. The detrimental impact of deep traps is
weakened in the disordered� lms.
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contrast, at lower electric� elds (Figure 4h,i), charge carriers
remain preferentially on large NCs (i.e., NCs with smaller band
gaps) and follow longer and di� usive-like paths to do so.

We can understand these� ndings by considering the relative
e� ects of disorders and electric� elds on the charge transfer
rate (eq 1). In a 6% size-disperse RP NC system, the range
(within three standard deviations) of electronic couplings is
0.41� 0.98 meV, of reorganization energies is 31.62� 63.46
meV and of energy o� sets between neighboring NCs (Eg,j �
Eg,i)/2 is ±70 meV. The interparticle hopping distance along
� eld direction|zj � zi| = |(rNC,j + rNC,i + � )e�z| is up to 3.72 nm,
leading to|Ez · (zj � zi)| being up to 1.12 meV for 0.3 mV/nm
and up to 55.8 meV for 15 mV/nm. Thus, at low� elds (e.g., at
0.3 mV/nm),� � Ez · (zj � zi), and the charge transfer rate
kET is mainly in� uenced by the energetic disorder and is
maximized by hopping between larger NCs (Figure 4h). At 15
mV/nm (Figure 4k), Ez · (zj � zi) is comparable to� and (Eg,j
� Eg,i)/2, and the charge transfer ratekET is maximized by
following a path along the� eld direction (z-direction) even if
the energy o� sets between NC are large. Thus, as the electric
� eld increases, the trends toward shorter residence times are
counteracted by the fact that the carrier travels a straighter
path and encounters more disorders. For this reason, despite a
three order of magnitude change increase in the electric� eld,
the change in carrier residence timetr is less than 10 ps.

This analysis shows that the increase in mobility with
increasing electric� eld is due to the straightening of the transit
path (decrease in the number of hops). In the case of small
energetic disorders (i.e., smaller or comparable to the
reorganization energy), as the electric� eld increases, the
negative impact of disorders and the preferential impact of the
electric � eld compete, resulting in a negligible change in
charge-carrier mobility with the electric� eld.

Deep Electronic Traps.So far, we have considered NC
thin � lms that do not have deep electronic trap states;
however, we know that trap states can occur for a variety of
reasons.8,55� 57 For example, traps for electrons can arise from
oxidized n-doped NCs while traps for holes arise from reduced
p-type NCs. The oxidized or reduced doped-NC itself acts as
the trap because its energy levels shift relative to the
neighboring NCs (seeFigure 5a). The e� ect of trapping on
the charge transfer rate enters through the energy o� set � E
with eq 2becoming

E E E E z z E r( )/2 ( ) ( )

(trap trap),

j i z j i

j i

g, g, T NC� = Š Š · Š Š ·

Š (6)

where energy depth of the trapET is size-dependent and
calculated to 200 meV forrNC = 1.60 nm PbS NCs.13 trapj = 1
if the jth NC is an electronic trap; otherwise trapj = 0.

Experiments and modeling show that in PbS NC thin� lms,
0.1� 10% of NCs are doped.58,59 We therefore perform
simulations for an FCC NC lattice (con� guration (i) in
Section III) with 2% of the NCs assigned randomly as deep
electronic traps but no other positional or energetic disorder
(Figure 5a� e) and an RP NC thin� lm and [con� guration (iv)
in Section III] with 2% of the NCs assigned randomly as deep
electronic traps (Figure 5f� j).

The introduction of traps results in a substantial reduction of
carrier mobility: using the mean of the transit time distribution,
the mobility is reduced 14-fold from 4.02× 10� 1 to 2.86×
10� 2 cm2V� 1s� 1 for an FCC lattice and 34-fold from 1.29×

10� 2 to 0.38× 10� 3 cm2V� 1s� 1 for an RP structure at 0.3 mV/
nm.

In Figure 5b, we plot the distribution of carrier transit times
ttr as a function of the electric� eld of the FCC lattice and� nd
a bimodal distribution corresponding to trajectories on which
the carrier does not� nd a trap (peak at 300 ps� 5 ns transit
times) and trajectories where carriers� nd a trap (peak at ns to
� s transit times).Figure 5c shows that for trajectories on which
the carrier does not trap, the median carrier residence time
does not change signi� cantly with the electric� eld (changing
from 1.74 to 1.71 ps for a three order of magnitude change in
electric � eld). In contrast, the median residence time for
carriers that get trapped decreases signi� cantly as a function of
� eld from 154 to 12 ns.

Representative trajectories at the mean of transit timettr are
shown for 0.3 and 6 mV/nm inFigure 5d. In ordered FCC
thin � lms, independent of the bias, charge carriers on average
only encounter one unique trap state. This has to do with the
large energy loss a carrier undergoes when hopping to a trap
state (ineq 6, � E is dominated byET = 200 meV). This large
energy loss means that the charge transfer ratekET from a
nontrap state to a trap state is 3 to 4 orders of magnitude
smaller than the hopping between two nontrap states (eq 1).
Therefore, the probability of carrier hopping onto a trap state
during its trajectory is relatively small. Consequently, charge
carriers bypass the NC acting as trap states, which is also
manifested by the slight increase in the average number of
carrier hops relative to the trap-free cases (compareFigure 4d,f
withFigure 5d). However, when a charge carrier is captured by
a trap, the release time from the trap ranges from several to a
hundred of nanoseconds, again because of the large� E.
Compared to the several picoseconds residence time on
nontrap states (Figure 5c), traps thus strongly a� ect the
e� ective transit time and mobility.

The impact of a deep trap in a� lm with existing energy and
positional disorder (i.e., the RP thin� lm with 6% size
dispersion) is somewhat di� erent. Here, the distributions of
transit times have only one broadened peak (Figure 5g)
compared to the bimodal distribution found in the case of trap
NCs in an otherwise ordered FCC lattice (Figure 5b). With
increasing� eld, the distributions narrow and their peaks shift
from � s at low� elds to 10s of ns at high� elds (Figure 5g).

These di� erent transit time distributions stem from the size
dispersion of the NCs in the RP lattice. The energy level (Eg/2
� ET) of the randomly assigned traps is also Gaussian-
distributed, ranging from 0.35 to 0.60 eV and centered at 0.455
eV (Supporting InformationFigure S8). This energy land-
scape, which creates a range of� E, facilitates trapping as
evidenced by the fact that at low� elds (0.3 mV/nm), most
carriers encounter more than 20 unique traps (Supporting
InformationTable 6). We observe that the mean energy of the
trap states occupied during a trajectory is� 0.5 eV (Figure 5j),
which come from smaller NCs that, when acting as traps, have
the highest energy levels (i.e., those that are closest in energy
to the lowest unoccupied states of NCs not acting as traps).
The small energy o� sets also lead to faster release from the
traps according toeq 6as do the stronger electronic couplings
Vct because of the preferential involvement of small NCs in
trapping (eq 5). This is manifested by the fact that the average
residence time on trapstr,trap in RP NC thin� lms (1� 10 ns,
Figure 5f) is � 1 order of magnitude smaller than that in FCC
NC thin � lms (10� 100 ns,Figure 5b). The broadening of trap
energy-level distribution also gives rise to occasional
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occupation of deeper traps below 0.455 eV. This leads to a very
long-tailed distribution oftr,trap and results in a comparable or
even larger mean oftr,trapcompared to that in the ordered FCC
NC thin � lms (Supporting InformationTable 7).

Thus, some underlying energetic and positional disorder
mitigates the impact of deep traps. Deep electronic traps are
particularly detrimental at low electric� elds where di� usion
around the NC thin� lm makes it likely that a carrier will
encounter multiple trap states. At higher electric� elds, the
carrier hopping path is straightened, reducing the likelihood
that a trap is found, and the release rate from the trap is also
increased.

� CONCLUSIONS
In summary, we systematically studied the impact of positional
disorders on mobility in NC quantum dot thin� lms where
transport occurs through phonon-assisted hopping. We
consider scenarios with and without energetic disorders and
deep electronic traps under a range of electric� eld biases. Our
results are relevant for devices such as solar cells with three-
dimensional NC� lms, where carriers are present in the dilute
limit (i.e., no signi� cant NC charging or Coulomb blockade
e� ects) and where the electric� elds within the device do not
lead to strong perturbation of the electronic wavefunctions of
the NCs and an accompanying change in the electronic
coupling between neighboring NCs.

We found that, at low� eld conditions, positional disorders
that decrease the density of the NC packing and lead to a
larger inter-NC distance reduce carrier mobility while
positional disorders that broaden the distribution inter-NC
distances can even enhance mobility by providing pathways
across the� lm where NCs are statistically closer together than
average. Carrier mobility increases only slightly with increasing
electric� eld because, although the path of the charge carrier
becomes straighter, the residence time on the NCs remains the
same. Energetic disorders impact mobility because the average
residence time of an electron on an NC increases. Deep traps
are particularly detrimental to the carrier transport in NC
devices at low electric biases and lattices otherwise free from
disorders.

Taken together, these results indicate that in trying to
develop NC thin� lms with higher carrier mobility, priority
should be placed on (1) removing electronic deep trap states,
(2) achieving highly monodisperse NCs to minimize the
energetic disorder, (3) fabricating dense NC thin-� lm
structures to decrease the distance between neighboring
NCs. Progress toward these goals has already been achieved.
For example, trap states can be reduced by engineering NC
mixture,8 surface passivation,60 facet control,61 and � lm
deposition techniques.62 Small-size dispersion can be achieved
via surfactant-assisted synthesis63 and atomically precise
control of NC synthesis has been developed.64 Finally, dense
� lms can be obtained via the selection of short ligands,37 and
postprocessing, by applying high pressure on NC� lms, it is
possible to control the packing fraction of NC solids.65

This work underscores how DFT-parameterized three-
dimensional (3D) models of NC thin� lms can be used to
obtain deeper understanding of transport and provide insight
into how to control mobility in NC solids. Looking forward,
we see several paths to extend this work. First, NC structures
with other types of experimentally observed types of disorder,
such as polycrystalline samples66 or disorders at multiple
length scales,22 could be computationally generated. Second,

this work is parameterized through� tting to DFT calculations
of size-dependent reorganization energy and electronic
coupling of iodine ligand-terminated PbS NCs.8 However,
the model is equally applicable to other NC systems, provided
charge transport occurs through phonon-assisted hopping. A
number of recent studies provide parameterization of other
materials, such as CdSe and InP NCs and ligand systems.67� 69

Finally, the KMC model implementation contains assumptions
that can be easily changed to allow for more complexity in the
physical model of transport in the NC solid. For example, the
electronic coupling we consider in this study is isotropic, and
hopping occurs only between neighboring NCs; however, it
would be possible to use the same framework and include
orientational-dependent electronic coupling41,70 or variable
range hopping6 into the simulation.

� COMPUTATIONAL METHODS
Construction of NC Structures with Positional Disorders.

The structures with missing NCs and misaligned NCs are constructed
by starting with an FCC lattice (having dimensions of 20× 20 × 20
unit cells) free from disorders and formed by 32,000 LJ particles and
running MD simulations in the NVT ensemble with CP2K. The size
of the simulation box with three-dimensional periodic boundary
conditions (3D PBCs) is kept unchanged. To obtain structures with
di� erent extents of misalignment, a series of temperatures (5, 10, and
100 K) are applied and the lattice is relaxed. Similarly, structures with
di� erent amounts of missing NCs (Figure 2f) are constructed by
randomly removing 1� 6% of the LJ particles from the same initial
perfect FCC lattice, and a heating temperature of 5 K is used. To form
RCP superlattices, we employ a particle packing algorithm in the
GrainGeo toolbox of the GeoDict2019 software (Math2Market
GmbH, Kaiserslauten, Germany).42 32 000 spherical particles are
closely packed in a cubic box with 3D PBCs through the random
seeds growing method to achieve packing fraction [i.e.,� lling factor
(FF)] ranging from 62 to 56% (Figure 2g). Result� les from MD
simulations and particle packing contain information of particle
coordinates and sizes, which are then imported into MATLAB in
order to quantify disorder quanti� cation and are used for the KMC
simulations to calculate charge-carrier mobility within these ordered/
disordered structures.

Creation of GISAXS Spectra and Extraction of PDFs.The
generated structures are fed into BornAgain 1.17.0 (2020) software to
simulate GISAXS spectra.71 We select an incident beam of wavelength
of 1.157 Å. The incident grazing angle on the surface of the sample
and the in-plane direction of the incident beam are set to be 0.25° and
0.0°, respectively. We apply a spherical detector as default and assume
no background signal in the simulation for simplicity. The arti� cial
structures are placed with the (111) plane parallel to the substrate.
The PDF extraction� ow from the GISAXS spectrum is demonstrated
in Supporting InformationFigure S1. PDF is obtained by inverse
discrete Fourier transform of the azimuthal integration of the 2D
GISAXS spectrum.

ToF and RW Simulations Based on the Marcus Theory.The
input parameters for ToF and RW simulations are� tted and
extrapolated from DFT calculations. Detailed processes as well as
experimentally measured ToF transients are described in the previous
work.8 For consistency, here, we employ the same set of parameter
values. Under the assumption that electronic coupling has no
orientational preference in NC superlattices formed by spherical
PbS nanocrystals, the� nal value set of the parameters to calculate
electronic coupling is taken to be in Supporting Information SITable
1. In both simulations, along thez-axis (transport direction), we apply
a series of biasesEcovering the whole low� eld regime (left-hand side
of the red dashed line in Supporting InformationFigure S2) and the
edge of the high� eld regime (gray shaded areas in Supporting
InformationFigure S2). To run RW simulations, the electron carriers
are left di� using in NC thin� lms for 10× longer than the time used in
ToF simulations for each bias. Two methods employed to calculate
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electron mobilities using RW simulation are described in detail in
Supporting InformationSI2. The results of both simulations are
shown in Supporting InformationFigure S2.

Electric Field-Dependent Charge Transport in NC Thin
Films with Deep Traps.We employ the perfectly ordered FCC and
the disordered RCP (where the energetic disorder and the positional
disorder are correlated) NC structures (corresponding to NC
con� gurations i and iv in Section III inResults and Discussion).
2% of NCs in the structure (640 out of 32,000 NCs) are picked as
deep trap states. The top band energy distribution of the deep traps in
the RCP lattice is plotted in Supporting InformationFigure S7. Here,
we use NC with a radius of 1.6 nm; therefore, the trap depth is 200
meV according to the DFT calculation.4 When a charge carrier hops
onto or out of the trap NCs, the extra 200 meV trap depth will be
subtracted from or added onto the energy o� set� E (eq 6).
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