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ABSTRACT
Two-dimensional quantum dot (QD) arrays are considered as promising candidates for a wide range of applications that heavily rely on their
transport properties. Existing QD films, however, are mainly made of either toxic or heavy-metal-based materials, limiting their applications
and the commercialization of devices. In this theoretical study, we provide a detailed analysis of the transport properties of “green” colloidal
QD films (In-based and Ga-based), identifying possible alternatives to their currently used toxic counterparts. We show how changing the
composition, stoichiometry, and the distance between the QDs in the array affects the resulting carrier mobility for different operating tem-
peratures. We find that InAs QD films exhibit high carrier mobilities, even higher compared to previously modeled CdSe (zb) QD films. We
also provide the first insights into the transport properties of properly passivated InP and GaSb QD films and envisage how realistic systems
could benefit from those properties. Ideally passivated InP QD films can exhibit mobilities an order of magnitude larger compared to what
is presently achievable experimentally, which show the smallest variation with (i) increasing temperature when the QDs in the array are
very close and (ii) an increasing interdot distance at low operating temperatures (70 K), among the materials considered here, making InP a
potentially ideal replacement for PbS. Finally, we show that by engineering the QD stoichiometry, it is possible to enhance the film’s transport
properties, paving the way for the synthesis of higher performance devices.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078375

INTRODUCTION

The unique size-tunable optical properties of semiconductor
quantum dots (QDs) make these systems ideal candidates for a
wide range of applications.1,2 In addition, the combination of strong
interdot coupling along with the assembly of QDs in arrays can
create novel materials that take advantage of such properties and
the high carrier mobilities of the bulk.3 However, the mechanisms
involved in carrier transport in these materials are still debated. One
of the approaches is to model carrier transport by hopping, where
the electron “hops” from a localized quantum dot state to another
in the array.4 Another approach is to model carrier transport by

band-like mechanisms: the array regimentation leads to the rise of a
band structure from the isolated QD states (miniband structure due
to the narrower band widths).5,6 In general, it is accepted that the
signature of band-like transport is the decrease in carrier mobility
with temperature, although this behavior could also be reproduced
in hopping transport in a reduced temperature range.6 However, the
experimental trend is toward achieving periodic QD regimentation
and reducing the interdot distances by reducing the size of the lig-
ands. In this regime, the eigenstates of the individual quantum dots
are expected to exhibit strong coupling, leading to band formation.
Aiming to model transport in such systems, we will then apply a
band-like approach.
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A particular case of QD array is the colloidal QD (CQD) film, a
two-dimensional array that, also due to its cost-effective synthesis,7
finds applications in many fields, such as photovoltaics, optoelec-
tronics, LEDs, and transistors.8–11 The best characterized and more
commonly used QD films are made of Cd and Pb chalcogenides,
whose heavy metal content, unfortunately, makes them toxic and
limits their commercialization.12 It is, therefore, crucial to find suit-
able, non-toxic, replacement materials that exhibit similar properties
for a specific application without the environmental cost. We previ-
ously calculated the mobility of zinc blende CdSe and InAs QD films
using a simple approach13 and found that they are similar. This sim-
ilarity in the transport properties of two very different materials is
surprising and seems to suggest that the intrinsic nature of the QD
in this case is unimportant. Using a more sophisticated methodol-
ogy here, we pursue this issue further, extending our investigation to
a wider range of “green” III–V materials, with the aim of identifying
possible alternatives to both Cd- and Pb-based materials for efficient
transport in 2D QD arrays.

METHOD

We study carrier transport in QD films consisting of same-sized
QDs two-dimensionally periodically distributed. In our calculations,
we assume that the electrons are scattered by fluctuations in the dot
size,14 due to the presence of dots with a smaller diameter com-
pared to the periodic ones with radius R–δR acting as scattering
centers (impurity dots). Indeed, owing to the nature of these sys-
tems, phonon scattering, which dominates in the bulk, is negligible
in 2D QD arrays.6 To investigate the effect of different anions, we
considered In-based materials (InP, InAs, and InSb), and we then
studied the effect of changing the cation from InSb to GaSb. Our
periodic dots have a total of 275 atoms while the impurities have
199 atoms and the radius of the QDs differs for each material due
to the different lattice constant. The exact same dots were used
for all materials considered here, but changing the atomic types
accordingly.

Our individual QDs were generated by starting from a cen-
tral atom and adding atomic layers up to a specific cut-off radius.
The QD surfaces were terminated using ideal passivants (eliminating
any surface states).15 The single-particle energies (red dashed lines
in Fig. 1) and wave functions of the isolated dots were obtained by
solving the Schrödinger equation (including spin–orbit coupling),
using the state-of-the-art semiempirical pseudopotential method.16

A periodic array is modeled by placing quantum dots in a square
lattice. The quantum dots were separated by the interdot distance
(d), defined as the distance between the surface atoms of neigh-
boring QDs in the array, measured in bond lengths (b.l.). In our
calculation, we assume 1 b.l. as the minimum distance between
two QDs. Two different stoichiometries were considered in each
case (cation-centered and anion-centered leading to anion-rich
and cation-rich surfaces, respectively). A 1% density of impurities
was assumed as a realistic value in accordance with experimental
samples.17

We solved the Schrödinger equation of the QD film by means
of the tight-binding model using a basis consisting of seven or eight
conduction band eigenstates of the QD, depending on the mate-
rial. This yields the electronic structure of the system, i.e., the QD
film miniband structure, as shown in Fig. 1, where the reduced

miniband widths, compared to bulk, imply increased values for
the corresponding effective masses. In Fig. 1, all minibands are
shifted to lower energies, compared to the positions of the iso-
lated QD levels from which they originate (red dashed lines in
the figure), due to the interdot interactions in the film. Indeed,
according to the tight-binding approach,18 in a simple single-band
case, the lowest energy miniband exhibits a shift from the isolated
dot conduction-band minimum (CBM) energy approximately equal
to the integral ∫ϕ∗CBM(r⃗)∑R⃗n

V(r⃗ − R⃗n)ϕCBM(r⃗)dr⃗, where ϕCBM(r⃗)
is the CBM wave function of the isolated dot, V(r⃗ − R⃗n) is the
potential of the neighboring dot, and the summation runs over
the number of nearest neighbors (four in a square lattice). We
find that GaSb QD films yield the largest value of this integral
(−91 meV per neighbor), hence exhibit the largest shift, followed by
InP (−62 meV per neighbor), InSb (−48.7 meV per neighbor), and
InAs QD films (−46 meV per neighbor), reflecting the shifts shown
in Fig. 1.

In the next step, the semiclassical transport model described in
Ref. 6 is implemented. Fermi’s Golden Rule is used to compute the
electron scattering rates. The scattering mechanism is elastic, and,
therefore, the initial and final states have the same energy. The scat-
tering rate for an electron in the lowest energy miniband to scatter
from state i to state f is obtained as

Γi, f =
2πν

Qs̵hΔE
∣⟨ f ∣ΔV ∣i⟩∣2, (1)

where ν is the impurity ratio in the sample, Qs is the number of states
sampled in the reciprocal space, h is the reduced Planck constant, ΔE
is the energy interval in which scattering is considered elastic (due to
numerical implementation, transitions between states with energies
within the energy interval are considered to conserve energy), f and
i stand for the final and initial eigenstate wave functions, and ΔV is
the perturbation to the periodic potential of the array, i.e., the dif-
ference between the potentials of the periodic and the impurity dot.
This difference is mainly observed close to the QD surface because
the impurities are obtained by removing atoms from the surface of
the periodic dot. As a consequence, the difference between periodic
and impurity QD potentials, together with the behavior of the wave
functions of the initial and final states, is crucial to determine the
flight times between scatterings. The average flight time has been
calculated by averaging the flight times of a sampling of 51 × 51 ini-
tial states in the Brillouin zone. The error corresponds to the flight
time’s standard deviation.

Once Γi, f are obtained for each pair of states in the mini-
band conserving energy, mobility is obtained using the formalism
presented in Ref. 6. For a given electric field, the average elec-
tron velocity depends on the direction of application because of the
anisotropy of the QD film. Two eigenvalues of the mobility tensor
are presented throughout this study for each QD film, correspond-
ing to two perpendicular directions in the 2D plane of the film.
The Fermi energy (EF) was placed at the bottom of the lowermost
conduction miniband. This can be achieved by either a moderate
photodoping in the system or impurity doping in the neighboring
regions. An electric field of 1 × 103 V/m was used, low enough to be
in the ohmic regime and high enough to guarantee the numerical
stability in the calculation.
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FIG. 1. Conduction miniband structure for (a) GaSb, (b) InSb, (c) InAs, and (d) InP QD films in the reciprocal space (black dots), together with the corresponding CB
eigenvalues of the isolated dots (red dashed lines).The calculated energies are relative to vacuum.

In-BASED QD FILMS

Isolated In-based QDs have been proposed as promising can-
didates for replacing their toxic counterparts (e.g., CdSe, PbSe, PbS,
etc.). This work aims at investigating whether this replacement is
also viable in the case of 2D arrays.

The mobility of films of InAs CQDs is calculated for temper-
atures ranging between 50 and 350 K (corresponding to a realistic
range for device operation), and our results are compared with the
available experimental data. Figure 2 illustrates the mobility depen-
dence on temperature for four different interdot separations for this
material. The specific values for d are related to the sampling of the
bulk crystal unit cell in grid points. The values of d correspond to
increments in the QD separations of two grid points. Although the
carrier mobility decreases with increasing temperature, as expected
in band-like transport, this decrease is much less dramatic than what
is found in bulk semiconductors, in agreement with experimental

observation,3,17 due to the different scattering mechanism limiting
transport in the two systems. The decay rate becomes larger with
increasing d: for d = 1 b.l., the decay is ∼ linear, while for larger
d, it becomes more exponential. Additionally, as d is increased, the
mobility value for a given temperature is reduced due to the weaker
wave function overlap between neighboring QDs. In Fig. 3, we inves-
tigate the variation of mobility with increasing separation for two
different temperatures (one for device operation at low tempera-
tures and one for operation at higher temperatures). The mobility
for an interdot separation of 1 bond length is not affected much by
the change in temperature, however, placing the QDs in the array
even further causes the mobility to drop with much faster rates. We
find that this decay is nearly exponential. The origins of this behav-
ior can be attributed to the exponential dependence on d of the wave
function overlap between neighbor quantum dots, which determines
the miniband width (defined as the difference between the lower-
most energy point and the highest energy point of the miniband): the
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FIG. 2. Electron mobility as a function of temperature for InAs QDs, where the QDs are separated by (a) 1, (b) 1.3, (c) 1.6, and (d) 1.9 b.l. The blue circles and red squares
represent the two eigenvalues of the mobility tensor. The blue and red lines are the respective fittings.

larger the overlap, the wider the miniband. Wide minibands lead to
smaller effective masses and, therefore, higher mobilities in general.
Therefore, increasing the interdot distance would result in an expo-
nential increase in the effective mass and, therefore, an exponential
decrease in mobilities (see Fig. S10 in the supplementary material).

For higher temperatures, this decay rate is slightly faster compared to
lower temperatures. It was previously shown experimentally19 that
by using InAs QDs capped with molecular metal chalcogenide lig-
ands, the electron mobility is nearly 1 order of magnitude larger
than what we find here. This is attributed to the fact that those

FIG. 3. Mobility as a function of increasing interdot separation for (a) 70 and (b) 300 K for InAs QD films. The blue circles and red squares represent the mobility tensor
eigenvalues. The dashed lines represent a theoretical fitting to our findings.
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FIG. 4. Mobility as a function of temperature: comparison with the experiment: (a)
Ref. 19. Our mobility eigenvalues (left y axis) are shown as black lines while the
experimental data (right y axis) are presented with blue dots.

ligands act as a “bridging” mechanism for the QDs in the array.
The same study emphasizes the importance of the surface termina-
tion of QDs when it comes to the determination of their transport
properties: different capping agents can yield different interdot
coupling.

Their experimental trend of mobility vs temperature is in qual-
itative agreement with our results as can be seen in Fig. 4(a), where
the range of the y-axis for the two cases is different. (The right-hand
y-axis is obtained by multiplying the y-axis on the left by a factor of
20.) A similar decay rate for the mobility decrease with temperature
was also observed in InAs films20 (i.e., in 2D InAs, as opposed to 2D
arrays of InAs QDs), where band-like transport is expected. Mobil-
ities with similar values (1.1 cm2 V−1 s−1

) to those we find in InAs
QD films were recently measured in MAPbI3 thin films by Sanehira
et al.21 In addition, they synthesized CsPbI3, FAI–CsPbI3, PbS, and
PbSe QD films with mobilities of 0.2, 0.5, 0.04, and 0.08 cm2 V−1 s−1,
respectively, at room temperature, which are all lower compared to
our InAs QD films. These results suggest that (i) InAs QD films
could be good candidates to replace Pb-based QD films, at least from
the point of view of their mobility and (ii) as our transport results
reproduce observed trends, the carrier dynamics in real samples
could be close to that modeled in our approach.

From the point of view of their mobility, InAs QD films can
also be considered as potential replacements for Cd-based QD films.
Indeed, the mobility for zinc blende CdSe (zb) QD films of identical
size to the QDs considered here was predicted13 to be 1 cm2 V−1 s−1

at room temperature and with an interdot separation of 1 bond
length, which is similar to the mobility of InAs QD films in this work,
and it is in agreement with the experiment.3,22

Keeping the cation the same and replacing As with P, we find
that the value of the mobility for all interdot separations and all tem-
peratures is reduced (see Fig. S1 in the supplementary material). The
decay rate with increasing d is similar to InAs (see Fig. S2 in the sup-
plementary material). The mobility reduces gradually from ∼0.65
to ∼0.01 cm2 V−1 s−1 with d increasing from 1 to 2.2 b.l., at room
temperature.

In general, InP QDs commonly synthesized in the lab suffer
from poor surface quality and surface passivation problems, sim-
ilarly to CdS QDs.23 Experimental results on InP QD films were
recently reported24 showing that films based on InP QDs exhibit sur-
face traps problems, leading to weak emission and reduced electron
mobility (0.035 cm2 V−1 s−1

). It was found that the addition of Zn
during the synthesis process leads to the elimination of those traps,
forming InZnP QD films with even lower mobility (as the Zn:In
ratio is increased, the mobility is reduced). The observed mobility for
InP QD films is lower compared to PbSe25

(∼0.1 − 1 cm2 V−1 s−1
)

and it is similar to PbS26
(∼10−3

− 10−2 cm2 V−1 s−1
) QD films,

but an order of magnitude lower compared to CdSe27 QD films
with similar treatments. Our findings show that InP QD films, when
passivated properly,28 can exhibit carrier mobilities of the order of
0.5–0.7 cm2 V−1 s−1 at room temperature. Recently, Crisp et al.29

synthesized InP QD films deposited with crystalline ZnO films,
yielding carrier mobilities of ∼4 cm2 V−1 s−1 and charge separa-
tion between QDs and ZnO. Their films were, however, infilled and
overcoated by ZnO films, which, acting as an electron extraction
layer, greatly improved both the carrier mobility and their lifetime.
In another experiment,19 a ∼96% decrease in mobility (from 1.9 to
0.07 cm2 V−1 s−1), attributed to surface traps and non-ideal passiva-
tion was observed when replacing As with P. We show that an ∼60%
decrease is expected even in the case of ideally passivated QDs. The
sizes of their samples were (4.8± 0.5) nm for InAs and (3.8± 0.4) nm
for InP QDs, about three times larger compared to our QDs. QDs
with a larger size in the array lead to lower mobility values.

InSb has the highest carrier mobility in the bulk among the rest
of the In-based materials considered here,30 however, the electron
mobility at nanoscale is similar to the mobility found in InAs QDs,
for the same interdot separation.31 The variation in the mobility with
increasing temperature and interdot separation for InSb films is pre-
sented in Figs. S3 and S4 (supplementary material). Specifically, we
calculate a mobility of ∼0.82 cm2V−1s−1 at T = 300 K. We see that
InSb lies between InAs and InP in the hierarchy of higher-to-lower
mobility. The behavior of InSb QD films is very similar to the corre-
sponding InAs films described above. Unfortunately, as, to the best
of our knowledge, there are no existing experimental or theoretical
studies on the transport properties of InSb QD films, we could find
no benchmark with which to compare our results.

Ga-BASED QD FILMS

Having considered In-based QD films with different anions, we
then proceeded to replace the cation, obtaining GaSb, a green nano-
material studied before.32 Interestingly, we find that the mobility
becomes about three times smaller compared to InSb. Specifically,
the mobility drops from ∼0.84 to ∼0.28 cm2 V−1 s−1 for d = 1 b.l.
at T = 300 K, as shown in Fig. S5 (supplementary material). We
also find that the two eigenvalues for the calculated mobility for
the smallest separation considered here are closer, compared to the
other materials. This is shown in Fig. S6 (supplementary material)
and it is attributed to the isotropic nature of GaSb lowermost mini-
band structure around gamma, as illustrated in the 2D miniband
representation of Fig. 1(a) for d = 1 b.l. and in a top-view miniband
representation of Fig. S7 (supplementary material). The latter shows
clearly that the lowermost miniband of GaSb QD films for d = 1 b.l.
has an almost perfect circular shape around the miniband minimum,
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while the InP miniband is the most anisotropic. The miniband cur-
vature around the minimum, where most of the carriers are found,
influences the mobility eigenvalues. We find that the change in the
cation atom leads to a smaller wave function overlap between neigh-
boring QDs compared to the In-based materials, yielding the lowest
average flight times of (5.14 ± 2.06) × 10−16 s (see Table S1 in the
supplementary material). These flight times are much shorter than
the flight times originating from phonon scattering in bulk semicon-
ductors, reflecting both the different scattering mechanisms at play
in QD films (impurity) and the magnitude of the resulting mobili-
ties. Indeed, rates of the order of 1016 s−1 were recently calculated33

for elastic alloy disorder scattering (which is similar in nature to
impurity scattering) in III–V superlattices.

Comparing the miniband representations for each material, it is
evident that In-based QD films have a different behavior compared
to GaSb. To fully understand the origins of this difference, we ana-
lyzed the perturbation ΔV of the QD potential due to impurities in
the film [see Eq. (1)]. We found that the perturbation in GaSb has
different features compared to In-based materials, resulting in dif-
ferent typical values of Γ [in Eq. (1)], the transition rate between the
initial (i) and final ( f ) state after scattering. The calculation of the
mobility includes contributions from both the lowermost miniband
width (that is linked to the effective mass) and the flight time of the
carriers during their scattering [that is linked to the typical values of
Γ in Eq. (1)]. We find that GaSb QD films, even though they have
the highest miniband width for nearly all the separations considered
here, exhibit the lowest average flight times (see Fig. 5). In order to
achieve high carrier mobilities, a combination of both large mini-
band widths and high flight times is required. For In-based QD films,
the flight times are similar, therefore, it is the miniband width that
determines the mobility: films of InAs QDs have the largest mini-
band width among the In-based materials, thus, the highest mobility
followed by InSb and InP, reflecting the order of decreasing mini-
band width. On the other hand, GaSb QD films have a miniband
width comparable with InAs QD films and larger than InSb QD
films at d = 1 b.l., however, the flight times for this material are

FIG. 5. Lowermost miniband width and corresponding average flight times for
d = 1 b.l., for each material. The average flight time has been calculated by aver-
aging the flight times of a sampling of 51 × 51 initial states in the Brillouin zone.
The error interval corresponds to the flight time’s standard deviation.

∼4 times lower compared to InSb QD films, yielding the smallest
mobility of all (around three times smaller compared to InSb QD
films).

As an interdot separation of 1 b.l. may be difficult to achieve in
some experimental films, we calculated the variation in the mini-
band width with increasing d, shown in Fig. S10 (supplementary
material). The miniband width decreases with increasing d due to
the weaker wave function overlap between the QDs. The same is
true for the flight times. Consequently, mobilities calculated here
for d = 1 b.l. represent an upper limit for real, lab-synthesized QD
films. Since, to the best of our knowledge, there are no experimental
characterizations of the transport properties of GaSb QD films, with
this theoretical study, we provide the first insights into the transport
properties of this material.

STOICHIOMETRY EFFECT

Together with the material, the stoichiometry of the QDs is
also a vital parameter to take into consideration. We calculated
the transport properties of InAs QD films (we chose the mate-
rial with the highest mobility) using impurity dots with the same
number of atoms but with inverted stoichiometry (and thus, an
anion-rich surface like the periodic dots). In this case, we find that
the resulting mobility at room temperature is increased from ∼0.85
to ∼1.42 cm2 V−1 s−1 for a separation of 1 b.l., as shown in Figs. S7
and S8 (supplementary material).

The mobility for this system is comparable with that observed
in CsPbBr3 perovskite QD films34 (2 cm2 V−1 s−1) and an order
of magnitude higher compared to conventional PbS and PbSe QD
films.21 This can be attributed to the increased overlap between the
wave functions of neighboring dots and to the longer flight times of
the carriers that determine the mobility. Indeed, as there is no effect
of the impurity dot on the miniband structure in first order pertur-
bation theory, the resulting minibands for this case are the same as in
the case of InAs QD films with anion-rich periodic dots and cation-
rich impurities. Consequently, we find that the increase in mobility
obtained inverting the stoichiometry of the impurity dot is due to an
increase in the flight times, as shown in Fig. 5 (where the miniband
width is also shown for each material, along with the corresponding
flight times for d = 1 b.l.). The resulting mobility is higher compared
to the CdSe (zb) QD films that were modeled previously.6,13,35,36

The relation between this width and the interdot separation is
illustrated in the inset of Fig. S10, where we show that as the interdot
separation is increased, the miniband width is reduced due to the
decrease in the wave function overlaps. In our case, the mobility and
the miniband width both have a decay trend with increasing interdot
separation. The deviation from the expected trend in the width at
the lowest separation for InP and InSb is due to the nature of their
miniband structure (see Fig. 1), where the lowermost miniband is
very close to the second conduction eigenstate. As a consequence,
the lowest conduction miniband reaches the lower point in energy
of the following miniband, which blocks the expected expansion of
the lowermost miniband width.

In order to provide a more quantitative estimate of the mobil-
ity dependence on temperature and interdot separation, we fitted
our results with a power law μ = A + Bxn (where x = T, d). Table S2
(supplementary material) contains all the parameter values extracted
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from the fit to our temperature-dependent results. Parameter n indi-
cates how the temperature affects the mobility. Depending on the
interdot separation, we find two separate behaviors: n > 0 for dense
dot arrays and n < 0 for d ∼ 2 b.l. Parameter A shows the mobility
value at T = 0 K (for n > 0) and T ≈∞ (for n < 0). Parameter B is
found to always have the opposite sign compared to n. For n > 0,
the higher the value of B (negative value), the larger the variation
of mobility with increasing T. For n < 0, the higher the value of B
(positive), the smoother the variation is.

The temperature effect on the mobility is an important para-
meter for devices, as higher operating temperatures lead to a sig-
nificant reduction in mobility. Consequently, the goal is to find
materials that combine high mobilities and a “resilient” behavior to
high operating temperatures. We predict that InP QD films should
exhibit the slowest mobility reduction rate with increasing temper-
ature at the smallest separation, as shown in Fig. 6. Although we
find that n, in this case, has the largest (more positive) value com-
pared to the other materials, meaning that the mobility (μ) should
be affected most with increasing temperature (since μ∝ Tn), this is
not the case as the value of B is the smallest leading to the conclusion
that the decay rate is the slowest. The value of n becomes negative
at d = 1.9 b.l. for all In-based QD films considered here, meaning
that as the QDs in the array are placed even further apart, the mobil-
ity is reduced at a higher rate. On the other hand, the behavior of
GaSb QD films is different: even though the decay rate is the fastest
at the smallest separation, as d is increased, the mobility is affected
less with increasing temperature compared to the In-based materi-
als. Specifically, at d = 1.9 b.l., GaSb is the only material to keep a
positive value for n. This indicates that for GaSb QD films, even
though the lowest mobility is predicted, a smaller mobility reduction
rate for 1 < d < 2.2 b.l. is found.

To investigate the effect of interdot separation, we used a sim-
ilar expression μ = C/dm. The values of the extracted fitting para-
meters are shown in Table S3 (supplementary material). Parameters
C and m have a similar effect to B and n in the previous analy-
sis: the larger their value, the larger the dependence of the mobility
to increasing d. We find that at T = 70 K as m has the lowest

FIG. 6. Rate of mobility reduction with increasing temperature (n) vs d according
to the fitting of μ = A + BTn.

FIG. 7. Rate of mobility reduction with increasing d (m) at T = 70 K (red) and
300 K (blue), for each material according to the fitting of μ = C/dm.

value, InP QD films are the least affected by the increase in d, as
shown in Fig. 7. In addition, the value of C is the smallest among
the In-based materials, suggesting that InP QD films would per-
form well at low operating temperatures, being less sensitive to the
interdot separation, which, in realistic systems, could easily exceed
1 b.l. On the other hand, GaSb QD films exhibit the best behavior
at higher temperatures (300 K). Finally, of all materials considered
here, InAs QD films are influenced the most by the increase in d at
both temperatures.

CONCLUSIONS

We calculated the transport properties of promising “green”
QD films for replacing their currently used toxic counterparts (e.g.,
CdSe, PbSe, PbS) in realistic QD films, following a tight-binding
model based on an atomistic approach. We find that (i) as the tem-
perature of the film is increased, the mobility decreases, (ii) this
reduction rate changes from ∼ linear (n > 0) to ∼ Tn

(n < 0) as
the interdot separation is increased, and (iii) the mobility for a spe-
cific temperature is reduced as the separation is increased due to the
decreased overlap between the electron wave functions, resulting in
reduced miniband widths, flight times, and, thus, mobility values.
This is predicted for all materials considered here.

We predict that InAs films exhibit the highest mobility among
the rest of In-based QDs, even higher compared to predictions for
zb CdSe and to experimental Pb-based systems, making InAs QD
films an ideal heavy-metal-free alternative. We see that replacing As
with Sb and then with P leads to small changes in the mobility, while
replacing In with Ga results in a significant decrease in the mobil-
ity. Specifically, we show that the mobilities of ideally passivated InP
QD films could be an order of magnitude larger compared to exper-
iment (where the problematic passivation of real InP QDs prevents
efficient transport). A quantitative investigation was carried out by
applying a theoretical fitting to our results showing that InP QD
films are the most resilient to increasing temperature at d = 1 b.l.
and to increasing d at T = 70 K. We conclude that InP QD films
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can be a good candidate for replacing currently used toxic materi-
als such as PbS. We also show that the mobility of GaSb QD films
is about three times smaller compared to InSb films, even though
they have larger miniband width with increasing interdot separa-
tion. This is attributed to the smallest flight times (almost four times
smaller compared to InSb). Additionally, the two eigenvalues of the
mobility tensor calculated for this material are very close in contrast
with the other materials due to the isotropic nature of the lowermost
miniband, while an anisotropic formation of the miniband struc-
ture leads to a larger difference between the mobility eigenvalues.
This could affect the performance of realistic systems as an isotropic
miniband would imply smaller difference between the two mobility
eigenvalues, meaning that no matter in what direction the contacts
are placed on the film, the observed mobility would be approxi-
mately the same. An anisotropic miniband would lead to a larger
difference between the mobility eigenvalues. As a result, the mea-
sured mobilities would depend on the direction along the film at
which the contacts are positioned. Finally, inverting the stoichiom-
etry of the impurity dot in InAs films leads to a significant increase
in the carrier flight times and, thus, mobility, leading to the con-
clusion that the stoichiometry plays an important role in band-like
transport as it can lead to a dramatic increase in both the wave func-
tion overlap between the QDs in the array and the flight times. This
suggests that a QD film made of QDs with a similar surface composi-
tion could yield higher mobilities. Our findings were compared with
the available experimental data showing good qualitative agreement
with the trend of mobility reduction with increasing temperature for
InAs QDs films, while in the other cases (InSb, InP, and GaSb), we
provide the first insights into the band-like transport in QD films
made of these materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the mobility calculations for
the rest of the materials considered here. The lowermost conduction
miniband visualization in the reciprocal space is also included, along
with the tables of flight times and fitting parameters.
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