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Stop Blaming Hopping Conduction in Nanocrystal Arrays,
Use it for Active Photonics!

Nicolas Ledos, Tung H. Dang, Mariarosa Cavallo, Huichen Zhang, Erwan Bossavit,
Adrien Khalili, Lam Nguyen Do, Charlie Gréboval, Sandrine Ithurria, James K. Utterback,
Debora Pierucci, Gregory Vincent, Angela Vasanelli, and Emmanuel Lhuillier*

Nanocrystals (NCs) are now established building blocks for photonic
applications. However, their integration for optoelectronics has not yet
reached the same level of maturity, in part due to the perceived bottleneck
that is the inherent limited mobility resulting from hopping conduction.
Significant efforts are made to improve this mobility, notably by tuning the
particle surface chemistry to enable larger interparticle electronic coupling,
and values of mobility of ≈10 cm2 V−1 s−1 have been achieved. It is
acknowledged that this value remains significantly lower than those obtained
in 2D electron gases but is on par with the mobility reported for vertical
transport in epitaxially grown heterostructures with similar confinement
energies. Since there appears to be limited perspectives for further increasing
mobility values, a suggestion is made that efforts should instead be directed
toward exploring the potential benefits offered by hopping conduction. One of
these benefits is the bias dependence of the diffusion length, which plays a
key role in designing bias-reconfigurable optical responses for NC-based
devices. Some recent achievements in building bias-activated devices will be
reviewed and the essential criteria for designing future structures will be
discussed. Ultimately, hopping conduction is an opportunity to generate new
functionalities that low-disorder materials would be unable to provide.
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1. A Brief History of Charge
Carrier Transport in Nanocrystal
Thin Films

Initially, the interest for semiconduc-
tor NCs lay mainly in their optical
properties. As low-dimensional semi-
conductors, they offer the advantage
of a tunable optical spectrum based
simply on size. Indeed, introducing
quantum confinement to semiconduc-
tors by reducing their dimensionality
provides a means to continuously tune
the bandgap values, as illustrated in
Figure 1a, which emerged as an alterna-
tive to alloying. This phenomenon not
only increases the band edge energy com-
pared to bulk materials but also dis-
cretizes their density of states, which pro-
vides additional properties to nanocrys-
tals compared to bulk and thin films.
Thanks to these properties, nanocrys-
tals have achieved remarkable success
in various applications as optically active
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Figure 1. a) Schematized electronic band structure of a semiconductor
and its discretization upon confinement. b) Image of plexiglass tubes
coated with CdSe NCs of various sizes. The redder the tube, the larger
the NCs.

semiconductor platforms. They have proven valuable as biola-
bels, single photon sources, and particularly as downconverters
for wide gamut displays. In such displays, nanocrystals serve as
narrow green and red emitters, exemplified in Figure 1b.

Works focusing on other properties of NCs did not arrive until
later. Indeed, despite the first successful synthesis of monodis-
perse colloidal nanocrystals in the early 90s,[1] it took nearly a
decade before studies focused on electronic transport in NC ar-
rays were conducted.[2,3] This aspect is crucial to the development
of optoelectronic devices based on NCs. This is because the tran-
sition from an optically active platform to an optoelectronic one
for NCs requires efficient charge conduction inside the NC array,
which is a weakly coupled polycrystalline assembly. Making these
assemblies conductive has proven to be a difficult challenge.

The main concern for transport inside NC arrays is electronic
coupling between individual NCs, since charge transport in these
structures occurs thanks to the quantum tunneling of electrons.
Paradoxically, the long native ligands from the widely used hot in-
jection method that are responsible for the narrow size distribu-
tion also present a significant bottleneck for charge conduction.
The extended carbon chains of these capping ligands act as tun-
nel barriers for the conducting charges, with widths matching the

ligand length and heights typically in the range of a few electron
volts, depending on the ligand’s specific nature. Films of NCs that
are capped with these ligands are then not conductive. Early at-
tempts to improve film conductivity thus involved annealing the
NC array to remove the native ligands.[2,3] However, this approach
presents several issues. First, it causes particle sintering, result-
ing in a loss of quantum confinement. Additionally, it leaves
the surface partially unpassivated, which strongly affects opti-
cal properties (band edge energy and sharpness, luminescence
efficiency…).[4] Instead of removing ligands, later strategies thus
focused on carefully choosing the ligand’s size and chemical na-
ture to enhance the particle coupling. Although there have been
many attempts to design ligands with conjugated chains,[5–7] the
general consensus is that higher coupling is generally obtained
with shorter ligands.[8,9]

2. The Mobility Challenge in Nanocrystal Thin
Films

Since then, several approaches have been developed to replace
the long initial ligands. One approach, known as solid-state lig-
and exchange (see Figure 2), involves a two-step process: deposit-
ing nanocrystals onto a substrate and then immersing the film
in a solution of shorter ligands. Since the native ligands are la-
bile, they can easily be removed from the surface and replaced
by new ligands introduced from the solution. If the new ligands
are provided in excess and have a strong affinity for the nanocrys-
tal surface, an efficient ligand exchange can take place. This pro-
cess can be monitored using infrared spectroscopy by following
the drop in absorption of the C─H bonds. Additionally, electrical
measurements can be conducted if the ligand exchange occurs
directly on a device. As a result of this ligand exchange, a signif-
icant increase in the conductivity and photoconductivity of the
NC array is generally observed. This improvement in conductiv-
ity is primarily attributed to an increase in mobility (μ) as reduced
interparticle distance favors charge delocalization. Generally, the
mobility increases from an extremely low value in the range of
10−8–10−6 cm2 V−1 s−1 to ≈10−4-10−2 cm2 V−1 s−1,[10] as depicted
in Figure 3a. The final mobility value depends on the complete-
ness of the ligand exchange and the length of the final ligands.
Interestingly, even with these relatively low mobilities, a fast pho-
toresponse (i.e., sub-nanosecond) can still be obtained.[11–14]

Despite its potential advantages, this method suffers from cer-
tain limitations. One major drawback arises from the diffusive
nature of ligand exchange, which is only efficient over short dis-
tances. Moreover, as the ligand exchange proceeds, the volume of
the nanocrystals is reduced due to the shortening of their ligand
shell. This reduction in volume leads to the formation of cracks
at a macroscopic level, which is highly detrimental as it results
in relatively slow charge percolation between the electrodes. To
overcome these issues, a multilayer deposition approach can be
employed. However, this technique can quickly become highly
time-consuming, especially when aiming to create thick films.

To address the functional limitations of this method and
achieve higher mobility values, researchers have introduced in-
organic ligands, intending to offer a new level of tunability
for the interparticle tunnel barrier by also tuning its height.
The concept for this second approach involves exchanging the
native ligands for short ions in solution. Although the initial
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Figure 2. a) Schematic of a nanocrystal array capped with long native ligands and b) capped with shorter ligands after ligand exchange.

procedures were quite complex,[15] they have since been sim-
plified, and a wide range of short ions, such as halides and
chalcogenides, have been successfully used.[16–19] As a result, re-
ported mobilities above 1 cm2 V−1 s−1 have been achieved,[20,21]

with record values reaching a few hundred cm2 V−1 s−1.[22]

Simultaneously, efforts have been dedicated to creating or-
dered arrays of necked NCs (mostly PbSe).[23] This area of re-
search has been motivated by the potential applications in de-
signing metamaterials and superlattices. NC superlattices have
been studied extensively, wherein nanocrystals self-assemble
into superstructures with long-distance coherence.[24] How-
ever, in these structures, the nanocrystals typically remain
capped by their native ligands, hindering the emergence of
electronic coupling. The ordered array of necked nanocrys-
tals, by combining self-assembly with electronic coupling,[25]

creates the long-term possibility of inducing new collec-
tive properties.[26] Nevertheless, from a mobility perspective,
it appears that such necked arrays do not provide signif-
icant benefits compared to disordered arrays of the same
materials.[27–32]

In the low mobility regime, hopping conduction is the well-
established model for conduction in a NC array.[33–35] In this
mechanism, charge carriers go from one NC to the next by quan-
tum tunneling. The carrier’s wavefunction is delocalized over the
individual NC, and the inter-NC medium that creates a tunnel
barrier is seen as the bottleneck. As a result, carriers scatter be-
tween localized states, and the transfer involves a tradeoff be-
tween minimizing the energy of the final state and maximizing
the magnitude of the tunneling transmission to this state. The
energies at play in this mechanism are:

• The bandgap EG that determines the thermally activated car-
rier density

• The disorder energy Δ, which primarily reflects the particle
size distribution

• The charging energy EC, which is the cost to add a charge on
a sphere with a given dielectric constant

• The energy drop induced by the application of bias e F D with
e the elementary charge, F the electric field, and D the particle
diameter assuming a spherical shape

Figure 3. a) Mobility of NC arrays as a function of reported years. NCs have been sorted by surface chemistry (long ligands, short ligands, inorganic
ligand, and necked PbSe NCs). b) Photoemission mapping for Hg 5d state coating two electrodes from a field-effect transistor while 5 V bias is applied
over the two electrodes. c) The shift of the binding energy of the Hg 5d state in the gap between the two electrodes shows a quasi-linear bias change
from one electrode to the other, a behavior consistent with diffusive transport. Figures (b) and (c) are adapted with permission from ref.[36] Copyright
{2023} American Chemical Society.
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Figure 4. a) Energy profile from an InAs/InAsSb superlattice. Γ6 depicts the conduction band profile, whereas Γ8h/l,repectively, the heavy hole and light
hole band. In blue is the conduction band miniband, while green and red are the valence band minibands. Vc and Vh depict the band offset between InAs
and InAsSb for the conduction and valence band, respectively. b) Calculated energy dispersion along and perpendicular to the confinement. Figures are
adapted from ref.[47]

• The thermal energy kbT with kb the Boltzmann constant and T
the temperature

A recent study utilizing photoemission imaging[36] to map
the energy landscape of devices (as shown in Figure 3b) reveals
that the bias drop between the electrodes in a nanocrystal-based
field-effect transistor follows a quasi-linear trend (as depicted in
Figure 3c). This behavior is expected for diffusive transport, in
contrast to the case of ballistic transport, where the electric field
remains almost null in the bulk of the structure and accumulates
at the interface.

3. Competition Between Confinement and
Transport

The mechanism governing electronic transport in high-mobility
films has been a subject of debate.[37] Particularly, the tempera-
ture dependence of the mobility may exhibit a behavior similar
to metals, which has been interpreted as a signature of band-
like transport.[38–43] This raised significant expectations for fur-
ther increasing mobility, especially when new high-mobility ma-
terials like graphene and transition metal dichalcogenides were
also emerging.[44] However, comparing the mobility of NCs with
that of 2D materials and the exceptionally high mobility of GaAs
2D electron gas (with μ approaching 108 cm2 V−1 s−1)[45] is mis-
leading, see Figure 3a. This comparison disregards the influ-
ence of quantum confinement, which underlies all the optical
properties of NCs. A more appropriate comparison can be made
with semiconductor heterostructures, as NCs are gaining popu-
larity in infrared sensing,[46] a field where these heterostructures
have been utilized for decades. Quantum well-based heterostruc-
tures in semiconductors offer a combination of confinement, for
optical design, and efficient charge transport, occurring either
within the well or perpendicular to it. By examining transport
in both directions, we can directly quantify the “mobility cost”

arising from the quantum confinement used to shape the spec-
tral response of the heterostructure. A study on this subject has
been conducted with type II superlattices made of InAs/InAsSb
heterostructures,[47] as shown in Figure 4.

In this study, the Sb content was carefully selected to fulfill
two requirements. First, it must maintain a lattice matching with
both InAs and the substrate, and second, it must induce a band
shift, particularly in the valence band, as illustrated in Figure 4a.
Subsequently, electronic dispersion calculations were performed
(Figure 4b) parallel and perpendicular to the well direction.
Since transport parallel to the well direction is unaffected by
quantum confinement, comparing the dispersion between the
two directions directly shows the effect of confinement. The con-
duction band dispersion (labeled E1) is only marginally affected,
consistent with the weak conduction band offset. In contrast, the
situation for the valence band’s ground state exhibits significant
differences. Due to the 300 meV offset (a confinement energy
similar to what is observed for colloidal NCs in which most values
span from 100 to 1000 meV)[48,49] in energy induced by the pres-
ence of Sb, holes become confined in the InAsSb layer, leading to
a flattening of the band structure. Because the effective mass m*
is a direct measurement of the band curvature 1/ m*= 1

ℏ

𝜕2E
𝜕k2

, a
flatter band translates into an increased effective mass. The latter
impacts the transport since the mobility is directly connected to
the mass through μ = e𝜏

m∗ with 𝜏 the scattering lifetime (i.e., the
equivalent of the hopping time for NC arrays). The authors then
calculated that the high mobility of InAsSb (>1000 cm2 V−1 s−1

for bulk) results in an “across-heterostructure” mobility of
13.4 cm2 V−1 s −1.[50] Notably, this drop in mobility is solely
attributable to confinement, as the model neglects any potential
imperfections that could further reduce the actual mobility.

The key takeaway from this study is that even when starting
from monocrystalline semiconductor films, carefully grown epi-
taxially, the introduction of 300 meV of confinement leads to
a final effective mobility value comparable to the best-reported
values for NC arrays. Thus, miniband formation in NC array is

Adv. Mater. Technol. 2024, 2301463 2301463 (4 of 13) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Schematic of an infrared NC-based sensor in which the grating acts simultaneously as interdigitated electrodes and as a plasmonic grating.
b) Normalized photocurrent spectra under various applied biases. c) Simulated absorption map in TM polarization at 2.8 μm for the device depicted in
part a. d) Simulated absorption spectra for the two regions of the device as depicted in part (c). Region 1 (between electrodes) is blue-shifted compared
to region 2 (on top of gold grating). Figure is adapted with permission from ref. [60]. Copyright {2021} American Chemical Society.

unlikely to increase significantly the carrier mobility, given their
higher disorder. Therefore, efforts should be focused on the ben-
efit of hopping and associated properties that cannot be achieved
using epitaxially grown material. Our belief is that hopping can
be crucial in rendering NC-based devices active, particularly in
bias reconfigurable applications, as the field of active photonics
is driven by mechanical resonators (the so-called MEMS)[51] and
phase change materials (Ge-based chalcogenides).[52,53] In the last
part of this discussion, we thus focus on how the properties of
hopping transport have been utilized to introduce novel ways of
reconfiguring spectral responses with bias in NC-based devices.

4. Bias-Reconfigurable Optical Modulation with
Nanocrystal Thin Films

The typical method to induce spectral tunability through the ap-
plication of bias in semiconductors is achieved using the Stark
effect.[54] Under an electric field, the effective bandgap is reduced,
resulting in a redshift of the spectral response. This effect is com-
monly used in designing light modulators by applying electric
fields of ≈100 kV cm−1. In NCs, a similar effect is observed,[55–58]

and this fundamental observation has sparked interest in using
NCs as trackers of neuron activity.[59] However, the practical use
of this effect is limited due to the relatively large electric field re-
quired for its observation. Therefore, exploring alternative strate-
gies to achieve field-induced reconfigurability is of great interest.

Recently Dang et al.[60] observed in a device dedicated to in-
frared sensing (Figure 5a) a spectral shift of the photocurrent
spectrum with applied bias. Surprisingly, the observed shift was
a blueshift (Figure 5b), while the Stark effect typically leads to

a redshift of the response. Although the magnitude of the shift
was modest and smaller than the exciton linewidth, it was still
observable even at weak electric fields of ≈15 kV.cm−1 (i.e., cor-
responding to 8 mV drop over a 5 nm NC which stays very
small compared to its bandgap). Since this phenomenon can-
not be attributed to the Stark effect, and it is not observed in
a bare NC film, the origin of the reconfigurable response is at-
tributed to the use of a light resonator. In the device shown in
Figure 5a, the grating serves a dual purpose: it acts both as in-
terdigitated electrodes and as a plasmonic grating. The period of
the plasmonic grating is chosen to generate resonances, with the
wavelength of resonance almost matching the band edge of the
NCs. Originally, the plasmonic cavity was intended to enhance
light absorption by focusing the light over a slab of NCs with
a thickness more compatible with the limited diffusion length.
However, the presence of the resonator also induces an inho-
mogeneous distribution in the absorption map, as illustrated in
Figure 5c. A cavity is formed between the grating stripes and
the top gold layer of the device. Inside the cavity (region 2 in
Figure 5c), the resonance of the cavity leads to a different ab-
sorption spectrum of the NCs than outside (region 1): the absorp-
tion spectrum is red-shifted (Figure 5d) in region 2 compared to
region 1.

Then, hopping comes into play! Indeed, the mechanism of
hopping transport plays a crucial role in how this difference
of inhomogeneous absorption leads to a bias-reconfigurable
response.[61] Figure 6a illustrates a schematized hopping trans-
port in various situations, ranging from a monodisperse popu-
lation with no applied field to a polydisperse size distribution in
the presence of an electric field.

Adv. Mater. Technol. 2024, 2301463 2301463 (5 of 13) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

 2365709x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202301463 by B
ibliothèque de Sorbonne U

niversité, W
iley O

nline L
ibrary on [12/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 6. a) Schematic of an NC array energy profile in different situations. From top to bottom: no electric field is applied and size distribution is
monodisperse; no electric field is applied and size distribution is polydisperse; a weak field is applied and size distribution is polydisperse; a large
electric field is applied and size distribution is polydisperse. b) Measured electron and hole mobilities from an HgTe NC array as a function of the
applied bias voltage. Part (b) is adapted with permission from ref. [71]. Copyright {2022} American Chemical Society.

In the absence of a field and for monodisperse NCs, carrier
movement follows a random walk with no preferential direc-
tion, resulting in a zero global current. In a more realistic model,
when the size distribution is polydisperse, quantum confinement
leads to a distribution of band edge energies. Larger NCs, which
are less confined, have a reduced bandgap and effectively act
as traps in the low carrier density limit.[62,63] Conversely, if the
NC array becomes charged (through gating,[10] doping,[9] or self-
doping[64–66]), the larger dots are the first to become fully filled,
rendering them inactive for transport and making the percolation
path more tortuous.

Once an electric field (F) is applied, a bias drop occurs across
the NC, resulting in a net current. We can introduce an en-
ergy term Δ that represents the energy disorder induced by the
size distribution. With this term, we can define a weak field
limit, when the drop in energy between two adjacent nanocrystals
(e F D) remains of the same magnitude as Δ. In a 3D NC array,
carriers follow a complex pathway where the location of the next
hop is determined by which adjacent NC has the lowest energy.
In the weak field limit, the energy can be minimized either by
following the potential drop induced by the applied field or by
going to a particle with a bigger size and a reduced confinement,
since the difference in energy gained from both these choices
is equivalent. Consequently, transport does not necessarily occur
along the field direction, and a diffusive 3D path is followed with
a less effective pathway. This diffusive behavior is characterized
by the diffusion length LD, which is related to the carrier life-
time 𝜏 through LD (F, T) =

√
D0(F, T) ⋅ 𝜏 . When the magnitude

of the field is increased and reaches the limit where e F D > Δ,
it becomes more favorable to minimize energy by following the
bias drop rather than following a perpendicular pathway along
the direction of weaker confinement. In other words, transport
becomes less diffusive, and fewer hopping steps are required to
transport charges from one electrode to the other.[67] In this field-
assisted hopping transport,[68] the diffusion coefficient can be de-

scribed by an effective model D(F,T) = D0(T)+A(F,T) F2,[69,70]

where D0(T) is the diffusion coefficient in the zero-field limit, F
is the magnitude of the electric field, and A(F,T) is a coupling
factor. This increase in the diffusion coefficient translates macro-
scopically into a rise in carrier mobility. In other words, mobility
is higher under a higher applied bias, as observed experimentally
in Figure 6b, and the diffusion length is bias-dependent.

We can now understand the bias-induced shift of the photocur-
rent spectra (Figure 5b) thanks to a combination of inhomoge-
neous absorption mapping and bias-dependent diffusion length.
At low bias, charge collection near the electrode is favored, mak-
ing the spectral response similar to the mode located close to the
electrode (defined as Region 2 in Figure 5c). The absorption in
this mode is driven by the metal-dielectric-metal cavity defined
between the grating stripes and the top metal layer. This mode ap-
pears slightly redshifted compared to the response of the material
away from the electrode (Figure 5d and Region 1 in Figure 5c).
When the field is increased, charge collection away from the
electrode gains relative weight, and the photocurrent spectrum
becomes more similar to the absorption away from the vertical
cavity.

5. Application to Active Photonic Devices

Now, coming back to the basic design of bias-reconfigurable NC-
based photonic structures, we can say that bias-reconfigurability
is a combination of two factors: i) spatially inhomogeneous ab-
sorption and ii) bias-dependent mobility/diffusion length, which
appears to be an intrinsic property of NC arrays. However, to uti-
lize bias dependence effectively, the device characteristic length
must roughly match the diffusion length. This explains why such
bias dependency is not observed in most planar devices based
on NCs, where the electrode spacing is generally above 1 μm,
significantly exceeding the diffusion length. Concerning vertical
diodes, in which the device length matches this condition, the

Adv. Mater. Technol. 2024, 2301463 2301463 (6 of 13) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. a) Schematic of a gold grating deposited on glass and coated with a NC film. b) Normalized photocurrent spectra under various applied bias
voltages for the device depicted in part (a). Figures are adapted with permission from ref. [71] Copyright {2022} American Chemical Society.

absorption is generally spatially homogeneous. The spatial shap-
ing of the electromagnetic field inside the device can be achieved
by introducing a photonic cavity to the structure. A plasmonic
grating is resonant for a period p≈𝜆/n, with 𝜆 being the resonance
wavelength and n the refractive index. In NC films, the refractive
index ranges from 2 to 3 depending on the material[72] and par-
ticularly on the surface chemistry and packing.[73,74] The more ef-
ficient the ligand exchange, the higher the refractive index. Sim-
ilarly, the use of a Fabry-Perot cavity will lead to a cavity size L
with a scaling of 𝜆/2n. The consequence of such scaling is that
targeting longer wavelengths requires larger structures, and their
size may become larger than the diffusion length. This is cer-
tainly why this approach has been successful mostly in the near
and short-wave infrared regions. This strategy can be extended to-
ward shorter wavelengths, especially in the visible range.[60,71,75]

However, in this case, where smaller structures are required, the
challenge lies in the nanofabrication: the smaller the structure,
the harder they are to fabricate.

To confirm that the two key ingredients contributing to a bias-
tunable response are indeed the combination of an inhomoge-
neous absorption map and a bias-dependent diffusion length re-
sulting from hopping, Dang et al.[71] proposed a second structure,
as shown in Figure 7a. While their initial structure was primarily
designed to enhance the absorption magnitude, the second one
was made to enhance the spatial inhomogeneity of the absorp-
tion map. The second significant advantage of this structure is
its simplicity. The device consists of interdigitated gold electrodes
on glass, coated with a film of NCs. Such a structure aligns with
the most conventional device geometry for conducting transport
in an NC array. The critical choice here lies in the geometrical fac-
tors that enable the bias reconfigurability of the response. The de-
vice encompasses two electromagnetic modes: a plasmonic mode
generated by the metal grating, whose resonant wavelength is de-
termined by the grating period, and a planar Fabry-Perot cavity
arising from the index mismatch between the NC film on top
of the glass and the same material on top of the metal. Conse-
quently, the film between the electrodes acts as a horizontal cav-
ity. The grating period (p) and digit size (s) are chosen to ensure
that both modes are not only spatially separate but also spectrally
distinct (appearing at 2.3 and 3.2 μm, as seen in Figure 7b). This
modified device now exhibits a significantly enhanced bias re-
configurability compared to the previous case,[71] as depicted in
Figure 5b. Instead of just a small spectral shift, the relative mag-

nitudes of the two electromagnetic modes in the photocurrent
spectra can be altered by a factor of 2. Furthermore, whereas the
previous shift was only observed at cryogenic temperatures (i.e.,
below 120 K), the bias tunability is now maintained up to almost
room temperature.

The two previous structures rely on a continuous film of NCs
functionalizing a grating. This configuration makes the electro-
magnetic modes leaky, which limits their spatial separation. To
further enhance the spatial inhomogeneity of the electromag-
netic field, Dang et al.[75] later proposed a new periodic struc-
ture with two patterns per period, and two different spacings, as
shown in Figure 8a. The grating is still used as an interdigitated
electrode to enable planar photoconduction. Each interelectrode
medium acts as a cavity and the generated resonances have very
weak spatial overlap. The spectral responses of each of these cavi-
ties are depicted in Figure 8b. At low bias, the photocurrent spec-
trum corresponds to the absorption from the large groove only,
as shown in Figure 8c. This is due to the larger amount of NCs
in this region, leading to stronger absorption compared to the
small groove. When the bias is increased, the absorption of the
small groove gains spectral weight: due to the smaller distance
between electrodes, the applied field is larger compared to the
large groove and charge transport becomes more efficient. By ap-
plying very limited bias voltages (up to 1 V), the spectral weight
of the small groove can be modulated on and off by a factor of 50,
as seen in the inset of Figure 8c. An important question left un-
addressed is the speed of modulation, which can be critical with
the use of such component as a modulator in mind. Nevertheless
the planar character of the latest devices tends to reduce their ca-
pacitance which probably favors high speed modulation.

These works open up the possibility for an actively reconfig-
urable photoresponse in NC-based devices. Contrasting with the
common strategies of achieving spectral tunability through ge-
ometrical adjustments (particle size, resonator geometry), these
works create possibilities for integrating active filters at the chip
level. Certainly, as one of the goals of using infrared NCs is cost
disruption, it is critical to achieve competitive costs not only in
the NC growth compared to epitaxial growth, but also in the en-
tire packaging of the final device. Further cost reductions can
be anticipated by integrating optical functions at the chip level.
Another benefit of this response reconfigurability is its ability
to prevent the use of countermeasures to the detectors. A typi-
cal method to disturb the observation of an infrared scene is to

Adv. Mater. Technol. 2024, 2301463 2301463 (7 of 13) © 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 8. a)Schematic of a two pattern per period (with one gap of 200 nm and the other being 400 nm wide) grating coated with infrared NCs.
b) Simulated absorption spectra for the total structure depicted in part a and each gap. c) Normalized photocurrent spectra under various applied
biases show that the response of the small gap can be turned on and off. The inset provides the bias dependence of the photocurrent ratio at 1.7 μm
(narrow groove) and at 1.55 μm (corresponding to the large groove). Figure is adapted with permission from ref. [75] Copyright {2023} American
Chemical Society.

blur the sensor using a laser. Here, we demonstrate that photore-
sponse can be reduced over narrow spectral lines matching con-
ventional countermeasure wavelengths (1.064, 1.55, 10.6 μm…).
This makes these reconfigurable devices capable of operating
even if countermeasures are activated.

6. Conclusion

Hopping conduction and its inherent limited mobility have long
been regarded as a bottleneck for the optoelectronic integration
of NCs, which was expected to prevent the handling of high
currents or achieve rapid current modulation. However, both of
these objectives have now been realized in LEDs,[76] and infrared
sensors,[11–14] respectively. Additionally, through surface chem-
istry modifications, mobility values (≈10 cm2.V−1.s−1) have ap-
proached those achieved in epitaxially grown heterostructures
that include quantum confinement. Therefore, hopping should
instead be regarded as an opportunity to generate novel proper-
ties that cannot be attained in semiconductors featuring ballistic
transport. One of these properties is the bias-dependent diffu-
sion length, which, when coupled with a thoughtfully designed
electromagnetic field, enables the active reconfigurability of the
spectral response–a realm where NCs had not been previously in-
volved. Over a few years, the concept of this bias-tunable response
has evolved from observing marginal spectral shifts to attaining
the full capability to switch the response on and off within a spe-
cific spectral range. Now, there is a need to expand the potential
of the filtering function, broaden the spectral range in which they
can operate, and ultimately extend the concept toward integration
into a complete imaging system.
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