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Quantum dots (QDs) are promising materials for optoelectronic applications, but their widespread adop-
tion requires controllable, selective, and scalable deposition methods. While traditional methods like spin
coating and drop casting are suitable for small-scale deposition onto flat substrates, and ink-jet printing
offers precision for small areas, these methods struggle with conformal deposition onto non-planar, large
area substrates or selective deposition onto large area chips. Electrophoretic deposition (EPD) is an
efficient and versatile technique capable of achieving conformal and selective area deposition over large
areas, but its application to QD films has been limited. Previous EPD studies on QD films used QDs with
native ligands, which hinder charge transport in optoelectronic devices. Here, we combined in-solution
ligand exchange with EPD to deposit dense PbSe QD films. Through solvent engineering, we controlled
the growth rate of PbSe QD films and used an in situ quartz crystal microbalance to measure the growth
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rate as a function of applied potential. We demonstrated the efficacy of this methodology by conformally
depositing PbSe QD films onto textured silicon substrates via EPD and fabricating infrared photodetectors.
The responsivity of the as-fabricated IR PDs at 1200 nm was ~0.01 AW tand response times were 4.6 ms

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 2568. Downloaded on 6/2/2569 19:40:28.

(cc)

rsc.li/nanoscale (on) and 4.7 ms (off).

Introduction

Quantum dots (QDs) are nanoscale semiconductor crystals
that exhibit size-dependent optical properties,"> making them
an attractive class of materials for applications including
detectors,®” lasers,” and LEDs.®” Over the past 30 years, new
QD materials have been extensively researched, including non-
toxic alternatives®® and smaller bandgap materials™ (i.e.
HgTe) that push QD functionality into the mid-IR.'* Despite
the injection of new materials into the QD field, lead chalco-
genides (PbSe and PbS) continue to be actively researched due
to their performance over a significant range of the electro-
magnetic spectrum, from the NIR to the mid-IR, as well as
their well-characterized physical, chemical, and electrical
behaviors."”'*™*® The high atomic number of Pb also makes Pb
chalcogenides extremely attractive materials for higher energy
radiation detectors, such as X-rays'® and gamma rays."”
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However, detecting high energy radiation requires sufficiently
thick films to absorb and quantify the incident radiation,
which presents a significant challenge for QD-based device
fabrication.

Creating thick, high-quality QD films necessitates tech-
niques beyond spin coating and drop casting"®'® to accommo-
date essential advances like ligand exchange, patterned depo-
sition, and non-planar geometries. Colloidal QDs typically
have long insulating ligands that, while beneficial for colloidal
stability in solution, significantly impede carrier transport
when assembled into a film.?° Traditionally, solid-state ligand
exchange, to shorter more conductive ligands, is performed on
QD films after deposition.>'>* However, this process is time-
consuming when performed layer-by-layer, and is inefficient,
often leading to cracking, for thick films. Therefore, in-solu-
tion ligand exchange has become preferred,>® particularly for
applications that require higher absorption, i.e., thicker films.
Maintaining colloidal stability in solution after exchange to
shorter ligands can be challenging but is often achievable in
polar solvents such as n-dimethylformamide (DMF).>*2¢

Another challenge for QD device fabrication is controlled
deposition onto specified areas, which is crucial for incorpor-
ating QDs into more complex device architectures such as
focal-plane-arrays.'>*”*® Device structure can also play a key
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role in device performance and as devices become more tightly
tuned to specific wavelengths, like photodetectors and band
filters, complex architectures such as anti-reflective pyramids
will become more prevalent.”>*° Conformal deposition of QDs
into these three-dimensional structures is particularly challen-
ging using traditional film deposition techniques, even when
utilizing in-solution ligand exchange.

An alternative approach to traditional QD film deposition
techniques is electrophoretic deposition (EPD), which uses an
electric field to drive the migration of charged nanoparticles
through a liquid medium and directly assemble them onto a
conductive substrate.®® EPD offers several advantages includ-
ing fast growth rates, controllable flux, and scalability.
However, assembling QDs (typically in the range of 2-10 nm)
using an electric field presents additional challenges com-
pared to larger nanoparticles (>10 nm). These challenges stem
from the unique properties and behaviors of smaller nano-
particles under the influence of electric fields. First, QDs have
stronger Brownian motion due to their lower mass which can
cause significant random movement that easily overcomes the
forces exerted by an electric field. Second, smaller nano-
particles can experience significant charge screening effects
due to the formation of electric double layers in the surround-
ing medium, which often reduces the effective electric field
and diminishes their response to the applied field, while the
larger nanoparticles are less affected due to their larger size
and greater inherent field effects. Third, the fabrication and
functionalization of smaller nanoparticles with desired surface
properties (e.g., specific charge and ligands) will directly affect
the interactions between the nanoparticles and the field. Any
inconsistencies in surface properties may lead to unpredict-
able or undesired assembly behavior under an electric field.
Therefore, only a few reports have successfully employed EPD
to assemble nanocrystal superlattices®> or films.**** Moreover,
most of these studies focused on nanocrystals with their native
ligands, requiring post-processing (solid state ligand exchange)
for the desired device performance. Direct assembly of ligand-
exchanged QDs with shorter ligands is yet to be reported.

In this work, we combined a known in-solution ligand
exchange method with EPD to create conformal QD films on
flat, patterned, and textured substrates. Through solvent engin-
eering, we achieved a balance between sufficient QD surface
charges and colloidal stability, facilitating the successful EPD
assembly of QDs with shorter ligands. To the best of our
knowledge, this is the first demonstration of one-step direct
EPD assembly of QDs for electronic devices. Note that the
deposition rate is 1-100 nm s~*, which is comparable to those
of vapor deposition techniques for the deposition of conven-
tional semiconductor films. Using transmission electron
microscopy (TEM) imaging, absorption spectroscopy, in situ
growth rate monitoring, and post-deposition scanning electron
microscopy (SEM) imaging, we propose a growth mechanism
for ionic ligand-capped PbSe QD films deposited by EPD.
Finally, we briefly present the device data of PbSe QD IR photo-
detectors fabricated and tested in air, which show rise times
on the order of milliseconds.
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Results and discussion
In-solution ligand exchange

We utilized a synthesis and subsequent in-solution ligand
exchange method previously reported by Lin et al.,*® resulting
in 4 nm diameter PbSe QDs capped with ammonium iodide
(NH,I) ligands that are colloidally stable in 2,6-diflouropyri-
dine (DFP) for several months. Key procedural steps that
ensure facile and complete ligand exchange include the use of
oleylamine ligands during synthesis and purifying oleylamine-
capped QDs with acetonitrile (ACN) rather than a protic polar
solvent such as ethanol.> The scheme for ligand exchange
and the photographs obtained before and after the phase
transfer process are shown in Fig. 1a and b, respectively. Phase
transfer generally occurred within a few seconds with light agi-
tation. If phase transfer does not occur, a greater amount of
the NH,I ligand is required in the DMF phase. Fourier trans-
form infrared (FTIR) spectra (Fig. 1c) measured from
2000-5000 cm ™" before and after ligand exchange show the
complete removal of the C-H stretching band (around
2900 cm™ ') which is attributed to the surface-bound oleyla-
mine ligands. While ligand exchange alters the surface chem-
istry of the QDs, it has minimal effect on the size of the QDs,
as evidenced by the absorption spectra in Fig. 1d. The lack of
blue shifting of the 1S absorption peak at approximately
1240 nm indicates that Pb" is not being stripped from the
surface during ligand exchange, which would result in smaller
QD diameters. Instead, the I" ion replaces the oleylamine
ligand by forming a bond with the Pb" surface states. After
ligand exchange and redispersion in DFP, the QDs are colloid-
ally stable for several months, an effect that is attributed to the
electrostatic stabilization of ionic ligand-capped QDs in polar
solvents, particularly those with a high dielectric constant
such as DFP (g, = 107.8).>>%¢

Electrophoretic deposition

EPD uses an applied electric field to drive charged nano-
particles towards the electrode with the opposite charge. At the
substrate, the nanocrystals transfer their charge, reducing
their electrostatic repulsion which facilitates their assembly
into a film directly on the substrate (Fig. 2a and b). EPD
requires colloids to have both sufficient surface charge and col-
loidal stability for effective deposition. This is particularly
challenging for the QDs because their stability is highly depen-
dent on surface chemistry. While the PbSe QDs capped with
NH,I are colloidally stable in DFP for months, they didn’t
respond to an applied electric field. Therefore, solvent engin-
eering was employed to modify the charges of the PbSe QDs in
the liquid medium. A non-polar antisolvent, hexane, was
selected to titrate into the PbSe-NH,I QDs/DFP suspension to
reduce its solubility, thereby increasing its chemical potential
for assembly. The addition of hexane did not induce floccula-
tion of the QDs until a DFP : hexane ratio of 1:2 was reached.
However, at a solvent ratio of 1:0.8, the PbSe QDs became
responsive to the electric field and assembled on the positive
electrode.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Schematic of the ligand exchange process in which long oleylamine ligands are replaced with short NHyl ligands via a phase-transfer
reaction from hexane to n-dimethylformamide (DMF); (b). Photograph of the phase-transfer ligand exchange process; (left) the PbSe QDs capped
with oleylamine dispersed in hexane layered on top of the DMF solution containing dissolved NHy4l salt and (right) after shaking for 10 seconds, the
PbSe QDs transfer into the DMF layer; (c) FTIR absorption spectra of a dried film of the PbSe QDs capped with oleylamine (black) and NH4l (red).
Disappearance of the C—H stretching band indicates complete removal of the native oleylamine ligand after exchange (spectra are offset for ease of
viewing); (d) Absorption spectra of the PbSe QDs before (black) and after (red) ligand exchange with NH4I. The absence of a blue shift in the 1S peak
position indicates that the PbSe QDs are not being stripped of Pb* but rather only the surface ligand is being exchanged (spectra are offset for ease

of viewing).

To better understand the impact of solvents on QD behav-
ior, we conducted a series of experiments, including absorp-
tion spectroscopy, TEM, zeta potential, quartz crystal microba-
lance (QCM), and conductivity measurements. The absorption
spectra as a function of hexane titration, shown in Fig. 2c,
indicates that the PbSe-NH,4I QDs remain monodisperse when
increasing the amount of hexane to a mixture ratio of 1:1
(DFP: hexane). However, at a higher hexane ratio (1 : 2), the sig-
nature peak at 1240 nm became less pronounced and the
absorption at longer wavelengths became stronger, suggesting
that the PbSe-NH,I QDs began to aggregate in solution,
causing greater light scattering. When the amount of hexane
was further increased to a mixture ratio of 1:4, the peak was
almost flattened, indicating that the QDs had formed clusters
of multiple QDs rather than being monodisperse. Normalized
absorption spectra (Fig. S1t) of a control experiment in which
the QDs are diluted with DFP shows that the addition of
hexane causes an increase in scattering and flattening of the
1S peak, rather than a simple decrease in absorption strength
caused by dilution with DFP.

This journal is © The Royal Society of Chemistry 2025

The corresponding TEM images in Fig. 2d-g show that the
PbSe-NH,4I QDs with an average diameter of ~4.0 nm were well
dispersed in DFP and remained dispersed in a DFP: hexane
mixture ratio of 1:1. However, when increasing hexane to a
mixture ratio of 1:2, a significant amount of PbSe-NH,I QDs
began to aggregate. At a higher hexane ratio of 1:4, all the
PbSe-NH,4I QDs were aggregated into larger nanoparticle clus-
ters, suggesting that the building blocks for EPD were no
longer monodispersed QDs, but rather large nanoaggregates
composed of tens of QDs.

The corresponding films deposited from the QDs in
different solvent mixture ratios for 5 minutes using an electric
field of 0.4 V mm™" are shown in Fig. 2h-k. When the PbSe-
NH,I QDs were in pure DFP, only a monolayer-thick film was
assembled on the substrate, likely associated with dip coating
rather than the electric field. When hexane was introduced
into the system up to a mixture ratio of 1:1, a compact, thick
QD film composed of grains with an average size of 300 *
20 nm was formed. However, at a higher hexane ratio of 1:2, a
thick, but less compact QD film with several pin holes on the

Nanoscale, 2025, 17, 8533-8543 | 8535
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(a) Schematic illustration of the electric field-driven assembly process of the quantum dots; (b) photograph of the EPD cell setup, with the

electrodes submerged in the QD solution during the plating process; (c) absorption spectra of the PbSe—NH4l QDs in different solvent mixture ratios
of DFP to hexane; (d)-(g) TEM images of the PbSe—NH,4l QDs in pure DFP and DFP/hexane with volume ratios of 1:1, 1:2 and 1:4; and (h)—(k)
corresponding SEM images of the PbSe—NH4l QDs film assembled from the QDs in pure DFP and DFP/hexane with volume ratios of 1:1, 1: 2 and

1:4 using a field of 0.4 V mm™ for 5 minutes.

surface was obtained, suggesting that the QDs were randomly
packed in the film. Increasing the amount of hexane to a
mixture ratio of 1:4 resulted in a porous film formed from
large nanoaggregates which occurred due to the QDs sticking
to each other before assembly. The final morphology of the
films is consistent with the results observed from TEM and
absorption studies. Additionally, zeta potential measurements
as a function of titration ratio, seen in Fig. S2,7 show that
increasing the amount of hexane induces a negative charge on
the QDs, which facilitates their growth onto the positively
biased electrode. The PbSe-NH,I QD films deposited via elec-
trophoretic deposition (EPD) reported in this work generally
don’t exhibit long-range order, as evidenced by Grazing-
Incidence Small-Angle X-ray Scattering (GISAXS) analysis, with

8536 | Nanoscale, 2025,17, 8533-8543

a representative 2D GISAXS pattern shown in Fig. S3.f
However, by carefully optimizing the surface charge of the QDs
and the EPD deposition parameters, the assembly of highly
ordered crystalline QD films via EPD can be feasible, as
demonstrated in our previous investigations and ongoing
work.>*?*”

As described previously, the QDs began to respond to the
applied electric field when a solvent mixture ratio of 1: 0.8 was
reached, but the growth rate increased significantly with
higher hexane ratios. To study the growth rate of the QD films
assembled under an electric field, we employed a QCM to
monitor the mass deposited on the positive electrode in real
time using an electric field strength of 0.6 V. mm™". As shown
in Fig. 3a, a negligible amount of QDs was deposited on the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Real-time mass of the QDs deposited on the electrode as a function of different solvent mixtures under 0.6 V mm™ tracked using a
quartz crystal microbalance; (b) real-time mass of the QDs deposited on the electrode as a function of electric field tracked using a quartz crystal
microbalance (QCM); (c) photograph of a representative PbSe QD film assembled on a silicon substrate for 10 min of electric field-driven deposition.
In this image, the PbSe film is curling away from the substrate at the edge, making it more visible; (d) SEM image of a thick PbSe QD film prepared by
EPD at a titration ratio of 1: 1; and (e) comparison chart of the deposition rates of EPD with conventional vapor deposition techniques.

electrode when the PbSe-NH,I QDs were in pure DFP.
However, when hexane was titrated into the system with a
solvent ratio of 1:0.8, the QDs started to deposit slowly at a
rate of 0.09 pg s™* on the positive electrode, suggesting that
the PbSe-NH,I QDs became negatively charged. At a mixture
ratio of 1:1, the PbSe-NH,4I QDs were deposited solely on the
positive electrode with a higher growth rate of 0.66 pg s~
Restricted by the stability of the QDs in the solvent mixtures,
we were unable to conduct reliable QCM measurements at
higher hexane volume ratios.

Fig. 3c shows an image of a representative PbSe-NH,I QD
film deposited on a silicon (Si) substrate under an electric
field of 0.6 V mm™" for 10 min with a titration ratio of 1:1.
Note that the thickness of Si is 500 um, and the black solvated
PbSe-NH,I QD film has a comparable thickness. With the
rapid evaporation of the solvents, the PbSe-NH,I QD film
would become dry and silvery, resulting in a solid QD film. To
examine the morphology of a representative PbSe-NH,I QD
dry film deposited at a titration ratio of 1:1, an SEM image is
shown in Fig. 3d. As can be seen, it is a compact film com-

This journal is © The Royal Society of Chemistry 2025

posed of grains with an average size of ~300 + 20 nm. The
QCM results demonstrate that the deposited mass driven by
an electric field of 0.6 V mm™" has a nearly linear relationship
with time (Fig. 3b). Furthermore, the film growth rate could be
easily tuned by adjusting the electric field strength. For
example, with a solvent-anti-solvent mixture ratio of 1:1,
increasing the electric field strength from 0.2 V mm™" to 0.4 V
mm~" and then to 0.6 V mm™" results in a corresponding
increase in the average growth rate from 0.02 pg s™* to 0.48 pg
s~' and then to 0.66 pg s '. It is found that the deposition
process is not fully reversible as most of the film remains on
the substrate in the liquid medium even when the electric
field is turned off. There are some limitations to the QCM
measurement: (1) a QCM is sensitive to materials/films that
are fully coupled to the oscillation of the surface of the elec-
trode—particles that are dynamically interacting with the
crystal surface, softly adsorbed may not be fully coupled to the
oscillating crystal; and (2) depending on the rigidity of the
film, the maximum mass a QCM can measure varies from tens
to a few hundred micrograms. These issues may lead to a

Nanoscale, 2025, 17, 8533-8543 | 8537
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slight discrepancy between the real-time mass it tracks and the
actual mass of a final dry QD film. To better compare the
growth rate (in thickness/time) with other techniques, we
directly measured the thicknesses of dry QD films deposited
on gold-coated silicon substrates under a variety of conditions
(different solvent mixture ratios and electric field strengths) to
estimate the average deposition rates. As demonstrated in
Fig. 3e, our solution-based electric field-driven deposition
method offers a deposition rate of ~1-100 nm s, comparable
to those of conventional semiconductor film deposition tech-
niques like physical vapor deposition and chemical vapor
deposition. Importantly, our method eliminates the need for
expensive vacuum systems and high fabrication temperatures,
making it more energy efficient and cost-effective.
Furthermore, compared with conventional nanocrystal assem-
bly techniques such as spin coating and doctor blading, elec-
tric field-driven assembly is more efficient and controllable.

To enhance the efficiency of EPD for the QDs, it is
crucial to optimize the colloidal suspension through careful
solvent engineering, thereby enabling the electric field to effec-
tively couple with the QDs and drive them to the substrates.
While the exact mechanism governing the transition from
unresponsive to responsive to the electric field upon anti-
solvent addition remains unclear, our experimental findings
suggest that several key factors are crucial for assembling high-
quality, thick QD films via EPD: removing parasitic currents
from ions, inducing QD charging, and maintaining QD col-
loidal stability. Specifically, our experiments suggest that low-
ering the dielectric constant via hexane addition first reduces
parasitic ion currents, then increases the negative charge on
the QDs, and ultimately reduces QD stability, leading to
clustering.

Initially, without hexane, we observed a relatively high
current but no nanocrystal deposition, indicating the presence
of significant parasitic currents. To understand the underlying
mechanism, we characterized the electrical conductivity of
these suspensions as a function of the hexane volume fraction
(¢nex)- We began with the as-made suspension containing the
NH,'T” ligated PbSe QDs in a high dielectric solvent DFP,
which also included residual NH," and I” ions from the ligand
exchange process. This system exhibited a conductivity of
0.054 mS cm™'. Since EPD was not detectable for ¢pex < 0.44,
we concluded that the high solution conductivity was primarily
due to free NH," and I” ions with a concentration of ~0.4 mM
(see the Methods section).

As shown in Fig. S4,f the conductivity of the QD suspen-
sions (black profile) decreased significantly—by ~2.5 orders of
magnitude—as we titrated in hexane, increasing ¢, from 0%
to 80% (or from 1:0 to 1:4 of DFP: hexane). We observed a
similar trend in a 0.4 mM NH,I solution without the QDs (red
profile), suggesting that the added hexane, which lowers the
solution’s dielectric strength, promotes the association of
NH," and I~ ions to form neutral NH,I, thereby reducing the
ionic strength and conductivity. We estimated the Bjerrum
length using a simple relationship between the dielectric
strength and the solvent volume fraction (Table S2%). The
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Bjerrum length increased from 0.5 nm to 1.5 nm within the
range where we observe the ion concentration to drop by 2.5
orders of magnitude. Given the initial average ion spacing of
~13 nm, this alone likely does not explain increased ion
pairing. However, lowering the solvent polarity and solvent
donor number reduces the solvation of anions and cations due
to weakened ion-solvent interaction,*®*° which also promotes
the formation of neutral NH,I salts.

Note that for ¢nex < 0.44 (1:0.8 ratio of DFP: hexane), the
ion-only current (red) is initially higher than the QD solution
current (black). However, at the onset of EPD, this trend
reverses. At this point, the ion concentration has been reduced
to less than 0.03 mM, which is approximately the concen-
tration of the QDs. These results demonstrate that parasitic
currents from ions can significantly hinder the efficiency of
EPD. By reducing the ionic conductivity through hexane
addition, we were able to effectively suppress parasitic currents
and improve the deposition process.*®

EPD of the QDs occurred at a hexane volume fraction of
0.44, but only at the positively biased electrode. This indicates
that the QDs acquired a negative charge, consistent with our
zeta potential measurements (Fig. S2t) which shows a trend
towards the negative charge with the titration of hexane. The
negative charge is attributed to the preferential binding of the
I” ions at the Pb-enriched QD surface."* The larger polariz-
ability of I” compared to NH," may contribute to this preferen-
tial adsorption. Only a small degree of differential adsorption
between NH," and I™ is expected to be sufficient to produce
negatively charged QDs. The addition of hexane likely disrupts
the diffuse layer of ions at the QD surface, shifting this
balance. The details of the charging process would benefit
from atomistic modeling that is outside the scope of this
paper.

The third factor influencing film quality is QD stability
within the solvents. The highest quality films in this study
were produced with a solvent ratio of 1:1, which, based on
TEM imaging and absorption measurements, did not induce
significant aggregation. However, further titration with hexane
clearly resulted in aggregation, suggesting that the introduc-
tion of an antisolvent strengthens QD-QD interactions. Our
estimates (Table S2t) indicate that the Debye length, which
governs the range of electrostatic interactions, increases from
25 nm to ~70 nm over the range where deposition begins. The
average nanocrystal spacing (based on the concentration) is
~30 nm; this suggests that as hexane is titrated the nanocrys-
tals transition from non-interacting to electrostatically interact-
ing. There exists a critical point (before aggregation) where an
applied electric field can effectively drive weakly charged QDs.
Therefore, selecting the appropriate antisolvent and optimiz-
ing the solvent-to-antisolvent ratio are crucial for fabricating
high-quality, compact, and thick QD films using electric fields.

Using EPD to fabricate a simple photodetector on textured Si
substrates

One area where EPD could prove to be extremely beneficial is
the ability to conformally coat QDs onto non-flat substrates.

This journal is © The Royal Society of Chemistry 2025
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To demonstrate the capability of EPD in conformal coating, we
fabricated a simple photoconductor using roughened Si.
Textured or roughened Si has been shown to improve the anti-
reflective (AR) properties of Si;*' reflectance measurements of
the as-prepared textured Si can be seen in Fig. S5.1 The incor-
poration of antireflective materials is a common practice in
the field of IR photodetectors as a method to improve device
performance.*”> Most of the semiconductor materials used for
infrared photodetectors (IRPDs) have a large refractive index
(typically 3-4), leading to a major problem in IR cameras, that
is, a high reflection loss of ~20-40%."*** The conventional
methods to fabricate these sophisticated AR microstructures of
the QD PDs are lithography and/or reactive ion etching.
However, the sensitivity of QD surfaces poses a big challenge
to the process compatibility of traditional lithography and QD
micron-patterning. In other words, it is difficult to retain the
integrity of the QDs as surface defects and degradation of the
QDs is almost inevitable after the conventional lithography
process. However, using EPD, it is possible to conformally coat
pre-patterned substrates while maintaining their topography
and critical dimensions.
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radiation PbSe QD film
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As illustrated in Fig. 4a, we started with a silicon wafer with
a pyramid structured surface and deposited a PbSe QD film on
it via EPD. Within 5 min of deposition, a conformal and
compact PbSe QD film was coated on the textured Si substrate,
evidenced by the cross-sectional SEM image coupled with
energy dispersive X-ray spectroscopy (EDS) mapping of
elements Pb and Se in Fig. 4b. Fig. 4c shows the plane-view
zoomed-out image of the PbSe QD film deposited on the tex-
tured Si. The uniform coating suggests its potential as a scal-
able and effective technique for wafer-size fabrication. A few
large aggregates were observed in the film, which resulted
from the competition between homogeneous nucleation and
heterogeneous nucleation. Future work will be focused on
further optimizing the solvent environment to promote homo-
geneous nucleation. By coating a pair of parallel silver electro-
des with a spacing of ~100 pm on the PbSe film, an infrared
photodetector was thus made. We tested the photoresponse of
the as-fabricated PbSe photodetector to an IR light source
equipped with a 1200 nm long pass filter. As shown in Fig. 4d,
a noticeable increase in current was noticed under IR
illumination.
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(a) Schematic illustration of the PbSe infrared photodetector based on the conformal coating of the PbSe QDs on the textured Si substrate;

(b) cross-sectional SEM image and the corresponding EDS mapping of elements Pb and Se, suggesting the conformal coating of the PbSe QDs; (c)
plane-view SEM image of the PbSe QDs coated on the textured Si substrate via EPD; (d) /-V response of the PbSe infrared photodetector in the dark
and under illumination from an IR light source; (e) cycles of the /-t response of the PbSe infrared photodetector; and (f) zoomed-in rise and decay

times of the PbSe infrared photodetector.
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The sensitivity of a photodetector (PD) is commonly
reported as responsivity, which is given by the ratio of the
change in current under illumination to the incident optical
power:

I, —I4

R=-2_" (1)

PA

where R is the responsivity (A W™'), I, is the current under
illumination, I, is the dark current, P is the optical power density
(3.59 mW cm™?), and A is the effective area under irradiation (~1
x 107> ecm?). The calculated responsivity was ~0.01 A W', Note
that all the devices were fabricated and tested in an ambient
environment, therefore device performance may be underesti-
mated due to exposure to oxygen and moisture in air. The
response time of the IR PD was measured and is shown in
Fig. 4e and f. It shows a consistent fast response upon numerous
cycles of on-off testing. The calculated rise time and decay time
were 4.6 ms and 4.7 ms, respectively.

Conclusion

In this work, we have demonstrated that EPD can be utilized
for conformal coating of in-solution ligand exchanged QDs
onto flat, patterned, and textured substrates. Controlling QD
surface charging through solvent engineering allows the QDs
to remain stable during the deposition process, while still
being effectively “driven” to the desired electrode by an
applied field. The QDs deposit onto conductive or moderately
conductive substrates, allowing for the possibility of selective
deposition through masking and/or electrode design. The
speed and efficiency of EPD make it a promising technique for
single-step conformal deposition of QD films in a high
throughput environment, such as those used in industry.
Additionally, the selectivity of EPD, only depositing onto sub-
strates with an applied bias, enables challenging/new device
architecture design of a variety of QD electronic devices, such
as QLEDs and Q-photodetectors. As EPD becomes more preva-
lent in QD film fabrication, future work should focus on
addressing potential limitations, such as the creation of extre-
mely thick films (>10 microns), which may be hindered by
weakening electric fields, and the minimum area/separation
achievable when creating QD arrays.

Methods

Chemicals

All chemicals were purchased from Sigma Aldrich and used
without further purification. Oleylamine [70% technical grade]
(OLA), PbBr, [>98%)], 2,6-diflouropyridine [99%] (DFP),
N-dimethylformamide (DMF), hexane, acetonitrile (ACN),
ammonium iodide (NH4I), chloroform (CHCL;), di-i-butylpho-
sphine (DIP), tri-n-octylphosphine (TOP), and selenium shot (Se)
were used. 2 M TOPSe was made in a glovebox by magnetically
stirring 10 mmol Se shot in 5 mL of TOP until fully dissolved.
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Synthesis of PbSe QDs

Synthesis of the PbSe QDs closely follows the work of Lin
et al.”® In a typical reaction, a three-neck flask was filled with
8 mmol of PbBr,, 8 mL of OLA, and 16 mL of ODE and heated
under vacuum at 110 °C for 120 min to obtain a clear solution.
The flask was then filled with N, and the temperature was
raised to 120 °C. A mixture comprising 0.1 mL of DIP, 2 mL of
OLA, and 1 mL of 2 M TOPSe was injected into the lead precur-
sor solution. The flask was removed from heat immediately
after the injection and allowed to cool to room temperature;
PbSe QDs with 4.0 nm diameter were obtained. PbSe QDs with
other sizes can be synthesized by altering the reaction time
and/or temperature. After the reaction, the QDs were cleaned
in air by the addition of CHCI; and ACN followed by centrifu-
gation. After centrifugation, the supernatant was discarded
and the QDs were cleaned 3 more times via the addition of
CHCI;, for redispersion, followed by ACN addition, for destabi-
lization, and subsequent centrifugation. After the final clean-
ing step, the QDs were redispersed in hexane with a concen-
tration of ~10 mg mL™".

In-solution ligand exchange

In-solution ligand exchange followed a procedure reported by
Lin et al.®® In a typical ligand exchange, 500 mg of NH,I was
dissolved in 5 mL of DMF in a centrifuge tube after which
5 mL of PbSe QDs (10 mg mL™") in hexane was layered on top
of the DMF-NH,I solution. After shaking for 10 seconds, the
PbSe QDs readily transferred into the DMF phase. Once all
QDs had transferred, the top layer of hexane was removed via a
syringe. CHCl; was added to the DMF-QD solution to destabi-
lize the suspension followed by centrifugation to bring the
QDs out of solution, at which point the supernatant was dis-
carded. After ligand exchange, the QDs were readily dispersed
in DFP with a concentration of 10-15 mg mL™" without further
cleaning.

Absorption and FTIR measurements

Absorption measurements of the PbSe QD solution were per-
formed with a PerkinElmer Lambda 950 spectrometer using a
1 mm path length cuvette. FTIR measurements, to confirm
ligand exchange, were performed on the PbSe QD films drop-
cast onto ZnSe windows and measured using a Bruker Vertex
70 FTIR spectrometer.

Electric field-driven assembly of ligand-exchanged QDs

After ligand exchange, the PbSe QDs capped with NH,I and
dispersed in DFP were controllably deposited onto conductive
or moderately conductive substrates using an applied electric
field. Substrates were flat, patterned or textured with depo-
sition only on regions with an electric field; examples of selec-
tive deposition are shown in Fig. S6.1 Notably, the PbSe-NH,4I
QDs in DFP did not respond to the electrical field without the
addition of a nonpolar antisolvent. Solvent engineering was
needed to destabilize the PbSe-NH,I QD colloidal solution for
efficient field-driven assembly. By titrating hexane into the
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native PbSe-NH,I QDs/DFP solution up to a DFP:hexane
volume ratio of 1:0.8, the nanocrystals began to respond to
the electric field and were deposited exclusively on the positive
electrode. Increasing the hexane titration ratio typically
resulted in a higher deposition rate within the DFP: hexane
ratio range of 1:0.8 to 1:2. However, the PbSe-NH,I QDs
demonstrated decreased colloidal stability when the volume of
hexane exceeded DFP by a factor of 2, leading to the formation
of a porous film rather than a homogeneous film and eventual
sedimentation of the solution. Typical electric fields and depo-
sition times in this work used were 0.2 V mm™ and
2-10 minutes. The thickness of the dry QD films was
measured using a Dektak stylus profilometer (Bruker, Dektak
XT). See Table S1} for the film thickness of the PbSe QD films
prepared under a variety of EPD conditions.

Measurement and calculation of the conductivity of the
suspension

The conductivity of the PbSe quantum dots (QDs) capped with
NH,I in DFP was measured using a Keithley 2400 source meter
and a parallel plate electrode geometry. Hexane was titrated
into the suspension while monitoring the change in conduc-
tivity. The corresponding conductivity was calculated via the
following equation:

VA
O':E, (2)

where o is the electrical conductivity, V is the applied voltage,
A is the cross-sectional area of the material, I is the electric
current, and d is the distance between the electrodes. The
results (Fig. S41) show a significant decrease in conductivity as
hexane is added. To determine if the initial conductivity was
due to free NH," and I~ ions, we calculated the required NH,I
concentration using

o = ngu, (3)

where n is the charge carrier density, g is the elementary
charge, and y is the ion mobility. The ion mobility was esti-
mated using the Stokes-Einstein equation. An equivalent
amount of NH4I (~4.15 x 10~ M) was dispersed in DFP, and
hexane was titrated while monitoring conductivity using an
Oakton conductivity meter (PC2700). The data are also plotted
in Fig. S4.}

X-Ray scattering measurements and analysis

GISAXS was performed at the Advanced Light Source (ALS)
beamline 7.3.3 using 10 keV radiation. Scattering photons
were collected using a Pilatus 2M detector. The data were pro-
cessed with Igor Pro-based software packages written by, and
available for download from, Ilavsky and Jemian.*>

Fabrication of PbSe-based infrared detectors

To generate devices, a homogeneous PbSe-NH,I film with a
thickness of ~200 nm was assembled on a non-insulating sub-
strate, such as intrinsic Si (MSE PRO Intrinsic Prime Grade
Silicon Wafer (100), SSP, >20 000 ohm-cm), via EPD. A typical
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deposition process involved applying an electric field of 0.4 V
mm™" to the PbSe-NH,I QDs dissolved in a 1:1 (volume ratio)
mixture of DFP: hexane for 5 minutes. After deposition, the
film was removed from the solvent mixture and allowed to dry
in air. Subsequently, a parallel silver electrode with a spacing
of ~100 pm was deposited onto the PbSe-NH,I film using a
shadow mask. Note that all the QD devices fabricated in this
work were manufactured and tested in an ambient

environment.

Textured silicon substrates

To create a series of pyramidal structures covering the surface
area of a wafer, we followed the etching procedure developed
by Leon et al.*' The etching solution consisted of 12.8 g of
KOH pellets (2.3 wt%) dissolved in 500 mL of deionized water
and 55.6 mL of isopropanol alcohol (10 vol%) was heated up
to 72 °C. The intrinsic Si wafers were etched in the solution for
3 hours with manual agitation every 10-15 minutes to prevent
bubble buildup on the surface of the wafer that can lead to
surface defects. This method results in complete coverage of
the silicon surface with pyramidal structures having a base of
12 + 2 pm. An SEM image of the as-prepared textured Si is
shown in Fig. S7.f

QCM study of the field-driven assembly of QDs

A quartz crystal microbalance (QCM) [Stanford Research
System 200] was employed to study the rate of QD deposition.
A home-built closed QCM cell requiring a solution volume of
~5 ml was used; photos of the QCM cell can be seen in
Fig. S8.f Frequency change and current change were moni-
tored in situ throughout the deposition process.’® The fre-
quency change was converted to the mass of the QDs de-
posited using

Af = —C¢ - Am (4)

where Af is the observed frequency change in Hz, Am is the
change in mass per unit area in g cm™2, and C; is the sensi-
tivity factor for the crystal. The sensitivity factor, which was
calibrated in DFP, was found to be 8.7 Hz pg™' cm” for a
5 MHz AT-cut quartz crystal at room temperature. Calibration
was performed by depositing a thin layer of a chemical-resist-
ant polymer on the active area of the quartz crystal with a mea-
surable mass, checking the frequency changes before and after
the deposition in air and the solvent of interest, and calculat-

ing Afusing eqn (4).

Photoresponse measurements

Photoresponse measurements were performed using a
compact broadband light source, Thorlabs SLS203L, with a
1200 nm optical filter. The resulting light power at 1200 nm
was found to be 28.1 uW using a Thorlabs S148C detector on a
PM100D power meter. We performed light and dark voltage
sweeps as well as on/off measurements under an applied bias
of 2 V.
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