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ABSTRACT: Phase-transfer exchange of pristine organic ligands for inorganic
ones is essential for the integration of colloidal quantum dots (CQDs) in
optoelectronic devices. This method results in a colloidal dispersion (ink) which
can be directly deposited by various solution-processable techniques to fabricate
conductive films. For PbS CQDs capped with methylammonium lead iodide
ligands (MAPbI3), the most commonly employed solvent is butylamine, which
enables only a short-term (hours) colloidal stability and thus brings concerns on
the possibility of manufacturing CQD devices on a large scale in a reproducible
manner. In this work, we studied the stability of alternative inks in two highly polar
solvents which impart long-term colloidal stability of CQDs: propylene carbonate
(PC) and 2,6-difluoropyridine (DFP). The aging and the loss of the ink’s stability were monitored with optical, structural, and
transport measurements. With these solvents, PbS CQDs capped with MAPbI3 ligands retain colloidal stability for more than 20
months, both in dilute and concentrated dispersions. After 17 months of ink storage, transistors with a maximum linear mobility for
electrons of 8.5 × 10−3 cm2/V s are fabricated; this value is 17% of the one obtained with fresh solutions. Our results show that both
PC- and DFP-based PbS CQD inks offer the needed shelf life to allow for the development of a CQD device technology.
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■ INTRODUCTION

Colloidal quantum dots (CQDs) have been in research
spotlight over the last few decades as versatile building blocks
for the fabrication of optoelectronic devices. PbS CQDs are
among the most studied and promising members of this family
of semiconductors due to their large exciton Bohr radius and
dielectric permittivity, size-tunable band gap ranging from the
near-infrared to the visible spectral region, high compliance
with modification of the surface chemistry, and their relatively
high stability in ambient conditions.1 PbS CQDs are
successfully employed in solar cells,2 light-emitting diodes,3

light-emitting transistors,4,5 inverters,6 and photodetectors.7

For many years, one of the limiting steps in the fabrication of
CQD devices has been the exchange of ligands in solid films
which required layer-by-layer processing.8 In the last 12 years,
the so-called phase-transfer ligand exchange (PTLE) has been
adopted for small inorganic ligands,9,10 namely chalcogenides
and metal chalcogenide complexes, pseudohalides, halides, and
halometallate complexes.11−17

PTLE results in a solution of ligand-exchanged CQDs (so-
called inks), which can be used for the deposition of
conductive CQD films by various deposition techniques,
such as spin-coating, blade-coating, slot-die coating, dip-
coating, and spray-coating. Much of the research performed
in the last years on CQD solar cells employed sub-micrometer
layers of iodide-capped PbS CQDs, wherein a solid-state ligand

exchange of initial long-chain organic ligands with tetrabuty-
lammonium iodide was carried out. Fabrication of such solar
cells involved the deposition of up to 12 layers, each requiring
at least 3 steps.18,19 Multiple depositions by spin-coating are
extremely wasteful since most of the ink is lost. Nowadays, the
most efficient PbS CQD solar cells are fabricated by depositing
a single layer of CQDs capped with lead halides or
haloplumbate complexes.2 While the fabrication time and
costs are considered as the main advantages of the ink
deposition compared to the layer-by-layer approach with solid-
state ligand exchange, the ink preparation itself requires a large
investment of time and materials accounting for up to 50% of
the production cost for a device-ready ink based on PbS
CQDs.20 A severe problem arises given that the shelf time of
the most popular inks which employ butylamine as a solvent
lies below a few hours. Butylamine plays a double role in such
inks: it is not only the solvent, but it also re-caps negatively
charged CQDs as the butylammonium cation, which is formed
in situ by reaction with the methylammonium counterion. Such
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CQDs are colloidally stabilized by steric repulsion of
butylammonium chains, which can be easily removed from
the deposited film by mild annealing, as butylamine has a low
boiling point (78 °C). This allows to obtain good quality CQD
layers with conventional deposition methods such as spin-
coating. For this reason, a majority of the latest reports on PbS
CQD solar cells use butylamine as a solvent.21,22 However, as a
short-chain ligand, butylammonium cannot enable long-term
colloidal stability of the PbS CQDs.23,24 A few strategies to
improve the colloidal stability of butylamine-based inks have
been recently proposed. These strategies include the addition
of longer-chain amines to enhance steric repulsion23 or
addition of 3-mercaptopropionic acid ligands to the lead
halide-capped CQDs.24 The latter approach, which was
reported during the preparation of this manuscript, substan-
tially improves the long-term stability of the inks resulting in
over 2 months of shelf time. However, no systematic
investigation of aging of these or other inks has hitherto
been reported. Highly stable ligand-exchanged CQD inks will
be the next milestone for further industrialization of CQD-
based technologies.
In this work, the stability of PbS CQDs capped with

methylammonium lead iodide ligands (MAPbI3) was inves-
tigated. After ligand exchange, PbS-MAPbI3 CQDs were
dispersed in either propylene carbonate (PC) or 2,6-
difluoropyridine (DFP) forming highly stable inks. The long-
term evolution of the optical properties of the inks was
monitored by means of absorption and photoluminescence
(PL) spectroscopy. The position of the first excitonic peak and
the optical density were stable for over 80 days. Careful
analysis of the emission spectra showed the appearance of a
low-energy emission peak, which becomes dominant after a
year of storage. This peak indicates aggregation in solution,
which is confirmed by small-angle X-ray scattering (SAXS)
analysis showing the presence of chain-like branched CQD
aggregates in the inks. Nevertheless, the inks retain their
overall colloidal stability and can be used to fabricate well-
performing devices for more than 17 months.

■ RESULTS AND DISCUSSION
In this work, two polar solvents, namely PC and DFP, were
used for the redispersion of the ligand-exchanged CQDs. PC
was chosen due to its high static dielectric constant (ε = 62.9)
and its previous use for efficient electrostatic stabilization of
colloidal inks.14,25 One of the main drawbacks of PC as a
solvent is its high boiling point (Tbp = 242 °C), which requires
heating to facilitate the drying process during the film
deposition. DFP also possesses a high dielectric constant (ε
= 107.8) but has a relatively low boiling point (Tbp = 124 °C),
rather unusual for highly polar organic solvents.26 The
relationship between the dielectric constant and boiling point
of the organic solvents used for the ink preparation is
illustrated in Figure S1. Highly polar solvents like formamide
and N-methylformamide (NMF) do not form stable colloidal
inks due to strong anion desorption, while polar solvents with
relatively low dielectric constant [like dimethylformamide
(DMF)] can even be used as a nonsolvent for PbS CQDs
capped with lead halide ligands.14 Overall, the unique
combination of the abovementioned parameters makes DFP
one of the most promising solvents for CQD inks. DFP has
been recently introduced as a solvent for lead chalcogenide
CQD inks with (pseudo)halides and metal halide ligands, but
halometallate complexes were not included in this earlier

study.27 In this work, PbS CQDs capped with the model
MAPbI3 ligands were prepared and dispersed in either PC or
DFP at the desired concentration (see the Experimental
Section for more details). MAPbI3 ligands were chosen for this
study because they provide good passivation of the PbS CQD
surface. Furthermore, PbS-MAPbI3 were used for fabrication of
highly efficient PbS CQD solar cells.28,29 The schematic route
of the ligand exchange is shown in Figure 1A.

Absorption and PL spectra of PbS CQDs with native oleic
acid (OA) and MAPbI3 ligands are shown in Figure 1B. The
extracted peak positions, values of full width at half-maximum
(fwhm), and Stokes shift are summarized in Table 1. The first
excitonic peak in the absorption spectrum of oleate-capped
PbS CQDs lies at 1.47 eV. It slightly red-shifts (<0.07 eV) after
the ligand exchange with MAPbI3 and redispersion in polar
solvents, which is typically assigned to the difference in
dielectric permittivity of solvents, as well as, to a lowering of
the quantum confinement in case of the CQDs capped with
MAPbI3 ligands. The PL spectra of these dispersions show a
similar trend. The emission of the ligand-exchanged CQDs is
red-shifted by 0.04 eV compared to the emission of the PbS-
OA dispersion, which is in agreement with the literature.30 The
width of the first excitonic peak both in the absorption and PL
spectra is preserved, which indicates that the ligand exchange
does not induce significant changes in the size distribution of
CQDs or other sources of energetic disorder. The Stokes shift
of the inks is slightly smaller than the one of the oleate-capped
PbS CQDs, while an opposite trend was observed previously.30

Possible reasons for this discrepancy could be the slightly
different size of PbS CQDs used before or differences in ligand
exchange protocols, for example much longer ligand-exchange
time (12−24 h) and extra waiting time of 1−2 h to settle the
CQDs before centrifugation, which were not needed in our
case.

Figure 1. (A) Schematic illustration of CQD ink preparation. (B)
Absorption spectra (solid lines) of PbS CQDs capped with native OA
ligands in hexane (black) and of PbS CQDs capped with MAPbI3
either in PC (red) or in DFP (blue). PL spectra of these dispersions
are shown by dashed lines. (C) SAXS curves for the CQD native
solution and the inks in PC and DFP. Green lines are best fit curves.
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Time-resolved PL measurements reveal long PL lifetimes for
all three samples, which indicates good surface passivation of
pristine and ligand-exchanged CQDs. The oleate-capped
CQDs show a lifetime of 2.7 μs, while the lifetime of
MAPbI3-capped CQDs dispersed in PC and DFP is 3.2 and 2.9
μs, respectively (the PL decay is shown in Figure S2). We note
that the lifetimes are also affected by the high dielectric
constant of the solvents.31

The size and dispersity of the CQDs in the suspension have
been characterized using solution SAXS. SAXS measurements
of the CQDs with native OA show good dispersity of the
individual particles (see Figure 1C). The presence of a clear
minimum at q ∼ 2.87 nm−1 is indicative of low polydisperse
particles with an average radius R = 4.49/2.87 = 1.56 nm.32 A
more quantitative analysis by modeling of the SAXS intensity
using the scattering function for an ensemble of spherical
objects was performed. In this case, an average radius of 1.65
nm with Gaussian size polydispersity of width 0.25 nm was
obtained and the used model excellently describes the
experimental curve (Figure 1C). It should be noted that
SAXS is only sensitive to the size of the PbS core but not the
ligand shell as the electron density of the inorganic part is
much higher than that of OA. Thus, the calculated value is a
direct representation of the CQD radius.
Interestingly, the SAXS curves of the freshly prepared CQD

inks in PC and DFP show a significant alteration with respect
to the PbS-OA dispersed in hexane (see Figure 1C). The SAXS
profiles in PC and DFP show a linear trend in the log−log plot
for q values <1.4 nm−1, indicative of a power law q−α trend,
which can be related to aggregation between particles.33 The
exponent is ∼1.8 for PC and ∼2 for DFP. Values of α close to
2 represent the fractal dimension Df of the CQD aggregates
and suggest that branched aggregates are present in both
solvents.34 Their formation is probably induced by the ligand
exchange. However, the overall size of these colloidal
aggregates falls outside of the probed SAXS range. The fact
that the intensity minimum position does not shift in q
suggests that the subunits of these aggregates are the CQDs
with unmodified dimensions.
If we aim to develop a technology with CQD inks, the

quality of the surface passivation is one of the important
parameters because it determines the overall quality of the
transport properties. At the same time, the stability of the inks
is as important since it determines how feasible the
industrialization of the CQD deposition process is.
Figure 2 (top row) shows pictures of PbS-MAPbI3

dispersions in butylamine, which is one of the most favored
solvents for making CQD devices.29,35,36 When fabricated at
high concentrations, PbS-MAPbI3 dispersions in butylamine
are typically stable for a few hours (see Figure 2A). After this
time frame, agglomerates become visible by eye. Filtering the
dispersion and making devices are impossible at this point
(Figure 2B). This requires that a new ink in butylamine has to
be prepared each time before the fabrication of a new batch of
devices and the leftover has to be disposed of. When

dispersions in butylamine are diluted, for example to a 5
mg/mL concentration, swift agglomeration occurs with
subsequent settlement of the agglomerates at the bottom of
a cuvette (Figure 2C). This rapid degradation of PbS-MAPbI3
inks in butylamine can be tracked by a significant red-shift of
the PL peak (Figure S7). A very different case is shown in the
bottom row of Figure 2, where PbS-MAPbI3 inks in PC both at
high and low concentrations retain colloidal stability after 27
and 20 months, respectively.
The colloidal stability of PbS-MAPbI3 dispersions in PC and

DFP was monitored through their absorption and PL spectra.
The evolution of the first excitonic peak position in absorption
and the corresponding optical density are shown in Figure 3A.
The spectra themselves are presented in Figure S4. Both
parameters remain constant for 80 days, indicating the high
colloidal stability of the inks and the absence of Ostwald
ripening or strong coagulation in the samples. The peak
position in the emission spectra is also unaffected during the
same time span (at least 3 months) for both inks (Figure 3B).
The lower energy emission shoulder slightly increases over
time, and after prolonged ink storage (12 months), the
emission peak at 0.95 eV becomes dominant (black curves in

Table 1. Absorption and Emission Peak Positions, fwhm, and Stokes Shift of the Oleate-Capped PbS in Hexane and PbS-
MAPbI3 in PC and DFP

sample absorption, eV fwhm of absorption, eV emission, eV fwhm of emission, eV Stokes shift, meV

PbS-OA in Hex 1.47 0.26 1.25 0.21 224
PbS-MAPbI3 in PC 1.40 0.28 1.21 0.21 191
PbS-MAPbI3 in DFP 1.40 0.28 1.20 0.22 197

Figure 2. Photographs of the PbS-MAPbI3 inks. (A) As-prepared ink
in butylamine of 150 mg/mL concentration. (B) Same solution after a
few hours. (C) Cuvette containing a freshly prepared PbS-MAPbI3
ink in butylamine with a concentration of 5 mg/mL. At this
concentration, the colloidal stability of the ink in butylamine is lost
within 30 min. (D) 26-month-old PbS-MAPbI3 ink in PC of 100 mg/
mL concentration in a 4 mL vial. (E) PbS-MAPbI3 in PC of 5 mg/mL
concentration stored for 20 months in a 20 mL vial.
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Figure 3B). The PL spectrum of two 18-month-inks in PC
(Figure S5) is similar to the one of a year-old ink.
The change of the PL lifetime during the storage can also

give important information on the ink quality. Extracted PL
lifetimes are shown in Figure S6. The PL lifetime of the inks in
PC does not deteriorate over time and even after 18 months of
storage, it is still close to the initial 3 μs. The PL lifetime of the
inks in DFP initially drops within the first 2 months and then
settles above 2 μs which indicates a slight increase of non-
radiative decay processes. The large stability of the PL lifetime
of the PC sample allows us to speculate on the origin of the
increasing PL intensity at 0.95 eV. Generally speaking, such an
effect could be due to emissive trap states,37 for example on the
surface, or to partial aggregation and necking of the CQDs,38

as both phenomena have been discussed in CQD films.
However, since the lifetime of the main peak remains
unaffected, this is a strong evidence of necking and merging
of CQDs into larger size particles. Energy transfer is
responsible for making this effect more observable in the PL
spectra than in absorption.
The stability of the inks in PC and DFP is further confirmed

by the comparison of the SAXS profiles of the fresh and 12
months aged inks (see Figure 4). The SAXS data show no
change of the ink structure within the experimental error for
the sample in PC. In the case of DFP, a small change in the
SAXS curve in the low q-range is detected after 1 year, pointing
out to a small rearrangement of the CQD aggregates. However,
the effect is small.
In the last sections, we collected substantial evidences of the

high stability of the inks in PC and DFP, with superior
behavior of the former, as displayed by the stable PL lifetime.
To test the effect of the ink aging on electric transport
properties of the fabricated films, field-effect transistors (FETs)
with fresh and aged inks were fabricated. The transfer
characteristics for the FETs prepared with fresh and aged
inks in PC are shown in Figure 5. Devices deposited from a
fresh ink exhibit electron-dominated ambipolar transport, with
electron current 3 orders of magnitude higher than the hole
current. The extracted linear mobility for electrons is 5.0 ×
10−2 cm2/V s, while the hole mobility was found to be 2.9 ×
10−5 cm2/V s, which are consistent with the previously

published report on PbS-MAPbI3 FETs after the MeOH
washing.30 Aging of the inks for 3 and 17 months, results in a
decrease of both electron and hole currents with preservation
of electron-dominated transport. The electron mobility of the
devices made with 3-month-old inks in PC is 9.3 × 10−3 cm2/

Figure 3. (A) Changes of the first excitonic peak position (blue circles) and optical density corresponding to this peak (red squares) during storage
for PbS-MAPbI3 CQDs in PC (left) and in DFP (right). (B) Normalized PL spectra of the same inks. d and m indicate days and months,
respectively.

Figure 4. Comparison between the SAXS profiles of the fresh and 12-
month-old PbS-MAPbI3 CQD inks in PC (A) and DFP (B).

Figure 5. Transfer characteristics of the FETs prepared from the same
PbS-MAPbI3 CQD ink in PC at a different storage time. Red line
corresponds to the device fabricated with a fresh ink, orange to the 3-
month-old ink and green to the 17-month-old ink. It is important to
notice that devices produced with 17-month-old ink show a larger
variability.
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V s, which is approaching the values for iodide-capped PbS
FETs fabricated by solid-state ligand exchange.18,39 The output
characteristics of these FETs are shown in Figure S8. The
FETs deposited from a 17-month-old PC ink exhibit an
average electron mobility of 5.2 × 10−3 cm2/V s but with a
relatively broad distribution of values (Figure S9). The
hysteresis for holes is higher than the one for electrons,
which is consistent with previous reports on PbS-MAPbI3
transistors.30 The presence of the hysteresis in the CQD FETs
is typically assigned to the presence of the charge traps either
in the CQD film or at the interface between the CQD film and
the dielectric layer.5,40−42 The off-state of the devices is limited
by the gate leakage current (Figure S10), which is about 1 nA.
The slightly lower performance of the aged inks notwithstand-
ing, these results demonstrate that it is possible to obtain long
shelf time for PbS-MAPbI3 CQDs.
The FETs fabricated with fresh DFP-based inks are similar

to the devices made from fresh PC inks (Figure S11) showing
that the solvent of a colloidal ink does not influence the device
performance when the processing conditions can be tuned to
the boiling point of the solvents. Here, it is important to
underline that the devices were fabricated through blade-
coating, which is not only a scalable technique but one that can
be adapted easily to high boiling point solvents. The electron
current and electron mobility of the DFP-based devices are not
affected by the ink aging up to 2 months. The extracted
electron mobility for both fresh and for 2-month-old inks is
about 5 × 10−2 cm2/V s, which is comparable to the electron
mobility values of the transistor fabricated with the fresh PC-
based ink.
As the original CQDs used to prepare our inks are identical,

the ink stability depends only on the properties of the solvent.
Both PC and DFP have a high dielectric constant which
primarily governs the colloidal stability. However, other
important parameters for the solvents are their ability to
solvate anions and cations. The solvation of anions, in other
words the evaluation of the solvent Lewis acidity, can be
represented by a normalized Dimroth−Reichardt parameter
(ET

N).14 For PC, ET
N = 0.472, while for DFP ET

N = 0.389, which
makes both of them weak Lewis acids and therefore makes
desorption of anionic PbI3

− species highly unlikely.43 Solvation
of cations arises from the Lewis basicity of the solvents and
correlates with the solvent donor number (DN).14 However,
the DN of DPF is not reported in the literature and the
Kamlet−Taft β parameter is instead used for the comparison
since it correlates with the Gutmann DN values.44 For DFP,
only calculated βOH and βNH2

values are available.45 Since βNH2

values for pyridines correlate much better with β values, they
were chosen for a fair comparison. The β value for PC is 0.40,
while for DFP, it is 0.31. This means that DFP may solvate
methylammonium cations slightly less efficiently. Furthermore,
the Kamlet−Taft β parameter mainly accounts for the ability of
a solvent to accept a hydrogen bond,46 but it does not consider
dipolarity/polarizability and steric hindrance of the solvent
molecules, both of which play a notable role in solvation.45

The dipole moment of PC (4.95) is higher compared to DFP
(3.74−3.82),45,47 whereas the nucleophilic groups of PC are
more accessible than in DFP (meaning that PC might only be
a slightly stronger base but notably stronger nucleophile
compared to DFP). Altogether, this allows us to speculate that
less efficient solvation of cations might be the reason for the
slightly lower colloidal stability of inks in DFP than in PC.

Thus, we propose that the stability of the inks in DFP could be
further improved by adding a small amount of a high DN
solvent such as DMF or hexamethylphosphoramide.14

■ CONCLUSIONS

In this work, we compared the colloidal stability of PbS-
MAPbI3 inks in PC and DFP and studied the effect of aging on
their optical properties and electronic transport in FETs. We
found that the position of the absorption of the first excitonic
peak and its optical density remain stable in both samples for
more than 3 months. The PL lifetime of the inks in PC does
not deteriorate for over 18 months of storage and remains
above 3 μs, while for the inks in DFP, the lifetime initially
drops from 3 to 2 μs and then stays at this level even for up to
14 months. For both inks, we observed the appearance of a
low-energy PL peak, which we believe is due to a small degree
of CQD merging in solution. The presence of chain-like
branched CQD aggregates in the inks was confirmed by SAXS
analysis. Further evidence of the stability of the PC-based inks
was obtained with the fabrication of well-performing FETs
with 17-month-old inks with an average electron mobility of
5.2 × 10−3 cm2/V s. Finally, we speculate that less efficient
solvation of cations is the reason for lower colloidal stability of
inks in DFP than in PC. We propose that co-solvents with
higher Lewis basicity may increase the stability of PbS-MAPbI3
in DFP.

■ EXPERIMENTAL SECTION
Synthesis of PbS CQDs and Preparation of the Inks. The

synthesis and the purification of oleate-capped PbS CQDs were
performed as described elsewhere except for the amount of OA (56
mL instead of 70 mL) and injection temperature (80 °C instead of
150 °C).48 Obtained CQDs have been washed three times by
precipitation/redissolution with ethanol/hexane. Washing cycles have
been performed in air, but the final pellet after the third cycle has
been redissolved in anhydrous hexane and stored in glovebox.
Solution-phase ligand exchange was performed by using a modified
method.30 In a typical procedure, 10 mL of NMF solution of 50 mM
MAPbI3 solution was combined with 10 mL of oleate-capped PbS
CQDs in hexanes with a concentration of 5 mg/mL. The mixture was
stirred by using a magnetic stirrer until all the CQDs are transferred
into the polar phase. Then, the top phase is discarded and the bottom
phase is washed thrice with hexanes. After that, the ligand-exchanged
CQDs were immediately precipitated by addition of acetone and
collected by centrifugation. The supernatant was discarded, and the
pellet was redispersed in the chosen solvent at a concentration of 50−
100 mg/mL.

Absorbance and PL Measurements. Diluted inks for
absorbance and PL measurements were placed into quartz cuvettes
inside a N2-filled glovebox and sealed with a PTFE cap. The cuvettes
were then transferred and stored in ambient atmosphere. Absorption
spectra were recorded using a dual-beam Shimadzu UV-3600
spectrometer.

PL spectra were measured by exciting the sample with the second
harmonic (400 nm) of a Ti:sapphire laser (Coherent, Mira 900,
repetition rate 76 MHz). The emission was spectrally dispersed in a
monochromator with a diffraction grating of 30 lines/mm and
recorded by a cooled array detector (Andor, iDus 1.7 μm). The
excitation beam was spatially limited by an iris and focused with a lens
of 150 mm focal length. The fluence was adjusted using gray filters,
and spectra were taken in reflection geometry to minimize
reabsorption effects. All spectra were corrected for the response of
the setup obtained using a calibrated lamp. Time-resolved traces were
taken with a Hamamatsu streak camera working in a single sweep
mode. An optical pulse selector was used to vary the repetition rate of
the exciting pulses.
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SAXS Measurements. SAXS measurements have been performed
at the MINA instrument at the University of Groningen. The
instrument is built on a Cu rotating anode providing high flux
collimated X-ray beam of the wavelength 0.154 nm. SAXS patterns
have been collected using a two-dimensional Vantec 500 Bruker
detector placed 30 cm away from the sample. In order to obtain the
1D SAXS profiles, the SAXS images were radially averaged around the
beam center. The sample-to-detector distance and the beam center
position have been calibrated using the position of known low-angle
diffraction peaks from a standard silver behenate powder. Samples
were contained into 1.5 mm flame-sealed capillaries. The scattering
from the solvent was removed by subtraction after proper correction
for sample absorption. All data manipulation steps were performed
using a Matlab software.
The SAXS curves for the CQDs with native OA were fitted using a

standard equation for a dilute ensemble of spherical nanoparticles of
average radius R with a size distribution D(R)
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and the term

I t(0) cos 2ρ= Δ (3)

is a proportionality constant that depends on the instrumental settings
and the contrast term

particle solventρ ρΔρ = − (4)

with ρi being the specific electron densities in the studied system.
For the inks in PC and DFP, we have used a modified version of

the Beaucage equation with two structural levels, namely the spherical
particles subunits with average radius Rsubunits and the aggregates of
average radius Rg,aggregate
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and

I q I q( ) ( )subunits sphere= (7)

G and B are constants and P is a power law exponent related to the
fractal dimension of the aggregates.
PbS CQD Thin Film FET Fabrication and Measurements. The

CQD FETs were fabricated on top of highly doped Si substrates
covered with a 230 nm thermally grown SiO2 dielectric. Prepatterned
interdigitated electrodes consisting of 10 nm ITO and 30 nm of Au
are served as a source and a drain with a channel width of 10 mm and
length of 20 μm. The substrates were cleaned by sonication in acetone
and isopropanol, dried in the oven, and treated with O2-plasma prior
the film deposition. The CQD inks in PC and DFP was deposited
onto the substrates by blade-coating. FETs were washed with MeOH
for 3 min and annealed for 20 min at 120 °C, according to the
previously published work.30 All transistor measurements were
performed with an Agilent E5262A semiconductor parameter
analyzer. All fabrication and measurement steps were performed in
a N2-filled gloveboxes with O2 and H2O concentrations below 0.1
ppm. The hole and electron mobility values were extracted from the
transfer (ID−VG) characteristics of the FETs in the linear regime using

the gradual channel approximation and the parallel plate capacitance
of the oxide layer.49
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