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PbSe Quantum Dot Superlattice Thin Films for
Thermoelectric Applications

Viviana Sousa, Masahiro Goto, Marcel S. Claro, Sergey Pyrlin, Luis Marques,
Evgeny B. Modin, Oleg I. Lebedev, Siavash M. Alizadeh, Cátia Freitas, Eliana M. F. Vieira,
Kirill Kovnir, Pedro Alpuim, Takao Mori,* and Yury V. Kolen’ko*

An unusual self-assembly pattern is observed for highly ordered 1500-nm-thick
films of monodisperse 13-nm-sized colloidal PbSe quantum dots, originating
from their faceted truncated cube-like shape. Specifically, self-assembled
PbSe dots exhibited attachment to the substrate by <001> planes followed
by an interconnection through the {001} facets in plan-view and {110}/{111}
facets in cross-sectional-view, thus forming a cubic superlattice. The
thermoelectric properties of the PbSe superlattice thin films are investigated
by means of frequency domain thermoreflectance, scanning thermal probe
microscopy, and four-probe measurements, and augmented by computational
efforts. Thermal conductivity of the superlattice films is measured as low as
0.7 W m−1 K−1 at room temperature due to the developed nanostructure. The
low values of electrical conductivity are attributed to the presence of insulating
oleate capping ligands at the dots’ surface and the small contact area
between the PbSe dots within the superlattice. Experimental efforts aiming
at the removal of the oleate ligands are conducted by annealing or molten-salt
treatment, and in the latter case, yielded a promising improvement by
two orders of magnitude in thermoelectric performance. The result indicates
that the straightforward molten-salt treatment is an interesting approach to
derive thermoelectric dot superlattice thin films over a centimeter-sized area.
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1. Introduction

The research related to semiconducting
quantum dots is an essential subject of
nanoscience[1] that recently has culminated
in the 2023 Nobel Prize in Chemistry.[2]

Colloidal quantum dots (CQDs) are synthe-
sized by methods that employ long-chain
organic capping ligands (e.g., oleate, alky-
lamine, trioctylphosphine) to passivate the
surface of quantum dots and to provide a
barrier to coalescence, and hence, the resul-
tant CQDs form stable colloidal dispersions
in nonpolar organic solvents.[3] Interest-
ingly, monodisperse CQDs could be used
as building blocks for bottom-up assembly
of nanocrystal superlattices-artificial solids
wherein the dots take the place of atoms in
traditional solids and the packing arrange-
ment of the dots determines the unit cell pa-
rameters of the resultant superstructure.[4]

Colloidal dispersion of the dots can gen-
erate self-organized thin films through
slow evaporation of the solvent, thus
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affording scalable fabrication of highly ordered quantum dot
solids.[5] During the late stage of solvent evaporation, the concen-
tration of CQDs increases, and the capillary forces become effec-
tive, enabling the self-assembly of the concentrated dispersion of
the dots into solid close-packed thin film.[4,6] The as-derived self-
assembled highly ordered superstructures have demonstrated
properties different from those of a collection of individual dots
or other structural building blocks. Such synergistic effects are
promising formaterials design in energy conversion/storage and
nanoelectronics applications.[6–9] The properties can include in-
creased charge transport, delocalization of charge carriers, and
unique optoelectronic properties.[10] For instance, self-assembled
close-packed arrangements with oriented/exposed facets can im-
prove the selectivity and activity of the catalysts, improving
their overall performance and stability.[6] Also, well-organized
mesostructures have shown optimized mass diffusion and tun-
ablemicro-electric fields, leading to enhanced performance in en-
ergy storage and electrocatalysis applications.[9]

CQDs hold promise in solution-processed thermoelectrics
(TEs),[11] wherein CQDs with TE properties could be used as
building blocks for the fabrication of either highly-ordered or
randomly-ordered TE thin films, as well as bulky solids.[12,13]

The TE performance of the material is defined by the figure-
of-merit ZT = S2 𝜎 T/𝜅 (S = Seebeck coefficient; 𝜎 = electri-
cal conductivity; T = absolute temperature; 𝜅 = thermal conduc-
tivity), hence, high S and 𝜎, as well as low 𝜅 are beneficial for
high-performing TEs.[14] The small size of the dots, below the
Bohr radius of an exciton, leads to the quantum confinement
effect.[3,12] This phenomenon results in the alterations of the elec-
tronic density-of-states near the Fermi energy forming sharp fea-
tures. Such perturbations could increase charge carrier concen-
tration and mobility, thus effectively enhancing S.[3,15–17] Wang
and co-workers demonstrated the increased S for PbSe superlat-
tices due to the strong quantum confinement of the dots with
size below 10 nm.[18] On the other hand, the small dimension of
the CQDs provides improved phonon scattering at the interfaces
between the dots, thus affording lower 𝜅.[19,20] Such thermoelec-
tric thin films are expected to be utilized in IoT energy harvesting
applications,[21] leading to the demonstration of several thin film
thermoelectric power generation devices.[22–24] Notably, besides
exhibiting interesting thermoelectric properties, PbSe consists
of more abundant elements (e.g., in comparison with Bi or Te)
and can be easily synthesized in the form of CQDs with uniform
size andmorphology for self-assembling of superlattices.[25–30] In
turn, PbSe CQD superlattices can unveil potential for thermo-
electric applications near room temperature due to improved per-
formance from ordered-nanoscale, while currently this material
is applied to medium-high range temperatures.[3]

When considering 𝜎 of solid CQD ensembles, one could ex-
pect enhanced 𝜎 in superlattices as a consequence of the delo-
calization of the charge transport,[11] which boosts charge carrier
mobility and diffusion length in highly ordered CQD arrays.[19,28]
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In many cases, high 𝜎 was proved difficult to achieve for CQD
superlattices. There are two main reasons for this: i) the pres-
ence of passivating long-chain insulating organic capping ligand
(e.g., oleate) on the surface of CDQs,[31] and ii) the small con-
tact conductance between typically spherical CQDs.[32] In terms
of electronic interparticle interactions, short and noninsulating
capping ligands are preferred for maximizing charge transfer
(both dot–dot and dot–medium); alternatively, insulating capping
ligands could be removed by heat treatment or ligand stripping
approaches.[33–35] For example, Talapin and Murray reduced in-
terparticle space and improved the electrical conductance of the
CQD ensemble from 10−11 to 3 × 10−10 S cm−1 through the re-
moval of a part of insulating oleate ligands from the surface of
PbSe dots. Additional post-treatment with hydrazine solution in
acetonitrile allowed for further improved conductance by ten or-
ders ofmagnitude.[36] In another example, Abelson et al. replaced
oleate ligands with 1,2-ethylenediamine enabling the fusion of
PbSe CQDs, and then additionally removed long insulating sur-
face ligands by dipping the resultant PbSe superlattice thin film
into a PbI2 solution. Such dual treatment allowed for improved
charge carrier mobility. The authors also addressed the problem
of the small contact conductance between the dots by atomic
layer deposition of alumina, which filled the voids in the su-
perlattice, thus further improving charge carrier mobility, from
≈1 cm2 V−1 s−1 to more than 2 cm2 V−1 s−1.[27] Another inter-
esting approach to reduce interparticle space and improve the
electronic transport of CQD superlattices relies on the removal
of insulating organic capping ligands with the help of molten
salts.[37,38] The salts have been applied as electrolytes due to their
high ionic conductivity and high electrochemical/thermal stabil-
ity, in particular, halide molten salts, such as iodine-, chloride-,
and fluoride-based.[39] Notably, iodine-based molten salts are in
the lowest temperature range, i.e., below the temperature of
CQDs’ sintering, and hence, could be employed to improve the
electronic performance of semiconductor CQD thin films.
In this paper, we report the results of our computational in-

vestigation of PbSe CQD thin films followed by an experimental
study of the fabrication and properties evaluation of PbSe CQD
superlattice thin films. A series of pristine, annealed,molten-salt-
treated superlattice thin films with similar structures has been
studied where the thermal and electrical transport properties dif-
fer depending upon fine ordering and real microstructure. The
substantial improvement of the thermoelectric performance of
molten-salt-treated PbSe superlattice thin films has been experi-
mentally demonstrated.

2. Result

2.1. Theoretical Insights on Electronic Transport of PbSe CQD
Thin Films

To understand the potential of PbSe CQD superlattice thin films
as thermoelectric materials, an analysis of the electronic trans-
port coefficients based on ab initio calculations was performed.
The calculations have been conducted for several envisioned
cases, namely, for the reference bulk PbSe, the reference nanos-
tructured bulk PbSe, highly-ordered self-assembly of PbSe dots
(i.e., superlattice), and randomly-ordered self-assembly of PbSe
dots (i.e., nonsuperlattice). Moreover, the calculations anticipate
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Figure 1. Calculated profiles of Seebeck coefficient (left) and electric conductivity (right) as the function of chemical potential for the selected set of
parameters. For the fitted profiles the set of figures in the legend shows the chosen values of the corresponding parameter: wGB (nm), UGB (eV), Upore
(eV), and Rpore/R0. Circle markers indicate the points on the profile, closest to the experimental measurements presented below. Filled circles and solid
color lines correspond to superlattice (SA) CQD arrays, while open circles and dashed grey and green lines to nonsuperlattice (non-SA) CQD arrays.
The black solid line indicates the reference transport coefficients of a bulk PbSe. The dashed black line demonstrates the attempt to model the effect of
nanostructuring using a constant mean free path (MFP) approximation.

the case of pristine ensembles of PbSe dots having oleate capping
ligands, as well as the cases of ensembles of PbSe dots wherein
oleate capping ligands have been partially removed by annealing
or molten-salt heat-treatment. Based on the previously published
studies of similar CQDs, oleate capping ligands form a rather
large shell (1.1–2.1 nm in thickness) around the dots.[18,27,36] To
account for this, the model included scattering of charge carri-
ers by periodic rectangular potential barriers, representing inter-
dot contacts. The width of such “grain boundary” potentials, wGB,
was expected to be in 0.5–2.5 nm range. Regarding the height of
the potential barriers, in several studies, the contact barrier en-
ergy of the order ≈0.1 eV was suggested.[40,41] At the same time,
tunneling over a large pore should be similar to the work func-
tions of typical conductors, so the upper value for interdot con-
tact barriers, UGB, as well as for spherical barriers, representing
pores in dot superlattice, Upore, was limited to 5 eV. For conve-
nience, the values of potential barriers and band energies are
given with respect to the Fermi energy, EF, of PbSe. Additional
exploration of the influence of UGB, Upore, and normalized pore
radius, Rpore/R0, on electronic transport within PbSe CQD en-
sembles are presented in Figures S1–S5 (Supporting Informa-
tion).
The calculated profiles of the Seebeck coefficient, S(μ), and

electrical conductivity, 𝜎(μ), are shown in Figure 1 and Figure
S6 (Supporting Information). Depending on the degree of
nanostructuring, the electrical conductivity reduces from 103 to
104 Sm−1, typical for bulk PbSe,[42–45] down to 10−9 Sm−1 for pris-
tine PbSe CQD thin film with large oleate shell.[36] At the same
time, the Seebeck coefficient experiences relatively small disper-

sion with nanostructuring. In fact, the most prominent change
for S(μ) from its bulk profile is a displacement toward negative
values of (μ–EF). This displacement is a result of band filtering
by boundary scattering: while PbSe dots themselves appear to
be slightly doped in favor of holes, for the whole superlattice,
the electrons of conduction bands have higher mobility as they
are more likely to tunnel through interdot barriers. This effect is
not reproduced either by constant relaxation time or by constant
mean free path (MFP) approximations, highlighting the impor-
tance of detailed modeling of scattering times.
Regarding electrical conductivity, our experimental data for the

PbSe CQD film treated with molten salts evidenced almost com-
plete ligand removal and substantial electrical conductivity in-
crease (vide infra). To mimic a nearly complete ligand removal
procedure, we lower the interdot distance, wGB, down to 1 nm,
i.e., almost down to direct contact. For pristine (no ligand re-
moval) and annealed (partial ligand removal) samples the values
of wGB in the range of 1.5–2.0 nm were found appropriate, and
set UGB and Upore down to 0.5 and 1.0 eV, respectively, while the
maximum setting of 5.0 eV worked well for the rest of the film
specimens. The computational results suggest that molten salt
treatment seems to effectively eliminate oleate ligands leading to
the fusion of the PbSe dots within the ensemble, thus establish-
ing interfaces with lower barriers and higher area.
The concentration of free carriers of each type (n, p), as well as

corresponding scattering times, ‹𝜏e,h›, and mobilities, ‹μe,h›, were
also estimated (Table 1). While the estimated concentration of
free charge carriers is quite similar across three film samples, the
mobility of molten-salt-treated PbSe CQD film again stands out,
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Table 1. Calculated electronic transport properties of superlattice and nonsuperlattice regions of pristine, annealed, and molten-salt-treated PbSe CQD
thin films.

Electronic properties μ-Ef, eV Electrons Holes

nbulk, cm
−3 <𝜏e>, s <μe>, cm2 V−1 s−1 pbulk, cm

−3 <𝜏h>, s <μh>
cm2 V−1 s−1

Pristine superlattice −0.008 9.6 × 1015 9.6 × 10−16 6.23 16.0 × 1015 9.5 × 10−16 6.19

Pristine or Annealing nonsuperlattice −0.010 8.7 × 1015 9.6 × 10−16 6.23 17.7 × 1015 9.5 × 10−16 6.20

Annealing superlattice −0.008 9.5 × 1015 9.5 × 10−16 6.18 16.2 × 1015 9.4 × 10−16 6.15

Molten salt superlattice −0.005 10.5 × 1015 4.0 × 10−14 261 14.6 × 1015 2.6 × 10−14 168

nonsuperlattice −0.005 10.7 × 1015 1.2 × 10−15 7.84 14.3 × 1015 1.0 × 10−15 6.69

showing a striking imbalance between concentrations of holes
and electrons, and their mobilities. A similar behavior is com-
monly reported for crystalline bulk materials, wherein the mo-
bilities of electrons are often higher than the mobilities of holes.
For example, III–V InSb semiconductor demonstrates markedly
higher electron mobilities of up to 77 000 cm2 V−1 s−1 in compar-
ison to the maximum hole mobilities of ≈850 cm2 V−1 s−1. The
estimated concentrations of free carriers nbulk and pbulk were de-
termined by integration of electronic density-of-states calculated
for bulk PbSe for the estimated value of chemical potential. Tak-
ing into account the excluded volume of pores and interdot dis-
tance (or oleate ligand shell if present) neff = 4.4± 0.1× 1015 cm−3

and peff = 7.2 ± 1.2 × 1015 cm−3 can be estimated for
effective concentrations of free carriers in the PbSe CQD
superlattice.

2.2. Large Area PbSe CQD Superlattice Thin Films

We further studied promising electrical transport of PbSe CQD
superlattices, confirmed from theoretical insights, by perform-
ing a detailed structural and properties characterization of PbSe
superlattices in the form of thin films. Our previously reported
colloidal synthesis method was adapted to preparemonodisperse
oleate-capped PbSe CQDs with narrow dot size distribution of
13 ± 1 nm and cubic crystal structure (Fm–3m, a = 6.1256(2) Å,
ICDD no. 04-002-6293, Figure S7a, Supporting Information).[16]

To obtain a self-assembled thin film from the as-synthesized 13-
nm-sized PbSe CQDs, a 10 mg L−1 dispersion of the dots in
toluene was prepared, and the solvent was evaporated completely
over hydrophobized 1 × 1 cm SiO2/Si wafer or W foil substrates.
The solvent evaporation process was managed to be very slow,
namely, in a time spun of 20 days. Moreover, the substrates were
tilted to 45 ° to increase the contact area during the process
of slow evaporation, hence, promoting the reproducible deposi-
tion of self-assembled PbSe CQD thin film with a thickness of
1.5 ± 0.6 μm (Figure S8, Supporting Information).
Optical photo (Figure S9, Supporting Information) and scan-

ning electron microscopy (SEM) studies (Figure S10, Sup-
porting Information) show a co-existence of a relatively large
brighter area (≈0.33 cm2) in the middle of the resultant thin
films (Figure S9, Supporting Information), corresponding to the
highly-ordered self-assembly (i.e., superlattice region) (Figure 2;
Figure S10, Supporting Information), together with foggy ar-
eas (≈0.67 cm2) on the top and bottom sides of the fabricated

thin films (Figure S9, Supporting Information), corresponding
to randomly-ordered self-assembly (i.e., nonsuperlattice region),
as observed on left side of Figure S10b (Supporting Information).
The ordered arrangement of PbSe CQDs within the resultant su-
perlattice region of the as-fabricated thin films was confirmed by
SEM, transmission electron microscopy (TEM), electron diffrac-
tion (ED), and scanning TEM (STEM) analyses of the film lamel-
las fabricated by focused ion beam (FIB) milling. Plan-view SEM
images (Figure 2) and cross-sectional-view high-angle annular
dark-field STEM (HAADF–STEM) images in Figure 3 and Figure
S8 (Supporting Information) reveal the formation of structurally
and chemically uniform, highly-ordered cubic PbSe CQDs 3D su-
perlattice. We found that the true shape of the synthesized PbSe
CQDs is truncated-cube-like (Figure 4a,b; Figure S11, Supporting
Information), i.e., cube-like {100} faceted dots with {110} trun-
cated sides and {111} truncated corners. According to the ED
analysis (Figure 3a), the PbSe dots exhibit cubic crystal structure
(Fm–3m, a = 6.12 Å, ICSD no. 63097), which is in good agree-
ment with the X-ray diffraction (XRD) data (Figure S7a, Sup-
porting Information).Moreover, the PbSe CQDs demonstrate the
most prominent growth direction along [001] and, to a lesser ex-
tent, along [110] (Figures 3a and 4a,b; Figures S8 and S11, Sup-
porting Information).
The dots were observed to be attached to the substrate sur-

face by <001> planes and interconnected between themselves
through the {001} facets in plan-view and {110}/{111} facets in
cross-sectional-view (Figures 2 and 3c,d, and 4a,b; Figure S8, Sup-
porting Information). This is most likely due to oleate ligand at-
tachment effect, which is usually stronger over {110}/{111} facets
as a result of higher ligands’ density on these facets, exhibiting
higher surface energy.[46] Such a self-assembly pathway provides
access to the nearly perfect cubic ordering of the dots within the
superlattice, as confirmed by ED pattern near the central diffrac-
tion beam (Figure 3b), which was collected using maximal cam-
era length. From this ED data, the ordering period of the super-
lattice was estimated to be ≈17 nm, which is in good agreement
with the SEM and HAADF–STEM imaging shown in Figures 2
and 3d, respectively.
Notably, the most common self-organization of nearly spheri-

cal CQDs deposited onto a sufficiently flat substrate is 2D hexag-
onal ordering, but in our case, the 13-nm-sized PbSe CQDs are
largely arranged to form cubic superlattice, with only a limited
appearance of hexagonal ordering. For example, Figure S12 (Sup-
porting Information) shows the occasional co-existence of cubic
and hexagonal orderings of the dots, which was found only at the
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Figure 2. Representative plan-view SEM images at a,b) lower and c,d) higher magnification of a,c) pristine PbSe CQD superlattice thin film, and b,d)
after the film being subjected to annealing at 400 °C under vacuum for 15 min plus under H2 gas flow of 100 mL min−1 for 5 min.

edge of the superlattice thin film. The primary ordering of the
dots through the superlattice thin film was established to be cu-
bic, as revealed by TEM imaging and the corresponding ED data.
The energy dispersive X-ray spectroscopy analysis in STEMmode
(STEM–EDX) confirms the expected chemical composition of the
PbSe dots (Pb/Se atomic ratio is 1:1), as well as uniform distri-
bution of key constituting elements Pb and Se through the dot
building blocks and the whole superlattice thin film (Figure 3e).
To improve the charge transport properties of as-fabricated

PbSe CQDs superlattice thin films, two different thermal treat-
ments were applied to the thin films: i) short annealing at 400 °C
under vacuum for 15 min followed by annealing under H2 gas
flow of 100 mL min−1 for 5 min, and ii) heat treatment in a
molten salt mixture of CsI/LiI = 2:1 at 200 °C under Ar gas
flow of 100 mL min−1 for 30 min. Such treatments are antic-
ipated to partially or completely eliminate the insulating cap-
ping oleate ligands around the PbSe dots, and consequently, im-
prove dot interconnection while suppressing their sintering.[6,47]

To evaluate the effectiveness of the employed ligand removal
protocols, infrared spectroscopy was carried out to analyze
the resultant PbSe CQD thin films (Figure S13, Supporting
Information). Normally, oleate ligands capping PbSe dots are
reported with higher intensities ≈2950, 2900, 2850 cm−1, and
≈1500 cm−1.[27,29,30,48] According to infrared spectroscopy, the
presence of some oleate ligands was still observed for the an-
nealed films, but there was almost a complete removal of organic
compounds from the molten-salt-treated films, as deduced from
the decreased peaks intensities in the Figure S13 (Supporting In-
formation).
According to the XRD analysis, the PbSe CQDs in superlat-

tice thin films preserve their original cubic crystal structure after

being subjected to the aforementioned treatments (Figure S7b,c,
Supporting Information). Notably, after the heat treatments lat-
tice parameter increased slightly from original a = 6.1256(2) Å to
annealed a = 6.1278(3) Å and molten-salt-treated a = 6.1284(2) Å
samples, suggesting a small increase in the mean size of the
dots (Figure S7, Supporting Information). Additional electron
microscopy studies of the treated samples led to the observation
that the PbSe CQDs are more closely packed within the annealed
thin film (Figures 2d, 3b,d, and 4c; Figure S10b and S14, Sup-
porting Information), which is consistent with the observed par-
tial oleate ligand removal around the dots (Figure S13, Support-
ing Information). The microstructure of the thin film treated in
molten salt (Figure 5) is somewhat more similar to the one of
the pristine PbSe CQD superlattice (Figures 3; Figure S8, Sup-
porting Information), albeit a small increase in the mean size of
PbSe dots was observed, consistent with XRD data above. Im-
portantly, both treatments avoided complete sintering of the dots
upon the intended removal of the oleate ligand (Figure 5; Figures
S10b,c, and S14, Supporting Information). At the same time, we
detected the initial tendency of the PbSe dots to sinter during
thermal annealing (Figure 4c,d), while we did not observe any sig-
nature of dots’ sintering during molten salt treatment (Figure 5).
The TEM imaging shows that the superlattice structure becomes
less ordered (superlattice domain sizes decrease) after the treat-
ments when compared to one in the pristine superlattice thin
film (Figure 3; Figure S8, Supporting Information cf. Figure 5;
Figure S14, Supporting Information), and as a result more stack-
ing faults can be found within treated thin films (Figure 5; Figure
S14, Supporting Information). The STEM–EDX analyses of the
lamellas show that the regions containing Pb and Se well overlap
with each other (Figure 5; Figure S14, Supporting Information),
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Figure 3. Representative cross-section HAADF–STEM images of CQD film area at different magnifications c,d) and the corresponding ED patterns a,b)
of the lamella fabricated by FIB milling of self-assembled PbSe CQD thin film, together with the simultaneously collected e) STEM–EDX maps of Pb, Se,
and their superposition.

indicating the homogeneous distribution of the elements within
treated superlattice thin films, as well as evidencing the preser-
vation of the chemical composition of the PbSe dots after both
applied treatments.

2.3. Low Thermal Conductivity of the PbSe CQD Superlattice
Thin Films

The thermal transport properties of three types of PbSe CQD
superlattice thin films (i.e., pristine, annealed, and molten-salt-
treated) were probed by the frequency domain thermoreflectance
(FDTR) which has a good sensitivity for 𝜅 in the direction normal
to the surface 𝜅⟂. We found that the FDTRmeasurements within
the same superlattice film deposited onto the SiO2/Si wafer sub-
strate showed considerable inhomogeneities in reflectivity and
phase-shift, which may be attributed to the variations in the film
thickness and local film properties, such as superlattice domain
size and the degree of dots’ ordering. Since 𝜅⟂ and heat capac-
ity, Cp, extracted from the FDTR phase-shift model are correlated
to these local properties, neither the thermal properties nor film

properties could be obtained independently for each point. Nev-
ertheless, after measuring over several different points, an aver-
age curve for each film specimen was determined. Those average
curves were alike for all three measured superlattice thin films,
and it was concluded that the average values of 𝜅⟂ and Cp for all
three films are similar within the obtained error margins.
Figure 6 shows the collected FDTR data corresponding to the

film thickness of 1.34 μm ± 10%, 𝜅⟂ = 0.69 W m−1 K−1 ± 30%,
and Cp = 1.14 × 106 J m−3 K–1 ± 9%. The calculated heat capac-
ity of ≈0.14 J g−1 K−1 is close to the previously reported value for
bulk PbSe of ≈0.17 J g−1 K−1, confirming fitting robustness.[49]

Interestingly, the measured room temperature thermal conduc-
tivity of the superlattice thin films is 56% lower when compared
with 𝜅 = 1.6 W m−1 K−1 of bulk PbSe.[50] Furthermore, we at-
tempted to perform thermal propertymapping employing FDTR.
The maps of reflectivity and phase-shift (from where 𝜅⟂ and Cp
were extracted) for three types of thin films were acquired at total
reflectivity, as well as at modulation frequencies of 7.25 kHz and
2.76 MHz over 160 × 160 μm2 superlattice film area. The results
of this effort are presented in Figures S15–S17 (Supporting In-
formation), which confirm the similar homogeneity of thermal
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Figure 4. Representative cross-section high-resolution HAADF–STEM images of a) pristine PbSe CQD superlattice thin film, b) selected [110] and [001]
PbSe CQD images; c,d) after the film being subjected to annealing at 400 °C under vacuum for 15 min plus under H2 gas flow of 100 mL min−1 for
5 min. The joint interface between two [110] PbSe CQDs is given as insert in (c) and marked by white arrow heads.

transport properties for all superlattice thin films based on PbSe
dots.

2.4. Scanning Thermal Probe Microscopy Probing of Superlattice
Thin Films

With promising thermal transport results in hand, we next
sought to further investigate TE properties of the fabricated

superlattice PbSe CQD thin films. We decided to analyze the
self-assembled superlattice as well as nonsuperlattice regions of
the thin films to elucidate how the level of ordering in dot pack-
ing affects the TE properties. For this purpose, scanning thermal
probe microscopy (STPM) was applied providing access to
thermal conductivity, thermal effusivity, and thermopower maps
for the three fabricated PbSe CQD thin films. It is important to
note that the STPM measurements were carried out under air.
This could result in air and moisture influencing the heat

Adv. Funct. Mater. 2024, 34, 2409216 © 2024 Wiley-VCH GmbH2409216 (7 of 16)
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Figure 5. Representative a,c) bright field TEM and d) HAADF–STEM images at different magnifications, and b) low magnification HAADF-STEM image
together with corresponding STEM−EDX maps of Pb, Se, and their mixture of the FIB-fabricated lamella of superlattice thin film self-assembled from
13-nm-sized PbSe CQDs, after the film being subjected to the heat treatment in a molten salt mixture of CsI/LiI = 2:1 at 200 °C under Ar gas flow of
100 mL min−1 for 30 min.

conduction between the PbSe CQD thin films and the
probe, leading to overestimated effusivity and thermal
conductivity.[51,52] Therefore, the results obtained from STPM
were only considered for relative comparison between pristine,
annealed, and molten-salt-treated film specimens, and be-
tween superlattice and nonsuperlattice regions of the film
specimens. The details of the STPM measurements are
presented in Figures S18–S20, (Supporting Information),
while Table S1 summarizes the condition of STPM probing.
Table 2 summarizes average values of thermal conductiv-
ity, effusivity, and Seebeck coefficient obtained by STPM
probing.
Figure 7a,b,c show the respective thermal conductivity maps

for STPM-probed areas of 0.49, 0.44, and 0.55 cm2 for pristine,
annealed, and molten-salt-treated film specimens, respectively.
Notably, the points with negative values on effusivity and See-
beck measurements, detected during STPM probing, were not
considered during the calculation. Also, due to large differences
from nearby values, six left columns recorded for themolten-salt-

treated thin film were not considered for the average results pre-
sented in Table 2. This is most likely due to some defect on the
measured area.
Average 𝜅 values for the corresponding superlat-

tice/nonsuperlattice regions were estimated to be 13/9.6,
6.9/7.3, and 5.5/3.0 W m−1 K−1 for pristine, annealed, and
molten-salt-treated PbSe CQD thin films, respectively. The data
suggests that the thermal treatments of the pristine PbSe CQD
thin film targeting oleate ligand removal lead to ≈50% reduction
in 𝜅. Comparing 𝜅 between superlattice and nonsuperlattice
regions, in general, nonsuperlattice regions featuring random
ordering were found to be characterized by lower 𝜅 than highly
ordered superlattice regions, namely, 27% and 45% lower in the
case of pristine and molten-salt-treated samples, respectively.
However, the annealed sample showed somewhat similar 𝜅 for
superlattice/nonsuperlattice regions with a difference of ≈5%.
Next, we mapped the thermal effusivity of the fabri-

cated thin films (Figure 7d,e,f), and average values for
superlattice/nonsuperlattice regions of the films were

Adv. Funct. Mater. 2024, 34, 2409216 © 2024 Wiley-VCH GmbH2409216 (8 of 16)
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Figure 6. FDTR phase-shift signals of superlattice thin film self-assembled
from 13-nm-sized PbSe CQDs recorded at three different points (Pristine –
Point 1, Pristine – Point 2, and Pristine – Point 3) of pristine sample, along
with average FDTR profiles of the films being subjected to annealing or
molten-salt-treatment. The red line shows the best-fitting model.

measured to be 4.2 × 103/3.6 × 103 J s−0.5 m−2 K−1,
3.1 × 103/3.2 × 103 J s−0.5 m−2 K−1, and
2.7 × 103/2.0 × 103 J s−0.5 m−2 K−1 in the cases of pristine,
annealed, and molten-salt-treated samples, respectively. Thus,
effusivity features decrease upon the thermal treatments, as
well as in nonsuperlattice regions. Finally, the thermopower was
probed (Figures 7g–i). Average Seebeck coefficient values for
superlattice/nonsuperlattice regions of the PbSe CQD thin films
were established to be −56/−30, −48/−31, and −61/−57 μV K−1

for pristine, annealed, and molten-salt-treated samples, respec-
tively. The negative sign of the thermopower demonstrates that
the materials are n-type with electrons as major charge carriers.
The applied thermal treatments moderately impact S values.
Finally, we measured the electrical conductivity of PbSe CQD

superlattice thin films deposited onto SiO2/Si wafer substrate by
means of the four-probemethod.We failed to obtain the electrical
conductivity of pristine PbSe superlattice since the values were
too low. Nonetheless, we were able to measure the conductivities
of annealed and molten-salt-treated PbSe superlattice thin film
samples, and the respective values were 0.6 and 58 S m−1. These
values are significantly lower than the electrical conductivity of

104 S m−1 reported for bulk n-type PbSe.[50] Nevertheless, molten
salt treatment resulted in two orders of magnitude increase in
electrical conductivity.

3. Discussion

Self-assembled long-range ordered arrays of CQDs are a power-
ful strategy for the bottom-up design of hierarchically organized
and compositional tunable functional nanomaterials with inter-
esting properties.[53] Self-assembling of the CQDs typically oc-
curs in the form of 2D (thin films) or 3D (micro/meso crystals)
arrangements. The assembling process is governed by several
features of CQDs, such as size/shape uniformity and nature of
capping ligands, as well as by the assembling conditions, such
as employed solvents, nonsolvents, substrates, and evaporation
rates.[9,54] Depending upon these factors,[5] the resultant ensem-
bles of CQDs could exhibit randomly-ordered closely-packed ap-
pearance, highly-ordered superlattice appearance, or coexistence
of both disorder/order appearances. In the current study, we
found that only the middle area (i.e., ≈33% of the film) of self-
assembled 1.5-μm-thick 1 × 1 cm PbSe CQD thin films exhibit
highly-ordered superlattice appearance while the nearby regions
(i.e., ≈67% of the film) co-existed with randomly-ordered closely-
packed appearance (Figure S9, Supporting Information).
Typically, 2D superlattices (i.e., monolayers) from lead

chalcogenide CQDs undergo self-assembly into hexagonal
structures.[25,53] In contrast to monolayers, PbSe CQD super-
lattices with more than five layers have been shown to self-
assemble preferentially into cubic structures, such as body-
centered cubic or face-centered cubic.[25,26] Simple cubic pack-
ing is challenging to obtain from spherical dots due to low pack-
ing density, while it has been predominantly reported for cubic-
shaped dots (Figure 8b–d).[55] Pinna and co-workers presented
simple-cubic ordering within 40 nm-thick films (i.e., 10 layers of
rhombicuboctahedron-shaped PbSe dots) after ligand exchange
with ethylenediamine.[25] Other reported lead chalcogenide su-
perlattice orderings include rhombohedral and body-centered-
tetragonal ones.[27,29,30,54,56] Xu and co-workers showed a face-
centered rhombohedral structure for a 500 nm-thick PbSe CQD
film with closed-packed structures after ligand exchange with
benzoic acid.[48] Nonetheless, the majority of 3D self-assembled
lead chalcogenide CQDs superlattices have a few nanometers in
thickness.

Table 2. Average values of thermal conductivity, effusivity, and Seebeck coefficient obtained by STPM probing of superlattice and nonsuperlattice regions
of pristine, annealed, and molten-salt-treated PbSe CQD thin films.

Sample Pristine Annealing Molten salt

Parameters

Thermal conductivity,
W m−1 K−1

superlattice 13 ± 7 6.9 ± 3.5 5.5 ± 3.0

nonsuperlattice 9.6 ± 5.1 7.3 ± 3.2 3.0 ± 1.8

Effusivity,
J s−0.5 m−2 K−1

superlattice 4.2 × 103 ± 1.4 × 103 3.1 × 103 ± 8.9 × 102 2.7 × 103 ± 9.4 × 102

nonsuperlattice 3.6 × 103 ± 1.1 × 103 3.2 × 103 ± 8.0 × 102 2.0 × 103 ± 7.3 × 102

Seebeck coefficient,
μV K−1

superlattice −56 ± 23 −48 ± 20 −61 ± 8.7

nonsuperlattice −30 ± 24 −31 ± 19 −57 ± 9.4
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Figure 7. STPM maps of thermal conductivity a–c), thermal effusivity d–f), and thermopower g–i) for pristine a,d,g), annealed b,e,h), and molten-salt-
treated c,f,i) PbSe CQD thin films. The black scale bar is equal to 1 mm.

In the present study, we achieved control over the synthesis of
truncated-cube-like PbSe CQDs, i.e., cube-like {100} faceted dots
with truncated {110} sides and {111} corners (Figure 8a,e–g;
Figure S11, Supporting Information). Moreover, the PbSe
dots self-assemble among themselves into superlattice in an
uncommon fashion via sharing the {110}/{111} facets (Figures 3
and 8h–i; Figures S8 and S21, Supporting Information) while the
vast majority of reports in the literature suggest the PbSe dots
self-assemble into superlattice through the {100} facets due to
lower surface energy of the facets.[46] The observed uncommon
self-assembly pathway of our PbSe dots may be related to their
size (13 nm) and shape (truncated cubes), which differ from the
more commonly used nearly spherical PbSe dots with smaller
diameters of 5–7 nm in reported PbSe superlattices.[25–28,59]

Notably, oleate ligands exchange/removal has been reported
to transform hexagonal superlattices (Figure 8l) into cubic
ones due to preferential removal of ligands on {100} facets
and their further epitaxial assembling through fusing {100}
facets.[27,29,30] In our case, even after partial oleate ligand removal
by annealing (Figure 8j; Figures S14, Supporting Information)
or after nearly complete oleate ligand removal with help of

molten salt treatment (Figures 5 and 8k), the resultant PbSe
dots within superlattice thin films retain their attachment to
the substrate surface by <001> planes and dots interconnec-
tion through the {001} facets in plan-view and {110}/{111}
facets in cross-sectional-view (Figure S21, Supporting
Information).
Our motivation for the investigation of PbSe CQD superlattice

thin films was to probe the effect of ordering and quantum con-
finement on their TE properties. Such thin films may be poten-
tial candidates for fabricating advanced TE devices. In the quan-
tum confinement regime, the semiconductor behavior of CQD is
characterized by discrete energy states, which create sharp delta-
function-like peaks at the electronic density-of-states (DOS) and
alter bandgap energy of the semiconductor material, thus cre-
ating minibands.[15,28] For example, Kavrik and co-workers de-
veloped epitaxially-fused PbSe CQD superlattices by injection of
1,2-ethylenediamine and ammonium thiocyanate for the forma-
tion of 3D and 2D ensembles, respectively, thus obtaining a tun-
able bandgap from 0.7 to 1.1 eV.[60] Moreover, DOS alteration by
quantum confinement usually affords a high Seebeck coefficient
and higher charge carrier concentration due to selective carrier

Adv. Funct. Mater. 2024, 34, 2409216 © 2024 Wiley-VCH GmbH2409216 (10 of 16)
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Figure 8. Crystal structure and self-assembly variants of PbSe CQDs: a) cubic unit cell of a PbSe crystalline lattice (Pb: brown, Se:yellow) with periodic
box size 6.1 Å, arrows indicate the three normal axes of the three most stable crystalline planes; b) a conventional PbSe dot with the shape of the cube
having the most stable {100} faces (≈10 nm in size); c) cubic colloidal dots self-assembling in dispersion; d) a resulting conventional dense cubic
superlattice; e) a random conformation of a oleic acid ligand (C: cyan, O: red, H: white); f) a PbSe dot with the shape of the cube truncated to nearly
spherical shape (≈10 nm in size) as the result of ligands’ stronger interaction with less energetically favorable {110} and {111} faces, the arrows indicate
the normal of the corresponding planes as before; g) an example of colloidal PbSe dot covered with oleic acid ligands (cyan threads, H omitted for clarity),
the ligands populated randomly with probability to be attached to less stable {110} or {111} planes taken to be 3 times higher than to a more stable
{100} surface (ratio chosen arbitrary, for illustrative purposes only), transparent surface indicate approximate volume occupied by QD with ligands’
shell, h) illustration of two truncated dots self-assembling due to ligands’ stronger interaction on edges; i–k): illustrations of organization of PbSe dots
in the produced self-assembled superlattice variations, connected through truncated {110} edges, higher populated with ligands, leaving more stable
{100} surfaces facing the interparticle pores until the pressure of evaporating solvent induces the layers to stack-up by {100} planes; the illustrations
correspond to: i) pristine superlattice (with capping ligands), j) annealed superlattice, k) molten-salt-treated superlattice reflecting swelling and partial
merging of the dots; l) illustration of a hexagonal pattern, forming possibly due to occasional growth of {111} truncated corners contributing to a more
spherical shape and increasing disorder. Figure created using VMD[57] and Tachyon[58] software.

filtering at the dot interfaces.[3] In fact, Wang and co-workers
demonstrated the quantum confinement effect in PbSe CQD
superlattices by underpinning an increase of S from 700 to
1150 μV K−1 for 8.6 and 4.8 nm dots, respectively.[18]

TE characterization of thin films, especially, their thermal
conductivity, is a challenging task,[20] and exploration of dif-
ferent probing techniques allows us to evaluate their advan-
tages and limitations, which is rarely reported. The STPM is
a contact technique where a voltage difference is applied be-
tween the stage and probe generating a temperature gradient,

which allows to measurement of generated voltage and tem-
perature at different spots over the thin film. In sharp con-
trast, the FDTR is a noncontact technique where a single light
beam (the pump) acts as a heat source by changing the mod-
ulation frequency while a second beam (the probe), detects
the resulting temperature variation through a change in the
surface reflectivity.[61] Both techniques obtain thermal proper-
ties indirectly, depending on theoretical models and several
properties of the films, then, subject to great variability to be
considered.

Adv. Funct. Mater. 2024, 34, 2409216 © 2024 Wiley-VCH GmbH2409216 (11 of 16)
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STPM required a conductive substrate for accurate Seebeck co-
efficientmeasurement, as voltage difference was applied through
the substrate during measurement. We chose W foil substrate
due to its low resistivity (4.9 μΩ cm at 20 °C), which minimized
interference with the Seebeck coefficient measurements.
For FDTR and electrical conductivity measurements, we se-

lected SiO2/Si substrate due to its insulating properties and well-
characterized physical properties. This choice eliminated sub-
strate contributions to electrical transport while measuring thin
film electrical conductivity. Additionally, the well-modeled ther-
mal transport properties of SiO2/Si substrate enabled the deter-
mination of thermal conductivity in the PbSe CQD thin films.
In our experimental efforts, the thermal conductivity values

𝜅 = 3–13 W m−1 K−1 obtained by a contact STPM technique
(Table 1) were quite high when compared with the values mea-
sured by a noncontact FDTR technique 𝜅 ≈ 0.7Wm−1 K−1 ± 30%
(Figure 6). Notably, the value obtained by FDTR is close to the the-
oretical limit of lattice thermal conductivity of 0.4 W m−1 K–1 for
bulk PbSe.[62] At the same time, arrays of PbSe CQDswith 7.5 nm
size were reported to reach even lower 𝜅 ≈ 0.2 W m−1 K−1 when
measured by FDTR technique,[63] mainly due to the phonon con-
finement and interface scattering of the CQDs.
A significant difference between the STPM and FDTR ther-

mal conductivities observed in the current study may be due to
the formation of an air and water meniscus between the tip of
the STPM probe and the sample since measurements were per-
formed under atmospheric conditions. Heat transport should oc-
cur on solid–solid (tip-sample) contact. However, heat transfer
can also be influenced by air, water meniscus, or even radiation
between the sample and the tip.[51,64] Shi et al. have shown that air
can increase the thermal conductivity of thin films by more than
one order of magnitude depending on the heated contact area
between the tip and the sample.[65] Another important parame-
ter influencing the STPM measurements is the formation of a
water meniscus between the tip and the sample due to moisture
since the employed temperatures were below the boiling point of
water. Thermal conductance of capillary water condensation de-
pends on the dimensions of the water meniscus, which can vary
according to the surface roughness, the hydrophilic or hydropho-
bic nature of the surface, and the relative humidity of the air.[52]

Radiation is normally ignored in the measurements near room
temperature since its contribution is more significant at higher
temperatures.[51] One contact parameter that can also contribute
to inaccuracy in the STPM measurements is the formation of a
nonconductive oxide layer on the surface of the PbSe CQD build-
ing blocks, influencing tip-sample contact.[52] It is known that the
oxidation of small chalcogenide CQDs occurs quite quickly upon
exposure to ambient conditions, and the oxidized surface layer
could influence the electrical and thermal contacts between the
STPM probe and the superlattice film, thus causing less accu-
ratemeasurements.[66] Furthermore, although the STPMenables
the nanometer-scale spatial resolution, this technique is sensitive
to the morphologies of the specimen and the tip, hence, requir-
ing a dedicated probe and complex heat transfer modeling to ac-
quire consistent results.[66,67] Notably, our PbSe superlattice films
feature some defects on the surface, increasing locally the sur-
face roughness (Figure S9, Supporting Information). In fact, the
STPM maps (Figure 7) show some points with drastically differ-
ent 𝜅 values from the neighboring points (sometimes even neg-

ative values were measured), which could be related to surface-
roughness-induced interference on the measurement. It should
be stressed that the STPMmeasurements were carried out under
basically the same atmospheric conditions and tips for the pris-
tine, annealed, and molten-salt-treated samples, and therefore,
we see the comparison between the three samples giving relative
information of the treatment dependence on the thermal conduc-
tivity. Indeed, the exploitation of STPM for thin films allowed us
to gain insight into 2D changes. Further investigations with dif-
ferent tip morphologies could help to understand the exact influ-
ence of the film roughness and air heat transfer on the absolute
values of the STPM thermal conductivity measurements.[51,67,68]

Thermal and electrical properties of thin films can be influ-
enced by surface defects and roughness. Grain boundaries and
point defects at the thin film surface can introduce additional
scattering centers for electron conduction leading to a higher
electrical resistivity, the lattice thermal conductivity can be fur-
ther reduced due to the phonon surface roughness scattering.[69]

In order to minimize the effects of surface defects, the deposi-
tion of a passivation layer could uniformize the surface of the
self-assembled PbSe CQD thin films and also reduce surface ox-
idation defects. Alumina infilling by atomic layer deposition[70]

or vapor dosing with trimethylaluminum has been shown to suc-
cessfully reduce defect sites, decrease surface roughness, and im-
prove electrical conductivity.[71]

The STPM probing allowed us to demonstrate the variation
of thermal conductivity, effusivity, and Seebeck coefficient be-
tween nonsuperlattice and superlattice regions within the same
PbSe CQD thin films (Table 2). In pristine and molten-salt-
treated films, superlattice regions were found to exhibit higher 𝜅
and effusivity in comparison with nonsuperlattice regions, while
similar values of 𝜅 and effusivity were measured in superlat-
tice/nonsuperlattice regions of the annealed film. Reduced ther-
mal transport in randomly-ordered arrays can be related to the en-
hancement of different paths for interface phonon scattering.[50]

Ordered structures through smaller truncated facets seem to pro-
vide fewer interfaces for phonon scattering than disordered PbSe
CQDs arrays, which may present more interfaces due to the
higher contact area through larger {100} facets (Figure 8i–k). It
has been reported that geometry confinement is the major factor
influencing the thermal conductivity of the QD superlattices.[72]

Indeed higher packing density expected after oleate ligand re-
moval by heat treatment led to lower thermal conductivity of an-
nealed and molten-salt treated samples when compared with the
pristine sample.We found that the thermal conductivity and effu-
sivity are roughly two times more suppressed in the treated thin
films than in the pristine one. The STPMdata show that superlat-
tice regions feature higher thermopower in comparison to non-
superlattice counterparts, with an exception for a molten-salt-
treated sample which shows a similar thermopower for super-
lattice and nonsuperlattice regions. The observed lower values of
the Seebeck coefficient in randomly ordered arrays may be asso-
ciated with poor contact among dots’ interfaces, and accordingly,
reduced carrier filtering in such non-superlattice regions.[17]

According to the modeling, the interparticle barriers play a
crucial role in the transport of nanostructured material. The
best fit to experimental measurements (Figure 1) is achieved if
we assume that highly ordered superlattices of pristine and an-
nealed CQDs have on average slightly shorter interparticle
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distance (wGB = 1.5 nm) than disordered assemblies
(wGB = 2.0 nm). This rather small change has, however, a
significant impact on the probability of free electrons tunneling
between particles, notably increasing both electric conductivity
and Seebeck coefficient. CQDs’ sintering during thermal an-
nealing results in a larger area of contact, which can also be
reproduced to the model by reducing interparticle pore radius
(Rpore/R0 = 1.0 for annealed vs 1.3 for pristine). On the other
hand, treatment with molten salts produced films with higher
electrical conductivity and Seebeck coefficient with only a minor
difference between ordered and disordered samples. We believe
that this happens due to the surface restructuring of CQDs
during treatment, resulting in a large number of highly elec-
trically conductive interparticle contacts. This correlates in our
modeling with the best fit, to experimental points, achieved by
assuming wGB = 1.0 nm for both disordered and highly ordered
molten-salt-treated samples. For the latter case, the lower height
of the interparticle barrier (UGB = 0.5 eV vs 5.0 eV for all other
cases) suggests that a large portion of CQDs may be fused
together during treatment, thus resulting in contacts similar to
grain boundaries in a polycrystalline material rather than gaps
between well-separated CQDs. From this point of view, it can be
suggested that even a disordered molten-salt-treated sample can
have electrical conductivity and Seebeck coefficient almost as
high as highly ordered if it has a high enough number of such
“good” contacts to form a percolating network.
Overall, when comparing the electrical and thermal trans-

port properties of three fabricated PbSe CQD thin films, the
molten-salt-assisted ligand removal affords the best-performing
TE film with a calculated power factor (PF) of 0.217 and
0.0129 μWm−1 K−2 for superlattice and nonsuperlattice regions,
respectively. The performance difference between highly-ordered
and randomly-ordered closely-packed arrays of the same thin film
is of one order of magnitude, which is largely influenced by the
measured low electrical conductivity of nonsuperlattice region of
molten-salt-treated PbSe CQD thin film. Remarkably, the super-
lattice region of molten-salt-treated PbSe CQD thin film demon-
strated almost 100 times improvement of TE performance (PF)
when compared with annealed PbSe CQD thin film. This im-
proved performance was attained due to the increased electri-
cal conductivity of molten-salt-treated PbSe CQD superlattice re-
gions. Calculated profiles of the Seebeck coefficient and electrical
conductivity as the function of chemical potential (Figure 1) re-
vealed that all the fabricated films fall in the narrow interval close
to the charge neutrality point, where the S(μ) curve makes a very
steep change from p-type to n-type. This hints that the TE perfor-
mance of the PbSeCQD thin films has potential for improvement
as both the Seebeck coefficient and electrical conductivity can
be markedly improved if n-type dopants are introduced.[45,73] Be-
sides doping, another viable approach to increase the conductiv-
ity of the fabricated PbSe superlattice thin films is the conformal
deposition of additional conductive material into the voids be-
tween our truncated corner-connected dots. For instance, atomic
layer deposition or infiltration could be used for such conformal
deposition, affording higher electrical conductivity by means of
increased contact area between PbSe dots.[32,74,75]

The preparation of micrometer-thick PbSe CQD superlattice
thin films over a large area is an important advancement for
energy-related applications. Further development of a repro-

ducible and scalable synthesis for PbSe CQDs is in line with
large-scale fabrication demands for applications.[59,76] Superlat-
tice structures have demonstrated emerging physical proper-
ties, which can be employed to develop thermoelectrics, pho-
tovoltaics, optoelectronics (displays, lasers, photodetectors), and
catalysis.[56,59] Electrical conductivity improvements by molten-
salt treatment as well as low thermal conductivity obtained by
PbSe CQD ordered structures present an important step to attain
thin films with enhanced properties for future technologies.[76]

4. Conclusion

We have developed a reproducible protocol affording 1-cm2-area
fabrication of 1.5-μm-thick superlattice thin films frommonodis-
perse, phase-pure, and chemically uniform PbSe dots. The as-
fabricated superlattices exhibit an uncommon self-assembling
pathway into a cubic superlattice, namely, the dots are attached
to the substrate by <001> planes followed by an interconnec-
tion through the {001} facets in plan-view and {110}/{111} facets
in cross-sectional-view. Such 3D organization allows superlattice
thin films to withstand moderate annealing or molten-salt treat-
ments targeting insulating oleate ligand removal without signifi-
cant structural and microstructural changes. Owing to the pecu-
liar nanostructuring, pristine, annealed, and molten-salt-treated
PbSe CQD thin films were found to feature structural-ordering-
dependent low thermal conductivity with estimated values down
to 0.7Wm−1 K−1 at room temperature. Due to the presence of the
insulating capping oleate ligand on the surface of the PbSe dot
building blocks, the superlattice thin films were established to
exhibit low electrical conductivities, as corroborated experimen-
tally and theoretically. Our results demonstrate that heat treat-
ment of pristine PbSe superlattice thin films in a molten salt can
boost their electrical conductivity, and accordingly, their TE per-
formance by two orders of magnitude. Furthermore, our model-
ing suggests that the charge carrier concentration of all produced
samples lies in the range in which both the Seebeck coefficient
and electrical conductivity can be increased simultaneously by
additional doping. This opens a pathway to produce materials of
PbSe-based superlattices with an even higher power factor with-
out increasing phonon contribution to thermal conductivity.

5. Experimental Section
Starting Materials: The following reagents were used as received:

lead(II) acetate trihydrate (Pb(ac)2∙3H2O, ≥99.99%, Sigma-Aldrich), se-
lenium (Se, 100 mesh powder, ≥99.5%), trioctylphosphine (TOP, 90%,
Alfa Aesar), oleic acid (OA, 90%, Sigma-Aldrich), 1-octadecene (ODE,
90%, Sigma-Aldrich), 3-(mercaptopropyl)trimethoxysilane (MPTS, 95%,
Alfa Aesar), sodium hydroxide (NaOH, ≥99.0%, Supelco), cesium iodide
(CsI, 99.999%, Sigma-Aldrich), lithium iodide (LiI, 99.9%, Sigma-Aldrich),
and tungsten foil (W,≥99.9%, thickness= 0.5mm, resistivity of 4.9 μΩ cm
at 20 °C, Sigma-Aldrich). TOP, CsI, LiI, and W foil were stored and han-
dled under an inert atmosphere. Analytical reagent grade hexane (99.8%)
and toluene (99.8%) were purchased from Fisher Scientific, while acetone
(≥99.5%), isopropanol (≥99.8%), and ethanol (≥99.8%) were purchased
from Honeywell. Ultrapure water was generated by Milli-Q Advantage A10
system (Millipore) with a resistivity of 18.2 MΩ cm.

Synthesis of Monodisperse PbSe CQDs: To prepare monodisperse PbSe
CQDs, a previously reported colloidal synthesis protocol was adapted and
modified to maximize the yield of monodisperse nanocrystals with the
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desired shape.[16,33] First, 7.89 g of Se powder was dissolved in 100 mL of
TOP while stirring overnight at 60 °C, thus generating a transparent 1 m
solution of Se in TOP (Se : TOP). Next, Pb(ac)2∙3H2O (2.8 g, 7.4 mmol),
OA (6.6 g, 23.4 mmol), ODE (50 mL, 156.3 mmol) and 1 m TOP : Se solu-
tion (12mL) were loaded into a 250mL three-neck round-bottom flask, the
flask was then connected to the Schlenk line (Chemglass), and the reac-
tion mixture was degassed under vacuum at 130 °C for 2 h while stirring
to remove any undesired low boiling liquids, such as water and acetate
admixtures. The ratio between Pb and OA was kept at 1:3.2 to ensure an
excess of OA for PbSe CQDs synthesis. Pb/Se ratio was defined at 1:1.6 to
ensure final PbSe CQD proper stoichiometry since Se tends to evaporate
≈200 °C. Afterward, the vacuum was switched to Ar gas, and the flask was
rapidly heated to 190 °C and dwelled at this temperature for 10 min. The
reaction was rapidly cooled to room temperature (RT) using a water bath,
and the as-synthesized PbSe CQDs were first washed by the addition of
ethanol, and then by solvent mixture of hexane and isopropanol (1 : 3),
while collecting both times by centrifugation at 9000 rpm for 5 min. Fi-
nally, PbSe CQDs were dispersed in 15 mL of toluene followed by centrifu-
gation at 3000 rpm for 10 min. The supernatant with colloidal PbSe CQDs
was collected and stored in the closed vial at 4 °C. The concentration of
≈30 mg mL−1 PbSe CQDs in toluene was obtained gravimetrically.

Preparation of the Substrates: A 500 nm-thick silicon dioxide (SiO2)
layer was grown by plasma-enhanced chemical vapor deposition on
Si(100) substrate. The resultant SiO2/Si substrate was then diced with
1 × 1 cm2 dimensions using an automatic dicing saw. The tungsten foil
used for STPM characterization where also cut with 1× 1 cm2 dimensions.
To remove oxidation from the tungsten foil the substrates were cleaned
with a 1 m NaOH solution by ultrasonication for 30 min, and after rinsed
with Milli-Q water. The SiO2/Si and tungsten foil substrates were consec-
utively cleaned with acetone and isopropanol by ultrasonication for 5 min
and dried by N2 flow. A MPTS and toluene 4 : 1 solution was prepared,
and the substrates were dipped in the solution overnight. Prior to the
self-assembling experiments, the substrates were rinsed with toluene and
dried by N2 flow.

Self-Assembling of PbSe CQDs: A dispersion of the synthesized PbSe
CQDs in toluene at 10 mg mL−1 was prepared. A silicon substrate was
placed inside a clean 5 mL glass vial to allow further place the SiO2/Si or
W foil substrate (face-up for self-assembling) with an angle of 45 °. After,
3 mL of 10 mg mL−1 PbSe CQDs solution was pipetted to the vial, closed
by aluminum foil with three small holes for solvent evaporation. The vials
were further covered with a bowl and the solvent was allowed to evaporate
slowly in a time span of 20 days. Finally, self-assembled samples inside
the vials were dried for 24 h in a vacuum desiccator to ensure complete
solvent evaporation.

Heat Treatment Procedures: To remove residual organics (e.g., CQDs’
capping ligand) and to improve their electronic properties self-assembled
films were subjected to two different heat treatments: i) annealing at
400 °C for 15 min under vacuum, and then under H2 gas flow of
100 mL min−1 at 400 °C for 5 min using a Thermal CVD MicroSys 400
System (Roth & Rau); ii) thermal treatment at 200 °C for 30 min under
Ar gas flow of 100 mL min−1 in a molten salt mixture of CsI and LiI with
ratio 2 : 1 inside an alumina crucible using a tubular furnace (Lenton). The
molten-salt-treated films were rinsed with ultrapure water to remove salts’
residuals.

Characterization: The synthesized CQDs and the self-assembled thin
films were analyzed by X-ray diffraction (XRD) using X’Pert PRO (PANan-
alytical) diffractometer with Ni-filtered Cu K𝛼 radiation. Scans were per-
formed from 20 to 80° 2𝜃 using Si zero-background sample holders. The
XRD patterns were matched to the International Centre for Diffraction
Data (ICDD) PDF4 database using the HighScore software package (PAN-
alytical). The XRD data were analyzed by Le Bail fitting followed by Rietveld
refinement using GSAS II software.[77]

The morphology of the films was analyzed by scanning electron mi-
croscopy (SEM) using Helios NanoLab 450S DualBeam microscopes
(FEI). The focused ion beam (FIB)method was used to prepare the lamella
for cross-sectional investigation. Fine microstructure and the chemical
composition of the resultant PbSe CQD thin films were investigated by
transmission electron microscopy (TEM), high-angle annular dark-field

scanning TEM (HAADF–STEM), electron diffraction (ED), and energy-
dispersive X-ray spectroscopy in STEM mode (STEM–EDX) using a probe
and image aberration corrected JEM-ARM200F cold field-emission gunmi-
croscope (Jeol), operated at 200 kV and equipped with Orius SSD camera,
large angle CENTURIO EDX detector, and Quantum GIF.

Infrared spectroscopy was performed to analyze organic capping lig-
ands present on the surface of the PbSe CQD self-assembled thin films.
The room temperature Fourier-transform infrared spectroscopy (FTIR) in
attenuated total reflectance (ATR) mode was employed using a VERTEX
80v spectrometer (Bruker). All spectra were recorded by averaging 64
scans with a resolution of 4 cm−1, and are background corrected. Spectra
were recorded from 400 to 4000 cm−1, with KBr beam splitter, a DLaTGS
detector, and a mid-IR source.

Thermal conductivity (𝜅) and heat capacity (Cp) were measured by fre-
quency domain thermoreflectance (FDTR)[61] using a 435 nm pump laser
(2 mW) and a 532 nm probe laser (4 mW), respectively. To extract 𝜅 and
the thermal boundary conductance (TBC) from the phase-shift curves, the
most common FDTR model was used for the thin films.[78] The mea-
surements were conducted on PbSe CQDs thin films self-assembled on
SiO2/Si substrates. An 80 nm Au thin film was deposited by sputtering
on the surface to work as a reflective transducer. To reduce the number
of fitting parameters, the thickness of the Au and SiO2 layers was kept
constant with the values measured by interferometry and atomic force
microscopy. Initial values were taken from the literature and separated
samples with 80 nm gold on Si and SiO2/Si substrates were used to ob-
tain independent values for Au and SiO2 parameters. The only free pa-
rameters in the fittings are PbSe average thickness, 𝜅, Cp, and TBC: be-
tween Au/PbSe, G1, between PbSe/SiO2, G2. The best fitting was found
for G1 = 4 × 107 GW m−2 K−1 and G2 = 1 × 107 GW m−2 K−1, although,
the values of G1 and G2 have a low influence in the final value of 𝜅 and Cp.

2D distribution of effusivity, e, and thermopower of the fabricated thin
films was measured by scanning thermal probe micro-image (STPM) us-
ing an STPM-1000 (Advance Riko) under ambient atmosphere. Temper-
atures of the sample and thermal probe were fixed at 30 and 60 °C, re-
spectively. The distribution mapping was obtained at a pitch of 100 μm
both vertically and horizontally. Further details are described in Table S1
(Supporting Information). Thermal conductivity was calculated from e =√

k × 𝜌 × Cp,
[79] where 𝜌 is the density of PbSe of 8.1 × 106 g m−3, and

the heat capacity of PbSe was assumed to be 0.17 J g−1 K−1.[49]

Computational Methods: Density functional theory (DFT) calculation
of PbSe electronic structure was performed using the Vienna Ab initio Sim-
ulation Package (v. 6.3.1) (VASP).[80] The initial geometry of the system
was selected as a primitive unit cell of fcc structure, the lattice parameter
of which (a= 3.1087 Å) corresponds to the experimentally obtained crystal
structure of PbSe with the lattice constant of conventional unit cell equal
to 6.1213 Å at 298 K.[81] Periodic boundary conditions are used in all three
directions. The projector augmented wave (PAW) method was used to de-
scribe the core electrons of Pb and Se atoms.[82] The valence electrons of
both atoms and semi-core d-orbitals of Pb were treated using a plane wave
basis set with the kinetic energy cut-off of 520 eV and spin polarization.
Exchange and correlation were described using Heyd–Scuseria–Ernzerhof
hybrid functional (HSE06).[83,84] Electronic structure was iteratively con-
verged till 10−6 total energy difference using 8× 8× 8 k-points grid initiated
at Γ-point. The bandgap was estimated to be 0.275 eV, in excellent agree-
ment with other published values.[85,86] After convergence was reached,
the band structure of PbSe was sampled over a 24 × 24 × 24 k – point
grid using a non-self-consistent calculation including spin-orbit interac-
tion. Band structure energies interpolated over the high symmetry lines of
fcc lattice are shown in Figure S6, (Supporting Information).

Electronic transport coefficients were estimated within the Boltzmann
transport approach as implemented in BoltzTraP2 package.[87] For this
purpose, VASP band structures were interpolated onto 120 × 120 × 120 k-
points grid, and the Seebeck coefficient and electric conductivity were
subsequently estimated using three following approximations for electron
scattering. Transport in bulk PbSe was estimated using the constant re-
laxation time approximation (CRTA). Using reported experimental data
on electrons’ and holes’ mobility,[42,43] the average relaxation time was
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estimated 𝜏bulk = 1.16 × 10−13 s could be used for both types of charge
carriers in a wide range of concentrations (Figure S2, Supporting Infor-
mation). Constant mean free path approximation (CMFP) substitutes a
uniform relaxation time by the ratio 𝜏b,k = 𝜆free/𝜈b,k evaluated for each
band, b, and k-point, k, where 𝜆free is a charge carrier mean free path, as-
sumed to be equal for all electron modes, and group velocities are directly
calculated from band structure as 𝜈b,k = 𝛿ɛb,k/ℏ𝛿k. If 𝜆free is presumed to
be equal to the size of the CQD (13 nm), this is the simplest approach
to imitate the effect of nanostructuring. In the current study, it is used
as a reference for comparison reasons. To introduce the effect of band
filtering in nanostructured matter, the approach reported elsewhere was
followed.[40,41,88] Within this approach, separate scattering rates are intro-
duced for electron scattering by potential barriers at the grain boundaries,
𝜏GB, (interparticle contacts), and pores, 𝜏pore. The average relaxation time
is then calculated byMatthiessen’s rule, ‹𝜏›−1 = 𝜏bulk

−1 + 𝜏GB
−1 + 𝜏pore

−1.
The expressions for 𝜏GB and 𝜏pore can be found in the referenced papers
above. The quantities necessary to estimate the scattering rates, such as
carrier group velocity, 𝜈b,k, effective mass, m*

b,k, density-of-states, g(ɛ),
are calculated directly from the interpolated ab initial band structures, ɛb,k,
leaving 𝜏GB and 𝜏pore functions of the four fitting parameters: width wGB
and height UGB of the square “grain boundary” potential representing an
interparticle contact, radius Rpore and height Upore of a spherical potential
representing a pore between adjacent particles. Lee and co-workers[88] de-
rive Rpore as the maximum radius of a sphere that can be fit into a space
between the four adjacent spheres in a dense packingR0, therefore it is pre-
sumed an unambiguous function of particle size only. Furthermore, it can
be useful to vary pore radius to introduce the effect of disorder and thick
ligand cover, limiting the area of direct contact between CQDs. For this
reason, a scaling parameter was introduced as Rpore/R0 in the set. In this
way defined nonuniform scattering times electronic transport, Seebeck
coefficients, and electric conductivities were calculated using Boltzmann
transport equations implemented in BoltzTraP2 package. Finally, effective
medium approximation (EMA) corrections reported by Lee et al.[88] was
applied to account for voids in CQD arrays. While, in principle, the chosen
parameters (wGB, UGB, Upore, Rpore/R0) can also be estimated from rigor-
ous calculations, their computational cost as well as the need to perform a
separate study for each of the CQD treatment methods, leaves such inves-
tigation beyond the scope of the present work. Instead, it was treated as
adjustable parameters and performed a grid search over parameter space
to find combinations that fit experimentally measured Seebeck coefficient
and electric conductivity at the same value of chemical potential, μ.
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the author.
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