
1 

 

Probing of Thermal Transport in PbTe Nanocrystal Film by Time-Domain Thermoreflectance 

Marek Piotrowski1, Miguel Franco1, Viviana Sousa1, José Rodrigues1, Yohei Kakefuda2, Naoyuki 

Kawamoto2, Bryan Owens-Baird3,4, Pedro Alpuim1,5, Kirill Kovnir3,4, Takao Mori2, Yury V. 

Kolen´ko1* 

1International Iberian Nanotechnology Laboratory, Braga 4715-330, Portugal 

2National Institute for Materials Science (NIMS), International Center for Materials 

Nanoarchitectonics (MANA), Tsukuba 305-0044, Japan 

3Iowa State University, Department of Chemistry, Ames, Iowa 50011, United States 

4Ames Laboratory, U.S. Department of Energy, Ames, Iowa 50011, United States 

5CFUM-Centre of Physics of the University of Minho, Braga 4715-330, Portugal 

 

ABSTRACT 

Bottom-up fabrication of thermoelectric (TE) materials from colloidal nanocrystal (NC) building 

blocks can substantially increase their TE efficiency, e.g., by reducing lattice thermal 

conductivity. In this work, we first synthesized 10-nm spherical phase-pure oleate-capped PbTe 

NCs with narrow size distribution and employed them to fabricate the 110-nm thick films on 

insulating SiO2/Si substrates. Here, we used the spin-coating with subsequent ligand exchange 

procedure to ensure strong coupling interactions between the NCs. Using the dark conductivity 

measurements, we confirmed the semiconducting behavior and the Schottky-type electrical 

field-dependent conductivity mechanism in the resultant thin films. We then probed the 

thermal transport in the thin-film by means of a time-domain thermoreflectance (TDTR) 

method. For this purpose, we used a customized state-of-the-art system based on a picosecond 

thermoreflectance instrument, which enables area-selective analysis with the spatial resolution 

down to 5 m. The results show that as-fabricated PbTe NC films exhibit ultralow thermal 

conductivity of ca. 1.52 W m–1 K–1. All in all, the transport properties findings suggest potential 

of the proposed quick and cost-effective spin-coating strategy for bottom-up fabrication of 

nanostructured TE films from high-quality colloidal NC building blocks. 
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INTRODUCTION 

Thermoelectric (TE) devices allow direct conversion of temperature gradient into electric 

current (Seebeck effect) and vice versa (Peltier effect), which affords an interesting avenue for 

energy harvesting and heat management.1 The efficiency of TE devices is determined by Carnot 

efficiency and is related to the material dependent dimensionless figure of merit, ZT = σ S2 T κ−1, 

where σ is electrical conductivity, S is the Seebeck coefficient, κ is the thermal conductivity, and 

T is the absolute temperature. Hence, ZT is maximized in the materials that have high electrical 

conductivity, low thermal conductivity, and a large Seebeck coefficient. When integrated into a 

real device, the best bulk TE materials have ZT  1.2, but an average ZT = 3–4 is necessary to 

make a significant impact on TE energy conversion.2,3 Therefore, the primary goal of the 

research related to TE materials is to maximize their figure of merit, thus, improving the energy 

conversion efficiency of the resultant TE device.4–9 

Classically, owing to intrinsic difficulties in decoupling electrons and phonons in bulk solids, the 

efficiency of bulk TEs continues to be insufficiently high.10,11 Fortunately, multiple theoretical 

and experimental studies have indicated that creating nanostructured devices in new 

geometries can substantially increase TE efficiency.12,13 In particular, new physical concepts and 

nanostructuring of bulk phases make it possible to modify the correlations between these bulk 

properties through changes in the density of states, scattering rates, and interface effects on 

electron and phonon transport.14 For instance, by reducing lattice thermal conductivity through 

the placement of suitable nanoscale precipitates in the bulk matrix, e.g., in AgPbmSbTem+2 

(LAST)15 and NaPbxSbTe2+x (SALT)16 materials, record-high-ZT values in the range of 1.5-1.8 have 

been achieved, but they still fall short of the generally desired range of ZT = 3–4. 

One interesting approach to increase ZT of TE materials is top-down fabrication of 

nanostructured TE microdevices, which demonstrates the potential of nanostructuring to 
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produce, for example, extraordinarily large Seebeck coefficients in 2D electron gases17 and 

altered phonon modes in patterned TE superlattices.18 Another more cost-effective production 

of nanostructured TEs can be achieved via bottom-up fabrication of materials from colloidal 

nanocrystal (NC) building blocks.6 It is noteworthy that bottom-up approach permits the 

fabrication of TE nanocomposites in a well-controlled, fast and inexpensive manner for large 

quantities of material, for instance, 1 m of NC-based TE film can be obtained within just a few 

minutes by the spin-coating or other similar deposition routes, while it takes one day to grow a 

superlattice of the same thickness by the molecular beam epitaxy method. Moreover, NC 

building blocks are synthesized by wet chemistry, which offers the use of inexpensive and non-

toxic starting materials and moderate energy-intensive processing, compared to many physical 

deposition techniques. Importantly, the resultant solids fabricated from nanoscale building 

blocks exhibit numerous relevant properties making them eligible for TE applications. Among 

them, the most important are the quantum confinement effect on carriers and phonons, 

possibility of band engineering and adjustment, as well as the efficient phonon scattering at 

NCs interfaces, altogether resulting in the enhanced ZT.19 All in all, the investigation of bottom-

up fabrication of nanostructured TEs would provide more insight into the true TE relevance of 

the resultant materials. 

In this work, we report the colloidal synthesis and characterization of lead telluride PbTe NCs, 

which were used as building blocks for the fabrication of the thin films on SiO2/Si substrate 

using the spin-coating technique. The structural and electron microscopy investigations of the 

NCs reveal that we were able to produce spherical phase-pure oleate-capped PbTe NCs with 

narrow size distribution at around 10 nm. After spin-coating, the films were subjected to ligand 

exchange procedure to ensure stronger coupling interactions between the NCs. Dark 

conductivity temperature-dependent studies confirm the semiconducting behavior of the 

resultant 110 nm thick NC films and also elucidate electrical field dependent conductivity in the 

films. Finally, we probed the thermal transport in the fabricated films by means of a time-

domain thermoreflectance method using a customized state-of-the-art system based on a 

picosecond thermoreflectance instrument, which enables area-selective analysis with the 

resolution down to 5 m. The results show that PbTe NC films exhibit a very low thermal 

conductivity of ca. 1.52 W m–1 K–1, thereby rationalizing bottom-up approach for the fabrication 

of nanostructured TEs. 

EXPERIMENTAL SECTION 

Synthesis of colloidal PbTe NCs. PbTe NCs were obtained by the protocol adapted from that of 

Murphy and co-workers.20 First, 1M tellurium precursor solution was prepared by dissolving 

12.76 g (100 mmol) of elemental Te (99.99%, Alfa Aesar) in 100 mL of trioctylphosphine (TOP, 

97%, Sigma-Aldrich) at 100 C for overnight. Next, 2.25 g (10.08 mmol) of lead(II) oxide (99.9%, 
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Sigma-Aldrich), 12.5 mL of oleic acid (OA, 90%, Sigma-Aldrich) and 65 mL of 1-octadecene (ODE, 

90%, Sigma-Aldrich) were combined in a 250 mL round-bottom flask attached to the Schlenk 

line. While stirring at 600 rpm, the mixture was degassed at room temperature for 30 min, and 

then at 90 C for another 30 min. After switching vacuum to Ar atmosphere, the flask was 

heated to 150 C, and held at this temperature for 1 h to formed lead(II) oleate complex. The 

flask was then cool down to 90 C and degassed at this temperature for 30 min. After switching 

vacuum to Ar atmosphere, the flask was heated to 165 C and then 10 mL of a 1M solution of 

Te in TOP, previously preheated to 60 C, was quickly injected into the reaction mixture. The 

mixture was left to stir for 5 min at 165 C, and then the reaction was quenched by taking off 

the heating mantle and rapid cooling of the flask in an ice-bath. The NCs were precipitated by 

the addition of absolute ethanol (99.8%, Honeywell) followed by centrifugation at 9000 rpm for 

10 min. The NCs were redispersed in anhydrous hexane (99%, Sigma-Aldrich), washed with 

ethanol, and collected by centrifugation. After short drying in vacuo, the NCs were redispersed 

in anhydrous toluene (99.8%, Sigma-Aldrich) and subjected to centrifugation at 3000 rpm for 

10 min to remove large particles and clusters. The final stock dispersion of PbTe NCs in toluene 

was stored in a glass vial at 4 °C. 

PbTe thin-film deposition. Thin-films of PbTe NCs were fabricated by spin-coating of NC 

dispersion on flat SiO2/Si substrates (1 inch × 1 inch, 100 nm thermal SiO2 layer) adapting the 

reported methodology.21 The substrates were cleaned in sequence with acetone (99.5%, 

Honeywell), ethanol, and isopropanol (99.8%, Honeywell) using ultrasonication for 5 min each. 

After drying with a gentle stream of N2, substrates were hydrophobized by immersing them into 

(3-mercaptopropyl)trimethoxysilane (MPTS, 95%, Sigma-Aldrich) in toluene solution (4 L mL–1) 

for 12 h. Prior to the coating, the substrates were rinsed with neat toluene and dried with a 

gentle stream of N2. Then, PbTe NC films were deposited. For this purposes, the stock 

dispersion of the NCs was firstly dried and then redispersed by sonication in octane (99%, 

Sigma-Aldrich) at a concentration of 30 mg mL–1. 80 L of NCs dispersion, enough to cover the 

1 inch x 1 inch SiO2/Si substrate, was distributed evenly using a micropipette to cover the entire 

surface of the substrate. The substrate was spun at 2000 rpm for 30 s to obtain a glassy NC film 

and dry the octane. Finally, the resultant NC films were subjected to ligand exchange procedure 

to replace native long oleate capping ligands by the short ones, in particular, the NC film was 

gently immersed into 10 vol.% solution of 3-mercaptopropionic acid (MPA, 99%, Sigma-Aldrich) 

in absolute methanol (Fisher Chemical), kept for approximately 2 s, and then steadily removed 

and rinsed with neat methanol. The film was dried with a gentle stream of N2. The spin-coating 

and ligand exchange procedures were performed twice to increase the uniformity of the film. 

The resultant thin-films of PbTe NCs were stored in vacuo until further use. 
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Characterization. Powder X-ray diffraction (XRD) data were collected on an X’Pert PRO 

diffractometer (PANalytical) set at 45 kV and 40 mA, and equipped with Cu Kα radiation ( = 

1.541874 Å) and a PIXcel detector. The XRD patterns were matched to International Centre for 

Diffraction Data (ICDD) PDF-4 database using a HighScore software package (PANalytical). 

Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) studies were 

performed using JEM 2100 microscope at 200 kV (JEOL, 0.24 nm point resolution), while high-

angle annular dark field scanning TEM (HAADF–STEM) and energy-dispersive X-ray 

spectroscopy (EDX) in STEM mode (STEM–EDX) studies were carried out with a Titan 

ChemiSTEM microscope at 200 kV (FEI, 0.08 nm point resolution, Super-X EDX System). The 

morphology and cross sections of the PbTe NC thin-films were studied by scanning electron 

microscopy (SEM) using a Quanta 650 FEG ESEM microscope at 20 kV (FEI). 

Dark conductivity (DC). To assess the DC properties, aluminum top electrodes (280-nm-thick 

and 1 mm × 1 mm in size) were deposited onto the thin-film of PbTe NCs through a metal 

shadow mask using TIMARIS FTM sputtering system (Singulus Technologies). The DC 

measurements were carried out using a homemade probe station dark box connected to a 

Keithley 6487 picoammeter/voltage source (Keithley Instruments). Both temperature and 

voltage were controlled using the homemade software. The temperatures were ranged varied 

in the range from 90 to 20 °C with a step of -5 °C, and after the stabilization of the temperature, 

the electrical current signals were recorded. The temperature-dependent conductivity, (𝜎(𝑇), 

was calculated using the equation: 𝜎 = 𝐼(𝑇)𝑙/𝑉𝐴, where 𝐼 is the current measured at the 

specific temperature T, 𝑉 is the constant voltage applied to the sample, 𝐴 is the cross-sectional 

area, and 𝑙 is the distance between the electrodes. The activation energy was calculated using 

the Arrhenius Equation, by multiplying the slope of ln 𝜎 vs. 1/𝑇 by minus the Boltzmann 

constant. 

Time-domain thermoreflectance. For the TDTR measurements, 100-nm-thick Pt layer was 

sputtered onto freshly prepared PbTe NC thin-film. The TDTR signals were corrected by using a 

customized system based on a PicoTR picosecond thermoreflectance instrument (PicoTherm 

Corp.). The customized system is capable of making area-selective analysis by focusing the spot 

size of the probe laser to ca. 5 m in diameter. The thermal conductivity values of PbTe NC 

thin-films were estimated by using the mirror image method.22,23 In the analytical process, the 

thermal interface resistance between topmost metal film and specimen is not considered. 

RESULTS 

Analysis of the synthesized PbTe NCs. To fabricate thin-films from NC building blocks, we first 

synthesized highly monodisperse 10-nm single-phase PbTe NC. Specifically, we used hot-

injection colloidal synthesis method, which relays on the reacting lead(II) oleate and Te in TOP 
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monomer precursors at 165 C. The resultant NCs were oleate-capped, and therefore, readily 

dispersible in non-polar organic solvents, such as hexane, toluene, octane, etc., forming black 

and transparent NC dispersions. 

The synthesis of both spherical- and cubic-like colloidal PbTe NCs using a high-temperature wet 

chemistry approach has been first reported by Lu et.al.24 Adapting colloidal synthesis from that 

of cadmium chalcogenide,25 both spherical- and cubic-shaped PbTe NCs synthesis protocols 

were further optimized.20 Later on, more focus has been directed toward further shape control 

and narrowing the size distribution by capping ligand mediation and changing the ligand/Pb/Te 

concentrations, as well as growth temperatures and durations.26 In the current work we 

adapted the hot-injection colloidal synthesis of Murphy and co-workers.20 Our results 

demonstrate that by adjusting the concentration of the starting precursors and oleate capping 

ligand while using NC growth temperature of 165 C, we have successfully synthesized highly 

monodisperse single-phase nearly spherical 10-nm PbTe NCs. 

We first analyzed the size and fine microstructure of the as-synthesized NCs. Figure 1a shows a 

representative low-magnification TEM image of the as-synthesized PbTe NCs, while the 

corresponding particle size distribution histogram is presented as the inset in Figure 1a. The 

NCs appears to be nearly spherical, and the average size of the NCs was estimated to be 

10.0  0.3 nm. HRTEM image evidences that the individual PbTe NCs are highly crystalline, 

exhibiting a well-defined crystalline structure with d-spacings of 3.21 Å and 2.27 Å 

corresponding to (200) and (220) planes of cubic PbTe (Figure 1b). Additionally, the 

corresponding Fourier transform (FT) pattern (inset in Figure 1b) proves that the NCs are 

crystalized in a cubic structure (space group Fd–3m). 

We further investigated the chemical and phase composition of the resultant NCs by means of 

element-specific EDX mapping and XRD, respectively. HAADF−STEM images at different 

magnifications are shown in Figure 1c, which displays uniform in diameter NCs. The respective 

STEM−EDX elemental maps highlight the homogeneous distribution of Pb (Figure 1d) and Te 

(Figure 1e) elements in the sample, suggesting that the NCs are single-phase PbTe, devoid of 

any secondary phases. These results are further supported by the phase composition analysis. 

In particular, according to the XRD data, the as-synthesized NCs are a single-phase PbTe with a 

cubic structure (Figure 1f). 
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Figure 1. Low-magnification TEM image (a), particle size distribution histogram (inset in Figure 

1a), HRTEM image (b) and the corresponding FT pattern (inset in Figure 1b) of the synthesized 

PbTe NCs. HAADF−STEM images (c) of the PbTe NCs, together with the simultaneously collected 

EDX maps for Pb (d) and Te (e) elements. XRD pattern of drop-casted film produced from as-

synthesized PbTe NCs (f). Tick marks below the pattern correspond to the positions of the Bragg 

reflections expected for PbTe (ICDD no. 04-004-5888, cubic, Fm–3m). 

Analysis of the PbTe NC thin-films. Having prepared high-quality PbTe NCs building blocks, we 

fabricated fine and well-defined 110-nm thin-films. For this purpose, we applied versatile spin-

coating technique, wherein the homogeneous dispersion of PbTe NCs was deposited directly 

onto the hydrophobized SiO2/Si substrate. This procedure was performed twice to achieve 

desired film thickness. Notably, to partially remove the native insulating long-chain oleate 
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capping ligands, as well as to permit for subsequent spin-coating without dispersing already 

deposited layer, after each spin-coating, we carried out exchange of oleate ligands with shorter 

propyl ones via immersing the film into MPA solution in methanol. 

Subsequently, we studied the surface morphology of as-fabricated PbTe NC thin-film. SEM 

images of the films before (Figure 2a) and after (Figure 2b) ligand exchange show that the films 

consist of individual NCs, and also demonstrate that the overall film appearance remains largely 

intact after MPA treatment. At the same time, one can observe that partial removal of native 

oleate ligands reduces interparticle spacing, which is expected to enhance the electronic 

coupling between the NCs. A cross-sectional SEM image of the resultant PbTe NC film is shown 

in Figure 2c. The 110-nm thick PbTe NC layer is clearly identified on the top of the SiO2/Si 

substrate. The surface of a discrete NC film appears to be relatively smooth, and the interface 

between the film and the supporting substrate is quite sharp, suggesting good adhesion of the 

PbTe NCs to SiO2/Si. 

 

Figure 2. SEM images of the surface of the PbTe NC film before (a) and after (b) ligand exchange 

procedure, together with cross-sectional SEM image of the final NC film (c). 

Investigation electrical transport properties of PbTe NC film. Having fabricated homogenous 

and densely packed thin-films of PbTe NCs, we further proved semiconducting behavior and 

observed electrical field-dependent conductivity in the films by means of the direct 

temperature-dependent dark conductivity measurements. 

Bulk PbTe is a narrow band-gap semiconductor (0.32 eV) having a high melting point, good 

chemical stability, low vapor pressure, good chemical strength and high ZT.27 The maximum ZT 

for PbTe has been reported to be 0.8–1.0 at approximately 650 K.28 Nanostructuring of PbTe 

can substantially increase its thermoelectric efficiency through, e.g., quantum confinement 

effects, and the efficient phonon scattering at NCs interfaces in PbTe nanocrystal films,29,30 even 

though such nanofabrication approach notably diminishes electrical conductivity of bulk PbTe 
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due to the short but critical distances between the NCs. To investigate the effect of the 

nanostructuring on the electrical transport in of the thin-films composed of densely packed 

highly monodisperse PbTe NCs, we performed dark conductivity temperature-dependent 

measurements. From the reproducible dependency on temperature of thetemperature-

dependent experimental data shown in Figure 3a, we calculated the electrical conductivity at 

room temperature to be σdT = 298 K = 5.81 × 10–7 S cm–1, as well asand estimated the activation 

energy of the dark conductivity value to be Ea = 0.25 eV. The measurements were done under 

applied voltage V = 5 V (Efield = 50 V/cm). The obtained results confirmed the semiconducting 

behavior of as-fabricated 110-nm PbTe NC film under low bias. 

Moreover, we observed that Ea the activation energy decreases with the increase of applied 

electric field (Figure 3b), possibly due to the lowering of the potential barrier between the 

hopping sites. Specifically, in the low-field region below 1.5 kV cm–1, the NC film exhibits 

semiconducting behavior, exhibiting with a a very strong temperature dependence of 

temperature activated the conductivity (Figure 3a) and the activation energy. At the same time, 

atAt higher applied fields (> above 1.5 kV cm–1), there is weak temperature dependence of the 

conductivity, with ( aE  activation energy below < 0.2 1 eV) and Ea < 0 (Figure 3b). The obtained 

results suggest the change of the PbTe NC films behavior from semiconducting towards metallic 

in the high-field region. The inset in Figure 3a shows plots the ln(J T–-2) vs T–1 plot and a linear 

regression fitting to the Schottky emission equationref : (ln  (
𝐽
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Besides the shift of activation energy at the higher electric field from positive to negative 

values, the measured data is coherent with Schottky emission equation. Figure 3c and Figure 3d 

(together with insets) show I–V sweeps performed for at low and high electric fields regions, 

respectively, and the corresponding fittings (insets) to the temperature and voltage 

dependencies: ln 2J V   (eq. 2 and eq. 3). Regardless of the range where the applied 

electric field appliedfalls, Schottky emission equation provides the best fit to the collected data 

with a coefficient of determination correlation of higher than 0.94 or higher6. 

 

 

Figure 3. (a) Arrhenius plot of the Ddark conductivity of PbTe NC film measured at the a fixed 

applied field voltage while varyingas a function of the temperature. The inset shows a linear 

regression fitting of the data to the Schottky emission equation,, together with the 

corresponding Arrhenius plot (a) and ln(J T–2) vs T–1 plot with linear regression fitting to the 

Schottky emission equation (inset in Figure 3a). (b) Activation energy (red triangles) and 

conductivity (gray squares) plotted as a function of the applied electric field for PbTe NC film 

Código de campo alterado
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(b). (c) I–V characteristics in under the low bias-field region. (c) (d) I–V characteristics under 

high bias. Insets show fittings to the Schottky emission equation,  with the corresponding lnJ vs 

E1/2 plot fitted to the Schottky emission equation (inset in Figure 3c). lnJ vs E1/2 plot at the higher 

electric field with the corresponding fitting to the Schottky emission equation (d) and the 

respective I–E sweep (inset in Figure 3d). 

Evaluation of thermal transport properties of PbTe NC film. 

We used customized state-of-the-art TDTR system to measure the thermal conductivity of as-

fabricated semiconducting thin film of PbTe NCs, and the value of the room temperature 

thermal conductivity was estimated to be 1.52 watts per meter per degree kelvin (W m–1 K–1). 

For narrow band-gap semiconductors like bulk PbTe, the thermal conductivity is strongly 

influenced by the non-parabolic nature of the energy bands27 and is approximately 2.2 W m–1 K–

1 at room temperature, and decreases at higher temperatures as a function of T–1.28 

Nanostructuring of PbTe can substantially decrease the thermal conductivity of the material, 

and accordingly significantly enhance ZT. 

To probe the thermal transport properties in our nanostructured PbTe thin-films, we used a 

picosecond thermoreflectance instrument enabling area-selective analysis with the spatial 

resolution down 5 m. Such resolution was a prerequisite to obtaining an excellent data even 

though some macro-scale inhomogeneity at the film surface was observed (Figure 4a). Figure 

4b shows TDTR signal measured for the thin-film of PbTe NCs after subtracting the baseline 

offset value. The fitting curve of the mirror image method is presented as a red line. By using 

density and specific heat values of 8.16 g cm–3 and 156 J kg–1 K–1, we estimated the measured 

thermal conductivity to be 0.91 W m–1 K–1. 

Afterward, we assumed that the void fraction between randomly organized PbTe NCs in the 

film is 0.4. The volume fraction of random-close packing of highly monodisperse hard spheres 

typically occurs close to 0.64,31 however the presence of propyl surfactants on the NCs surface 

should be taken into account.32 It has been shown that exchanging the oleic acid ligands to 

shorter one (N2H2) increased the core volume fraction for PbS nanocrystal film after spin 

coating from 0.43 to 0.61.30 Due to the very large void fraction the phonon-pore scattering is 

negligible, thus, the actual thermal conductivity can be estimated to be ca. 1.52 W m–1 K–1. 
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Figure 4. Optical microscopy image of the surface of the thin-film of PbTe NCs after Pt 

deposition (a). TDTR signal recorded for thin-film of PbTe NCs after subtracting background 

baseline and normalizing; red line indicates the fitting result by using the mirror image method 

(b). 

DISCUSSION 

Numerous PbTe-based nanomaterials have been fabricated using various fabrication 

techniques. For example, films with nanometer-scale thickness were successfully prepared by 

electrodeposition,33 vacuum deposition,34 or molecular beam epitaxy,35 while the wafer-scale 

pattered nanowire thin arrays were obtained through lithographically patterned 

electrodeposition.36 Nonetheless, only few works have been reported for the fabrication of 

PbTe thin-films from individual NCs and the evaluation of their transport properties. For 

instance, PbTe NC films were prepared by drop-casting NC dispersion in hexane/octane mixture 

on thin microscope cover glass.29 In another study, PbTe arrays were formed by spin-casting 

concentrated colloidal solutions of individual nanocrystals.30 

Before we discuss our results on transport properties of as-fabricated PbTe NC films, we will 

refer to the properties of the bulk and nanostructured PbTe, ranked among fundamental 

thermoelectric materials. In brief, the band gap of bulk homogenous PbTe is 0.32 eV and the 

maximum ZT reported to be 0.8–1.0 at approximately 650 K,28 thus marking the applicability of 

this material for power generation applications. Novel concepts of nanostructuring of PbTe bulk 

phases include the modification of the density of states, scattering rates, and interface effects 

on electron transport.14 Harman et al. reported that the ZT at 300 K could be doubled from 0.45 

to 0.9 for PbTe and PbSeTe/PbTe superlattices fabricated using molecular beam epitaxy.37,38 It 
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has been also reported that the distortion of the electronic density of states through the 

implementation of impurities in PbTe phase results in almost twofold increase of ZT to above 

1.5 at 773 K.39 These experimental results on defect states have been further confirmed 

theoretically using density functional theory and supercell models.40 Notably, a combination of 

bottom-up nanostructuring and employing high-quality monodisperse NC building blocks 

sharpens the distribution of the density of states of the resultant PbTe NC solid, leading to the 

increase of the Seebeck coefficient.29 Additionally, narrowing the size distribution of the NC 

bulding blocks also increases the electrical conductivity by reducing energy level variations.29 It 

has also been demonstrated that following this approach similar PbSe NC solids exhibited a 

Seebeck coefficient in the range 700-1150 µV K–1 for PbTe nanocrystals diameter from 8.6-

4.8 nm, respectively, thus for comparable carrier concentrations in bulk PbSe the enhancement 

is of several hundred microvolts per kelvin.41  

We investigate the electrical transport properties of our thin-films of PbTe NCs by DC 

temperature-dependent measurements. The results of dark conductivity measurements as a 

function of temperature confirm semiconducting behavior of PbTe nanostructured films in 

under the low bias-field region. Compared with continuous films deposited in vacuum and 

annealed, which have Ea = 0.125 eV and 0.118 eV for thickness of 50 nm and 220 nm, 

respectively,34 Further we have found that the activation energy of our PbTe NC films have 

lower and highly field-dependent activation energy (0.19 < Ea < 0.40 eV for 250 > E > 5 V/cm, 

respectively)as-fabricated film Ea = 0.25 eV, which is approximately two times higher than Ea of 

PbTe films obtained using vacuum deposition and annealing route (0.125 eV and 0.118 eV for 

films with a thickness of 50 nm and 220 nm, respectively).34 The room temperature electrical 

dark conductivity of our films at room temperature is in the range 3.10 × 10–4 < 

σdT=298 K <= 5.814.01 × 10–37 S cm–1. The reported value of electrical conductivity of hot-pressed 

PbTe nanocrystals is 3.2 S cm–1 at 300 K42 while PbTe single crystals grown by the Bridgman 

method is 32 S cm–1 at 300 K.43 The Nnanofabrication approach notably diminishes the electrical 

conductivity of PbTe due to the short but critical distances betweenthe discrete nature of NCs 

in the films the NCs.. Therefore The ligand exchange procedure, sortening or removing organic 

moieties between NCs, is critical for boosting the interparticles interaction in the solids 

constructed from NC building blocks.44–46 For instance, it is reported that replacing hydrophobic 

organic ligands by highly charged inorganic ones may increase the electrical conductivity in the 

film by several orders of magnitude, which is mainly due to the overlapping and coupling of the 

NC and ligand vibrational states.30 As an example, a 10 order of magnitude increase in electrical 

conductivity (to ∼8.5 S cm–1) was obtained for thin films of PbSe through temperature 

annealing and subsequent ligand removal by hydrazine soaking.47 It should be also taken into 

account that low electrical conductivity of the PbTe NC film can be attributed to the the fact 
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that surface of PbTe NCs may slightly oxidize48 influencing the electrical resistivity transport of 

in the films.49 

Our results further demonstrate the changes in the material from semiconducting, under low 

electric field, towards metallic behavior, when theunder high electric field was applied. This 

observation is consistent with data reported by Kungumadevi and co-workers, who studied the 

dependence of the conductivity of PbTe film fabricated by vacuum thermal evaporation over on 

the applied electric field applied and observed the similar field-dependent behavior.34 From the 

direct temperature-dependent DC measurements, collectively, our results demonstrate that 

the dominant electrical transport mechanism describing both temperature and electrical field-

dependent conductivity of our films can be rationalized by a field-assisted Schottky emission 

model, wherein the electrons can obtain enough energy to overcome the ligand energy barrier 

and be injected into the conduction band of the PbTe.  

In general, nanostructuring of bulk PbTe, in contrast to the unfavorable reduction of electrical 

conductivity, can substantially decrease its thermal conductivity, and hence notably enhance its 

overall thermoelectric ZT.29,30 We measured thermal conductivity and estimated its value to be 

0.91 W m–1 K–1. Assuming that the void fraction in the PbTe thin film is 0.4, the phonon-pore 

scattering was considered negligible beyond the volume effect.50 Therefore, the actual thermal 

conductivity can be estimated at 1.52 W m–1 K–1. For bulk PbTe, the thermal conductivity is 

approximately 2.2 W m–1 K–1 at room temperature,28,51 thus, our approach in nanostructuring 

of PbTe contributes to the significant reduction of its thermal conductivity by a factor of around 

30%. This effect appears to be similar range but slightly larger as compared to those previously 

reported on PbTe-based nanostructuring materials, such as 1.66-1.94 W m–1 K–1 for PbS1-xTex 

(x=0.03-0.16),52 1.6-2.1 W m–1 K–1 for PbTe1-xSex (x=0-0.1).53 Smaller thermal conductivities have 

been reported for PbTe nanowires, 1.3  W m–1 K–1,54 and PbSeTe nanoparticles.55  

CONCLUSIONS 

In conclusion, we have estimated thermal conductivity of the 110-nm thin semiconducting film 

fabricated by spin-coating highly monodisperse single-phase nearly spherical 10-nm lead 

telluride nanocrystals at approximately 1.52 W m–1 K–1. Therefore, we proved that our approach 

for bottom-up nanostructuring of PbTe films significantly reduces the thermal conductivity of 

bulk PbTe to a similar range as compared to previously reported PbTe-based nanomaterials. 

The results denote the potential usefulness of the proposed fast and inexpensive spin-coating 

strategy for bottom-up fabrication of PbTe thin films from high-quality colloidal nanocrystal 

building blocks, for e.g., TE applications. 
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