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Thermoelectric characterization  
To obtain the Seebeck coefficient and electrical resistivity from room temperature to 

200 °C the PbSe quantum dots (QDs) thin films were measured by ZEM-3 system 
(ULVAC). The PbSe QD thin films deposited on substrates with size of 0.7 ⨉ 2 cm were 
held vertically in place among cold and heating blocks. Next, the PbSe QD thin films were 
heated and held at a defined temperature (30 °C, 90 °C, 140 °C, and 200 °C). After, a 
thermal gradient of 10 °C, 20 °C, and 30 °C was applied by heating the lower block. By 
measuring the temperatures from thermocouples in the centre of PbSe QD thin films and 
the electromotive force between the same two wires Seebeck coefficient was obtained. To 
determine electrical resistivity the four terminal method was applied. In this way, a 
current was applied at the PbSe QD thin films terminals and the voltage difference was 
acquired between the side wires of the thermocouple.  

The custom-made equipment for measuring Seebeck coefficient at room temperature 
with two-probes consisted in connecting one side of the PbSe QD thin film to a heated 
metal block at a fixed temperature and the other side to a heat sink at room temperature, 
generating a temperature gradient of a few kelvin along the film. The metal block was 
heated by the application of successive voltage values, between 1 V and 3 V. After, the 
corresponding thermovoltage was measured at the PbSe QD thin film terminals. Seebeck 
values and errors are obtained using the LINEST function in EXCEL program. This 
function uses the least squares method to calculate the statistics for a straight line (that 
best fits the experimental data) and returns an array of parameters describing that line, 
including S (from the slope of the linear fitting), and error. A 7651 programmable DC 
source (YOKOGAWA) and a 34410A 61/2 digit multimeter (Agilent) were used for 
Seebeck coefficient measurements.  

A scheme of the four-probe method (ZEM-3) and the two-probe custom-made equip-
ment are shown in Figure S1.  
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Figure S1. Scheme of four-probe method (ZEM-3) (on the left) and two-probe custom-made 
equipment (on the right) that were used for electrical resistivity and Seebeck coefficient 
measurements. 

Thermogravimetric analysis  
The thermal behaviour of the as-synthesized PbSe QDs was investigated by means 

of thermogravimetric analysis (TGA) using a TGA/DSC 1 STARe system (Mettler-Toledo). 
The powdered QDs were heated from 30 to 700 °C at 5 °C/min under a continuous Ar flow 
of 50 mL/min.  

Thermogravimetric analysis of PbSe QDs (Figure S2) revealed that they are stable 
until nearly 650 °C. From room temperature to 250 °C, the observed weight loss could be 
related to the evaporation of the residual solvent, while detected weight loss from 250 °C 
and 450 °C is related to the decomposition of organic capping agent.  
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Figure S2. Thermogravimetric analysis of PbSe QDs.  . 

Raman spectroscopy  
To inspect the presence of carbon residues in the PbSe QD thin films fabricated by 

screen-printing followed by heat treatment, Raman spectroscopy was performed on an 
alpha300 R confocal Raman microscope (WITec) using a 532 nm Nd:YAG laser for 
excitation. The laser beam with power of 2 mW was focused on the PbSe QD thin film by 
a ×50 lens (Zeiss). Afterward, the spectra was collected with an 1800 groove mm−1 grating 
using 100 acquisitions with a 2 s acquisition time.  

As seen in the Figure S3, three peaks were detected by Raman spectroscopy, namely, 
LO band at 136 cm–1, 2 LO band at 276 cm–1 and, Polaron at 790 cm–1, which are 
characteristic of PbSe oxidation due to laser exposure under air atmosphere during the 
analysis [1,2]. The peak observed at 1350 cm–1 is characteristic of D1 band related to the in-
plane imperfections of graphite, such as defects and heteroatoms. The detected G band 
near 1590 cm–1 refers to an ideal graphite lattice vibration mode. So both bands are 
characteristic of carbon materials [3], suggesting the presence of the residual carbon in the 
resultant PbSe QD thin films.  

To analyse if PbSe QD thin films were stable during thermoelectric measurements 
under atmospheric conditions, the as-fabricated PbSe QD thin films were subjected to a 
calcination at 200 °C for 30 min, and then analysed by Raman spectroscopy and XRD. No 
differences between as-fabricated and calcined PbSe QD thin films were observed on 
Raman spectra (Figure S3) or XRD pattern (Figure S4), confirming thermal stability of the 
films during TE properties measurements.  

  
Figure S3. Raman spectra of PbSe QD thin film fabricated by screen printing followed by heat 
treatment and the same film after calcination at 200 °C for 30 min.  . 

X-ray diffraction analysis  
For XRD analysis of the stability of PbSe QD film material, the calcined (200 °C, 30 

min) thin film was scratched from SiO2/Si substrate and the powder was collected and 
characterized. According to the XRD analysis (Figure S4), after calcination, the PbSe QDs 
crystalline structure is maintained and no extra peaks related with PbO appeared, which 
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confirms the thin film stability under atmospheric conditions during TE properties meas-
urements up to 200 °C.  

  
Figure S4. Comparison of the XRD patterns of the as-synthesized PbSe QDs and PbSe QD thin-film 
material after calcination at 200 °C for 30 min. 

Thermoelectric properties  
5.1. Measurement of thin films electrical properties with different methods  
In the four-probe method (ZEM-3), to apply temperature difference the lower block 

is heated to a specific temperature and two probes near the center of the samples will 
measure temperature. For electrical resistivity a current is applied at sample terminals. 
For the two-probe custom-made equipment (2-probe), the temperature difference is ap-
plied and measured at the sample terminals.  

Further analysis of different methods to measure electrical conductivity and Seebeck 
coefficient on PbSe QD thin films at room temperature were applied and compared in the 
Table S1.  

Table S1. Electrical conductivity and Seebeck coefficient results for PbSe QD thin films, measured 
at room temperature, by different methods. 

Measurement method  Hall effect  ZEM-3  2-probe  
Electrical conductivity (S m–1) 50.00  28.07  88.40  
Seebeck coefficient (μV K–1)  −  176.00  67.87  

As presented in the Table S1, each measuring technique for determining the σ of the 
PbSe QD thin films led to different values at RT: σ = 50 S m–1 by Hall effect, σ = 28 S m–1 by 
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four-probe method, and σ = 88.40 S m–1 by two-probe method. Also, for the S at RT, differ-
ent values were obtained from fourprobe and two-probe methods: S = 176 μV K–1 and S = 
67.87 μV K–1, respectively.  

According to the literature, the value variation between four-probe and two-probe 
techniques is usually around ± 5% for Seebeck measurements at RT [4]. Nevertheless, for 
samples with high resistivity the S can be very challenging to measure accurately. During 
Seebeck measurement a load is applied to the sample leading to a considerable voltage 
drop on the internal resistance of the sample, which contributes significantly to error on 
Seebeck voltage measurement [5]. For instance, when S of TE bulk sample of Co0.97Ni0.03Sb3 
was measured at RT by eight different research laboratories, it varied from –140 μV K–1 to 
–210 μV K–1 [6]. Additionally, the surface roughness of our screen-printed 2 μm thick PbSe 
QD thin films could also influence contact between the film surface and the probe. To 
overcome the surface roughness, further improvements on ink formulation, such as PbSe 
QDs milling with dispersant agent and decreased content of the EC binder, could be in-
vestigated.  

Thin film thickness variation  
To determine if layer thickness would influence thermoelectric properties of the PbSe 

QD thin films, electrical conductivity and Seebeck coefficient measurements were con-
ducted for the films with different thickness. The results obtained after measuring the 
films five times using two-probe custom-made equipment are presented in Table S2.  

Table S2. Electrical conductivity and Seebeck coefficient results for PbSe QD thin films with different 
thicknesses, measured by two-probe custom-made equipment at room temperature. 

PbSe QD thin film thickness  2 μm  3.5 μm  
Electrical conductivity (S m–1)  88.40 ± 0.5  164.60 ± 6.5  
Seebeck coefficient (μ V K–1)  67.87 ± 2.22  54.18 ± 2.32  
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