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Thermoelectric materials are of interest 
because of their ability to convert heat 
into electricity. The performance of 
thermoelectric materials is character-
ized by a dimensionless figure of merit, 
ZT = σS2T/κ, where σ, S, κ, and T are 
electrical conductivity, Seebeck coefficient, 
thermal conductivity, and temperature, 
respectively. Nanostructured materials are 
promising thermoelectrics because they 
offer a large number of grain boundaries 
in the films, a feature that is expected to 
promote phonon scattering, thus lowering 
thermal conductivity compared to their 
bulk counterparts.[1,2] At the same time, 
quantum confinement of charge carriers 
leads to sharp density of states (DOS) that 
increases the energy dependence of the 
DOS near the Fermi level. This system, 
with its rapid change in the DOS near the 
Fermi level, meets a key requirement for 
achieving a high Seebeck coefficient.[3–6]

Colloidal quantum dots (CQDs) are an 
intensively studied nanostructured system 
that have been advanced as semicon-
ducting building blocks in optoelectronic 
devices.[7–10] Ease of solution-processing 
of these materials allows the fabrication 

of electronic devices using low-cost scalable processes, such 
as coating and printing methods.[11–14] CQDs have a well- 
established synthesis that provides precise control of their 
shape and size with bandgap tunable from the visible to the 
infrared regions, making them of interests for thermoelec-
trics.[15,16] Studies of CQDs for thermoelectrics,[14,15] include 
recent work by Ding et  al. have reported thermoelectric thin 
films based on lead chalcogenide CQDs displaying prom-
ising thermoelectric performance (Seebeck coefficient of 
290 µV K−1).[17] Ibanez et al. demonstrated a system treated at 
high temperature and pressure that exhibits excellent thermo-
electric performance.[18–20] Despite these encouraging results, 
the most studied CQD films have been using long ligands that 
require high processing and operation temperature (>400 °C) to 
achieve optimum thermoelectric performance. It is of interest 
to design CQD systems to achieve optimum thermoelectric 
performance with lower processing temperatures by employing 
shorter molecular ligands that allow strong QD coupling. This  
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approach is expected to retain quantum confinement, which is 
predicted to yield a higher ZT at room temperature (RT).[6,21–23] 
This would open the door to the realization of power sources 
for low-power consuming microsensors and microelectronic 
devices.

In this work, we investigate solution-processed CQD film 
thermoelectrics using short thiol-based ligands. With these 
ligands, we obtain p-type thermoelectrics that exhibit See-
beck coefficients and power factors as high as 400 µV K−1 and 
30 µW m−1 K−2, leading to a maximum ZT value of 0.02 at a 
relatively low operation temperature (<400 K). We found that 
reducing the annealing temperature to 175  °C allows us to 
achieve a Seebeck coefficient as high as 580 µV K−1. Analysis 
on grain size and hole effective mass supported by Hall Effect 
measurement account for an increased Seebeck coefficient in 
low temperature-annealed CQD films.

The deposition of CQD films was performed employing a 
layer-by-layer (LbL) spin-casting method (Figure  1a). In CQD 
inks, long alkyl chain organic molecules (oleic acid/OA) are 
used as one means to control the size of the CQDs during 
synthesis and to provide stable QD colloids in most organic sol-
vents. In this study, we used lead sulfide (PbS) CQDs because 
of their remarkable properties as semiconducting building 
blocks particularly for highly efficient optoelectronics.[24–27] We 
spin-coated OA-PbS CQD dispersion from a nonpolar medium 
(octane) on clean glass substrates. Interdots charge transport 
is in this configuration precluded by the presence of OA long-
chain barriers. We then carried out a solid-state exchange to 
replace the long ligands with short ligands, thus enhancing 
the electronic properties of the CQD films.[28,29] Here we used 
short 1,2 ethanedithiol (EDT) ligands that, with two symmetric 
thiol groups, lead to cross-linked CQDs exhibiting charge 
transport.[30] The exchange of OA ligands with EDT results in 

nonsoluble CQD films, which allows us to build CQD layers 
using LbLs. The deposition of the ensuing layers is important to 
achieve uniform CQD films and to get desired film thickness. 
With nine consecutive LbL steps, we obtained 200  nm thick 
crack-free CQD films (Figure S1, Supporting Information). 
We then employed a final annealing step to control the pres-
ence of the remaining organic ligands and solvents and to pro-
mote stronger coupling between CQDs (Figure  1a). Figure  1b 
provides a transmission electron microscopy (TEM) image of 
OA-PbS QDs with a diameter of 3 nm. These OA-capped CQDs 
demonstrate an excitonic peak in the absorption spectra around 
941  nm (1.3  eV). After ligand exchange with EDT, a red-shift 
in the absorption spectra is observed (Figure 1c), indicative of 
decreased inter-CQD distance and exciton spill over. The suc-
cess of the ligand exchange was confirmed by Fourier transform 
infrared spectroscopy (FTIR) where C–H and COO stretching 
around 2900 and 1500 cm−1 vanish (Figure 1d).

We first measured the electrical conductivity of the 300  °C 
annealed PbS CQD films (EDT-QD-300) as a function of tem-
perature (Tmeasure) as illustrated in Figure  2a. The electrical 
conductivity increases with increasing Tmeasure, which indicates 
typical thermally activated transport mechanism (see Figure S2 
in the Supporting Information for detailed fitting of tempera-
ture-dependent conductivity). This indicates that the electrical 
network of CQD film contains energy barriers to overcome, 
most likely at the grain/domain boundaries, which are also 
beneficial for phonon scattering resulting in lower thermal 
conductivity than of that in bulk materials (see Figure S3  
in the Supporting Information for the measured thermal con-
ductivity). The measured electrical conductivity in the EDT-
QD-300 films is higher than that in previously reported ethyl-
enediamine-capped CQD thermoelectric films (<0.4 S cm−1); 
the latter of which were annealed at 400  °C.[17] This indicates 
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Figure 1.  a) Schematic of a PbS CQD film deposition procedure, b) TEM image of OA-stabilized PbS CQDs, c) absorption, and d) FTIR spectra of PbS 
CQD films with OA and EDT ligands.
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that EDT passivation provides stronger coupling between QDs 
than the ethylenediamine ligand as well as a lower annealing 
temperature up to 300 °C. Figure 2b presents the Seebeck coef-
ficient of our EDT-QD-300 films as a function of Tmeasure. The 
positive sign of the Seebeck coefficient shows that the cross-
linking of the PbS CQD films with EDT ligands provides p-type 
thermoelectric behavior. This is in line with previously reported 
EDT-capped PbS CQD field-effect transistors demonstrating 
holes as the majority carrier type.[31] The hole concentration 
in the films has been reported to increase upon air exposure, 
leading to an increased p-type doping.[32] The EDT-QD-300 
films exhibit a Seebeck coefficient of 400 µV K−1 at RT. This 
remarkable Seebeck coefficient is significantly higher than 
that of bulk PbS (≈100 µV K−1), which is enabled by a large 
number of grain boundaries in CQD films leading to slightly 
larger bandgap than bulk.[33] The power factor (σS2) values as 
a function of Tmeasure are calculated and presented for EDT-QD-
300 films in Figure  2c. Similar to electrical conductivity and 
Seebeck coefficient, the power factor increases with increasing 
Tmeasure up to 30 µW m−1 K−2, leading to maximum ZT value of 
0.02 at relatively low operation temperatures (<400 K). This ZT 
value near RT operation is also superior to previously reported 
PbS CQD thermoelectrics (ZT near RT<10−3) which were also 
annealed at high temperatures (>400 °C).[17,18]

We then varied the annealing temperature (Tanneal) of the 
PbS CQD films to further explore the thermoelectric proper-
ties of the CQD solids, particularly with lower Tanneal. Similar 
to the EDT-QD-300, we did not observe any C–H or COO 
stretching around 2900 and 1500 cm−1 from OA ligands in the 
FTIR spectra of EDT-cross-linked PbS CQD films with different 
Tanneal (Figure S4, Supporting Information). It is also clear that 
the typical bond stretching has vanished even in the unan-
nealed EDT-cross-linked films, which indicates that the removal 
of the OA at higher Tanneal is mainly due to an effective ligand 
exchange (LE) reaction, however, not as a result of thermal 
decomposition of OA ligands. In addition, X-ray diffraction 
(XRD) analysis illustrated in Figure S5 in the Supporting Infor-
mation also revealed that the higher annealing temperature did 
not induce any new phases in the CQD films and resulted in 
enhanced crystallinity based on the increased XRD peak inten-
sities. We then analyzed thermoelectric properties of EDT-QD-
175, EDT-QD-200, EDT-QD-250, and EDT-QD-300 films. We 
first observed that the electrical conductivity in the CQD films 
increases with increasing Tanneal as displayed in Figure 3a. On 

the other hand, the electrical conductivity was also found to 
increase with increasing Tmeasure.[34] To understand the charge 
conduction mechanism in the films, we did fitting in the log-
arithmic plot of the conductivity as a function of reciprocal 
Tmeasure (Figure S2, Supporting Information). From the fitting 
results, the conduction mechanism follows thermally acti-
vated transport behavior with different activation energy. As 
presented in Figure 3b, the activation energy was found to be 
the smallest in EDT-QD-300, indicating an improved charge 
transport scenario due to a reduced inter-QD barrier height and 
distance for films annealed at a higher temperature.

The Seebeck coefficient in the CQD films with different Tanneal  
is presented in Figure 3c. We found that the Seebeck coefficient 
significantly increases when the films are treated with lower 
Tanneal. In EDT-QD-175 films, the measured Seebeck coefficient 
increases to 580 µV K−1 at RT. This is the highest value reported 
for low temperature-annealed PbS CQDs based thermoelectric 
films at RT to date. Interestingly, the measured Seebeck coef-
ficient for EDT-QD-175 demonstrates negligible dependence on 
Tmeasure suggesting a more quantum confined nature. Figure 3d 
presents the power factor of the EDT-cross-linked PbS CQD 
films treated with different Tanneal. EDT-QD-300 films have a 
higher power factor compared to lower processing tempera-
tures (e.g., EDT-QD-175) as a result of their higher conductivity. 
In EDT-QD-175 films, the conductivity drop stems from a more 
confined nature of the films, which leads to the lower meas-
ured power factor, even though the Seebeck coefficient is high. 
Nevertheless, the measured power factor (5 µW m−1 K−2) in 
EDT-QD-175 films is still comparable with previously reported 
PbS CQD-based thermoelectrics (5.6 µW m−1 K−2 with 400 °C 
annealing).[17] Furthermore, these CQD films with high See-
beck coefficients along with significantly lower temperature 
processing will be potentially effective thermoelectric materials 
when they are blended with highly conductive matrix materials.

To study the morphology of the CQD films with different  
Tanneal, we performed scanning electron microscopy (SEM) 
measurements. Figure 4a–d provide SEM images of EDT-cross-
linked PbS CQD films treated with different Tanneal (from EDT-
QD-175 to EDT-QD-300). As expected, CQD films demonstrate 
less sintering effect for lower Tanneal, leading to smaller grain 
sizes in the films. This smaller grain size is also confirmed in  
the atomic force microscopy (AFM) images of the CQD films 
after treatment with lower Tanneal as displayed in Figure  4e–h. 
The grain size for EDT-QD-175 films is ≈8.8  nm, while 
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Figure 2.  a) Temperature-dependent electrical conductivity, b) Seebeck coefficient, and c) power factor of EDT-QD-300 films.
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significantly larger grain sizes of ≈45 nm are observed for EDT- 
QD-300 films. More details on the average grain size in the CQD 
films with different Tanneal are given in Figures S6 and S7 in the 
Supporting Information. The small grain size results in a greater 
number of grain boundaries and less film crystallinity that can 
promote phonon scattering, thus reducing thermal conductivity 
in the films (Figures S3 and S5, Supporting Information). Fur-
thermore, the grain size in EDT-QD-175 films is smaller than the 
Bohr exciton radius of PbS (≈20 nm), which indicates that the  
films are approaching the quantum confinement regime.

Traditionally, a trade-off exists between electrical conduc-
tivity and the Seebeck coefficient. An increase of the former is 
accompanied by the decrease of the latter (or vice versa), leading 
to a limited power factor.[35–38] However, we observe that both 
the electrical conductivity and the Seebeck coefficient increase 
simultaneously as a function of Tmeasure (Figure  2a,b), which 
is not typical classical thermoelectric behavior. To understand 
this phenomenon, we performed the Hall Effect measurement 
to estimate the hole mobility (µh) and carrier density (p) in 
the films. The Hall voltage dependence on the magnetic field 
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Figure 4.  SEM and AFM images of a,e) EDT-QD-175, b,f) EDT-QD-200, c,g) EDT-QD-250, and d,h) EDT-QD-300 films.

Figure 3.  a) Temperature-dependent electrical conductivity in EDT-QD-175 (green), EDT-QD-200 (blue), EDT-QD-250 (yellow), and EDT-QD-300 films 
(red), b) activation energy in PbS CQD films with different Tanneal; c) Temperature-dependent Seebeck coefficient and d) power factor of EDT-cross-
linked PbS CQD films with different Tanneal.
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indicates a p-type behavior, which agrees with the sign of See-
beck coefficient measurement results (Figure S8, Supporting 
Information). The µh and p for EDT-QD-300 are displayed in 
Figure 5a. The increased Hall mobility with increasing Tmeasure 
agrees with the previously explained conductivity trends and 
supports thermally activated transport behavior in the PbS 
CQD films cross-linked with EDT ligands. The carrier density, 
on the other hand, shows the opposite trend where carrier den-
sity decreases with increasing Tmeasure. According to Pisarenko 
equation, the change in carrier density can influence the 
Seebeck coefficient (S) as follows

π π ( )=








 +S k

eh
m T
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3 3
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2
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where T, kB, e, h, m*, and r are Tmeasure, Boltzmann constant, 
charge constant, Planck constant, effective mass, and scattering 
parameter respectively. The Seebeck coefficient is inversely pro-
portional to carrier density (p), while it increases with increasing 
Tmeasure and the effective mass in the materials. In p-type mate-
rials, the Seebeck coefficient is known to be proportional to 
the offset between Fermi level and valence band (〈EF–EV〉). The 
decrease of carrier density indicates that the Fermi level of the 
materials moves further away from the transport level (valence 
band for p-type; conduction band for n-type), which leads to 
an increased Fermi level and valence/conduction band offset  
(〈EF–EV〉) ultimately resulting in a higher Seebeck coeffi-
cient.[39,40] The increase of the Seebeck coefficient as a function 
of the effective mass and Tmeasure in Equation (1) arises from a 
higher DOS available indicating a greater probability for charge 

carriers to be excited to a higher energy level when a tempera-
ture gradient is applied to the material. Figure 5a presents Hall 
Effect carrier density for EDT-QD-300 films as a function of 
Tmeasure. The higher carrier density in the EDT-QD-300 films 
at lower Tmeasure indicates that the Fermi level is located near a 
valence band resulting in a smaller 〈EF–EV〉, hence a lower See-
beck coefficient. When Tmeasure is increased, we observe a lower 
carrier density suggesting a shift of the Fermi level toward the 
conduction band, which leads to an increase of the Seebeck 
coefficient. This result can be explained by temperature-
dependent Fermi level relationship in p-type semiconductors 
(EF = EV + kbT In(NV/NA)), where NV and NA are effective DOS 
in a valence band and concentration of acceptors (holes), respec-
tively. In addition, some minority charge carriers (electrons) 
might also be activated at higher Tmeasure due to certain level of 
ambipolarity in PbS CQD films, which can contribute to the 
Fermi level rising toward the conduction band.[8,31,32] This con-
dition results in an increase of 〈EF–EV〉 offset leading to a larger 
Seebeck coefficient in the CQD films with increasing Tmeasure.

The Hall Effect measurement was also performed in PbS 
CQD films treated with different Tanneal (EDT-QD-175, EDT-
QD-200, EDT-QD-250, and EDT-QD-300). Figure 5b illustrates 
the increased Hall mobility with increasing Tanneal that can 
explain the increased conductivity in the CQD films treated 
with higher Tanneal. On the other hand, the carrier density was 
found to increase with decreasing Tanneal. The highest carrier 
density was measured in EDT-QD-175 films that exhibit the 
highest Seebeck coefficient. This behavior contrasts with the 
relationship in the Pisarenko Equation (1), where higher See-
beck coefficients are commonly associated with lower charge 
carrier concentrations. As we refer to Equation (1), we associate 
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Figure 5.  a) Temperature-dependent carrier density and Hall mobility in EDT-QD-300 films, b) room temperature carrier density and Hall mobility in 
PbS CQD films with different Tanneal; c) Hole effective mass in EDT-QD-175 (green), EDT-QD-200 (blue), EDT-QD-250 (yellow), and EDT-QD-300 (red) 
films estimated from Pisarenko plot; d) Hole effective mass by considering different scattering parameter.
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this result to the change in the hole effective mass that may 
play an important role in determining the measured Seebeck 
coefficient. To challenge this argument, we estimated the hole 
effective mass by fitting the measured Seebeck coefficient 
versus Hall carrier density results to the Pisarenko equation. 
The fitting results that are presented in Figure  5c show the 
increased effective mass with decreasing Tanneal (see Figure S9  
in the Supporting Information for the detailed fitting). The 
estimated hole effective mass in EDT-QD-300 films is 0.1mo, 
and it increases up to 1.1mo in EDT-QD-175 films. This 
one order of magnitude increase of the hole effective mass 
is the microscopic origin of the higher Seebeck coefficient in 
the films with lower Tanneal, even though at the same time the 
carrier density is increased. The increased effective mass cor-
responds to a higher DOS providing more probability for holes 
to excite to higher energy while one side of the films is heated. 
Furthermore, the higher DOS also indicates that the lower  
Tanneal films (EDT-QD-175 and EDT-QD-200) are approaching 
the quantum confinement regime, which is also supported 
by the fact that the measured grain size (Figure S6, Sup-
porting Information) is quite close to the Bohr exciton radius 
of PbS (≈20 nm).[41]

Finally, it is important to note that the hole effective mass 
in Figure 5c was estimated using a scattering parameter (r = 0)  
in the Pisarenko equation that assumes the contribution of 
acoustic phonon scattering in the CQD films. We also consider 
other contributions that may come from an optical phonon 
(r  = 1) and ionized impurity scattering (r  = 2). Figure  5d pre-
sents the hole effective mass in EDT-cross-linked CQD films by 
employing different scattering parameters. The ionized impu-
rity scattering contribution that results in the lowest measured 
effective mass can be excluded from our assumptions since 
it is dominant at a very low measurement temperature.[42] 
Meanwhile, the contribution from optical phonon scattering 
is considerable when dealing with high temperatures. Since 
our thermoelectric measurement was performed at moderate 
temperature (<400 K), we believe that acoustic phonon scat-
tering makes a more dominant contribution in our CQD films. 
Therefore, the estimated effective mass presented in Figure 5c 
is valid in our materials.

In conclusion, we have demonstrated high-performance 
p-type thermoelectric materials based on PbS CQDs cross-
linked with EDT ligands. The EDT-cross-linked PbS CQD 
films show Seebeck coefficients of 400 µV K−1 and power fac-
tors of 30 µW m−1 K−2 leading to a ZT value of 0.02 near RT, 
which is superior to previously reported high temperature-
annealed CQD films. When we reduce the annealing tempera-
ture, a remarkable enhancement of the Seebeck coefficient to 
580 µV K−1 was observed, which is the highest value reported 
for low temperature-annealed PbS CQDs based thermoelec-
tric films at RT. We found that the interplay between grain 
size, carrier density, and effective mass is the fundamental 
origin of the increased Seebeck coefficient in films treated 
with lower annealing temperatures. This comprehensive 
study, providing a pathway to approach quantum confinement 
for achieving a high Seebeck coefficient, would be promising 
for the realization of low-temperature-processed high output 
thermal voltage nanogenerators constructed from CQD sys-
tems in the future.

Experimental Section
Preparation of PbS QDs: CQDs were synthesized following 

previously reported methods.[15] Bis(trimethylsilyl) sulfide (TMS, 
synthesis grade) (0.18  g, 1  mol) was added to 1-octadecene (ODE) 
(10 mL) that had been dried and degassed by heating to 80 °C under 
a vacuum for 24 h. A mixture of OA (1.34 g, 4.8 mmol), PbO (0.45 g, 
2.0 mmol), and ODE (14.2 g, 56.2 mmol) was heated to 95 °C under 
a vacuum for 16 h and placed under Ar. The flask temperature was 
increased to 120 °C and the TMS/ODE mixture was injected. After 
injection, the flask was allowed to cool gradually to 35 °C. The CQDs 
were precipitated using distilled acetone (50  mL) and centrifuged. 
The supernatant was discarded and the precipitate redispersed in 
toluene. The CQDs were precipitated again using methanol (20 mL), 
centrifuged (5  min), dried, dispersed in octane (50  mg mL−1) and 
transported into a nitrogen glovebox (oxygen below 2  ppm and 
moisture below 10 ppm).

Deposition of PbS CQD Films: Glass substrates were ultrasonically 
cleaned with acetone and isopropanol for 5 min, respectively. After 
drying at 140  °C for 10 min, the substrates were treated in a UV 
ozone chamber for 15 min. The solution of oleic acid-stabilized 
PbS CQDs in octane (50  mg mL−1) was spin-coated on the cleaned 
glass substrates at 2500  rpm for 60 s. To improve charge transport 
within CQD films, the long OA ligands were exchanged with EDT. 
The concentration of the EDT ligands was 1% v/v in acetonitrile. 
The LE process was done by dropping the ligand solution on the 
CQD films for 30 s and then spin-drying the solution at 2500  rpm 
for 60 s. After each LE, pure acetonitrile was dropped to remove the 
exchanged native oleic acid ligands. The CQD film deposition and the 
LE process were repeated nine times to reach the desired thickness. 
Finally, the EDT-cross-linked CQD films were annealed on a hot plate 
at different temperatures for 30 min. All processes were performed in 
an N2-filled glove box.

Film Characterization: The optical absorption spectra of PbS CQD 
films deposited on glass substrates were measured by using a Cary 5000 
UV–vis spectrometer (Agilent Technologies). The FTIR measurements 
were done on the films deposited on glass substrates using Cary 680 
with the attenuated total reflectance mode in the air. The film thickness 
(≈200 nm) was measured using a Tencor profilometer. The morphology 
of the CQD films was measured using atomic force microscopy (Solver 
Next SPM from NT-MDT) and SEM (Carl Zeiss Auriga).

The charge carrier mobility and carrier concentration in the films 
(1 cm × 1 cm on glass) were measured using Hall Effect measurement 
system (Lake Shore 7700A) with the van der Pauw configuration. The 
measurement was done in temperature range of 300–350 K (step of 10 K)  
under a magnetic field of 10 kG.

Thermoelectric Characteristic Measurement: Electrical conductivity 
and Seebeck coefficient were measured by the linear four-probe and 
temperature differential methods, respectively. The measurement was 
done using a thermoelectric characterization setup RZ2001i (Ozawa 
Science Co. Ltd., Japan) under continuous flow of Ar/H2 gas. The 
thermal conductivity of the CQD thin films was measured by using 
Linseis Thin Film Analysis (TFA) under a vacuum. The details for 
electrical conductivity, Seebeck coefficient, and thermal conductivity 
measurements are given in the Supporting Information.
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