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Thermoelectric (TE) PbSe thin films, assembled by nanopar-
ticles (100-400 nm), were synthesized by a facile solution
route. Results of scanning and transmission electron micro-
scopy investigations revealed the high compactness of the
PbSe films with highly crystallized nanoparticles. Electrical
transport properties including low resistivity (0.01 Qcm),
high Seebeck coefficient (324 pVK™), and high carrier mo-

bility (195 cm?V~'S™!) of the PbSe films at 300 K are superior
to those of films synthesized by other solution routes and
comparable with those of films prepared by vacuum-based
methods. The PbSe films exhibit a maximum thermoelectric
power factor (31.5 pWem™ K1) at 440 K, which is larger than
that of the bulk PbSe by 57 %, making the assembled PbSe
films promising TE films.

Introduction

Pursuing a high figure of merit, ZT (defined as S?cT/x,
where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, 7 is the absolute temperature, and « is the thermal
conductivity), has become the most important concern for
thermoelectrics researchers in recent decades to develop
high-energy-conversion devices for solid-state cooling and
power generation.!'# Theoretical modeling and experimen-
tal proof-of-principle indicate that nanostructuring is a
promising means to realize a tremendous enhancement in
the ZT value.>" 1% The enhanced boundary scattering intro-
duced by nanograins can effectively depress the thermal
conductivity; a ZT value as high as 2.4 has been achieved
in Bi,Te;/Sb,Tes superlattice thin films caused by the strong
reduction of the x value.’) In addition, the quantum effects
that appear at characteristic sizes can improve the power
factor (PF, defined as S°¢). It was reported that the PF of
Bi,S; thin films with c-axis-oriented nanorod assemblies is
12 times larger than the corresponding value for bulk Bi,S;3
at room temperature.l''! Besides the improvement in effi-
ciency, developing low-cost and simple manufacturing
processes have attract technological interest.l'>!3] Previous
work on nanostructured TE materials with high efficiency
often depended on high-cost vacuum-based tech-
niques.”>>!¥ Thus, it is still a challenge to develop a scalable
strategy for preparing nanostructured TE materials with
high efficiency.
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Lead selenides (PbSe) have been chosen as our research
target to explore an alternative strategy for both their excel-
lent TE properties at middle-range temperatures and abun-
dant previous work on the solution route for preparing
them.['>-18] Previous work on PbSe films prepared by the
solution route focused on two main procedures. One route,
drop-casting monodisperse PbSe nanocrystals into super-
lattice films,!'”! enhanced the Seebeck coefficient signifi-
cantly due to the sharp increase in the density of states
(DOS); however, the electrical conductivity dropped by one
order of magnitude relative to the bulk PbSe due to the
dramatic decrease in the hole mobility (ca. 0.1 cm?/Vs),
which might be caused by the unexpected interparticle spac-
ing. When the second route, that is, depositing PbSe nano-
crystalline films using chemical bath deposition (CBD),?"!
was employed, low crystallization and unexpected impurity
introduced by homogeneous nucleation and growth deterio-
rated the TE transport properties. In addition, extra treat-
ments (such as annealing) often complicated the synthetic
process. In this work, we prepared PbSe films assembled
with highly crystallized nanoparticles (100400 nm) by a
solution method through elaborate design of the precursor
solution. The PbSe films exhibited TE properties better
than those of polycrystalline bulk PbSe and comparable
with those of the vacuum-based PbSe films.

Results and Discussion

Excellent TE performance in thin films can be achieved
by assembly of compact building blocks with high qual-
ity.' As for the solution route, the design of the precursor
solution plays a vital role in the ion-by-ion assembly of the
targeted films, which could ensure a high quality. In the
traditional CBD process for PbSe films, Se>~ was commonly
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accessed by hydrolysis of Na,SeSO; at high pH value
(> 13), which was often accompanied by unexpected impu-
rities (e.g. oxides) and low crystallization. In the present
work, Se’>~ was easily accessed by a redox reaction of
Na,SeSOj; at a much lower pH value (ca. 8), in which ascor-
bic acid (AA) was introduced as reductant. As for the Pb
precursor, Pb(NOs3), was chosen, and nitrilotriacetic acid
(NTA) was used to control the release of Pb?*. Si wafers
were used as substrate after being oxidized by piranha solu-
tion. According to the theory of crystal growth,?'??l no
nucleation occurs in a solution with low supersaturation,
homogeneous nucleation occurs at high supersaturation,
and film formation from heterogeneous nucleation is pos-
sible in the intermediate supersaturation region. In our
work, the supersaturation degree can be easily controlled
by the concentration of NTA to obtain high-quality PbSe
films. As indicated in Figure 1, loose and noncontinuous
PbSe films are formed on the deposited side (marked A in
Figure 1a) of the substrate, and no films are formed on the
other side (marked B in Figure 1a) when the Pb>*/NTA ra-
tio is below 1:10 (Figure 1b). The films here were formed
as a result of homogeneous nucleation in the solution. On
the other hand, PbSe films formed on side A of the sub-
strate with Pb?*/NTA = 1:15 (Figure S1) are composed of
continuous films and surface particles. PbSe films formed
on side B of the substrate with Pb>*/NTA = 1:15 (Figure lc,
d) are composed of continuous films without particle struc-
tures on the surface. This is due to heterogeneous nucle-
ation at the surface of the substrate. The following dis-
cussion is based on this continuous film.

(a)

Reaction

Figure 1. Sketch of the reaction (a); SEM images of the synthesized
PbSe films with Pb>*/NTA = 1:10 on side A (b), Pb>*/NTA = 1:15
on side B (c and d) with different magnifications. The inset in (d)
shows the corresponding cross-sectional image.

The high quality of a typical PbSe film was confirmed
by the XRD (Rigaku RINT 2000, Cu-K,) pattern displayed
in Figure 2a, in which all the peaks match well those of the
cubic phase of lead selenide with the Fim3m space group
(JCPDS, 06-0354). This result indicates that highly crys-
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tallized PbSe films can be directly assembled on a Si sub-
strate by rational design of the precursor solution, which
shows the simplicity of the solution route for preparing
PbSe films (no extra annealing process is needed). The pu-
rity of the synthesized PbSe films was reconfirmed by elec-
tron probe microanalysis (EPMA), as shown in Figure 2D,
which also indicates that the atomic ratio of lead and sele-
nium is close to 1:1. From the surface scanning electron
microscopy images (SEM, JSM-6390) in Figure 1c and Fig-
ure 1d, it can be seen that the film is homogeneous and
consists of nanoparticles ranging from 100 to 400 nm. From
the cross-sectional SEM image inserted in Figure 1d, the
thickness of the film is uniform with a value of about
700 nm. The compactness and uniformity facilitate uniform
carrier-charge transport across the nanostructured film.
Figures 3a and b display the TEM images of the PbSe films.
The observed lattice spacings of 0.355nm and 0.217 nm
correspond to the 1-11 and 220 planes of PbSe, confirming
the high crystallinity of the assembled nanoparticles.
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Figure 2. XRD pattern and EPMA plot of the synthesized film,
indicating the high crystallinity and purity of the synthesized film
with atomic ratio of Pb/Se close to 1:1.

@

Figure 3. TEM images with low magnification (a) and high magni-
fication (b), the inset shows the corresponding fast Fourier trans-
form (FFT) image.

Figure 4 shows the temperature (7) dependence of TE
transport properties of PbSe films, including the electrical
resistivity (p = 1/0), S, and PF. The influence of the Si sub-
strate on the TE properties can be eliminated by the inser-
tion of an insulating oxide layer between the silicon wafer
and PbSe films. The electrical resistivity of the assembled
PbSe films at 300 K is 0.01 Qcm, which is much lower than
those of other solution-route PbSe films (1-10° Qcm).!%-2%
The enhanced electrical property arises from the increase in
the carrier mobility, reaching 195 cm?V~'S~!, which is much
larger than the corresponding value for nanocrystal PbSe
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films (ca. 0.1 cm?/Vs).["1 Positive values of S indicate p-type
conduction, which is expected for PbSe. The S value at
room temperature (324 pVK!, with a carrier concentration
of 3.3x 10'"8 cm3) is larger by 62% relative to that found
for polycrystalline bulk PbSe with a comparable carrier
concentration of 3.2 X 10'® cm=.12%] Quantum effects em-
bedded in the nanostructured films, such as energy filters,
might be responsible for the improved Seebeck coeffi-
cient.['!24 Because of the improved electrical transport, the
PF ($?/p) for the PbSe films reaches 10 uWem ' K1, which
is larger than the corresponding value for bulk PbSe (5-
7 uWem™' K131 and comparable to that of vacuum-based
PbSe films.°]
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Figure 4. Temperature dependences of the electrical resistivity (p,
circles), Seebeck coefficient (S, squares), and the thermoelectric
power factor (S?/p, triangles) of the PbSe films.

From Figure 4, a linear decrease in p with temperature in
the range 300450 K suggests the presence of an activation
barrier at the grain boundary between the nanoparticles.*”!
After 450 K, p increases sharply; this could be attributed to
two possible mechanisms. One mechanism is the desorption
of oxygen as proposed by Damodara Das et al.?®! For air-
exposed PbSe films, oxygen atoms and/or molecules are ad-
sorbed on the surface of the films, and they act as p-type
dopants. Desorption of oxygen from the film surface at high
temperature usually decreases the carrier concentration in a
“p” type sample and thus increases the resistance of the
sample. The other is a sharp decrease in mobility due to
creation of defects at elevated temperature as proposed by
Smith.?°! It was argued that, in lead chalcogenides, defects
will be created at high temperature. These defects can act
as scattering centers for the carriers, bringing down the mo-
bility of the carriers, which also results in a sharp increase
of the resistivity. Thus, as a result of these mechanisms, the
resistivity increases sharply at high temperature. Moreover,
due to the decreased mobility, we also observe a slight drop
of the Seebeck coefficient from 450 uVK-! at 460 K to
410 pVK! at 500 K. Combining the increase in resistivity
and the variation of the Seebeck coefficient with tempera-
ture, the PF factor can reach 31.5 uWem 'K! at 440 K,
which is larger than the corresponding value for bulk poly-
crystalline PbSe at the same temperature by 57%.53% In ad-
dition, effective phonon scattering at the interface between
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the boundaries of the nanograins will also contribute to the
enhancement of the ZT value. Therefore, PbSe films as-
sembled by this solution route are a promising bolster for
microheating and cooling devices.

Conclusions

High-quality PbSe films were synthesized by a facile
solution route by rational design of the precursor solution.
The PbSe films exhibit good electrical conduction proper-
ties and meanwhile maintain a large Seebeck coefficient.
The enhancement of thermoelectric transport properties
mainly results from high carrier mobility across embedded
compacted highly crystallized nanoparticles. The TE power
factor of the PbSe films is larger than that of bulk PbSe.
The improved TE properties suggest that the assembled
PbSe film is a promising TE film.

Experimental Section

Synthesis of PbSe Thin Films: A typical precursor solution was
composed of Pb(NOs), (2mL, 0.1 m), nitrilotriacetic acid (NTA)
(30 mL, 0.1 m), ascorbic acid (AA) (2 mL, 0.5 m), and freshly made
Na,SeSO; (2 mL, 0.1 m). The pH value of the solution was adjusted
to about 8 by the addition of a few drops of diluted ammonia. All
of the reagents were of analytical grade (Alfa Aesar) and were used
without further purification. Before reaction, the Si substrates were
immersed in piranha solution [a 30:70 (v/v) mixture of 30% H,O,
and concentrated H,SO,] at 80 °C for 30 min. After that, the Si
substrates were washed with deionized water and then immersed in
the middle of the solution to favor the nucleation and growth of
PbSe films. The solution was kept covered with polyethylene film
to prevent the evaporation of water and placed in a water bath
maintained at 70 °C for 3 h. At the end of the experiment, the films
were removed from the bath, rinsed carefully with deionized water,
and then dried naturally.

Film Characterization: The crystalline structures of PbSe thin films
were analyzed with an X-ray diffractometer (XRD; Rigaku RINT
2000) operating with Cu-K, radiation at 40 kV/40 mA. Morpho-
logies of the samples were analyzed by scanning electron micro-
scopy (JSM-6390). The electron probe microanalysis (EPMA) re-
sults were recorded with a 8705QH2 instrument. The synthesized
film was scraped from the Si substrate and dispersed onto a carbon-
coated Cu grid, and then transported into a JEOL200CX instru-
ment for TEM analysis. The dark electrical resistivity and the car-
rier concentration of the PbSe films were measured by a four-point
probe method in van der Pauw configuration with an Accent
HL5500 Hall System. Silver paste was applied to provide ohmic
contact with PbSe films. For the measurement of the Seebeck coef-
ficient, two Pt—Pt/Rh thermocouples were attached to both ends
of the PbSe thin films, and temperature gradients of 3-5 K were
generated by a film heater at one end. The Seebeck coefficient was
then obtained from the slope of a plot of thermoelectromotive force
versus temperature difference.

Supporting Information (see footnote on the first page of this arti-
cle): SEM image of the synthesized PbSe films with Pb?>*/NTA ra-
tio 1:15 on side B.
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