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ABSTRACT: Small molecules with functional groups can
show different electron affinity and binding behavior on
nanocrystal surface, which in principle could be used to
alternate the electrical transport in self-assembled nanocrystal
thin films. These small molecules can also serve for scattering
the phonons to reduce the thermal conductivity. Here, we
present our research on the thermoelectric characteristic of
self-assembled silver telluride (Ag,Te) nanocrystal thin films
that are fabricated by a layer-by-layer (LBL) dip-coating
process. We perform investigations on the electrical con-
ductivity and Seebeck coefficient on the Ag,Te nanocrystal
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thin films containing hydrazine, 1,2-ethanedithiol, and ethylenediamine between 300 and 400 K. We also use photothermal (PT)
technique to obtain the thermal conductivity of the films at room temperature and estimate the thermoelectric figure of merit
(ZT). The experimental results suggest that the surface-bound small molecules could serve as a beneficial component to build
nanocrystal-based thermoelectric devices operating at low temperature.
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Nanocrystal assemblies are considered as a novel type of
condensed matter since its behavior depends both on the
properties of the individual building blocks and on the many-
body exchange interactions. Recent studies of the self-
assembled nanocrystal thin films have suggested that they
could demonstrate great potential for electronic, thermology,
and optoelectronic applications." Notably, because of high
surface-to-volume ratio, the surface of the nanocrystal in the
self-assembled thin films could have a big influence on physical
properties including electron transport, catalysis, magnetism,
and so forth. Surfactant molecules, which are widely used in the
growth of nanocrystals, could benefit the size control during
nanocrystal growth and help to guide the self-assembly toward
a more complicated structure;”* However, they could also set a
hurdle for charge transport and thus limit the performance of
the self-assembled nanocrystal thin film based devices.*®

In this report, we study the thermoelectric property of the
Ag,Te nanocrystal films capped with different molecules. Ag,Te
is chosen as a model system as it possess many advantages such
as high electron mobility and low thermal conductivity®™ for
potential thermoelectric applications.'”"" In addition, we limit
our studies to short-chain molecules such as hydrazine, 1,2-
ethanedithiol and ethylenediamine as (1) they have different
binding affinity to nanocrystal surface that could alternate the
carrier concentration in the nanocrystal thin films'>~'* and (2)
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they will minimize the blocking of electron transport
(compared to the long-chain organic ligands) to maintain a
high the electrical conductivity. Of course, this high electron
conductivity could also be accompanied by a slight increase in
thermal conductivity.'>'®

To fabricate self-assembled Ag,Te nanocrystal thin film
capped with different surface molecules, we start from the
synthesis of Ag,Te nanocrystals using a recipe modified from
the literature by rapid injecting trioctylphosphine-telluride
(TOP-Te) solution into a mixture of silver-dodecanethiol and
4-tert-butyltoluene.'”” Tellurium (powder, 99.8%), hexane
(98.5%), 4-tert-butyltoluene (95%), and 1-dodecanethiol
(>98%) were purchased from Sigma-Aldrich. Silver nitrate
(AgNO;, 99.9%) was purchased from Alfa-Aesar and
trioctylphosphine (TOP, 97%) was purchased from Strem
Chemicals. All the chemicals are used as received. The synthesis
is carried out in a standard Schlenk line protected by nitrogen.
In a typical process, 0.364 g of AgNO; is dissolved in 80 mL of
deionized water by ultrasonication. Meanwhile, the solution
containing 80 mL fo 4-tert-butyltoluene and 1.28 mL of 1-
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Figure 1. (a) The XRD pattern of Ag,Te nanocrystals. The red curve is the XRD spectrum of Ag,Te we synthesized and the black lines below are
the peak positions indicated from the standard XRD spectrum of Ag,Te (JCPDS No. 65-1104). (b) The low-magnification TEM image of the Ag,Te
nanocrystals with an average diameter of 12 + 3 nm. (c) The HRTEM image of the Ag,Te nanocrystals. Inset is the FFT of the Ag,Te region
indicated by the white dashed line. (d) The SEM image of Ag,Te film on glass substrate obtained by direct dip coating without removing 1-
dodecanethiol. (e) The diameter distribution histogram of the as-synthesized Ag,Te nanocrystals.

dodecanethiol is slowly added into the silver nitrate solution
with vigorous mixing. After stirring the mixture for 2.5 h, the
organic phase (Ag precursor solution) is transferred into a
three-neck flask. The flask is purged with nitrogen and heated
to 140 °C. In a separate flask, 0.75 M of TOP-Te solution is
prepared by dissolving 4.79 g of Te in S0 mL of TOP at 60 °C
until the color of the solution present clear yellow. With the fast
injection of the 3 mL of 0.75 M TOP-Te into the Ag precursor
solution, the color of the solution immediately turned from
milk white to dark. The reaction is maintained at 140 °C for 24
h. After that, the reaction is quenched in cool water bath and 6
mL of hexane is added into the solution. The solution is
centrifuged three times at 4600 rpm for 6 min to collect the
Ag,Te. The first centrifuge is mainly for removing any large
aggregates. During the second and third time centrifuge, 40 mL
of ethanol is added as antisolvent to clean and collect the Ag,Te
nanocrystals.

X-ray diffraction (XRD) and transmission electron micro-
scope (TEM) are used to identify the composition, crystal
structures, and the size of the products. The XRD pattern
(Figure la, red curve) clearly demonstrates the pure
composition of Hessite phase Ag,Te (JCPDS No. 65-1104).
The low-magnification TEM study (Figure 1b) shows uniform-
sized nanocrystals with an average diameter of 12 + 3 nm
(Figure le). High-resolution TEM (HRTEM, Figure 1c) of

individual nanocrystals further confirms that the products are
single crystal Ag,Te nanocrystals and the fast Fourier transform
pattern (inset, Figure 1lc) clearly shows the diffraction spots
that can agree well with the peaks observed in the XRD pattern.
Figure 1d shows the scanning electron microscope (SEM)
image of the nanocrystal thin film through direct dip coating of
glass substrates into the purified Ag,Te nanocrystal solution.
Notably, the nanocrystals are still capped with nonconductive
long-chain dodecanethiol surfactant molecules and no ligand
exchange reaction has been performed on the nanocrystals. The
SEM image clearly shows a rough surface containing large
domains from the nanocrystals clustered together.

After the synthesis, the self-assembled Ag,Te nanocrystal
thin films are fabricated by a layer-by-layer (LBL) dip-coating
procedure to investigate the impact of surface-bound small
molecules on the electrical and thermal properties of the Ag,Te
nanocrystal thin film. All work of the dip-coating process is
performed in a nitrogen glovebox with oxygen level lower than
0.1 ppm. On the basis of the coating method reported in our
previous paper,'® we use different small molecules to replace
the capping surfactant (1-dodecanethiol) on the surface of the
nanocrystals. We choose hydrazine, 1,2-ethanedithiol, and
ethylenediamine as model systems because these molecules
have very similar structures but different functional group. The
size effects of the surface molecules can be minimized, so we
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Figure 2. SEM images of Ag,Te nanocrystal films dip-coated with different small molecules in different magnification: (a,b) hydrazine, (c,d) 1,2-
ethanedithiol, and (e,f) ethylenediamine. (g) FTIR spectra of the nanocrystal films containing different small molecules.

have fewer concerns regarding the impacts of the interparticle
distance. In addition, these molecules have recently been tested
as the capping ligands for nanocrystal-based solar cells,'**°
which could serve as references in our studies. We have also
tried methylamine and benzene-1,3-dithiol as capping ligands.
But these two molecules cannot yield a smoothly film based on
the same condition, which makes the studies less meaningful.

In a typical coating process, hydrazine (N,H,, 99.8%), 1,2-
ethanedithiol (C,S,H,, 98+%), ethylenediamine (C,N,Hg,
99%), chloroform (anhydrous, 99+%), and acetonitrile
(anhydrous, 99.8%) were purchased from Sigma-Aldrich and
used without further purification. The nanocrystal coating
solution is prepared by suspending the Ag,Te nanocrystals in
chloroform. Small molecule solutions (0.1 M) of hydrazine, 1,2-
ethanedithiol, and ethylenediamine are prepared by mixing the
suitable amount of small molecule reagents with anhydrous
acetonitrile separately. During the coating process, the glass
substrates are first dipped into the Ag,Te nanocrystal solution,
and then they are carefully taken out and dried naturally. After
that, the glass substrates are slowly dipped into 0.1 M small
molecule solution to exchange the capping surfactant on the
surface of nanocrystals. Finally, the substrates are carefully
soaked in the anhydrous acetonitrile to remove excessive small
molecules from the second step and allowed naturally. This
process is repeated until a uniform nanocrystal film with proper
thickness is obtained.
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The SEM images (Figure 2a—f) show the surface
morphologies of the films as a result after the ligand exchange
reactions with different small molecules, which could help the
nanocrystals to self-assemble into complex patterns.”' Interest-
ingly, there is no significant difference among the surface
morphologies observed from the films being treated with
different small molecules. Figure 2g is the Fourier transform
infrared spectroscopy (FTIR) image of the different ligands
treated films. The peak at 860 cm™ is the characteristic
adsorption peak of the —NH, twisting vibration of the
hydrazine-functionalized film (Figure 2g, black curve). The
FTIR spectra of 1,2-ethanedithiol-functionalized film has strong
C—S stretching vibrations peak at 870 cm™ (Figure 2g, red
curve). The FTIR spectra of ethylenediamine-functionalized
film have absorption bands at 1150 and 892 cm™ and
correspond to the C—N stretching vibration and —NH,
twisting vibration, respectively (Figure 2g, blue curve). The
appearance of the peaks proves the successful ligand exchange
in the nanocrystal films.

In order to investigate the impact of different surface-bound
small molecules on the electrical and thermal properties of
Ag,Te nanocrystal thin films, we have investigated their
temperature-dependent Seebeck coefficient and electrical
conductivity under vacuum multiple times between by ramping
up the temperature from 300 to 400 K, and the results are
shown in Figure 3. The Seebeck coefficient is measured by
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Figure 3. Seebeck coefficient and electric conductivity of nanocrystal thin films with (ab) hydrazine, (c,d) 1,2-ethanedithiol, and (ef)
ethylenediamine. (gh) Comparison the results of the first test round and the final test round. Measurements are performed under identical condition
under vacuum between 300 and 400 K with same ramp up speed in heating.

bridging the film substrate between a heater and heat sink and
testing the voltage and temperature difference between the hot
and the cold sides with a maximum temperature fluctuation of

+0.2 K and a voltage resolution of 50 nV. The electrical
conductivity is measured through a standard four-probe
method with a maximum temperature fluctuation of +2 K
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Figure 4. Carrier concentration and mobility of the nanocrystal thin films with (a)b) hydrazine, (c,d) 1,2-ethanedithiol, and (e,f) ethylenediamine.

Figure 3ab shows the Seebeck coefficient and electrical
conductivity of hydrazine-bound nanocrystal thin film. The
different colors of the different curves represent different tests.
For the first time running, the film shows a positive Seebeck
coefficient (black curve, Figure 3a), indicating the nanocrystal
thin film has a p-type nature with the maximum values achieved
around 360 K. The electrical conductivity (black curve, Figure
3b), however, keeps increasing even over 360 K. For the
following tests, we cool down the samples in the test vacuum
chamber naturally and repeat the test while ramping up the
temperature. The electrical conductivity (blue and red curves,
Figure 3b) still shows an increasing trend, but there is no
obvious difference between the values in Test Round 2 (blue
curve, Figure 3b) and Test Round 3 (red curve, Figure 3b).
Interestingly, the Seebeck coefficient shows a significant change
from p-type (positive Seebeck coefficient) to n-type (negative
Seebeck coefficient) in the Test Round 2 (blue curve, Figure
3a), indicating the dominant carriers in the nanocrystal film
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change from holes to electrons. In the Test Round 3 (red curve,
Figure 3a), the Seebeck coefficient settles and does not show a
significant change within the test temperature range. Similar
tests are also performed the nanocrystal thin films capped with
1,2-ethanedithiol (Figure 3c,d) and ethylenediamine (Figure
3ef) and both show similar trend change in the Seebeck
coefficient and the electric conductivity. The difference is that it
takes more test rounds for the thin film samples capped with
1,2-ethanedithiol (five test rounds) and with ethylenediamine
(four test rounds) to settle. The results of the first and the last
tests from thin films capped with different small molecules are
shown in Figure 3gh.

Analysis of the results reveals some interesting points: (1)
The hydrazine treated film has the lowest Seebeck coeflicient
value while the highest electric conductivity at the beginning.
The 1,2-ethanedithiol treated film, however, has the highest
Seebeck coeflicient value and the lowest electric conductivity.
The ethylenediamine treated film has the values in between. It
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Figure S. SEM images of Ag,Te nanocrystal films dip-coated with different small molecules in different magnification after the multiple test rounds:
(ab) hydrazine, (c,d) 1,2-ethanedithiol, and (e,f) ethylenediamine. (g) FTIR spectra of the nanocrystal films containing different small molecules
after the multiple test rounds. (h) The small-angle X-ray scattering patterns of Ag,Te nanocrystal thin films capped with different ligands before and

after the multiple test rounds.

can be attributed to the fact that hydrazine has the strongest
affinity to attach to the electron deficient metal atoms on the
nanocrystal surface than the other two ligands.”* In addition,
hydrazine also does not contain any carbon or C—H bond,
meaning there will be less dielectric barriers in the nanocrystal
film. It has been reported that different kinds of ligands can lead
to different barrier height and width which play the key roles in
the evolution of the band structure and transport phenomena.'
(2) After several cycles of the test, all the films have more or
less similar negative Seebeck coefficient. We believe this is an
indication that the initial positive Seebeck coefficients observed
in all three films are resulting from the small molecule binding.
After several cycles of test by heating up the films in vacuum,
the surface-bound small molecules are “vaporized” from the
nanocrystal surface, which leaves nearly “naked” nanocrystals in
the thin films, thus all the films finally show similar Seebeck
coefficient as the intrinsic property of the nanocrystals. (3)
Under the same test condition, it takes three test rounds, five
test rounds, and four test rounds for hydrazine, 1,2-
ethanedithiol, and ethylenediamine capped film to reach the
similar negative Seebeck coefficient and settle the electrical
conductivity, which may indicate that the bond strength
between the small molecules and the Ag,Te is 1,2-ethanedithiol
> ethylenediamine > hydrazine, as all three small molecules will
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form covalent bonds on Ag,Te surface but the 1,2-ethanedithiol
is more likely to form the strongest bond."®

To gain more insight into the electrical properties of the
nanocrystal thin films capped with different small molecules,
Hall effect measurements have been performed to look at the
carrier concentration and carrier mobility (Figure 4). We repeat
the tests and run the same test cycles under identical condition
like what we have done for the Seebeck coeflicient and the
electric conductivity tests. Figure 4a,c,e are the test results on
the carrier concentration and Figure 4b,d,e are the test results
on the carrier mobility. The results show the following several
key features: (1) In all the films, carrier concentrations (Figure
43, ¢, and e) increase and then decrease with increasing test
temperature for the first test round. After that, the carrier
concentrations in every film with different capping small
molecules have little change with the temperature and all show
lower carrier concentration compared to the first test rounds.
This, combined with our previous tests on the Seebeck
coefficient and the electrical conductivity test, further suggest
that the small molecules create p-type doping effect for Ag,Te
nanocrystals. (2) In all the films, the absolute values of the
carrier mobility (Figure 4b,d,f) increase with increasing test
temperature for the first test round. After that, the absolute
values of the carrier mobility keep increase after every test
round, but overall they show a decreasing trend with increasing

DOI: 10.1021/acs.nanolett.5b00255
Nano Lett. 2015, 15, 3748—-3756


http://dx.doi.org/10.1021/acs.nanolett.5b00255

Nano Letters

d

0.12 Hydrazine |—®—RUN1
— 8 RUN2| -~
&. 0.10 | -4 -RUN3 !l 0.10
£ £
% 0.08 | % 0.08
5 3
g 0.06 | 5 0.06
& i
g 0.04 g 0.04
a 002 @ ... _. o 0.02
0.00 o 0.00
300 320 340 360 380 400
C Temperature (K) d
0.12 Ethylenediamine |——RUN1 0.12
— 4 -RUN2 o
¥ o010l -4 -RUN3] ¥ o010
E RuNa| £
= L = 0.08
£ 0.08 £
g 0.06 ‘/ g 0.06
E 0.04 [ § 0.04
a 002f , a 0.02
TR e e oy
000 * "M 0.00
300 320 340 360 380 400

Temperature (K)

e
s

r 1,2-ethanedithiol

8- el ..
T
300 320 340 360 380 400

Temperature (K)

-@- Hydrazine RUN 1

@ Hydrazine RUN 3
-@-1,2-ethanedithiol RUN 1
@ 1,2-ethanedithiol RUN §
-4 Ethylenediamine RUN 1
4 Ethylenediamine RUN 4

340
Temperature (K)

400

300 320 360 380

Figure 6. Power factor of nanocrystal thin films capped with (a) hydrazine, (b) 1,2-ethanedithiol, and (c) ethylenediamine. (d) The comparison of
all the power factor data obtained from the nanocrystal thin films during the multiple test rounds.

temperature in every film with different capping small
molecules. The mobility increase could be explained by the
annealing effect in which the small molecules are vaporized
gradually and the interparticle distance gets smaller to minimize
the charge hopping. The decreasing trend of mobility with
increasing temperature after the first test round also agrees with
the expected behavior from Ag,Te that typically shows as a n-
type narrow bandgap semiconductor existing in the monoclinic
phase.’

To confirm our hypothesis and further understand what has
happened during the multiple test rounds, we have performed
SEM, FTIR, and small-angle X-ray scattering on the nanocrystal
thin films and compared the results before and after the test. By
comparing the SEM images of the thin films after the tests
(Figure Sa—f) and those of the thin film before the tests (Figure
2a-f), we do not see a dramatic change in the morphology or
surface roughness. However, the FTIR studies (Figure Sg)
clearly show no signature absorption peaks visible after the tests
as comparing with the FTIR patterns shown in Figure 2g,
indicating the surface-bound small molecules have been
“vaporized” from the nanocrystal surface after the multiple
rounds of tests. From the small-angle X-ray scattering studies
(Figure Sh), we can calculate the interparticle spacing. For the
hydrazine-capped thin film, the interparticle distance is ~0.72
nm before the tests and ~0.59 nm after the tests. For the 1,2-
ethanedithiol-capped thin film, the interparticle distance is
~0.73 nm before the tests and ~0.51 nm after the tests. For the
ethylenediamine-capped thin film, the interparticle distance is
~0.61 nm before the tests and ~0.45 nm after the tests. The
decrease in the interparticle distance suggests the elimination of
the surface-bound small molecules, which also supports the
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conclusion drawn from the FTIR studies (Figure Sg) and our
hypothesis.

On the basis of the measurement results from the Seebeck
coefficients and the electrical conductivity, the corresponding
power factors of the three types of Ag,Te nanocrystal thin films
with different surface-bound small molecules are plotted in
Figure 6 as well as their evolution as the small molecules leaving
the nanocrystal surface. From the comparison results in Figure
6d, we can clearly see that the nanocrystal thin films with small
molecules possess a much higher power factor that can reach
the maximum value of 0.1 mW/m-K? at 360 K. When the small
molecules are “vaporizing” from the nanocrystal surface, the
power factors start dropping in every type of nanocrystal thin
films, which may be related to the dramatically lowered carrier
concentration as demonstrated by the Hall measurement results
(Figure 4).

We also take an initial step to look at the thermal transport
property of the nanocrystal thin films at room temperature
using photothermal (PT) technique with multilayer film
model”®>® shown in Figure 7. During the PT experiment, all

r AgaTe nanocrystals

Modulated
laser beam

Thermal
radiation

N1

Figure 7. Principle of the photothermal experiment.
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Table 1. Summary of the Fitted Thermal Conductivities Values and Calculated Room Temperature ZT (ZTyy) for Ag,Te

Nanocrystal Thin Film Samples.”

thermal conductivity k at room temperature (W/m-K) +

5%

sample with small molecules phase-shift amplitude ZTpr Y1
hydrazine no 0.095 + 0.00S 0.127 + 0.006 0.054 0.15

yes 0.084 + 0.004 0.088 + 0.004 0.071 0.459

1,2-ethanedithiol no 0.047 + 0.002 0.052 + 0.003 0.067 0.204

yes 0.04S + 0.002 0.042 + 0.002 0.320 0.712

ethylenediamine no 0.031 + 0.002 0.024 + 0.001 0.194 0.426

yes 0.095 + 0.005 0.086 + 0.004 0.190 0.417

“The ZT,,, values are calculated by assuming that the thermal conductivity stays the same as room temperature and the molecules don’t vaporize.

Ag,Te nanocrystal thin films are sputter-coated with 60 nm
iridium (Ir) on top. A diode laser (809 nm, BWTek) is
modulated by a function generator (DS345) and then applied
to the Ir layer, which works as a heat source to raise the
temperature of the layers below. Meanwhile, the heat energy
will both radiate to environment and transfer along the cross
plane direction of layers. The response and the intensity of the
resulting radiation are closely relative to thermal properties of
the layers beneath. The radiation signal from the Ir layer is
reflected by two paraboloidal mirrors and then focused on an
infrared detector (J15D12, Judson Technology). The reflection
of laser beam will be filtered by placing Germanium (Ge)
window in front of the detector. The collected signal is
transferred to a preamplifier and then the AC component is
selected by a lock-in amplifier (SR830). Data acquisition is
accomplished by a computer with a lab-designed program.

Considering that the thermal diffusion length in the gas and
the target layer is much smaller than the diameter of the laser
beam when the laser focal spot (0.7 X 1.4 mm?®) is large
enough, the PT experiment can be simplified as a one-
dimensional cross-plane heat transfer model for describing
temperature distribution and evolution. For an N-layers model,
the governing equation for 1D thermal diffusion problem in
layer i can be expressed as

%0, 100, Bl < ) .
-t =1 __ i 3L X iX_11+/wt
a2 eXP(m:Zil B,Ly) x "CD(1 + )
(1)
where 6, = T, — T,, T; is the modified temperature of target

layer i, and T, is the ambient temperature. @ is the modulated
angular frequency (27f). The thickness of layer i is represented
as L; and other thermophysical properties include thermal
conductivity k;, specific heat C,;, thermal diffusivity a; the
thermal diffusion length g; = (o,/7f)"/%, and optical absorption
coefficient f. The solution &; to eq 1 is composed of the
transient component 6, the steady DC component EL , and the
steady AC component 9,-,5. Only the AC component 0, will be
collected for further evaluation and data processing. The
general solution of €, can be expressed as the following
equation with the details of parameters A, B, E, and
calculations described in ref 21.

0. = [Aieo,(x—l,) + Bie-o,(x—ll) - Eieﬂ,(x—l,)]ejwt @)

In our test, the PT measurements for the nanocrystal thin
films are conducted over a large frequency ranging from 17 Hz
to 20 kHz in the open air at the room temperature. The phase
shift between the thermal radiation and the modulated laser
and the amplitude of radiation signal are parameters for
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calculating thermo-physical properties. The system is calibrated
before the measurement, and the systematic phase shift and
amplitude can be excluded from the experiment data during
data preprocessing.

For experimental data processing based on phase shift
method, the preprocessed data at each frequency is calculated
with ¢¢ = ¢ ¢ — Peup where ¢ ¢ and @, are raw data and
calibration data, respectively, at each frequency. The curve of ¢
against the frequency is fitted with the lab-developed
programming code according to the physics principle. An
overall thermal resistance R is thus obtained from the best-fitted
curve that is composed of thermal resistance for conduction in

Ag,Te layer Rgagre and thermal contact resistance Ry at

interfaces. Because the thickness of the Ag,Te layer is very thin,

R ongage has the same order of magnitude as R;. Meanwhile

the Ag,Te nanocrystals may not highly compact and the surface
is a little coarse which increases R;. at the interfaces. It is hard
to distinguish R ypgagre from the overall thermal resistance.

Therefore, an overall thermal conductivity k = R/L is employed
to represent the thermal properties of Ag,Te nanocrystals. For
experimental data processing based on amplitude method,”” the
normalized amplitude is given by A, = (AL \/ /Ay at
each frequency. Similar to the process of phase shift data, the
fitting program is run to fit the shape of variation of A,
against frequency and gives out an overall thermal conductivity
for each sample. The overall thermal conductivities for all
samples based on two fitting methods are summarized in Table
1, which shows negligible discrepancy between two fitting
methods for the results obtained in most samples.

Analysis of the room-temperature thermal conductivity data
show the following interesting insights of our nanocrystal thin
films. (1) All the films have extremely low thermal conductivity.
(2) The nanocrystal thin film with the surface-bound small
molecules generally have slightly lower thermal conductivity as
the results of enhanced phonon scattering from surface
molecules.'® We also believe that the possible increase in the
grain size due to the sintering effect during the sequential tests,
as indicated by the TEM studies of the cross sections of the
nanocrystal thin film (not shown), could also lead to the higher
thermal conductivity in the nanocrystal films after the surface
ligands vaporize. The only exception is ethylenediamine-capped
nanocrystal thin films, which show a higher thermal
conductivity. The exact reason is unclear and definitely worth
further experimental and theoretical investigation on the
electronic structures of Ag,Te nanocrystal capped with
ethylenediamine. (3) According to the result from the thermal
conductivity in room temperature, we can roughly estimate the
ZT value, which give a room temperature ZT of 0.32 for the
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Ag,Te nanocrystal capped with 1,2-ethanedithiol, mainly due to
its low thermal conductivity. Notably, if we assume the thermal
conductivity value remains the same for the entire temperature
range (300—400 K) and the surface-bound molecules (1,2-
ethanedithiol) can stay permanently, a maximum ZT of 0.712
may be achievable. At the same time, the ZT for uncapped
Ag,Te nanocrystal films ranges between 0.054 and 0.194.

The room-temperature power factors of our Ag,Te nano-
crystal films are relatively lower than the previously reported
studies on the carbon nanotube-Ag,Te system”® and pure
Ag,Te nanowire system developed in our group;” however,
due to the extremely low thermal conductivity observed in our
nanocrystal films the room-temperature ZT of our Ag,Te
nanocrystal films are comparable or even slightly better than
the carbon nanotube-Ag,Te system”® and pure Ag,Te nanowire
system.” A significant advantage for the nanocrystal thin films
presented here is that no high-temperature annealing or pressed
sintering is needed, which could enable many potential
applications when using ligand-capped nanocrystals as for
printable or sprayable molecular inks for the fabrication of
thermoelectric devices on polymer-based fabrics. However, due
to the vaporization of the small ligand molecules, the stability of
the electrical and thermal properties at higher temperature
raises a serious concern. In order to realize this great potential
of using colloidal nanocrystal as “molecular inks”, it will require
the further optimizations in designing a nanocrystal-molecule
system with proper band alignment to increase the carrier
concentration while at the same time a better surface chemistry
to ensure the stability of organic molecules on the nanocrystal
surface at elevated temperature through the combination of
theoretical electronic structure calculation and surface chem-
istry experiments.

In conclusion, we have performed a systematic study on the
impact of several types of surface-bound small molecules on the
thermoelectric properties of the Ag,Te nanocrystal thin film
made by dip-coating method. By analyzing the experimental
results, we can reach the conclusion that the incorporation of
small molecules into the certain nanocrystal thin film could
potentially benefit to achieve a higher power factor and a lower
thermal conductivity, leading to an enhanced performance near
room temperature.
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