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1.0 SUMMARY

The hole density of individual copper sulfide nanocrystals (Cu2+S NCs) is determined from the
stoichiometric mismatch (x) between copper and sulfide atoms. Consequently, the electronic
properties of the material vary over a range of x. To exploit Cu2+S NCs in devices, assemblies of
NCs are typically required. The overarching goal of this project is 1) to develop an electrochemical
platform that allows on-demand control of the stoichiometry for thin film assemblies of Cu2xS
NCs, which, in turn, omni-tunes the physical properties of the films, ii) to investigate fundamental
properties of Cu2xS NCs thin-film assemblies, including electrical conductivity, thermoelectric
properties, and optical properties, as a delicate function of charge carrier density, and iii) to provide
practical guidelines for utilizing the versatile Cu2+S NCs in thin-film electronic devices such as
light-weight, flexible thermoelectrics.

The stoichiometric control is done by immersing the solid NC assemblies into a solution
containing Cu(I) complex for different durations (0—10 min). As Cu” gradually occupied the
copper-deficient sites of Cuz-+S NCs, x could be controlled from 0.9 to less than 0.1. Consequently,
the near-infrared (NIR) absorbance of Cu2+S NC assemblies change systematically with x. With
increasing x, electrical conductivity increased and Seebeck coefficient decreased systematically,
leading to the maximal thermoelectric power factor from a film of Cu2-xS NCs at an optimal doping
condition yielding x = 0.1. The physical characteristics of the Cu2.S NC assemblies investigated
herein will provide guidelines for exploiting this emerging class of nanocrystal system based on
doping.

2.0 INTRODUCTION

Copper sulfide nanocrystals (NCs) exhibit unique electric/optoelectronic properties due to the
stoichiometric mismatch between copper and sulfide atoms. A small amount of copper is
thermodynamically driven to escape from the lattice of the crystalline structure, and NCs with
copper deficiencies, i.e., Cu2xS NCs (where x represents the degree of mismatched stoichiometry)
are formed.!* Since each copper-deficient site functions as an acceptor to the semiconductor, Cuo-
xS NCs yield self-doped p-type characteristics, and the hole density changes with x. This indicates
that the physical characteristics of the material can vary over a range of x. For example, Cu2xS
NCs with an abundant number of free holes yield a localized surface plasmon resonance (LSPR)
effect in the near-infrared (NIR) regime,* which is commonly observed in the visible regime for
metallic nanostructures.’® Both the resonant frequency and its intensity change with the number
of holes inside the materials and thus with x.”"!? The electrical and thermoelectric properties of
bulk Cu2..S are also functions of hole carrier density,!3!4
of nanostructured Cuz2«S should also vary with x. Therefore, methods to finely control the mis-
stoichiometry of CuxxS NCs, referred as the stoichiometric doping effect, are extensively

indicating that the associated properties
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considered, and a comprehensive understanding of the resulting physical properties of the
materials is critical.

The physical characteristics of NCs exploited in thin film devices are not only determined by
the intrinsic properties of NCs alone, but also by the electronic coupling of the materials with each
other in assemblies.'>!” The primary factor governing the coupling between NCs is their inter-
distance, which is determined by the ligands surrounding individual NCs.'*!® Although
passivating the surface of NCs with long hydrocarbon ligands (e.g., trioctyl phosphine, oleic acid,
or oleylamine) is critical for obtaining a stable colloidal dispersion of NCs, these long insulating
ligands typically suppress the electronic coupling between NCs.?*?! Therefore, the device
applications of NC assemblies often require these long ligands to be replaced with short ones in
solution or solid films or be completely removed.'® ?>?° Short amines, thiocyanides, halides, and
hydrazine are the common ligands that have been used for such purposes of copper chalcogenide
NCs.% 2627 Although studies on the influence of surface ligands on the electronic coupling in Cuo-
xS NC assemblies®® and those on the influence of atomic stoichiometry on the uncoupled Cuz.xS
NCs in solution” ! have been conducted separately, the stoichiometric doping on the physical
properties of the highly coupled Cu2+S NC assemblies has been rarely investigated.

3.0 METHODS
3.1 Chemicals.

Copper(I) chloride (99.995%), sulfur powder (99.98%), oleylamine (technical grade, 70%),
sodium sulfide (NazS), chloroform (anhydrous, >99%), hexane (anhydrous, 95%), toluene
(anhydrous, 99.8%), ethanol (anhydrous, >99.5%), methanol (anhydrous, 99.8%), tetrakiscopper
hexafluorophosphate  (Cu(I)(CH3CN)4PFs, 97%), and ammonium cerium(IV) nitrate
((NH4)2Ce(NO3)6, >99.99%) were purchased from Sigma-Aldrich. These chemicals were used as
received without further purification.

3.2 Synthesis of Cu..S NCs.

Cuz«S NCs were synthesized by modifying a previously described method.?> Copper(I) chloride
(118.8 mg) was added to oleylamine (24 mL) in a three-neck round-bottom flask, followed by
degassing. Separately, sulfur powder (48.1 mg) was added to oleylamine (15 mL) in another three-
neck round-bottom flask, followed by degassing to form a sulfur precursor solution. The flask
containing the sulfur precursor solution was heated at 120 °C under a nitrogen atmosphere for 25
min and then cooled to 40 °C. Meanwhile, the reaction flask with copper(I) chloride was heated at
225 °C under a nitrogen atmosphere until the solution became transparent, then cooled to 125 °C.
Subsequently, the sulfur precursor solution (12 mL, 40 °C) was injected into the reaction flask at
125 °C, and the temperature was maintained at 104 °C for 1.5 min to achieve CuzxS NC growth.
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During the growth, there was a finite variation in the temperature (£3°C). The temperature was
then rapidly lowered to room temperature. The resulting NC solution was purified by centrifuging
the reaction mixture using ethanol as the anti-solvent to the dispersion twice. Entire precipitation
and dispersion processes were done without exposing NCs to ambient condition.

33 Preparation of electrically coupled assemblies of Cu2..S NCs.

The substrates (glass, silicon, and silicon with thermally grown silicon oxide (3000 A)) were
cleaned by sonication in acetone and isopropanol in sequence. These substrates were then blown
with nitrogen before use. Dispersions of CuzS NCs (20 mg mL ™) in hexane:toluene (3:7 volume
ratio) were spin-coated (2500 rpm, 60 s) onto the substrates, and the resulting films were annealed
at 65 °C for 30 min. NazS in ethanol (0.064 M) was dropped onto the Cu2+S NC film, dwelled for
2 min, then spin-coated at 2500 rpm for 15 s. This time period was sufficient to completely remove
the original oleylamine ligands on the surface of the Cu2+S NCs. The resulting films were rinsed
with fresh ethanol, then heated at 80 °C for 3 min using a hot plate. The thin-film formation and
ligand removal processes were repeated once more to form fully percolated electronically coupled
assemblies of Cuz«S NCs. All these processes were done inside a nitrogen filled glove box without
exposing Cuz2xS NCs to ambient.

34 Stoichiometric doping on electronically coupled assemblies of Cu»..S NCs.

Solutions of Cu(I)(CH3CN)4PFs in methanol (1 mM) and (NH4)2Ce(NO3)s in ethanol (0.4 mM)
were prepared separately. The assemblies of Cuz2+S NCs prepared above were dipped into the Cu(])
and Ce (IV) complex solutions for a designated time period. Subsequently, the as-solution-treated
Cu2S NC film was rinsed with a pristine solvent by gently dripping the solvent onto the film. All
these processes were done inside a nitrogen filled glove box without exposing Cu2»S NCs to
ambient.

3.5 Characterization of assemblies of Cuz..S NCs.

TEM was conducted using a Libra 120 (Carl Zeiss) operating at 120 keV. UV-Vis-NIR spectra
were obtained using a V-770 UV-Visible/NIR spectrophotometer (Jasco). XRD measurement was
performed using an Ultima IV X-ray diffractometer (Rigaku). Electrical conductivity
measurements were performed using a four-point probe setup placed inside a nitrogen filled glove
box connected to a Keithley 2400 sourcemeter. Thermoelectrical properties were analyzed using
a customized measurement stage placed inside a nitrogen filled glove box comprising two Peltier
modules, a Keithley 2700 digital multimeter, and a Keithley 2182A nanovoltmeter that was
controlled through a LabView code. Thermovoltage was estimated from the slope of the voltage
difference and temperature difference plot. XPS measurements were conducted using an AXIS
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Ultra DLD (Kratos). FT-IR spectra were obtained using an iS50 FT-IR spectrometer (Thermo
Fisher Scientific). AFM measurements were performed using a Park XE7 (Park system).

4.0 RESULTS AND DISCUSSION

Two different routes can be designed to obtain electronically coupled Cuz.xS NC assemblies
controlled by x, because the stoichiometric control of Cu2xS NCs and the electronic coupling
between these NCs require two separate chemical treatment steps. A thin solid film of Cu2.xS NC
assemblies is first formed from a dispersion of NCs attached to common long alkyl ligands (Step
1 in Figure 1), then the ligands attached to the surface of the NC solid are adjusted to enhance the
electronic coupling between the crystals (Step 2 in Figure 1). Subsequently, the solid film
undergoes chemical treatment for stoichiometric doping to control x (Step 3 in Figure 1).
Alternatively, the x-controlled, electronically coupled Cu2xS NC assemblies can be prepared by
first executing stoichiometric doping of Cu2xS NCs in solution and then cast the solution as films
followed by ligand adjustment (Figure 2). From our experiment, reliable results could only be
obtained from the first route. When preparing the NC assemblies via the second route, it was
challenging to form smooth films for Cu2+S NCs that had already undergone chemical treatment;
this could be owing to the reactants (and products) added to the processing NC dispersion during
the doping process. Therefore, the entire dataset provided here is from those obtained from the
first route.

0
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Figure 1. Schematic description of attaining electronically coupled Cu2.S NCs assemblies with
control of x.
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Figure 2. Schematic description of attaining electronically coupled Cuz-xS NCs assemblies with
control of x in an alternative way.

Cu2+S NCs were synthesized by a hot injection method according to a modified recipe described
previously.? Figure 3a displays the TEM image of the as-synthesized Cu2-«S NCs passivated with
oleylamine. The average diameter of the NCs was 5.5 nm. The relative composition between Cu
and S was determined from X-ray photoemission spectroscopy (XPS) measurements, which were
found to be 1.1 (x = 0.9). Figure 3b shows the diffractogram of the Cu2.xS NCs obtained from
XRD measurements. The overall shape of the pattern matched well with that of Cui.3S NCs from
Manna et al.,'! but a small shift towards a lower 20 angle was observed. The series of peaks from
Manna et al. (blue) is also plotted for comparison; these peaks were ascribed to a series of peaks
shifted from the CuS covallite phase. The orange curve in Figure 3¢ shows the UV-Vis-NIR
spectrum of the as-synthesized Cu2+S NCs in trichloroethylene. The broad peak exhibiting
maximal intensity at 1291 nm is attributed to the LSPR of Cu2-xS NCs based on the numerous holes
generated from the self-doping effect, which is proportional to the number of copper-deficient sites
in the crystal. Cu2+S NCs with a higher hole density (i.e., a larger x value) yielded a more intense
LSPR effect at a lower wavelength and vice versa for those with a lower hole density (i.e., a smaller
x value).
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Figure 3. (a) TEM image of the as-synthesized Cu2.S NCs. (b) X-ray diffractogram of the as-
synthesized Cu2+S NCs (black) and Cu2+S NCs assemblies after Step 2 (gray), i.e., the ligand
treatment step. (c) UV-Vis-NIR absorbance spectrum of Cuz«S NCs in solution (orange) and in
thin film assemblies before (black) and after (gray) treatment with NaxS solution. (d) AFM images
of the as-prepared CuzS NC film (left) and Cuz-xS NC film applied with secondary NC deposition
(right). (e) FT-IR spectra of Cu2xS NCs assemblies at different stages of the process. (f) High
resolution Cu 2p XPS spectra for thin film assemblies of Cu2+S NCs before (left) and after (right)
treating with NaxS solution. (g) High resolution S 2p XPS spectra for thin film assemblies of Cuo-
xS NCs before (left) and after (right) treating with NaxS solution. Deconvoluted subcomponents
are displayed in colors.
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Next, assemblies of Cu2xS NCs were prepared by spin-coating a dispersion of NCs in a solvent
mixture of hexane and toluene (3:7 volume ratio). The as-spin-coated NC films exhibited an
insulating behavior due to the long oleylamine surrounding the individual NCs, indicating that
each NC is weakly coupled with each other. The black curve in Figure 3¢ shows the UV-Vis-NIR
spectrum of the film showing characteristic NIR LSPR absorbance. The morphology observed by
atomic force microscopy (AFM) is shown in Figure 3d (left). To enhance the electronic coupling,
a mixture of sodium sulfide (Na2S) solution (0.064 M) in ethanol was dropped onto the Cuz2xS NC
film, which was dwelled for 2 min before spinning. During this dwell time, the original oleylamine
ligands were removed from the NC surface. The removal of oleylamine ligands was confirmed
from a series of FT-IR spectra (Figure 3e). The peaks in the FT-IR spectra over the given range
of wavenumbers between 2800 and 3000 cm™' can be assigned to the stretching vibration of the C-
H bond, which is indicative of the original oleylamine ligands. The disappearance of these peaks
in the FT-IR spectrum of the Cu2+S NCs films indicates that the oleylamine ligands on the surface
of Cu2+«S NCs were completely removed during the dwell time. Once the original oleylamine
ligands were removed from the surface of NCs, enhanced coupling between the neighboring NCs,
which yield finite film conductivity (see below), could be achieved. However, the enhancement
did not remove the localization of the surface plasmon generated in the nanostructure. The
characteristic NIR absorbance of the NC film remained but with significant broadening in the
longer-wavelength regime. Owing to the reduced distance between the NCs after adjusting the
original ligands, microscopic cracks were formed over the NC films, preventing the formation of
a percolated pathway for charge carriers to transport. Therefore, we additionally spin-coated a
dispersion of Cuz2.S NCs, in between the applications of the NazS solution, to fill the cracks and
form continuous films of highly coupled Cu2+S NC assemblies. The right panel in Figure 3d
shows the final AFM image of Cu2«S NC assemblies without apparent cracks, which underwent
additional NC deposition and subsequent NazS treatment. The resulting assemblies of Cu2+S NCs
yielded a finite electrical conductivity of 349.8 Scm’!, confirming that they were electronically
coupled. The black spectra in Figure 3e are attributed to an assembly of CuzS NCs ligated with
oleylamine. The gray spectra are attributed to the assembly executed with the first round of Na>S
treatment.

XPS measurements were conducted to examine the surface characteristics of the Cu2.S NC
assemblies. The sulfur content may be subjected to change since S* from the treatment solution
can be actively involved in the process. However, the overall composition between Cu and S
remained unchanged after NaxS treatment (Table 1). This indicates that no additional sulfur was
introduced into the Cu2.xS NCs during NaxS treatment. Figure 3f and 3g shows the high-resolution
Cu 2p and S 2p XPS spectra for Cu2S NC films, respectively, before (black) and after (gray)
being treated with NazS solution. Two peaks were observed at binding energies of 931 and 951 eV
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for the Cuz2xS NC assemblies before and after treatment with the NaxS solution, which correspond
to Cu 2p3.2 and Cu 2pi12, respectively. Meanwhile, the characteristic satellite peak of the Cu(Il)
state at 943 eV was not observed for both films.?® The results confirm that the oxidation state of
the Cu element is +1 for both films. There are two different types of coordination for sulfur atoms
contained in the covellite structure, comprising alternating layers of (i) CuS with copper atoms in
planar trigonal coordination and (ii) Cu2S2 with copper atoms in tetrahedral coordination (an
extended chemical formula of (Cu®)3(S*)(S-S) is often used for covellites).!! Considering that the
given Cuz-+S NCs exist in the covellite phase, the chemical formula of Cuz-xS NCs can be expressed
as (Cu")2-3(S*)1-2/(S-S),” (where y = x/3). Thus, the S 2p spectra for the Cuz«S NCs could be
deconvoluted into subcomponents, including the peak arising from disulfide (162.1 and 163.3 eV,
blue curves in the spectrum) and monosulfide (161.4 and 162.6 eV, red curves in the spectrum)
moieties. Upon NazS treatment, the relative intensity of the subcomponent peaks corresponding to
those of the disulfides decreased. Although the overall composition of the Cu2xS NCs remains
invariant upon the treatment, a new broad peak also appeared upon NaxS treatment at a binding
energy of 168.2 eV, We assign this peak to sulfur on the NC surface absorbed with oxygen?*-3
perhaps from the ethanol solvent we used in NaxS solution (this peak disappears after Step 3
below).

Table 1. Summary of the areal intensity obtained for subcomponents of high-resolution S 2p
spectra for assemblies of Cu2-xS NCs prepared under different conditions.

Chemical Imn_lersion N Monosulfide Disulfide Complexes Satellite

time (%) (%) (%) (%)
before Step 2 - 0.9 32.0 52.9 15.1

after Step 2 Cu(I) complex 0 0.9 31.8 45.0 15.2 8.0
Step 3 Cu(I) complex 1 0.5 55.2 29.6 15.2
Step 3 Cu(I) complex 5 0.2 73.1 11.7 15.2
Step 3° Cu(I) and Ce(IV) complex 5,1 0.4 61.9 22.9 15.1
Step 3° Cu(I) and Ce(IV) complex 5,6 0.7 46.7 38.1 15.1
Step 3° Cu(I) and Ce(IV) complex 5,11 0.9 31.0 53.9 15.1

Once the as-prepared highly coupled assemblies of Cu2-xS NCs were formed, the stoichiometric
doping was conducted by immersing the assemblies into a solution containing tetrakis copper
hexafluorophosphate (Cu(CH3CN)4PFs) for various periods of time (Step 3 in Figure 1). Exposing
Cu(CH3CN)4PFs to Cu2-.S NCs in solution supplies Cu” to the nanocrystal, which can be inserted
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into the copper-deficient sites.” !! We anticipate the same effect for our assemblies of CuzxS NCs.
While the stoichiometry modification done by the chemical approaches for Cu2+S NCs in solution
have been reported and the resulting optical and structural properties of materials in solution have
been explored previously, very few studies have actually gone beyond the material characterization
in solution phase and have attempted the chemical approaches to solid state NC assemblies.

T T T T T T T M b T — T c
Step 3 (reduction) Step 3: 0 min ° 9 O Cu O S
R @“}vﬁﬁ-‘:{;ﬁn\ i
S Immersion in solution —~ C% BN v
o with ([Cu(CHsCN),]PFq] =] oHOR @%Cﬁ
Y S I || Covelite (|CuS) C‘»‘lb
(&) > | d b al L all
% -% . @_» .............. = O
o c Step 3: 8 min insertion Q
5] 2 o
%) c
2 £
< @ 0
Chalcacite (Cu,S) — LTS
I 1 I |I I 1 1 %
500 1000 1500 2000 30 40 50 60 Covellite CuS High-ChaIcocite CUZS
Wavelength (nm) 26 angle (°)
d T v 1 T v T T v LIV T N T T M LN ' 1 M T e T T 1 1 LI
After Na,S Cu 2p After reduction Cu 2p| | After reduction Cu 2p 1
treatment 1min 5min 50 P
B s 470
¥
.q y
\ /
40 ; 460
(?S —‘T_./k.\ 1 . 1 . i X } . N . c\’\o, \P/ g
T 960 950 940 930 960 950 940 930 960 950 940 930 Y / 2
"% T v T 7 T L —T T+ T v T 71 LA T T T T 71 |'|u_§30‘ s\ 450 €
S After Na,S S 2p After reduction S 2p After reduction 2p| S ! =3
2 | treatment 1min 5min a 1\ 2
= N\ \ —
—— Monosulfides —— Monosulfides "" —— Monosulfides x
— Disulfudes — Disulfudes — Disulfudes 20 440 =
— Satellite —— Complexes — Complexes 1 o
— Complexes -] \
N
o -
1 1 1 1 1 1 10 'I TN |— 30
170 168 166 164 162 160 170 168 166 164 162 160 170 168 166 164 162 160 012 3 4 5
Binding energy (eV) Binding energy (eV) Binding energy (eV) Reducing time (min)

Figure 4. (a) UV-Vis-NIR absorbance spectrum of highly coupled Cuz.xS NCs assemblies treated
with [Cu(CH3CN)4]PFs solution. (b) X-ray diffractograms of highly coupled Cu2xS NCs
assemblies treated with [Cu(CH3CN)4]PFs solution. (¢) Schematic description of transition of Cua-
xS NCs from covellite phase to chalcocite phase upon insertion of copper. (d) High resolution Cu
2p XPS and S 2p XPS spectra for highly coupled Cu2»S NCs assemblies treated with
[Cu(CH3CN)4]PFs solution. (e) Relative of sulfur elements in disulfide and monosulfide forms for
highly coupled Cuz-«S NCs assemblies treated with [Cu(CH3CN)4]PFs solution

Figure 4a shows the UV-Vis-NIR spectra of the highly coupled assemblies of Cuz.xS NCs
treated with 1 mM of Cu(CH3CN)4PFs in methanol for different time periods (0, 0.5, 1, 1.5, 3, and
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5 min). As the immersion time increased, the NIR absorbance of the film ascribed to the LSPR
effect decreased gradually, indicating that the density of holes in the assemblies of Cu2+S NCs
decreased. The decreased density of holes can be attributed to the insertion of Cu” (from the
solution with Cu(CH3CN)4PFs) into the copper vacant sites within the assemblies of Cu2xS NCs.
In fact, the composition of copper and sulfur obtained from XPS analysis gradually changed from
1.1:1 (i.e., x = 0.9) to 1.8:1 (i.e., x = 0.2) by immersing the film in the Cu" solution for 5 min
(Table 1).

The structural analysis of the assemblies led to a detailed understanding of the effect of Cu™.
Figure 4b shows the X-ray diffractograms of the Cu.xS NC assemblies collected before (gray)
and after (navy) treating the film with Cu(I) complex solution for an adequate amount of time (8
min), leading to a complete disappearance of the NIR absorbance from the LSPR effect. The
diffractogram of the original electronically coupled Cu2+S NC assemblies, corresponding to the
covellite phase with a negative peak shift towards a lower 26 angle, evolved into that
corresponding to the chalcocite phase characterized by two distinct peaks at 39.0° and 39.9° after
adequately treating the film with the Cu(I) complex solution. This is consistent with the result
reported by Manna et al,'' who conducted Cu(CH3CN)4PFs treatment on Cu2.xS NCs in solution;
in their study, the peaks assigned to the covellite phase gradually shifted towards a lower 26 angle
as more Cu" ions were incorporated into the NCs and eventually transitioned into the chalcocite
phase. It is suggested that Cu" inserted into covellite may lead to cleavage of the disulfides and
newly generated monosulfides, leading the covellite structure to eventually evolve into chalcocite
(Figure 4c¢).>'3? Consistent with this scenario, the relative areal intensity of the deconvoluted
subcomponent peaks in the S 2p spectra from XPS measurements between the disulfide and
monosulfide peaks changed with time (Figure 4d). Figure 4e summarizes the relative composition
of sulfur elements in disulfide and monosulfide forms; the percentage of monosulfides increased
while that of disulfides decreased as the immersion time in the Cu" solution increased.

In contrast, the suppressed LSPR absorbance of highly coupled Cuz2.S NC assemblies could be
recovered by immersing the film into a new solution containing cerium ammonium nitrate
((NH4)2Ce(NO3)s), an oxidizing agent that extracts copper from Cu2xS NCs (Figure Sa). Figure
5b shows the UV-Vis-NIR spectrum of the highly coupled Cuz-»S NC assemblies that were initially
treated with the (Cu(CH3CN)4PF¢) solution for 5 min, followed by subsequent treatment with 0.4
mM of (NH4)2Ce(NO3)s in ethanol for 11 min. As the immersion time in the Ce(IV) complex
solution increased, the LSPR absorbance reappeared and its intensity gradually increased,
indicating that the density of holes in the Cu2xS NC assemblies increased. In fact, after oxidative
treatment (11 min) of the CuzxS NC assemblies, which had already undergone reductive treatment
in Cu(CH3CN)4PFs for 5 min, the shape of the UV-Vis-NIR spectrum recovered to that achieved
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from original Cu2+S NC assemblies prior to reductive treatment. In addition, the x value of the
Cu2S NCs estimated from XPS measurements recovered its original value (i.e., x = 0.9), and the
diffraction pattern recovered its original shape (Figure 5c¢). Figure Sd shows a series of high-
resolution Cu 2p and S 2p XPS spectra for Cu2+S NC assemblies immersed in (NH4)2Ce(NO3)6
solution for different periods of time. As the immersion time increases, the relative areal intensity
of the deconvoluted subcomponent peaks in the S 2p spectra from XPS measurements between the
disulfide peaks increased compared to that of the monosulfide peaks (Figure 5e), exhibiting a
completely opposite behavior to that shown in Figure 4e.
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Figure 5. (a) Schematic description of the (NH4)2Ce(NOs3)6 treatment process on highly coupled
assemblies of Cuz2+S NCs. (b) UV-Vis-NIR absorbance spectrum of highly coupled Cu2-xS NCs
assemblies treated with (NH4)2Ce(NO3)s solution. (¢) X-ray diffractograms of highly coupled Cua-
xS NC assemblies treated with [Cu(CH3CN)4]PFs and (NH4)2Ce(NOs)e solution. (d) High
resolution Cu 2p XPS and S 2p XPS spectra for highly coupled Cu2+S NCs assemblies treated
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with (NH4)2Ce(NO3)s solution. (e) Relative sulfur elements in disulfide and monosulfide forms for
highly coupled Cuz.xS NC assemblies treated with (NH4)2Ce(NO3)6 solution.

The electrical and thermoelectrical characteristics of these Cuz2-+S NC assemblies with controlled
stoichiometry were examined at room temperature. This was achieved using a four-probe electrical
measurement coupled with two Peltier devices that generated a temperature gradient across the
Cu2+S NC assemblies (Figure 6a). Compared to the films of Cu2+S NCs with original oleylamine
ligands, the electrical conductivity of the films treated with Na>S solution increased significantly.
It should be noted that the sheet resistance of the Cu2«S NC films with original oleylamine ligands
exceeded the measurable limitation. The conductivity (o) of the electronically coupled Cuz2.S NC
films is represented by black circles in Figure 6b, plotted as a function of the immersion time in
the Cu(I) complex solution, which resulted in a gradual change in x. With more amount of Cu”
incorporated into the Cu2-xS NCs, the conductivity of the film gradually decreased. For assemblies
of Cuz+S NC films with x = 0.9, ¢ = 349.8 Sem’!. This value became 32.6 and 28.0 Scm’! as x was
reduced to 0.2 and 0.1, respectively. We attribute the decrease in conductivity to the reduced
density of holes upon immersing the film in the Cu" solution, which was independently confirmed
from the UV-Vis-NIR spectrum of the film with lowered LSPR absorbance (Figure 3a).
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Figure 6. (a) Schematic description of the thermoelectric measurement of highly coupled
assemblies of Cu2.S NCs. (b) Conductivity (black), Seebeck coefficient (red), and power factor
(green) of highly coupled assemblies of Cuz-xS NCs plotted as a function of the immersion time of
the film in the Cu" solution. The values of x for the given Cuz.xS NC assemblies are also depicted
in the plot. (c) Power factor of highly coupled assemblies of Cuz2+S NCs plotted as a function of
the hole density of the film.

From the thermoelectrical measurements over a small temperature difference of £2 K at room
temperature, positive Seebeck coefficients (S) were obtained for the entire series of samples,
indicating that holes are mainly involved in the transport through films of Cu2xS NCs. We attribute
this thermoelectric effect mainly to the electronic Seebeck effect based on holes rather than to the
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ionic Seebeck effect based on diffusive Cu™. In contrast to o, S increased as the immersion time of
the film in the Cu(I) complex solution (the red circles in Figure 6b) increased. Typically,
decreasing the charge density involved in thermoelectric transport enhances the Seebeck voltage
generated from the given material.**-*” The immersion of electronically coupled Cuz-+S NC films
in the Cu(I) complex solution, which result in a lower density of holes (p) in Cu2xS NCs, yielded
a consistent effect. The green circles in Figure 6b show the power factor (P) of the Cu2S NC
assemblies, which is equal to oS Since ¢ and S vary oppositely with the carrier concentration (¢
increases with p, while S decreases with p), a maximum power factor of 79.2 uW K2?m™' was
obtained at an optimal stoichiometry of x = 0.1 in highly coupled assemblies of Cu2xS NCs.
Quantitatively, we could estimate the density of the holes from the Seebeck coefficient using the
relation S = (8n*ks*/3eh*)mnT(n/3p)*>, where ks is the Boltzmann constant, e is the elemental
charge, / is the Planck constant, and mn is the effective hole mass of the material (1.8 mo).*® Figure
6¢ shows the power factor as a function of the as-estimated hole density. To the best of our
knowledge, the results show, for the first time, the power factor vs. carrier density relation obtained
at room temperature for Cu2«S NCs based thermoelectric systems with delicate hole density
control. The results are summarized in Table 2.

Table 2. Summary of the electrical conductivity, Seebeck coefficient, power factor, and hole
densities for assemblies of CuzxS NCs with different values of x.

Immersion time Electrical conductivity Seebeck coefficient Power factor Hole density
(min) ! (Q'lem™) (uwV K (uW K2m™) (10%°# cm™3)

0 0.9 349.8 29.9 31.3 13.5

1 0.5 320.8 31.9 327 12.3

3 0.3 347 113.4 44.6 1.83

5 0.2 32.6 127.2 52.7 1.54

7 - 28.0 154.7 67.1 1.15

10 0.1 28.0 168.3 79.2 1.01

5.0 CONCLUSION

We report the influence of stochiometric doping on the structural, optical, electrical, and
thermoelectric properties of highly coupled Cuz-xS NC thin film assemblies. The core of the doping
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relied on controlling the atomic stoichiometric mismatch of the material, i.e., x, ranging from 0.9
to 0.1. This was accomplished by chemically treating the highly coupled Cu2.S NC assemblies
that supply or extract Cu’ into or from the nanocrystal lattice, respectively. As Cu” occupied the
copper-deficient sites of Cu2xS NCs, the NIR absorbance of the Cuz«S NC assemblies as well as
their electrical conductivity and thermoelectric Seebeck coefficient changed systematically. The
Cu2.S NC assemblies capable of delicately controlling the carrier density provide an excellent
material platform for investing the fundamental characteristics of nanostructured systems e.g., the
charge transport mechanism through NC assemblies. Further, controlling the physical
characteristics of Cu2«S NC assemblies also provide practical guidelines for exploiting this
emerging class of nanocrystal system based on doping for example as Fermi level-controlled hole
transport layer**? and wavelength-tailored plasmonic layer! *'**> in optoelectronic devices, or as
defect-controlled electrocatalyst and photocatalysts*** .
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