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Size-Controlled Synthesis of Cu,_E (E =S, Se) Nanocrystals
with Strong Tunable Near-Infrared Localized Surface
Plasmon Resonance and High Conductivity in Thin Films

Xin Liu, Xianliang Wang, Bin Zhou, Wing-Cheung Law, Alexander N. Cartwright,

and Mark T. Swihart*

A facile method for preparing highly self-doped Cu,,E (E =S, Se) nanocrystals
(NCs) with controlled size in the range of 2.8-13.5 nm and 7.2-16.5 nm, for
Cu,.,S and Cu,,Se, respectively, is demonstrated. Strong near-infrared local-
ized surface plasmon resonance absorption is observed in the NCs, indi-
cating that the as-prepared particles are heavily p-doped. The NIR plasmonic
absorption is tuned by varying the amount of oleic acid used in synthesis.
This effect is attributed to a reduction in the number of free carriers through
surface interaction of the deprotonated carboxyl functional group of oleic
acid with the NCs. This approach provides a new pathway to control both the
size and the cationic deficiency of Cu,.,Se and Cu,,S NCs. The high electrical
conductivity exhibited by these NPs in metal-semiconductor-metal thin film
devices shows promise for applications in printable field-effect transistors

ability to achieve band-gap energies of 1.0-
1.5 eV, which are well matched to the solar
spectrum at the earth’s surface. In 2009,
Zhao et al.3! proposed that NIR absorb-
ance observed in cation-deficient Cu,.,S
NCs originates from localized surface
plasmon resonance (LSPR) of free holes
in the valence band. This contrasts with
the previous interpretation of this absorb-
ance as arising from an indirect band
gap. In 2011, Luther et al.*Y presented a
combined experimental and theoretical
study that conclusively demonstrated that
this absorbance is due to plasmon reso-
nance of free holes in Cu,,S nanocrys-
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and microelectronic devices.

1. Introduction

Semiconductor nanocrystals are of interest due to their tunable
size- and shape-dependent physical and chemical properties. %
These materials, which are commonly synthesized by wet
chemical methods,?* have enormous potential for application
in future low-cost solution-processed photovoltaic,”~'?l micro-
electronic,[>1% and optoelectronic devices.['”-'% Copper-based
chalcogenide nanocrystalsi?*3! and related alloysi*>*? have
attracted much interest due to their lack of toxicity, low cost, and
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tals. Meanwhile, Dorfs et al.l**] studied the

blue-shift of optical absorbance of Cu,_,Se

nanocrystals upon gradual, controlled oxi-

dation, which increased the concentration
of cation vacancies. These and other recent investigations!*®l not
only extend studies of LSPR from well-known metals to heavily-
doped semiconductor NCs but may also provide a new pathway
for utilizing and controlling NIR optical energy.[*’~]

While many previous reports have studied synthesis and
optical properties of copper chalcogenide NCs,[*20-26:50-54] fey
have demonstrated the existence of NIR absorbance. Stoichio-
metric Cu,S and Cu,Se NCs or slightly cation-deficient Cu,_,S
and Cu,_,Se with low values of x do not have sufficient free car-
riers to exhibit LSPR. Alivisatos and co-workers*!l synthesized
3-6 nm diameter monodisperse Cu,.S NCs and demonstrated,
by a combination of experimental and theoretical studies,
that their NIR absorbance originated from a localized surface
plasmon resonance of the free holes in the NCs. The LSPR peak
in that study was located around 0.7 eV, indicating a relatively
low free carrier concentration. Manna and co-workers*’! did
pioneering work in the synthesis of Cu,.,Se NCs with clear NIR
plasmonic absorbance. However, byproducts, including large
NCs with a different crystal structure, were also formed. We
are not aware of any previous reports of size-tunable synthesis
of monodisperse Cu,.,Se NCs with significant LSPR. Here we
demonstrate such a method, applicable to both Cu,,Se and
Cu,.,S. By adjusting reaction conditions, we achieve different
sizes and crystal structures. Moreover, we are able to tune the
NIR LSPR wavelength by simply adjusting the reaction condi-
tions without applying a separate controlled oxidation process.

Adv. Funct. Mater. 2013, 23, 12561264
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2. Synthesis of Cu,,Se NCs with Tunable Size and
Crystal Structure

We began this study using the well-established approach based
upon preparing the organo-selenium precursor by dissolving
selenium powder in alkyl-phosphines. However, colloidal Cu,.
«Se NCs synthesized by injecting trioctylphosine (TOP) or trib-
utylphosphine (TBP) selenium solutions into hot solutions of
copper precursors were generally polydisperse and colloidally
unstable, and did not exhibit strong LSPR absorbance. Because
of the relatively strong reducing ability of the alkyl phosphines,
synthesis using them tends to produce either stoichiometric
Cu,Se NCs without the cation deficiency required to produce
LSPR, or Cu,.,Se with a small value of x and broad, weak LSPR
absorbance.*

Because part of our goal was to generate copper vacancies
and strong LSPR absorbance in the NCs, we studied other
methods of preparing organo-selenium precursors. Oleylamine
(OAm) and oleic acid (OA) are extensively used to stabilize col-
loidal nanocrystals. We have used each of these two ligands to

www.afm-journal.de

dissolve selenium powder, forming OAm-Se and OA-Se organo-
selenium donors, respectively. Our general reaction model is
based on dissolving Cu(I)Cl powder in OAm or OAm/OA mix-
tures, then injecting the selenium precursor into the hot copper
precursor solution. Monodisperse Cu,,Se NCs with tunable
size, shape, and crystal structure can be achieved by adjusting
the reaction conditions. Additionally, this phosphine-free
method does not require handling reagents under oxygen-free
conditions, as would be required when using alkyl-phosphines.
Finally, the precursors used in this method are low cost and
commercially available in large quantities.

2.1. Oleylamine-Based Synthesis of Cu,,Se NCs

Synthesis of Cu,_,Se NCs in pure oleylamine was performed by
injecting Se-OAm complexesinto Cu-OAmsolutionat210-220°C.
TEM imaging of particles extracted and quenched within the
first five minutes after injection (Figure la-f) showed that the
particles were quite monodisperse. Powder X-ray diffraction

Figure 1. TEM images showing time-dependent size evolution of Cu,,Se NCs: A;B) 7.2 £ 0.9 nm Cu,,Se NCs at 1.5 min reaction time; C,D) 8 £ 0.8
nm Cu,.,Se NCs at 3 min reaction time; E,F) 9.2 £1.2 nm Cu,,Se NCs at 5 min reaction time; G) Classic Ostwald ripening at 8.5 min; and H,l) Cu,.,Se
nanodisks. Size distributions obtained by counting 100 particles of each sample are available in the Supporting Information.

Adv. Funct. Mater. 2013, 23, 1256-1264
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Cu,_Se Crystal Phase

CuSe Klockmannite

{25 30 35 40 45 50 55 60
Cu,Se Berzelianite

2'5 ) 3'0 3'5 ) 4'0 4I5 5'0 ) 5'5 ' 6'0
Diffraction Angle (26)

Figure 2. Powder XRD pattern from Cu,,Se NCs at 5 min reaction time,
showing that they are a mix of klockmannite (CuSe, PDF Card 03-065-
3562) and berzelianite (Cu,Se, PDF card 01-088-2043) phases.

(XRD, Figure 2) showed that the product particles were a mix-
ture of CuSe (klockmannite) and Cu,Se (berzelianite) phases
at all reaction times. For particles produced at 5 min reaction
time, we estimated the phase fractions of klockmannite and
berzelianite to be 35.7% and 64.3%, respectively, based upon
Reitveld refinement fitting of the XRD pattern shown in Figure 2.
The resulting fit, obtained using the MAUD program, is
shown in Supporting Information Figure S5. The monodis-
perse growth of Cu,.,Se NCs is attributed to the size-focusing
effect as embodied by Equation 1, where V is the rate of volume
growth of a nanocrystal, d is the diameter and d’ is the linear
growth rate. In the initial stages of reaction, following a burst of
nucleation, particle growth is limited by diffusion of monomers
to nuclei, resulting in a constant volumetric growth rate. Under
these conditions, smaller particles have higher linear growth
rate than larger particles and therefore tend to “catch up” with
larger particles and narrow the size distribution.
T
5
It is worth mentioning that the impurity profile of OAm can
influence the morphology of Cu,_Se NCs. By investigating OAm
from Sigma Aldrich (technical grade 70%, and >98% primary
amine) and Fisher Scientific (80-90% C18 compounds, 97% pri-
mary amine), we found that OAm from Sigma Aldrich consist-
ently produced quasi-spherical Cu,.,Se NCs (Figure 1A-G), while
nanodisks were always observed when OAm from Fisher Scien-
tific was used. While we have not investigated the origin of this
difference in detail, the change in morphology upon changing
the source of the oleylamine was reproducible. We report it here
to emphasize the potential sensitivity of the nanocrystal mor-
phology to the composition of the coordinating solvent.

V' = = (d*)d’ = constant (1)

2.2. The Effect of Oleic Acid on Cu,,Se Nanocrystal Growth

To study the influence of oleic acid on Cu,.,Se nucleation and
growth, we first varied the concentration of OA in the Cu(I)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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precursor solution while using only OAm in the Se precursor
solution. The particle size increased with increasing OA con-
centration, and the resulting nanocrystals were rather polydis-
perse (Supporting Information Figure S6). This implies that
the introduction of oleic acid accelerates the decomposition of
the precursors, forming nuclei with a broad size distribution. The
Ostwald ripening stage of growth then occurred earlier, due
to faster depletion of monomers compared to the pure OAm
system. The observed polydispersity, along with the difficulty of
dissolving CuCl in pure OA led us to explore addition of OA to
the Se precursor solution instead.

To the best of our knowledge, this is the first demonstration
of the use of Se-OA and S-OA precursors prepared by simply
dissolving selenium or sulfur powder in pure OA. This general
approach provides a new phosphine-free route for preparing
semiconductor nanocrystals. Similar to the observation of Han-
rath and co-workers,P% oleic acid was observed to reduce the
rate of particle growth by reducing the reactivity of the sele-
nium donor (Se-OA complex). Use of the Se-OA precursor in
1) pure OAm, 2) a 2:1 OAm/OA mixture, or 3) a 1:2 OAm/OA
mixture produced nearly mono-disperse 5 nm, 8 nm or 16 nm
Cu,.,Se NCs, respectively. Figure 3 presents TEM images of
these particles of varying size. Although the reaction time for
these syntheses extended beyond 5 min, the size distribution
remained quite narrow. This supports the hypothesis that the
use of OA-bound chalcogenide donors reduces the rate of mon-
omer depletion, extending the size-focusing growth regime to
longer reaction time. Powder XRD (Figure 4) showed that these
particles had the berzelianite crystal structure. In contrast to
Cu,.,Se NCs synthesized using only OAm, no diffraction peaks
attributable to klockmannite CuSe were present.

2.3. Size-Tunable Cu,,S NCs

Building upon our general reaction model for synthesizing
Cu,.,Se NCs, we prepared copper sulfide NCs by an analogous
approach. Figure 5A-F shows Cu,.,S NCs with tunable average
sizes ranging from 2.8 nm to 13.5 nm. These monodisperse
Cu,.,S NCs were reproducibly prepared with control of their
size by varying reaction conditions such as activation tempera-
ture, aging temperature, and reaction time (see Experimental
Section for details). Figure 5E,F show images of mono-disperse
Cu,.,S nanocrystals synthesized by injecting OA-S complexes
into Cu(I)-OAm/OA. Powder XRD patterns (Figure 6), which
were consistent with the SAED patterns observed in TEM,
indicated two major crystal structures: covellite and djurleite,
respectively. Cu,., S NCs synthesized using OA had the covellite
crystal structure (x = 1). In contrast, Cu,.,S NCs prepared using
purely OAm had the djurleite structure and a smaller value of
x. Thus, addition of oleic acid during synthesis of Cu,.,S NCs
induces oxidation of copper to produce CuS$ (x= 1), in contrast to
the results for synthesis of Cu,_,Se NCs, where x <1 was observed
for all OA/OAm combinations. While the conventional size-
focusing mechanism of diffusion-limited growth (Equation 1)
could explain the formation of monodisperse Cu,,Se NCs
described above, this mechanism does not appear to apply to
the growth of monodisperse Cu,.,S NCs presented here. Ther-
mogravimetric analysis of Cu,.,S particles from a reaction that

Adv. Funct. Mater. 2013, 23, 12561264
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Figure 3. TEM image of Cu,,Se NCs size evolution with increasing concentration of OA. A,
OAm; C,D) 8.2 £ 1.5 nm Cu,,Se NCs prepared using Cu(l) in a 2:1 OAm/OA mixture; and

1:2 OAm/OA mixture.

was quenched 2 min after injection showed that =90% of the
monomers had been converted to nanocrystals (Figure 7). This
does not leave enough monomer remaining in solution to sup-
port the observed particle growth from 2 to 5 min. Nonetheless,
the particle size distribution remained quite monodisperse as
the NCs continued to grow. The maintenance of size-distribution
monodispersity can thus most likely be attributed to self-
focusing by interparticle diffusion, as proposed by Thessing
et al.’”l We estimated an average distance of around 120 nm
between individual particles after 2 min of reaction time (Sup-
porting Information). If the particle diffusion sphere radius is
more than 60 nm, then this interparticle diffusion phenom-
enon can be expected to occur.

. (1,2,0)

(1.1,1) Berzelianite (Cu,_Se)

20 25 30 35 40 45 50 55 60 65 70
Diffraction Angle (26)

Figure 4. Powder XRD pattern from particles prepared by injecting Se-OA
precursor into hot copper-OAm/OA solution, showing only the berzeli-
anite crystal structure.
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3. Tunable Localized Surface Plasmon Resonance
(LSPR) in Cu,.,Se and Cu,,S NCs

Recently, Dorfs et al. demonstrated that the LSPR frequency
could be tuned by controllably oxidizing Cu,,Se NCs using
NH,Ce(NO;), to change the charge carrier density in the parti-
cles. Kriegel et al.”® extended this method to Cu,,Te NCs and
studied photoluminescence quenching induced by LSPR. Here
we demonstrate a simple alternative method to tune LSPR
through in situ control of carrier density in Cu,.,S and Cu,_,Se
NCs during synthesis, without the requirement of controlled
chemical post-treatment.

To demonstrate the LSPR behavior of the Cu,,S NCs pre-
pared here, we first investigated the dependence of their NIR
absorbance upon the refractive index of the solvents in which
they were dispersed. Figure 8A and Figure S7 (Supporting Infor-
mation) show that the NIR absorbance of Cu,,S NCs red-shifts
with increasing refractive index of the surrounding media, as
expected for LSPR absorbance. Interestingly, we also observed
LSPR frequency shifts when oleic acid, rather than oleylamine
alone, was used in the synthesis. The NIR LSPR absorbance red-
shifts with increasing amount of oleic acid used in the synthesis,
by up to 270 nm in Cu,_Se NCs (Figure 8B) and by up to 110 nm
in Cu,,S NCs (Figure 8C). Although the LSPR frequency
depends somewhat on NC size, the notable red-shift observed
here could not be explained by the slight variation in particle
size with addition of OA. Figure 8D illustrates schematically a
proposed mechanism that may underlie the observed red-shift
of LSPR upon addition of oleic acid in the synthesis. Oleylamine
coordinates to the surface via its amino functional group, while
oleic acid coordinates through the surface via its deprotonated
carboxyl functional group, as confirmed by FTIR spectroscopy

wileyonlinelibrary.com
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Figure 5. TEM images of Cu,,S NCs with diverse size and morphology: A) 2.8 £ 0.8 nm Cu,, S NCs; B) 6.8 £ 0.8 nm Cu,,S NCs; C) 8.8 £1.2 nm Cu,,S

NCs; D) 11.5 £ 1.4 nm Cu,,S NCs; and E,F) 13.5 £ 1.5 nm Cu,,S.

(see Supporting Information Figure S9). The plasmon resonance
requires the presence of a large number of free carriers, which
in Cu,,Se and Cu,,S NCs are the free holes that are present
due to copper deficiency. The uncharged oleylamine ligands are
not expected to significantly influence the concentration of free
carriers, which is set by the stoichiometry and crystal structure

{ Experimental XRD of Cu,_,S NCs

Djurleite PDF 00-034-0060

12530 3540 45 50 55 60
Experimental XRD of CuS NCs

T~ N

- Covellite PDF 01-078-2391

2530354045 505560
Diffraction Angle (26)

Figure 6. Powder XRD patterns from nanoparticles produced using OA/
OAm mixture (top curve) or pure OAm (bottom curve).

wileyonlinelibrary.com

A. Cu,,Se NCs

100

Mass Fraction

B. Cu,,S NCs

100

95

90

85

Mass Fraction

75

70

65

90

70

50

30

— change of mass fraction  Initial Mass 54.1mg
— increase of temperature  Residual Mass 18.6mg

600
500
@
a0 3
z
£
W &
(2}
Ly
200
100
)

0

5

10

15

20 25 30 35 40 45 50 55

Time (min)

— change of mass fraction Initial Mass 53.1mg

increase of temperature  Residual Mass 35.4mg

600

500

400

(9.) anjesadwiag

200

100

Time (min)

Figure 7. Thermogravimetric analysis of A) entire batch of Cu,,Se pro-
duced after 1.5 min reaction time and B) entire batch of Cu,,S NCs
produced after 2.0 min reaction time. Particles were collected by centrifu-
gation and washed once to remove any residual precursor and solvent.
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B. Absorbance of Cu,,Se NCs
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Figure 8. Dependence of LSPR frequency upon A) solvent refractive index for Cu,,S NCs and B,C) ligand combination used in synthesis of
B) Cu,,Se NCs and C) Cu,,S NCs. Panel (D) illustrates schematically the mechanism of carrier density reduction by coordination of deprotonated

carboxyl groups to the NC surface.

of the NCs. Nonetheless, deprotonated oleic acid carries a nega-
tive charge, and coordination of deprotonated carboxyl groups
to the surface may trap free holes and thereby reduce the effec-
tive free carrier concentration. The LSPR frequency red-shifts
with decreasing carrier density. Changes in stoichiometry, size,
and crystal structure upon addition of OA, as discussed above,
can also contribute to the red-shift of the LSPR absorbance.
This is particularly noticeable in Figure 8B, for particle prepared
using only OAm (blue curve). These particles were a mixture of
two phases with different stoichiometry (and therefore different
free hole concentrations), and this is reflected in the broadened
LSPR peak, which includes contributions from both phases.
Interestingly, we found that there was no obvious change of
LSPR in nanoparticles post-treated in pure OA at room tem-
perature (Supporting Information Figure S8). However, when
we aged the particles in pure OA at a somewhat elevated tem-
perature (100 °C), red-shift of LSPR was observed (Supporting
Information Figure S8). We thus conclude that there exists an
activation barrier for OA to interact with the particle surface.
Although the contributions of different mechanisms to the red-
shift of the LSPR are not known quantitatively, this approach
nonetheless allows the LSPR frequency to be tuned by choice
of ligand, rather than by chemical oxidation or reduction of the
NCs. This provides the important practical benefit of tuning the
LSPR resonance during synthesis, producing colloidal disper-
sions of NCs with different LSPR frequency.

4. Conductivity and Optoelectronic Properties of
Cu,,Se and Cu,_,S NCs

The electrical conductivity of Cu,_,Se and Cu,_,S NCs thin films
was studied in ITO-NC thin film-aluminum (Al) structures.

Adv. Funct. Mater. 2013, 23, 1256-1264
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Figure 9A schematically illustrates the device structure. Scan-
ning electron microscopy (SEM, Figure 9B) of cross sections
of Cu,.,S and Cu,,Se NC thin films show film thicknesses of
around 115 nm and 140 nm, respectively. Devices made from
the as-deposited films of OA and OAm-capped particles showed
insulating behavior, with currents of pA for the 0.0425 cm?
device area and up to 1 V applied potential. To improve the
charge mobility in NC thin films, short hydrocarbon ligands are
preferred, to reduce interparticle distance and enhance inter-
particle coupling.

We selected three short bifunctional ligands, ethylenedi-
amine (EDA), ethanedithiol (EDT) and mercaptopropionic
acid (MPA) to treat the NC thin films. These displace the
long-chain OA and OAm ligands present on the as-prepared
particles. This chemical post-treatment led to an increase in
electrical conductivity of the Cu,.,S and Cu,,Se NCs thin
films by about three orders of magnitude (Figure 10). We inde-
pendently checked the conductivity of the treated Cu,.,S and
Cu,.,Se NCs by depositing them on insulating glass substrates
and measuring current parallel to the substrate surface (Sup-
porting Information Figure S11). There also, current increased
by three orders of magnitude upon EDT treatment. Currents
of about 107 and 107® A were measured before and after treat-
ment of these films (Supporting Information Figure S11). Con-
sistency of this observation with the behavior of the stacked
thin film structures provides confidence that the increased
conductivity is not due to changes in film thickness or gaps
in the film.

The Cu,.,S thin films treated with MPA showed higher con-
ductance compared to those treated with EDT or EDA. This is
consistent with the study by Jeong et al.’” showing that treating
lead sulfide QD-thin films with MPA produced higher mobility-
lifetime product than treatment with other short ligands. They

wileyonlinelibrary.com
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Cross Section (Cu,,S) Top View (Cu,_,S)

—
——? 70nm Al electrode

Aluminum Electrode

00nm

1115nm Cu,.,S thin film

Cross Section (Cu,_,Se)

Figure 9. A) Schematically shows the device structure used for measuring film conductivity. B) SEM images of the cross section and top view of Cu,,S

and Cu,.,.Se NCs thin film, respectively.

attributed that effect to the presence of two types of functional
groups (thiol and carboxylate) in these ligands reducing defect
densities. However, our experimental data showed that MPA-
treated Cu,.,Se NCs thin films did not have higher conductivity
than those treated with EDT, and EDA-treated films had even
higher conductivity. This indicates that the underlying variable
interactions between ligands and specific NCs result in dif-
ferent intraband trapping states, and that different ligands will
therefore be optimal for different NCs.

The charge transport distance in the above measurements is
the thickness of the NC film (measured by SEM as in Figure 9)
and the device cross sectional area is 0.0425 cm?. The untreated
solution-processed Cu,.,S and Cu,.,Se NCs (OAm/OA capped)
thin films exhibited conductance on the order of 10® S cm™!
and 10 S cm™, respectively. This is comparable to previously-
reported dodecanethiol-capped Au NPs, which also showed
conductance on the order of 107 S cm .13 The conductance
of chemically-treated Cu,_,S and Cu,_,Se NC films was roughly
three orders of magnitude higher, reaching 10> S cm™ and
10 S cm™, respectively. The ligand exchange method used
here is based on spin-coating the short ligands onto the NC
film to replace the original long hydrocarbon ligands. This
likely leads to incomplete ligand exchange. If samples were
directly dipped into the short ligand solutions to achieve more

complete ligand exchange, cracks in the film were observed,
due to the reduced interparticle spacing, as previously observed
by others.l' With optimized post-treatment, the conductivity of
solution-processed Cu,_,S and Cu,.,Se NC film could approach
or even surpass that of Au and Ag NC films, given the higher
conductivity exhibited by Cu,.,S and Cu,_,Se NC films before
ligand exchange. This provides a promising possibility of using
earth-abundant and cost-efficient semiconductor materials in
place of noble metal-based NC thin films in solution-processed
conductive films.

We also studied photoconductivity in Cu,_,S and Cu,.,Se NC
thin films (Supporting Information Figure S12). The results
did not show any dramatic increase in conductivity upon illu-
mination, in contrast to previous investigations.”! This may
be partially accounted for by the fact that our NC films were
much thinner than those in previous publications, resulting
in weaker optical absorption. This becomes more obvious in
a semiconductor with indirect band gap. Moreover, because of
the high density of cationic vacancies in our Cu,.S and Cu,_,Se
NCs, the carrier concentration is already high without photoex-
citation. The cationic vacancies may also increase the possibility
of trapping photoexcited delocalized electrons. Nonetheless, the
existence of a large concentration of free holes in the heavily
self-doped NC film results in high conductivity providing a

0.05 7 == No chemical treatment 0.035 1 No chemical treatment
0.04 - EDT-treated 0.03 {-= EDT-Treated
< -+ EDA-treated - == EDA-Treated
peg L0025 1 \ipa Treated
€ MPA-treated = -Treate
§ 0.03 - reate £ 0.02 -
3 0.02 - §o.o1s
0.01 1
el 0.005
0 t + + t i 0 - t + T +
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Voltage (V) Voltage (V)

Figure 10. Current-voltage plots showing the conductivity of A) Cu,,S film with no chemical treatment (0=6.6 x 10 3 S cm™'), EDT-treated (0=
6.4 X 107%S cm™), EDA-treated (0= 7.2 X 107¢ S cm™), and MPA-treated (0=1.3 x 10 ~> S cm™). B) Cu,,Se film with no chemical treatment (o =
1.1%107°S cm™'), EDT-treated (60=1.0x 107°S cm™'), EDA-treated (60=1.2%x 10 =% S cm™), and MPA-treated (6=1.1x10"3S cm™).
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promising potential application in solution-processed field
effect transistors.

5. Conclusion

In this work, we have demonstrated a facile method for con-
trollable synthesis of highly self-doped Cu,.,S and Cu,_,Se NCs
with significant localized surface plasmon resonance. The size
and crystal phase of the nanocrystals was controlled by varying
reaction time and coordinating solvent composition. The LSPR
can be tuned over a relatively broad range by simply adjusting
the concentration ratio of oleic acid and oleylamine used in syn-
thesis. This provides a means of adjusting plasmonic absorp-
tion in self-doped semiconductor NCs by varying the ligands
used in the synthesis, rather than by post-processing. Moreover,
the investigation of Cu,,Se and Cu,_,S NC thin films showed
that they have high conductivity in ITO-NC-Al devices after
replacing the long-hydrocarbon ligands used in synthesis with
short-hydrocarbon ligands. These materials thus hold promise
for application in next-generation solution-processed field effect
transistors and other electronic devices.

6. Experimental Section

Chemicals: Copper (1) chloride (99.995%, Sigma Aldrich), oleylamine
(technical grade 70%, Sigma Aldrich), oleylamine (approximate Ciq-
80-90%, Acros Organics), sulfur powder (90%, Sigma Aldrich), selenium
powder (99.5%, Sigma Aldrich), and oleic acid (Fisher Scientific) were
used as received, without further purification.

Methods: In general, the reactions described here were carried out
using standard Schlenk-line techniques under nitrogen, without use of
an inert-environment glove box. Post-processing was done in air.

Preparation of Organo-Copper Precursors: The copper precursor
was prepared by dissolving 0.5 mmol copper (I) chloride into 10 mL
oleylamine with heating at 220-230 °C until the solution was transparent.
For investigating the effect of oleic acid, a mixture of oleylamine and
oleic acid (at a concentration ratio OA/OAm < 2:1) was used.

Preparation of Organo-Chalcogenide Precursors: S-OAm and S-OA
precursors were prepared by mixing T mmol sulfur powder with 10 mL
oleylamine or oleic acid and heating at 120 °C for 20-30 min. The
Se-OAm or Se-OA precursor is synthesized the same way, but heated at
300-310 °C until a clear solution formed.

Synthesis of Cu,,Se NCs in Pure Oleylamine: 5 mL Se-OAm solution
was injected into 10 mL Cu(l)-OAm solution at 220 °C and held at this
temperature. The reaction was stopped at representative time points,
1.5, 3, 5, and & min. Cu,,Se nanodisks were prepared by injecting 5 mL
Se-OAm precursor into 10 mL Cu(l)-OAm (Acros Organics) solution at
230 °C and holding the mixture at 220 °C for 3 min.

Synthesis of Cu,,Se NCs in Oleylamine/Oleic Acid Mixtures: 5 ml Se-OA
precursor was injected into 10 mL Cu(l)-OAm, Cu(l)-OAm/OA (2:1), or
Cu(1)-OAm/OA(2:1) solution at 220 °C. The mixture was aged at this
temperature for =5 min.

Size-Tunable Synthesis of Cu,,S NCs: 2.8 nm Cu,,S NCs were prepared
by injecting 5 ml S-OAm (OAm is from Acros Organics) into 10 mL
Cu(1)-OAm solution at 140 °C. The temperature was held at 132 °C for
about 2 min. 6.8 nm Cu,,S NCs were prepared by injecting 5 mL S-OAm
(OAm is from Sigma Aldrich) into 10 mL Cu(l)-OAm solution at 115 °C.
The temperature was held at 100 °C for about 3 min. 8.8 nm Cu,,S NCs
were prepared by injecting 5 mL S-OAm (OAm is from Sigma Aldrich)
into 10 mL Cu(l)-OAm solution at 125 °C. The temperature was held at
107 °C for about 1.5 min. 11.5 nm Cu,,S NCs were prepared by injecting
5 mL S-OAm (OAm is from Sigma Aldrich) into 10 mL Cu(l)-OAm
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solution at 125 °C. The temperature was held at 107 °C for about 3 min.
13.5 nm Cu,,S NCs were prepared by injecting 5 mL S-OA into 10 mL
Cu(1)-OAm solution at 140 °C. The temperature was held at 133 °C for
about 2 min.

Purification: Ethanol was added to the reaction solution at 60-80 °C
followed by centrifuging at 8000 rpm for about 1.5 min. Cu,,S and
Cuy,Se NCs can be well dispersed in non-polar organic solvents
including chloroform, hexane and toluene. This procedure was repeated
twice to remove residual surfactants.

Transmission Electron Microscopy: The size and morphology of NCs
were determined by transmission electron microscopy (TEM) using
a JEOL JEM-2010 microscope at a working voltage of 200 kV. Selected
area electron diffraction (SAED) patterns were obtained in the same
instrument.

UV-Vis-NIR Spectroscopy: Optical absorbance of colloidal Cu,,S and
Cuy,Se NCs was measured using a Shimadzu 3600 UV-visible-NIR
scanning spectrophotometer.

X-Ray Diffraction: Powder XRD (Bruker Ultima IV with Cu Kot X-ray)
was employed to characterize the crystal structure of the Cu,,S and
Cu,.,Se NCs. Samples were prepared by drop-casting high-concentration
colloidal Cu,,S and Cu,,Se NC dispersions onto glass.

Scanning Electron Microscopy: Images of NC thin films were obtained
by scanning electron microscopy (SEM) using a Carl Zeiss SEM ultra 40
XB under a EHT voltage of 5 kV. Samples were prepared by layer-by-layer
spin coating onto ITO-coated glass.

Energy Dispersive X-Ray Spectrometry: Quantitative elemental analysis
of NCs was obtained using Oxford Instruments X-Max 20 mm? energy
dispersive X-ray spectrometer (EDS) detector.

Thermogravimetric Analysis: A NETSCH TGA 209 F1 thermal analyzer
was used to acquire TGA data. Samples were heated at a rate of 10 °C/
min under slow nitrogen flow.

Fourier Transform Infrared Spectroscopy (FTIR): A Bruker Vertex 70
FTIR spectrometer was used for FTIR characterization. Samples were
prepared by drop-casting concentrated Cu,,Se and Cu,,S NCs on the
ZnSe crystal substrate.

Investigation of Conductivity and Photoconductivity of NC Thin Film:
Devices with standard vertical structure (ITO-NC-Al) were employed
to examine electronic and optoelectronic properties of Cu,,Se and
Cuy,S NC thin films. Conductivity and photoconductivity of devices were
measured using a Labview-controlled voltage/source meter (Keithley
2400) in the dark and under AM 1.5G condition (100 mW/cm?),
respectively.

The ITO-NC-Al structures were fabricated as follows. First, an ITO-
coated glass substrate (1.25 cm x 1.25 cm) was cleaned using acetone,
methanol and de-ionized water. Then Cu,,Se or Cu,,S NCs were spin
cast on the ITO-coated glass substrates at 1000 rpm for 40 s. Then the
substrate was heated at 75-80 °C for 10 min under nitrogen protection
to densify the NC film. 1,2-ethanedithiol (EDT, 0.01 m) solution in
acetonitrile (AcCN), 3-mercaptopropionic acid in ethanol (10% by
volume) and ethylenediamine solution in AcCN (60 mg/mL) were
prepared for further chemical treatment of NC films. Then, EDT, MPA or
EDA solution was deposited onto the nanocrystal film and spin-coated
at 2500 rpm for 15 s to replace the oleylamine/oleic acid ligands. Then
sample was rinsed with pure AcCN and hexane to remove the exchanged
oleic acid and any residual EDT, MPA, or EDA. After that, the sample was
heated at 80 °C for 10 min under nitrogen protection. Finally, a 70 nm Al
layer was deposited using an electron beam evaporator at a deposition
rate of 0.6 A/s under 5 x 1077 Torr with active area 4.25 mm>.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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