downl oaded: 6.1.2020

.org/10. 7892/ boris. 125172 |

https://doi

source:

Synthesis and Size-dependent Optical Properties of Intermediate Band
Gap CusVS,; Nanocrystals

Valeria Mantella,’ Silviya Ninova,? Seryio Saris,” Anna Loiudice, Ulrich Aschauer,® and Raffaella
Buonsanti'

" Laboratory of Nanochemistry for Energy (LNCE), Department of Chemical Sciences and Engineering, Ecole Poly-
technique Fédérale de Lausanne, CH-1950 Sion, Switzerland

s Department of Chemistry and Biochemistry, University of Bern, Bern, Switzerland

ABSTRACT: Intermediate band gap semiconductors are an underexplored class of materials with unique optical properties
of interest for photovoltaic and optoelectronic applications. Herein, we synthesize highly crystalline cubic Cu;VS, nano-
crystals with tunable edge length of 9 nm, 12 nm and 18 nm. Since size-control is achieved for the first time for this semi-
conductor, particular emphasis is dedicated to the structural/compositional analysis, the formation mechanism and the
size-dependent optical properties. The corresponding UV-Vis spectra reveal three absorption peaks in the visible range,
resulting from the intermediate band gap electronic structure of Cu;VS,, which blue-shift with decreasing size. Density
functional theory reveals these size-dependent optoelectronic properties to result mostly from weak quantum confinement.
The reported results pave the way towards further fundamental investigations of the physicochemical properties of inter-

mediate band gap semiconductors in the nanoscale regime for solar energy harvesting.

INTRODUCTION

Colloidal semiconductor nanocrystals (NCs) have been
studied for almost 30 years and their size and shape de-
pendent properties combined with their rich surface
chemistry continue to intrigue a large scientific commu-
nity. Both fundamental studies and practical applications
(i.e. light emitting diodes and third generation photovolta-
ics) are profiting from the tunability achieved through col-
loidal chemistry, which spans from precise size control of
binary NCs (i.e. CdSe, PbSe) to geometry (i.e. core@shell,
heterodimers) and composition control in multinary NCs."
3 The latter include ternary metal chalcogenides and per-
ovskite NCs, which exemplify the increasing importance of
composition as a tool to manipulate the optoelectronic
properties in addition to size.”® Ternary metal chalcogeni-
des possess a very rich phase diagram with highly tunable
electronic properties that allows for materials emitting in
the visible and near-IR without the use of toxic metals.”™®
Within this class of materials, remarkable attention has
been devoted to Cu-based ternary chalcogenides: CulnS,
(CIS) NCs are the most investigated system to date by vir-
tue of the fact that both size and stoichiometry (Cu/In ra-
tio) can be modulated to improve the photoluminescence
quantum yield and to tune the band gap over a wide energy
range.”™ Cesium lead bromide NCs and their derivatives
have recently attracted a great deal of interest for their
compelling properties related to their ionic bonding and
they have reached state-of-the-art photovoltaics perfor-
mance in just a few years.”™

One additional class of ternary compounds with peculiar
optoelectronic properties are the intermediate band gap
(IB) semiconductors. *7 These materials possess allowed
mid-gap states within their fundamental band gap that en-
able a more efficient absorption of solar irradiation.”™ In-
deed, in addition to the electronic transitions initiated by
the absorption of higher energy photons, whose energy is
comparable to the fundamental band gap, sub-bandgap
energy photons can also be absorbed to promote electrons
from the valence band (VB) to the IB and from the IB to
the conduction band (CB). The IB semiconductors offer an
interesting approach to up-conversion, which could poten-
tially increase the conversion efficiency imposed by the
Shockley-Queisser limit up to 63.1% under full concentra-
tion, yet they have not been largely explored so far.” ™ The
formation of mid-gap states has been achieved via several
methods such as the use of quantum nanostructures,
highly mismatched alloys and high concentrations of im-
purities.” The characteristic IB electronic structure has
also been observed in semiconductors containing transi-
tion metal atoms, such as Fe*’, V,* and Cr.* For instance,
Ghosh et al. showed that in CuFeS, the intermediate states
in the fundamental gap arise from empty Fe 3d states by
using density functional theory (DFT) .** Chen et al. re-
ported similar results for Cr -doped CuGaS,, where the
density of states (DOS) analysis revealed that the IB is
dominated by Cr 3d states.” DFT-based methods have pre-
dicted Cu,VS,, also known as sulvanite, to possess an IB
electronic structure which, jointly with its composition
made solely of earth-abundant elements, make Cu;VS, an
interesting candidate for solar energy harvesting.”>**>*°



Among the IB semiconductors, only CuFeS, has been syn-
thesized in the form of colloidal NCs, and these studies
have already evidenced intriguing physico-chemical prop-
erties and new opportunities for this novel class of
NCs.***”*® For instance, CuFeS, NCs were employed as effi-
cient photothermal agents in the biological window of 650-
goonm due to their small size and strong near infrared
(NIR) absorption.” It was also demonstrated that for
CuFeS,, the optical transition between the VB and the IB is
contributing to the permittivity allowing for quasi-static
plasmonic resonances in the UV-vis range, contrarily to
the expectation that dielectric materials should not exhibit
plasmon resonances.” Furthermore, one of the parameters
which currently limits the sub-band gap photocurrent in
quantum dots IB solar cells fabricated by epitaxial growth
techniques is the spatial density of the dots, something
which could be easily overcome using a colloidal ink.*

Herein, we report a colloidal hot-injection method to syn-
thesize highly uniform, cube-shaped colloidal Cu;VS, NCs
with three different sizes (9 nm, 12 nm and 18 nm). Since
size-control is achieved for the first time for this semicon-
ductor, particular emphasis is dedicated to the struc-
tural/compositional analysis and to the formation mecha-
nism. The phase purity of the Cu;VS, NCs is assessed by
means of X-Ray Diffraction (XRD), Raman spectroscopy
and High-Resolution Transmission Electron Microscopy
(HRTEM). The stoichiometry of the Cu;VS, NCs is found
to be size dependent with Cu-rich surfaces leading to an
increasing Cu content as the NCs size decreases. Investiga-
tion of the reaction mechanism by XRD and TEM reveals
an in-situ seed mediated growth with Cu,S (where x = 1,2)
particles reacting with the vanadium molecular precursor.
Three distinct absorption bands are observed in the UV-
Vis spectra and are ascribed to electronic transitions occur-
ring from the valence band (VB) to the intermediate band
(IB). DFT calculations evidence that the synthesized NCs
fall in a weak quantum confinement regime which mostly
explains the peak shifts observed in the spectra. The results
herein open new perspectives for the synthesis and under-
standing of the optical properties of IB nanomaterials and,
more generally, of novel copper-based semiconductors, in-
cluding CsCusXs (X =S, Se, Te).”

EXPERIMENTAL SECTION
General

All glassware was oven-dried prior to use. Standard
Schlenk line techniques assisted by a nitrogen filled glove-
box were used for all the synthesis. A J-KEM Scientific
Model 310 temperature controller was used with a heating
mantle for reaction temperature control.

Materials. Copper (I) iodide (Cul, 98%), vanadyl acety-
lacetonate (VO(acac),, 98%), oleylamine (OLAM, tech-
nical grade, 70%), trioctylamine (TOA, 98%), Oleic acid
(OLAC, technical grade, 90%), 1-octadecene (ODE, tech-
nical grade, 9o%), trioctylphosphine (TOP, technical grade
90%), 1-dodecanethiol (DDT, technical grade 98%), etha-
nol (anhydrous) were all purchased from Sigma-Aldrich
and used as received without further purification. Hexane

(anhydrous, 95%) was purchased from TCI Deutschland
GmbH.

Synthesis of 18 nm, 12 nm and 9 nm. Cu;VS, NCs. Cu,VS,
NCs were synthetized by utilizing the CuFeS, synthesis re-
ported by Ghosh et al. as a starting point™ In a typical syn-
thesis, Cul (1mmol, 0.190g), TOP (1mmol, 0.446mL) and
VO(acac), (1.33 mmol, 0.350g), were dissolved in ODE
(7ml), were introduced in a 25ml three-necked round-bot-
tom flask under a protective atmosphere of nitrogen which
was maintained during the whole synthesis. The resulting
mixture was stirred and heated up at 14°C/min to 280°C
for the 18 nm, 260 °C for the 12 nm and 250 °C for the g nm
NCs. In the meanwhile, DDT (1ommol, 2.395ml) was kept
under nitrogen at room temperature for 20 minutes. De-
gassed OLAM (3mmol, 1iml) was then added to DDT and
the resulting solution was swiftly injected into the metal
precursor solution at the target temperature. It is very im-
portant to avoid any condensation inside the reaction en-
vironment and to maintain a homogenous mixing. Indeed,
the different local temperature gradients would lead to a
broader dispersion of NCs sizes. After injection, the tem-
perature was allowed to recover and the final solution was
held at the targeted temperature for 30 minutes. After this
time, the reaction vessel was let to spontaneously cool
down to room temperature by removing the heating man-
tle. The resulting nanocrystals were washed using a mix-
ture of ethanol and hexane (1:3) to remove unreacted pre-
cursors and/or excess of ligands. After three cycles of cen-
trifugation, the precipitate was dispersed in anhydrous
hexane and stored in glovebox. The use of the anhydrous
solvent allows to preserve the colloidal stability for
months. Instead, the NCs stored in hydrous hexane precip-
itate within one day. No compositional change was ob-
served when the solution is stored in air.

X-Ray Diffraction (XRD) Analysis.

The XRD patterns reported were acquired on a Bruker D8
Advance diffractometer with a Cu Ko source equipped with
a Lynxeye one-dimensional detector. The diffractometer
operated at 40 kV and 40 mA with a Cu Ka source with
wavelength of A = 1.54 A. The samples were drop-casted on
a silicon wafer, previously washed using acetone and iso-
propanol.

Electron Microscopy.

Transmission Electron Microscopy (TEM) images were
recorded on an Analytical JEOL-2100F FETEM using a
beam energy of 120 kV, equipped with a Gatan camera.
Samples were drop-casted on a copper TEM grid (Ted
Pella, Inc.) prior to imaging. Size statistics were performed
using the software Image] and counting 200 particles per
sample. Elemental mapping was performed on 10 particles
per samples and the error on the atomic % estimated to be
0.1 %. High-resolution TEM (HR-TEM) images, STEM-
HAADF (scanning transmission electron microscopy -
high angle annular dark-field) images and corresponding
EDX (energy-dispersive X-ray spectroscopy) maps were ac-
quired on a FEI Tecnai-Osiris using an accelerating voltage



of 200 kV. This microscope is equipped with a high bright-
ness X-FEG gun, silicon drift Super-X EDX detectors and a
Bruker Esprit acquisition software.

Raman spectroscopy.

Raman spectra were recorded using a confocal Raman mi-
croscope (Renishaw inVia Raman microscope) with a 532
nm laser source of maximum power of 45W. The measure-
ments were performed with a 100x objective in the Raman
microscope with 5% of laser power. The spectral positions
were calibrated by the characteristic Si phonon peak at
520.7 cm’.

Steady Sate UV-Vis-NIR Absorption Spectroscopy.

Optical extinction spectra of dilute hexane dispersions of
the NC samples were performed in transmission mode us-
ing a Perkin Elmer- Lambda 1050 UV/Vis/NIR Spectropho-
tometer with a D, (deuterium) lamp for the ultraviolet
range and a WI (halogen) lamp for the visible and near in-
frared range.

Scanning Electron Microscopy (SEM).

SEM images were acquired on a FEI Teneo 200 FEG Ana-
lytical Scanning Electron Microscope using a beam energy
of 5 keV.

X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed using VersaProbe II from Physical
Electronics. Analysis was carried out using a monochro-
matic Al Ka X-ray source operating at 25 W with a beam
size of 100 pm. The spherical mirror analyzer was set at 45°
take-off angle with respect to the sample surface. The bind-
ing energy of the spectra were calibrated by setting the C-
C bound of the C 1s peak at 284.8 eV.

DFT Calculations.

The DFT calculations were carried out using the Vienna ab
initio simulation package, VASP>*** using the PBEsol>* ex-
change-correlation functional. Geometry relaxation was
performed with a force threshold of 0.01eV/A. We used a
plane-wave cut-off of 400eV and projector-augmented
wave potentials with Cu (4s, 3d), V (4s, 3d) and S (3s, 3p)
valence states to describe the core-valence electron inter-
actions. As confirmed in the experimental section, Cu,VS,
crystallizes in the cubic P-43m space group. We performed
volume relaxation and found a lattice parameter of 5.312 A,
which is in reasonable agreement with experiment (5.39
A)33* In comparison, a previous study by Kehoe et al.
found a value of 5.358 A.*>** A I'-centered k-mesh with di-
mension 8x8x8 was used to sample the Brillouin zone. A
Hubbard U parameter of 5.2 eV was applied on the Cu d
states in agreement with other theoretical calculations™**
and similar to other Cu* compounds, such as Cu,0.* In or-
der to study the optical properties of the compounds, we
calculated the frequency-dependent dielectric function
within the independent particle approximation. This con-
sists of an imaginary part (g,), determined as a summation
over conduction band states, and a real part (g,), obtained
from the Kramers-Kronig transformation. For structural
relaxations, we used an electronic smearing of o.01 eV,

which for the calculations of the spectra was increased to
0.2 eV. The absorption coefficient was then determined as:
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RESULTS AND DISCUSSION
Structural and compositional characterization

CusVS, NCs were synthesized by means of colloidal synthesis.
Copper (I) iodide (Cul), vanadyl acetylacetonate (VO(acac).)
and 1-dodecanethiol (DDT) were chosen as precursors for Cu,
V and S, respectively. Trioctylphosphine (TOP) and oleyla-
mine (OLAM) were selected as the ligands to control size and
shape, respectively. Our approach relies on the injection of
DDT and OLAM into a hot solution containing Cu and V pre-
cursors along with TOP and 1-octadecene (ODE) as the sol-
vent. Figure 1 shows TEM images of typical samples obtained
at different injection temperatures. The NCs exhibit a cubic
shape and possess a size ranging from 9 nm to 18 nm (standard
deviations less than 15%) depending on the reaction tempera-
ture (250°C, 260°C and 280°C for 9 nm, 12 nm and 18 nm, re-
spectively).
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Figure 1. TEM images and corresponding statistical size anal-
yses of Cu;VS, NCs synthesized at different temperatures: A)
at 250°C separated from an insoluble precipitate (which con-
stitutes a small fraction of the sample), B) at 260°C and C) at
280°C. The scale bar is 10onm.



The crystalline phase was assessed by X-Ray diffraction (Fig-
ure 2A) which reveals the pure cubic Cu;VS, (P-43m, a =
5.393(1) A) phase for the three samples with a peak broadening
consistent with the size of the crystallites being in the na-
noscale regime. No other crystalline phases, including other
existing stoichiometries of copper vanadium sulfide (Figure
S1), copper sulfide, vanadium sulfide and copper, were de-
tected. As a further confirmation to the phase purity, the
Cu3VS, NCs were analyzed by Raman spectroscopy where a
good agreement between the experimental and reference
peaks is observed (Figure 2B).
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Figure 2. A) XRD patterns and B) Raman spectra of the as-
synthetized 9 nm, 12nm, 18nm Cu;VS, NCs. The Cu;VS, XRD
reference pattern (PDF-01-088-1318) as well as the Raman ref-
erence spectrum (Ro60853) are reported at the bottom of each
panel.

In conjunction with the XRD and Raman data, HRTEM along
with Fast Fourier Transform (FFT), (Figures 3A, B), evidence
the single crystalline nature and the cubic structure of the
Cu3VS, NCs. To investigate the composition of the CusVS,
NCs, scanning transmission electron microscopy-energy dis-
persive X-ray spectrometry (STEM-EDX), (Figure 3D-F), was
deemed to be the most reliable technique. In fact, ICP results
were not consistent, probably because of difficulties with sam-
ple cleaning or because of the well-known problems with sul-
fur digestion (formation of volatile H.S). Elemental mapping
analysis performed on at least 10 particles per sample revealed

an increase in the copper content as the NC size decreases.
Specifically, the Cu:V :Sratiowas5:1:4,4.6:1:4and 4 : 1:
4 for the 9 nm, 12 nm and 18 nm NCs, respectively, with stand-
ard deviations on the elemental ratios within the uncertainty
of the EDX analysis which is 3-4%.
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Figure 3. A, B) High- Resolution TEM images along with the
FFTs of the 12 nm sample. C-F) HAADF-STEM image and ele-
mental mapping of the same sample.

As mentioned in the case of CIS, off-stoichiometries are com-
mon in ternary semiconductors. For the Cu;VS, NCs, three op-
tions were considered to explain the excess copper content: i)
different crystalline phase (i.e. CusVS,), ii) interstitial Cu ions
and iii) surface enrichment (“Cu-shell model”). To assess the
first hypothesis, XPS was performed (Figure Sz). The analysis
indicates the presence of S* and of Cu™ but it is not straight-
forward for the vanadium (see Supporting Information for de-
tailed discussion). Because no crystalline phase associated
with a Cu-rich stoichiometry has been reported so far and the
XRD pattern perfectly matches the Cus;VS,, the hypothesis of
a different phase is excluded at the moment. In the cubic
Cu3VS, unit cell, the apices as well as the middle of the edges
are vacant and create a 3D channel system along the [100] di-
rections. Arribart et al proposed interstitial Cu” ions, with
their very high mobility of 10* cm* V™ sec™ at 300K, to be the
most probable candidates to intercalate into these tetrahedral
vacant sites.”>>* However, this hypothesis would not explain
the size-dependent compositional changes. Alternatively, a
Cu-rich surface would correlate well to an increase of the Cu
content as the
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Figure 4. XRD patterns and TEM images of aliquots extracted from the reaction flask at different times during the synthesis of
Cu;VS, performed at 280 °C. Reference patterns of the Cul and VO(acac). powders, Cu;VS, (PDF 01-088-1318), Cu.S (PDF 00-053-
0522) and CuS (PDF 04-004-6505) are shown at the bottom of the XRD panel. The scale bars in the TEM images are 200 nm.

size decreases (i.e. surface-to-volume ratio increases). To as-
sess this hypothesis, the non-stoichiometric model developed
by Wang et al for PbSe NCs was applied to the Cu;VS,; NCs
(see details in the Supporting Information).” A Cu shell of
0.42 nm, which corresponds to three monolayers of Cu atoms
(134pm), was calculated for all the NC sizes. To find the same
value, regardless of the size, confirms that the non-stoichiom-
etry derives from a Cu-rich surface. Different thicknesses
would not necessarily follow the observed size-dependent
trend.

Study of the Cu;VS, NCs growth mechanism

When developing novel synthetic approaches, understanding
the role played by the different reaction parameters is crucially
important to advance the general knowledge in materials
chemistry. Insights into the synthesis of multinary com-
pounds are particularly needed, considering the challenges re-
lated to the incorporation of three or more different chemical
elements in a homogeneous composition. In kinetically-
driven synthetic techniques, like colloidal chemistry, slight

variations in the chemical potentials of the species involved in
the nucleation and growth can lead to the crystallization of
undesired phases. In particular, the precursor reactivity must
be carefully tuned in order to avoid the formation of amor-
phous phases (too low reactivity) or phase segregation (too
high reactivity). Based on hard and soft (Lewis) acids and ba-
ses (HSAB) theory, the stronger bond between Cu” (soft Lewis
acid) and I' (soft Lewis base) is expected to slow down the re-
action of Cu” with the S source (R-SH, soft Lewis base) and
ultimately prevent aggregation and precipitation of the result-
ing nanoparticles, as it was previously demonstrated for the
CulnS: synthesis.” For what concerns the transformation pro-
cess of VO(acac)s, the formation of an intermediate V-S com-
plex is excluded for two main reasons: the first one is that V**
is a hard Lewis acid, hence, it forms an unstable complex with
S and the second reason is that the two bulky bidentate lig-
ands (acetylacetonates) hinder the nucleophilic attack of the
thiol to the metallic cationic core. Experimentally, no crystal-
line product was isolated when reacting VO(acac). in absence
of the Cu precursor under the same conditions of the CusVS,



Figure 5. A, B) HAADF-STEM images and elemental mapping
of the reaction product obtained after 5 minutes from the in-
jection.

synthesis. However, small particles were detected in the TEM
(FigureS3), which most likely are amorphous vanadium con-
taining species from the VO(acac). decomposition. To gain
valuable insights into the reaction mechanism, several ali-
quots were extracted, during the synthesis at scheduled time
intervals, and quenched in ODE. The corresponding XRD pat-
terns and TEM images are reported in Figure 4. A progressive
and distinctive phase change is observed. At time zero, the in-
tense signal from the undissolved Cul precursor dominates
the XRD pattern. Interestingly, 1 minute after the injection of
DDT and OLAM in the reaction mixture, XRD highlights the
presence of covellite CuS and chalcocite Cu.S together with
other small peaks which can be assigned to the VO(acac). or
its decomposition products.***° Two different morphologies
(nanospheres and nanoplatelets) of CuxS nanoparticles are ob-
served in TEM and, based on a size selective precipitation, the
nanospheres can be assigned to chalcocite Cu.S and the nano-
platelets to covellite CuS. After 5 minutes the cubic Cu;VS,
phase appears in the XRD pattern and concomitantly a few
nanocubes are observed in the corresponding TEM image. As
the reaction proceeds, the intensity of the XRD peaks of
Cu3VS4 increases relatively to the Cu2S and CuS and the pop-
ulation of nanocubes in the TEM images increases. Simultane-
ously, the shrinkage of copper sulfide nanoparticles is visible
in the corresponding TEM images. These results point to-
wards the CuxS nanoparticles acting as seeds for the formation
of the Cu;VS, NCs by reacting with the VO(acac). or V-con-
taining species. To assess the validity of this statement, pre-
synthesized CuS were directly reacted with the VO(acac). in
the same reaction conditions and Cu;VS, formed also in this

case (Figure S4). The same Cu:S-seeded mechanism was ob-
served for the heat-up synthesis, though accompanied by high
polydispersity of the final samples, indicating that the decou-
pling of the nucleation and growth stages did not occur (Fig-
ure S5). Furthermore, Cu..sS impurities were found in one pre-
vious work on CusVS, nanoparticles, which is also consistent
with the formation of copper sulfide as an intermediate.” In
seed-mediated growth, two mechanisms are possible: dissolu-
tion/precipitation and solid state transformations. The latter
are quite common across the literature with many examples
reported on ternary metal phosphides nanoparticles by Brock
et al.*™* Recently, we have also explained the formation of
copper vanadate from Cu NC seeds by demonstrating a solid
state reaction between Cu NCs and VOx.*® Furthermore, pre-
synthesized nanoparticles can be reacted to form ternary com-
pounds, as shown by Dukovic et al for the synthesis of (Ga.-
xZn)(N:xOx) nanoparticles obtained by nitriding a mixture of
ZnGa.0,and ZnO nanoseeds.” To get further insights into the
reaction between the CuxS seeds and the vanadium precursor,
STEM-EDX analysis was performed on the reaction product
obtained after 5 minutes from the DDT/OLAM injection and
the results are reported in Figure 5 and Figure S6. The analysis
evidences the presence of CuxS in the form of hexagonal na-
noplateles and nanospheres, of Cu;VS, nanocubes and of V-
containing nanoparticles (V-NPs). The latter are not detected
by XRD, thus are probably mostly amorphous. At the moment,
we do not have further information regarding the composition
(Figure S6). This observation, together with the changes in
XRD and TEM described above, suggests that a nanoscale
solid state reaction is taking place between CuxS and the V-
containing NPs to form CusVS4. A sketch of the formation
mechanism in depicted in Figure 6. In the case of a seed-me-
diated solid state reaction, templating effect are often ob-
served, meaning that the size and shape of the seeds impacts
the size and shape of the final product.3*** In the present
case, such correlation is not found, which might be due to the
fast conversion kinetics. This conclusion is only speculative at
the moment and will be investigated in the future with
properly designed in-situ experiments combining X-Ray scat-
tering and spectroscopies.>®
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Figure 6. Sketch of the formation mechanism of the CuzVS4
NCs.

The role of the ligands was carefully investigated having in
mind their double role as modulators of the NCs surface en-
ergy and of the molecular precursor reactivity. Under the de-
scribed reaction conditions, Cul, VO(acac). and DDT are the
essential reagents for the reaction to proceed towards Cu;VS,.
The addition of TOP contributes to modulate the Cu precur-
sor reactivity by forming a Cu-TOP complex and it strongly
contributes to size control and monodispersity (Figure S7).
On the other side, OLAM is key for shape control which other
amines or carboxylic acids fail to provide (Figure S8). In agree-
ment with these results, FTIR evidences that OLAM is the
main ligand on the surface (Figure Sg). The effect of using a
lower or higher OLAM amount was also investigated and ag-
gregated NCs or with a rectangular shape were obtained, re-
spectively (Figure S10).

Optical properties: experiments and theory

As discussed in the introduction, Cu;VS,is known to be an IB
semiconductor but it has not been synthesized before in the
form of NCs with tunable size. Thus, it becomes interesting to
evaluate if any size-dependent behavior emerges in the optical
properties. Figure 7A shows the steady state UV-Vis spectra in
solution for the three different sizes. They all exhibit a broad
absorption onset in the near infrared (NIR) region which ex-
tends through the whole visible range (780-38onm) where
three peaks can be identified. These three peaks are all blue-
shifting with decreasing size, yet to a different extent. The
high background in the spectra cannot be ascribed to scatter-
ing, considering that the solutions are very homogenous. A
similar feature was also observed in CuFeS, NCs and it was as-
signed to the electronic transitions occurring from the VB to
the IB. ** The complexity of the electronic structure of IB-NCs
motivated us to carry out DFT calculations to correlate the op-
tical properties with the size and composition of the CusVS,
NCs, considering that this aspect has not been carefully ex-
plored in any of the previous literature on IB-NCs.***”*®3 The
results of these computations are reported in Figure 7 and in
the Supporting Information (Figures Su-14, S17,518). The pres-
ence of three peaks in the calculated absorption spectrum of
bulk Cu;VS, is in nice agreement with the experimental data
(Figure 7B). The electronic transitions mainly contributing to
the three peaks have been visualized in Figures 7C and S1o0. All

peaks correspond to transitions between states in the VB and
the IB. The CB lies much higher in energy and transitions in-
volving CB states would appear at much lower wavelengths in
the UV. In order to investigate the peak shift with size, the
DOS of two Cu3VS, NCs of 1.6 nm and 2.3 nm were calculated
(Figure S12). These NCs are bounded by {oo1} surfaces and the
topmost layer is entirely Cu, as predicted from surface-energy
calculations (Figure S13) and consistently with the presence of
a Cu-rich surface. An opening of the band gap was found when
decreasing the NC size (Figure S12). The functional form of the
Brus equation was fitted to these theoretical results (Figure
S14) to predict the band gap for the synthesized Cu;VS, NCs.
As a first approximation, the changes in the optical transitions
between the valence and the intermediate bands were de-
scribed by the rigid change in band gap as defined by the func-
tional form of the Brus equation. Figure 7D reports both the
experimental and theoretical peak shifts versus the NC size,
where the AA was calculated against a reference sample pre-
pared by annealing the Cu;VS, NCs under nitrogen (Figures
S15 and S16). While the theoretical trend is qualitatively fol-
lowed by all the three peaks, only peak “I” matches the pre-
dicted AA values while peak “II” & “III” exhibit larger blue-shift
than what predicted. Explaining the size-dependent optical
behavior of IB semiconductors at the nanoscale is not trivial.
In addition to classical quantum confinement described by
the Brus equation, changes of the electronic structure from
bulk to nano and possible effects from non-stoichiometric
composition should be taken into account. The influence of
the Cu-rich composition on the optical transitions was ex-
cluded for the Cu;VS, NCs because the surface Cu atoms were
found to contribute in a similar manner to those in the bulk
to the PDOS of the NCs (Figure S17). While a Cu-rich surface
is different than 3ML Cu shell, the agreement between the cal-
culated and experimental spectra in Figure 7A,B suggests that
the Cu shell does not have a drastic impact on the optical
properties. A non-stoichiometric composition due to Cu inter-
stitial would instead give rise to a red-shift of the peaks with
decreasing size (Figure S18), which is opposite to what ob-
served. Having ruled out the contribution of excess Cu atoms,
whether at the interstitials or surface sites, to the optical prop-
erties of the Cu;VS, NCs, the observed peak shifts must be due
to the changes of the electronic structure going from bulk to
nano (Figure Su). If the optical transitions are approximated
with the ones known from the bulk, the calculated shifts from
the
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model NCs have an opposite trend compared to the experi-
mental data (Table Sz). To reconcile this apparent incon-
sistency, it should be considered that the electronic structure
of semiconductor NCs can be greatly influenced by the surface
chemical environment (i.e. surface ligands type and concen-
tration), something which is not included here at the mo-
ment.>?* Deep-lying states, which give rise to transition “I”,
are expected to be less affected by chemical alterations com-
pared to states at the band edges. This would explain why peak
IT and III do not match the calculated AX values. The inclusion
of ligand-induced effects in the band structure calculations
will be helpful in the future to fully explain the optoelectronic
properties of IB semiconductor NCs.

Conclusions

In this work, we have developed a hot injection method to syn-
thesize colloidal Cu;VS, NCs with cubic shape and with tuna-
ble size (9 nm, 12 nm and 18 nm). The corresponding steady-
state UV-Vis spectra show three distinct absorption peaks
which blue-shift with decreasing the NC size. Being the first
detailed study on size-dependent optoelectronic properties in
IB NCs, DFT calculations were utilized to explain the experi-
mental data. Quantum confinement effects qualitatively ac-
count for the blue shifts observed in the optical spectra.

Changes of the electronic structures, including both size and
chemical environment, must be considered to more closely
match experiments and theory in the future. By introducing a
novel class of IB NCs and investigating their size-dependent
optical properties, this study contributes on one side to ex-
pand the chemistry of multinary semiconductor materials and
on the other side to deepen the fundamental knowledge of
how materials properties change at the nanoscale.

ASSOCIATED CONTENT
Additional experiments to validate the reaction mechanism
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