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Multinary light absorbing semiconductor nanocrystals with
diversified electronic and optical properties

This work highlights the major breakthrough in research

at the rich interface of nanochemistry and theoretical
electronic structure prediction for a family of new multinary
chalcogenide semiconductor nanocrystals, CuZn,AS Se,
(A: Al In, Ga; O < x < 4). A fundamental understanding

of tunable electronic properties of the Cu-chalcogenide
nanocrystals is achieved via synthesis and multi-modal
material characterization coupled with density functional
theory and virtual crystal approximation. This work showcases
the progress of sustainable chalcogenide nanostructures for
photovoltaic and light-emitting applications.
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Introduction

There is an increasing demand for sustainable light absorbing
as well as light emitting materials, crucial for next-generation
clean energy devices and deep tissue bioimaging
applications.’ Material choice in thin film solar cells, one of
the most attractive solar energy conversion technologies, can
greatly impact their performance. Although widely used as the
absorber layer, Si is an indirect bandgap material with weak
near-infrared (IR) absorption of the solar spectrum, which
necessitates the thin film design of solar cells.*® In comparison,
Cu-based chalcogenide semiconductor nanocrystals, which
exhibit direct bandgap and absorption in the larger visible
regime of the solar spectrum, have been explored to maximize
the efficiency of thin film solar cells.® Cu(In,Ga)Se, (CIGS) thin
film photovoltaics, for instance, have achieved an efficiency of
~23%, the highest so far.”® There has been a continued search
for materials composed of earth-abundant elements like Cu,-
ZnSnS, (CZTS) to achieve desired grid parity, although at the
cost of sacrificing the overall efficiency of the solar cell.*** To
this end, multinary Cu-chalcogenide compositions have been
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range. We employ density functional theory and virtual crystal approximation to reveal the bandgap
trends influenced by the main group metals and S/Se alloying.

explored as they offer a higher level of flexibility in terms of
tunable bandgap and structure-property relation.”'¢ Similarly,
advanced materials play a pivotal role in biomedical imaging.
Current research in this field focuses on deep tissue imaging
and early-stage cancer detection,"”® both of which require
tunable light-emitting materials in the IR and visible regimes.
However, most of the imaging agents currently used for deep
tissue and early cancer diagnostics consist of toxic heavy metals
like Hg, Cd, and Pb."?* Recently, Cu-based CulnSe,S, ,/ZnS
nanocrystals have shown great promise in bioimaging applica-
tions and are more biocompatible as compared to the heavy
metal-based imaging agents.”*** To this end, multinary Cu-
chalcogenide semiconductor nanocrystals can offer a wider
range of flexibility in emissive properties. However, these mul-
tinary semiconductor nanocrystal compositions are syntheti-
cally challenging to achieve.

Herein, we report the colloidal synthesis of a new class of
multinary CuZn,AS,Se, , (A: Al, Ga, In; 0 < x< 4; CZASSe)
chalcogenide semiconductor nanocrystals and a combined
experimental and theoretical investigation of their
composition-dependent optical and emissive properties. The
composition, morphology, and crystal structure of the new
semiconductor nanocrystals have been explored in detail via
transmission electron microscopy (TEM), scanning electron
microscopy energy dispersive X-ray (SEM-EDX), and X-ray
diffraction (XRD), while the optical bandgap and emission
properties of the corresponding chalcogenide compositions
have been investigated via ultraviolet-visible spectroscopy (UV-
vis) and photoluminescence (PL). Synergistic ab initio density
functional theory (DFT) calculations employing both the
Strongly Constrained and Appropriately Normed (SCAN) meta-
Generalized Gradient Approximation (GGA) and Heyd-Scu-
seria-Ernzerhof (HSE06) hybrid functionals, in conjunction
with the virtual crystal approximation (VCA), are used to eluci-
date the bandgap trends associated with the main group metals
and S/Se alloying.>*¢
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Experimental and theoretical methods

We report in this section the synthesis and characterization of
CuZn,AS,Se, . (CZASSe, A: Al, Ga, In, 0 < x< 4) nanocrystals and
the computational studies of the electronic properties using
density functional theory.

Materials. Chemicals used in this project were purchased
from Sigma-Aldrich, Thermo Scientific, Strem Chemicals, Alfa
Aesar, TCI, VWR, and Fisher. They were used as purchased
without any modification. These include: copper(u) acetylacet-
onate (Cu(acac),, ACROS, 98%), zinc(u) acetylacetonate
(zn(acac),, Thermo Scientific), deionized water (DI, VWR),
indium(mr) acetylacetonate (In(acac)s, Alfa Aesar, 98%), galliu-
m(u) acetylacetonate (Ga(acac)s;, Strem Chemicals, 99.99%),
aluminum(m) acetylacetonate (Al(acac);, Thermo Scientific,
97%), oleylamine (OLA, Sigma Aldrich, 70%), 1-dodecanethiol
(n-DDT, ACROS, 98%), tert-dodecanethiol (+-DDT, TCI),
diphenyl diselenide (Sigma Aldrich, 98%), hexane (Fisher), and
ethanol (Fisher).

Synthesis of CZASSe nanocrystals. The CZASSe nanocrystals
were synthesized via a modified hot-injection route under an
inert nitrogen atmosphere using a Schlenk line technique.*® In
a typical synthesis of a representative CZASSe composition,
CuZn,InS,Se,, stoichiometric quantities of the cationic
precursors i.e., Cu(acac), (0.1 mmol), Zn(acac), (0.2 mmol), and
In(acac); (0.1 mmol) were stirred in 10 mL of the OLA for 30 min
under a nitrogen purge. The OLA served as the solvent, reducing
agent, as well as the ligand in the reaction. The reaction mixture
was then heated to 150 °C (heating rate: 16 °C min '). The
chalcogen precursors i.e., a mixture of diphenyl diselenide (0.2
mmol) in #-DDT (0.125 mL) and ¢DDT (0.875 mL) were quickly
injected into the reaction mixture at 150 °C as the S and Se
sources, prior to heating the reaction at 250 °C for one hour to
form the multinary CuZn,InS,Se, nanocrystals. The nanocrystal
solution was cooled and cleaned via multiple washes in ethanol/
hexane solvent mixture using a microcentrifuge (room
temperature, 15 000 rpm, 30 min, Sorval™ Legend™ Micro 17
microcentrifuge, Fisher) for further characterization.

All the other compositions of CZASSe nanocrystals were
synthesized using a similar process with stoichiometric quan-
tities of the respective cationic and chalcogen precursors,
keeping all other conditions the same. The reaction mixtures
were heated to 300 °C for the CZAISSe and CZGaSSe semi-
conductor nanocrystals.

Characterizations. Well-dispersed solutions of the CZASSe
nanocrystals in hexane (concentration ~ 1.5 g L") were
prepared via 30 min sonication at room temperature (Branson
1800, Fisher) to form the samples for photoluminescence (PL)
and absorbance studies. The PL characterization was conducted
on a Fluoromax spectrofluorometer (Horiba Scientific). The
emission spectra of the nanocrystals were measured in the
visible 360-1100 nm range at increments of 0.5 nm for a 350 nm
excitation source. Time-resolved photoluminescence (TRPL) of
the nanocrystals was measured at room temperature with
a weak 475 nm pulsed laser source and collected through
a spectrometer (Edinburg FLS1000) at a photon multiplier tube.
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The absorbance spectra were measured on an Agilent Cary 60
ultraviolet-visible spectroscope (UV-vis) and the optical transi-
tions and experimental bandgap of the nanocrystals were esti-
mated from the Tauc plot analysis. Scanning electron
microscopy (SEM) analysis was carried out using a Phenom
ProX Desktop Generation 5 SEM equipped with energy disper-
sive X-ray spectroscope (EDX) to investigate the size and
morphology of the nanocrystals. The elemental compositions of
CZASSe nanocrystals were determined using the SEM-EDX by
taking an average of five different scans. Well-dried powder
samples for the SEM and EDX were prepared by cleaning the
semiconductor nanocrystals through multiple washes in
ethanol/hexane mixture via centrifugation to remove the
remnant organics followed by drying overnight in a vacuum
desiccator. A 15 kV electron beam was used for SEM imaging
and EDX mapping of the CZASSe nanocrystals. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
analyses were performed using a JEOL 2100F TEM with a 200 kv
operating beam. Aliquots of well-mixed CZASSe samples in
hexane that were prepared via a similar process as mentioned
for the UV-vis and PL were dropped on 300 mesh copper TEM
grids and air dried to prepare the samples for TEM imaging. The
crystallographic analyses of the CZASSe nanocrystals were per-
formed by X-ray diffraction (XRD) using a Rigaku SmartLab
diffractometer with a Cu Ko, (A = 1.54 A) source. Powder samples
for XRD were prepared via a similar process as used for the SEM
sample preparation. XRD measurements were conducted in the
26 range of 20-70°. Rietveld refinement of the experimental
XRD structures of CZASSe nanocrystals were conducted using
a GSA-II software (Argonne National Laboratory).

Computational studies. First-principles calculations were
done using the Vienna ab initio simulation package.*”*® Kohn-
Sham equations were solved by using a projected-augmented
wave (PAW) method.?**® Structural relaxations for both lattice
vectors and atomic positions adopting bulk compositions were
done employing the Strongly Constrained and Appropriately
Normed (SCAN) meta-Generalized Gradient Approximation
(GGA) functional,* in conjunction with the virtual crystal
approximation (VCA).”>® The relaxed structures were then used
for electronic structure calculations employing both the SCAN
meta-GGA and Heyd-Scuseria-Ernzerhof (HSE06) hybrid func-
tionals.”® The kinetic energy cutoff for plane waves was set to
550 eV and the Brillouin-zone integrations were performed on
I'-centered 6 x 6 x 6 k-point grid. The convergence criteria for
the structural relaxations and electronic self-consistency were
respectively set to a Hellmann-Feynman force of 1072 eV A™*
and energy difference of 107° eV, and the “accurate” precision
setting was adopted to avoid wrap around errors. Band struc-
tures were sampled along the path specified in ref. 31.

Results and discussion

The novel CZASSe semiconductor nanocrystals have been
synthesized via a modified hot-injection approach where the
respective metal acetylacetonate salts serve as the multiple
cationic precursors while a mixture of n-dodecanethiol (n-DDT)/
tert-dodecanethiol (tert-DDT) and diphenyl diselenide serve as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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precursors for the multiple chalcogen anions. This is the first
report of the synthesis of multinary Cu-chalcogenide nano-
crystals of composition CuZn,AS,Se,_, containing both the S
and Se chalcogens. Additionally, a comprehensive series of the
CZASSe nanocrystals has been achieved in this study for the first
time, where the substitution of S with Se has been varied from
0 to 100% (i.e., 0, 25, 50, 75, and 100%) and these five different
S/Se substitutions have been realized for three different group
III cations (i.e., Al, Ga, and In). It is not trivial to achieve mul-
tinary nanocrystals containing different cations and chalcogen
anions within the same lattice. Therefore, the study provides
a key achievement from the perspective of nanochemical
synthesis. Fig. 1a shows the TEM image of a sample CZASSe
composition, CuZn,InS,Se, nanocrystals, which exhibit a plate-
like morphology of ~9 x 6 x 2 nm dimensions. The high
crystallinity of the nanocrystal is evident from the regular lattice
fringes in the high-resolution TEM (HRTEM) image (Fig. 1b).
The lattice spacing of 0.24 nm correspond to (102) crystal plane
of the wurtzite phase. The chemical composition of the nano-
crystals based on the SEM-EDX analysis, Cuy ¢Zn, ¢Ing gSo 7S€1.1,
is close to the stoichiometric composition in terms of the Cu:
Zn:In and S:Se ratios, although it is deficient in anion

View Article Online
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composition (Fig. 1c). The deviations from stoichiometries
suggest possible defects present on the surface of the nano-
crystals. The core compositions for all synthesized nanocrystals
can be identified to be stoichiometric CuZn,AS,Se,_, based on
subsequent XRD measurements and DFT calculations.

The CuZn,InS,Se, nanocrystals also exhibit PL emissions in
the blue (467 nm) and green (557 nm) visible ranges with an
excitation at 350 nm (Fig. 1d). The emission in the blue region is
attributed to organic materials such as the ligand, oleylamine
and the S/Se sources. The representative time-resolved photo-
luminescence (TRPL) of the nanocrystals at room temperature,
measured with a weak 405 nm pulsed laser source, 435 nm long-
pass filter, and collected through a spectrometer is shown in
Fig. 1e. The photoluminescence lifetime of the green emission
is 4 ns. Transient absorption measurements (350 nm pump,
visible probe) of the same sample show a bleach feature from
500-650 nm, which provides another measure of the direct
band gap (Fig. 1f). The transient absorption signal decays
rapidly, showing a substantial reduction in absorbance within
a few ps, which is an indication of ultrafast charge trapping. The
charge carriers are expected to be electrons, as revealed by
subsequent electronic structure calculations. The SEM, EDX,

(c)
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Fig.1 Characterization of CZASSe nanocrystals. (@) TEM image, (b) HRT!
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EM image, (c) SEM-EDX characterization, (d) PL spectrum, (e) TRPL plot,

(f) transient absorption, all for CuZn,InS,Se, nanocrystals, and (g) PL spectra of various CuZn,GaS,Se4_, nanocrystal compositions. The results

for other compositions are deposited in the ESI.
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and PL results for the other CZASSe compositions are shown in
detail in the ESI (Fig. S1-S167).

The composition-dependent change in the light-emitting
properties of the CZASSe semiconductor nanocrystals has also
been investigated. Fig. 1g shows the representative PL spectra of
various compositions of the CuZn,GaS,Se, , nanocrystals.
Emissions in the violet region, i.e., peak at 390 nm with a broad
shoulder at 417 nm, blue (472 nm), and yellow (574 nm) regions
of the visible spectrum are observed for all CZGaSSe composi-
tions without significant peak shifts. However, the PL intensi-
ties at 390 nm and 417 nm decreased progressively with
increased Se substitution with the exceptions of CuZn,GaS,Se,
and CuZn,GaSe,. This can be attributed to the sizes of the
respective nanocrystal compositions, i.e., the smaller size of
7.66 nm for CuZn,Gas,Se, and the largest size of 13.17 nm for
CuZn,GaSe, (Table S1 and Fig. S17 ESI}). The PL intensity is the
highest for the CuZn,GaS,Se, composition that can be attrib-
uted to the reduced size of the nanocrystals. The peak height at
390 nm (violet regime) decreased consistently with Se substi-
tution with the exceptions of CuZn,GaS,Se, and CuZn,GaSe,,
suggesting that the S chalcogen anion which decreased with Se
substitution in the nanocrystal lattice may contribute to the
emission at 390 nm.

The XRD structure of the CZASSe nanocrystals shows a pure
wurtzite phase (space group: P6zmc, no. 186).>> The XRD plots
for two representative CZASSe compositions, CuZn,GaS;Se and
CuZn,GaSe,, are shown in Fig. 2a and b, respectively. The major

-~
2
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diffraction peaks at 26 angles of 27.5°, 28.3°, 30.3°, 38.9°, 47°,
51.6°, 53.6°, 55.8°, and 59.4° for the CuZn,GaS;Se nanocrystals
can be indexed to (100), (002), (101), (102), (110), (103), (200),
(112), and (201) crystal planes of the pure wurtzite phase. The
average particle size of the nanocrystals is estimated using the
Debye-Scherrer formula, which relates the size of the nano-
crystallites in a solid to the broadening of a peak in the
diffraction pattern:**3*

09
" Bcosb

where A is the wavelength of the X-ray radiation source Cu-Ka
(1.5418 A), 8 is the full width at half maximum (FWHM) corre-
sponding to all the peaks on the diffraction pattern, ¢ is the
diffraction angle for lattice planes, and D is the particle diam-
eter size. By using all the diffraction peaks in the XRD pattern
and taking the average of these peaks, the particle size of
CuZn,GaS;Se is calculated to be 9.87 nm (Table S1, ESI}). The
diffraction peaks are shifted towards lower 26 angles for the
CuZn,GaSe, composition, as expected, due to the larger size of
the Se anion as compared to S. The average crystallite size of
CuZn,GaSe, is calculated to be 13.17 nm, based on the Debye-
Scherrer equation and the XRD results (Table S1, ESIt). The
XRD data of all the CZASSe semiconductor nanocrystals are
shown in the ESI (Fig. S18-S20t). Additionally, the d-spacing,
calculated from the 26 angle of 37.7° for the (102) crystal plane
for CuZn,InS,Se, nanocrystals is 2.38 A, which matches the
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Fig.2 XRD characterization of pure wurtzite phase CZASSe semiconductor nanocrystals. (a) XRD plots of CuZn,GaSsSe nanocrystals and (b) XRD
plot of CuZn,GaSe4 nanocrystals, where vertical lines represent peak positions obtained from theoretically relaxed crystal structures, and (c) plot
showing a comparison of lattice parameters from theoretical three-dimensional structures, experimental XRD structures, and our previously

reported CZAS nanocrystals in Chem. Commun.*®
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lattice spacing shown in the HRTEM image of the nanocrystal in
Fig. 1b (Fig. S20, ESIt). The nanocrystals generally exhibit
a wurtzite phase as suggested from the Rietveld refinement
conducted using the GSA-II software (Fig. S21, ESI{). To lend
further support to the experimental XRD results, we carried out
DFT structural relaxation for the wurtzite phase structures
using the SCAN meta-GGA functional, in conjunction with the
VCA for S/Se alloying. The choice of this particular functional is
based on recent studies showing that it works well for the
compositionally related quaternary materials in the kesterite
phase.* As can be seen from Fig. 2a and b, the peak positions
obtained from the theoretically relaxed geometries agree
approximately with the experimental diffraction peaks. The
lattice parameters of different S:Se atomic compositions of
CuZn,AlS,Se,_,, CuZn,GaS,Se,_,, and CuZn,InS,Se,_, nano-
crystals show a close match between the values calculated based
on the experimental XRD of pure wurtzite phase, the DFT
calculated crystal structures of CZASSe compositions, as well as

View Article Online
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the lattice parameters of CuZn,AS, that we reported earlier
(Fig. 2¢).

Both experimental and theoretical results indicate that the
lattice parameters show an increasing trend with the progres-
sive substitution of S atoms with the larger Se anion in the
multinary chalcogenide compositions, as expected. The agree-
ments of the diffraction peak positions and the lattice param-
eters validate the theoretically calculated crystal and atomic
structures for all of the multinary chalcogenide compositions.

Using the theoretically relaxed geometries, we further
calculated the electronic structures using both the SCAN meta-
GGA and the HSE06 hybrid functionals for all of the multinary
Cu-chalcogenide semiconductors synthesized in this work.
Fig. 3a shows the unit cells of two representative CuZn,GasS,-
Se,_, compositions (i.e., CuZn,GaS, and CuZn,GaSe,) that have
been used for the electronic structure calculations. The unit
cells of the other CZGaSSe compositions are shown in Fig. S22
(ESIY). Fig. 3b shows the band structure and density of state
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approximation. (a) Unit cells of wurtzite phase CuZn,GaS, (left) and CuZn,GaSe, (right) used for electronic structure calculations, (b) plots
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(DOS) calculated with HSE06 functional for two representative
compositions of CuZn,Gas,Se, ., one with S and other with Se.
The electronic structures of the other S/Se and other CZASSe (A
= Al and In) compositions are presented in the ESI (Fig. S23-
S2571). All of these band structures display a direct bandgap at
the I'-point between valence and conduction bands with Dirac
band characteristics.*® It is also worth noting that the conduc-
tion band is more dispersive than the valence bands; therefore,
the mobility of electrons is expected to be higher than that of
holes, making the former the dominant charge carriers, which
are observed in the transient absorption signals (Fig. 1f). The
bands with S and Se as the anions are similar but the bandgap is
reduced upon replacement of S with Se. The bandgaps calcu-
lated by both SCAN meta-GGA and HSE06 hybrid functionals of
the multinary CZASSe compositions decrease with increased
size of the group III cation ie., Al > Ga > In (Fig. 3¢, d and S23-
S25, ESIT). In addition, the bandgaps of the S/Se alloying
compositions also show a clear trend of decrease with increased
substitution of S with Se anions in the multinary unit cell until x
= 0.75-1.00, where the bandgap becomes comparable (Fig. 3c
and d). These trends align with observations in other materials
where both chemical doping or mechanical stretching have
been demonstrated to induce lattice expansions (as shown in
Fig. 2¢, 3c and d), consequently leading to reduced orbital
overlaps and narrower spacings between bands.>” Between the
results calculated with the two different functionals, the HSE06
bandgaps are significantly enhanced from the SCAN results.
Nevertheless, they show the same trends with the compositional
changes, in particular induced by the S/Se alloying, which
significantly broadens and diversifies the electronic and optical
absorption properties of CZASSe nanocrystals. It is worth
pointing out that the HSE06 exchange-correlation functional,
which is known for accuracy in bandgap predictions, produces
bandgaps that fall in the visible range of ca. 1.5-3.2 eV, which
are relevant for practical applications such as photovoltaics,
photocatalysts, sensors, and light emitting diodes.
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The corresponding experimental optical properties of the
CZASSe semiconductor nanocrystals are investigated via UV-vis
spectroscopy of the well dispersed colloidal solutions of the
nanocrystals in hexane. Fig. 4a shows the UV-vis spectrum of
a representative CZASSe composition, CuZn,AlS,Se, nano-
crystals. The direct optical bandgap (E,) of the semiconductor
nanocrystals is determined by extrapolating the linear region of
the Tauc i.e., (A%v)” versus fiv plot, where A is the absorbance, 7 is
Planck's constant, and » is the frequency of absorbed light.
CuZn,AlS,Se, nanocrystals exhibit a direct bandgap of 2.41 eV
in the visible cyan regime of the visible solar spectrum, making
it highly attractive for photovoltaic applications (Fig. 4b).
Detailed experimental direct bandgap of each of the CZASSe
nanocrystals is shown in the ESI (Fig. S26-S281) and summa-
rized in Table S1, ESL.{ In general, the bandgap trend agrees
with the theoretical ab initio predictions. However, the theo-
retical bandgaps have been calculated for bulk materials to
reveal the general trends to be used as a reference, while
experimental factors such as the size of nanocrystals,
morphology, and defects can also play a role in the experimental
bandgap of the semiconductor nanocrystals in addition to the
S:Se composition.*®** Therefore, the deviations from theory
can be attributed to the variations of size, morphology, and
defects in the CZASSe nanocrystals.

In this work, a novel class of multinary Cu-chalcogenide nano-
crystals, CuZn,AS,Se,_, has been synthesized for the first time as
new and more sustainable semiconductor materials with diversified
electronic and optical properties for light absorbing and light-
emitting applications. The new chalcogenide nanocrystals exhibit
a wurtzite phase, as seen from the XRD structures and Rietveld
refinement. The size and morphology of the nanocrystals have been
characterized via TEM and SEM and show a highly crystalline
wurtzite phase structure. The multinary semiconductor nano-
crystals exhibit composition-dependent tunable direct bandgap and
photoluminescence in the visible range, as suggested by the
experimental UV-vis, Tauc, and PL plots. We also report the TRPL
characterization of the new nanocrystals. Additionally, three-
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Fig.4 Experimental bandgap measurements of pure wurtzite phase CuZn,AlS,Se, nanocrystals. (a) UV-vis plot and (b) Tauc plot showing direct

bandgap.
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dimensional unit cells of the various multinary compositions have
been modeled using DFT calculations employing the SCAN meta-
GGA and HSEO06 hybrid functionals, in conjunction with VCA
approximation, which show close match with the experimental
lattice parameters and diffractions from our XRD structures. A
decrease in bandgap with increased size of the group III cation and
increased substitution of S with the larger Se anion is predicted
from the theoretical measurements. Size, morphology, and defect
may also affect the physical properties of the multinary nano-
crystals. For example, Fig. S17 (ESIT) shows the trend of experi-
mental bandgap of the CZASSe nanocrystals. A comparison of the
experimentally derived bandgap with that obtained using the two
theoretical methods is shown in Table S1 (ESI{). In general, the
HSE06 shows a closer match with experimentally derived bandgap.
The calculations for CuZn,AS, and CuZn,AS;Se compositions agree
closely with experiment and larger deviations from experiment are
observed with increased substitution of Se in the nanocrystal
compositions. The deviation from experiment also increases with
increased size of the group III cation in the CZASSe compositions
(Table S1, ESIt). The experimental results display a general trend of
decreasing bandgap with increasing amount of Se, which is
confirmed by calculations. However, the effects of group III
elements is not clear, which should be ascribed to other factors
including particle sizes. In comparison, theoretical calculations also
show the trend for group III elements. The bandgaps calculated
with hybrid functional all fall in the visible range rendering them
relevant for practical applications.
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