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ABSTRACT: Control of polytypism in colloidal nanocrystals allows for a shape 4 250°C )
evolution from OD to 3D and also provides an opportunity to tailor physical
properties that are crystal phase dependent. Initiating polytypism in nanostructures
is a function of multiple different control parameters that dictate nucleation and
growth, including reaction temperature, ligands, and precursors. This is further
complicated as the number of metal ions increases in progressing from binary to
ternary to quaternary compositions. Here, a synthesis method with dual injections
is developed to initiate two- and three-dimensional polytypism in the
nonstoichiometrica}6 Cu,ZngSn,Se; system simply by changing a single Sepowder  DPhDSe
commercially available chemical precursor. Synthesis parameters were developed

to grow single-crystal wurtzite and zinc-blende forms with a further extension to linear and branched morphologies deriving from
nucleation in one phase and growth termination in the other. Photoluminescence measurements were carried out on the particles at
a low temperature with emission peaks ranging from ~1.93 to ~2.32 eV observed.
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I. INTRODUCTION thermoelectric properties that are strongly crystal phase
dependent.”®*’

The hot injection colloidal approach has persisted in the past
decade as the most common approach for CZTSe NC
synthesis due to their versatility and fine control over
nanoparticle uniformity.***' The separation of anionic and
cationic precursors by injection provides a high level of control
in nucleation and growth for complicated systems involving

Colloidal semiconductor nanocrystals (NCs) have attracted
significant attention for their unique properties that can be
synthetically engineered by size, morphology, composition,
and surface energy state tuning.' ' These size-dependent
electronic and optical properties grant these “artificial atoms”
vast potential in photovoltaics, catalysis, lighting/displays,
energy storage, thermoelectrics, sensors, and bioimaging ) 37 ) _
applications.”® Copper-based colloidal semiconductor NCs, multiple precursors." Typically, hexagonal wurtzite (WZ)
such as copper indium sulfide (CIS), copper indium gallium phase CZTSE NCS have been forn‘led using metal-oleate and
sulfide, (CIGS), and their analogues, ~° have attracted diphenyl diselenide as precursors with a moderate tempell;agggg
attention as more sustainable and less toxic alternatives to of around 250 °C and are general‘ly nonstoichiowetric. o

cadmium and lead-containing materials. The successful On the other hand, the incorporation of oleylamine (OLAM)
colloidal syntheses of Cu,ZnSnS, (CZTS),'""> Cu,ZnSnSe, and trioctylphosphine oxide (TOE)O) ligands led to the
(CZTSe),"™* and Cu,ZnSn(S,_.Se,), (CZTSSe)>'® nano- formation of Kesterite CZTSe NCs.”" Compositional variation
in CZTSe NCs was further tuned using various phosphonic
acids to adjust the reactivity of Zn monomers.”” Other
researchers focused on the synthesis of stannite or kesterite

crystals have demonstrated the versatility in controlling the
crystal phase, composition, and morphology of these multi-
component nanomaterials. Furthermore, they also have a
relatively low energy requirement for defects and abundant CZTSe NCs mainly employing Se powder as the anionic
stoichiometric/nonstoichiometric crystal phases that provide a grecg;icl):sgource at a relatively high temperature (280—300
wide application window across electronic and optoelectronic c).7
systems.” °~'? CZTSSe NCs synthesized using a solution-
based method have already demonstrated promising potential Received: April 18, 2020 L
for photovoltaics with conversion efficiencies of 12.6%.2°722 Revised:  August 14, 2020
CZTSe NCs are an ideal PV material with a suitable and direct Published: August 14, 2020
band gap of (1.0-1.5 eV)*>*™*° and intrinsic p-type

conductivity with a high absorption coefficient of 10°

em™1.2%%” Other related studies have also reported their strong
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Polytypism can be defined as the occurrence of two different
crystal phases in the same crystalline entity.** In I-IV—VI and
I-II-IV—VI systems, hexagonal wurtzite (WZ) and cubic
zincblende (ZB) are the most common polymorphs, where
either linear or branched polytypism can occur on WZ(0002)
and ZB(111) facets due to their similar atomic arrangement
and small energy difference.”*® As the most representative
structure in branched polytypism, tetrapod nanocrystals
nucleate with a ZB core with 4 equiv -ZB(111) facets, on
which the WZ(0002) facets of four WZ arms are tetrahedrally
attached.”” This tetrapod structure was previously observed in
the binary systems such as CdSe, "% CdTe, "0 Cds,> ' —>*
ZnSe,*® and ZnTe*® NCs. More recently, some developments
have been made in branched polytypism in the multielemental
system. In a study on Cu,Cd,SnSe, (CCTSe) tetrapod NCs,””
for example, the initial ZB core undergoes twinning to form a
pentatetrahedral ZB core with the four WZ arms finally
growing from the secondary ZB core to form tetrapods. In the
ternary tetrapod NC system (Cu,SnSe; (CTSe)), diphenyl
diselenide (DPhDSe) was used as the Se source allowing the
crystal growth to switch from the thermodynamically stable ZB
to the dynamically stable WZ phase, providing that a suitable
temperature drop exists before and after the hot injection.>®
The branching also allows for the assembly of the super-
structures, which can provide ordered 3D network structures
suitable for device fabrication.’”™®" It was also observed in
hybrid NC polymer photovoltaic devices that the high-electron
affinity of the heterostructure provides a better electron
percolation pathway for better device performance.”>”** Some
studies also demonstrated that these polytypic interfaces can
improve the thermoelectric performance significantly.”>~’

Another common type of polytypic structure is known as the
linear polytype, which nucleates in the WZ phase with a
subsequent switch to ZB phase growth on either the more
reactive -WZ(0002) facet resulting in the arrow-shaped NCs or
both +WZ(0002) facets to form ellipsoidal NCs. A series of
Cu,CdSn(S;_,Se,), (CCTSSe) polytypic nanocrystals were
reported, where increasing the Cd content allowed control of
polytypism either to form one or two cubic terminations.®®
When it comes to polytypism in the Cu,ZnSnS, (CZTS)
system, the formation of acorn-shaped NCs from single-sided
polytypic growth on single-phase ellipsoidal NCs were also
reported. Moreover, when the reactivity of the Zn precursor
was reduced, pencil-shaped NCs grew due to single-sided
polytypic growth.'” In an another shape control study on
Cu,ZnSn(SSe), (CZTSSe), it was suggested that when the
reactivity of the Cu precursor was increased, double-sided
polytypism was less favored compared to single-sided."’

Interestingly to date, all reports of polytypism in copper—
tin—zinc—chalcogenides have necessitated the presence of
sulfur with no reports to date in CZTSe polytypes. This
composition is very interesting from an application perspective
with the optimal band gap and absorption coeflicients for
photovoltaics. There are additional challenges to date that have
manifested in the colloidal synthesis of CZTSe NCs where
there is a requirement for metal-oleate as precursors, which are
not commercially available and require further processing from
sodium oleate in addition to issues with the Zn-poor nature of
the particles.””***>%° Herein, we report our studies on linear
and branched polytypism in the CZTSe system using only
commercially available chemicals, taking precursor selection
and temperature as the control factors.
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Il. EXPERIMENTAL SECTION

Il. Materials. Copper(II) acetylacetonate (Cu(II)(acac),;
>99.99%), copper(I)chloride (Cu(I)Cl>97%), tin(IV) acetate (Sn-
(Ac)y, >99.99%), tin(II)chloride (SnCl,, >97%), zinc acetate
(Zn(Ac),, >99.99%), zinc chloride (ZnCl,, >99.99%), 1-dodeca-
nethiol (1-DDT, 98%), diphenyl diselenide (DPhDSe, 98%), and
oleylamine (OLA, technical grade, 70%) were purchased from Sigma-
Aldrich. All chemicals were used as purchased without further
processing.

ILIl. Synthesis of WZ CZTSe NCs (Hexagonal Plates). In a
typical synthesis, Cu(II)(acac), (0.5 mmol) and OLAM (10 mL)
were added in a three-neck flask and evacuated at 60 °C for 20 min.
The solution was then heated to 250 °C in 15 min under the
protection of argon. Two injection solutions were injected during the
above-stated temperature range (60—250 °C). Injection 1 consists of
DPhDSe (0.625 mmol), Sn(II)(Ac), (0.25 mmol), and OLAM (2.5
mL) and was injected at 155 °C, while injection 2 contains Zn(Ac),
(0.25 mmol) and OLAM (1.5 mL) and was injected 40 s after
Injection 1. After the mother solution temperature reached 250 °C,
the reaction was allowed to proceed at this temperature for another 15
min with continuous stirring with a magnetic stirrer. The reaction was
terminated by removing the heating mantle and quenched with 30 mL
of toluene when the temperature was cooled to 90 °C naturally. The
product was washed two times with toluene/isopropanol (3:1) at
4000 rpm for 2 min.

ILIIl. Synthesis of Linear-Polytypic CZTSe NCs (Ellipsoids).
Cu(II)(acac), (1 mmol) and OLAM (10 mL) were added to a three-
neck flask and evacuated at 60 °C for 20 min. The solution was then
heated to 250 °C in 15 min under the protection of argon. Two
injection solutions were injected during the above-stated temperature
range, 60—250 °C. Injection 1 contains DPhDSe (1.25 mmol),
Sn(1I)Cl, (0.5 mmol), and OLAM (2.5 mL). Injection 2 contains
Zn(Ac), (0.5 mmol) and OLAM (1.5 mL). Injection 1 was injected
into the Cu/OLAM mixture at 155 °C via a syringe followed by
Injection 2, 40 s after the first injection. After the solution
temperature reached 250 °C, the reaction was allowed to proceed
at this temperature for another 1S min with continuous stirring using
a magnetic stirrer. The reaction was terminated by removing the
heating mantle and quenched with 30 mL of toluene when the
temperature was cooled to 90 °C naturally. The product was washed
two times with toluene/isopropanol (3:1) at 4000 rpm for 2 min.

ILIV. Synthesis of ZB CZTSe NCs (Pyramidal Tetrahedrons).
In a typical synthesis, Cu(I)Cl (0.25 mmol), Zn(Ac), (0.125 mmol),
Sn(IV)Ac, (0.125 mmol), and OLAM (10 mL) were added in a
three-neck flask and evacuated at 60 °C for 20 min. The solution was
then heated to 310 °C in 20 min under the protection of argon. The
injection solution contains Se powder (0.5 mmol), 120 yL 1-DDT,
and OLAM (1 mL) (Se/1-DDT = 1:1, molecular ratio). The injection
solution was then injected into the flask at 310 °C after which the
reaction proceeded for another 20 min at this temperature after the
injection. The reaction was stopped by removing the heating mantle
and cooled naturally to 90 °C, then quenched with 30 mL of toluene.
The product was washed two times with toluene/isopropanol (3:1) at
4000 rpm for 2 min.

ILV. Synthesis of Branched-Polytypic CZTSe NCs (Tetra-
pods). Cu(I)CI (0.25 mmol) and OLAM (10 mL) were added in a
three-neck flask and evacuated at 60 °C for 20 min. The mother
solution was heated to 310 °C in 20 min under argon protection.
Injection solution 1 contains DPhDSe (0.3 mmol), Sn(IV)Ac, (0.125
mmol), and OLAM (2.5 mL). Injection solution 2 contains Zn(Ac),
(0.125 mmol) and OLAM (1.5 mL). Injection solution 1 was injected
into the flask at 310 °C, and Injection solution 2 was injected 7 s after
Injection 1. The solution was allowed to proceed at the same
temperature for 15 min after the two injections. The reaction was
stopped by removing the heating mantle and cooled naturally to 90
°C, then quenched with 30 mL of toluene. The product was washed
two times with toluene/isopropanol (3:1) at 4000 rpm for 2 min.

https://dx.doi.org/10.1021/acs.chemmater.0c01663
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lll. RESULTS AND DISCUSSION

lll.I. Wurtzite CZTSe Nanocrystals. The as-synthesized
wurtzite CZTSe NCs have a quasi-hexagonal plate shape with
an average diameter of 17.35 nm (Figure la). In Figure 1b, the

lILIl. CZTSe Linear Polytypes. A typical synthesis for the
linear-polytypic structure is carried out at the same temper-
ature and solvent as hexagonal WZ nanoplate synthesis with
the only change being the use of Sn(II)Cl, instead of
Sn(II)(Ac),. Figure 2a shows a typical linear-polytypic

) Cations @ seinwz

Figure 1. (a) HRTEM image of a WZ hexagonal Cu,Zn,Sn,Se;
(CZTSe) nanoplate from zone axis WZ[0002]. (b) Corresponding
FFT of a. (c) Magnified HRTEM of a with the atomic arrangement
on WZ[0002] facet exposed. (d) Corresponding atomic arrangement
model with cations in white and Se in purple. (¢) HRTEM image of a
WZ hexagonal CZTSe nanoplate viewed from the side. (f)
Corresponding atomic arrangement model with cations in white
and Se in purple. (g) FFT from the lateral facet of a hexagonal CZTSe
nanoplate. (h) STEM image of a WZ CZTSe plate NC with
corresponding STEM-EDX elemental maps related to Cu (red), Zn
(yellow), Sn (green), and Se (cyan).

fast Fourier transform (FFT) from the WZ [0002] direction is
used to confirm the crystallinity of the structure and calculate
the d-spacings. The three equivalent (1100) facets have a d-
spacing of ~0.21 nm and form ~60° angles with one another
(Figure 1c), which is in good agreement with the atomic
modelling in Figure 1d. High-resolution transmission electron
microscopy (HRTEM) in Figure le allows further analysis of
the CZTSe WZ crystal structure in a nanoplate on its edge
(thickness of ~9.5 nm). The characteristic ABABA... packing
along the c-axis (WZ(0002)) allows the direct measurement of
the d-spacing, ~0.39 nm, which is in good agreement with the
atomic modelling in Figure 1f. The FFT in Figure 1g confirms
the crystalline structure in the sample and highlights the
layered atomic structure with the diffraction dots. The d-
spacings of planes (100), (101), and (002) are indexed in the
FFT (~0.32, ~0.29, ~0.33 nm). The elemental maps from the
energy-dispersive X-ray spectroscopy in the scanning trans-
mission electron microscope (EDX-STEM) confirm the
presence of four elements within the nanostructure (Figure
1h). The diameter and thickness of the WZ NCs can be tuned
by changing the Zn/Sn addition ratio (Supporting Informa-
tion: HRTEM images and EDX spectra, Figures S1 and S2,
respectively).
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Figure 2. (a) HRTEM image of an ellipsoidal CZTSe NC with d-
spacings indexed in three polytypic areas I, II, III, with the
corresponding atomic arrangement models in (b) and FFT in (c).
(d) STEM image of a single-ellipsoidal CZTSe NC with
corresponding STEM-EDX elemental maps related to Cu (red), Zn
(yellow), Sn (green), and Se (cyan).

CZTSe NC (~41 nm in length and ~27 nm in diameter)
that has a ZB—WZ—ZB arrangement. This structure started its
growth from the WZ phase along its c-axis and subsequently
switched its growth to the ZB phase on both WZ ends. The
ZB—WZ interphases, namely, the top polytypic interphase,
WZ(0002) and ZB(111), and the bottom polytypic interphase,
WZ(0002) and ZB(111), are presented and indexed in the
HRTEM image.

Based on the HRTEM in Figure 2a, and underpinned by the
established theory that the inversive polarity is not energeti-
cally favorable,””’””" a corresponding atomic model of the
linear polytype is built in Figure 2b. It is demonstrated that the
top WZ phase facet, WZ(0002), is negatively charged from the
exposed Se anions with the attached ZB(111) being positively
charged. On the contrary, the bottom WZ phase has a
positively charged facet, WZ(0002) with unbounded cations,
while the attached ZB phase facet, ZB(111), is negatively
charged. FFT of three polytypic areas is used to analyze the
crystal phase and calculate the d-spacings of respective sections
in Figure 2c. The d-spacings of planes (111), (311), and (200)
are indexed in the top ZB phase (~0.33, ~0.17, ~0.269 nm).
The d-spacings of planes (102) and (100) are indexed in the
middle WZ phase (~0.16, ~0.23 nm). The d-spacings of
planes (111), (311), and (200) are indexed in the bottom ZB
phase (~0.32, ~0.16, ~0.269 nm). EDX maps in Figure 2d
confirm the presence of all four elements.

Comparing WZ and linear polytypic synthesis conditions,
only the middle-stage Sn precursor is changed. In the

https://dx.doi.org/10.1021/acs.chemmater.0c01663
Chem. Mater. 2020, 32, 7254—7262


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01663/suppl_file/cm0c01663_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01663?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

formation of WZ NCs, the less reactive Sn(1I)(Ac), with lower
growth rate”” is used to promote the growth in the peripheral
directions (e.g,, [0100] and [1100]), resulting in the hexagonal
plate shape. In contrast, the more reactive Sn(II)Cl, was used
for the growth stage of the linear polytype after nucleation,
where the elongation along the initial WZ phase c-axis
([0002]) is preferred at first. When it comes to the sole Sn
precursor difference triggering the occurrence of linear
polytypism, according to previous studies, metal acetates and
metal acetylacetonates form coordination complexes with
oleylamine,”™" such as [Sn(OLAM),]**(acac™),. The six-
member chelate tightly bonded to the center metal atom
provides steric hindrance that should favor the continuous
growth of the less densely packed WZ phase.” As for the
occurrence of linear polytypism, the Sn chlorides form chloride
complexes with oleylamine,”*””® where the strongly nucleo-
philic chloride complexes favor the positively charged facets,
resulting in the growth of the ZB phase which has more
positively charged facets (e.g., ZB(111), ZB(001)) than WZ.

lILI. Zinc-Blende CZTSe. The optimal synthesis to
nucleate ZB NCs required switching to copper chloride (as
opposed to acetate) in addition to a much higher injection
temperature (310 °C) with a small drop to the growth
temperature (300 °C) in contrast to a lower injection
temperature and ramp to growth for WZ. 1-DDT is used in
ZB synthesis primarily to aid the dissolution of the Se powder
in oleylamine. Our observations show that the presence of 1-
DDT does not influence the morphology or size distribution of
the as-synthesized NCs (Supporting Information: low-
magnification TEM image and size distribution analysis, Figure
SS).

As shown in the high-angle annular dark field of scanning
transmission electron microscopy (HAADF-STEM) image in
Figure 3a, a typical ZB NC is ~20 nm in diameter with the
characteristic atomic arrangement of the ZB phase. From zone-
axis orientation ZB[101], the interphases of crystal twinning
are clearly observed (red lines) in Figure 3b. The ZB—ZB
twinning occurs along the crystal growth direction, ZB[111]
(white line), and mirroring at ZB(111) planes. The twinning
mirror plane and crystal growth direction form an angle of
70.5°, as shown in Figure 3c. The corresponding atomic model
displays the same oriented mirror structure in the same color.
The same NC was oriented to align with zone-axis direction
ZB[112] in Figure 3d. In the magnified area of interest (Figure
3e), the lattice of crystal growth direction, ZB[111], can be
clearly observed. Orientating the 3D atomic model to the
matching facet of the HAADF image (Figure 3f), we can
observe that although mirror structures have different
orientations, their projections look identical and the twinning
interphases are not discernable from the ZB[112] direction.
STEM elemental mappings of a single ZB NC in Figure 3g
show the presence and homogeneous distribution of elements
Cu, Zn, Sn, and Se. In our observation, most of the ZB NCs
are rich in twinning stacking faults that can be attributed to the
relatively slow growth rate induced by OLAM-Se.””*’

lILIV. Branched Polytype CZTSe. The synthesis of
branched polytypes, different from linear polytypes, starts
from the growth of the ZB phase with key synthetic differences
being the use of copper chloride as the copper precursor at a
higher temperature.

In Figure 4a, the TEM image of a single CZTSe tetrapod
NC is taken from orientation ZB[111]/WZ[0002] with one
arm pointing upwards. The crystal phase contrast outlines the
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Figure 3. (a) HAADF of a quasi-tetrahedron ZB CZTSe nanocrystal
from zone-axis direction, ZB[101]. (b) Magnified area from (a) with
crystal twinning stacking faults marked red lines and crystal growth
direction indicated by white lines. (c) Corresponding atomic
modelling of (b) with different mirror structures colored differently.
(d) HAADF of a quasi-tetrahedron ZB CZTSe NC from zone-axis
direction, ZB[112]. (e) Magnified area from (d). (f) Corresponding
atomic modelling of (e) with different mirror structures. (g) STEM
image of a quasi-tetrahedron ZB CZTSe NC with corresponding
STEM-EDX elemental maps related to Cu (red), Zn (yellow) Sn
(green), and Se (cyan).

quasi-tetrahedron core (area IV) with I, II, III the WZ arms.
FFT analysis, Figure 4b, allows the calculation of the d-spacing
of facet (102) in the WZ phase at ~0.256 nm and the d-
spacings of facet (220) and (111) at ~0.210 and ~0.333 nm in
the ZB phase, respectively. The three WZ arms are
tetrahedrally attached to the ZB core at interphases ZB(111)
and WZ(0002). The three interphases intercept with the
viewing plane ZB (111) to form an almost perfect regular
triangle. HAADF-STEM is employed to further analyze the
polytypic interphases from the same orientation as Figure 4a.
Figure 4c focuses on the outer WZ arm in which the c-axis
aligns with the TEM incident beam. The characteristic
hexagonal patterns are clearly displayed in Figure 4e with
commonly observed planes indexed in the HAADF image as
well as the matching atomic model. The area of interest in the
tetrapod arm (Figure 4g) shows the slight off-plane facet
WZ(1100) due to the nonplanar orientation of the arm in the
morphological arrangement. Compared to the corresponding
atomic model, the lattices of WZ(2200) can be seen in the
HAADF image while WZ(0002) cannot be observed. To study
the ZB interphase, the sample tetrapod NC was turned to have
the fourth arm pointing away from view in Figure 4d while the
zone-axis orientation remains the same as Figure 4c. The only
difference between the atomic arrangement in the two crystal
phases is the middle atomic site in the six-member atomic unit
where the WZ has a vacant atomic site while the ZB has an
occupied atomic site, as shown in Figure 4f. This resemblance
allows the growth transmission from the ZB to the WZ phase.
In Figure 4h, the STEM elemental mappings of tetrapod NCs

https://dx.doi.org/10.1021/acs.chemmater.0c01663
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http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01663/suppl_file/cm0c01663_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c01663/suppl_file/cm0c01663_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c01663?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c01663?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

i

ZB(111

g

Figure 4. (a) TEM image of a single CZTSe tetrapod NC from
direction WZ[0002]/ZB[111]. (b) Corresponding FFT of areas I, II,
111, and IV in (a). (c) HAADF image of a single CZTSe tetrapod NC
from direction WZ[0002]/ZB[111] focusing on the WZ (0002) facet
with bottom inset of a structural model. (d) HAADF image of a single
CZTSe tetrapod NC from direction WZ[0002]/ZB[111] focusing on
the ZB (111) facet with bottom inset of a structural model. (e) Area
of interest in the core of (c) with the matching atomic model. (f) Area
of interest in the arm of (c) with the matching atomic model. (g) Area
of interest in (d) with the matching atomic model. (h) STEM image
of three CZTSe tetrapod NCs with corresponding STEM-EDX
elemental maps related to Cu (red), Zn (yellow), Sn (green), and Se

(cyan).

show the presence and homogeneous distribution of elements
Cu, Zn, Sn, and Se.

In Figure Sa, the XRD results of each sample are consistent
with HRTEM crystal phase observations. The lattice
parameters were calculated from the experimental XRD
pattern by fitting the main diffraction peaks corresponding to
the cubic and wurtzite structures. The lattice parameters of WZ
are a = b = 4.1 A and ¢ = 6.8 A calculated from the fitting of
(002) and (110) planes. The lattice parameter calculated for
the cubic structure is @ = b = ¢ = 5.8 A, calculated from the
fitting of the (111) plane. The hexagonal WZ plate NCs have
an XRD pattern that is consistent with the WZ reference
pattern with major peaks listed in Table S1. The ellipsoidal
NCs have a mixture of both WZ and ZB crystal phases with
respective percentages of 77.3 and 22.7%, with major peaks
and Rietveld refinement in Supporting Information: Table S2
and Figure S3, respectively. The Quasi-tetrahedron NCs’
pattern agrees with the ZB crystal reference, with major peaks
listed in Table S3. The branched-polytypic NCs have a mixture
of both WZ and ZB crystal phases with respective percentages
of 45 and 55%. Major peaks and Rietveld refinement are
included in the Supporting Information: Table S4 and Figure
S4, respectively. The Raman spectroscopy was used to
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Figure S. (a) XRD spectra of as-synthesized CZTSe hexagonal WZ
NCs (black), CZTSe ellipsoidal NCs (red), CZTSe quasi-tetrahedron
ZB NCs (navy), and CZTSe tetrapod NCs (olive). (b) Raman
spectra of as-synthesized CZTSe hexagonal WZ NCs (black), CZTSe
ellipsoidal NCs (red), CZTSe quasi-tetrahedron ZB NCs (navy), and
CZTSe tetrapod NCs (olive). (c) Low-temperature photolumines-
cence (70K) band gap energy spectra of CZTSe hexagonal WZ NCs,
CZTSe ellipsoidal NCs, CZTSe pyramidal ZB NCs, and CZTSe
tetrapod NCs.

eliminate the possibility of the presence of binary and ternary
impurities that remain undetected in XRD. As shown in Figure
Sb, a typical Raman spectrum of CZTSe has four signature
peaks, 178, 189, 223, and 251 cm™, All four s'§nature peaks
are in good agreement with previous research.®"*” There is no
indications of binary impurity presence such as Cu,CSey83 (260
cm™!), SnSe, and SnSe**** (110, 150 cm™"), ZnSe™® (270
cm™) in WZ, linear and branched polytypes. The peak at 270
cm™' in the ZB spectrum indicates the possibility of a small
amount of ZnSe binary composition. In addition, all four
samples are also free from possible ternary impurity, CTSe®’
(180 cm™).

To understand the band structures of CZTSe NCs, low-
temperature (77 K) photoluminescence (PL) experiments
were carried out with a 405 nm laser diode (Thorlabs
CPS405), with results shown in Figure Sc. No PL signal was
observed at room temperature, suggesting that these CZTSe
NCs have very low quantum efficiencies at room temperature.
When the temperature decreases to 77 K, all samples have
multiple emission peaks, indicating a complicated band
structure. The strongest emission peak of the WZ NCs is
centered around ~1.95 eV, while the strongest emission peak
of the ZB NCs has a higher energy at ~2.34 eV. The peak
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Table 1. Synthesis Condition Details for Four Types of NCs

o Chemicals 1st 2nd Injection | Growth Chemical

§ Shape Phase in flask injection | injection temp temp composition %
g Cu(ll)(acac), | Sn(ll)(Ac), Cu 28.37 Zn 9.60
g— Wz oleylamine DphDSe Zn(Ac), 155°C 250°C | Sn 12.84 Se 49.19
[

3 Linear Cu(ll)(acac), | Sn(ll)Cl, Cu 25.84 Zn 18.20
9 polytypic oleylamine DphDSe Zn(Ac), 155°C 250°C Sn 10.69 Se 45.26
g Cu(l)Cl, Cu 27.32 Zn 10.72
= ZB Sn(IV)Ac, Se N/A 310°C 300°C | Sn 14.29 Se 47.63
@ Zn(Ac), wder

= oleylamine

(; Branched Cu(l)Cl Sn(IV)Ac, Cu 33.81 Zn9.71
2 polytypic oleylamine ] € Zn(Ac), 310°C 300°C Sn 15.94 Se 40.53

shape and position of two polytypic NCs match well with the
combination of the WZ and ZB phases, where linear-polytypic
NCs exhibit more ZB emission behavior and 3D branched-
polytypic NCs have more pronounced WZ emission behavior.

The CZTSe polytypic NC synthesis is especially challenging
and delicate due to the inherent complex reaction mechanisms
that involve balancing the reactivity of four precursors,
separation of nucleation and growth stages, and initiation of
polytypism. Low-magnification dark-field images in the
Supporting Information: Figure S6 illustrates that all four as-
synthesized NCs have relatively high uniformity.

Table 1 outlines the key determining factors in the
nucleation and growth control of each particle type. There
are clear patterns with respect to precursor choice, growth
temperature, and how the precursors are combined.

A key factor for the successful syntheses of WZ, linear-
polytypic, and branched-polytypic structures is the inclusion of
a second injection, so that the three cationic precursors are
segregated as such: the Cu precursor in the flask, the Sn
precursor in the first injection, and the Zn precursor in the
second injection. The isolation of the Cu precursor ensures an
uninterrupted nucleation between Cu and Se upon the first
injection, while Sn incorporates into the system slightly later
than the readily decomposed Cu precursor. At last, the Zn
precursor was introduced in the 2nd injection. Therefore, each
cationic precursor has its own independent incorporation
window to minimize the interferences from both other cations
and their thermal decomposition byproducts (Supporting
Information: TEM images and size distribution histograms,
Figure S7). This dual-injection method provides strong control
on multiple cation incorporation balance during the nucleation
and growth process when selections of precursors with
different reactivities are limited. A detailed discussion can be
found in the Supporting Information (Figure S8).

The four NCs can be divided into WZ-initiated structures
(WZ, linear polytype) and ZB-initiated structures (ZB,
branched polytype).

In the low-temperature growth (WZ and linear polytypic)
shown in Table 1, the injection at 155 °C allows for pure
wurtzite nucleation as the ramp progresses through the
expected nucleation and growth window for WZ (220—280
°C) and remains below the ZB window (255—-310 °C)
ensuring nucleation phase purity. Furthermore, the relatively
high WZ growth temperature eliminates the formation of large
round particles and Ostwald ripening, which require a
relatively low temperature (typically <180 °C).**™”' The
relatively low injection temperature (155 °C) provides a wide
time frame of subsequent cationic incorporation before the
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final growth temperature (250 °C). Moreover, the elevated
temperature benefits cationic exchange and incorporation.

To accommodate the dual-injection approach, reactive Cu
precursors such as Cu(I)Cl and Cu(acac), are selected as the
nucleation Cu precursor to ensure homogeneous burst
nucleation at high nuclei concentration.”® Equally, a highly
active Zn precursor, Zn(Ac),, was used in the second injection
to ensure efficient Zn incorporation.

At elevated temperatures (300 °C region), the thermody-
namically stable ZB phase is favored as shown in ZB NCs and
branched polytypes that both have initial growth in the ZB
phase. The synthesis conditions of ZB and branched polytypes
differentiate in the choice of Se precursors. In ZB NCs, it has
been established that the Se powder directs crystal growth in
the ZB phase regardless of the selection of cationic precursors
and temperature.'"” While in branched polytypes, diorganyl
dichalcogenide has previously been demonstrated to be
suitable for thermodynamically favored ZB phase synthesis at
higher temperatures,”> and dynamically stable WZ growth at
moderate temperatures triggered by the temperature drop
before and after the dual injections.”® Comparing the
formation mechanisms, ZB NCs and branched polytype ZB
cores have similar quasi-tetrahedron shape and size (diameter
~ 20 nm). However, in all as-synthesized ZB NCs, a large
amount of twinning stacking faults was observed and all
branched polytype ZB cores are free from stacking faults as
discussed in the previous sections. This observation indicates
that ZB twinning stacking faults are favored in the presence of
the Se powder, while ZB—WZ polytypism is favored when
DPhDSe is used.

The chemical composition from EDX mapping indicates all
four NCs have Cu-rich nonstoichiometric compositions with
Sn the second-most dominant composition in the other three
NCs apart from the linear polytypes, where it is superseded by
Zn.

IV. CONCLUSIONS

In summary, we have developed systematic and reproducible
syntheses for the formation of quaternary CZTSe nanocrystals
in single-crystal (wurtzite and zinc-blende) and in polytypic
(linear and branched) forms. The use of a dual-injection
approach to temporally separate the cationic precursors
allowed for excellent particle control, where the choice of the
precursor and temperature are the key control factors in the
occurrence or absence of polytypism. As CZTSe is one of the
most versatile of the nanocrystal copper chalcogenides with
applications in photovoltaics, thermoelectrics, and bio-labeling,
the synthetic approaches developed herein will allow for a
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greater toolset to tune its functional properties by crystal phase
and shape.
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