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Kesterite CupZnSnS; (CZTS) nanocrystals so far have been found to luminesce neither at room
temperature nor at low temperature. Here a core—shell architecture for kesterite CZTS nanocrystals is
demonstrated by applying a ZnSn-alloy shell overcoating approach. These CZTS/ZnSn nanocrystals
show luminescence emission at 1.05 eV, which is red-shifted by about 0.4 eV from the absorption onset
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and is attributed to a radiative transition involving a deep defect.
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photoluminescence measurements within a range of 20-200 K indicate the presence of a competing
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Introduction

Cu,ZnSnS, and related kesterite structure type quaternary materials
have interesting potential applications in optoelectronic devices,
such as photovoltaics, thermoelectrics and water-splitting.'™
The compositional flexibility of these materials allows tuning of
the band gap as well as using earth-abundant elements to tailor the
electronic properties.”” Kesterite nanocrystals (NCs) can be readily
solution processed at relatively low temperature and have been
successfully employed to fabricate absorber layers of thin film solar
cells with demonstrated conversion efficiencies above 9%.%°
The syntheses of kesterite NCs are well documented in the
literature and often employ the hot-injection method,>'*"*
‘heating-up’ synthesis'”> and thermal decomposition of a
single-source precursor.'>'? In contrast to the large amount of
available experimental data on kesterite NC growth kinetics, size
and chemical composition and structure control, few studies
have focused on the optical properties. There has been only one
report demonstrating low temperature photoluminescence (PL)
emission for sulfur and selenium containing CZTSSe nanocrystals
grown in the metastable wurtzite phase," while the demonstration
of luminescence of pure sulfur containing CZTS nanocrystals grown
in the thermodynamically stable kesterite phase has been elusive.
We note that the reference to kesterite-NC luminescence in ref. 16 is
misleading since the luminescence in these cases actually arises
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nonradiative channel with an activation energy of 50-60 meV.

from processed thin films and not from isolated NCs. It is not clear
if the lack of PL emission in kesterite NCs is due to nonradiative
recombination caused by intrinsic or surface defects. Although
the current state of the available PL data for kesterite materials
in the form of bulk or polycrystalline thin films supports the
idea of significant volume nonradiative recombination leading
to a low PL yield"” at room temperature, band-edge or defect-
related radiative recombination is typically observed in this
material.’®'® The strong effect of the unpassivated sites at the
surface of nanocrystals on the optical properties has been
studied for metal chalcogenide semiconductor NCs.'®2%** A
common strategy in quantum dot/nanocrystal research to eliminate
surface recombination is the introduction of a core/shell structure
such as demonstrated for CdSe/ZnS,**** CdS/CdSe** and for ternary
chalcogenides CulnSe,/ZnS.*" The inorganic shell in the ideal case
provides a lattice-matched surface defect passivation layer, with a
larger band gap than the NC core band gap, thus effectively
confining both charge carriers in the NC. Several methods for
growing a ZnS shell were developed for CulnS, NCs, and the
process parameters such as the reaction time and temperature
of the core and shell, the stoichiometry of the core, the Zng,e;/Cu
feed ratio and the type of ligand have to be optimized to improve
the PL of the nanocrystals.”® For kesterite, ZnS is a natural
candidate as the shell layer, because of the closely matched lattice
constants allowing epitaxial growth.>® However, surface passivation
can be also achieved by the formation of semiconductor/metal
core/shell nanostructures with a nonepitaxial growth mechanism
despite large lattice mismatches.”® In this contribution, we will
demonstrate for the first time the synthesis of crystallite CZTS/
amorphous ZnSn core/shell (CS) structures and show how the
presence of the ZnSn shell enables the activation of radiative
emission in these CZTS NCs. In addition, the influence of the
Zngpen/Cu feed ratio and shell temperature synthesis on the PL
properties is studied and discussed.
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Experimental section
Materials

Copper(u) acetylacetonate (Cu(acac),; >99.99% trace metal basis),
zine(u) acetate (Zn(CH;COO),; >99.99% trace metal basis), tin(wv)
acetate (Sn(CH3COO),; >99.99% trace metal basis), elemental
sulfur (powder, 99.98% trace metal basis), trioctylphosphine
(TOP; technical grade, 97%), oleylamine (OAm; technical grade,
70%), oleic acid (OA; technical grade, 90%), octadecene (ODE;
technical grade, 90%), hexane (>99%), acetone (>99.5%) and
methanol (>99.8%) were purchased from Sigma Aldrich. All
chemicals were used as received without further purification.

Synthesis of CZTS nanocrystals

For a typical synthesis of the core nanocrystals Cu acetylacetonate
(1.32 mmol), Zn acetate (0.79 mmol), and Sn acetate (0.75 mmol)
were dissolved in oleylamine (10 ml) in a three-neck flask. The
mixture was heated to 100-120 °C under magnetic stirring,
degassed for 30 min, backfilled with nitrogen and heated to
140 °C for 40 min followed by further heating to the injection
temperature of 225 °C. Separately, a sulphur/OAm (1 M) solution
was injected into the metal precursor solution. After the injection,
the reaction mixture immediately changed colour to dark-brown.
The system was kept at the injection temperature for 40 min,
cooled down and disconnected from the heating source. The
product was isolated by adding an acetone/methanol (3:1)
mixture and further centrifuging. The NCs were redispersed in
6 ml of hexane. The purification procedure was repeated at least
4 more times in order to eliminate oleylamine, unreacted
precursors and by-products.

Synthesis of the core/shell CZTS/ZnSn nanocrystals

Quasispherical CZTS nanocrystals with a Cu-poor, slightly
Zn-poor composition and with an average size of 3.5 + 0.5 nm
(see the ESI, Fig. S1) were synthesized by a hot-injection method,
where zinc and tin acetates were used as metal precursors.?” For
the shell growth procedure, sulfur powder was dissolved in
trioctylphosphine in a glove-box at room temperature to obtain
a 1 M transparent solution of tryoctylphosphine sulphide (TOPS).
In the overcoating procedure, 0.5 ml of as synthesized CZTS core
NCs were mixed with a zinc acetate/oleic acid (1 ml)/octadecene
(8 ml) solution in a three-neck flask, which was evacuated and
backfilled with nitrogen. The zinc acetate to Cu acetylacetonate
(Znghen/Cu) feeding molar ratio was adjusted from 2 to 4.5 (see
Table 1). Then the mixture was heated to 160 °C for 40 min.
Thereafter the TOPS solution was added dropwise within 45 min
to the CZTS NC containing reaction mixture (Zn/TOPS = 1/2),
whereafter the temperature was kept for 15 min to allow the
completion of the shell growth process. The shell growth tem-
perature was kept at ~160-180 °C to avoid self-nucleation of ZnS
and changes of the core nanocrystals. Purification of the core/
shell NCs was carried out in the same way as described for the
core NCs but with a lower number of purification steps. In order
to achieve effective passivation of surface defects, three types of
core/shell NCs based on the same type of core NC (Tcore = 225 °C)
were synthesized under different conditions as shown in Table 1.
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Table 1 Reaction conditions: the core growth temperature (Tcore), the
Zngnet/Cu feed ratio and the shell growth temperature (Tgnen)

Sample Tcore (OG) Znshcll/c’u Tshe]] (OC)
CS1 200 2.0 160

CS2 225 2.0 160

CS3 250 2.0 160

CS4 225 4.5 160

CS5 225 4.5 180
Characterization

To analyze the structural and chemical properties of the CZTS
nanocrystals, we employ the high angle annular dark field
imaging technique and EDX analysis in the scanning transmission
electron microscope mode on an aberration-corrected TEM, Titan
Themis. The microscope was equipped with an ultra-bright
XFEG electron gun, coupled with Super-X quad EDX detectors
for elemental analysis. The acceleration voltage is 200 kV. The
STEM-HAADF images were acquired by scanning a focused
electron probe (1 A) across the sample and recording the high
angle scattered electrons on an annular detector. As the HAADF
signal was generated from the different atomic planes, to a
good approximation the brightest contrasts indicate the atomic
columns containing Sn atoms. For the chemical analysis, the
STEM-EDX technique is used. The beam current of EDX mapping
for samples CS4 and CS5 was set to about 24 nA. The acquisition
time was about 28 minutes. XRD measurements are performed in
a grazing incidence X-ray diffraction (GIXRD) geometry using a
PANalytical X’pert Pro MPD diffractometer equipped with Cu
K,radiation (4 = 1.54056 A). Raman measurements are carried
out in the backscattering configuration on a Horiba HR800 setup
at room temperature. In these measurements the 632.8 nm line
of the He-Ne laser is focused on the sample by using an Olympus
objective (NA = 0.1). The Raman spectra are corrected by using
638.3 and 640.2 nm lines of the calibrated lamp. The temperature-
dependent PL spectra are taken in a He closed-cycle cryostat using a
660 nm laser diode as an excitation source. The PL signal is detected
by a 0.5 m grating spectrometer in combination with a liquid
nitrogen cooled InGaAs detector diode array. The excitation
intensity is varied in the range from 0.7 to 70 W cm™ > with a
set of neutral density filters. We would like to note that the
upper value is chosen to avoid a heating effect evidenced by a PL
emission shift to lower energy.

Results and discussion

Fig. 1(a) shows the scanning transmission electron microscope
high angle annular dark field (STEM-HAADF) image of the core/
shell nanocrystals (CS5) obtained at 180 °C and a maximum
Zngpen/Cu feeding molar ratio of 4.5. Analysis of a large number
of nanocrystals shows an average size of the particles of 4.4 +
0.9 nm as depicted in the histogram in Fig. 1(b). Looking more
closely at Fig. 1(a), a core/shell like structure composed of a
well-crystallised nanosphere with an amorphous surface layer
can be observed. The STEM image illustrates a crystal inter-
planar spacing within the core of 5.4 A, which can be ascribed

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) STEM-HAADF image and (b) size distribution of CZTS/ZnSn
core/shell NCs (b), and STEM-EDX elemental maps of core/shell NCs
(c—f) using the X-ray signals of the Sn L-line, Cu K-line, Zn K-line and
S K-line, respectively.

to the (002) plane of kesterite phase CZTS (JCPDS 00-026-0575).
No lattices fringes can be observed in the shell region. The shell
is completely closed and has a thickness in the range of 1-2 nm.

Fig. 2(a) shows the results of X-ray diffraction (XRD) analysis
of the initial CZTS core nanocrystals and the core/shell nano-
crystals. For all samples, the diffractograms exhibit three prominent
peaks which can be attributed to the kesterite CZTS (112), (220) and
(312) crystal planes (JCPDS 00-026-0575), which however also
coincide with corresponding reflexes of sphalerite ZnS (JCPDC
01-071-5975) and tetragonal CTS (JCPDC).

The decrease of peak broadening in the XRD pattern observed
in Fig. 2(a) is consistent with an increasing average size of the
corresponding core/shell nanocrystals as obtained from TEM
statistics (Table 2). According to the TEM data the polydispersity
of the particles increases with the shell growth. Since the growth
of the shell was performed at a relatively low temperature to
prevent Ostwald ripening of the core nanocrystals, the increase in
NC size can be attributed to the growth of a shell layer.

A STEM-energy dispersive X-ray (EDX) compositional analysis
was applied to reveal the spatial distribution of Cu, Zn, Sn and S
in the core/shell nanostructure as shown in Fig. 1(c)-(f). It can
be seen that only Zn and Sn signals but no sulfur or copper are
detected in the shell, from which we can conclude the formation
of a Zn-Sn alloy shell. It should be noted that also no oxygen
signal was observed for the shell of the NCs. Additionally, no
diffraction peaks corresponding to a Zn-Sn alloy were observed
in XRD, which supports an amorphous nature of the shell. The
same elemental composition of the shell was found for the CS4
nanocrystals obtained at a lower shell growth temperature,

Intensity (a.u.)
Intensity (a.u.)

Core

20 30 40 50 60 70 200 300 400 500
X -1
20 (%) Raman shift (cm )

Fig. 2 (a) XRD and (b) Raman spectra of as-grown CZTS NCs (core
sample) and CZTS/ZnSn core/shell NCs (CS2, CS4 and CS5 samples).
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Table 2 The average crystallite size as determined from XRD (without
corrections for stress) and the average size of nanocrystals measured by

TEM

Sample Crystallite size (nm) Particle size (nm)
Core 2.9 3.5+ 0.5

CS2 3.1 3.4+0.6

CS3 3.3 —

CS4 3.7 44 £0.9

which however led to a reduced shell thickness (see the ESIL
Fig, S2).

For the nanocrystal cores the TEM-EDX analysis shows a
homogeneous distribution of Cu-Zn-Sn-S, indicating that
these nanocrystals are composed of single phase Cu,ZnSnS,
in agreement with our previous study.”” Although XRD cannot
unambiguously prove this due to the similar lattice parameters
of the main secondary phases, this, however, can be resolved
directly by Raman spectroscopy. Analysis of the CS nanocrystals
using Raman spectroscopy shows the main kesterite peak
at 337 cm™ ' and a shoulder at 375 cm™' but no secondary
phase related peaks (Fig. 2(b)). In addition, the kesterite peaks
become more pronounced (Fig. 2(b)) with increasing shell
thickness. This could be attributed either to an increase in
the CZTS nanocrystal diameter or to the improvement of the NC
crystallinity. According to the XRD data the average crystallite
size of the core is smaller than the average nanoparticle size
obtained from TEM (Table 2), which can be explained by the
fact that particles may consist of several crystallites. However,
with increasing shell growth temperature and Zngpe;/Cu ratio
the average crystallite size of the CZTS phase increased and
approached the size of the initial core nanoparticles, which can
be explained by an improvement of the nanoparticle crystal
structure. In order to investigate whether simple annealing
during the shell growth has an effect on the NC crystallinity,
annealing experiments in the presence of the Zn precursor and
oleic acid (but no sulfur source) were performed (see the ESL T
Fig. S3). This experiment showed that annealing alone did not
change the Raman properties. Thus, we conclude that the
narrowing of the Raman peaks observed after the shell growth
must be due to an increase in crystallinity of the NC core caused
by the shell growth process, as explained further below.

Based on the TEM and XRD observations presented above
the following formation mechanism of the CS nanocrystals is
suggested. As a first step, the additional Zn>* ions can incorporate
into the Zn-poor crystal structure of the CZTS core to form
nanocrystals with better crystallinity and a composition closer to
stoichiometry. This can occur because oleic acid has a stronger
basicity than oleylamine and as a result the ligand-metal
complexes can be reversibly displaced from the core surface,*®*
which can lead to vacancy formation and strong cation exchange on
the surface.*® As a second step, the Sn**, Zn** and Cu" cations are
reduced due to a large excess of TOP, which is well known as a good
reducing agent.>' This process is expected to start with Sn**,
followed by Zn>" because of the low reduction potential E° (see
the ESI,t Table S1). Here we assume that TOPS can detach its

J. Mater. Chem. C, 2019, 7, 6129-6133 | 6131
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sulphur to provide free TOP to the reaction mixture. Since the
initial composition of the core nanocrystals is slightly Sn-rich,
Sn° atoms can form a layer covering the CZTS core surface and
further reduction of zinc leads to the formation of a Zn-Sn alloy
on the surface, which blocks the ZnS growing process due to the
large lattice mismatch. Additionally, the Zn-Sn alloy system
does not form intermetallic compounds over its entire range
of composition, which also inhibits sulphur incorporation into
the shell.

The radiative emission properties of the CS nanocrystals
were investigated by temperature-dependent PL spectroscopy. In
this context, CS nanocrystals with cores synthesized at different
temperatures (CS1-CS3 in Table 1) as well as CS nanocrystals
based on the same core type (CS2, CS4 and CS5 in Table 1) will be
discussed.

Fig. 3(a) shows the low temperature (20 K) PL for the
differently synthesized CS nanocrystals. A broad PL band with
a full width at a half maximum (FWHM) of about 0.35 eV
centered at 1.05 €V is observed for all probed samples. There is
a negligible small change in the PL maximum or FWHM
between the different CS-NCs, but a clear difference in the PL
yield for the NCs with different cores: CS1 (T¢ore = 200 °C), CS2
(Teore = 225 °C) and CS3 (Teore = 250 °C), where CS1 has no
detectable PL signal. For samples CS4 and CS5, the amount
of Zn in the shell synthesis was increased for the same core
(Teore = 225 °C). As can be seen in Fig. 3(a) this leads to an
additional increase in the PL intensity relative to the CS2 and
CS3 sample types. On the other hand, it is found that the
temperature of the ZnSn shell growth has little effect on the
PL intensity, as seen by the identical signals observed for CS4
(Tshell = 160 OC) and CS5 (Tshell = 180 OC). It should be
mentioned that in the control experiment for which Zn-rich
precursors were used in the core growth, no PL signal was
observed for the bare CZTS nanocrystals. Therefore, we can

(a) ST T T (c) 100 F T T g
_ 27[ 080 ~ 3
3 g > T 3 <l E
S 3 < + 50meV<E,<60meV
%‘ g 1 1
02 04
£ 2 T \ AIT (1K)
& T
| — T ™
0.8 1.0 12 14
hv (eV)

PL-intensity (a.u.)
Absorptivity (a.u.)

0.5 1.0 15 20 25 3.0
hv (eV)

Fig. 3 (a) PL spectra at 20 K of CZTS/ZnSn core-shell NCs. The inset
illustrates the integrated PL intensity (/p|) as a function of the excitation
power (Peyo) at 20 K and the solid line is a guide line plotted as /p, = Pey %"
(b) A comparison between PL (this work) and absorption spectra (ref. 27).
(c) Temperature dependent PL emission for a CS5 sample. The inset shows
the integrated PL intensity (/) as a function of inverse temperature (T) and
the fits to a model with a single nonradiative path: Ip = Io/[1 + a; exp(—Ea/
kgT). (d) A schematic diagram illustrating the proposed recombination
mechanism for the emission in the CZTS/ZnSn core—shell NCs.
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conclude that surface passivation of the CZTS NCs is a required
step to eliminate an otherwise dominant non-radiative recombina-
tion path. The large Stokes shift (Fig. 3(b)) of the PL emission of
AE > 0.4 eV with respect to the band gap of the CZTS core
(Eq ~ 1.5 eV)*”” indicates the presence of a defect-related lumines-
cence transition. This is in contrast to previous results of wurtzite
CZTSSe nanocrystals (10-30 nm size) where no significant Stokes
shift was observed,” but is in agreement with results on
CulnS,/ZnS core/shell structures where a broad PL band shifted
by 0.3-0.4 eV to the lower energy region from the absorption onset
was observed and attributed to a Cu related deep acceptor.>'~*>?

We would like to point out that the FWHM and the Stokes
shift between absorption and emission cannot be explained
by strong electron phonon coupling.** Considering a 1D con-
figurational coordinate diagram with the phonons involved in
the absorption and emission processes a Stokes shift AE ~ 2SE,,
and FWHM ~2.36E,,S*° would be expected, where S is the
Huang-Rhys factor and Ep, is the phonon energy. Therefore
the experimental values for CZTS nanocrystals AE ~ 0.4 eV
and FWHM ~0.35 €V would correspond to § ~ 1.8 and Ep, ~
0.11 eV. These two values would indicate weak electron-phonon
coupling and a rather large phonon energy exceeding the experi-
mentally observed Raman-active phonon modes (Fig. 2(b)). We
therefore conclude that the observed Stokes shift cannot be
explained by strong electron-phonon coupling or self-trapping.

To further investigate the detailed recombination mechanism
in the core/shell nanocrystals we performed excitation dependent
PL measurements at low temperature. As shown (inset of Fig. 3(a)) a
variation of the excitation density Pe. over 2 orders increases the PL
yield but does not affect the PL maximum position, which remains
at about 1.05 eV. The latter behaviour is different from the defect-
related PL transitions typically observed for bulk or thin film CZTS,
where a blue shift of about 5 to 20 meV per decade is usually
reported.ls‘35 The integrated PL intensity, Ipr, can be well described
with a power law: I, = PL ., where kis the power coefficient, which is
found to be in the range 0.8-0.9 (inset of Fig. 3(a)). The obtained
value of k supports a defect origin of the PL emission,*® while the
lack of a shift in the PL maximum points to a free-to-bound (FB)
type transition,®” possibly related to a similar mechanism to
that previously proposed for CulnS,/ZnS core-shell structures:
a free electron recombines with a hole localized on a deep
acceptor level.>'?>%3

Next, we turn to the temperature dependence of the PL emission.
Fig. 3(c) shows the PL spectra obtained over the range from 18 to
200 K for sample CS5 (Tspen = 180 °C). A weak PL signal can be
still detected up to temperatures of 250-260 K, albeit not at
room temperature. Fig. 3(c) shows strong thermal quenching in
the PL yield for temperatures above 100 K. At the same time, the
PL maximum energy shifts slightly to lower energy by 10 meV
and the FWHM broadens by 50 meV. From an Arrhenius plot of
the integrated PL intensity versus inverse temperature (inset of
Fig. 3(c)), an activation energy of 50-60 meV is determined
for CZTS/ZnSn nanocrystals grown under Zn-rich conditions.
Similar energy values are derived for the samples with different
cores (CS2 (Teore = 225 °C) and CS3 (Teore = 250 °C)). Since these
activation energies are much smaller than the energy depth of

This journal is © The Royal Society of Chemistry 2019
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the deep defect involved in the radiative emission, we assign it
to a different defect state acting as an effective electron trap in
the competing non-radiative recombination channel,® likely
due to a residual surface state level (Fig. 3(d)).

Conclusions

A new route to improve the luminescence properties of kesterite
CZTS nanocrystals is demonstrated by using a Zn-Sn over-
coating technique leading to a crystalline CZTS/amorphous
ZnSn core-shell structure. The CZTS/ZnSn nanocrystals exhibit
a broad PL band at 1.05 eV, which we attribute to a free-to-
bound transition, possibly originating from a Cu-related deep
acceptor level. From the observation of PL quenching with
increasing temperature, a shallow level at 50-60 meV is deter-
mined, which we associate with a surface electron trap state.
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