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ization of Cu2ZnSnS4
nanocrystals: phonon confinement effect and
formation of CuxS phases†

Ye. Havryliuk,a M. Ya. Valakh,a V. Dzhagan,a O. Greshchuk,a V. Yukhymchuk,a

A. Raevskaya,bc O. Stroyuk, *bc O. Selyshchev,d N. Gaponik c and D. R. T. Zahn d

A Raman spectroscopic study of Cu2ZnSnS4 (CZTS) nanocrystals (NCs) produced by a “green” synthesis in

aqueous solutions is reported. Size-selected CZTS NCs reveal phonon confinement that manifests itself in

an upward shift of the main phonon peak by about 3–4 cm�1 by varying the NC diameter from 3 to 2 nm. A

non-monotonous shift and narrowing of the main peak are attributed to the special shape of the phonon

dispersion in this material. Moreover, the method of sample preparation, the nature of the supporting

substrate and the photoexcitation regime are found to crucially influence the Raman spectra of the CZTS

samples. Particularly, the possible oxidation and hydrolysis of CZTS NCs with the concomitant formation

of a Cu–S phase are systematically investigated. The nature of the film support is found to strongly affect

the amount of admixture copper sulfide phases with the Cu2�xS/CuS content being the highest for

oxidized silicon and glass and notably lower for ITO and even less for gold supports. The effect is

assumed to originate from the different hydrophilicity of the supporting surfaces, resulting in a different

morphology and surface area of the NC film exposed to the atmosphere, as well as the degree of the

NC oxidation/hydrolysis. The amount of copper sulfide increases with the laser power. This effect is

interpreted as a result of photochemical/photocatalytic transformations of the CZTS NCs.
1 Introduction

Silicon-based solar cells currently cover approximately 85% of
the total photovoltaic market with a top light conversion effi-
ciency of 27%.1 Despite the inherently low light absorption
efficiency in this indirect-bandgap semiconductor, it dominates
the market due to the material availability and the high-quality
thin lm technology being available for mass production.
However, exponential growth of silicon photovoltaics in the last
few years has required increasingly larger areas for solar cells
and huge volumes of high-quality Si for their fabrication.

The direct-bandgap chalcogenide-based compounds offer
a promising solar cell alternative which benets from high light
absorption in comparison to Si.2,3 One such material is kesterite
Cu2ZnSnS4 (CZTS). This material has a direct bandgap of 1.4–
r Physics, Nat. Acad. of Sci. of Ukraine,
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1.6 eV and a high absorption coefficient of above 104 cm�1, and
all its constituents are Earth-abundant and affordable, and have
low toxicity. A power conversion efficiency ofz13% has already
been reached for small-area devices based on CZTS.1,2

For a further boost of the efficiency of this complex
compound, a number of challenges have to bemet related to the
purity of the crystal structure with respect to non-stoichiometry,
point defects, numerous polymorphs, and secondary phases.4–9

Advances in the synthesis of high quality semiconductor
nanocrystals (NCs) opened new possibilities for thin-lm
devices,10,11 including third-generation solar cells,12 due to
their tunable bandgap, efficient optical absorption, stability,
and capability of multiple exciton generation.3,11 NCs produced
by colloidal chemistry are especially promising, because they
combine the tunability of optical properties by tailoring of the
NC size and versatile surface functionalization.13,14 At the same
time, colloidal NCs in the form of concentrated inks are
compatible with roll-to-roll processing and modern thin lm
printing technologies,11,15 and can be obtained directly in
aqueous media.16–18 Being more environmentally friendly than
most II–VI counterparts, CZTS NCs were also intensively
investigated for many applications beyond photovoltaics.19,20

Raman spectroscopy proved to be a very efficient diagnostic
tool of the structure and composition of CZTS and related
compounds.7,9,21–29 In many cases, it allows the CZTS poly-
morphs and secondary phases to be distinguishedmore reliably
This journal is © The Royal Society of Chemistry 2018
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than by other conventional structural tools such as XRD, SAED,
or TEM. The reasons for that are the better separation of
phonon frequencies of the crystal structures in question as
compared to their diffraction patterns, as well as the possibility
to probe upon demand macro-, micro-, or even nanovolumes of
the material.

The advantage of Raman spectroscopy becomes even more
evident in the case of NCs, where additional signicant broad-
ening of XRD reexes is contributed by NC size and size
distribution.30 Despite this, Raman studies of CZTS NCs
prepared by colloidal chemistry are relatively rare up to
now,8,13,14 as compared to the intensively studied bulk CZTS
crystals, thin CZTS lms7,9,21–29 as well as binary and ternary
chalcogenide NCs.31–33 Moreover, the reported results for CZTS
NCs are contradictory to a certain extent. Thus, a decrease of the
kesterite NC size was found to shi the frequency of the main
CZTS phonon peak upwards in ref. 14, while a constant peak
position was observed for NCs strongly differing in the average
size,13,34 and even an opposite (downward) shi was predicted
by calculations.24 A very non-monotonous variation of the
Raman peak positions with NC size was also observed.35

Typically, themain Raman peak of kesterite (KS) CZTS NCs is
reported at 336–339 cm�1, 13,30,35–39 matching well the values
reported for bulk CZTS crystals and lms.6,28,40–42 Nevertheless,
frequencies in the range of 330–334 cm�1 can be also found in
the literature for KS CZTS NCs,34,43–46 i.e. in the same range
where the strongest Raman features of wurtzite (WZ)35,36,47,49 and
stannite CZTS NCs40,42 were oen reported. For example,
a Raman spectrum very close to the kesterite one with peaks at
334–337 cm�1 was reported for WZ CZTS NCs in a surface-
enhanced Raman scattering study,8 while the ordinary Raman
spectra in the same work revealed the main peak at 326 cm�1.
The main Raman frequency was also reported to be 10 cm�1

below that of bulk KS-CZTS.15 These examples indicate that not
only a NC size effect but also other factors affecting the phonon
frequencies should be taken into account in such a complex
material as CZTS.

In particular, the possible formation of secondary phases of
binary and ternary chalcogenides and intrinsic defect structures
is typically considered for CZTS NCs.5,8 One of the most prob-
able secondary phases in CZTS is Cu2�xS.23 The identication of
this phase is complicated by the availability of several stable
Cu2�xS modications corresponding to different x, which have
dramatically different structural, physical, and chemical prop-
erties.32,48 The presence of secondary phases in CZTS depends
quantitatively and qualitatively on the technological conditions
and post synthesis treatments.4,5 A variation of either chemical
conditions (e.g. concentration of reagents and ligands) or
physical conditions (e.g. temperature) is typically used to tune
the size of CZTS NCs. However, changing such crucial factors of
the NC formation can inuence not only the NC size but also the
NC shape and the lattice type as well as the content of secondary
phases – the factors that are not always (or rarely) considered in
the studies of the size-dependent CZTS NC properties.

The aim of the present work is the investigation of the
Raman spectroscopic properties of CZTS NCs prepared by
a colloidal synthesis directly in water as well as size-selected
This journal is © The Royal Society of Chemistry 2018
CZTS NCs produced by the fractionation of such colloids.
Such approach allows the size effects in the phonon spectra of
CZTS NCs to be separated from those related with secondary
phases and intrinsic defect structures because NC samples with
different mean size were obtained from the single ensemble
and therefore formed in identical conditions similarly to those
reported by us earlier for the ternary Ag–In–S NC system.18,49

Here, we separated up to nine fractions of NCs and charac-
terized them by multi-wavelength Raman spectroscopy. Addi-
tionally to size-dependent data, we report striking differences in
the Raman spectra of CZTS NCs deposited on different
substrates. This fact is usually overlooked in the literature and
makes the comparison of different reports quite questionable.
We established that the exposure of CZTS NCs to ambient
moisture and air results in a partial hydrolysis/oxidation of
CZTS with the formation of Cu2�xS as a secondary phase and
transformation of the remaining CZTS phase into a disordered
kesterite one. According to our ndings, the latter transition is
additionally stimulated by the laser illumination during Raman
measurements, similar to the effect observed by us earlier for
bulk CZTS crystals.6,7

Consequently, we established the combination of the drying
rate and environment as well as measurement conditions which
do not lead to a deterioration of the CZTS NCs. Besides the
importance of unveiling the peculiarities of secondary phase
formation in CZTS NCs on its own, the results obtained in this
work are important for the correct interpretation of the inherent
CZTS phonon features, required for reliable structural diag-
nostics of this promising NC material and understanding its
fundamental properties.
2 Experimental
2.1 Preparation of CZTS NCs

Colloidal CZTS NCs were produced from a mixture of mercap-
toacetate (MA) complexes of Cu(II), Zn(II), and Sn(IV) reacting
with sodium sulde in water at 95–98 �C. The Sn(IV)-MA
complex was formed in situ by oxidizing a Sn(II)–MA complex in
air oxygen. In a typical synthesis, 0.3 mL 0.1 M Cu(NO3)2 solu-
tion, 0.34 mL 0.5 M SnCl2 (with 4.0 M NaOH) solution, and
0.15 mL 1.0 M Zn(NO3)2 solution were added to 6.0 mL deion-
ized (DI) water under vigorous stirring followed by 3.0 mL
aqueous 1.0 M mercaptoacetic acid (MAA) and 0.3 mL 1.0 M
NaOH solution. The concentration of metals in the formed
solution was [CuII] ¼ 0.030 M, [SnIV] ¼ [ZnII] ¼ 0.015 M. Finally,
0.3 mL 1.0 M Na2S solution was added and the resultingmixture
was maintained at 95–98 �C for 10 min. The as-formed CZTS
NCs were precipitated by adding an equal volume of 2-propanol,
separated from the supernatant solution by centrifugation and
redispersed in DI water.
2.2 Size selection of CZTS NCs

The size-selected CZTS NCs were produced from the colloidal
ensemble by selective precipitation with a non-solvent – 2-
propanol.18,49 Typically, 0.5 mL of 2-propanol was added to
10.0 mL colloidal CZTS solution resulting in a partial NC
RSC Adv., 2018, 8, 30736–30746 | 30737
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precipitation. The mixture was centrifuged at 3000 rpm for
5 min, the NC precipitate was separated from the supernatant
solution and re-dispersed in 0.5 mL DI water yielding fraction
F1. This fraction was typically discarded because it contains the
largest NCs and unreacted species. The supernatant solution
was again mixed with 0.4 mL 2-propanol and the precipitation/
redispersion procedure was repeated for 4 times with the same
2-propanol volume resulting in fractions F2–F5. Fractions F6
and F7 were produced by adding 1.0 mL 2-propanol, fractions
F8 and F9 with 2.0 mL and 3.0 mL 2-propanol, respectively.
Representative fractions F2, F6, and F8 were selected for further
characterizations and optical studies.

The CZTS NCs were deposited on a set of substrates (glass,
indium tin oxide (ITO) glass, silicon wafers with oxidized
surface and gold) for optical studies and dried in different
conditions. A detailed description of various modes of sample
preparations is provided in ESI.† The Raman spectra were taken
from three different spots of each sample. Deposition on
different substrates was performed with several inks (NC solu-
tions), synthesized with minor differences in the protocol or
reagents used. A set of representative samples showing typical
spectral features were selected for the detailed discussion in the
present paper.

2.3 Instruments

Absorption spectra were recorded using a UV-vis spectropho-
tometer Cary 60 in standard 1.0 cm optical quartz cuvettes using
DI water as a reference. Raman spectra were excited by the
514.7 nm line of diode pumped solid state laser (cobolt) or
632.8 nm He–Ne laser line and registered with a spectral reso-
lution of about 2 cm�1 using a LabRam HR800 micro-Raman
system equipped with a liquid-nitrogen-cooled CCD detector.
The incident laser power under the microscope objective (50�)
was set to 0.1 mW or 0.001 mW.

X-ray diffractograms were recorded on a Bruker D2 Phaser
diffractometer with a rate of 0.05� min�1 with mono-
chromatized copper Ka irradiation. The samples were mixed
with acetone (v/v ¼ 1/1) and drop-casted on a silicon wafer
Fig. 1 (a) TEM and size distribution (inset) of CZTS NCs in the original co
patterns (c) for the size-selected CZTS NCs in samples F2, F6, and F8. S

30738 | RSC Adv., 2018, 8, 30736–30746
(which was used as an internal standard for the evaluation of
diffraction peak widths) followed by drying in a stream of
nitrogen at room temperature. Transmission electron micros-
copy (TEM) was performed using a FEI Tecnai G2 microscope at
an accelerating voltage of 300 kV. Scanning electron micro-
scopic (SEM) and energy-dispersive X-ray spectroscopic (EDX)
data were acquired using a Nova NanoSEM scanning electron
microscope equipped with an EDX Bruker AXS Microanalysis
setup.
3 Results and discussion
3.1 Characterization of MA-capped aqueous CZTS NCs

The mixture of MA complexes of CuII, SnIV, and ZnII reacts with
sodium sulde at 95–98 �C resulting in very stable dark-brown
colloidal MA-stabilized CZTS NCs. The NCs can be easily sepa-
rated from the maternal solution by adding an equal volume of
2-propanol. The resulting precipitate can be redispersed in DI
water yielding stable for months puried colloidal solutions.
The syntheses starting from both SnII and SnIV precursors were
found to produce identical results but the utilization of SnII is
preferable as SnCl2 is readily dissolvable in water without
noticeable hydrolysis.

TEM showed that puried colloids contain CZTS particles
with a size varying from 2 to 7 nm and the size distribution
maximum at 3–4 nm (Fig. 1a). The CZTS NCs are crystalline
showing a typical tetragonal kesterite structural motif (Fig. 1c)
distinctly differing from Cu–S and Sn–S NC phases prepared by
a similar approach from corresponding MA complexes (ESI,
Fig. S1†). As will be discussed below, the CZTS NC samples also
demonstrated distinct Raman spectral features characteristic
for crystalline kesterite.

An EDX study of the CZTS NCs deposited on ITO showed all
four elements to be evenly distributed across the sample indi-
cating the absence of “islands” of some additional phases, in
accordance with the XRD results (ESI, Fig. S2†). The sample was
found to contain 13 at% Cu, 10 at% Zn, and 7 at% Sn, which is
close to the expected kesterite Cu2ZnSnS4 stoichiometry.
lloidal ensemble; (b and c) normalized absorption spectra (b) and XRD
ize determination error in (c) is �0.2 nm.

This journal is © The Royal Society of Chemistry 2018
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However, the Sn signal overlaps with that of In, thus possibly
compromising the accuracy of the determination.

We performed a comprehensive study of the inuence of
synthesis parameters on the spectral properties and composi-
tion of CZTS NCs. An extended analysis of the XPS results goes
beyond the scope of the present paper and will be published
elsewhere. Shortly summarizing, XPS revealed copper, zinc, and
tin to be present in the expected oxidation states of +1, +2, and
+4, respectively. The composition of the NCs was found to
deviate from the Cu2ZnSnS4 stoichiometry towards larger Cu-to-
Sn atomic ratios. The exact ratios depend strongly on the history
of the sample preparation.

The colloidal ensemble of CZTS NCs can be separated into
a series of size-selected fractions by a measured addition of
a non-solvent. The largest NCs in the ensemble precipitate rst,
thus allowing fractions of NCs with a decreasing size to be
isolated in a step-by-step manner. The precipitates can then be
redispersed in water producing stable colloidal CZTS solutions.
Fig. 1b shows absorption spectra of three selected fractions of
the size-selected CZTS NCs. As the fraction number increases
from 2 to 8, the absorption band edge shis to higher energies
indicative of a decrease of the average NC size in the corre-
sponding fractions.

The absorption spectra can be linearized in the coordinates
of the Tauc equation for direct interband electron transitions
(ESI, Fig. S2†) allowing the bandgap of the CZTS NCs in
different fractions to be approximately estimated. It was found
that CZTS NCs in fraction F2 are characterized by a bandgap Eg
of 1.72 eV increasing to 1.85 eV for fraction F6 and to 1.98 eV for
fraction F8. In all three cases Eg is much larger than the values
reported for bulk Cu2ZnSnS4 kesterite (z1.5 eV) indicating
a strong spatial connement of the charge carriers in the CZTS
NCs. The size variation of the bandgap is expected for CZTS NCs
smaller than z5 nm (ref. 13) and, therefore, the observed Eg
variation indicates on the presence of smaller CZTS NCs in the
studied ensemble. This conclusion is in accordance with the
above discussed TEM data showing the domination of 3–4 nm
CZTS in the samples under discussion.

An XRD study of the representative fractions F2, F6, and F8
showed them to share a general kesterite structural motif
without additional phases (Fig. 1c). The average NC size in the
fractions estimated from the broadening of the diffraction
peaks using the Scherrer equation was found to decrease from
3 nm for fraction F2 to 2.4 nm for F6 and to 2.0 nm for F8.
3.2 Phonon Raman spectra of CZTS NCs

3.2.1 Phonon spectra of unfractionated samples. The
Raman spectra of the as-prepared unfractionated sample were
inspected for NCs deposited on glass, ITO, Si, and Au-coated Si
substrates. The representative spectra taken at 300 K and 80 K
shown in Fig. 2a were measured on lms obtained at optimized
deposition conditions that did not lead to the formation of
secondary phases and intrinsic defect structures as discussed in
the next section. The Raman spectra in Fig. 2a indicate the high
crystallinity of the CZTS NCs synthesized at rather mild condi-
tions in water, i.e. without using high temperatures and
This journal is © The Royal Society of Chemistry 2018
hazardous reagents. The full width at half maximum (FWHM)
of the rst-order phonon peak at 331–333 cm�1 is relatively
small, compared to other reports,13,14,34,39 only 24 cm�1 at room
temperature (Fig. 2b). Furthermore, the observed series of
multi-phonon peaks recognizable up to the h order at
z1700 cm�1 (Fig. 2a) can be taken as another indication of the
high quality of the CZTS NC lattice.50

By lowering the temperature from 300 K to 80 K, a narrowing
and a high frequency shi of the phonon peaks as well as an
increased relative intensity of overtones are observed (Fig. 2b),
in accordance with expectations for a crystalline semi-
conductor.51–53 The magnitude of the temperature-induced
shi, 2 cm�1, is smaller than the values of 3–4 cm�1 reported
for polycrystalline CZTS lms.51 The latter fact can be related
with the notable size distribution in the as-prepared NC
ensemble,z50% of the average value according to TEM, which
contributes to the Raman peak width and may also cause some
selectivity of the resonant Raman scattering within the
ensemble.31 Moreover, the temperature-induced change of the
peak width of 3 cm�1 in our case is even larger than in ref. 54
and can be partially related to the same effect.

As the Raman measurements performed at low temperature
in vacuum did not reveal any anomalous difference to the
spectra acquired at room temperature, we obtained an addi-
tional proof that the NCs measured at room temperature were
not subjected to overheating and structural changes due to laser
illumination. At the same time, we have to mention that the
frequency position of the main phonon peak in the range re-
ported for bulk CZTS, 337–339 cm�1, was observed by us only
for very fresh CZTS NC colloids, i.e. within about one day aer
synthesis (ESI, Fig. S4b†). However, because of a strong PL
background in these freshly prepared colloids (Fig. S4a†), it was
not possible to acquire Raman spectra of a quality sufficient for
a detailed analysis. Nevertheless, even in these spectra we could
observe an unambiguous trend towards an upward shi of the
Raman peak position and its narrowing with increasing fraction
number (corresponding to a decrease of the mean NC size)
(Fig. S4c†).

The spectra shown in Fig. 2 and analyzed in detail further in
this paper were acquired on the thin lms prepared from the
colloidal solutions by drop-casting. Even though the position of
the main Raman peak in these spectra is shied by about
5 cm�1 to lower frequencies compared to the spectra obtained
immediately aer synthesis, they reveal the same size-
dependent trend – an upward frequency shi and a narrowing
of this characteristic phonon peak with decreasing NC size. As
a possible reason of the frequency shi in the phonon spectra in
thin lms or even in aged colloids, with respect to freshly
prepared colloids, we assume a partial cationic disorder. The
factors triggering it and the exact scenario of this structural
transformation are beyond the scope of this manuscript.
Nevertheless, in the next section we discuss our present exper-
imental evidences of the role of oxidation processes and pho-
tostimulated nature of the effect. We would like to stress,
however, that the discussed “disorder” is not the one generally
applied to solid state notion of the absence of crystallinity. We
obviously have to do with a certain rearrangement of the cations
RSC Adv., 2018, 8, 30736–30746 | 30739
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Fig. 2 (a) Representative Raman spectra of unfractionated CZTS NCs deposited on Si. Spectra acquired with a resonant excitation lexc ¼
514.7 nm at 300 K (red curve) and 80 K (blue curve). Inset shows the first-order peak range of the spectra; (b) Raman spectra of size-selected
CZTS NCs. (c) Size/fraction-dependence of the position and FWHMof themain Raman peak. (d) Enlarged spectra in the first-order phonon range
for fractions F2 (black curve), F6 (red curve), and F8 (blue curve). Spectra were acquired at 300 K during 30 s with 0.1 mW lexc ¼ 514.7 nm. The
peak maxima and corresponding FWHM values (in parentheses) are indicated on the figures.

Fig. 3 A schematic representation of the phonon confinement-
induced downward shift of the Raman peak in case of materials with
negative dispersion of optical phonons (a) and the upward shift of in
case positive dispersion, as in case of CZTS (b).
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(and probably anions) in their sublattice, which does not dete-
riorate the overall crystalline perfection of the NC, as can be
concluded from their sharp phonon spectra (Fig. 2). Most
relevant examples of such structural modications were
recently reported by us for stannite CZTS and a so-called
“disordered kesterite” modication of CZTS.6,7

3.2.2 Phonon spectra of size-selected CZTS NCs. The size-
dependent properties of CZTS NCs, particularly the phonon
connement, were studied on the series of samples obtained by
fractionating the parental colloidal ensemble as described in
the Experimental section. For the Raman measurements, thin
lms were prepared from fresh solutions by drop casting. The
main phonon peak was found to shi to higher frequencies and
getting narrower as the CZTS NC size decreased from fraction
F2 to F6 and to F8 (Fig. 2b). Both effects are opposite to
observations reported for NCs of most other semiconductors
which reveal broadening and downward shi of the phonon
peaks with decreasing NC size.31 However, these effects can be
explained by the specics of the phonon dispersion of the CZTS
lattice as described below.

Generally, according to the basic phonon connement
model, measuring NCs with a smaller size corresponds to
probing larger wavevectors in the dispersion curve of the cor-
responding bulk crystal. Most of the semiconductors such as
Ge, Si, II–VI, III–VI etc. possess negative optical phonon
dispersions u(~k), i.e. a smaller phonon frequency u for larger
30740 | RSC Adv., 2018, 8, 30736–30746
wave vectors k, and this dispersion becomes more pronounced
when moving away from the center of Brillouin zone (~k ¼ 0).51

This property of the bulk dispersion curve is reected in the
Raman spectra of NCs as a downward shi and a broadening of
the phonon peak with a decrease of the mean NC size31 (Fig. 3a).
At the same time, for CZTS21,55 and other similar quaternary
chalcogenides25–27 calculations predict an anomalous phonon
dispersion: the frequency increases with k in the vicinity of~k ¼
0 followed by an almost at region of u(~k) (Fig. 3b). Based on
this peculiarity of the phonon dispersion we explained earlier
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Raman spectra of the initial (not fractionated) CZTS NCs
deposited on glass (blue curves) in comparison with the same amount
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the evolution of phonon spectra in bulk Cu2ZnSnxGe1�xS4
crystals upon varying their composition x.28

The same anomaly of the phonon dispersion can also
account, in our opinion, for the unusual behavior of the phonon
Raman peaks with NC size – for smaller NCs the phonon
frequency is rst increasing from F2 to F6 because of the
positive dispersion, while the peak width decreases because the
dispersion becomes more at for larger k vectors (correspond-
ing to smaller NC sizes) (Fig. 3b).

Going further to even smaller NCs (from F6 to F8), which
apparently correspond to the at region of the phonon disper-
sion, produces almost no further peak shi or FWHM change
(Fig. 2b and 3b). A broadening of the Raman peaks reported for
CZTS NCs with a decreasing mean NC size13,14 could be related
with the fact that smaller NCs were synthesized at a lower
temperature and thus their crystallinity could be poorer, thus
resulting in broader phonon peaks. This drawback was avoided
in our case as the NCs of all sizes were grown at the same
temperature and reactant ratios. Nevertheless, we cannot
exclude at the moment contribution to the spectral changes of
the different phonon branches and higher-frequency vibra-
tional modes activated by point defects or surface in smaller
NCs.56 Moreover, the phonon modes with higher wavenumbers
can give contribution to the Raman peaks broadening.57
of NC solution deposited on Si substrate (red curves) acquired at 300 K
using lexc ¼ 514.7 nm (a) and lexc ¼ 632.8 nm (b).
3.3 Effect of NC lm preparation on the formation of CuxS
phases

3.3.1 Spectral signs of CuxS phases. The Raman spectra of
CZTS NCs discussed in the previous section were measured on
lms formed on a glass substrate by relatively fast (several
minutes) drying of the drop-casted solution under ambient air
and humidity. At the same time, we noted that the drying of the
same amount of NC solution under the same conditions, but on
a Si substrate leads to strong additional Raman features
between 400 and 500 cm�1 and some spectral changes in the
range of the CZTS mode at around 250–300 cm�1 (Fig. 4).

The distinct maximum at about 472 cm�1 can be attributed
to the formation of a crystalline Cu2�xS phase32,58–61 observed
earlier for CZTS crystals, mainly Cu-rich CZTS.62–64 The slight
low-frequency asymmetry of this peak can be attributed to
variation of x in our Cu2�xS NCs.32,58–61 The weaker and broader
feature at lower frequencies, peaked at 420–430 cm�1, correlates
with the Raman spectrum of amorphous Cu2�xS.58 A weak
enhancement of the scattering in the range of 250–300 cm�1

can also be assigned to the Cu–S bond vibration in the Cu2�xS
phase, because this mode occurs at 265 cm�1 with a several
times weaker intensity compared to the covalent S–S bond
vibration of Cu2�xS at 472 cm�1.58–60

In the case of bulk polycrystalline CZTS lms the Cu2�xS
secondary phase was found to be located on the lm surface.24,25

Therefore, it is reasonable to assume that in the case of our NC
samples a Cu2�xS shell or multiple “islands” can form on the
surface of CZTS NCs. The formation of the Cu2�xS phase (shell
or islands) can cause Cu-deciency in the CZTS NC (core) and
thus explain a downward shi and a broadening of the CZTS
peak in the spectra with Cu2�xS features (CZTS on Si, Fig. 4) with
This journal is © The Royal Society of Chemistry 2018
respect to the spectra without it (CZTS on glass, Fig. 4). A change
of the NC size would cause an opposite shi, as we show above,
while a downward shi and broadening of the main CZTS peak
as a result of an increased cationic disorder were earlier re-
ported for CZTS (poly)crystals.7

The relative intensity of Cu2�xS-related peaks as compared to
the CZTS features is higher if acquired at 514.7 nm excitation
(Fig. 4a) than at 632.8 nm excitation (Fig. 4b). This observation
can be explained by a resonance of the former excitation with
the Cu2�xS band gap expected at �2.5 eV.64–66 Another factor
determining the difference between the spectra acquired at
514.7 nm and 632.8 nm can be a photostimulated structural
transition in CZTS as discussed later in this section.

3.3.2 Inuence of the substrate on the CuxS-related Raman
features. To discriminate a possible effect of the substrate from
other factors, such as the drying conditions, we prepared
a series of drop-casted NC lms on glass, ITO, Si, and Au-coated
Si substrates dried in different conditions: (i) le uncovered
under ambient conditions, (ii) put under a low vacuum in
a desiccator; (iii) kept under the hood; (iv) dried under ambient
conditions while covered with a cap of a Petri dish. The details
of the sample preparation procedures are provided in the ESI.†

Compared to case (i), drying is signicantly accelerated and
no oxygen access is provided in (ii), while in (iii) drying is only
slightly accelerated and oxygen access is preserved. In case (iv),
drying is signicantly slowed down, and occurs at an increased
humidity. The results obtained in this experiment for Si
substrates are summarized in Fig. 5a. One can see that when
reducing the drying time and excluding oxygen in the desiccator
no Cu2�xS peaks are observed at all. Prolonged drying time
RSC Adv., 2018, 8, 30736–30746 | 30741
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Fig. 5 (a) Raman spectra of the non-fractionated CZTS NCs (a) deposited on silicon and dried under different conditions: under/in the hood,
under the Petri dish cap, in the desiccator (see text for details) and (b) deposited on different substrates and dried under the Petri dish cap (long
drying time, high humidity conditions). Registration conditions: 300 K, lexc ¼ 514.7 nm, exposure of 100 s (a) and 30 s (b).
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under the Petri dish cap, on the contrary, enhances the
secondary phase peaks dramatically. We found that even on the
glass substrate, which caused no Cu2�xS peaks when drying
under normal ambient conditions, the copper–sulde-related
peaks become even stronger than the CZTS one when drying
under the Petri dish cap preserving a high humidity of the air
conned under the cap.

These observations allow us to conclude that the critical
factor for the formation of a secondary Cu2�xS phase during
drying of the CZTS NC solution is the time NCs spend exposed
to moisture and oxygen. Furthermore, comparing the lineshape
of the spectra in the range of Cu2�xS vibrations (Fig. 5a), we can
conclude that the formation of the secondary phase of copper
sulphide starts with amorphous Cu2�xS (a broad scattering
feature peaked at 420–430 cm�1) which gradually transforms
into crystalline CuS due to increasing number of Cu ions in the
2+ state. Most probably, CZTS NCs exposed to the moisture
suffer from a partial hydrolysis resulting in the formation of
Sn(OH)4, SnO2, and intermediate hydrated forms of tin(IV)
oxide, while the liberated copper comes into the amorphous
Cu2�xS phase. Such phases are known for their catalytic activity
towards oxygen48 that can result in the gradual oxidation of Cu(I)
into Cu(II) and the formation of a CuS phase observed in the
Raman spectra of the present dried CZTS samples. Copper
suldes were also reported to act as a catalyst of hydrosulde
ion oxidation and, therefore, one can expect them to be active
also towards the mercapto-groups of the capping MA ligands.
Binding of the thiol ligands to the NC surface is conrmed by
core-level XPS spectra of sulphur, showing two pairs of char-
acteristic doublets, corresponding to the NC lattice sulde
(161.1/162.3 eV), and the thiol sulphur bound to the NC surface
metal cations (163.2/164.5 eV)67,68 (ESI, Fig. S5a†). Additional
evidence of the MA bonding to the surface of CZTS NCs was
provided by the FTIR spectroscopy that showed characteristic
–O–C]O (1585 cm�1) and C–H (around 1400 cm�1) vibrations
of theMA anions (ESI, Fig. S5b†). No peaks at around 2550 cm�1

characteristic for S–H vibration69,70 can be observed indicating
that thiol sulphur of MA is covalently bound to the NC surface.
Additionally, the O–C]O band shows a shi to lower energies
as compared to individual mercaptoacetic acid
(�1750 cm�1),69,70 also indicating on the MA binding to the NC
30742 | RSC Adv., 2018, 8, 30736–30746
surface. Similar spectral effects were earlier reported for MA-
stabilized CdS70 and CoS69 NCs.

The oxidation of surface-bound MA ligands should addi-
tionally contribute to the accessibility of the CZTS surface for
a deeper hydrolysis and oxidation.

The intensity of copper sulde-related spectral features
depends crucially on the substrate used for the sample prepa-
ration. To discriminate the substrate effect we studied four
samples produced at the maximum exposure to the ambient air/
humidity (dried under Petri dish cap) for the same period. It was
found that the intensity of the Cu2�xS signal is maximal for the
silicon substrate and somewhat lower for the glass substrate
(Fig. 5b). The sample produced on ITO showed roughly twice
lower intensity of the copper–sulde-related feature. Even lower
intensity of this band was observed for the gold substrate.

We assume that the effect of the substrate on the kinetics of
the CZTS decomposition also stems from variations in the
hydrolysis and oxidation of the surface-anchored CZTS NCs.
The NCs are stabilized by bifunctional –OOC–CH2–SH anions
with the mercapto-group bound to the metal ions on the NC
surface and the carboxyl group ionized and contributing to the
electrostatic barrier preventing colloidal NCs from the coagu-
lation and precipitation. As the carboxyl groups are prone to
form hydrogen bonds with hydroxyl groups on the surface of
supporting substrates we may assume that the substrates with
a higher hydrophilicity (a higher surface density of OH groups)
will facilitate a more even distribution of NCs over the surface,
while the substrates with a lower hydrophilicity will favor the
aggregation/clustering of NCs on the surface. The latter factor is
expected to make the NC surface less accessible to the moisture
and air and thus to prevent the NCs from the hydrolysis and
oxidation of both capping ligands and Cu(I).

Silicon substrates exposed to the ambient air are typically
covered with a silicon oxide layer making such surfaces highly
hydrophilic with a density of OH moieties reported to reach 8
groups per nm2.71 Porous glasses were reported to bear 4–6 OH
groups per nm2.72 Such high concentration of OH groups on the
surfaces of glass and silicon favors the even distribution of MA-
capped colloidal NCs forming rather smooth lms with an
average roughness of the order of NC size as we showed earlier
for the case of MA-capped silver indium sulde NCs.49
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Raman spectra of the CZTS NCs on Si and glass substrates acquired at different power of the 514.7 nm excitation: 0.001 mW (a) and 0.1
mW (b). Exposure is 240 s (a) and 30 s (b).
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ITO is much less hydrophilic than glass because only
a portion of surface In atoms is bound to the OH groups. By
studying the adsorption of polyethyleneimine on ITO lms the
surface density of hydroxyls was estimated as being lower than 1
group per nm2.73 Because of a much lower surface coverage with
OH, the interaction between the carboxyl-terminated MA-
capped CZTS NCs and ITO is expected to be much weaker
resulting in clustered deposits of agglomerated NCs as exem-
plied by the SEM image in Fig. S3 (ESI†).

Clean gold surfaces were reported to be hydrophilic, but even
a sub-monolayer of adventitious carbonaceous contamination
makes it rather hydrophobic.74 Only short-lived surface hydroxyl
groups were reported to form on the surface of both bulk and
nanocrystalline gold and only aer a treatment with O2 or
O3.75,76

To assess experimentally the hydrophilic/hydrophobic
balance on the surface of the studied substrates we measured
the contact angle of the drops of both DI water and CZTS ink
solution deposited on the same surfaces as those used for the
optical measurements. The results are presented in ESI (Fig. S6,
Table S1†). We found that the contact angle of both water and NC
ink is evidently smaller for the cases of glass and oxidized silicon
as compared to the gold and ITO surfaces. The fact indicates
a strong difference in the wettability between these two groups of
substrates and supporting our above assumptions.

Additionally, we acquired optical images of the CZTS NC
inks produced by slow water evaporation on glass and gold in
the exact spots where the Raman spectra were taken (ESI,
Fig. S7†). It was found that CZTS NC distribute evenly across
the surface of glass with no spots or clusterized NCs visible on
the millimeter-large areas, while distinct agglomeration of the
CZTS NCs and formation of separate spots was observed in the
case of gold substrates. These observations support our above
assumptions on the effect of the substrate hydrophilicity and
the consecutive NC agglomeration on the substrate surface on
the formation and intensity of the Cu2�xS-related spectral
features in the Raman spectra of dried CZTS NCs.

3.3.3 Inuence of the photoexcitation power on the CuxS-
related Raman features. The suggested mechanism of the
partial transformation of CZTS NCs into Cu2�xS during drying
of the samples exposed to a humid environment can also
This journal is © The Royal Society of Chemistry 2018
include photoinduced or photostimulated steps/factors. The
photoinduced structural transformation recently reported by us
for bulk CZTS6 can occur under the laser illumination during
the Raman measurements. This possibility is illustrated in
Fig. 6 by spectra taken at different laser powers of the 514.7 nm
excitation which can be strongly absorbed by CZTS. At a laser
power of 0.001 mW (Fig. 6a) the weak amorphous copper
sulphide feature is detected, while at 0.1 mW also the crystalline
CuS peak is present with an intensity comparable to that of the
CZTS one (Fig. 6b).

A possible reason for the observed light-induced trans-
formation of CZTS NCs can be the photocatalytic decomposi-
tion of the MA ligand shell exposing the NC surface to the
hydrolysis. It is well reported that CZTS NCs can be used as
photocatalysts for various processes including hydrogen evolu-
tion at the expense of the oxidation of sulde and sulte
ions.77,78

In the present case similar processes can take place, that is,
the MA oxidation resulting from the transfer of valence band
holes to the MA ligands with photogenerated conduction band
electrons captured by air oxygen. The photogenerated holes
can also oxidize lattice sulde ions, similar as it happens
during the oxidative photocorrosion of metal chalcogenide
NCs. This process is expected to expose Sn(IV) sites to the
attack by water resulting in the hydrolytic decomposition of
the CZTS lattice and the isolation of copper in the form of
a separate Cu2�xS phase. Additionally, the photogenerated
holes can contribute to the oxidation of lattice Cu(I) into Cu(II)
favoring the formation of a CuS phase clearly observed at
intense photoexcitation (Fig. 6b).
4 Conclusions

We reported a Raman study of Cu2ZnSnS4 NCs produced by
a “green” synthesis in aqueous solutions and stabilized by
mercaptoacetate anions. A series of size-selected CZTS NCs was
isolated by a controlled precipitation from such colloidal
ensemble for a size-dependent Raman study. As all these CZTS
NCs of different mean size were produced in the same condi-
tions (temperature, capping ligand, etc.) we can discriminate
RSC Adv., 2018, 8, 30736–30746 | 30743
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the size effect from those related to the NC composition, phase,
and surface chemistry.

The size-selected CZTS NCs thus obtained showed a phonon
connement effect, with the frequency position of the main
phonon shied by about 4 cm�1 between 3 nm and 2 nm NC
diameters, accompanied by a narrowing of the main phonon
feature. The upward shi of the main phonon frequency with
the NC size decrease is assumed to result from an anomalous
positive phonon dispersion curves of kesterites. Narrowing of
the Raman peak can originate from the peculiar shape of the
phonon dispersion in CZTS, and partially by a reduction of the
NC size dispersion upon each fractioning step.

The conditions of the preparation of samples for optical
studies, the nature of the support of the dried CZTS NC lm, as
well as the conditions of the registration of Raman spectra were
found to affect crucially the spectral properties of the studied
samples highlighting these factors as possible origins for the
scatter of reported results on the vibrational properties of kes-
terite NCs published by various groups. In particular, we found
that the drying conditions of the kesterite NC lms can strongly
affect the phase composition of the samples resulting in
a partial oxidation and hydrolysis of CZTS NCs and the forma-
tion of additional Cu2�xS and CuS phases with characteristic
Raman signatures. The composition and relative amount of
such admixture phases depend on the drying rate, the humidity
of environment as well as on the presence/absence of air
oxygen. The downward shi and broadening of the CZTS peaks
correlating with the intensity of the Cu2�xS/CuS peaks can be
explained by increased cationic disorder in the host (CZTS)
lattice at a higher content of the secondary phase.

The support nature was found to strongly affect the amount
of admixture copper sulde phases in the same sample prepa-
ration conditions, the Cu2�xS/CuS content being the highest for
oxidized silicon and glass and declining strongly for ITO and
gold supports. The effect was assumed to originate from
a different hydrophilicity of the support surface, more hydro-
philic Si/SiO2 and glass surfaces favoring a more even distri-
bution of CZTS NCs and their better accessibility to the
oxidation/hydrolysis in the ambient humid air.

The excitation light intensity was also found to affect the
samples, the copper sulde content increasing with an increase
of the laser power, most probably, due to the possibility of the
photocatalytic oxidation of surface ligands and lattice copper
and sulde by the charge carriers photogenerated in the CZTS
NCs.
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