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A detailed analysis of the structure of Cu,ZnSnS4 (CZTS) nanocrystals synthesized by hot-injection in
the presence of oleylamine is provided employing high resolution TEM, selected area electron diffraction
(SAED) and convergent beam electron diffraction (CBED). The nanostructures were investigated as-grown
and after vacuum thermal treatment at 550 °C. As-grown materials consisted of polycrystalline particles
with an average size of 7 &3 nm, which grow an average size of 53 + 13 nm after the vacuum annealing

’C(ey‘é"";dsg step. This thermal treatment allows investigating the initial stages of high quality film growth required
Klelzter;i; 4 in photovoltaic devices. Sets of SAED and CBED patterns, where individual crystals after annealing were

viewed down different prominent zone axes, enabled us to reveal the presence of weak reflections due to
cation ordering, and confirm a tetragonal unit cell consistent with either the kesterite or stannite struc-
ture. We demonstrate how these approaches enable to distinguish CZTS from secondary phases such as
ZnS. Structure defects of partially annealed CZTS crystals were also investigated using bright and dark field
images taken in 2-beam diffraction conditions as well as by high resolution lattice imaging. The material
exhibited dislocations, along with lamellar twins and stacking faults characterized by local hexagonal
structure on {112} planes. High resolution TEM images showed preferential growth on {112} planes
during vacuum annealing, which is consistent with X-ray diffraction patterns. These studies provide key
information on nanoscale crystal defects which may have important consequence on the performance of

CZTS photovoltaic devices.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction require reactive annealing steps such as those used for sputtering,

electrodeposition and molecular precursor deposition techniques.

CuyZnSnSy (CZTS) is key material towards the development of
scalable thin-film photovoltaic technology considering the abun-
dancy and low-cost of the constituent elements as well as its
direct bandgap (~1.4eV) and high optical absorption coefficient
(~10%cm~1)[1,2]. Attention has been drawn towards solution pro-
cessible methods, such as bulk inorganic and nanoparticle synthesis
which have produced devices with efficiencies exceeding 9% [3,4].
Nanoparticle precursors, such as those obtained by hot-injection
methods, exhibit the advantage of controlling parameters such
as phase, composition and particle size distribution prior to the
deposition of CZTS ink [5,6]. In principle, this approach does not
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However, crystal growth from 10 nm to several micrometres with-
out compromising the structure and composition of the material is
a highly complex process which is not clearly understood.

In theory, CZTS can form three types of tetragonal crystal struc-
tures: Kesterite (space group I4), Stannite (space group [42m) and
primitive-mixed CuAu (PMCA) structure (space group P42m) as
shown in Fig. 1a. Kesterite type CZTS is derived from Chalcopyrite
type CulnS; (CIS) by substituting of In atoms with Zn and Sn while
stannite and PMCA are derived from a CuAu-like structure. The
only difference between kesterite and stannite, which are tetrago-
nal with c~2a (Fig. 1b), is the distribution of Cu and Zn within the
unit cell while Sn atoms occupy the same position in both struc-
tures. The PMCA structure has c~a which can be considered as
a combination of two kesterite and stannite unit cells (Fig. 1a).
However, this structure has not been observed experimentally.
Based on density functional theory calculations, the kesterite type
structure is the more stable energy structure with an energy dif-
ference of only ~3 meV/atom between stannite and kesterite [7].

2352-9407/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


dx.doi.org/10.1016/j.apmt.2015.08.004
http://www.sciencedirect.com/science/journal/23529407
www.elsevier.com/locate/apmt
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:David.Fermin@bristol.ac.uk
mailto:D.Cherns@bristol.ac.uk
dx.doi.org/10.1016/j.apmt.2015.08.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

N. Kattan et al. / Applied Materials Today 1 (2015) 52-59 53

Kesterite CZTS Stannite CZTS

C~2a

PMCA Basic unit cell

Fig. 1. (a) Tetragonal unit cells of kesterite, stannite and primitive-mixed CuAu (PMCA) of Cu,ZnSnS,. (b) A diagram of the tetragonal unit cell. All three unit cells are
tetragonal, with the c-axis arrowed. For kesterite and stannite, c~2a, whereas for PMCA, c~a with two unit cells displayed to emphasize the difference in cation ordering
between all three structures. The angle of 63.4° is a characteristic of a tetragonal unit cell and it will be used as an identification key for the kesterite/stannite structure. It
should be mentioned that the value of this angle may slightly vary in off-stoichiometric CZTS, due to changes in the c/2a ratio.

Distinguishing between these two structures is difficult due to the
similarities in number of electrons (28 electrons) of Cu* and Zn2*
which result in closely similar X-ray and electron scattering factors
while PMCA is distinguishable structure [8,9].

In additional to different structures of CZTS, secondary phases
such as ZnS, Cu,S, and Cu,SnS3 (CTS) are also likely to occur in the
films as CZTS is thermodynamically stable in a narrow region from
the phase diagram and the existence of these phases can greatly
influence the performance of the device due to differences in the
band alignment or a mismatch in the crystal structure [10-12]. Key
secondary phases such as ZnS and CTS cannot easily be identified
by conventional X-ray diffraction (XRD) given their highly similar
patterns. The presence of crystallographic defects is also an impor-
tant issue affecting the carrier transport and lifetime in the absorber
layer. For example, efficient CdTe and CIGS devices exhibit minority
carrier lifetime 1-2 orders of a magnitude longer than state-of-the-
art CZTS [9,13]. The short carrier lifetime in CZTS has been linked
to point defects, twinning, dislocations, stacking faults and Cu/Zn
disordering [14,15].

In the present paper, we will provide an unprecedented struc-
tural analysis of CZTS nanoparticles synthesized by hot-injection
based on high resolution electron microscopy (TEM), selected area
electron diffraction (SAED) and convergent beam electron diffrac-
tion (CBED) techniques. As-grown and vacuum annealed particles
will be investigated focusing on crystal orientation and the pres-
ence of secondary phases (ZnS). We provide a clear framework
for identifying these materials analyzing characteristic electron
diffraction “fingerprints”. We also use bright field (BF) and dark
field (DF) TEM imaging to examine defects in CZTS nanocrystal
after thermal annealing. We identify twinning and local hexago-
nal structures formed in the early stages of the film growth from
nanoparticle precursors.

2. Materials and methods

Stoichiometric CZTS nanoparticles were synthesized follow-
ing the procedures described previously [6,11]. Briefly, 1.5 mmol
of copper (II) acetylacetonate, 0.75 mmol of zinc acetylacetonate
hydrate, 0.75 mmol of tin (IV) bis(acetylacetonate) dichloride were
added into 10 ml of oleylamine. A 3ml of 1M sulfur solution in
oleylamine is injected into the previous solution at 225°C under
inert condition and left for 30 min. The mixture was then cooled
to ~80°C and washed by centrifugation using a mixture of toluene
and isopropanol to precipitate the material and then the residue
was collected and dried. The dried powder was annealed in a 3cm
vacuum sealed quartz tube at 550°C for 2h. The as-grown and

annealed material was analyzed using TEM (Philips EM430 and
JEOL 2010 microscopes) and X-ray diffraction performed using
(BRUKER-AXS D8, Cu Ko radiation A =1.54A).

3. Results and discussion
3.1. Thermogravimetric (TGA) and XRD analysis

Fig. 2a shows a characteristic thermogravimetric analysis (TGA)
curve of as-grown CZTS nanoparticles. TGA was performed under
N, atmosphere, showing a 10% weight loss below 100°C associ-
ated with the loss of moisture and solvents such as toluene and
isopropanol. Between 100 and 400 °C, approximately 20 wt% loss
is observed which is linked to the removal oleylamine adsorbed
at the particle surface. This is consistent with the boiling temper-
ature of oleylamine (~360°C). Mass loss stabilizes between 500
and 800°C. Based on these results, a temperature of 550°C was
selected for thermal annealing under vacuum in a sealed quartz
ampule as shown in Fig. 2b. Under this condition, we anticipate
that SnS losses will be minimal and most of the products of the
stabilizer desorption will re-deposit on the walls of the ampules.

X-ray diffraction (XRD) patterns for as-grown and annealed
CZTS are contrasted in Fig. 3. The as-grown material shows three
broad peaks, which can be correlated with the three main peaks
in the powder diffraction file of bulk kesterite CZTS (JCPDS 26-
0575, a=5.435A, c=10.869A), 112, 220 and 312. These reflections
could also be indexed as 111, 220 and 311 on a smaller tetrago-
nal (near cubic) cell where c has been halved. Weaker reflections
henceforth referred to as superlattice reflections, which reveal the
cation ordering, are not readily visible in the X-ray diffraction pat-
tern.
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Fig. 2. (a) Thermogravimetric analysis of CZTS under N, atmosphere. (b) Picture of
a quartz ampule for annealing CZTS as-grown particles under vacuum at 550°C.
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Fig. 3. Powder-XRD patterns of as-grown and after annealing CZTS. The patterns are
consistent with the powder diffraction patterns of kesterite CZTS (JCPDS 26-0575),
Cu,SnS; (JCPDS 27-0198), and ZnS (JCPDS 05-0566).

For the as-grown sample, the average crystallite size has been
estimated to be 7+3 nm using the Scherrer equation under the
assumption of spherical nanoparticles. The XRD pattern of the
annealed material shows higher signal-to-noise ratio with sharper
peaks in comparison to the as-grown material, suggesting an

increase in particle size. There are peaks at total diffraction angles
20 of 28.4° at 112, 32.9° at 200, 47.3° at 220/204, 56.1° at 312/116,
69.1° at 400/008, and 76.4° at 332/316 reflection, where the index-
ing is again done on the basis of the kesterite/stannite unit cell.
As for the as-grown sample, all these reflections could be under-
stood on the basis of a near-cubic unit cell. There are weak features
located at 29.6 and 37.9° which could be associated with super-
lattice reflections from the 103 and 211 planes. Although the XRD
appears consistent with kesterite, this technique is rather insen-
sitive to the specific cation ordering associated with kesterite,
stannite and PMCA structures. In principle, the tetragonal unit cell
of the stannite structure is slightly distorted from the kesterite
unit cell due to the different arrangement of cations. This leads to
small differences in diffraction angle (approximately 0.2°) for the
high order peaks such as 220/204 and 116/312 between kesterite
and stannite [11]. However, these differences cannot be reliably
resolved with the average peak widths obtained for the nanostruc-
tures.

It should also be mentioned that there is very little difference
in XRD patterns of CZTS between the phases in Fig. 1 and key sec-
ondary phases such as Cu,SnS3 and ZnS, as illustrated in Fig. 3.
Therefore, the XRD is not a sufficient technique to reliably distin-
guish between these different phases. However, using SAED and
CBED techniques in TEM allow us to clearly identify the tetragonal
phases from cubic phases as illustrated in the following section.
Another feature in Fig. 3 is the comparable peak intensity ratio
for 112 and 220 in the as-grown material and the standard CZTS
pdf file. However, the vacuum annealed material exhibits a sig-
nificantly stronger 112 reflection which could be rationalized in
terms of a pronounced (112) texture. This point will be confirmed
by high-resolution TEM images below.

3.2. TEM and electron diffraction studies of CZTS nanoparticles

TEM images of as-grown CZTS are illustrated in Fig. 4a and d. It
can be clearly seen that thereis a dispersionin particle size,in which

d,3,=3.120.1A

Fig.4. (aand d) TEM images of as-grown nanoparticles illustrating their polydispersity. (b) SAED obtained for the smaller population of CZTS nanoparticles. (c) High resolution
TEM of a 6 nm nanoparticle featuring d-spacing for the 112 plane and cross-grating patterns consistent with the superlattice kesterite structure. (e) and (f) [llustrate the CBED
and SAED of the larger nanostructures, respectively. The electron diffraction patterns were obtained at 200 kV and at a camera length of 267 mm.
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Fig. 6. (a) CBED and SAED patterns of vacuum annealed CZTS obtained by rotating a single nanocrystal based on the Kikuchi bands. Simulations of SAED patterns for the
[001] and [010] zone axes of (b) CZTS and (c) ZnS. The diffraction patterns represent the fingerprints differentiating the tetragonal CZTS from the cubic ZnS phase.
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the largest grains exhibit a mean diameter of 10 & 2 nm. This parti-
cle sizeis close to the crystalline domain size obtained from the XRD
peak broadening (Fig. 3). The SAED pattern in Fig. 4b exhibits poly-
crystalline diffraction rings consistent with 112,200, 211, 224, and
332 kesterite reflections. The 211 ring can be taken as an evidence
of the larger tetragonal unit cell expected for kesterite and stan-
nite materials, but not for PMCA. Fig. 4c exhibits a high resolution
TEM image featuring lattice fringes associated with a d-spacing of
3.1+0.1A, consistent with 112 planes. Better defined CBED (Fig. 4e)
and SAED patterns (Fig. 4f) can be obtained for the larger set of
nanoparticles displayed in Fig. 4d. The hexagon of diffraction discs
closest to the central disc in the [010] CBED pattern in Fig. 4e are
evidence of the weak superlattice reflections related to the tetrag-
onal unit cell. The ensemble of the data show that the structure
of the small and large set of nanoparticles is consistent with the
tetragonal structure linked to kesterite/stannite.

Thermal annealing in the vacuum ampule resulted in larger CZTS
nanoparticles as displayed in Fig. 5a. The high resolution image in
Fig. 5b is characterized by lattice fringes with d-spacing of 3.8, 3.1
and 2.7 nm associated with the {110}, {112} and {200} planes. The
lattice spacing values are consistent with the XRD results and the
expected kesterite/stannite structure. Figs. 4c and 5b also highlight

Table 1

Lamellar twins
Dislocations

00 nm

Fig. 7. TEM-bright field (a and c¢) and dark field (b and d) images of vacuum annealed CZTS nanoparticles featuring lamellar twin and dislocations.

the 63.4° cross-grating angle associated with the tetragonal unit
cell (Fig. 1).

Fig. 6 illustrates a selection of SAED and CBED patterns taken
at different crystal zone axes from individual particles. The pat-
terns were obtained by rotating the crystal using the Kikuchi bands
which corresponded to diffraction from low index crystal planes.
The [001] zone axis pattern views the unit cell along the tetrago-
nal c-axis and exhibits four fold symmetry while the perpendicular
[010] zone axis pattern has twofold symmetry due to the longer c-
axis now being in the diffraction plane. The [010] zone axis pattern
shows the angle of 63.4° indicated in the schematic diagram of the
unit cell in Fig. 1 and also observed in diffraction patterns in Fig. 6a
and in lattice images in Figs. 4c and 5b. The superlattice reflections
are labelled in Fig. 6, including the 002, 101 and 110 reflections of
the tetragonal unit cell.

Fig. 6b and c shows simulations of the diffraction patterns for
kesterite CZTS and ZnS across the [001] and [010] zone axes [16].
Direct comparison with the experimental SAED patterns in Fig. 6a
clearly shows that the annealed CZTS crystals have a tetragonal
unit cell consistent with kesterite structure. The superlattice reflec-
tions in the SAED patterns are particularly distinctive in comparison
to ZnS, providing a fingerprint for detecting this secondary phase.

Lattice parameters of as-grown and annealed CZTS obtained by XRD, TEM and electron diffraction patterns.

CZTS Technique a(A) c(A) dy12-Spacing (A) Average particle size (nm)
As-grown XRD 54+0.2 10.8+0.4 3.11 7+3
Diffraction patterns 5.39+0.1 10.78 £0.1 3.08 -
HR-TEM 5.32+0.1 10.64+0.1 3.07+£0.10 10+5
Annealed XRD 5.43+0.01 10.87 £0.01 3.14 53 +13
Diffraction patterns 5.35+0.01 10.70+0.02 3.08 £0.01 -
HR-TEM 5.454+0.1 10.90+0.2 3.15+0.10 -
Theoretical value (CZTS:JCPDS 26-0575) XRD 5.427 10.848 3.126 -
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Fig. 8. (a) Schematic diagram of the preferential growth direction of CZTS crystals through {112} lattice planes. SEM (b) and TEM (c) images of CZTS particles annealed at
1000°C and 550°C, respectively, illustrating the same crystal packing behaviour but at different length scales.

Moreover, identification of kesterite and stannite phases can be
potentially achieved by comparing the relative intensities of the
superlattice reflections such as 101 and 002, provided the film
thickness is known. The uncertainty over the extent of ordering
of Cu and Zn in the nanostructured materials prevents the identi-
fication of these phases at the present stage. We also expect the
same analysis can be applied to Cu,SnS3 phases.

The structural parameters obtained from XRD, TEM and elec-
tron diffraction for the as-grown and vacuum annealed material
are summarized in Table 1. The c~2a relationship defining the

H Lamel

tetragonal structure of these materials is confirmed by all tech-
niques. It can be seen that not only a and c lattice constants but
also the d;1; spacing are consistent with the values extracted from
the JCPDS 26-0575 standard.

3.3. Visualization of crystal defects in vacuum annealed CZTS
nanoparticles

Fig. 7 contrasts bright field (BF) and dark field (DF) TEM images
of vacuum annealed CZTS nanoparticles featuring a number of

Fig. 9. (a) High resolution (TEM) images of the defects (lamellar twining) in CZTS nanocrystals after annealing at 550 °C. (b) HRTEM lattice image of the twinning regions
represented by the box in (a). (c) Inversed FFT analysis of the boundary regions of showing local hexagonal packing at twinning regions.
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crystallographic defects. Both nanostructures were formed by
growing lamellar twins on {112} planes. Fig. 7a and b show
twinning on planes at relative angles of 70.5°. This is consistent
with twinning on close-packed planes, corresponding to the {111}
planes in cubic material, and the {112} planes in kesterite [9]. Sim-
ilar structures can be observed in Fig. 7c and d, which also shows
features associated with crystal dislocations. A thorough TEM anal-
ysis of the as-grown material did not provide any hint of these
types of defects, strongly suggesting that these are generated as
a result of the vacuum annealing process. This class of thermally
promoted defects has been observed during the growth of other
semiconductor materials and can be determined not only by the
annealing temperature but also the cooling rate. Both stacking
faults and dislocations can influence carrier transport properties,
either through increased carrier scattering where the strain field
varies (around dislocations), or due to small changes in the bandgap
where the stacking changes locally from cubic to hexagonal. Den-
sity functional theory (DFT) calculations by Yan et al. confirmed
that high density of stacking faults introduced a barrier to carrier
migration in CIS and CdTe, and similar effects are expected in CZTS
[14].

Fig. 8a schematically illustrates the preferential growth
direction of CZTS nanocrystals based on electron microscopy obser-
vations which is also consistent with the strong 112 peakin the XRD
pattern of annealed CZTS (see Fig. 2). Fig. 8b shows SEM images
of CZTS particles annealed in nitrogen atmosphere at 1000°C,
promoting extensive twinning contacting through {112} planes
in the micron scale. The same behaviour is also observed after
annealing at 550°C in vacuum but in the nanoscale as demon-
strated in Fig. 8c. Fig. 8b and ¢ show a comparison between
the lamellar twins growth with particle size. This phenomenon
can be rationalized in terms of the lower energy associated with
the polar {112} with respect to the non-polar {220} surfaces
[11], which have been reported not only for CZTS but also CIGS
[17,18].

Examining at a higher resolution the structure generated by
lamellar twining reveals the formation of local hexagonal struc-
tures as illustrated in Fig. 9. The box in Fig. 9a shows the
boundary between particles joined up after thermal annealing,
featuring the characteristic 70.5° angle between adjacent planes
as highlighted in Fig. 9b. Fig. 9b also shows deviation in the
orientation of the close-packed planes on passing between the
crystal matrix (M) and twinned regions (T). Inversed FFT analy-
sis of the crystal boundary regions (Fig. 9¢) highlights the local
wurtzite structures present at the interface between the M and
T regions. The plane stacking sequence at the interface can
be represented as ABC-ABAB-ABC for the cubic-hexagonal-cubic
boundaries. This local hexagonal structure will generate a local-
ized electronic structure which can affect carrier transport across
the film.

A key point to address at this stage is whether this type
of defect further propagates in the transition from nanostruc-
tures to thin films. The vacuum annealing process employed
in this work can be regarded as the initial stages in the
formation of CZTS thin film from nanoscale precursors. Con-
sequently, this class of defects could be ubiquitous to a
variety of thin film preparation methods and understanding
their impact on the electronic structure could reveal crucial
information on the performance of this promising absorber mate-
rial.

4. Conclusion

The structure of as-grown and partially annealed CZTS nanopar-
ticles obtained by hot-injection was thoroughly examined by a

combination of X-ray, TEM and electron diffraction techniques. As
grown nanoparticles with mean sizes of 10+5nm were charac-
terized by broad XRD responses which provide an inconclusive
determination of the phase purity of the material. However,
electron diffraction patterns and images provide evidence of the
superlattice structure characteristic of kesterite/stannite type CZTS.
These features are significantly amplified upon annealing of the
material in vacuum ampule, leading to an increase in the size
of the particles to the range of ~100nm. For the first time, we
unveil the fingerprint for the tetragonal structure by CBED and
SADP based. High resolution analysis of the annealed material
clearly reveals preferential growth via stacking of {112} planes
at different lengths scales. This is responsible for the high inten-
sity of the 112 peak in the XRD. Furthermore, high-resolution
TEM images confirm that particle growth during annealing leads
to twinning and stacking faults on close-packed planes, which
may act as barriers for carrier transport. In particular, we visu-
alize the formation of local hexagonal phases in lamellar twin
boundaries, which can play a role on carrier transport in thin
absorber layers nucleated from nanoscale phase pure precur-
SOrs.
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