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The selenization of Cu-Zn-Sn-S nanocrystals is a promising route for the fabrication of low-cost thin film solar cells. However,
the reaction pathway of this process is not completely understood. Here, the evolution of phase formation, grain size, and elemen-
tal distributions is investigated during the selenization of Cu-Zn-Sn-S nanoparticle precursor thin films by synchrotron-based in
situ energy-dispersive X-ray diffraction and fluorescence analysis as well as by ex situ electron microscopy. The precursor films
are heated in a closed volume inside a vacuum chamber under presence of selenium vapor while diffraction and fluorescence
signals are recorded. The presented results reveal that during the selenization the cations diffuse to the surface to form large
grains on top of the nanoparticle layer and the selenization of the film takes place in two simultaneous reactions: 1) a direct and
fast formation of large grained selenides, starting with copper selenide which is subsequently transformed into CuyZnSnSey;
2) a slower selenization of the remaining nanoparticles. As a consequence of the initial formation of copper selenides at the
surface, the subsequent formation of CZTSe starts under Cu-rich conditions despite an overall Cu-poor composition of the film.
The implications of this process path on the film quality is discussed. Additionally, the proposed growth model provides an
explanation of the previously observed accumulation of carbon from the nanoparticle precursor beneath the large grained layer.

1 Introduction

Absorber films of low-cost and high-efficiency solar cells have
to fulfill two seemingly conflicting requirements: First, the ab-
sorber has to be of excellent semiconducting quality to avoid
losses by electron-hole recombination. Second, the deposition
process should be fast and require a minimum in energy con-
sumption and technical equipment.

Compound semiconductor materials such as copper indium
gallium diselenide and copper zinc tin sulfide can be deposited
as nanoparticles dispersed in a solvent by fast and easily scal-
able processes resulting in homogenous and smooth films in
order to provide low-cost deposition. "¢ It has been demon-
strated that Cu-Zn-Sn-S nanoparticle films can be transferred
into microcrystalline kesterite CuyZnSn(S, Se)4 (CZTSSe) ab-
sorber films for solar cells with energy conversion efficiencies
of up to 7.2 % by selenization at 500 °C.> A partial substi-
tution of Sn by Ge lead to a further increased efficiency of
8.4 %.” To be able to easily influence the composition of the
CZTSSe film, Cao et al. have recently used mixtures of binary
and ternary nanoparticles in a similar process and reached so-

lar cell efficiencies of up to 8.5 %.% Even though the efficien-
cies reached with these approaches are still behind the highest
efficiencies reached with CZTSSe (11.1 %?), a synthesis via
the nanoparticle route is attractive for low-cost solar module
production. A main advantage of the deposition of nanoparti-
cle inks over other deposition processes used for the synthesis
of CZTSSe films - such as sputtering,'>!! thermal evapora-
tion, '>-15 or pulsed laser deposition '® - is that neither a vac-
uum is needed for the deposition of the precursor film, nor
does it rely on toxic solvents.

Even though the formation of solar cell absorber films from
nanoparticles has attracted a lot of attention and despite the
remarkable success of this approach, the reaction path during
the transition from the nanoparticles to large grains is not com-
pletely clarified. Yet, a detailed understanding of the mecha-
nisms taking place during the formation of large grains out of
nanoparticles is essential for further improvement of the pro-
cesses. Guo et al. suggested that the formation of large grains
is enabled by a lattice expansion due to the replacement of
sulfur by selenium, leading to a compaction of the film and
thereby causing the nanoparticles to merge.! However, it re-
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mains unclear, how the formation of large grains is correlated
with the selenization of the nanoparticles, whether intermedi-
ate phases form during the transition and why carbon from the
precursor film is left underneath the large grained layer.”8
This work investigates these issues by studying the grain
growth, phase formation, and elemental distributions during
the selenization of Cu-Zn-Sn-S precursor films by synchrotron
based in situ energy-dispersive X-ray diffraction and fluo-
rescence (EDXRD/XRF) in combination with ex sifu cross-
sectional electron microscope analysis. The time-resolved
data presented here reveal insights into the process that cannot
be accessed by ex situ methods alone. We find that large cop-
per selenide grains are initially formed at the surface which are
subsequently transformed into large Cu,ZnSn(S,Ses) grains
with a low or vanishing sulfur content. Our interpretation of
the results points out possible strategies for a deliberate ma-
nipulation of the reaction path. This will help to further im-
prove this process as well as develop new process routes.

2 Experimental Section

Cu-Zn-Sn-S nanoparticles were formed as reported previ-
ously?>!7 with a Cu:Zn:Sn atomic ratio of 1.76:1.05:1. The
particles were suspended in hexanethiol and deposited onto
molybdenum coated soda-lime glass substrates by doctor
blading (see ESIj for details on materials and synthesis).

These samples were then annealed in selenium vapor in-
side a cylindrical graphite reaction box placed inside a vacuum
chamber. The annealing chamber '® was coupled to the poly-
chromatic EDDI beam line ' of the BESSY II synchrotron
facility. During the processes, diffraction and fluorescence
signals were recorded in an energy-dispersive high-purity Ge
detector under a scattering angle of 29 = 6.248 £+ 0.002°.
The relationship between lattice plane spacing dpy of a crys-
talline phase and the photon energy Epy; of the correspond-
ing diffraction line follows the energy-dispersive Bragg law
Ehxi = he/(2dnsin®), where A is Planck’s constant and ¢ the
speed of light. Complete spectra were recorded every 10 sec-
onds.

For the selenization processes, 160 mg elemental Se was
placed in a small ceramic container inside the reaction box
next to the sample. The box was sealed from the vacuum of
the chamber by a valve after a base pressure of ~ 10~*mbar
was reached. The samples, the reaction box and the selenium
were heated simultaneously. (More experimental details can
be found in ESIf.)

3 Results and Discussion

To reveal and understand some of the finer intricacies and po-
tential transformations that may be present during the sinter-

ing step, in situ studies with slow heating (0.05Ks™!) are pre-
sented and discussed first. Subsequently, the influence of the
heating rate on the reaction path is studied by comparison of
the results from the slow heating process to results of a sel-
enization by fast heating (1.7Ks™!). In previous studies, best
solar cell results were reached with selenization by a fast heat-
ing of the samples to 500°C with a total annealing time of 20
minutes.

3.1 Selenization by slow heating

In situ EDXRD/XRF spectra recorded during the slow sel-
enization process of a Cu-Zn-Sn-S nanoparticle film with a
heating rate of 0.05Ks™! are presented in Fig. 1. The graph
shows color-coded intensities of diffracted photons as func-
tion of photon energy and process time. The top part of the
graph shows the temperature measured by the thermocouple
placed inside the reaction box (see ESI{ for details). At
the beginning of the process (t = 0), the color-coded diffrac-
tion signals show a broad signal (X1) at the expected position
of the (112) reflex of tetragonal CuyZnSnSy (CZTS). At the
end of the heating ramp (r = 130min.) this signal has disap-
peared and several sharp signals at the expected positions of
tetragonal CuyZnSnSe4 (CZTSe) are visible. We note that the
main reflexes of CZTSe (112), (204), and (116/312) coincide
with reflexes of cubic ZnSe?’ and cubic?! or monoclinic??
Cu,ySnSes;. Because of this ambiguity we denote the signal
at the position of CZTSe (112) by X2. In contrast, the weak
reflexes at the positions of CZTSe (101), (202), and (211) can-
not stem from the cubic or monoclinic phases and reveal the
formation of tetragonal CZTSe.

In addition to the diffraction signals, Se fluorescence sig-
nals arise during the process, showing the incorporation of Se
into the film (Fig. 1). Sn fluorescence signals are present
throughout the process. The intensity of Sn-Ka decreases
during incorporation of Se. At 500 °C, when Se incorpora-
tion into the film is complete, Sn-Ka has decreased by about
(8 £1)%. The main share of this decrease can be explained
by attenuation of the Sn fluorescence by the incorporated Se.
From model calculations,?? a decrease of the Sn-Ka intensity
by (6.5+1)% is expected if sulfur in CZTS is replaced by
selenium. From the comparison of the measured and the cal-
culated intensities, we can conclude that at 500 °C, the loss of
Sn can be limited to a maximum of 4%. At 550 °C, the Sn-Ko
intensity has decreased by (14 & 1)%, revealing significant Sn
loss during the last stage of the heating process. Loss of Sn
from kesterite at high temperatures is a phenomenon known
from the literature, 4242

Both, a shift of the initial signal X1 from the position of
CZTS to the position of CZTSe and a sharpening of the sig-
nal is expected if (1) sulfur in CZTS is replaced by selenium
- resulting in an increase of lattice constants - and (2) large
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Figure 1 Color-coded presentation of the EDXRD/XREF intensities
as function of photon energy and process time recorded during the
selenization of a Cu-Zn-Sn-S nanoparticle film with a heating rate of
0.05Ks™! (preceded by a faster heating ramp to 200C). On the right
hand side the energy positions of reference fluorescence lines (fluor)
and of reference diffraction lines calculated from data of the ICDD
data base are marked (CZTS: card 026-0575; CZTSe: 070-8930;
MoSe2: 029-0914). The filled triangles mark the positions of CuSe
(086-1240) and the empty triangles mark the positions of Cu,_g5Se
(073-2712). The gray vertical lines mark ranges of single spectra
that are presented in Fig. 2. The white dashed line marks the region
shown enlarged in Fig. 3.

grains are formed during the process - resulting in a decrease
of the width of the diffraction peaks. Indeed, a shift of the
broad signal X1 from the CZTS (112) to the CZTSe (112) po-
sition can be seen in Fig. 1. However, the formation of the
sharp signal X2 at the position of CZTSe (112) is not a result
of a shift and sharpening of the broad X1 peak. Instead, at a
temperature of about 350 °C this signal directly appears with
a narrow peak width and at its final photon energy position
expected for CZTSe (112). This shows that there is no contin-
uous transition from the sulfide nanoparticles to large CZTSe
grains and therefore contradicts the model of grain growth by
selenization and merging of the nanoparticles.
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Figure 2 Single EDXRD spectra (circles) in the energy range from
32.5to 41 keV recorded at (a) 220 °C, (b) 320 °C, (c) 340 °C, (d)
350 °C, and (e) 380 °C during the slow selenization presented in Fig.
1. Additionally, the graphs show the result of multi-peak fits (single
peaks: black dotted lines, sum of peaks: red solid line). The peak
drawn by a black solid in (e) represents the energy resolution of the
detector with a full width at half maximum of 0.3 keV. The vertical
grey lines mark the reference positions for the reflexes CZTS (112)
(ICDD card 026-0575) and CZTSe (112) (ICDD card 070-8930).
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Figure 3 Time-resolved EDXRD data and peak properties of the
selenization of a Cu-Zn-Sn-S nanoparticle film with a slow heating
rate of 0.05Ks™!. a) Temperature measured by the thermocouple
placed inside the reaction box. b) Color-coded signal intensities and
position of peak maxima versus photon energy and process time. c)
and d) Integral intensities of the diffraction signals determined by
multi-peak fitting. ) Minimum crystallite sizes D divided by the
Scherrer constant k, which is close to one for most crystallite
shapes. 20 The error bars present double standard deviations
calculated from the uncertainties resulting from the
Levenberg-Marquardt fit algorithm.

An additional important feature of the process revealed by
Fig. 1 is the appearance of intermediate, sharp signals be-
tween 240 °C and 340 °C which can be attributed to hexagonal
CuSe. The filled triangles in Fig. 1 mark reference positions
for hexagonal CuSe calculated from literature data, >’ showing
a good agreement with the positions of the signals. A lattice
parameter fit, matching calculated reflex positions to the mea-
sured positions, confirmed a hexagonal structure. (For more
details on the analysis of the lattice parameters of CuSe, see
ESIt.)

When the CuSe signals disappear at 340 °C, two weak sig-
nals, which can be attributed to Cu,_gsSe, appear simultane-
ously with the signals at the positions of CZTSe. The empty
triangles mark reference positions of Cu,_gSe reflexes.?

They disappear at 360 °C. The attribution of these weak re-
flexes to Cu,_gSe is supported by additional investigations
wherein we repeated the presented process, but started to cool
down immediately after the Cu,_5Se reflexes occurred. This
resulted in an disappearance of these reflexes and recurrence
of the CuSe reflexes, which is expected from the Cu-Se phase

diagram under Se-rich conditions .

3.1.1 Formation of large grains by cation diffusion.

The peak widths of the signals provide information about crys-
tallite sizes (which is the size of a domain of coherent scatter-
ing) and therefore allow important insights into the transition
of the nanoparticles to large grains. In the time and energy
resolved representation of the EDXRD data in Fig. 1 it is dif-
ficult to identify the partially overlapping diffraction reflexes
with low intensities as well as the shapes of the signals. They
can, however, be identified by the analysis of single spectra,
as shown in Fig. 2. (The points in process time at which these
spectra were recorded are marked in Fig. 1 by vertical lines.)
Compared to the broad signal X1 (Fig. 2a-e), the signals of
CuSe (b and ¢), Cu,_sSe (c and d), and CZTSe (d and e) are
much sharper with a width close to the resolution of the detec-
tor. The detector resolution is visualized by the peak drawn by
a black solid line in Fig. 2e with a full width at half maximum
of 0.3 keV. As smaller crystallites exhibit wider peaks, this in-
dicates that the grains that induce the sharp peaks are much
larger than the initial nanoparticles, which induce the broad
X1 signal.

A precise determination of the crystallite sizes from the
shape of the diffraction signals is complicated by the fact that
the signal shape can be additionally broadened by micros-
train? and composition gradients.3! A determination of crys-
tallite sizes from the diffraction data remains ambiguous to a
certain extent mainly due to the possible occurrence of S/Se
gradients. The asymmetric broadening of the X1 signal during
its shift towards the position of CZTSe can be explained by
an inhomogeneous incorporation of Se into the nanoparticle
layer (Fig. 2a-e). Despite this difficulty, a minimum crystal-
lite size can be determined. The calculation of the minimum
crystallite size for a given reflex follows the logic that if the
crystallites were smaller than this value, the reflex would be
wider - with or without the presence of micro strain or com-
position gradients. (A detailed description of the calculation
of the minimum crystallite sizes is given in the ESIF.)

To extract the shape of the peaks which is needed for the
calculation of the minimum crystallite sizes as well as for in-
tegral intensities and energy positions of the signals as func-
tions of time, a multi-peak fit using pseudo-Voigt profiles was
performed on each recorded spectrum. Resulting peak profiles
and their deviations from the measured data (res.) were added
to Fig. 2. To account for the asymmetric nature of the broad
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Figure 4 SEM images and EDS mappings of cross-sections of the Cu-Zn-Sn-S nanoparticle precursor (a) and of the samples that were selenized by slow

heating (0.05 Ks™h) up to 400°C (b) and up to 550°C (c).

peak marked by X1, the signal was fitted with an asymmetric
pseudo-Voigt profile.

The time evolution of the peak properties resulting from the
multi-peak fits and from the calculation of minimum crystal-
lite sizes are shown in Fig. 3. Fig. 3b shows an enlarged
presentation of the X1 and X2 region of the time-resolved
EDXRD data from Fig. 1. The thick lines in Fig. 3b mark the
photon energy peak positions of the maxima of X1, ¥2, CuSe,
and Cu,_sSe as functions of process time. Integral signal in-
tensities, which were calculated from the fit parameters, are
plotted in Fig. 3c and d. Minimum crystallite sizes calculated
from the signals CuSe (006), X1, and X2 are plotted in 3e. The
minimum crystallite size for X1 of 10 to 20 nm are consistent
with the sizes observed by transmission electron microscopy
(TEM).'7 Its value stays nearly constant throughout the pro-
cess.

Remarkably, immediately after CuSe started to form at 240
°C its minimum average crystallite size is larger than 100 nm
and then increases above 200 nm. Also, the sizes determined
from X2 are immediately larger than 100 nm. (We note that
the signals attributed to Cu,_gSe are too small to reliably de-
termine minimum crystallite sizes for this phase.)

The formation of large Cu-Se grains has an important con-
sequence. Since the precursor film initially consists of Cu-
Zn-Sn-S nanoparticles, the formation of large Cu-Se grains
is necessarily connected with a spatial separation of Cu from
Zn and Sn. There are two principle possibilities for this sep-
aration to take place: 1) Sn and Zn move away from areas

at which large Cu-Se grains form. 2) Cu diffuses to a loca-
tion where no Sn and Zn is present, that is to the surface of the
sample. The second possibility is supported by cross-sectional
scanning electron microscopy (SEM) images and elemental
energy-dispersive X-ray spectroscopy (EDS) mappings shown
in Fig. 4. The upper images (a) show a nanoparticle precursor
film, which has not been annealed. Here, the distributions of
Cu, Zn, and Sn correlate. The images in the middle (b) show
a sample that was selenized with the slow heating process,
which was interrupted at 400 °C, after Cu-Se disappeared.
Here, the SEM image on the left shows a 200 nm thick layer of
large grains at the surface of the film. Additionally, the EDS
mappings reveal an increased Cu concentration, the presence
of Se and the absence of S near the surface. This suggests that
the large Cu-Se grains seen between 240 °C and 360 °C, are
formed at the surface. Additionally, an increased Zn/(Cu+Sn)
atomic ration can be seen in the bottom layer. Measurements
by X-ray absorption spectroscopy at the K-edge of sulfur (not
shown) indicate that approximately 43 % of the S left in the
400 °C sample is bound in Zn(S,Se). (For details on the tech-
nique see e.g. Just et al.32)

In the large grained layer of the film that was heated up to
550 °C, the distributions of Cu, Zn, and Sn correlate again
(Fig. 4c). These results reveal that cation diffusion takes place
during the selenization of the nanoparticle film.

The SEM images in Fig. 4b and c show two distinct lay-
ers with a clear interface (horizontal dashed line) with a large
grained layer at the top. The interface of the sample that was



annealed up to 400 °C (Fig. 4b) was further analyzed by
high-resolution transmission electron microscopy (HR-TEM)
shown in Fig. 5a. The SEM inset shows an enlarged section
of the SEM image in Fig. 4b. The upper part of the image
shows a large area of uniform lattice planes, which therefore
is attributed to a single grain (denoted by “Large grain”). The
border of this area is marked by a white dash-dotted line. In
contrast, the lower part shows several smaller areas of uni-
form lattice planes with diameters in the order of up to 10
nm. The numbers give the lattice plane spacings for the corre-
sponding areas extracted by Fourier transformations. They are
close to the lattice plane spacings of CZTSe 112 (3.28 A) and
of CZTSe 204/220 (2.01 A).33 The deviations from these val-
ues - as well as from the corresponding lattice planes of ZnSe
or CTSe - are within the resolution of the measurement. In
contrast, they significantly deviate from the lattice plane spac-
ings of CZTS 112 (3.13 A) and CZTS 204/220 (1.92 A).3* The
insets of Fig. 5a show transmission electron diffractograms
(TED) recorded in the large grained and the nanoparticle layer,
respectively. The innermost circle corresponds to the 112
and the second inner circles to the 204/220 lattice planes of
CZTSe. In a TEM-EDS line scan across the interface of the
large grain layer and the nanoparticle layer an approximately
50 nm thick Zn-rich layer at the bottom of the large grained
layer can be observed (Fig. 5b). A TEM-EDS mapping from
which the line scan was extracted shows a laterally uniform
thickness of the ZnSe layer (see Fig. S37). Therefore the part
of the large grain seen in the graph should partially consist of
ZnSe.

The graphs in Fig. 5 show that nanoparticles with a high
Se/S ratio and of sizes in the order of 10 nm exist in the direct
neighborhood of a large grain. Even though the shown area
does not provide good statistics, this observation supports a
formation of large grains on top of the nanoparticle layer in-
stead of a continuous growth of nanoparticles.

3.1.2 Formation of Cu,ZnSnSe,.

The intensity of the X2 signal at the energy position of CZTSe
(112) shows three distinct time periods (denoted by A, B, and
C in Fig. 3c¢):

* A: The X2 intensity rises rapidly. No significant CZTSe
(101) reflex is present.

* B: The X2 intensity rises slowly. The CZTSe (101) reflex
starts to rise

* C: An increasing rise of the X2 intensity is accompanied
by a decline in X1 intensity.

Regarding period A we make two additional observations: (i)
All Cu-Se intensities disappear during this period, (ii) inten-
sities corresponding to the Cu,_gSe peaks appear simultane-
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Figure 5 (a) HR-TEM image of a region around the interface of the
large grain layer and the nanoparticle layer of the sample that was
selenized by slow heating up to 400°C. The two insets show electron
diffraction patterns measured at the large grain area ([513] zone
axis) and at the nanoparticles area, respectively. The dashed rings in
both insets have equal diameters. The innermost circle corresponds
to the CZTSe 112 planes and the second inner circle to the 204/220
planes. (b) TEM-EDX line scan across the interface of the
nanoparticle layer and the large grained layer. The position of the
zero point of the x-axis is arbitrary.

ously with X2 at the beginning of this period and then dis-
appear by the end of this period, (iii) the weak CZTSe (101)
signal does not show a significant intensity in this time period
and only rises in period B.

The disappearance of the Cu-Se signals during the initial
rapid rise of the X2 signal implies that Cu-Se is converted into
the phase causing the X2 signal. The absence of the CZTSe
(101) indicates that in this period the signal X2 is not caused
by tetragonal CZTSe, but rather by a cubic phase. This leaves
us with the following possibilities: (1) During this period the
sintered CZTSe phase is oriented and therefore either does not
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Figure 6 Time-resolved EDXRD data and peak properties of the
selenization of a Cu-Zn-Sn-S nanoparticle film with a fast heating
rate of 1.7Ks~!. Description similar to Fig. 3. The temperature of
the film is estimated to lag up to 100 °C behind the measured
temperature during the heating ramp (also see ESIT).

show a CZTSe (101) signal or this signal is only very weak.
(2) Initially CZTSe forms as a cubic phase with a disordered
occupation of the cation sites. (3) Cubic phases such as ZnSe
or (4) CuySnSes (CTSe) are formed prior to CZTSe.

The EDS mappings of the sample for which the heating was
interrupted at 400 °C (in period B) supports a CTSe formation
at the surface since an enrichment of Cu and Sn in the large
grained layer compared to Zn can be seen (Fig. 4b). Addition-
ally, the TEM-EDS measurements on the same sample shown
in Fig. 5 revealed that a thin layer of ZnSe exists at the bot-
tom of the large grained layer. We conclude that in period A,
mainly tin diffuses from the nanoparticle film into the copper
selenide at the surface to form CTSe, followed by Zn which fi-
nally lead to the transformation of the large grains into CZTSe.
The formation of tetragonal CZTSe is revealed by the rise of
the (101) reflex (Fig. 3c) and by the correlation of the spatial
distributions of Cu, Zn, and Sn in the final film (Fig. 4c).

Finally, in period C the decrease of the broad X1 signal dur-
ing a further increase of X2 and CZTSe (101) can be explained
by a consumption of nanoparticles in favor of large CZTSe

grains.

3.2 Selenization by fast heating

The time-resolved data of the slow heating process presented
in the previous section gives detailed insights into the re-
actions taking place during the selenization of Cu-Zn-Sn-S
nanoparticles. However, the process used by Guo et al. 7
uses much higher heating rates. In this section we investigate
the selenization with an increased heating rate of 1.7Ks~! and
compare the results to the case of the selenization by slow
heating (0.05Ks™1).

Similar to the slow heating process presented in Fig. 3, in
this process a continuous, but faster shift of the X1 signal from
the expected position of CZTS (112) to CZTSe (112) can be
seen in Fig. 6b. Also, a weak signal for Cu,_gSe (111) and a
subsequent formation of the X2 signal directly at the expected
position of CZTSe (112) is observed (Fig. 6c and d). How-
ever, we point out four important differences compared to the
slow heating process: First, no CuSe reflex is detected. Sec-
ond, the CZTSe (101) reflex forms simultaneous to X2. This
indicates that CZTSe is formed without a prior formation of
CTSe or ZnSe. Third, the intensity of X1 vanishes after about
15 minutes of total annealing time. At the same time, the in-
tensity of X2 and the minimum crystallite sizes estimated from
X2 reach their maximum values (Fig. 6c and e). Fourth, the
cross-section of the final film shows a favorable morphology
with a dense layer of large grains (Fig 7). As in the case of
slow heating, the EDS mappings of Fig. 7 reveal a correlation
of the signals of Cu, Zn, Sn, and Se, which is expected for sin-
gle phased CZTSe. In this sample, no ZnSe was found at the
bottom of the large grained layer by TEM-EDS (Fig. S47).

3.3 Growth model

The proposed reaction paths for the selenization of Cu-Zn-
Sn-S nanoparticle films by slow and by fast heating are vi-
sualized schematically in Fig. 8. Whereas in the case of
slow heating, the transformation of the initial Cu-Se grains
into CZTSe grains is proposed to proceed via intermediately
formed CTSe and ZnSe, in the case of fast heating theses in-
termediate phases seem to be avoided. We note that in the fast
heating process the absence of CuSe prior to Cug_,Se could
be due to a lower Se partial pressure during the heating ramp
compared to the slow heating process. This may be caused by
a nonuniform temperature distribution during the fast heating
within the reaction box if the temperature of the selenium or
the walls of the reaction box does not increase as quickly as
the film temperature.

Regarding that CZTS is known to be stable below 500 °C,*
the formation of Cu-Se at lower temperatures seems surpris-
ing. A high chalcogen pressure is expected to stabilize the
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Figure 7 SEM images and EDS mappings of a cross-section of the sample that was selenized by fast heating (1.7Ks™!) to 500°C.

; Cﬁl-ZhLSn-S,Se'NPs c

S+e C(Z)TSe z,se

>

heating >

annealing at 500 °C % time

Figure 8 Schematic model of the formation of large grained CZTSe from Cu-Zn-Sn-S nanoparticles by (a) slow heating (0.05Ks~!) and (b)
fast heating (1.7 K s~1) with a subsequent annealing at 500°C. Cu-Se stands for CuSe or Cu,_5Se, CTSe for CupSnSes, C(Z)TSe for a
Zn-deficient CZTSe phase, CZTSe for CuyZnSnSe,, and NP for nanoparticles.

kesterite structure according to Scragg et al.?> If CZTS does
not decompose, the formation of CuSe out of CZTS would
not be expected. The observed formation of Cu-Se at low
temperatures can, however, be explained by the presence of
smaller size Cu-rich particles with a low crystallinity in the
nanoparticle precursor film, which was found by X-ray ab-
sorption spectroscopy and EDS (details will be published else-
where). In these particles, the bonding of Cu can be expected
to be weaker than in CZTS, enabling an early formation of Cu-
Se. This explanation is further supported by the observation
that during the rise of the reflexes of CuSe and Cu,_gsSe, the
intensity of the broad X1 peak attributed to the nanoparticles
rises as well (Fig. 3c and d). Even though an increase of the
112 reflex would be expected if S in CZTS is replaced by Se,
this cannot account for the full intensity increase. Possible ex-
planations are healing of structural defects and an increase of
the crystallinity of the nanoparticles. The fact that the X1 sig-
nal does not decrease, supports the interpretation that the Cu
forming the Cu-Se grains stems from nanoparticles with a low
crystallinity, that is from nanoparticles that do not contribute
to the diffraction signal. The small radius of the surfaces of the
nanoparticles can also be expected to lead to a lower stability
of the CZTS lattice, which might shift the decomposition of

CZTS into binaries to lower temperatures. These considera-
tions suggest that a low crystallinity of the nanoparticles sup-
ports a fast selenization at low temperatures. The influence of
the particles size and crystallinity on the reaction path should
be investigated in detail in future studies.

As a consequence of the initial formation of copper se-
lenides at the surface, the subsequent formation of CZTSe
starts under Cu-rich conditions. This may have important
consequences on the formation of large grains and defects in
the CZTSe lattice. It is well known from the literature that
an intermediate Cu-rich composition during co-evaporation of
Cu(In,Ga)Se; absorber films is favorable for the formation of
a large grained morphology and for high energy conversion ef-
ficiencies of resulting solar cells. 3¢ Also for co-evaporated
CZTS it was shown that a Cu-rich growth has a positive ef-
fect on the formation of large grains. !>15-37 In these cases, the
Cu excess is subsequently removed by etching !* or by a Cu-
poor co-evaporation stage 13 to obtain single phased CZTS. It
is noteworthy, that in the processes investigated here, a Cu-
rich growth and a subsequent extinction of copper selenide is
purely induced by a separation and subsequent mixing of the
cations. Moreover, the Cu-rich growth occurs despite an over-
all Cu-poor composition of the film. That means that the Cu-



rich growth and subsequent compensation of the Cu excess is
self-controlled and does not need sophisticated deposition rate
control as is needed for the co-evaporation processes.

It is interesting to notice that the rise of the X2 signal is cor-
related with the transition from CuSe to Cu,_sSe (Fig. 3¢ and
d). We suggest the following possible reason for this: The Se
sublattice of Cu,_gSe has the same cubic closest pack struc-
ture as the Se sublattice of CTSe, ZnSe and CZTSe with sim-
ilar lattice constants,?%-38-40 whereas CuSe has a hexagonal
Se sublattice.?’ Therefore, the transition from CuSe to CTSe
would be necessarily connected with a change of the Se sub-
lattice whereas the transition from Cu,_gSe to CTSe in prin-
ciple only necessitates the exchange of cations, which could
be faster than a change of the sublattice.*' As the positions of
Cu,_gSe (111) does not coincide with the position of X2 (Fig.
2¢), a purely topotactical transition from Cu,_gSe to CTSe
can be ruled out. In contrast, no separate signals can be seen
for CTSe or ZnSe and no peak peak broadening of X2 occurs
between period A and B. From this follows that if CTSe, ZnSe,
and CZTSe coexist, they should be lattice-matched. There-
fore, the transition from CTSe and ZnSe to CZTSe might take
place via a topotactical exchange of the cations within the Se
sublattice. *?

A common problem of the synthesis of absorber films by
selenization of nanoparticle films is an accumulation of car-
bon from the precursor beneath the sintered layer.”8 A high
density of carbon beneath the CZTSe film can be seen in the
EDS mappings in Fig. 7. The carbon accumulation can be
explained by the observed cation diffusion out of the initial -
carbon containing - nanoparticle precursor film to form large
grains on top of the film: As the cations diffuse out and the
thickness of the nanoparticle layer decreases, the carbon den-
sity increases within the remaining nanoparticle layer. The
presence of carbon within the nanoparticle layer might pre-
vent the merging of the nanoparticles. If this is the case, the
outdiffusion of the cations to the surface of the nanoparticle
layer would be the only possibility to form large grains. We
note that the density of carbon is largest in the upper part of
the nanoparticle layer (Fig. 7). This is expected if the outdif-
fusion of the cations is largest near the surface of the nanopar-
ticle layer. Guo et al. found that increasing the thickness of
the nanoparticle precursor film does not lead to an increas-
ing thickness of the large grained film, but only in an increas-
ing thickness of the remaining nanoparticle layer.” We suggest
that an increasing density of carbon in the nanoparticle layer
near the interface to the large grained layer may not only block
the merging of the nanoparticles, but also inhibit the outdiffu-
sion of the cations, leaving some of the cations trapped in the
lower part of the nanoparticle layer. If this is the case, the
synthesis of thicker films of large grains from nanoparticles
prerequisites a reduction of the carbon content of the precur-
sor film.

4 Conclusion

We showed that during the selenization of Cu-Zn-Sn-S
nanoparticle precursor films, large grains of selenides, starting
with copper selenide, form on top of the nanoparticle layer as
soon as selenium is incorporated into the film. This is accom-
panied by a slower replacement of S by Se in the nanoparticle
layer. We conclude that the large grains are formed by cations
that diffuse from the nanoparticle film to the surface to react
with selenium from the gas phase and that the initially formed
copper selenides are transformed into CZTSe by subsequent
incorporation of Sn and Zn. This reaction path leads to an in-
termediate partial separation of the cations and - in the case
of a slow heating rate - to the intermediate formation of CuSe,
Cu,_sSe, CupSnSe; and ZnSe. The separation of the cations
and the formation of the intermediate phases can be reduced
by increasing the heating rate. It is proposed that the observed
accumulation of carbon beneath the large grained CZTSe layer
is a consequence of the outdiffusion of the cations out of the
carbon containing nanoparticle layer.

As a consequence of the formation of copper selenide
(Cu,_gSe) prior to CZTSe observed in both slow and fast
heating, the CZTSe phase initially grows under Cu-rich con-
ditions, which is known to be favorable for the formation of
large CZTSe grains. The intermediate Cu-rich growth fol-
lowed by a subsequent complete consumption of copper se-
lenide is induced by separation and subsequent mixing of the
cations and is therefore self-controlled.
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