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A large-grained CuyZnSnSe, (CZTSe) absorber for solar cells was fabricated
by the metallic ink-printing method and subsequent selenization at 600°C to
700°C with overpressures of two different selenium compounds and a step-
heating procedure. The developed CZTSe grain size was confirmed as 8 um to
20 um. The second heating stage was helpful in inducing crystallization and
was important for grain growth. For the nonvacuum approach, nanosized Cu,
7Zn, and Sn powders were chosen for preparing inks. Ceramic Al,O3 was used
instead of glass to prevent the thermal decomposition of the substrate. A
nanosized Cu(In,Ga)Se, layer was coated on a Mo electrode to provide a bar-
rier to avoid direct contact of Cu, Zn, and Sn with Mo. The selenization under
the combination of two selenide pellets played a crucial role in preparing the
CZTSe absorber. The fabricated CZTSe solar cell device showed power con-
version efficiency of 1.14%, open-circuit voltage of 130 mV, short-circuit cur-
rent density of 33.1 mA/cm?, and fill factor of 0.265.

Key words: CusZnSnSey, solar cells, ink printing

INTRODUCTION

Cuo-II-IV-VI, quaternary compounds of
CusZnSnSe, (CZTSe), CusZnSnS, (CZTS), and their
solid solution (CZTSSe) with energy gaps of 1.0 eV
to 1.5 eV and absorption coefficients of 10* cm ™! to
10° ecm ™! are cost-effective materials for thin-film
solar cells.*? However, research efforts in Cug-II-IV-
VI, in g neral, are far behind those in Cu(In;_,
Ga,)Se,.>* Recently, rapid progress in earth-abun-
dant Cus-II-IV-VIy solar cells with efficiencies of 8%
to 10% has indicated that this system has great
potential %=’

The processes for Cuy-II-IV-VIy solar cells include
vacuum and nonvacuum methods. Based upon a
vacuum method, Reppins et al.® demonstrated
9.15%-efficient cells with absorbers prepared by four-
source co-evaporation. Katagiri et al.® obtained

(Received October 23, 2012; accepted February 28, 2013;
published online April 4, 2013)

1190

6.7%-efficient cells by cosputtering with Cu, SnS, and
ZnS targets, followed by sulfurization with HsS at
580°C. CZTS solar cells with efficiency of 3% to 5%
were also fabricated by sequential sputtering depo-
sition of metallic films using multiple targets fol-
lowed by selenization or sulfurization at high
temperatures.'®!! Using the nonvacuum method,
Barkhouse et al.® reported high-efficiency (10.1%)
CZTSSe cells made using a hydrazine solution and a
nonvacuum method followed by an annealing process
at 540°C. Redinger et al.’® reacted an electroplated
Cuw/Zn stack with decomposed Sn and S(Se) vapors for
fabrication of CZTSSe cells with 5.4% efficiency. We
also reported enhanced grain growth with SnSe, to
provide the Se vapor for selenization.'® Other non-
vacuum methods did not reach the expected effi-
ciency.'*® Basically, the successful hydrazine
solution method can leave Cuy-II-IV-VI, films with-
out organic residues, which would prevent good film
crystallization. For vacuum- and nonvacuum-based
Cu,-II-IV-VI, solar cells, it is important to obtain
samples with good crystallization, densification, and
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large grain size. Furthermore, the absorption layer
needs to be improved in interface reactions, and the
porosity for good quality.'®

Here, we describe a well-crystallized, large-
grained CZTSe absorption layer obtained by print-
ing metallic paste of nanosized Cu, Zn, and Sn
powders onto CIGSe/Mo-coated alumina substrates
followed by selenization at 600°C to 700°C. The
selection of nanosized metallic powders is based on
their strong reaction activity in order to facilitate
densification and grain growth. Soda-lime glass
substrate is limited to use below temperature of
600°C. In the present work, alumina substrate was
utilized to broaden our processing range above
600°C and to enhance the sintering and grain
growth of CZTSe. Because the printing-type pow-
ders do not pack densely, a high selenization tem-
perature is needed and control of the composition of
CZTSe is quite a challenge. A CIGSe barrier layer is
inserted between the Cu-Zn-Sn paste and Mo back
electrode to control the interface reactions.

EXPERIMENTAL PROCEDURES

CusZnSnSe, thin films formed on CIGSe/
Mo-coated alumina (Al,O3) substrates were pre-
pared by postselenization of ink-printed Cu-Zn-Sn
metallic films at 600°C to 700°C. The Mo back
electrode with thickness of 0.8 ym to 1.2 um was
deposited by direct-current (dc) sputtering at 100 W
for 2 h. Commercially available nanosized Cu, Zn,
and Sn metallic powders with ratio of 0.8:0.55:0.5,
respectively, were ball-mixed with an ester-type
dispersant to form metallic inks for printing. After
ink printing and drying, the dried layers were
pressed under uniaxial loading of 100 MPa for
10 min to have a thickness of 8 ym to 12 ym. Post-
selenization was carried out by a step-heating pro-
cedure in a tube furnace. In the first holding stage,
the sample was kept at 300°C for 0.5 h, while in the
second holding stage it was kept at 600°C, 650°C
or 700°C for 1 h. The step-heating procedure is
expressed as the 300°C to 700°C two-step procedure,
for example. To minimize the interface reactions
between metallic Cu, Zn, and Sn and the Mo bottom
electrode, a 0.1-um- to 0.2-um-thick CIGSe barrier
layer was deposited on a Mo-coated alumina sub-
strate by radio frequency (rf) sputtering at 90 W for
0.5 h. The CIGSe target was made by hot pressing
the self-synthesized powders. To investigate the
film development during the step-heating seleniza-
tion procedure at 700°C, CZTSe films obtained from
selenization of Cu-Zn-Sn films were evaluated at
different intermediate stages, as symbolized as
stages I to VI in Fig. 1. During the selenization,
Cu-Zn-Sn films were loaded in a lid-covered ceramic
crucible with a combination of two selenide pellets
of SnSe, and CuSe,. Also SnSe; and CuSes powders
were prepared by a powder technique. After sele-
nization, the CZTSe films were deposited on alu-
mina/Mo/CIGSe substrates with dimensions of

S 700 e v
CTS 600 v VI
E 10°C/min

s 1 10

8 3001

E 1/ 5°C/min

i —>

Process time scale

Fig. 1. Different intermediate stages | to VI in the two-step heating
profile for Cu-Zn-Sn layers selenized at 700°C for 1 h.

2.5 mm x 4.0 mm. The following procedures were
followed to form devices: A 50-nm-thick CdS buffer
layer was deposited on the CZTSe absorber layer by
chemical bath deposition at 80°C for 15 min in a
solution of cadmium acetate, thiourea, ammonium
chloride, and ammonia. The 50-nm-thick ZnO and
500-nm-thick indium tin oxide (ITO) layers were
individually deposited by radio frequency (rf) sput-
tering at 200°C for 0.5 h and 1 h, respectively, with
home-made targets of ZnO and ITO, both hot-pres-
sed at 1200°C for 30 min. Silver paste was used for
electrical contacts. The final cell structure was a
stack of the form alumina/Mo/CIGSe/CZTSe/CdS/
i-ZnO/ITO/Ag.

The phase composition of CZTSe layers was ana-
lyzed by x-ray diffractometry (XRD, Rigaku D/Max-
RC). A field-emission scanning electron microscope
(SEM, JEOL JSM 6500F) equipped with energy-
dispersive x-ray spectroscopy (EDX) was used for
microstructural characterization and composition
analysis. The illuminated J-V characteristics of the
devices were measured using a standard AM1.5
illumination meter.

RESULTS AND DISCUSSION

Metallic ink-printed Cu-Zn-Sn films were sele-
nized by Se-containing vapor provided by simulta-
neously heating two different pellets of SnSe; and
CuSe, at high temperature. Figure 2 shows SEM
images of metallic ink-printed CZTSe layers after
two-step selenization at (a) 600°C, (b) 650°C, and (c)
700°C for 1 h. The CZTSe grain size increased with
increasing selenization temperature (T's.). Those
selenized below 600°C showed porous microstruc-
ture and were not included in this report. However,
Cu-Zn-Sn selenized at and above 600°C without a
CuSe, pellet showed severe Cu deficiency as com-
pared with those at 550°C. During selenization,
addition of a CuSey pellet together with the SnSe,
pellet helped to solve the problem of low Cu content
at high T's.. The table inset in Fig. 2 lists the Cu, Zn,
Sn, and Se atomic percentages in the CZTSe film
after selenization at 600°C, 650°C, and 700°C. The
composition analyses of the films selenized at dif-
ferent temperatures showed an average Cu/
(Zn + Sn) ratio of 0.82 to 0.96, Zn/Sn ratio of 1.03 to
1.18, and Se/(Cu + Zn + Sn) ratio of 1.02 to 1.06.
After selenization at above 600°C, the CZTSe films
did not show the problems of constituent element
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Fig. 2. SEM images of metallic ink-printed CZTSe layers after two-step selenization at (a) 600°C, (b) 650°C, and (c) 700°C for 1 h. The inset
table lists the composition data in atomic percentage for the CZTSe layers after selenization at different temperatures.
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Fig. 3. XRD patterns of metallic ink-printed CZTSe absorption layers
after two-step selenization at (a) 600°C, (b) 650°C, and (c) 700°C for
1h.

deficiency. When the CuSey pellet was not used in
the selenization, the Cu content was reduced to 17%
and the Cuw/(Zn + Sn) ratio was less than 0.75.

The 600°C-selenized CZTSe film showed a rough
surface and heterogeneous microstructure (Fig. 2a).
Dissolution and vaporization of the absorbed Se
species interacting with the Cu-Zn-Sn film led to the
formation of the poor morphology. During the two-
step heating procedure, the first step of holding at
300°C is to provide sufficient Se vapor for the pur-
pose of oversaturation and to form condensed Se
liquid on the top of the Cu-Zn-Sn film. When heat-
ing to the second step and holding at 600°C, the
condensed Se liquid reacts with Cu-Zn-Sn to form
volatile vapor species, which leads to the formation

of a rough microstructure. The CZTSe films sele-
nized at 650°C and 700°C showed a smooth surface
and homogeneous microstructure (Fig. 2b, c¢). The
grain sizes for 650°C- and 700°C-selenized films
were 4 ym to 12 ym and 8 ym to 20 um, respec-
tively. The reason for the different, rough and
smooth morphologies could be related to the differ-
ent degrees of Se or selenide oversaturation at dif-
ferent temperatures, leading to the formation of
different copper selenides of CuysSe, CuSe, and
CuSe,. Stable selenide will aid densification,
whereas a volatile one will lead to the formation of a
rough microstructure. This finding is based upon
the loss of Cu content in our process without a
CuSe, pellet at high T's.. Further investigations on
this issue are needed, since it is crucial to control
the degree of selenization. The SEM results confirm
that selenization with the combination of the two
selenide pellets is a correct approach to obtain
CZTSe films with characteristic features of dense
microstructure without voids, controlled stoichiom-
etry, and large grains.

The CIGSe layer was not observed on cross-sec-
tional imaging after selenization of the CIGSe bar-
rier layer. The In and Ga elements were detected by
EDX element point mapping. Once selenization of
the Cu-Zn-Sn film begins, a solid solution of CZTSe
and CIGSe also formed simultaneously. The effect of
In and Ga dissolution into the CZTSe requires fur-
ther investigation. It is difficult to avoid the reaction
between the metal layers of Cu-Zn-Sn and Mo due to
the formation of their intermediate compounds,
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step selenization procedure.
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based on the Mo-Zn and Mo-Sn binary phase
diagrams. Furthermore, as the Cu-Zn-Sn films are
selenized, the Mo electrode will also be attacked.
The main purpose of the design of the CIGSe layer
in the present work is to avoid the predicted inter-
face reactions at high Tg. of 600°C to 700°C. A
MoSe, coating could be another candidate barrier
layer between Cu-Zn-Sn and Mo, but it is difficult to
densify a MoSe, target for sputtering. Recently, an
IBM research team reported 8.9% efﬁcienc¥ for
CZTSe solar cells with a TiN diffusion barrier.'” The
diffusion barrier concept has become important.
Figure 3 shows XRD patterns of metallic ink-
printed CZTSe absorption layers after two-step
selenization at (a) 600°C, (b) 650°C, and (c) 700°C
for 1 h. The major diffraction peaks of polycrystal-
line CZTSe were related to the (112), (220/204)
and (312/116) orientations of a kesterite structure.lé
The only second phase came from the contribution
of the Mo electrode. There was no MoSe, phase. The
diffraction intensity of Mo decreased with increas-
ing Ts., which is related to an increase in film
thickness at high T's.. The grain sizes of the CZTSe
films selenized at 600°C, 650°C, and 700°C are
10 um, 12 um, and 20 um, respectively. With the
similar paste thickness, this large difference in
thickness indicates that there is a strong interaction
and reactions between the metallic films and the
selenide-contributed Se vapor at higher Ts.. How-
ever, the diffraction intensity was reduced for the
film selenized at 700°C, as shown in Fig. 3c. From
the point mapping composition analyses, it was

observed that the Mo element had diffused into
CZTSe to form a solid solution after selenization at
700°C. Such incorporation of Mo ions leads to lattice
distortion and worse crystallinity at higher T's.

To investigate the microstructural development
during the step-heating selenization procedure,
metallic ink-printed CZTSe films were heated to
intermediate stages. Figure 4 shows SEM images of
metallic ink-printed CZTSe layers at intermediate
heating stages (a) I11, (b) IV, (¢) V, and (d) VI using a
two-step selenization procedure at 300°C to 700°C.
After holding at 300°C for 0.5 h (stage III in Fig. 1),
the ink-printed film did not show any grain growth
behavior (Fig. 4a). At stage IV, for films heated to
600°C without holding, CZTSe showed nonuniform
grains of 1 ym to 4 ym with a rough surface, as
shown in Fig. 4b. This is due to dissolution and
vaporization of absorbed Se species, which also
indicates a weak reaction between the metallic film
and Se vapor at 600°C. At stage V, for films heated
to 700°C without holding, large grains of 5 um with
trapped voids and stacking defects were observed
(Fig. 4c¢), confirming the fast grain growth process.
At stage VI, for films held at 700°C for 1 h, huge
CZTSe grains of 8 um to 20 um (lower magnification
in Fig. 2c¢, higher magnification in Fig. 4d) were
obtained. A very few CZTSe grains larger than 5 ym
are seen, especially when using the nonvacuum
method. Densification of an ionic compound, e.g., a
soda-lime glass powder, is hard to achieve at 500°C
to 600°C without any aids. Our experiments aim
to selenize CZTSe films at higher temperatures
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Fig. 5. Composition analyses of metallic ink-printed Cu,ZnSnSe,
layers at different stages of a 300°C to 700°C two-step selenization
procedure using two selenide pellets.

(2600°C) for the purpose of grain growth. To avoid
these confronting problems, we need to use Se-
supplying sources for reactive sintering and a
CIGSe barrier layer to avoid a strong interface
reaction, and to replace the soda-lime glass with an
alumina substrate.

Figure 5 shows composition analyses of metallic
ink-printed CuyZnSnSe4 layers at different inter-
mediate heating stages at 300°C to 700°C of the
two-step selenization procedure. During the step-
heating selenization, the Cu-Zn-Sn films showed
negligible Se content after holding at 300°C for 0.5 h.
As the temperature increased from 300°C to 700°C
(stage V), the Cu-Zn-Sn films reacted strongly with
Se species to form CZTSe with Se content of
48.9 + 1.8%. With further 1-h holding at 700°C
(stage VI), the selenized films reached Se content of
50.5 + 1.2%. Our selenization approach helped to
induce a strong reaction between the Cu-Zn-Sn
metallic films and the Se species at temperatures
above 600°C. Due to the effect on the electrical
properties, it is desirable to have the correct Se con-
tent rather than have Se vacancies as point defects.
Fortunately, even when selenized at 700°C, the
CZTSe films did not have a Se deficiency problem.

The performance of CZTSe solar cells with the
metallic ink-printed absorber selenized at 650°C
was investigated. Figure 6a shows a current den-
sity—voltage (J—V) plot for the CZTSe solar cell with
an illuminated area of 0.1 cm?. This device showed
power conversion efficiency (1) of 1.14%, open-cir-
cuit voltage (Vgc) of 130 mV, short-circuit current
density (Jgc) of 33.1 mA/cm?, and fill factor (FF) of
0.265, under standard AM1.5 illumination. Reported
Jsc values were smaller than 40 mA/cm?.™® The
lower Ve of 130 mV and fill factor of 0.265 could be
improved by lowering the Cu/(Zn + Sn) ratio,
obtaining the correct ZnO layer thickness to establish
a stable built-in voltage, and replacing Se with S to
widen the band gap of CZTSe. CZTSe solar cells with
good efficiency have always shown V¢ between
380 mV and 640 mV.?>® The energy conversion effi-
ciency of the CZTSe cells could be greatly improved by
improving the values of Voc and FF.

Figure 6b shows a cross-sectional SEM image of
the CZTSe absorption layer after selenization at
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Fig. 6. (a) Current density—voltage (J~V) plot of a CZTSe solar cell.
(b) Cross-sectional SEM image of the metallic ink-printed CZTSe
absorption layer after selenization at 700°C.

700°C. Limited by the facility, the thickness of the
absorption layer was about 20 um. After seleniza-
tion, the thickness of the Cu-Zn-Sn film was dou-
bled, i.e., from 8-12 ym to 20 um, due to the phase
transformation from the metallic material to cera-
mic by selenization. With improvement of our tools,
a thin-film solar cell instead of a thick one could be
obtained. The thicker CZTSe layer was composed of
three to five grains. The trapping of photoinduced
electrons and holes by grain boundaries will be
minimized. The CZTSe/Mo interface was dense and
continuous without porosity. The CIGSe barrier
layer in between can contribute to the formation of
this good interface. If the metallic films are depos-
ited directly on the Mo electrode, it will be difficult
to carry out a selenization process that only sele-
nizes the metallic films without diffusing to and
reacting with Mo, which would lead to the formation
of a thick MoSe; layer. Good performance of CZTSe
solar cells can be expected when the CZTSe film has
large grains and good crystallinity and does not
have porosity at the CZTSe/Mo interface. From our
work, selenization at 650°C is already good enough
to obtain large grain size, good crystallinity, and a
dense absorber layer.

Ideal “passivated” grains for the absorption layer
of thin-film solar cell devices are grains with
film-thick grain size.'® It is important to have Cu,-
II-IV-VI, solar cells with good crystallization, den-
sification, and large grain size of 1 ym to 2 ym.?>¢
Conventionally, use of pure Se powder as a vapor
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source results in deficiency above 550°C, leading to
Se-deficient CZTSe, or porous films due to vapori-
zation at and above 600°C. Herein, we present a
procedure to transform simply paste-printed Cu-Zn-
Sn metallic films into dense CZTSe films with pas-
sivated grains of 8 ym to 20 um.

CONCLUSIONS

A metallic ink-printed CZTSe absorption layer
with large grains of 8 um to 20 um was prepared by
ink-printing metallic paste of Cu-Zn-Sn followed by
selenization at 600°C to 700°C for 1 h in the pres-
ence of two selenide pellets. The inks contain
nanosized metallic powders that aided densification.
During the two-step selenization, the Se content
rapidly increased as the temperature increased
from 300°C to 600°C. The grain growth process
continues during the high-temperature holding. To
densify the CZTSe film at high temperature, the
CuSe, pellet helped to solve the problems of (1) Cu
loss with selenide pellets, (2) the reactions at the
CZTSe/Mo interface with CIGSe, and (3) the heat
resistance of substrate with Al;03. These changes in
the preparation of CZTSe solar cells by a nonvacu-
um method further diversify CZTSe processing. Our
CZTSe solar cell device showed power conversion
efficiency of 1.14%, open-circuit voltage of 130 mV,
short-circuit current density of 33.1 mA/cm?, and fill
factor of 0.265.
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