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ABSTRACT: Solution deposition approaches play an important - Cu,ZnSnSeq n=8.02%
role in reducing the manufacturing cost of Cu,ZnSnSe, (CZTSe)
thin film solar cells. Here, we present a novel precursor-based
solution approach to fabricate highly efficient CZTSe solar cells. In
this approach, low-cost elemental Cu, Zn, Sn, and Se powders were
simultaneously dissolved in the solution of thioglycolic acid and
ethanolamine, forming a homogeneous CZTSe precursor solution
to deposit CZTSe nanocrystal thin films. Based on high-quality
CZTSe absorber layer, pure selenide CZTSe solar cell with a
photoelectric conversion efficiency of 8.02% has been achieved without antireflection coating.
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1. INTRODUCTION Recently, Mitzi’s group and Yang’s group reported that a

Earth-abundant kesterite Cu,ZnSn(S,Se), (CZTSSe) absorbing numl};er gf mletailchalcoiefgdes SlLC}zlaS .Cuzs.' 11:}21583; SnSe, etc.%
materials have been getting significant attention in the thin film Z?(:esseselleslsl(i)u‘;rc; oinsj;uzs’goﬁore}’ rZizz’z mBme}l:ereszzsecg_
solar cells due to their suitable band gaps, high absorption L : 7 7 .

] ) ) workers found that the nine kinds of metal chalcogenides
coefficient, and low material cost. Different from Cu(In,Ga)-

V,VL, V = As, Sb, Bi, VI = S, Se, T be dissolved in th
(S,Se), (CIGSSe) thin film solar cells, solution-deposited (.2 > S 5% B e, Te) o e iy oo e

o ’ . mixed 1,2-ethanedithiol and 1,2-ethylenediamine.”” Compared
CZTSSe solar cells exhibit much higher photoelectric

; R s to high-purity metal chalcogenides, high-purity metal powders
conversion _efficiencies (PSES) than those fabrlcaFed by are substantially cheaper and easy commercially available, which
vacuum-based approaches.”” Recently, CZTSSe thin film impels us to develop a new solution approach by using low-cost
solar cells with PCEs of 8.0—12.6% have been achieved by a

‘ i o ) Cu, Zn, Sn, and Se powders as the starting materials to fabricate
hydrazine-based solution approach.”™ " In this approach, Cu,S, pure selenide CZTSe solar cells. According to a previous report

S, Zn, SnSe, and Se were used as the starting materials to by Zhang and co-workers, the elemental selenium can be
fabricate CZTSSe thin films. Besides, high performance dissolved in the mixed dodecanthiol and oleylamine."”” Very
CZTSSe thin film solar cells have also been respectively surprisingly, except for nonmetallic Se, we found that metallic
demonstrated by a nanocrystal-based route and a sol—gel Cu, Zn, and Sn powders are also dissolved in the mixture of
approach, and the metal salts were usually used as their starting thioglycolic acid and ethanolamine solution despite the absence
materials.'*™"> High efficiency solution-processed CZTSSe of Se (see Figure S1 in the Supporting Information). Here, we
solar cells usually require a postselenization or a postsulfuriza- proposed and demonstrated a novel solution approach to
tion process, which is used to tune the band gap of CZTSSe fabricate CZTSe solar cells with a PCE of more than 8% by
and optimize the device performance by changing the S/Se simultaneously dissolving elemental Cu, Zn, Sn, and Se
ratio. However, due to the different volatilities of sulfur and powders.

selenium, it is very difficult to finely control the S/Se ratio in
final CZTSSe thin films, which will lead to the poor batch-to- 2. MATERIAL AND METHODS

batch reproducibility since the PCEs of the CZTSSe solar cells 2.1. Chemicals. All reactants and reagents were commercially

are strongly related on the S/Se ratio.” Therefore, the pure available and were used as received. Cu (99.99%), Zn (99.99%), Sn
sulfide CZTS and pure selenide CZTSe solar cells have recently (99.99%), and Se (99.99%) powders as well as thioglycolic acid
received a great deal of attention in order to ensure better (HSCH,COOH, 99%), ethanolamine (HOCH,CH,NH,, AR), 2-
reproducibility. For the pure selenide CZTSe solar cells, the methoxyethanol (AR), ammonium hydroxide (NH,OH, 25%),
PCEs above 8% have been reported by some vacuum-based

approaches,M_16 but there are few reports about the high- Received: September 21, 2014

efficiency solution-deposited pure selenide CZTSe solar cells in Accepted: December 10, 2014
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cadmium sulfate (99%), and thiourea (99%) were purchased from
Aladdin.

2.2. Preparation of CZTSe Precursor Solution. To prepare the
solution, we loaded 1.7 mmol of Cu, 1.2 mmol of Zn, 1.0 mmol of Sn,
5.0 mmol of Se, 2.0 mL of thioglycolic acid, and 4.0 mL of
ethanolamine in a 25 mL conical flask. The mixture was magnetically
stirred on a S5 °C hot plate until the clear and wine-red CZTSe
precursor solution was formed. Next, the total metal concentration was
diluted to ~0.35 M by the addition of 5.0 mL of 2-methoxyethanol.
Finally, the CZTSe precursor solution was centrifuged at 12 000 rpm
for 5 min prior to spin-coating. Note that CZTSe precursor solution is
stable in air for more than one month.

2.3. Fabrication of CZTSe Thin Film and Solar Cell Device.
First, ~250 nm thick Mo was DC-sputtered on a glass slide (20 X 20 X
1.0 mm®). Next, CZTSe precursor solution was spun at 2800 rpm for
30 s, followed by sintering on a 320 °C hot plate in nitrogen-filled
glovebox ([H,0] < 1 ppm, [O,] < 1 ppm). Because of the big
shrinkage during the formation of CZTSe nanocrystal thin film, this
coating/sintering procedure was repeated several times to obtain the
desired film thickness (~1.6 um). Afterward, as-prepared CZTSe
nanocrystal thin film was covered by a glass slide (25 X 25 X 1 mm®)
and was selenized in a graphite box containing 0.3 g of Se at 540 °C for
1S5 min, forming the selenized CZTSe thin films. Note that the glass
slide was used to prevent the CZTSe thin film from the deposition of
Se and promote the grain growth of CZTSe thin film.>® Besides, the
heating rate of the selenization is ~8.7 °C/s. CZTSe devices with the
structure of glass/Mo/CZTSe/CdS/i-ZnO/ITO/Al were fabricated,
and the detailed fabrication process has been reported in our previous
papers.*' ~>* CdS (60 nm), i-ZnO (70 nm), and ITO (200 nm) thin
films were successively deposited by a chemical bath deposition
approach, RF-sputtering, and DC-sputtering, respectively. Al grid
electrode (~2.0 ym) was made though thermal evaporation. No
antireflection coating was utilized. Finally, the CZTSe device with an
active area of 0.3558 cm” was separated by a tungsten needle.

2.4. Characterizations. The viscosity of the solution was
measured by Discovery DHR-II (TA Co., U.S.). Thermogravimetric
analysis (TGA) was performed by a TGA/DSC 1 STARe of MEttler-
Toledo. The thickness of the thin films was measured by a step profiler
(AMBIOS, XP-100). The powder X-ray diffraction (XRD) patterns
were taken with a Bruker D8 X-ray diffractometer. X-ray photoelectron
spectra (XPS) were measured with VGESCALAB (VG Co., UK.) at
room temperature by using Mg Ka X-ray source (hv = 1253.6 eV),
and the binding energy was calibrated by the C 1s (284.6 eV). The
scanning electron microscope (SEM) images were collected using a
Hitachi S-4800. The energy dispersive X-ray spectrometry (EDS) was
characterized by Bruker AXS XFlash detector 4010 built on the
Hitachi S-4800. The Raman spectra were measured by a Renishaw
inVia Raman Microscope using an excitation laser with a wavelength of
532 nm. Photocurrent density—voltage curves were recorded under
the standard AML.S illumination (100 mW-cm™) with a Keithley
2400 source meter. The external quantum efficiency (EQE) spectrum
was measured by a Zolix SCSIO0QE system.

3. RESULTS AND DISCUSSION

In this paper, thioglycolic acid and ethanolamine were
employed to dissolve elemental Cu, Zn, Sn, and Se powders.
After stirring at 55 °C for several hours in air, we observed the
disappearance of all elemental powders and the formation of a
clear and homogeneous CZTSe precursor solution, as shown in
the inset of Figure S2 in the Supporting Information. Note that
the as-prepared CZTSe precursor solution has a relatively high
viscosity of 4.35 Pa-S, which is not suitable for spin-coating.
Thus, 2-methoxyethanol was used as the solvent to adjust the
concentration and viscosity of CZTSe precursor solution before
spin-coating process (~56 m Pa-S). Note that the CZTSe
precursor solution is very stable in air and can be used to
deposit CZTSe nanocrystal thin films without further
purification. It was found that elemental Cu, Zn, Sn, and Se
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powders could not be dissolved in sole thioglycolic acid or
ethanolamine. Additionally, we found that metallic Ga, In, Mg,
Fe, Co, Ni, and Mn powders are also dissolved in thioglycolic
acid and ethanolamine and the detailed dissolution mechanism
will be investigated in our future work. The thermal
decomposition behavior of CZTSe precursor solution was
studied by thermal gravimetric analysis (TGA). TGA curve of
the mixed CZTSe precursors with target ratios (Cu/(Zn + Sn)
= 0.77 and Zn/Sn = 1.2) was shown in Figure S2 in the
Supporting Information. The weight loss was found at 160—
400 °C. Thereby, CZTSe nanocrystal thin films were fabricated
by spin-coating CZTSe precursor solution, followed by
sintering on a hot plate at 320 °C for 1 min. As can be seen
in Figure 1, the crack-free CZTSe nanocrystal thin film with a

Figure 1. Top-view and cross-sectional SEM images of as-prepared
CZTSe nanocrystal thin film: (a) top-view and (b) cross-sectional.

thickness of 1.6 pm was obtained by repeating the spin-
coating/sintering procedure. Finally, the large-grained CZTSe
absorber layers were formed by selenization under Se
atmosphere in a graphite box at 540 °C for 15 min.

Figure 2a shows the X-ray diffraction (XRD) patterns of as-
deposited and selenized CZTSe thin films. The three broad and
weak XRD peaks were observed for as-prepared CZTSe thin
films, which implies that as-prepared CZTSe thin films are
composed of CZTSe nanoparticles with an average size of 8.0
nm calculated by Scherrer equation, confirming that CZTSe
nanocrystal thin film can be directly fabricated by a simple
molecular precursor-based solution approach without the need
of complex nanocrystal synthesis. After the selenization, CZTSe
thin films exhibit a standard kesterite structure (JCPDS No.
52—0868), and the intensity of the diffraction peaks increases,
indicating the improvement of crystallinity and the increase of
grain size, which are helpful for the high performance kesterite
solar cells. Since the XRD patterns of some possible binary and
ternary selenides, such as Cu,Se, ZnSe, and Cu,SnSe;, are very
analogous to that of CZTSe, the XRD pattern is insufficient to

dx.doi.org/10.1021/am5064926 | ACS Appl. Mater. Interfaces 2015, 7, 460—464



ACS Applied Materials & Interfaces

Research Article

~ a
A Mo ——Selenized CZTSe
— T ——As-prepared CZTSe
3 g
s g @
elg |& T 3 g
3 z A\ o 1 =3
£
A
20 30 40 50 60 70
2Theta (degree)
196 b
3 — Selenized CZTSe
2 172
a 251
S 2341
)
= U\___,\\
100 200 300 400 500

Raman Shift (cm1)

Figure 2. (a) XRD patterns of as-prepared CZTSe and selenized
CZTSe thin films. (b) Raman spectrum of selenized CZTSe thin film.

identify the phase purity of CZTSe thin films. To detect these
potential impurities, Raman spectrum of selenized CZTSe thin
film was measured and is shown in Figure 2b. Three prominent
Raman peaks located at 172, 196, and 234 cm™! were observed,
consistent with those reported values for kesterite CZTSe in
the literature.>* In addition, a weak peak at 251 cm™!
corresponding to binary ZnSe was observed. According to the
previous reports, a small amount of ZnSe on the CZTSSe
surface has no significant effect on the efficiency of kesterite
solar cells.'®*> Note that very harmful Cu,Se and Cu,SnSe,
were not detected in the Raman spectrum of selenized CZTSe
thin film.

Energy-dispersive X-ray spectroscopy (EDS) was employed
to determine the chemical compositions of as-prepared and
selenized CZTSe thin films (see Figure S3 in the Supporting
Information). It has been demonstrated that Cu-poor and Zn-
rich CZTSSe absorber layer is crucial to the high performance
kesterite solar cells, and the optimum compositional ratio
regions of Cu/(Zn+Sn) and Zn/Sn are 0.75—0.95 and 1.1—1.4,
respectively.>**” In this work, CZTSe precursor solution with
a target Cu/(Zn + Sn) ratio of 0.77 and Zn/Sn ratio of 1.2 was
prepared. However, the ratios of Cu/(Zn + Sn) and Zn/Sn
exhibit a slight increase for as-prepared CZTSe thin films (Cu/
(Zn + Sn) = 091 and Zn/Sn = 1.25). After the selenization,
both Cu/(Zn+Sn) and Zn/Sn ratios were almost unchanged,
and the content of Se was increased from 47.68 to 49.41% (see
Figure S3 in the Supporting Information). In addition, EDS
analysis on the as-deposited CZTSe thin films revealed a small
amount of sulfur (S/(S + Se) ~ 0.07) resulting from
undecomposed thioglycolic acid confirmed by TGA result.
Interestingly, sulfur was not determined after the selenization,
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demonstrating the pure selenide CZTSe thin films were
formed. To identify the valence states of four types of elements
in the CZTSe thin films, we measured X-ray photoelectron
spectroscopy (XPS) (see Figure S4 in the Supporting
Information). The Cu 2p peaks located at 931.6 and 951.7
eV with a splitting value of 20.1 eV (seeFigure S4a in the
Supporting Information), correspond to Cu* ions. The Zn 2p
shows two peaks at 1021.4 and 1044.2 eV (see Figure S4b in
the Supporting Information), which is consistent with the
standard peak separation for Zn®*. The Sn 3d spectrum is
representative of Sn** (see Figure S4c in the Supporting
Information). The Se 3d peak (see Figure S4d in the
Supporting Information) shows the characteristic of Se?~.**
These XPS data demonstrated that Cu,ZnSnSe, is formed.

It has been reported that the morphology and crystal size of
the absorber layer are crucial for the performance of the
kesterite solar cells.”” The morphologies of the selenized
CZTSe thin films under different selenization conditions were
shown in Figure S5 in the Supporting Information. It was
observed that the surface morphology of the CZTSe thin film
selenized at 530 °C for 15 min is the best, which is very dense
and has only few bright spots on the surface, but the best PCE
was achieved for CZTSe thin film selenized at 540 °C for 15
min. Thus, this selenization condition is regarded as the optimal
selenization condition. Figure 3a shows high-resolution top-

Figure 3. (a) High-resolution top-view SEM image of selenized
CZTSe thin film under the optimal selenization condition. (b) Cross-
sectional SEM image of a completed glass/Mo/CZTSe/CdS/i-ZnO/
ITO/AI solar cell device.

view SEM image of the selenized CZTSe thin film under the
optimal selenization condition. Large-grained and densely
packed CZTSe thin film with grain size of 1-2 um was
achieved after the selenization. Furthermore, some bright spots
on the surface were observed, and they should be high
resistance ZnSe, which is consistent with the observation of
Raman spectrum. Figure 3b shows a cross-sectional SEM image
of a completed CZTSe solar cell device. The selenized CZTSe
thin film consists of the large-grain layer and the fine-grain
layer. The thickness of the large-grain layer is ~1.0 ym, which
can meet the requirements for the highly efficient kesterite solar
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cells. Also, a ~850 nm thick carbon-rich fine-grain CZTSe layer
is formed nearby Mo electrode. Figure S6 in the Supporting
Information shows the cross-sectional SEM and EDS line scans
using SEM mode of the as-prepared CZTSe thin film. The as-
prepared CZTSe thin film contains large amounts of carbon,
which reveals the carbon contained in fine-grain layer is
probably associated with the thermal decomposition of the
viscous CZTSe precursor solution. According to the reports for
high-performance CZTSSe solar cells fabricated by a solution-
based approach, the carbon-rich fine-grain CZTSe layer seems
to have no si§niﬁcant effect on the performance of the CZTSSe
solar cells.">™

The dark and light J—V curves of the best CZTSe solar cell
are shown in Figure 4a. Under simulated solar light illumination
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Figure 4. (a) J—V curves of the best CZTSe solar cell in the dark and
under air mass (AM) LS illumination. (b) EQE spectrum of the
corresponding device; inset: the band gap of corresponding device was
determined to be ~1.00 eV by plotting [Eln(1 — EQE)]* vs E.

(AML.5), the best device yielded a PCE of 8.02% with short
circuit current density (J,.) of 33.4 mA cm™2 open circuit
voltage (Vo) of 408 mV, and fill factor (FF) of 0.588. The
PCEs of other devices fabricated under different conditions are
7—8% (see Table Sl in the Supporting Information). The top
ten CZTSe solar cells have an average PCE of 7.69%. Note that
our J,. is somewhat lower than 38.9 mA cm™ of the best
CZTSe solar cell in the literature,'> which may be due to the
lack of antireflection coating. Figure 4b presents the external
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quantum efficiency (EQE) spectrum of the corresponding solar
cell, and the EQE curve shows a strong response of above 80%
in the wavelength range of 540 to 960 nm, indicating a wide
depletion region and the super collection efficiency due to
slight recombination losses. The calculated J. from the EQE
spectrum is 33.8 mA cm 2, which is very close to the measured
value from the light J—V curve. The inset of Figure 4b shows
the band gap of CZTSe thin film by plotting [Eln(1 — EQE)]*
vs E, which was determined to be ~1.00 eV, same as E; in the
literature.>® The shunt resistance (Ry), the series resistance
(Ry), and the diode quality factor (A) of the CZTSe solar cell
are 435 Q cm?, 1.5 Q cm?, and 1.7, respectively, which were
obtained by the standard dark J—V curve analysis (see Figure
S7 in the Supporting Information).

4. CONCLUSIONS

In summary, we developed a novel precursor-based solution
approach to fabricate high quality CZTSe thin films. The
elemental Cu, Zn, Sn, and Se powders were simultaneously
dissolved in the mixed thiol/amine solution, forming the
homogeneous CZTSe precursor solution at molecular level,
and this is the first report on the simultaneous dissolution of
elemental Cu, Zn, Sn, and Se powders. Through this solution-
based approach, the selenized CZTSe thin films are extremely
dense and compact. A PCE of 8.02% has been realized for
CZTSe thin film solar cells. More interestingly, other metallic
powders, such as Ga, In, Mg, Fe, Co, Ni, Mn, etc.,, can also be
dissolved by this approach, providing a general and environ-
mental friendly solution approach to prepare many types of
metal—organic precursor solutions and fabricate a variety of
metal chalcogenide thin films. In the future work, we will focus
on understanding the dissolution mechanism of metal powders
in the thiol/amine solution and further improving the
photoelectric conversion efficiency of CZTSe solar cells.
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