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A Cadmium-free Cu,ZnSnS4/ZnO hetrojunction solar cell with conversion efficiency of 4.29% has been
obtained. The Cu,ZnSnS, absorber film was formed utilizing sulfurization of laminated metallic precursors,
and the ZnO buffer layer was then deposited on it by ultrasonic spray pyrolysis. In comparison with a con-
ventional Cu,ZnSnS4/CdS hetrojunction solar cell, the open circuit voltage as well as the relative quantum
efficiency at the short-wavelength regions was increased. The in-plane homogeneity of p-n junction was
improved by depositing the ZnO layer on Cu,ZnSnSy film via ultrasonic spray pyrolysis.

1. Introduction
A p-type quaternary compound, ¢4nSnSg (CZTS), is one of the promising candidate semicon-
ductors for photovoltaic applications because it not only consists of abundant elements, but has an
optimum band gap of about 1.5 eV with a high absorptionfiicient of the order of 19cm1.1-3)
In addition to these properties, its toxicity is relatively low compared to the compounds containing
selenium such as GAn,_xCdSn(Se_yS))4, CZnSn(Se,S), Cu(In,Ga)Sg, and CdTe so that it is
very attractive as a light absorber material for solar ¢eflsSeveral researchfferts have recently
been made on the CZTS-based solar cells since Kateigai. reported a CZT&dS hetrojunction
solar cell with 6.7796-1% However, an intensive usage of highly toxic cadmium compound such as
Cds, prohibited by the RoHS (Restriction of the use of certain Hazardous Substances in electrical and
electronic equipment) regulations, is a drawback and an alternative material is desirable to realize a
more environment-friendly device.

In this paper, we introduce a practicable technique to fabricate a Cd-free heterojunction solar

cell based on the CZTS absorber. Precursors that composed of alternatively laminated Cu, Zn, Sn
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metal layers were used in synthesizing the CZTS thin films via sulfurization under elemental sulfur
vapor. The formation of a CZT2nO hetrojunction was realized by depositing a ZnO layer on the
CZTS film utilizing ultrasonic-spray pyrolysis (USE. Using ZnO (the band gap: 3.37 eV at room
temperatur¥)) as a biffer layer instead of CdS (the band gap: 2.42 eV at room tempet&)u@n
enhancement of light transmittance in the shorter wavelength regions was achieved. The deposition of
the ZnO layer by the USP technique has advantages over chemical bath deposition (CBD) technigue,
since it is superior in obtaining a single phase high quality ZnO layer directly on a substrate without
any post-annealing process: the former process is free from the formation of a hydroxyl phase such
as Zn(OH) that degrade the quality of ZnO. Since the thin film growth process by USP is quite
similar to that of chemical vapor deposition (CVD), the surface reaction of the present technique
is favorable to obtain good step coverage. In other words, the film is deposited indiscretely on the
substrate independent of its surface morphology, resulting in an enhancement of in-plane homogeneity

of the CZT3ZnO hetrojunction without damaging the CZTS film.

2. Experimental Methods
CZTS absorbers were grown on scraped soda-lime glass (SLG) substrates with a sputter-deposited
Mo layer as follows. A laminated precursor composed of Cu, Zn, and Sn metal layers was annealed
under ambient sulfur vapor in a closed glass tube heated with an infrared furnace. The detail of the
reaction furnace was described elsewHét&he sulfur vapor pressure was adjusted by the enclosed
amount of elemental sulfur powder and the temperature inside the reaction tube based on the ideal gas
law. Compositional control was achieved by varying the thickness ratio of laminated metal layers. A
schematic of the laminated precursor was shown in Fig. 1. Here, a total of nine thin metal layers were
stacked in the order as shown in the figure. The Cu and Sn layers were separated by Zn layers. On
the top layer, a Zn metal was coated. A total thickness of precursor was adjusted to alnoutTd
implement the CZT&nO hetrojunction, the deposition of undoped ZnO layer on the CZTS absorber
film was carried out by using original USP technique, and the details of the USP system were reported
in our previous work® Zinc acetate di-hydrate was used as a source species for zinc, and de-ionized
water which also acts as a solvent for the precursor solution was used as an oxygen source. In this
technique, resistivity of ZnO films was controlled by adjusting the deposition temperature and flow rate
of precursor mist. After the formation of CZT& 0 junction, a ZnO:Al transparent conductive layer
was deposited by radio frequency magnetron sputtering to complete &I TSZnO/ZnO:Al
cell structure. No antireflection coating was applied.

Current-voltage J-V) characteristics of the devices were measured under AM 1.5 spectrum of 1

kw/m? irradiance. For evaluating the external quantuficency QE) of the cell, a spectrometer

2/11



Jpn. J. Appl. Phys. REGULAR PAPER

Mo
SLG

Fig. 1. A schematic of a laminated metallic precursor of CZTS film.

(Shimadzu UV-3100) was used. For comparison, a conventional @&isshetrojunction cell was

used, in which a CdS layer was prepared by a CBD method. A field emission scanning electron mi-
croscope (FE-SEM; Hitachi S-4100) was used to investigate the surface morphology of the samples.
The compositional analysis was conducted by using electron probe microanalysis (EPMA; Shimadu
EPMA-1610). A transmission electron microscopy (TEM; JEOL JEM-2010 gledhode) was car-

ried out at an acceleration voltage of 200 kV to study the cross sectional structure of the cells. To
evaluate the resistivity of ZnO films, the sample films were deposited directly on the glass substrates

and a four probe method was applied.

3. Results and Discussion
3.1 Effect due to the properties of ZnO buffer layer

Figure 2(a) shows the surface morphology of a CZTS absorber film which was used for preparing the
solar cells in this work. The film was obtained by sulfurizing of a laminated metallic precursor under
sulfur vapor pressure of 0.27 atm at 550 °C for 15 min. The compositional ratios of the film were
Cu/(Zn + Sn) = 0.68, Cy2Zn = 0.54, Cy2Sn = 0.92, ZrySn = 1.71, and (Cu+ Zn + Sn)/S =

0.98, respectively with 5% variation. It is revealed by the XRD pattern shown in Fig. 2(c) that a
polycrystalline CZTS film was grown while containing Sn&ystallites as a minority phase. The
surface morphology of the CZTS film after the deposition of a Zn@dodayer by USP is shown in

Fig. 2(b). By comparing the surface morphology before and after formation of ZnO layer [see Figs.
2(a) and 2(b)], it was found that the ZnO layer composed of densely interlaced minute crystals was
grown uniformly along the irregular surface of the CZTS film lying underneath. Such kind of growth

behavior is usually observed in the CVD process when a surface reaction growth mode is dominant.
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Fig. 2. The surface morphology of CZTS film (a) before, (b) after deposition of ZnO buffer layer. (c) The
XRD pattern of CZTS film.

The J-V characteristics of CZT/n0O hetrojunction solar cells prepared at various conditions are
shown in Table I. Samples (a), (b), and (c) represented the cells, in which the/Z3XJ 8etrojunc-
tions were implemented at the deposition temperatures of 400, 350, and 300 °C, respectively. The
thickness of ZnO bflier layer was set to about 100 nm by adjusting the deposition rate at each growth
temperature during USP process. The resistivity of the Zn@blayer was increased frome< 10
to 5.3x 10* Q cm as the growth temperature reduced from 400 to 300 °C under a constant flow rate of
the precursor mist adjusted at 1.41in. Among these three cells, the sample (b) exhibited the highest
conversion #iciency () of 2.78%, a fill factor EF) of 40%, an open circuit voltag&/{.) of 530 mV,
and a short circuit current densitysf) of 13.0 mAcm?. The resistivity of the ZnO layer in the sample
(b) was 49 x 10° Q cm. In the case of sample (a) that had the lowest resistivityGok 3.0 Q cm but
preapred at the highest temperature of 400 °Cytivas decreased to 1.61%. Similarly, in the sample
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(c) that had the highest resistivity of3x 10* Q cm but deposited at the lowest temperature of 300
°C, then was decreased to 1.74%. These results indicate that a suitable resistivity of ZnO layer for
achieving better solar cell characteristics is in the order f€1@m and the growth temperature not
higher than 350 °C was preferable. In the other words, it can be said that the depositiGrtbén0

range ZnO bffer layer at lower temperatures is better to obtain a good ¢ZTS hetrojunction.
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Fig. 3. The J-V characteristics of CZTS/ZnO (continuous line) and CZTS/CdS (dashed line) solar cells

measured at an effective area of 2.25 mm?2.

In the samples (d) and (e), the CZZ8O hetrojunction was implemented at 300 °C under the
precursor mist flow rate of 1.0/min, and the thickness of deposited ZnO layers was adjusted to about
150 and 200 nm, respectively. Here, the resistivity of each ZnO layer was aoul @ Q cm. Both
of the samples (d) and (e) showed thaigher than 2%, which was close to that of the sample (b)
prepared at 350 °C. Besides, no obviou$aience in the characteristics of the two cells was observed
due to the change in the thickness of ZnQftbulayers having the same resistivity. In comparing
the characteristics of samples (d) and (e) with that of the sample (c) in which the ZnO layer had a

resistivity of 53 x 10* Q cm and a thickness of 100 nm, better cell characteristics were achieved in the
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samples (d) and (e). Particularly, it is quite obvious that an enhancement\gftteaches about 20%.

This result suggested that the degradation of cell performance in the sample (c) was mainly due to the
increasing of resistivity of ZnO layer nearly by 4 times, although its thickness was thinner than that
of the samples (d) and (e). However, in the other samples (not shown in the table) that had ZnO layer
with thickness larger than 200 nm but with the same resistivity to the sample (c), rapid deterioration
of the cell characteristics was observed. It may be considered that beyond 200 nm thickness, the ZnO
layer contributes as a series resistance, giving rise to deterioration of the short circuit current and cell
performance consequently.

In order to obtain a suitable CZTB10O hetrojunction for optimizing the cell performance, a ZnO
layer with a thickness of about 60 nm and a resistivity in thé @@&m range was deposited on the
CZTS film at 300 °C under precursor mist flow rate of O/&in. In this optimized sample, %, of
650 mV has been achieved, resulting in the best 4.29%,FF of 48%,andJs. of 13.8 mAcn? as
shown in Fig. 3 (see continuous line). There was no improvement in the performance of cells with
ZnO buter layer thickness of about 60 nm, where the CZI® junctions were fabricated at the
temperatures higher than 300 °C (data not shown). This could be due to the degradation of CZTS
absorber layer caused by the thermdiudiion at the deposition temperatures of ZnO layer higher than
300 °C. To conclude above, it may be considered that the optimum junction formation temperature
is near 300 °C to obtain a2 cm range resistivity and an optimum thickness of Zn@duayer is

about 60 nm.

Table I. Characteristics of CZTS/ZnO solar cells prepared under various conditions.

ZnO bufer Layer

Sample Growth temperature Mist flow rate Thickness Resistivity; FF Voc Jsc
(O (L/min) (nm) @cm) (%) (%) (mV) (mAcnr)
(@) 400 1.4 100 56x 100 1.61 32 450 11.1
(b) 350 1.4 100 49x10° 2.78 40 530 13.0
(c) 300 14 100 83x10* 1.74 35 440 11.5
(d) 300 1.0 150 14x10* 231 39 530 11.2
(e) 300 1.0 200 14x10* 254 39 535 12.1

3.2 Comparison of CZTS/ZnO and CZTS/CdS cells

A comparison of thg-V characteristics of the optimized CZ/Z310 and the conventional CZTSdS
solar cells measured at affective area of 2.25 mfrwere shown in Fig. 3. Thés of the CZT$ZnO
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and CZT3CdS cells was 13.8 and 15.5 roi?, while theV,e was 650 and 620 mV, respectively. In

the CZT3ZnO cell, theV,c was enhanced by 5%, which was a tradfedwe to the decrease af; by

12%: there was no obvious improvement in {hd.29% and~F: 48% when compared with that of the
CZTSCdS cell §: 4.32% and-F: 45%). The achievement of larg¥g in the CZT3ZnO cell could

be considered as a benefit of utilizing wider band gap ZnO that might induce the formation of a higher
built-in potential. On the other hand, the decreasdspttould be related with the recombination of
minority carriers that is enhanced by the defects at GZmO interface.

The experimental data 6JE for the two cells was compared in Fig. 4. As can be seen clearly from
the curves shown here, tiQE was gradually improved as the wavelength of photons became shorter
than 510 nm. However, in the region of wavelength longer than 510 nm, almost similar response to that
of the conventional CZT&dS cell was found. This transition wavelength at 510 nm is in consistency
with that of the absorption edge of CdS. Hence, such an improvement at the wavelength regions shorter
than 510 nm could be considered mainly due to the increase of transparency by utilizing a wider band
gap ZnO biffer layer because the absorption of incident short-wavelength photons was increased,
resulting in an enhancement of tRd. In the case of the CdS fer layer, to the contrary, the shorter
wavelength photons beyond this absorption edge of 510 nm would be considerably decayed before
reaching the p-n junction lying beneath.

To investigate the in-plane uniformity of the solar cells, the characteristics of ZAUT5and
CZTS/CdS cells were evaluated at twdigrent types of surface area. A smaller area cell wag 1.5
mn? in effective size, and the larger one wa@ % 5.0 mn¥, respectively. The result shown in Table ||
clearly shows that there is no deterioration in fh¥ characteristics of the CZT78n0O cell when the
effective surface area of the cell is increased. However, a marked decraagasmwell as they and
FF are observed in the case of conventional CAOdS cell. According to this result we may consider
that the use of the ZnO Hfier layer deposited by USP is favorable to realize a uniform coating on
the substrates having the irregular surface morphologies or acute geometries [see Fig. 2(b) as well as
Fig. 5], since the growth mechanism for the ZnO film is based on the surface reaction which does
not damage the substrate. In contrast to this, the deposition mechanism of CBD films is based on the
precipitation in a precursor solution rather than surface reaction so that the thickness of precipitates is
more likely to vary at the irregular surface of the substrates, especially when there is an acute geometry.
A cross sectional TEM image and a Z-contrast (ZC) image of the CZTS cell were shown in Figs.

5(a) and 5(b), respectively. It is found from the images that the interface between CZTS and ZnO is
continuous and no voids are observed even at the acute junction morphology, indicating that the USP
growth process of ZnO layer is suitable for the fabrication of heterojunction on the CZTS film with

irregular geometries. However, the grain size of the CZTS film was quite small and several voids were
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Fig. 4. The QE of CZTS/ZnO (continuous line) and CZTS/CdS (dashed line) solar cells.

located at the interface of the CZTS film and Mo back electrode. The voids were identified clearly as
the white spots in the CZTS layer shown in Fig. 5(a) and also as the dark spots in the ZC image of
Fig. 5(b). The existence of the voids in CZTS layer could be the main reason why.thithe cells

deteriorates. In order to realize a high performance CZTS solar cell, a high quality single phase CZTS

absorber film with no voids will be needed.

Table Il. Characteristics of CZTS/ZnO and CZTS/CdS solar cells with different surface area.

CZTSZnO CZT9CdS
225mnf 25mn?  2.25mnf 25 mn?
1 (%) 2.96 3.08 2.57 0.61
FF (%) 46 46 43 27
Voc (MV) 513 550 473 205
Joc (MA/CT?) 125 12.2 12.6 10.9
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Fig. 5. Cross sectional (a) TEM image and (b) Z-contrast image of CZTS/ZnO solar cell.

4. Conclusions

A CZTS absorber layer was prepared from the laminated metallic precursor which was annealed under
ambient of elemental sulfur vapor. The sulfurization was performed in a closed glass tube heated with
an infrared furnace. The conversioffieiency over 4% was achieved by utilizing this CZTS film.
There was a SnSmpurity phase in CZTS films as well as several voids near the surface of a Mo
back electrode. We have confirmed that the performance of @ZZiBcell was not inferior to that

of the conventional CZT/&dS cell. Therefore it is possible to replace a toxic CdSdsdayer with

the environment-friendly ZnO liter layer. By utilizing wider band gap ZnO instead of toxic CdS, an
improvement in the open circuit voltage was achieved. Besides, the relative qudtitiemey in the

wavelength regions shorter than 510 nm was also enhanced. The in-plane uniformity gZ8@TS
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solar cell was improved by depositing the ZnO layer via ultrasonic spray pyrolysis.
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