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ABSTRACT — We report the effect of an ultra-thin AlOs layer (down to 3 nm) as interface passivation strategy for the improvement
of the performance of Cu2ZnSnS4/CdS based solar cells. After an initial optimization, the Al:O3; deposited by thermal evaporation is
proved to improve the properties of the p-n junction. The fabricated devices showed an increment in Vo depending on the composition
of the absorber, and an improvement in fill factor (FF) apparently related to the insulation of possible shunt-paths. Also, the impact on

other optoelectronic parameters is discussed.

Index Terms — Cu2ZnSnS4 (CZTS), interface passivation, Al2O3, thermally evaporation.

1. INTRODUCTION

Kesterite (Cu2ZnSnS4, CZTS) is an emerging and very promising thin film photovoltaic (PV) material, mainly since it contains
exclusively Earth-abundant and low toxicity elements such as Cu, Sn, Zn and S [1]. This is expected to contribute in the future to
reduce fabrication costs and allow production at the TW/year level in contrast to the limitation posed by In and Ga scarcity in
Cu(In,Ga)Se; (CIGS) solar cells [2]. CZTS possesses an excellent light absorption coefficient (~10*cm™) and a bandgap of ~1.5
eV suitable for high efficiency PV devices. The recent record in kesterite solar cells is from Wang et. al [3] who reported a 12.6%
Cu2ZnSn(S,Se)s (CZTSSe) solar cell, but containing only 25% of S and, still far from the conversion efficiencies reported for more
mature thin film technologies like CdTe and CIGS [4]. In the case of the pure sulfide compound, efficiency losses are supposed to
be partially related, to possible recombination at the interfaces. This recombination is nominally, between the CZTS absorber and
the MoS; at the Mo-back contact; and between the CZTS absorber and the CdS-buffer layer [5]. To solve the first problem Yan et
al. [6] reported the use of Al,Oj3 to avoid the growth of MoS;, obtaining an efficiency of 11%. On the other hand, F. Zhou et al. [7]
reported the use of a thin layer of carbon between Mo and CZTS absorber to increase the Js.. H. Cui et al. [8] showed the use of
thin layer of silver (~20 nm) in Mo/CZTS interface, directly increasing the efficiency.

Over other relevant interface (CZTS/CdS), alternative approaches using SnO- [9] or using Al,O3 deposited by ALD [10], have been
reported. Their conclusions pointed towards being hydrogen rather than Al,Os the potential cause of the observed defect passivation.
Similarly, H. Xie et al. [11] investigated the chemical deposition of Al(OH)s;to passivate the surface of CZTSSe observing a
reduction in the recombination at the CZTSSe/CdS interface, with an improvement in the shunt resistance. The authors also

demonstrated an epitaxial relationship of Al(OH)s with kesterite and CdS, corroborating an effective interface passivation with this
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chemical approach. On the other hand, Erkan et al. [12] deposited 1 nm of Al,O3 by ALD, between the CZTSSe absorber and CdS
buffer interface. They showed that this approach reduces the density of acceptor-like states at the heterojunction observing in
consequence less interface recombination, and improved Vo In the same way, Lee et al. [13] deposited 1 nm of Al,O3 on
CZTS/CdS and replaced the ZnO film by 10 nm of Al,Os. They evidenced that the Al signal persists throughout the film, indicating
that this layer may also passivate pinholes and grain boundaries. In Table | a summary of passivated interfaces on kesterite solar

cells is shown.

TABLE I. SUMMARY OF PASSIVATED INTERFACES ON KESTERITE SOLAR CELLS.

Material Deposition Interface Jsc Voc Ref.
(mA/cm?) | (mV)

Al203 ALD Mo/CZTS 217 730 | [6]

Carbon Evaporation Mo/CZTS 16.9 560 [7]

Ag Evaporation Mo/CZTS 15.0 597 [8]

SnO2 SILAR CZTS/CdS 20.5 657 [9]

Al203 ALD CZTS/CdS 20.1 627 [10]

AI(OH)3) Chemical CZTSSe/CdS 25.6 453 [11]

deposition
Al203 ALD CZTSSe/CdS 13.8 336 [12]
Al203 ALD CZTS/CdS 32.1 515 | [13]

All these works revealed the relevance of CZTS and CZTSSe interface passivation, but with the inherent doubt if such passivation
is attributed to either the presence of hydrogen in the system, due to the oxide, or a combination of both. This is due to the use of
H20 vapor and Trimethyl-aluminium (TMA) in the ALD systems to obtain Al.Os [6,10,12,13].

In this work, we study the use of thermally evaporated ultra-thin Al,O3 layer in order to avoid the possible presence of hydrogen
applied to the CZTS/CdS interface for passivation showing a clear effect on the V. of the devices, as well as FF values which

suggests a passivation effect on the CZTS surface.

2. EXPERIMENTAL DETAILS

CZTS thin films were grown onto Mo coated SLG glass by a sequential process. Stacked metallic films were deposited by
DC magnetron sputtering (Alliance CT100) where Cu, Sn and Zn elemental targets were used. We obtained CZT precursor materials
with slightly different copper content and Zn-rich as it has been reported elsewhere [14]. We investigated slightly Cu-poor, Cu-
poor and very Cu-poor films (M1, M2 & M3, respectively) which cationic ratios are presented in Table Il. The cationic ratios were
determined by X-ray fluorescence (Fisherscope XVD). After deposition, the CZT precursors were simultaneously sulfurized inside
of a graphite box containing sulfur and tin powders, using a tubular furnace and the following two-step annealing: 15 min at 200°C
(1 mbar Ar flux) and 30 min at 550°C (1 bar total Ar pressure). Prior to the Al,O3 deposition, the samples were etched using KCN
solution (2% w/V, 2 min) [15]. A ~3nm Al,O3 layer was deposited by thermal evaporation (Univex 250) at room temperature in

some of the samples and, a 50 nm thick CdS buffer layer was then deposited by chemical bath deposition.



Finally, the devices were completed with i-ZnO (50 nm)/ITO (200 nm) layers deposited by DC magnetron sputtering (Alliance
Ac450). In this way, two different architectures were studied: SLG/Mo/CZTS/CdS/i-ZnO/ITO and SLG/Mo/CZTS/Al,03/CdS/i-
ZnO/ITO. Individual 8.7 mm? solar cells were isolated using a manual microdiamond scriber and characterized by means J-V
illuminated curves (AM 1.5) and external quantum efficiency (EQE).

The as-grown CZTS films were analyzed by Raman spectroscopy using a Horiba Jobin-Yvon FHR640 spectrometer
coupled with a CCD camera and excited by a solid-state laser (532 nm) and He-Cd gas laser (325 nm). The measurements were
performed in the backscattering configuration through a specific optical probe designed at IREC. X-Ray Diffraction patterns (XRD)
were obtained by a diffractometer D8 Discover Bruker using CuKa; (A=1.5406A) in 20 configuration. Transmittance and
reflectance were obtained using an UV/Vis spectrometer Lambda 950, Perkin Elmer. Both top and cross section SEM images were
taken using a Zeiss Series Auriga microscope using 5 kV as acceleration voltage.

J-V curves were measured under light conditions using a Sun 3000 class AAA Abet Technologies solar simulator (1 Sun
illumination). The EQE measurements were obtained using a Bentham PVE3000 spectral response system calibrated with Si and
Ge photodiodes.

TABLE Il. COMPOSITION OF SAMPLES UNDER INVESTIGATION IN THIS WORK.

Sample Zn/Sn Cu/(Zn+Sn) ALO3
MINA 1.21 0.74 No
MIWA 1.21 0.74 Yes
M2NA 1.06 0.72 No
M2WA 1.06 0.72 Yes
M3NA 1.15 0.70 No
M3WA 1.15 0.70 Yes

3. RESULTS AND DISCUSSION

3.1 AS-GROWN SAMPLES.

Fig. 1 shows the typical Raman spectra obtained for the three type of samples utilized in this work for green (532 nm) and
UV (325 nm) excitation wavelengths. In the spectra measured under 532 nm only the peaks related to CZTS compound were
detected [15,16], while the low width of the main peak denotes the high crystalline quality of the sample. On the other hand, for the
three cases, traces of ZnS were detected under 325 nm, independently from the type of sample. This can likely affect at some extent
the optoelectronic properties of the solar cells, although it should not significantly influence the effect of the passivation layer.
These Raman spectra show that the surface on all the samples is quite similar from the structural and secondary phases presence

point of view.
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Fig. 1. Raman scattering spectra of the as-grown CZTS films with different Zn/Sn and Cu/(Zn+Sn) ratios, using 532 and 325 nm (inset) excitation
wavelengths.
In order to further assess the crystalline properties of the layers, Fig. 2, shows the XRD patterns obtained in 20

configuration of samples M1, M2 and M3. In all the films the Cu,ZnSnS, kesterite phase (JCPDS Card No. 034-1246) is clearly
present and is the dominating one, where the most intense peak is situated at 28.4° that is related to the (112) plane. Nevertheless,
in the samples M2 (Cu/(Zn+Sn) = 0.72) and M3 (Cu/(zZn+Sn) = 0.70) two additional peaks were detected: at 30.26° and 46.11°
that belong to the SnS, phase (JCPDS Card No. 022-0951). This phase is present when the Cu concentration is reduced and could
be detrimental for solar cell devices performance [17-20]. From these measurements, it is hard to distinguish if SnS; is present at
the interfaces or in the bulk of the absorber. This could affect, in consequence, the subsequent deposition of the Al,O3 layer. On
other hand, in order to obtain the crystallite size and uniform stress, we used the Williamson-Hall method [21]. First, we calculated
the full width at half maximum (Bna) for all the samples. Initially, the instrumental broadening (Phui instrumental) Was corrected,

corresponding to each diffraction peak of CZTS material, using the relation:

ﬁhkl = [(ﬁhkl measured)2 - (,Bhkl instrumental)z]l/2 (1)

Once corrected the Pri, We can calculate the crystallite size (D) and strain (g) on the as-grown CZTS films, using the relation:
KA
Brii cosl = 53 + 4esinf (2)

The relation (2) is the Williamson-Hall equation, where K is the shape factor, A is the wavelength of the X-ray used, in our
case A=1.5406 A and 0 is the Bragg angle. A plot is drawn with 4sinf along the x-axis and Pra cos® along the y-axis. From the
linear fit of the data, the crystallite size (D) was estimated from the y-intercept, and the strain (¢), from the slope of the fit [21]. The
peaks used to obtain D and € were: 20=28.53° (112), 32.99° (200), 47.33° (220) and 56.18° (312). In Fig. S1a, S1b and Slc are
shown the Williamson-Hall plots from the samples M1, M2 and M3. In Table 1l are shown the values of B (from 112 plane on

each sample), D and .



TABLE Ill. STRUCTURAL PARAMETERS FROM AS-GROWN CZTS SAMPLES.

Sample | Brai(®) | D(nm) | £x10*
M1 0.19 41 1.60
M2 0.11 83 2.88
M3 0.12 64 3.40

The values of Bra suggest that the M2 sample has slightly better crystalline quality than the sample M1 and M3. Sample
M3 has more strain than the samples M1 and M2, this is related to crystal imperfections that could be related to poor Cu contents
in the film.

The bandgap of the samples was estimated from transmittance and reflectance measurements. Fig. S2 shows the Tauc plots
from which the bandgap energy (Eg) of the three samples was obtained, using the follow relation [22]:

(ahv)™

=A(hv - E;) (3)
where A is a constant and n=2 or n=1/2 for the direct and indirect bandgap transitions, respectively. The bandgap of the samples is

M1=1.50eV, M2=1.49 eV and, M3=1.47 eV. These values were calculated to discard possible changes in bandgap due to the Al,Os
deposition process.
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Fig. 2. X-ray Diffraction of samples M1, M2 and, M3.



In Fig. 3 we present the top-view images from the as-grown films (M1, M2 and, M3). All the samples exhibit a similar
morphology, although the M1 layer exhibits smaller grain size at the surface that could be related to the presence of binary secondary
phases such as ZnS or Cu,Sy phases [23-24]. The top-view of the M1 sample is shown in Fig. 3 a), where the grain size is estimated
to be between 0.5 pm and 1 um.

In addition, the top-view of the M2 is shown in Fig. 3 b), where the film exhibits grain sizes between 0.4 pm and 2 pm
and, with some surface voids are clearly seen. Fig 3 c) reveals a larger amount of surface voids and grains with similar sizes as M2
(0.6 um to 2.2) pum. In principle, the surface voids could severely affect the properties of the solar cells by decreasing the shunt
resistance and deteriorating the FF, as it is observed in the devices behavior reported in Fig. 4a). In this case, the presence of Al,Os
can act as insulating layer preventing the shunt-paths, and then contributing to the observed FF improvement.
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Fig. 3. Top-view SEM images from the as-grown films. a) M1, b) M2 and, ¢) M3.

3.2 CZTS SOLAR CELLS WITH AND WITHOUT Al,Os.

After the analysis of the as-grown films, the analysis of the solar cell devices fabricated with them is presented. The
denotation of the solar cells is: MINA, M2NA and, M3NA are the cells without Al,O3 intermediate nanolayer and finally, the cells
M1WA, M2WA and, M3WA are the cells with Al.Os intermediate nanolayer. The J-V curves illuminated characteristics for the
three type of the samples under investigation (with and without Al,O3 intermediate nanolayer) are shown in Fig. 4. In Fig. 4 a), b)
and, c¢) are showed samples MINA & M1IWA, M2NA & M2WA, M3NA & M3WA, respectively. In Fig 4a) sample M1WA showed
an increment in Vo of +23 mV, but a decrement of ~1.4 mA/cm?. In Fig 4b) sample M2WA showed an increment in V. of +26



mV and the best efficiency of all the samples, showing an efficiency (1) of 6.1%. In Fig. 4c) the sample M3WA showed an increment
in Voc of +35 mV and a decrement of 0.4 mA/cm? in Js.
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Fig. 4. J-V characteristics of a) MINA & M1IWA, b) M2NA & M2WA, c) M3NA & M3WA.

TABLE IV. ELECTRICAL PARAMETERS OF CZTS SOLAR CELLS WITHOUT AND WITH Al;Os.

Sample | Jsc (mA/cm?) | Voc (mV) | FF (%) | n (%) | Gsh (mS/cm?) | Rs (Qecm?) | A Jo (MA/cm?)
M1INA 154 641 55.4 5.4 0.08 4.2 1.82 | 3.46x10°®
M2NA 14.8 643 47.6 4.5 0.15 4.1 1.98 | 1.61x10°®
M3NA 14.6 633 53.2 4.9 0.13 20.5 2.10 | 3.21x10°®
M1IWA | 14 664 59.2 55 0.08 7.3 1.81 | 9.47x107
M2WA | 15.7 669 58 6.1 0.04 4.2 1.68 | 1.21x10°
M3WA | 14.2 668 57.5 55 4.33 5.9 2.00 | 3.06x10°%




In Table IV are shown the electrical parameters of the solar cells without and with Al,Os. The difference in 1 between the samples
M1NA, M2NA and, M3NA could be related to the presence of secondary phases in M2NA and M3NA (such as SnS; as was shown
by XRD) and its n-type nature that could affect directly the performance of the solar cells [19, 25, 26].

Independently from the compositional regime with which we are working, the Al,O3 passivation layer seems to help to
increase the Vo values in all the samples. In this case, the improvement is not related to the presence of species containing hydrogen
but rather to Al,Os itself.

To obtain the information of the loss mechanisms present in the fabricated CZTS solar cells, the diode parameters were
calculated, such as, shunt conductance (Gsn) (Fig. S3), series resistance (Rs) (Fig. S4), ideality factor (A) (Fig. S4) and the saturation
current density (Jo) (Fig. S5). The J-V dark curves were used to obtain these parameters, using Sites’ method [27, 28]. The G of
the samples is in accordance with the common value reported for kesterite solar cells [3,6]. The series resistance agrees with the
values obtained in CZTS solar cells, except for the M3NA samples with a value of 20.5 Qcm? [6]. The high value in Rs could be
attributed to the growing of MoS; in the Mo/CZTS interface and could affect directly the fill factor of the solar cell [29]. The Jo
values of the samples without Al.Os are larger than those of the samples with Al,Os, only in the case of samples M1 and M2. The
decrease of the Jo values with Al,O3 could be due to a reduced recombination. To understand the effect of Al,Os it is important to
know the two kinds of passivation mechanisms that the Al,Os could perform. As Dingemans et al. [30] reported, the passivation of
Al,O3 can generate two types of reduction of recombination: chemical passivation and field-effect passivation [12]. The chemical
passivation consists in a reduction of surface recombination (Us), which arises from the variations in structure, due to dangling
bonds or deep defects that are distributed throughout the bandgap. These dangling bonds or deep defects are part of the interface
defect density (Ni) [30]. On the other hand, the field effect passivation consists in reducing the Us diminishing the electron or hole
density at the surface or interface (of the solar cell) by an electric field due to a Coulomb repulsion [12, 30, 31]. In the same way,
an important factor of the passivation with Al;Os is the thickness of the film. It was demonstrated that a high level of surface
passivation could be maintained down to approximately 10 nm [30, 32]. The cause of the deterioration (due to a possible annealing
during the solar cell fabrication) is a decrease in the chemical passivation. It has been reported that the field-effect passivation is
constant while decreasing the film thickness to 2 nm [30, 33]. With this information we can clarify that the dominant passivation
effect is the chemical passivation effect, due to the quantity of deep defects or dangling bonds that could have at the the interface
related to the Vo increment, that showed the solar cells and having a lower Jo value. Additionally, the ideality factor is an important
parameter that shows the dominant charge transport mechanism. If the ideality factor becomes 1, the diffusion current is more than
recombination current. Conversely, if the recombination current is more than diffusion current, the ideality factor becomes 2. If the
ideality factor is bigger than 2, the current transport in the grain boundary region of the material is controlled by a recombination
at a high density of defect states [34]. In our case, only the sample M2 showed a significant reduction in A from 1.98 (M2NA) to
1.68 (M2WA). Furthermore, it showed the effect of the Al.O; deposited by thermal evaporation.

Additionally, the external quantum efficiency (EQE) was measured in all samples (Fig. 5). All the samples without Al,O3
showed an EQE with a maximum near 70%. On the other hand, the samples with Al,O3 showed an improvement in response with
a maximum near 72%, in all the cases. It is observed that the optical response in the short wavelength region is very slightly
improved with the Al,Os passivation layer. It can be noted that in the 400-600 nm region the carrier collection is improved for the
three compositions under investigation, suggesting a general improvement of the CZTS/CdS near the interface region that we
tentatively assign to the passivation effect due to the introduction of the Al,O3 nanolayer. From the EQE we can obtain the bandgap

using the inflection of the dEQE/dA curves [35]. In Table V is shown a summary of the Eg4 values obtained from Tauc plot (as-



grown samples) and dEQE/dA curves (with the solar cell fabricated). Moreover, we include the Urbach energy (Eu) to characterize
the tail of the bandgap. The Evy is from the inverse of the slope of the linear region below the bandgap [36,37]. The Urbach Energy
curves are shown in Fig. S6 and Fig. S7.

TABLE V. SUMMARY OF THE Eg VALUES FROM THE AS-GROWN SAMPLES AND THE SOLAR CELLS.

Sample. Tauc plot dEQE/d) Urbach energy
(eV) (eV) (meV)
M1NA 1.50 1.50 73
M2NA 1.49 1.53 65
M3NA 1.47 1.52 71
M1WA 1.50 1.51 74
M2WA 1.49 1.51 68
M3WA 1.47 1.51 71

From the Table V is implicit that there is no significant difference among the bandgap values. On the other hand, from the
Urbach Energy, this is to characterize the tail of the bandgap. We can see that there is not a big difference without and with Al,O3.
This means that the Al>Os film deposition did not change the antisite defects in the bulk material. The effect of the Al.O3; was only

on the surface and with that it was enough to improve the V. [38].
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Fig. 5. EQE of CZTS solar cells a) MINA & M1IWA, b) M2NA & M2WA, c) M3NA & M3WA.

In Fig. 6. it is shown the cross-section image from the best performance sample (M2WA). At the back contact of the solar
cells, some voids between the molybdenum layer and the CZTS absorber are observed, that could be due to the formation of the
MoS:; layer and the concomitant reported instability of kesterite when it is in direct contact with Mo [39-40]. Of course, the interface
between the Al;O3 and CdS nanolayers is not clear due to the reduced thickness of these layers, mainly the Al,O3. The thicknesses
of all the layers were determined as follows: Mo (~ 650 nm), MoS; (~90 nm), CZTS (~1.4 um), Al;03+CdS (~50 nm) and
(ZnO+ITO) (~200 nm), among the expected values for this type of technology.

Fig. 6. Cross-section SEM of the sample M2WA.



Finally, in order to get a better understanding of the application of the Al,O3 on the interface between CZTS/CdS, in Fig.
7a) depicts a simplified band schema of the CZTS/CdS/ZnO/FTO structure and Fig. 7b) depicts a simplified band schema of the
CZTS/AI203/CdS/ZnO/FTO. The conduction band offset (CBO) of the CZTS/CdS from the Fig. 7a) and CZTS/Al,O3, Al,03/CdS
interfaces were estimated using the values reported in the literature, as well as the electron affinities of each compound [41-47].
The bandgap diagrams were estimated using SCAPS software. It is known that a spike-like CBO in CZTS/CdS heterojunction is
one of the major drawbacks for the correct performance of the CZTS solar cells causing losses in the V. [48, 49]. The CBO of the
CZTS/CdS junction in Fig. 7a) is ~0.35 eV and ~0.25 eV, respectively. In the same way, the valence-band offsets (VBO) of the
CZTS/CdS and CdS/ZnO junctions are ~1 eV and ~1.2 eV, respectively.

As is shown in Fig. 7b), with the addition of the Al,O3z nanolayer into the CZTS/CdS heterojunction, a very large spike-like CBO
is created at the CZTS/AlLOz and AlbO3/CdS interfaces. The values are about 1.5 eV and 1.2 eV, respectively; which can be
extremely large for this type of devices. Nevertheless, considering the very thin nature of the Al.Os layer (less than 3 nm), electrons
can relatively easily tunnel this barrier for being collected in the electron selective contact of the solar cell. By the same way, these
electrons can avoid the interface recombination, due to the chemical passivation created by the Al,Os. In the case of CZTS/Al,O3
junction, the VBO is ~4.1 eV, and for Al,O3/CdS junction the VBO is ~3.1 eV. The VBO of CZTS/Al,O3, may contribute to have
a better selectivity for electrons in the heterojunction. In this sense, the resulting structure can be in principle assimilated as a p-i-n
type device. In fact, it is relatively important to keep the Al,Os layer as thin as possible to allow the formation of the space charge

region, as showed by H. Sun et. al [9] but guaranteeing the passivation of the defects in CZTS/CdS interface [50].
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4. CONCLUSIONS

We proved that thermally evaporated Al>Os ultra-thin layers (down to 3 nm) can be used as passivation layer for CZTS/CdS
heterojunctions, with a demonstrated enhancement on the V. and FF of the solar cell devices. In particular, the use of evaporated
layers from an Al,O3 source demonstrates that hydrogen related species are not indispensable for the passivation, and that the pure
oxide is an efficient passivation agent. We suggest the chemical passivation effect as dominant passivation mechanism. Additional
evidences of the passivation effects are obtained with the observed photo-response improved in the light spectrum region between
400 and 550 nm, suggesting a better collection of the light absorbed located in p-n junction region. In summary, the evaporated
Al>,O3 nanolayers not only enhance the properties of the CZTS based solar cell, but also passivate the defects on the surface whereby

it results in a very simple methodology to be applied for improving the kesterite technology.
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