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A strategy for interface engineering of hetero-junction in kesterite solar cells by using
Al(OH); is demonstrated. The hydroxide nanolayers are prepared via a facile and fast wet
chemical route, based on an aqueous solution of aluminum chlorides and thioacetamide.
Considerable enhancement of open circuit voltage (Vo) (30-60 mV) and fill factor (FF) (10-
20%) after this chemical treatment are observed, achieving a champion conversion efficiency
of 9.1% and a champion FF of 70% (among the best FF in kesterite solar cells). The
functional mechanism is systematically studied by current-voltage, capacitance-voltage,
temperature dependence of current-voltage and photoluminescence measurements, which
reveal that Al(OH)3; nanolayers can effectively reduce the interface recombination and largely
improve the shunt resistance. Furthermore, atomic resolution high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) evidences the epitaxial
relationship of AI(OH)3; with kesterite and CdS, indicating the benign and effective interface
passivation by this chemical treatment. Finally, based on HAADF-STEM and electron energy
loss spectroscopy (EELS) mappings, insights into the efficiency limiting and beneficial
factors for CZTSSe solar cells, as well as suggestions to further improve both the bulk and

related interfaces are presented.
1. Introduction

Kesterite Cu,ZnSn(S,Se)4 (CZTSSe) solar cells have captured the interest of the scientific
community in the last decade due to their earth-abundant and low toxic constituent elements.
CZTSSe solar cells are considered as a major candidate to replace Cu(In,Ga)Se; (CIGS) solar
cells, which have raised concerns over the supply of indium and gallium due to production
constrains, competing market forces, and uncertain reserve constraints, when aiming at a
future mass production in the TW level.™? Nevertheless, kesterites are still far below their

chalcopyrite counterpart CIGS in terms of solar cell conversion efficiency (12.6% for record
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CZTSSe versus 22.9% for record CIGS solar cells).**! Among the reasons, a large open
circuit voltage (V) deficit (Eog/q - Ve, Eog IS the optical band gap, q is the elementary
charge) is frequently reported for kesterite solar cells, with lowest values around 600 mV in
contrast with around 400 mV in highly efficient CIGS solar cells.**® Although it is widely
accepted that bulk defects including band tailing are the main causes for V. deficit in
kesterite solar cells,®*? the CZTSSe/CdS interface recombination is usually reported even in
high efficiency devices, including the current record kesterite solar cell.?*** |nterface
recombination has several origins, e.g., a “cliff”” like conduction band offset (CBO) of
CZTSSe/CdS,M" ¥ secondary phases on the surface,'?>?! and lattice mismatch between buffer
layers and absorbers, etc.!?? Apart from V. deficit, fill factor (FF) deficit (70% for the record
CZTSSe versus 80% for the record CIGS solar cell) is another hurdle for kesterite solar cells,
which is related to V. deficit and series and shunt resistance losses. In particular, low shunt
resistance is observed frequently in solar cells, due to shunt paths caused by structural
damages or defects like pinholes, trenches and stacking faults and non-coverage points of
buffer layers in the interface region.??*'Therefore, engineering the CZTSSe/CdS interface is
of key importance for kesterite solar cells and could be a reasonable and effective way to
reduce V. and FF deficit for further improvement of CZTSSe solar cells efficiency.

One way to reduce the interface recombination is chemical passivation via growing a top

layer binding to the dangling bonds, which is extensively applied in photovoltaic technologies,
e.g., currently the most popular mono-crystalline and poly-crystalline silicon solar cells in the
market achieve high conversion efficiency through SiOy or Al,Oj3 surface/interface
passivation.’?”) Na,S and (NH4),S solutions were reported to produce a surface passivation
effect on the CZTSSe absorbers, but the V. and FF increase of the solar cells were mainly
associated to the removal of ZnSe and Sn(S,Se) secondary phases.>?!! Additionally, Wu et al.
reduced interface recombination and increased the Vo, of CZTSSe based solar cells by

introducing an ultra-thin layer of TiO, using atomic layer deposition (ALD) in between the
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absorbers and CdS.”?®! However, the conversion efficiency of the devices was only slightly
improved due to a deterioration of short circuit current density (Jsc) and almost unaffected FF.
IBM reported that ALD of Al,O3; nanolayers onto the surface of CZTSSe absorbers can
effectively passivate the surface and largely improve the performance mainly due to the
enhanced FF and Js..!*! The ALD process seems promising, but it is expensive and time
consuming (minutes to hours), and thus exploring low cost alternatives is of key relevance for
kesterite solar cells. In the case of CIGS solar cells, Nakada et al. reported that chemical

treatment of CIGS absorbers by using aqueous solutions with group I chlorides (IL= In, Ga,

Al, Y) and thioacetamide (CH3CSNH,) for 10s can improve all the photovoltaic parameters of
the devices.®% The improved cell performance was attributed to the formation of very thin
sulfide layers on the CIGS absorbers and/or surface passivation by S atoms. In addition, when

this chemical passivation process (II= In and/or Ga) was applied to CIGS/Zn(0O,S) hetero-

junction, considerable efficiency improvement was observed, due to reduced interface
recombination and enhanced minority carrier lifetime.* Thus it can be inferred that
research and demonstration of this chemical passivation process on CZTSSe solar cells is an

interesting field to explore. Among group-II elements, aluminum is earth abundant, low cost

and non-toxic, thereby aluminium chloride (AICI3) and thioacetamide (CH3CSNH,) (AT)
aqueous solution chemical treatment is of high interest in order to keep the materials
abundance related advantage of kesterite solar cells. However, in previous works mentioned
above, this particular chemical treatment was not deeply studied compared with those In and
Ga related treatments. In consequence, the exact species formed during the chemical process
as well as related functional mechanism, are still unknown, and thereby they require deeper
investigation to allow for a possible deployment in the field of chalcogenide thin film solar

cells.
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In this work, we report on a wet chemical treatment of kesterite surface, based on an aqueous
solution of aluminum chloride (AICl3) and thioacetamide (CH3CSNH,), with the aim of
improving the performance of the CZTSSe solar cells by reducing the CZTSSe/CdS interface
recombination. The interface passivation effect and functional mechanism of the chemical
treatment on CZTSSe solar cells are discussed. Systematic characterization studies by X-ray
photoelectron spectroscopy (XPS), current density-voltage curves (J-V), external quantum
efficiency (EQE), capacitance-voltage (C-V), temperature dependence of J-V (JV-T) and
temperature dependence of photoluminescence (PL-T) measurements, high resolution TEM
(HRTEM), atomic resolution HAADF-STEM and electron energy loss spectroscopy (EELS)
are included. Results show a significant enhancement of Vo and FF of CZTSSe devices, due
to an effective interface passivation by the epitaxial growth of Al(OH); nanolayers, which
may pave the way to reduce interface recombination and V,. and FF deficit, leading to high
efficiency devices in the CZTSSe field.

2. Results and discussion

2.1. CZTSSe absorbers surface after AlCl;and thioacetamide (AT) chemical treatment

XPS, SEM and XRD were performed onto the reference and AT treated samples, but no
remarkable change can be found (see Figure S1-S3). Here the AT solution is based on 0.005
M AICI; and 0.1 M thioacetamide and soaking time is 60s. To identify the species formed on
absorber surface during the AT treatment, the AT treated CZTSSe absorber was removed
from the Mo substrate by careful scraping (keeping the morphology of the surface) and
dispersed in hexane for HRTEM measurements. Figure 1 shows the HRTEM micrographs
and corresponding fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT)
images of one representative dispersed CZTSSe absorber nanoparticle, which validates that
the CZTSSe absorbers are covered with monoclinic y-Al(OH); (Gibbsite). This is in contrast

with the results of Nakada et al., probably due to the overlapped Al and Cu peaks in XPS, as
5
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is shown in Figure S1. The absence or low concentration of Al-S species is attributed to the
high instability of Al,S3 in aqueous solution (e.g., reacting with H,O to form hydroxides and
H,S).3*4 In contrast, AlI(OH)s is almost insoluble in H,0, with solubility product constant
Ksp equal to 1.3<10°% at 25 €. 1*°]

2.2 Impact of AT chemical treatment on devices and mechanism analyses

Figure 2a shows the schematic of the AT treatment and the device architecture of CZTSSe
solar cells. Figure 2 b-e display the optoelectronic properties of CZTSSe solar cells before
and after the AT treatment. A significant enhancement of all the optoelectronic parameters
except for Jgc is observed after the AT treatment. In average, V. and FF of the devices are
improved by over 60 mV and 15%, respectively, leading to an increased efficiency from 4.3%
to around 7%. Table 1 shows the diode parameters extracted from illuminated J-V curves of
the reference and AT treated CZTSSe solar cells (devices with maximum efficiency in both
groups are chosen). The decrease of diode ideality factor (A) and reverse saturation current
density (Jo) after the treatment indicate better p-n junction quality and CZTSSe/CdS
interfacial properties. In addition, the reduced series resistance (Rs) and considerably
increased shunt resistance (Rg,) explain the large enhancement of FF in the devices. The
increment of shunt resistance could be derived from less shunt paths by the coverage of
Al(OH)s. The decrease of series resistance will be discussed later.

To shed more light on the impact of AT treatment, external quantum efficiency (EQE),
capacitance-voltage (C-V), temperature dependence of current-voltage (JV-T) and
photoluminescence (PL-T) measurements were performed onto the reference CZTSSe device
and AT treated one. An increase of EQE in the range of 500-650 nm coupled with a decrease
of EQE in the range of 800-1200 nm are observed after the chemical treatment (see Figure 3a).
The optical band gaps extracted from EQE plots are 1.15 eV for both samples, confirming a
lower V. deficit for the chemical treated device. Additionally, C-V measurements (see Figure

3b) show that after AT treatment, the carrier concentration increases from 6.7 <10 to 1.4 x
6
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10" cm™, which could explain the reduction of the R, due to the inverse dependency between
resistivity and carrier concentration. In addition, the increased carrier concentration can also
partially interpret the higher Vq..*® Accordingly, the space charge region (SCR) width (X4, at
zero voltage) goes down from 306 to 281 nm. Therefore, the enhancement of EQE in the short
wavelength region can be attributed to better p-n junction quality (e.g., less reverse saturated
current in the interface region) while the deterioration of EQE in the long wavelength region
could be ascribed to a shorter SCR width, leading to a reduced effective carrier collection
length. It has to be noted that, the increased EQE in 500 - 650 nm cannot be ascribed to
thinner CdS layer, because the CdS absorption range is mainly in 400-500 nm range due to its
band gap of 2.4 eV.
Temperature dependence of V. measurements were performed to determine the activation
energy of the dominant recombination mechanism (see Figure 3c). The activation energy can
be extracted from the vertical intercept at T = 0 K of the linear extrapolation of the plot for the
temperature dependence of V., according to the following equation:&”

voc:%-ATlen(JJL:) (1)
with @y, as the activation energy, A the diode ideality factor, J,_ the light current density, and
Joo the prefactor dependent on the specific recombination mechanism that dominates the
saturation current. Theoretically, when @, = Eqq the main recombination path is located in the
absorber layer and when @y, < Eqq it suggests that additional recombination like interface
recombination is involved 7). The activation energy extracted from Equation (1) increases
approximately from 0.7 to 0.8 eV after chemical treatments. The activation energy for both
devices are much lower than the optical band gaps (1.15 eV), indicating interface
recombination is present in these devices. Nevertheless, the improved @y, by nearly 0.1 eV

demonstrates reduced interface recombination in AT treated CZTSSe solar cells.
7
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Figure 3d presents the photoluminescence (PL) band maximum position of the reference and
AT treated CZTSSe devices as a function of temperature (PL spectra can be found in Figure
S4). Both samples show a red shift of the band maximum up to ~ 150 K and blue shift at
higher temperatures. Similar dependencies were observed previously for CZTSSe solid
solutions with quasi donor-acceptor pair (QDAP) emission and detailed explanations can be
found elsewhere.®®3% |t is notable that the PL peak of the AT treated sample exhibits blue
shift (around 10 mV) in the whole range of temperatures with respect to the reference one.
This is normally attributed to increased band gap of the absorbers. As the optical band gaps
keep constant and represent the in-depth Eqg minimum, it can be speculated that the surface
band gap of the absorbers increases after the chemical process. However, the donor and
acceptor defect levels detected by PL-T measurements are unaffected after AT chemical
treatments (see Figure S4 for detailed PL analyses).

Therefore, V,c enhancement after AT treatment can be attributed to the decrease of interface
recombination as well as increased carrier concentration and surface band gap.

To further understand the impact of AT treatment on CZTSSe devices from the
compositional and structural point of view, the CZTSSe/CdS interface region was
characterized by atomic resolution HAADF-STEM combined with electron energy loss
spectroscopy (EELS) mapping. Figure 4 shows the EELS chemical composition maps of the
front interface region of a representative AT treated device. The layout of the solar cell
configuration, i.e., CZTSSe/CdS/ZnO/ITO, involving Cu and Se in the CZTSSe layer, Cd and
S in the CdS layer, Zn in the ZnO layer and Sn in the ITO layer, can be easily identified,
being consistent with the deposition sequence. The Al distribution is in line with the O
distribution, correlating with the AI(OH)3 layer. This layer has a thickness ranging from 30 to
70 nm depending on the morphology of the CZTSSe absorber surface, and overlaps with the
CdS layer, probably due to the intermixing of the two layers as gibbsite is an important

adsorbent with porous featurest*?, explaining why such an insulating layer (band gap is
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around 10 eV)* does not significantly reduce current of the devices. It should be noted that
in the CdS layer, Cu, Zn and Sn are also visible. Especially, close examination shows the
coupling of the distribution of Cu and Zn, along with the relative deficiency of Sn and Se.
This could be due to the removal of Sn and chalcogen from the top surface layer of CZTSSe
by (NH,),S etching™”, rather than to the random inter-diffusion of Cu, Zn and Sn from
CZTSSe absorber and window layer into CdS buffer layer. Furthermore, Cu and Zn have an
inverse coupling with Al and O, e.g., the voids in the Cu and Zn distribution maps are filled
with Al and O correspondingly, indicating that Al and O penetrate into the surface of CZTSSe
layer. This illustrates the increase of surface band gap and carrier concentration, presumably
due to Al or O substitution for Sn or anion vacancy sites, respectively.?*4!

Additionally, atomic resolution HAADF-STEM images and corresponding FFT patterns of
the CZTSSe/CdS interface region (see Figure 5) indicates that an interfacial gibbsite layer is
formed, being consistent with the HRTEM results. Furthermore, an epitaxial relationship of
Al(OH)3 with CZTSSe and CdS is confirmed, which is (11-2) [201] CZTSSe || (2-10)[12-1]
AI(OH)3]|| (1-11)[011] CdS, due to their close plane distance of 3.25 A, 3.29 A and 3.36 A.
The relative orientation of these parallel planes is shown by the parallelograms on FFT
patterns at the bottom of Figure 5. The details of the plane distances and angles are shown in
Table S1. The epitaxial relationship of AI(OH); with CZTSSe and CdS indicates the benign
and effective interface passivation by gibbsite nanolayers, correlating with the reduced
interface recombination and shunt paths and ultimately higher V. and FF. Another
explanation for the interface recombination suppression is that Al(OH)3; nanolayer could act
as an insulator barrier for carrier recombination, similar to the role of Al,O3*

It should be pointed out that the gibbsite formed during the chemical process is

thermodynamically stable below 300 °C.1¥! In addition, the CdS CBD process did not dissolve

the Al(OH)3; nanolayers, and this is due to the weak alkaline solution of the CBD process (pH

= 9.5). The fact that gibbsite nanolayers can endure the harsh temperature and chemical
9



WILEY-VCH

conditions during the fabrication process and working environment of kesterite solar cells,
implies that they are suitable and compatible for the effective interface engineering of
kesterite solar cells.

2.3 Optimization of AT chemical treatment

The concentration of the AICI; and thioacetamide and soaking time were systematically
studied and optimized (Figure S5 and S6), achieving a champion efficiency of 9.1% and a
champion FF of 70% for Se-rich CZTSSe solar cells when treated for 120 s and 300
s ,respectively, with 0.01 M AICl;3 and 0.1 M thioacetamide chemical combination. The
reduced dispersion of optoelectronic parameters indicate more homogenous interface after AT
treatment for longer soaking time. Figure 6a shows the optoelectronic properties of the
champion device, with Js. = 28.9 mA.cm™, V. = 457 mV and FF = 69.2 %. The EQE reaches
nearly 90 % in the 500-600 nm range (Figure 6b), indicating good carrier collection in the p-n
junction region. A band gap of 1.15 eV is extracted. It should be noted that neither anti-
reflective coating (ARC) nor metallic grids were used, and thereby further improvement of Jg
and subsequently higher efficiency could be expected when introducing those elements in the
solar cell architecture. Temperature dependence of V. measurement of the 9.1 % champion
solar cell was performed (Figure 6c), which shows that the activation energy is enhanced up
to 1.02 eV after optimized chemical treatments. The activation energy equals the value of the
world record CZTSSe solar cell with a similar band gap!®!, evidencing the substantially
suppression of the interface recombination. It has to be noted that, we have applied the AT
treatment (0.01 M AICl3 and 0.1 M thioacetamide, 120 s) on more efficient reference devices
with an average efficiency of 8.2 %, which shows an improvement to 9.0 % in average after

treatment (Figure S7).

10



WILEY-VCH

2.4 Efficiency limitation discussion
The champion 9.1% CZTSSe solar cell in this work has comparable FF (due to the
comparable Rs and Rgp) as that of the world record CZTSSe solar cell while still suffering
substantial Jsc and V. loss. This could also be related to carrier recombination in the back
interface or the bulk. Based on the atomic resolution HAADF-STEM and EELS mapping
measurements, insights into the efficiency limiting as well as beneficial factors related to the
bulk and the back interface, will be given. This information will be used as guidance for
further optimization of the CZTSSe solar cells produced in this work, but in addition it might
provide useful hints for the whole CZTSSe community in the quest for higher solar cell
efficiency.

2.4.1 Bulk (CZTSSe)
Grain boundaries (GBs): The bulk layer is composed of large grains comparable to the size of
the cross section with straight or nearly straight grain boundaries (SGBs) (see Figure 7). GBs
can be considered as planar defects with considerable associated internal free energy."!
Therefore, large grains with SGBs are predominantly favorable, due to the grain boundary
area reduction (GBAR) and ultimately the reduction of internal free energy.!*”! Based on the
HAADF-STEM analysis, the misorientation angle is determined to be 33.61<and the rotation
axis is [13-2] for the two adjacent grains analyzed in Figure 7, indicating this GB is high
angle (>15°) and coincidence site lattice (CSL) GB, but not a £3 type GB (60<0r near 709.
Other measurements on different SGBs show similar results, with misorientation angles > 159
being assigned to high angle CSL GBs. X3 type GBs extensively exist in chalcopyrite solar
cells, appearing also as twin boundaries.[*®*°! This type of GBs has low misfit and free energy
and reveals less non-radiative recombination and lower mean-inner potential wells than other
types of GBs.[**°) Therefore, with respect to =3 type GBs, the SGBs in this sample could

cause more non-radiative recombination and thus may contribute to the V. deficit.
11
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Stacking faults (SFs): Stacking faults are clearly found in the CZTSSe bulk by the

corresponding dilatation map (+9.8% deformation) and rotation map (+9.5 “rotation) via
geometrical phase analysis (GPA)™ based on (020) planes of CZTSSe reflections, as shown
in Figure 8. The stacking fault shown in this figure expands from the top layer of CZTSSe to
the interface, which could be caused by Cu/Sn disorder (i.e., Cus, and Snc,), as supported by
the forbidden peaks in the XRD patterns located at around 26.5<0 the left shoulder of (112)
peak of kesterite phase and theoretical simulation (see Figure $8).Y This might mean that the
stacking faults in the bulk are accumulating charged deep defects, leading to the bulk
recombination and ultimately the loss of Vo and Js. In addition, the stacking faults might also
act as shunt paths when Na is accumulated, as suggested in silicon solar cells.™

Secondary phases/inclusions: Sn-S-O secondary phases/inclusions are detected at the back
region of the absorbers (see Figure S9), and they might cause band gap/electrostatic potential
fluctuations, leading to V. loss. The Sn-S-O secondary phases/inclusions in the bulk could be
related to excess of Sn in the metallic precursors or local composition inhomogeneity or
fluctuation during thermal treatments. Thus, fine tuning of Sn during the precursor
preparation and promoting the intermixing of the precursors elements (e.g., by pre-alloying
and homogenization) could be plausible solutions. It has to be noted that secondary phases are
common issues in kesterite solar cells, including the current world record device.®! Their
appearance is strongly related to the extremely narrow single phase existence domain in the
phase diagram,®***! non-stoichiometry composition (e.g., Cu-poor Zn-rich) applied for high
efficiency devices®®*"! and non-equilibrium conditions during thermal treatments (e.g., low
annealing temperature with respect to the melting point, short holding time and discontinuous
supply of chalcogen sources).

Voids: Voids with the size of several hundreds of nanometers are located in the back region of
the bulk and near the CZTSSe/Mo interface (see Figure S8). In fact, voids are reported to be

present in the bulk especially in the absorber/Mo interface region of CIGS and CZTSSe solar
12
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cells, including the record kesterite solar cell.® **® The origin is assumed to be related to
Kirkendall effect due to the different diffusion rate of constituents, e.g., Cu has higher
diffusivity than other elements and tends to diffuse through the bulk to the surface to react
with S/Se, thus leaving behind vacancies that facilitate other elements diffusion to the surface,
and finally voids are formed in the bulk or in the absorber/Mo interface.>*%%® Additionally,
for kesterite solar cells, the detrimental reaction between CZTSSe and Mo and the volatile Sn
chalcogenides loss during elevated reaction temperatures are also considered as possible
reasons.[**®! The voids near the CZTSSe/Mo interface clearly influence the mechanical
properties like adhesion between absorbers and Mo. However, the impact of voids on the
performance of solar cells is still an open question. Some researchers reported that the voids
could reduce the effective carrier transport pathways and increase the series resistance, thus
leading to the deterioration of Js,'*®®! while some argued that voids have no influence on the
performance of devices.’®! In this work, it is possible to assume that the voids reduce the
effective film thickness, leading to incomplete optical absorption in the back region,
correlating with the long wavelength EQE loss and low Js.. Therefore, eliminating voids in
CZTSSe devices is necessary for back interface mechanical robustness and efficiency
enhancement. In consequence, further processing optimization, e.g., tuning the metallic
precursors stacking order, using high chalcogen vapour, and engineering the Mo surface by
barrier layers might be possible solutions.[**70-"4

To sum up, it is of key importance to further optimize the quality of CZTSSe absorbers, by
promoting £3 type SGBs and reducing secondary phases/inclusions/voids and structural
defects such as stacking faults. In addition, the multi-charge character of Sn (IVV and Il
valence state) and volatile nature of Sn chalcogenides could cause secondary phases/voids as
well as Sn related deep defects (e.g., Cus, and Sncy).! Thus, a fine tuning of Sn should be
taken into serious account.

2.4.2 Back interface (CZTSSe/Mo)
13
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Sulfur rich Mo(S,Se), layer with a thickness of less than 100 nm is clearly visible in the back
interface (see Figure S8). Nevertheless, although the beneficial effect of MoSe, that can
facilitate an ohmic contact formation has been supported both by experimental results and
theoretical simulation in CIGS and CZTSe solar cells,/"*™ the role of MoS,/Mo(S,Se), is still
not clearly stated, remaining an open issue to debate. In addition, the optimal thickness of Mo
chalcogenides for kesterite/chalcopyrite solar cells is also not clear. It seems that thicknesses
in the range of 10-300 nm are somehow suitable. Because absence of MoSe; interfacial layer
will impede the formation of an ohmic contact at the back interface and the back surface
recombination will rise quickly. On the contrary, a too thick MoSe; layer will cause high
series resistance.l*”*"®"1 Furthermore, the orientation of Mo chalcogenides is also critical,
because Mo chalcogenides have layered structure, thus good carrier transport properties as
well as mechanical adhesion can be achieved when the c-axis (perpendicular to the layered
planes) is parallel to the substrate while high series resistance and degradation in carrier
transport properties are observed when the c-axis is perpendicular to the substrate.!”>® In the
case of our CZTSSe solar cells, the magnified HAADF-STEM image and the corresponding
reduced FFT patterns indicate that the species are hexagonal Mo(S,Se), monolayers and grow
vertically onto the surface of Mo substrate with c-axis parallel to the substrate (see Figure
S10), which can facilitate carrier transport along the two-dimension (2D) planes of Mo(S,Se),.
However, apart from the detrimental reactions in the back interface CZTSSe/Mo,® some
fundamental issues, e.g., the band alignment of CZTSSe/MoS(e), and the exact back surface
recombination rate, are still pending, which requires deeper investigation on both experiments

and theory to further optimize the back interface.

3. Conclusions
In summary, in this work we have fabricated the CZTSSe/AlI(OH)3/CdS multi-interfaces using

a facile wet chemical treatment based on aluminium chlorides and thioacetamide aqueous
14
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solution. Considerable enhancement of V. and FF, and ultimately the performance
improvement of CZTSSe solar cells are observed. A champion device of 9.1 % efficiency
with FF nearly 70 % for a Se-rich CZTSSe solar cell is achieved via systematic optimization
of AT chemical treatment. The impact of this AT interface engineering can be explained by:
(1) Vo increase is mainly associated to less interface recombination by aluminium hydroxide
nanolayers passivation. In addition, the increased surface band gap and carrier concentration
could also be partially responsible for the V. enhancement; (2) FF increment is ascribed to
lower series resistance and higher shunt resistance, which are further related to increased
carrier concentration and reduced shunt paths; (3) Unaffected Js is illustrated by higher EQE
in the short wavelength region near p-n junction while lower EQE for photogenerated carriers
deeper in the absorber, and thereby it is respectively ascribed to better p-n junction quality
and shorter effective collection length. The AT chemical treatment strategy in this work paves
the way to reduce interface recombination and V.. and FF deficit, which may lead to further
efficiency enhancement in the CZTSSe field. Furthermore, taking into account the thermal

stability (stable below 300°C) of gibbsite (monoclinic ¥ -Al(OH)3) and its epitaxial

relationship with kesterite and CdS, gibbsite may also be applicable to other thin film
photovoltaics, like CdTe, Cu,SnS3;, CuSbhSe, and Sbh,Se; etc., which are using CdS to
construct the p-n hetero-junction. Finally, the relevance of improving the quality of the bulk
by minimizing structural defects like detrimental GBs and stacking faults and also secondary
phases/inclusions/voids, is discussed, which may provide useful information for the

community to further improve kesterite solar cell efficiency.

4. Experimental Section

Preparation of absorbers
CZTSSe thin films (Zn/Sn = 1.2-1.25, Cu/(Zn+Sn) = 0.75-0.8 and S/(S+Se) = 0.24-0.3) were

prepared by a single-step sulfo-selenization of Cu/Sn/Cu/Zn metallic stack precursors onto
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Mo coated soda-lime glass substrates. The singe-step sulfo-selenization was conducted in a

graphite box using a two-step thermal profile: first 200 °C for 15 min under 1mbar and then
550 °C for 30 min under 1bar atmosphere. Se (48 mg) and S (2 mg) as well as Sn (5 mg) were
included in the graphite box at the same time. Details of the metallic precursor preparation
and the thermal process can be found in our previous works./"*#% The as-prepared absorbers

were subjected to a post low temperature treatment (PLTT) at 300°C in air for 10 min, with

the aim of obtaining better Na spatial distribution in the active interface region.®"

Chemical treatments and fabrication of solar cells

The as-PLTT absorbers were etched in (NH,4),S solution (22% w/w) at room temperature for
2 min to remove Sn(S,Se) secondary phases,*¥ and then were immersed in an aqueous

solution at 80 °C for soaking times ranging from 10 s to 5 min. The aqueous solution is

formed by mixing equal volume of aluminum chloride (AICl3, 0.005-0.1 m)(Alfa Aesar,
anhydrous, 99.999 % (metals basis)) and thioacetamide (CH3CSNH,, 0.1-0.5 M)(SIGMA-
ALDRICH, ACS reagent, 2 99.0 %). Immediately after, solar cells were completed by

chemical bath deposition (CBD) of 50-70 nm CdS and DC sputtering of 300 nm i-ZnO/ITO
window layers sequentially performed onto the chemical treated absorbers.
Characterizations

3>3 mm? solar cells were scribed and illuminated and dark current-voltage (J-V) curves were
measured using ABET3000 Solar Simulator calibrated with a reference Si solar cell. The
external quantum efficiency (EQE) spectra were collected by Bentham PVE300
characterization system calibrated with standard silicon and germanium photodetectors. X-ray
diffraction (XRD) (Siemens D500 diffractometer) and scanning electron microscope (SEM)
(ZEISS Series Auriga microscope) were employed to investigate the structure and
morphology of CZTSSe absorbers. X-ray photoelectron spectroscopy (XPS) measurements
were performed in a PHI 5500 Multitechnique System (from Physical Electronics) with a
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monochromatic X-ray source (Aluminium Ka line of 1486.6 ¢V and 350 W), placed
perpendicular to the analyzer axis and calibrated using the 3d5/2 line of Ag with a full width
at half maximum (FWHM) of 0.8 eV. The analyzed area was a circle of 0.8 mm diameter, and
the selected resolution for the spectra was 187.85 eV of Pass Energy and 0.8 eV/step for the
general spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the spectra of the different
elements. A low energy electron gun (less than 10 eV) was used in order to discharge the
surface when necessary. All measurements were made in an ultra-high vacuum (UHV)
chamber with pressure between 5x10° and 2x10°® torr. Capacitance-Voltage (C-V)
measurements were performed by using an impedance analyzer from Novocontrol
Technologies with a frequency of 15 kHz and a modulation voltage of 50 mV in the dark at
room temperature. Temperature dependence of J-V measurements (JV-T) were performed by
a Keithley 2400 source meter using a closed-cycle He cryostat (ColdEdge). The illumination
source was from a small area Newport solar simulator under AM1.5G light conditions
calibrated to one sun by using a Si reference cell. The photoluminescence (PL) spectra were
measured using the iIHR320 Horiba Jobin Yvon spectrometer coupled with InGaAs detector
and He-Ne gas laser with a 632.8 nm laser line used as excitation source. Spectra were
measured in backscattering configuration through the Olympus metallographic objective and
using the maximum laser power while ensuring the absence of the thermal effects on the
samples at the same time. Sample temperature was varied in the close-circle He cryostat and
measured by Si-diode. High Resolution Transmission Electron Microscopy (HRTEM)
measurements were obtained by using a FEI Tecnai F20 field emission gun microscope
operated at 200 kV with a point-to-point resolution of 0.19 nm, which is equipped with a
high-angle annular dark field (HAADF) detector. The atomic resolution aberration corrected
high angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
images were obtained by using a probe corrected FEI Titan 60-300 equipped with a high

brightness field emission gun (XFEG) and a CETCOR corrector from CEQOS, producing a
17
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probe size of about 0.8 A. The microscope was operated at 300 kV, with a convergence angle
of 23 mrad and an inner collection angle of the detector of 62 mrad. A Wiener and 4th order
Gaussian background subtracted filter were applied to the atomic HAADF-STEM images by

using the software STEM-CELL.1###
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Figure 1. Top row (left): HRTEM micrograph of one representative CZTSSe absorber
nanoparticle (dispersed in hexane) after AT treatment (60s). Top row (right): The magnified
HRTEM image of the indigo squared area; the corresponding reduced FFT patterns indicate
that the species is monoclinic y-Al(OH); (Gibbsite), [P121/N1]-space group 14, with lattice
parameters of a = 0.86676 nm, b = 0.50741 nm, ¢ = 0.9728 nm, and a. = 90°, f =94.54°, y =
90<as visualized along the [012] direction; the spot mask filtered reduced FFT and the IFFT
image. Bottom row: the reduced FFT of the whole HRTEM image, the IFFT of AI(OH);
(indigo), Cu,ZnSn(Sp24Se0.76 )4 (red) and their Red-Green-Blue (RGB) composite.

26



WILEY-VCH

@)

k\”>

AlCls+Thioacetamide (AT)

(b) c
30 ( ) 500
29+ 480 -
ol 8 460 |
7L
g 2 T 440 -
£ 26
420 -
< 25¢ %
£ — T2 400+
324 - >8
=l 380
2¢ 360 -
21 340 +
20 1 L 1
320 L 1 1
Ref AT Treated Ref AT Treated
(d) (e)
70+ 9
65+ 8tk
60 L - 7
= 2
f 551 <6
& &
50 - 5+ =
T
45t 4
40t - 3
Ref AT Treated Ref AT Treated

Figure 2. Schematic of the AT treatment and the device architecture of CZTSSe solar cells (a),
and optoelectronic parameters of CZTSSe solar cells before and after AT treatment: Js. (b),
Vo (), FF (d) and Eff. (e). More than 7 cells were included in each group.
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Figure 3. EQE (a), C-V (b), temperature dependence of V. (c) and PL band maximum
position (d) measurements of the reference and AT treated devices.
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Figure 4. EELS chemical composition maps obtained from the red rectangle area
(CZTSSe/CdS interface region) of the HAADF-STEM micrograph of an AT treated device.
Individual Al (red), Se (yellow), Cu (blue), Zn (pink), O (indigo), Cd (orange), S (purple), Sn
(green) maps and their composite are presented (dual scan, collection time: 50ms/pixel,
energy dispersion: 0.7 eV/channel).
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Figure 5. Atomic resolution HAADF-STEM images and corresponding FFT patterns of the
CZTSSe/Al(OH)3/CdS interface region in an AT treated device, showing an epitaxial
relationship of Al(OH); with CZTSSe and CdS.

30



WILEY-VCH

30 100 1200

(a) (b) ~— E_/q=1150 mV c
55 0 1100F "edd ©
I 80}
[=— E_/q=1020 mV
o Eff=9.1% 70l 10007 Efa m
520 - FF=69.2% =60l 2 90f
< B J,=28.9 mAlcm’ 2\:50 E =1.15eV = 500
£ V, =457 mV w L : - 0003
= - G40t > 700} *9%%,
210t w %,
30+ ) 9,
‘ 600} %,
5l 20+ ’ o.‘
107 ‘ 500 | %o
0 ' ' L L 0 L " s " L 400 L L 2 " " N
0 100 200 300 400 500 400 600 800 1000 1200 1400 0 50 100 150 200 250 300 350
V (mV) Wavelength (nm) T (K)

Figure 6. J-V curve (a), EQE plot (b) and temperature dependence of V. measurement (c) of
the 9.1 % champion Se-rich CZTSSe solar cell.
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Figure 7. Top row: general HAADF-STEM view of straight grain boundaries (SGBs) present
at the CZTSSe matrix of the 9.1% device. Middle row: the atomic resolution HAADF-STEM
of different selected squared areas. Bottom row: the corresponding FFT patterns exhibit
diffraction spots change in different analyzed squared regions which result from the different
orientations observed on the CZTSSe grains. The middle FFT is showing the overlapping
between the two grains at the region of the grain boundary (GB).
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Figure 8. Top row: general view of the front interface areas and the magnified HAADF-
STEM image of the blue squared area. Middle row (left): the corresponding dilatation map
(+9.8% deformation) and rotation map (+9.5 “rotation) via GPA based on (020) planes of
CZTSSe reflections confirm the presence of stacking faults in the CZTSSe matrix area of the
9.1% device, as indicated by the white rows in the magnified HAADF-STEM images of the
yellow squared area (bottom row). Middle row (right): IFFT RGB composite of CZTSSe
(green) and Al(OH)3 (red) species.
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Table 1. Diode analysis of CZTSSe solar cells before and after AT treatment.

Eoy D Jse Vo. FF Eff. R, Ren Jo A
V) (eV) (mAcm® (mV) (%) (%) (Qcm?) (Q.cmd) (mA.cm?)

Ref 115 0.7 25.4 395 494 5 15 104  2.9x10° 1.65

AT Treated 1.15 0.8 25.6 453 685 7.9 0.7 550  1.9x10*  1.47
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