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Abstract

Cu;MnSnS, (CMTS) is regarded as an emerging absorber for thin-film photovoltaic (PV) devices.
In this work, CMTS thin films prepared using a low-cost, straightforward solution-based tech-
nique were extensively characterized, and the results were correlated with the preparation con-
ditions and corresponding PV performances. X-ray diffraction techniques have been used to
study crystallographic structure and microstructural parameters, while energetic band positions
were depicted exploiting photoelectron yield spectroscopy and Kelvin probe measurements. The
importance of fine-tuning the composition of the starting solution and the beneficial effect of
post-deposition treatments were consequently highlighted. A strategy of slow cooling after anneal-
ing was studied, resulting in a new record for wet-prepared CMTS, with a champion device yield-
ing 0.97% efficiency 5 months after the first PV measurement. Factors responsible for the typ-

ical modest efficiencies of CMTS have been investigated: photoluminescence revealed the pres-
ence of intra-gap defects, magnetic characterization revealed room-temperature short-range mag-
netic ordering, and electrical transport and thermal measurements highlighted a semimetallic-
like character, all of which are barriers to achieving high PV performance in CMTS-based devices.
Moreover, magnetometry indicates a weakly ordered spin-glass-like state, providing insight into
the electronic correlations underlying the observed transport behavior.

1. Introduction

In recent years, renewable energy research has focused particularly on the development of thin-film
photovoltaic (PV) technologies, which require less active material and exhibit very high light absorption
coefficients [1]. They are lightweight and can be prepared on flexible substrates [2], with potential for
use in PV integration in buildings or portable electronic devices. Chalcogenide semiconductors can be
used as absorbers in thin-film PV; CdTe and Cu(In, Ga)Se, (CIGS) have been widely studied and have
achieved efficiencies comparable to those of silicon [3, 4]. Still, their large-scale application is limited
since they rely on critical raw materials, such as indium, gallium, and tellurium [5]. Recently, Sb,Se; has
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also attracted the attention of researchers due to its remarkable stability and ease of synthesis at a low
cost [6, 7]. Currently, the efficiency record is around 10%; further improving the properties and effi-
ciency of Sb,Ses-based devices still depends on resolving some open issues, such as passivation, surface
treatments, and post-deposition processes (both chemical and thermal) [8]. Besides, Cu,ZnSn(S, Se)4
(CZTSSe), with kesterite-type structure (space group 14) [9], is made of cost-effective, eco-friendly, and
abundant elements [10, 11], has a high absorption coefficient of 10* cm™! [12] and a tunable band-
gap (Eg) along the visible range of light, by varying the ratio of the anions [13] spanning from 1.0 eV
to 1.5 eV. The reported record efficiency for CZTSSe is 15.9% [14]; the main issue still to be solved
resides in the large V¢ deficit. The substitution, partial or total, of one or more cations with an iso-
electronic cation enables the preparation of CZTSSe alloys with different structural and electronic prop-
erties and enhanced PV performance. For instance, Cu™ can be partially substituted by the isovalent
Ag™ cation, yielding (Ag, Cu),ZnSn(S, Se); (ACZTSSe). Ag™ shows a much bigger ionic radius (1.14 A)
[15] than Cu* and Zn?T (0.74 A) [15]: as a consequence, the formation of anti-site defects is reduced
[16] and tailing of the valence band related to antisites [17] is mitigated. Substituting Sn atoms with
smaller Ge atoms widens the band gap. By increasing the ratio of Ge with respect to Sn (Ge/(Ge + Sn)
ratio), Eg increases almost linearly [18], reaching 1.43 eV for pure Cu,ZnGeSe, [19] and 2.25 eV for
pure Cu,ZnGeS, [20]. An exciting possibility is substituting zinc with more abundant elements. As an
example, iron can substitute zinc, forming Cu,(Zn, Fe)Sn(S, Se), in which Eg is tunable by the variation
of the iron/zinc ratio [21]. The record efficiency (1) for Cu,FeSnS, is 2.93% [22]. A promising alternat-
ive to zinc substitution is manganese, which it is safer and more Earth-abundant than zinc [23]. In par-
ticular, the pure sulfide Cu,MnSnS,; (CMTS) is a material with the stannite structure and a high absorp-
tion coefficient (beyond 10* cm™!) [24]; the optical band gap has been reported to vary from 1.1 eV to
1.6 eV [25] depending on the preparation technique. However, it can be tuned to approximately 1.5 eV,
the optimal value for achieving the highest theoretical efficiency [17]. Many simulation studies have pre-
dicted high efficiencies for CMTS-based devices, reaching or even exceeding those of CZTSSe [26, 27].
Nevertheless, the reported device efficiencies are still low. CMTS can be prepared both through physical
and chemical methods. Some of the present authors reported on the physical deposition of CMTS via
sulfurization of evaporated metals [28], achieving a modest 7 = 0.33%, mainly due to an insulating sec-
ondary phase. In another work, they demonstrated the beneficial effect of both a copper-poor compos-
ition and a high-temperature treatment of the device, reaching 7 = 0.83% [29]. Indeed, solution meth-
ods have also been studied, as they reduce processing costs and eliminate the need for vacuum use. The
spin-coating deposition of CMTS solution dates back to the publication by Chen and co-workers [24],
which first demonstrated the CMTS potential as a PV absorber, achieving 7 = 0.49%. Prabhakar and co-
workers improved the efficiency to 0.73% through spray pyrolysis of a solution containing all precursors
and sodium as a dopant [30]. Yu et al reported CMTS preparation by electrodeposition of precursors in
solution with 7 = 0.76% [31], which was further increased to 0.91% with fine-tuning of the deposition
temperature at 560 °C [32]. More recently, some of the present authors reported CMTS synthesis via
sulfurization of sputtered precursors; the initial efficiency was 0.65%, but after 1 year of aging, it reached
1n = 1.13%, establishing the current record efficiency for CMTS [33]. The beneficial effects of a Cu-poor
composition and the device’s high-temperature treatment were confirmed; moreover, the importance of
HCI etching on the CMTS surface was reported for the first time. The main limitation was the man-
ganese oxidation process, leading to detrimental secondary phases of MnO,. These phases act as recom-
bination centers, creating non-radiative recombination pathways, and their semiconductive or insulating
nature can severely impact the overall efficiency [33, 34]. Today, the highest efficiency for CMTS pre-
pared from the solution was reported in a previous work conducted by some of the present authors [35].
CMTS thin films were prepared by blade-coating of the substrate with a solution containing all the pre-
cursors, followed by annealing at 550 °C, without the need for external sulfurizing agents. The prepara-
tion was optimized, leading to pure CMTS without any oxidized forms of manganese, and the import-
ance of HCI etching, thermal treatment (TT) of the device, and the aging previously reported [33] was
confirmed. Nevertheless, efficiency never exceeded 0.92%; this was mainly attributed to the use of CdS
as an n-type buffer layer [35]. The band alignment was found to be cliff-like, which enhances the risk of
recombination. Additionally, a loss of manganese from the surface during CdS deposition was observed,
highlighting the need for alternative buffer layers to replace the toxic CdS [13, 35-37]. In addition to the
proven poor quality of the interfaces with the charge extractors, the reported PV performances are very
low.

Another important factor reducing the efficiency could be related to the charge transport and
magnetic properties of CMTS. A very high charge carrier density, in the order of 10'° cm—[30] or
10%° cm™2 [38], which could increase the metallic character and reduce the shunt resistance and the
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collection efficiency, was observed in CMTS; moreover, the resistivity of CMTS thin film at room
temperature was found to be low (between 1 Q-cm and 3 {2-cm) [39], confirming the possible partial
metallic character of this material. As the Mn?* ion possesses five unpaired electrons in the valence
shell, many authors theoretically proposed the existence of magnetic properties in CMTS [40, 41]; sub-
sequently, an order dynamic of a different nature based on preparation conditions was experimentally
found [38, 42, 43]. It is worth noting that the magnetic properties should be considered in PV applica-
tions, as the spin interactions could offer a path for carrier recombination [44, 45].

Therefore, here, the crystallographic and electronic structure of CMTS thin films, prepared with the
same methodology, have been extensively studied by referencing highly crystalline systems, such as thin
films produced via sputtering [33], single crystals [42, 46, 47], and polycrystalline powders [48, 49]. The
microstructural and opto-electronic, charge transport, and magnetic properties were correlated with the
preparation conditions (composition of precursor solution, post-deposition treatments, and cooling rate
after the annealing) and with PV performances, to identify and understand the critical points that are
hindering the production of high-performing solar cells based on high-quality CMTS thin films.

2. Experimental methods

A solution of Cu(CH3COO),-H,0 (Sigma-Aldrich, purity > 99%) in 2.5 ml of anhydrous dimethyl
sulfoxide (Sigma-Aldrich purity > 99.9%) was heated to 50 °C. SnCl,-2H,0 (Alfa Aesar, purity 98%)
was then added, changing the solution’s color from blue to a transparent green. The mixture was stirred
for 1 h at 50 °C. After cooling to room temperature, Mn(CH3COOQO),-4H,0 (Merck Millipore, purity
299%) and thiourea (Fisher Scientific, purity >99%) were added. The resulting solution was a pale-
yellow, transparent mixture, as previously optimized for CZTS. This solution was stirred overnight at
room temperature, following the procedure reported elsewhere [35]. A 10% w/w aqueous KCl solu-
tion was then added to achieve a final concentration of 0.04 M, and the mixture was stirred for 30 min
before deposition. The addition of KCI is known to form a liquid reactive phase (K,S,) during anneal-
ing, which facilitates crystallite coalescence and promotes the formation of large grains in CZTS thin
films [50]. The entire procedure was performed in air.

Standard 2.2 mm-thick soda-lime glass (SLG, approximately 70% SiO,, 15% Na,O, and 9% CaO,
with small amounts of other compounds) substrates were cleaned with a 15 min ultrasonic bath in a
sequential series of solvents: acetone, Mucasol in distilled water, distilled water (4 times), acetone, and
finally ethanol. The substrates were then dried under dynamic vacuum for 1 h. A 1.1 pum-thick Mo
layer was deposited onto the SLG by DC magnetron sputtering, and the coated glass was cut into 3 cm?
pieces. Before deposition, the Mo surface was subjected to a 45 min UV-Oj; treatment (Novascan PSD
Pro Series—Digital UV Ozone System). The precursor solution was deposited using a blade-coating
technique with a film applicator (Zehntner ZAA 2300, speed = 5 mm s~ !). The sample was left at
room temperature for 30 min to undergo a sol-gel transition. The samples were then annealed in an
argon-filled tubular oven with a heating rate of 17.5 °C min~! from room temperature to 550 °C, fol-
lowed by a 15 min isotherm at 550 °C in an inert atmosphere (5 N argon gas flux). The samples were
then quenched to room temperature. This procedure was repeated four times to achieve the desired
thickness. The thickness of all CMTS thin films was measured by profilometry, yielding an average of
2.5 4 0.3 um.

After annealing, the samples were quenched unless slow cooling (SC) was specified. Some selected
samples were etched using an HCI solution. For characterization, freshly prepared samples were primar-
ily used, while selected samples, stored for up to 9 months, were also used to evaluate potential aging
effects. CdS layer was deposited via chemical bath deposition in an aqueous solution of NHj (Fisher
Scientific 35% aqueous solution) and NH,Cl (VWR Chemicals, purity 99.9%), using Cd(CH3;COO),
(Acros Organics, purity 98%) and thiourea at 75 °C. The CdS layer, as determined by profilometry, was
70-80 nm thick. The devices were completed with RE-sputtered i-ZnO and DC-pulsed sputtered Al:ZnO
(AZO) as the top contact. The thicknesses of the i-ZnO and AZO layers were verified by profilometry,
yielding 70 nm and 350 nm, respectively, as expected. An aluminum grid was then thermally evaporated
to extract charges. Each device (active area of 0.16 cm?) was electrically insulated by scribing the back
contact. Some selected samples were subjected to TT at 260 °C [35].

CdS, i-ZnO, AZO, and aluminum layers were removed before the characterization presented here by
immersing the sample in a 3 M HCI solution for 10 s and then in demineralized water. The procedure
was repeated twice to ensure complete removal of the upper layers, and the samples were dried under a
nitrogen flow.

X-ray diffraction (XRD) characterization was performed on a PANalytical X’Pert Pro MPD dif-
fractometer equipped with an x-ray tube operating at 40 kV and 40 mA, providing Cu-Ka radiation
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(A = 1.540 56 A). For grazing incidence XRD (GI-XRD), a single-point detector with a parallel plate
collimator was used. Grazing angles (w) were set to 0.25°, 1.00°, 5.00°, and 10.00° to probe different
depths of the thin film. A (%)o divergence slit and an 8 mm beam mask were selected. The scan range
was 260 = 15° to 20 = 80°, with a step size of 0.04°. The time per step was set at 10 s (w = 1.00° and
w = 5.00°) or 15 s (w = 0.25° and w = 10.00°). A line detector was used for Bragg—Brentano XRD
(BB-XRD). The BB-XRD diffractograms were acquired in 6/20 measurement mode. The scan range was
20 = 15° to 260 = 80°, with measurement steps of 0.013°. The time per step was set at 0.195 s. A diver-
gence slit of (1)° and a 7 mm beam mask were selected. Inorganic Crystal Structure Database (ICSD),
licensed by FIZ of Karlsruhe, was used for phase recognition and peak attribution. The acquired dif-
fractograms were then refined using the Le Bail method [51], which allows refinement even without a
priori knowledge of the crystal structure, starting only from the space group. The refinement was per-
formed using the Full Prof Suite software [52]. Peak shape was modeled using Thompson-Cox-Hastings
pseudo-Voigt functions [53] to combine the Gaussian and Lorentzian contributions to peak broadening
for the determination of microstructural parameters.

The thickness of each layer was measured by employing a Dektak 8 Stylus profiler. A 5 pym radius
investigating tip was selected; the force applied to the surface samples was equivalent to 5 mg mass.

Kelvin probe (KP) and photoelectron yield spectroscopy (PYS) were combined to measure the work
function (®) and ionization energy (E;) of the prepared thin films, respectively, by employing a KP
Technology SKP5050-APS02 setup under an ambient pressure environment of nitrogen gas, with the
same experimental setup reported elsewhere [54]. The samples were contacted with carbon tape and
mounted on a motorized 3-axis stage with a precision of less than 300 nm. The top counter electrode
was a 2.0 mm diameter electrode with a gold-alloy coating.

KP measurements were carried out using a vibrating reference electrode, previously calibrated against
a gold standard to determine its work function (®,). The sample work function (®gmple) Was calculated
using the equation: ®gmple = Pyip + e:CPD, where e is the elementary charge and CPD represents the
contact potential difference measured between tip and sample. The CPD values were obtained with a
precision of 1-3 mV. Surface photovoltage (SPV) was evaluated as the difference between the contact
potential in light and dark conditions (SPV = CPDjigh; — CPDgark = Plight — Pdark). A 670 nm laser
diode (photon energy of 1.85 eV) with a power density of approximately 100 mW cm 2 was used for
illumination. PYS was performed using the same KP setup operated in static mode, maintaining a tip-
sample separation below 1 mm. A 10 V bias was applied to facilitate charge collection. The sample was
exposed to UV light from a deuterium source coupled to a monochromator, allowing excitation in the
3.4-7.6 eV range. Spectra were recorded with 1 nm step increments, and the onset of photoemission was
determined with an energy resolution of 30 meV. Total density of states spectra were obtained as the first
derivative of the photoelectron yield with respect to photon energy. Further details on the KP-PYS setup
and data evaluation can be found elsewhere [55].

A 660 nm diode laser was used as the source for photoluminescence (PL) measurements. A /4 m
InGaAs diode array was used as a detector. PL measurements were performed at room temperature.

J-V curves have been obtained through an ABET Technologies Sun 2000 Solar Simulator, equipped
with a Keithley electrometer. The Xe-lamp calibration at 1.5 AM and 1000 W m~2 was performed at
25 °C using a silicon photodiode as the reference.

Magnetometric studies were performed on CMTS films directly grown on soda-lime glass substrate
by means of a superconducting quantum interference device magnetometer (Quantum Design MPMS-
XL5). The instrument allows direct control of both temperature (5-380 K) and magnetic field intensity
(0-5 T). The M(H) loop was measured at 300 K, with the magnetic field ranging from 5 T to —5 T, to
investigate the magnetic character of the CMTS film. To fit the SQuID probe, the sample was divided
into pieces and installed in the sample holder. Field cooling (FC) modes are then collected, ranging
from 380 K to 5 K with an external magnetic field of 5000 Oe, high enough to overcome the diamag-
netic contribution coming from the massive part of the sample, i.e. the glass substrate. Notably, the mass
response of a diamagnetic material is indeed linearly dependent on the applied field but with a very low
and negative slope parameter, whilst its magnetic moment is invariant vs temperature, i.e., magnetic
volume susceptibility of glass xy = — 1.128-107° (International System, dimensionless) [56]. Unlike a
paramagnetic material like CMTS, which is typically characterized by a higher, positive magnetic suscept-
ibility and exhibits a substantial increase in the magnetic resultant as T decreases.

A Rigaku Miniflex 600 x-ray diffractometer, equipped with an x-ray tube operating at 40 kV and
15 mA, providing A = 1.5446 A, and a silicon array detector, was used to directly compare CMTS-1
grown on glass for magnetic measurements with CMTS-1 grown on molybdenum. The characterization
was performed in BB geometry and in 6—26 mode. The peaks were assigned based on data reported in
the ICSD.
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The transport characterization was performed by measuring the temperature-dependent resistiv-
ity using the Van der Pauw configuration. Four ohmic contacts were prepared by sputtering 100 nm-
thick gold dots measuring 2 mm in size on the CMTS film, spaced approximately 10 mm apart in a
square geometry. The four-wire probe resistivity measurement was performed using an Agilent 34 420 A,
applying a 100 pA current between two contacts while simultaneously measuring the voltage across the
opposite pair of contacts. The entire measurement was carried out under vacuum within a cryostat,
cooling the film down to 70 K and then gradually heating up to 280 K, collecting one data point per
K. For each temperature point, two independent measurements were performed according to the Van
der Pauw method, using the two configurations obtained by rotating the current and voltage contacts
by 90°. In this contact geometry, the two measured resistances (vertical resistance Ry and horizontal
resistance Rg) were equal within the experimental error, allowing the use of the simplified expression

Rg ~ 1n7(rz) - BatR | where Ry is the sheet resistance of the sample, valid when Ry ~ Rp.

3. Results and discussion

The samples studied in this work were prepared over a long period; some were freshly prepared, while
others (covered with CdS) were stored for up to 9 months. GIXRD (w = 1.00°) of both freshly prepared
and stored for several months was performed (figure S1): no significant changes in XRD pattern were
observed, suggesting no noticeable structural changes were induced during storage time.

3.1. Precursor composition

Structural characterization first aimed to determine the optimal metal ratio in the starting solution

to obtain a pure, crystalline CMTS. A copper-poor composition was always kept since V¢, has been
reported to increase carrier density in various chalcogenide materials, with a beneficial effect on PV
performances [29, 57]. The impact of the relative quantity of manganese and tin was investigated. The
ratio of the components of the studied solution was varied, with [Mn]/[Sn] ranging from 1.00 to 1.13
and 1.27, as reported in table 1.

SOL-1, SOL-2, and SOL-3 were employed to prepare CMTS-1, CMTS-2, and CMTS-3, respectively.
The elemental composition of CMTS-1, CMTS-2, and CMTS-3 was analyzed in a previous work [35]
Using energy dispersive x-ray spectroscopy and x-ray photoelectron spectroscopy on thin films prepared
with the same procedure, we found that the bulk composition perfectly follows the metals’ ratio in the
starting solution. Figure 1 reports x-ray diffractograms collected with different grazing angles and, hence,
different penetration depths of CMTS-1, CMTS-2, and CMTS-3.

In all the x-ray diffractograms, peaks of the cubic molybdenum used as the substrate (space group
Im3m) are present [58]; their intensity increases with the increase of grazing angle, as expected. CMTS
is present in the stannite-type structure (space group 142m) [48] with narrow peaks indicating a good
crystalline quality. The peaks at 260 = 40.4° and 20 = 58.5° derive from the overlap between molyb-
denum and CMTS; they are attributed to the molybdenum since their intensity increases with the
increase of grazing angle, so the contribution of the molybdenum to this signal is larger than the con-
tribution of the stannite-type phase. No hints of secondary phases are detected using this technique.

A closer look at GI-XRD (figure 2) reveals the presence of a ‘step-like’ shape on the left of the main
peak between 26° and 27° in CMTS-2 and CMTS-3: this feature is typical of stacking faults [59, 60].
The presence of stacking faults appears to be directly related to the increase in the relative manganese
content, as the typical shape is more pronounced in CMTS-3 than in CMTS-2. At the same time, it is
completely absent in CMTS-1 at all the penetration depths. This feature is more pronounced at lower
grazing angles, suggesting that stacking faults may be more concentrated in the outermost layers of
CMTS. This phenomenon could be related to the presence of Cu,SnS; (CTS) and MnS traces detec-

ted in CMTS-2 and CMTS-3 [35]. The presence of these secondary phases was confirmed by GIXRD
analysis, and their previous detection by Raman spectroscopy was reported in ref. 35. It is important to
emphasize that the samples used here are not the same as those in ref. 35, but were prepared using the
same method described there. CTS, in particular, belongs to the same space group as CMTS (I42m) and,
having the same crystal structure but lacking Mn, could give rise to stacking faults. CTS is more concen-
trated near the surface, since manganese is partially leached from the surface by ammonia during CdS
deposition [35], thereby generating more stacking faults at lower incidence angles.

Le Bail refinement was used to determine the unit cell parameters, the coherent scattering domain
size, and the average non-uniform microstrain, which induces peak broadening. Later on, ‘microstrain’
will always refer to non-uniform microstrain. The Le-Bail fittings are shown in Note 1 in the supporting
information. The unit cell parameters are reported in table 2, together with the estimated probing depth.
The probing depth estimation method is reported in Note 2 in the supporting information. Notably, a
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Table 1. Ratio between components in the solutions utilized in this work. Note that the compositional ratios are integral values over the
whole thin film.

Cu(CH3CO0), SnCl,e2H,0 Mn(CH3COO), Thiourea

Solution eH,0 (M) (M) ¢4H,0 (M) (M) [Mn]/[Sn] [Cu]/([Mn]+[Sn])
SOL-1 0.356 0.200 0.200 3.6 1.00 0.89
SOL-2 0.356 0.188 0.212 3.6 1.13 0.89
SOL-3 0.356 0.176 0.224 3.6 1.27 0.89
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Figure 1. Grazing incidence diffractograms with peaks indexation for CMTS-1, CMTS-2 and CMTS-3 with w = 0.25° (A),
w = 1.00° (B), w = 5.00° (C), w = 10.00° (D). The solid-dotted lines and black indexation indicate the Bragg peaks of CMTS
according to the stannite-type structure.

slight reduction in the a and b parameters is observed from CMTS-1 to CMTS-3. This reduction could
also be related to the presence of CTS, which shares the same space group as CMTS but exhibits a smal-
ler unit cell in a and b directions [61]. A slight increase in the ¢ parameter, leading to a higher tetra-
gonal deformation parameter, is also reported. The tetragonal deformation parameter (c/2a) is less than
1 for all compositions, with a slight increase in distortion as the penetration depth increases. The c/2a
value is also slightly larger than that reported for CMTS in the stannite structure, which is typically
<0.98 [46-48]. The deviation is more pronounced if the composition is off-stoichiometric (CMTS-2
and CMTS-3). The value increases from CMTS-1 to CMTS-3, indicating a greater deviation from the
literature value for stannite-type CMTS with a larger manganese amount.

The average value of coherent scattering domain size (figure 3(A)) and microstrain (figure 3(B)) for
CMTS-1, CMTS-2, and CMTS-3 has been extracted. Growing materials with large domain sizes is crucial
for PV materials, since larger grains imply fewer grain boundaries, which have been reported to act as
recombination sites in various PV materials [62, 63]. As shown in figure 3(A), CMTS-1 displays a much
larger average domain size (>120 nm), even though precise estimation is hindered because the domain-
size contribution to peak broadening falls below the instrument’s resolution limit. In contrast, CMTS-

2 and CMTS-3 consist of smaller domains, ranging from 41 to 64 nm for CMTS-2 and 44-91 nm for
CMTS-3. It is worth noting that in CMTS-2 and CMTS-3, the average domain size increases with the
grazing angle, indicating that crystallites are larger as we move into the bulk. It can be hypothesized
that, because the CMTS thin film is composed of superimposed layers, excess sulfur vapor facilitates the
recrystallization of the underlying layers during annealing, thereby favoring crystallite coalescence. The
microstrain analysis confirms the higher quality of the CMTS-1 (figure 3(B)): its microstrain is much
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Figure 2. Grazing incidence diffractograms details of CMTS-1, CMTS-2 and CMTS-3 with w = 0.25° (A), w = 1.00° (B),
w = 5.00° (C), and w = 10.00° (D).

Table 2. Variation of the unit cell parameters with the grazing incidence angle w in CMTS-1, CMTS-2, and CMTS-3.

w (deg) Probing depth (pum) a=>b(A) c(R) cl2a
CMTS-1 0.25 0.07 4+ 0.01 5.515 + 0.001 10.824 4 0.003 0.9813 4 0.004
1.00 0.28 4+ 0.01 5.514 + 0.001 10.824 4 0.002 0.9815 4 0.004
5.00 1.40 + 0.01 5.513 + 0.001 10.824 4 0.002 0.9817 4 0.004
10.00 2.79 +0.01 5.514 + 0.001 10.824 £ 0.002 0.9817 4 0.004
CMTS-2 0.25 0.07 4+ 0.01 5.511 £ 0.001 10.827 4 0.003 0.9823 4 0.004
1.00 0.28 +0.01 5.510 £ 0.001 10.825 4 0.003 0.9823 4 0.004
5.00 1.40 + 0.01 5.510 £ 0.001 10.824 4 0.003 0.9822 4 0.004
10.00 2.79 +0.01 5.511 + 0.001 10.827 4 0.003 0.9823 4+ 0.004
CMTS-3 0.25 0.07 4+ 0.01 5.510 + 0.001 10.828 £ 0.003 0.9826 4 0.004
1.00 0.28 4+ 0.01 5.509 + 0.001 10.827 4 0.003 0.9827 4 0.004
5.00 1.40 + 0.01 5.508 + 0.001 10.826 4 0.003 0.9828 4 0.004
10.00 2.79 +£0.01 5.508 + 0.001 10.826 4 0.003 0.9828 4+ 0.004

lower than that of the other two samples. Also, CMTS-3 is more strained than CMTS-2, indicating that
adding excess manganese introduces stress in the film. In all the compositions, the lower microstrain has
been detected in the diffractogram collected with w = 1.00°: the average microstrain is higher close to
the top surface (w = 0.25°) and close to the interface with the back contact (more contribution at high
grazing incident angle, w = 5.00°, w = 10.00°) than in the bulk.

The x-ray diffractogram of CMTS in the BB configuration was collected to determine if there was
any family of planes with a preferential orientation parallel to the thin film surface; a single crys-
tal pattern [42] was used to derive the crystal structure information file and, consequently, to calcu-
late the expected powder pattern for a perfectly random-oriented sample. The normalized BB-XRD
of randomly oriented reference and BB-XRD of CMTS-1 (figure 4(A)), CMTS-2 (figure 4(B)), and
CMTS-3 (figure 4(C)) are reported in figure 4. The intensity of the 1 1 2 reflection was found to be
over-represented, meaning that the corresponding lattice plane is preferentially oriented parallel to the
sample plane. In fact, the I, /I ratio (the ratio between the intensity of 1 1 2 peak and the sum
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Figure 3. Extracted average value of coherent scattering domain size (A) and microstrain (B) for CMTS-1, CMTS-2, and
CMTS-3.
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Figure 4. Comparison between an unoriented CMTS reference and BB-XRD of: CMTS-1 (A), CMTS-2 (B), CMTS-3 (C). The
Bragg peaks of the molybdenum substrate are marked with *.

of the intensity of all the peaks) is equal to 0.38 in the calculated randomly oriented pattern; all the
examined samples showed higher values, with 0.46 (CMTS-1), 0.57 (CMTS-2), and 0.49 (CMTS-3).

PL spectra of CMTS-1, CMTS-2, and CMTS-3, collected at room temperature, are shown in
figure 5(A). The spectrum of CMTS-1 is also shown in figure 5(B), with a different scale for clarity.
They all display the main PL peak at 1.4 eV, at energies lower than E, (1.5-1.6 eV) [35], which can be
related to the band-tailing phenomenon [64]; a PL peak at 1.4 eV has been experimentally found in
CZTS and attributed to band-to-tail transition [65], in which the recombination is between a hole in
the tail of the valence band and a free electron. Moreover, the theoretical work from Chen and Persson
[66] predicts a reduction between 0.1 and 0.2 eV of the CMTS band gap, as was found in this study,
linked to the presence of copper—manganese antisites. A shoulder at 1.35 eV is observed in CMTS-1 and
CMTS-3, whereas in CMTS-2 it is not visible due to broadening of the main peak; this peak has already
been observed in CZTS and is attributed to the deep antisite defect Cug, [67]. The increase in the man-
ganese/tin ratio from CMTS-1 to CMTS-3 (table 1) strongly increases the intensity of the emission peak,
indicating a longer carrier lifetime.

Photoelectron yield spectroscopy and KP measurements have been employed to depict band pos-
itions. They are reported in figure 6. The cubic root extrapolation of the photoelectron yield, as a
function of incident photon energy, allows the calculation of the ionization energy, and hence valence
band maximum (VBM) of the material, through the x-axis intercept (figure 6(A)) [55, 68]. The ioniza-
tion energy, E;, varies from 4.97 eV for CMTS-1 5.15 eV for CMTS-2, and it was found to be 5.03 eV
for CMTS-3; therefore, the ionization energy increases with increasing relative manganese content.
Work function (measured by KP) and hence Fermi level value for CMTS-1, CMTS-2, and CMTS-3 are
4.98 eV, 5.00 eV, and 5.01 eV, respectively (figure 6(C)). It can be noticed that CMTS-1 is a degener-
ate film (Ep—Eypm > 0) and hence with high hole concentration. The addition of manganese suggests a
quenching of the degeneracy (Ex—Eypm < 0), slightly shifting the VBM energy (Eypm) downwards, with
a more pronounced effect on CMTS-2. The work function remains constant under both dark and light
conditions. Hence, no SPV is detected in any of the three compositions, following the outcomes of the
absent PV performance recorded for devices as fabricated [35].
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Figure 5. (A) PL spectra of CMTS-1 (red), CMTS-2 (green), and CMTS-3 (blue) collected at room temperature: (B) magnifica-
tion of the PL spectrum of CMTS-1.
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Figure 6. Photoelectron yield spectra with determined ionization energies (A), valence band total density of states spectra (B),
and work function in dark and light conditions (C) of CMTS-1 (red), CMTS-2 (green), and CMTS-3 (blue).

To sum up, the findings of GI-XRD measurements confirmed that SOL-1 is the most adequate
composition [35], since it exhibits larger domain sizes (figure 3(A)), less microstrain (figure 3(B)), and
no stacking faults were detected (figure 2). Its crystallographic parameters are more coherent with typical
stannite-type CMTS values.

3.2. Post-deposition treatments
The first post-deposition treatment studied was the etching of the absorber with a 3% HCI solution, at
75° for 10 min, before the buffer layer deposition. An inset of GI-XRD at different penetration depths
(w = 0.25°, 1.00°, 5.00° and 10°) is reported in figure S2 (CMTS-2) and figure S3 (CMTS-3). It is
possible to note a reduction in the features typical of stacking faults; the effect is more pronounced at
low grazing angles, where stacking faults are more concentrated. The unit cell parameters of the etched
samples are reported in table 3. The etching process does not impact a parameter. CMTS-1 and CMTS-2
show a strong contraction along the crystallographic c-axis due to the etching treatment, which lowers
the tetragonal deformation parameter ¢/2a. In CMTS-3, elongation along the crystallographic c-axis is
detected at low grazing angles (w = 0.25°, 1.00°) and is limited to the uppermost layers. A contraction
at higher grazing angles (w = 5.00°, w = 10.00°), probing the bulk, was observed, as already reported
for CMTS-1 and CMTS-2. The tetragonal deformation parameter is lower than 1 for all the composi-
tions examined. The etching process can remove traces of secondary phases [33], thereby leading to c/2a
values closer to literature ones for CMTS [46—48], as a consequence of the contraction along the c-axis.
The average size of the coherent scattering domains in CMTS-1, with and without etching, is repor-
ted in figure 7(A). After the etching treatment, the average size is still 120 nm. The average microstrain
at different grazing angles for etched (orange line) and not-etched (red line) thin films is reported in
figure 7(B). HCI etching shows a beneficial effect on the microstrain of CMTS-1, reducing the stress
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Table 3. Variation of the unit cell parameters with the grazing incidence angle in CMTS-1, CMTS-2, and CMTS-3 after HCl etching.

w (deg)  Probing depth (um) a=b(A) c(R) c/2a
MTS-1_etched 0.25 0.07 £ 0.01 5.516 £ 0.001 10.806 +0.002  0.9795 &£ 0.004
1.00 0.28 £ 0.01 5.516 £ 0.001 10.809 + 0.002  0.9798 +£ 0.004
5.00 1.40 £ 0.01 5517 £0.001  10.816 +0.003  0.9802 + 0.004
10.00 2.80 £ 0.01 5.518 £ 0.001 10.818 +0.003  0.9803 + 0.004
CMTS-2_etched 0.25 0.07 £ 0.01 5.512 £ 0.001 10.818 = 0.003  0.9813 &£ 0.004
1.00 0.28 £ 0.01 5.511 £ 0.001 10.816 = 0.003  0.9813 +£ 0.004
5.00 1.40 £ 0.01 5.511 £ 0.001 10.822 +0.003  0.9819 +£ 0.004
10.00 2.79 £0.01 5.512 £ 0.001 10.821 +0.003  0.9816 =+ 0.004
CMTS-3_etched 0.25 0.07 £0.01 5.510 £ 0.001 10.834 +0.003  0.9831 + 0.004
1.00 0.28 £ 0.01 5.509 £ 0.001 10.830 + 0.003  0.9829 + 0.004
5.00 1.40 £ 0.01 5.510 £ 0.001 10.827 & 0.003  0.9825 +£ 0.004
10.00 2.79 £0.01 5.509 £ 0.001 10.826 +0.003  0.9826 +£ 0.004
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Figure 7. Effect of etching on average coherent scattering domain size (A), average microstrain (B), and preferred
orientations (C).

observed at all the different grazing angles. The impact of HCI etching on the microstructural para-
meters of CMTS-2 and CMTS-3 is shown in figures S4 and S5. Moreover, even the size of coherent
scattering domains is positively affected by HCI etching. In CMTS-2_etched, the size spans from 41 to
>120 nm, while in etched CMTS-3, it spans from 50 to 100 nm; in addition, in both etched and non-
etched samples, the increase in the domains’ average size at higher grazing angles is observed. The aver-
age microstrain in CMTS-3 is reduced by HCI etching, as in CMTS-1, whereas the opposite is observed
in CMTS-2.

Normalized BB-XRD of CMTS-1 etched is reported in figure 7(C), together with a completely unori-
ented powder pattern, calculated from the crystal structure information derived from [42]. It is notice-
able that after the HCI etching, the (112) lattice plane preferred orientation is much more pronounced
than before (I112/liot = 0.84). Normalized BB-XRD of CMTS-2 and CMTS-3 are reported in figure
S6. The preferred orientation of the (1 1 2) plane in CMTS-2_etched (I712/Iix = 0.74) is intensified
as in CMTS-1_etched, while CMTS-3_etched shows almost unchanged intensities after the HCI etching
(I1 12/t = 0.50).

The increase in the average coherent scattering domain size after the etching treatment suggests that
HCI may also wash out smaller CMTS grains, thereby raising the average domain size. Besides, smaller
CMTS grains likely tend to be less oriented, while large columnar domains could be more subject to a
specific growth direction; the intensification of (1 1 2) preferred orientation after HCI etching could be
another hint towards the removal of smaller CMTS grains by HCl, consequently increasing the portion
of CMTS exhibiting a preferred growth direction.

The effect of the etching on the PL spectrum of CMTS-1 is depicted in figure S7. The main peak
is still centered at 1.4 eV; the same considerations reported above can be applied. The broad signal at
1.35 eV, attributed to the deep defect Cus,, splits into two lower-intensity peaks, suggesting a reduction
in its formation. HCI etching does not affect the electronic structure of CMTS; in fact, there is a negli-
gible difference in ionization energy (figure S8(A)) and work function (figure S8(C)). Again, the work
function value does not change upon illumination (i.e. SPV was still not detected) as expected, since
no working device was obtained without TT [35]. Degeneracy is still detected, as Eg—Eypy > 0, which
hampers device efficiency.
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Table 4. Variation of the unit cell parameters with the grazing incidence angle in CMTS-1 after the thermal treatment.

w (deg) Probing depth (um) a="b(A) c(R) c/2a
CMTS-1_TT 0.25 0.07 £ 0.01 5.514 £ 0.001 10.839 4 0.002 0.9829 4+ 0.004
1.00 0.28 +0.01 5.512 + 0.001 10.837 4 0.002 0.9830 4 0.004
5.00 1.40 + 0.01 5.511 + 0.001 10.840 4 0.002 0.9835 4 0.004
10.00 2.80 £+ 0.01 5.511 £+ 0.001 10.842 4+ 0.002 0.9837 4+ 0.004
Probing depth (um) Probing depth (um)
00 05 10 15 20 25 00 05 10 15 20 25
. : ;i ; i : gt ; ; ; 5 CMT.S1
- 8 - -’ e - - 2
S0 ‘\\ . gmi:_n P - o -CMTS-1_TT
_ B e e e — 120 -W--=—== === === W ------- o= -
Loed 002020200 TTEEo=e i iy = 110
E 1004
S 0.16- £ 9]
£ % 80
S04+ Z 70]
g 60
Z a-
042 u e T 50+
e = 40
0.10 y < 3 . .
o 1 2 3 4 5 & T 8 9 10 ¢ 1 2 3 4 5 7 8 9 10

o (deg)

» (deg)

Figure 8. Extracted average value of microstrain (A) and coherent scattering domain size (B) for CMTS-1 with (blue) and

without (red) thermal treatment.

Consequently, the TT effect of the complete device (at 260 °C for 10 min) has been evaluated.
Structural parameters have been extracted through Le-Bail refinement and are reported in table 4. A
considerable elongation along the c-axis is observed, resulting in a substantial increase in the tetragonal
deformation parameter ¢/2a at all penetration depths. In contrast, it increases with increasing grazing
angle, as previously described for untreated thin films. TT also causes a strong increase of 50% in the
average microstrain (figure 8(A)). The microstrain reaches its maximum close to the surface, with a
grazing angle of w = 0.25°. These results suggest TT favors Cd diffusion from CdS to the absorber, as
already proposed [69, 70]. Cd*" can substitute for the isovalent Mn?", which is partially lost during CdS
deposition [35], in the stannite structure, leading to both a microstrain increase and an elongation of the
cell, given the much bigger ionic radius of Cd** than Mn?* [15]. Moreover, Cd diffusion is also con-
sistent with the reported [35] strong increase in V¢ after TT, suggesting a beneficial effect of Cd diffu-
sion on the CMTS/CdS junction. The loss maps of CMTS-based solar cells indicated that TT primarily
improves the p—n junction, thereby reducing CdS defectivity at the CMTS interface [33]. The average
size of coherent scattering domains (figure 8(B)) is not influenced by TT, with values 2120 nm in both
cases.

The TT does not impact the (1 1 2) preferred orientation parallel to the sample plane, which is
retained (I(112)/I1ot = 0.57), and the normalized BB-XRD of CMTS-1_TT shows almost the same pat-
tern as CMTS-1 (figure S9). PL spectrum of CMTS-1_TT (figure S10) exhibits the same shape as CMTS-
1, but with a reduced intensity, suggesting that the TT induces shorter carrier lifetime and lower carrier
concentration [71]. Photoelectron yield spectroscopy and work function measurements of CMTS-1 pre
and post TT are reported in figure 9. Electronic characterization confirms the beneficial effect of TT.
After TT, the ionization energy increases, from 4.97 eV to 5.12 eV (figure 9(A)). As a consequence, TT
induces the beneficial effect of degeneracy elimination (i.e. Eg—Evpm < 0). However, no SPV is detected
(figure 9(C)), presumably due to Fermi level pinning caused by the high density of surface defects.

The combination of HCI etching and TT results in an ‘intermediate’ state in which the effects of
both post-deposition treatments are visible (table 5). The ¢ parameter is larger than CMTS-1 for the
impact of cadmium diffusion favored by TT (as discussed above) but smaller than CMTS-1_TT, con-
firming the beneficial effect of HCI etching. The tetragonal deformation value eemprises comprises the
CMTS-1 value and the CMTS-1 value after TT.

The microstrain analysis confirms the intermediate situation (figure 10(B), black line). The
microstrain coefficient of CMTS-1 after etching and TTs is consistently between 0.144% and 0.165%.
This value lies between CMTS-1 and CMTS-1_TT, reflecting the combined effects of etching (redu-
cing microstrain) and TT (increasing microstrain). The average size of coherent scattering domains
(figure 10(A), black line) is 68 nm and 112 nm at w = 0.25° and w = 1.00°, respectively, showing
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Figure 9. Photoelectron yield spectra with determined ionization energies (A), valence band total density of states spectra (B),
and work function in dark and light conditions (C) of CMTS-1 with (blue) and without (red) thermal treatment.
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Table 5. Parameters of the unit cell with the grazing incidence angle in CMTS-1 after HCl etching and thermal treatment.

w (deg) Probingdepth (um)  a="b(A) c(R) c2a
CMTS-1_etched and TT 0.25 0.070 5.515 4+ 0.001 10.830 £ 0.003 0.9819 =+ 0.004
1.00 0.281 5.513 +0.001 10.829 £+ 0.002 0.9821 £ 0.004
5.00 1.402 5.512 +0.001 10.826 £+ 0.002 0.9820 = 0.004
10.00 2.795 5.513 +0.001 10.827 £ 0.003 0.9820 =+ 0.004
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Figure 10. Extracted average value of coherent scattering domains size (A) and microstrain (B) for CMTS-1 with and without
etching and thermal treatment.

a reduction, compared to CMTS-1, close to the surface; however, probing the bulk at larger grazing
angles, (w = 5.00° and w = 10.00°) the size of the domains is >120 nm (the peaks broadening due to
the particle size is too close to the instrumental resolution), as it was for the other samples of CMTS-
1. The combined effect of HCI etching and TT yields the best-performing devices [35]: in particular,
TT increased mainly V¢, as already discussed, while etching enhances the crystallinity of the CMTS,
thereby increasing all PV parameters.
The preferred orientation estimate is reported in figure S11. It can be seen that this combined treat-
ment also does not affect the (1 1 2) preferred orientation parallel to the sample plane, which is retained
(In12/Itor = 0.47), with a pattern very similar to that of untreated CMTS-1. The electronic characteriza-
tion (figure 11) also confirms the beneficial effect of etching and TT. The combined treatments induce
a further increase in ionization energy than TT alone, reaching 5.24 eV (figure 11(A)). The degeneracy
is thereby quenched (Ez—VBM < 0), and the Fermi-level pinning is reduced, as it is needed to obtain
a working device. Moreover, as shown in figure 11(C), the work function under illumination (5.14 eV)
differs from that in the dark (5.11 eV), indicating a SPV.
In the PL spectrum (figure 12), the main peak at 1.4 eV, derived from a band-to-tail transition,
as discussed above in the text, is retained. Two peaks at about 1.2 eV appeared, related to a deeper
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Table 6. Summary of the effect of composition and post-deposition treatments on microstructure, optoelectronics, and PV

performances.
CMTS-1 etched

CMTS-1 CMTS-2 CMTS-3 CMTS-1 etched CMTS-1TT and TT
Average domain size (nm) >120 41-69 44-91 >120 >120 >120
Average microstrain (%)  0.110-0.123 0.156-0.178 0.172-0.203 0.067-0.110 0.186-0.202  0.144-0.165
Tonization energy (eV) 4.97 5.15 5.03 5.01 5.12 5.24
Degeneracy (y/n) y n n y n n
Voc (mV) 93.1 14.8 — — 192.3 245.5
Jsc (mA cm™2) 2.46 2.92 — — 3.9 4.9
FF (%) 29.4 12.1 — — 31.5 39.6
7 (%) 0.07 0.01 — — 0.24 0.48

defect within the CMTS band gap. The beneficial reduction in intensity from TT is confirmed (black
line versus orange line). Table 6 summarizes the influence of starting solution composition and post-
deposition treatments on the microstructural parameters, optoelectronic properties, and PV performance
of the corresponding champion device.
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Table 7. Parameters of the unit cell with the grazing incidence angle in CMTS-1 subjected to slow cooling, before (CMTS-1_SC) and

after the thermal treatment (CMTS-1_SC and TT).

w (deg) Probing depth (um) a=b(A) c(R) c/2a
CMTS-1_SC 0.25 0.070 5.517 4+ 0.001 10.819 £ 0.003 0.9805 =+ 0.004
1.00 0.281 5.515 4+ 0.001 10.816 £ 0.002 0.9806 4 0.004
5.00 1.403 5.515 4+ 0.001 10.818 £ 0.002 0.9809 4 0.004
10.00 2.797 5.516 4+ 0.001 10.819 £ 0.002 0.9809 4 0.004
CMTS-1_SCand TT 0.25 0.070 5.514 4+ 0.001 10.837 £ 0.002 0.9827 4+ 0.004
1.00 0.281 5.512 4+ 0.001 10.837 £ 0.002 0.9830 4 0.004
5.00 1.403 5.511 4 0.001 10.839 £ 0.002 0.9834 4 0.004
10.00 2.796 5.511 4+ 0.001 10.839 =+ 0.002 0.9834 4 0.004
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Figure 13. Effect of slow cooling before (green) and after (orange) the thermal treatment on the average size of coherent scatter-

ing domains (A) and average microstrain (B).

3.3.5C

A strategy of SC rather than quenching after the annealing step was applied to CMTS-1 to reduce
defectivity and avoid mechanical stress arising from the different thermal coefficients between CMTS
and the molybdenum film on the glass substrate. Etching was not performed on CMTS-1_SC to study
the effect of cooling rate, separately for pre- and post-TT. CMTS-1_SC has been reported to have an
Eg of 1.6 €V; upon TT, Eg shifts to 1.5 eV, the same as that measured for CMTS-1 [35]. The unit cell
parameters of slow-cooled samples, pre and post TT, are reported in table 7. The CMTS-1_SC exhibits
a slight reduction in the ¢ parameter compared to CMTS-1 and, hence, a lower value of the tetragonal
deformation parameter, approaching those of highly crystalline CMTS [46-48]. CMTS-1_SC and TT,
instead, show the same parameters as CMTS-1_TT, indicating that Cd diffusion is still occurring (the
¢/2a parameter remains increased) regardless of the cooling rate used to prepare the sample.

As shown in figure 13(A), both SC samples exhibit coherent scattering domains larger than 120 nm,
with the CMTS-1 having a slightly lower value, particularly near the surface (i.e. w = 0.25°). The aver-
age microstrain of CMTS-1_SC, represented by the green line in figure 13(B), is almost the same as that
of CMTS-1, with a negligible value difference. In CMTS-1_SC and TT (orange line), microstrain shifts
upward, indicating cadmium interdiffusion, as discussed above, although it does not reach the values
observed in CMTS-1_TT, maintaining a more ordered and compact structure than CMTS-1_TT. The
BB-XRD of CMTS-1_SC pre- and post-TT is shown in figure S12. The cooling rate does not influence
the preferred orientations. (1 1 2) preferred orientation parallel to the sample plane is retained, with
a very similar pattern to quenched samples (I;2/Iix = 0.50 for CMTS-1_SC and I 2/I;ox = 0.52 for
CMTS-1_SC and TT).

The electronic characterization of the SC samples is reported in figure 14. CMTS-1_SC shows a
higher ionization energy (5.19 eV) compared to 4.97 eV of CMTS-1 (figure 14(A)). At the same time, E;
is reduced to 5.10 eV, in CMTS-1_SC and TT, with value similar to CMTS-1_TT (5.12 eV), indicating a
substantial equivalence after TT, regardless of the cooling rate. The work function in the dark and under
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Figure 14. Comparison of the effect of slow cooling before (green) and after (orange) the thermal treatment with CMTS-1
without treatments (red) on ionization energy (A), valence band total density of states (B), and work function in the dark and
under illumination (C).

light is 5.21 eV for both SC samples (figure 14(C)). Thus, no SPV has been detected, and the samples
show degeneracy (Eg—VBM > 0).

The PL spectrum of the SC samples (figure S13) is similar to previous ones, with the main peak
centered at 1.4 eV, corresponding to a band-to-tail transition. The reduction of the intensity upon TT
has also been confirmed.

Working devices have been obtained from slow-cooled samples, as shown in figure 15, where the PV
parameters required for the power conversion efficiency calculation are also reported. A solar cell’s para-
meters are derived from its current—voltage density (J-V) curve under standard illuminated conditions.
This curve yields critical values, such as the open-circuit voltage (V ), which is the maximum voltage
at zero current, and the short-circuit current density (Js), which is the maximum current density at
zero voltage. Another key parameter is the fill factor (FF), which quantifies the solar cell’s ideality [72].
The study of the optical bandgap of thin CMTS reported in our previous work [35] showed that E, is
approximately 1.5 eV. SC samples are the only ones in which PV conversion has been demonstrated
without TT, achieving 0.40% efficiency as deposited. The attainment of a working device without the
TT could be linked to the high ionization energy of the CMTS-1_SC sample, as reported in figure 14
(a higher ionization energy was found to be beneficial also in the case of CMTS-1_TT and CMTS-
1_etched and TT) and also to a reduction in mechanical stress between CMTS and the molybdenum
film on the substrate during the contraction due to the cooling after the annealing process. After TT,
efficiency increased to 0.58% due to cadmium diffusion, as discussed above. The champion device was
stored at room temperature in the dark to study the effect of aging, which has been reported to improve
the efficiency of the CMTS-based devices [33, 35]. The sample CMTS-1_SC and TT reached a new
record efficiency for wet-prepared CMTS, with n = 0.97%, 5 months after the first J-V measurement.
Performance improvement upon aging can be ascribed to interdiffusion at the CZTSSe/CdS interface,
such as reduced lattice mismatch and an increase in the conduction band offset, as demonstrated for the
CZTSSe/CdS interface [73]. Still, the PV performances are far from theoretical expectations: considering
that it is a quaternary chalcogenide with a bandgap of 1.5 eV, its ideal theoretical efficiency would be
approximately 28.7% [74]. This value represents the ideal maximum efficiency of a direct-bandgap semi-
conductor under standard illumination conditions, ignoring all non-fundamental losses. For example,
the junction between the absorbing semiconductor and the buffer layer is crucial. The commonly used
buffer layer, CdS, induces losses in CMTS-based devices related to the non-optimal band alignment
with the absorber [35] and issues related to transparency: CdS shows more than 90% transmittance
for photons with A > 600 nm but absorbs blue and near-UV light (figure S14), thus reducing photon
availability for PV conversion. Moreover, all chalcogenide-based solar cells suffer from potential loss at
the back interface with the Mo contact, as the sulfurization or selenization step in the production pro-
cess results in the formation of a Mo(S, Se), layer [33, 75]. The interface with the back contact cre-
ates a resistive barrier that hinders charge carrier transport, increasing the cell’s series resistance and,
consequently, significantly reducing the FF and overall efficiency. However, in the case of CMTS, PV
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Figure 15. J-V curves of the champion device of CMTS-1 slow-cooled pre (green) and post (orange) thermal treatment.

performance remains too poor to be attributed to issues common to other chalcogenide-based thin-film
technologies. Digging into the current literature, it is clear that research on this compound is still in its
infancy, so the ‘non-fundamental losses’ are poorly understood; yet they are likely significant enough to
hinder the development of functional PV devices.

3.4. Magnetic and transport characterization
The magnetic properties of the material do not directly influence light absorption, which is determined
by its band structure. However, they can significantly impact the dynamics of photogenerated charge car-
riers. In a material with non-ideal magnetic behavior, spin recombination can serve as a channel for
energy loss, thereby reducing the device’s overall efficiency [44, 45]. To investigate this, the magnetic
moment (expressed in electromagnetic units, emu) was measured at 300 K over the range —50 kOe to
50 kOe to determine the magnetic character of the CMTS-1 thin film. CMTS-1 was chosen as it shows
the best properties among the compositions tested, and it was prepared on SLG for this characteriza-
tion to avoid Mo magnetic contribution. CMTS could form with different structures on glass and on
molybdenum, so the BB-XRD pattern of CMTS-1 grown on glass was directly compared with those
of CMTS etched with TT and without post-deposition treatments, both grown on Mo (figure S15).
CMTS-1 grown on glass exhibits the same characteristic reflections, thus confirming the adoption of
the stannite crystal structure; moreover, no hints of secondary phases, due to the growth on glass, could
be observed. A morphological comparison between CMTS films deposited on SLG and on Mo-coated
SLG (figure S16) revealed that the former exhibit significantly larger (one order of magnitude) grains
than those grown on Mo. The larger grain size observed in CMTS films grown on SLG is attributed to
the well-known sodium diffusion from the substrate during annealing, which promotes recrystallization
and grain coarsening, as reported for other chalcogenide absorbers such as CIGS and CZTS. Conversely,
when Mo is used as a back contact, partial formation of MoS, acts as a diffusion barrier, reducing Na
incorporation and limiting grain growth [18, 75-81].

Nevertheless, estimating the mass magnetization is challenging to elaborate on due to the lack of
information in the literature on the material density and the difficulty of measuring the mass of such
a thin film using standard weighing procedures. Even if the CMTS films were deposited on SLG sub-
strates rather than Mo/SLG to isolate the intrinsic magnetic signal of CMTS, the total signal would still
be affected by the diamagnetic contribution from the glassy substrate, which cannot be quantitatively
estimated because its magnitude is close to the instrument’s sensitivity limit. But, despite the different
substrates, XRD confirmed an identical stannite crystal structure for both configurations. At the same
time, SEM revealed larger grains on glass, a morphology promoted by Na diffusion from the substrate
as discussed [18, 75-81]. This microstructural difference reduces edge-related artifacts and enhances the
representativeness of the intrinsic magnetic response, so primarily reflecting the bulk-like properties of

16



10P Publishing

J. Phys. Energy 8 (2026) 015022 F Butrichi et al

1.5
°°‘oﬂ

magnetic moment (emu)
(=]

o°°8

A
P

-25 2
-50 -40 -30 -20 -10 0 10 20 30 40

Magnetic Field (kOe)

Figure 16. Hysteresis loop collected at 300 K between —50 kOe and 50 kOe for CMTS-1 film.

the CMTS phase. Besides, it should be emphasized that the absolute values reported in emu represent
raw magnetic moments and they are not normalized to the sample volume or mass. This choice was
intentional, as the diamagnetic contribution of the glass substrate and the weak film signal do not allow
for a quantitative estimation of the overall magnetic moment. Consequently, the following discussion
focuses exclusively on the temperature- and field-dependence of the magnetic response, providing reli-
able qualitative insight into the intrinsic behavior of CMTS. This approach is consistent with common
practice in the magnetic characterization of thin films and nanostructured systems, where absolute calib-
ration is often hindered by substrate contribution or by extremely small sample mass [82—84].

The results reported in figure 16 indicate a non-paramagnetic magnetic response at room temper-
ature in the CMTS film. In particular, the M(H) curve exhibits s-shaped hysteresis loop with negli-
gible coercivity and remanence, consistent with very soft magnetic behavior associated with weak or
disordered magnetic interactions [82—84]. The origin of magnetism in CMTS thin films, already repor-
ted in literature [38, 42, 43], could primarily be attributable to Mn2t ions, whose electronic configur-
ation (3d°) gives five unpaired electrons, which can promote a static magnetic moment [41]. Indeed,
the increasing linear trend of the magnetic resultant at higher (negative or positive) fields preliminar-
ily suggests a more complex behavior of the system. Linear trends in the M(H) loop in the intermedi-
ate or high regime can be a fingerprint of the superposition of at least two magnetic contributions, for
instance, a weakly hysteretic component (coming from a ferro(-i)magnetic or weak ferromagnetic phase)
and a linear contribution compatible with paramagnetic or antiferromagnetic responses. However, the
presence, in traces, of ferromagnetic or antiferromagnetic impurity in concentrations below the sensit-
ivity threshold of the applied structural and morphological experimental techniques (GI-XRD) can be
ruled out since compounds containing Mn?* and sulfur, which show ferro or ferri- or antiferromag-
netism at RT, have never been reported so far in literature. This suggests that the extrinsic (spurious)
presence of a magnetic contaminant can be excluded, thereby ruling out the coexistence of two distinct
magnetic populations and their corresponding contributions. Notably, such a kind of field-dependence
can also arise in a spin-canted non-collinear antiferromagnetic material [85, 86], which usually displays
weak ferromagnetic resultant [87, 88], or even in strong correlated/disordered magnetic systems, like the
case of spin glass materials [89, 90].

To gather more information on CMTS magnetism and to understand the behavior observed in the
M(H) loop, M(T) FC measurements have been collected at 5000 Oe, starting from the maximum tem-
perature allowed by the magnetometer (380 K). A particularly high field is required to enhance the
magnetic response of the paramagnetic film, which has negligible mass with respect to the diamagnetic
substrate. Also, it is important to note that, due to the weak magnetic response of the thin films, the
measurements reported here cannot be strictly quantitatively interpreted. The contribution from the
diamagnetic substrate introduces a constant background, preventing an accurate determination of the
absolute magnetic moment. For this reason, the analysis focuses on the relative evolution of the mag-
netic moment with field and temperature, which remains a reliable indicator of the magnetic behavior of
the CMTS phase, as previously discussed [82— 84]. Figure 17(A) indeed shows that the thermal trend of
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Figure 17. M(T) FC recorded at 5000 Oe for CMTS-1 (A) and the discrete incremental ratio AM/AT of the curve (B).

magnetization indicates no hyperbolic dependence of M on T, ruling out, once again, the possibility of a
disordered paramagnetic state in CMTS. On the other hand, two notable features stand out:

(1) During the cooling ramp (from 380 to 360 K), a marked increase in magnetization is observed,
suggesting the gradual formation of a magnetic ordering dynamics, most likely a crossover from a
predominantly disordered paramagnetic regime to a regime characterized by interacting magnetic
moments. However, the instrument’s maximum operating temperature prevented tracking the
transition to its completion and confirming the full return to the paramagnetic regime. Consistently,
the derivative AM/AT does not exhibit a well-defined peak, indicating that the transition is still in
progress (figure 17(B)).

(2) Upon further cooling, the magnetization shows a continuous increase instead of stabilizing at a
constant value, as would occur in a conventional ferromagnetic state. Below approximately 50 K, a
small downturn in magnetization is observed, consistent with the freezing of frustrated magnetic
states characteristic of spin-glass systems [91-93].

The behavior described in observation (2) clarifies the interpretation of figure 16. While the field-
dependent M(H) curve could initially suggest a mixed contribution from ferromagnetic and paramag-
netic phases, the temperature-dependent response in figure 17 contradicts this view: the absence of a
Curie-like upturn and the slight downturn below 50 K indicate that the magnetism does not arise from
coexisting magnetic populations, but rather from a single, intrinsically disordered magnetic phase exhib-
iting short-range correlations. In fact, a hyperbolic Curie increase of the overall magnetic signal vs 1/T
should be observed in the correspondence of a flat regime of the ferro(-i) phase response, whether a
paramagnetic phase would be coexistent in the material; however, this is not observed. Therefore, the
results of these magnetometric studies are compatible with an RT inhomogeneous magnetic system, pos-
sibly characterized by short-range interaction, as reported for other chalcogenides [94]. However, due to
the CMTS film’s small volume and related instrumental limitations, dedicated future studies (possibly on
CMTS cm-sized single crystals) are needed to confirm or invalidate this claim.

The presence of a weakly ordered, spin-glass-like magnetic state may therefore be consistent with the
semimetallic character previously proposed for CMTS [30, 38, 39]. Such intrinsic magnetic disorder may
influence charge carrier localization and scattering, ultimately affecting the film’s transport properties. To
explore this correlation, Van der Pauw characterization was performed on a CMTS-1 thin film, grown
on a glass substrate, to isolate its transport properties. The measurement was collected between 76 and
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296 K and is shown in figure 18. The RT sheet resistivity was 4.83 Q-cm, consistently with the previous
reported resistivity value [39]. It increased by less than an order of magnitude (to 23.02 Q-cm) at the
lowest tested temperature. At first glance, the resistivity trend could qualitatively appear to decrease with
temperature, following the thermally activated exponential law p = pg - e ~5/%5'T as predicted for standard
semiconductors [95]. However, a detailed analysis (reported in figure S17) revealed that the Arrhenius
plot systematically deviates from linearity at higher temperatures, with negative residuals, suggesting that
the resistivity reduction (i.e., the occupation of the conductive band) is non-exponential or it is hindered
by carrier scattering.

Conversely, the overall decrease of resistivity with increasing temperature rules out a metallic con-
duction mechanism in CMTS. Then, a simple power law was applied instead of the classical exponen-
tial thermal-activated semiconductor law to describe the transport mechanism. Best fitting results were
obtained by plotting p vs T~%2, resulting in an R*> = 0.9999 (figure 19). This kind of thermal behavior
of the transport properties has already been observed in semimetals [96—100], suggesting that CMTS
material may have a low electronic energy gap despite an optical band gap typical of a semiconductor.
This behavior is consistent with the literature [30, 38, 39], and, indeed, the semimetallic nature of CMTS
has been identified as a factor contributing to its limited PV performance. Hall measurements from sim-
ilar films have revealed a carrier density on the order of 101°~10%° cm~2 [30, 38], which is too high for
an ideal solar absorber. This high density leads to a very narrow depletion region, resulting in a low Jgc.
Furthermore, the enhanced Auger recombination process, a consequence of the high carrier concentra-
tion, significantly shortens the minority carrier lifetime and, consequently, reduces the V¢ [30].
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Taken together, the field- and temperature-dependent measurements provide additional insight into
the magnetic nature of CMTS. While the M(H) curve alone could be interpreted as the superposition
of a ferromagnetic-like and a linear paramagnetic contribution, the temperature-dependent magnet-
ization clarifies this behavior. Under a high applied field of 5000 Oe, the magnetic moment increases
only gradually as the temperature decreases from 350 K to about 50 K, suggesting a progressive develop-
ment of magnetic interactions. Below 50 K, however, the signal slightly decreases rather than continuing
to rise, which excludes a paramagnetic component that would instead follow a Curie-type divergence.
The coexistence of an S-shaped M(H) loop with negligible coercivity and residual magnetization, and a
non-Curie M(T) trend, suggests a magnetically disordered state with short-range correlations, consist-
ent with spin-glass-like behavior. Here, the term ‘spin-glass-like’ is used strictly as a phenomenological
descriptor of the observed M(T) and M(H) trends, without implying a definitive classification of the
magnetic ground state. This interpretation is supported by structural and compositional analyses that
exclude secondary paramagnetic phases and is consistent with previous reports on magnetic frustra-
tion/inhomogeneity in related chalcogenide systems [38, 42, 43, 94]. It should be noted that this con-
clusion remains a working hypothesis, as low-field AC susceptibility or ZFC/FC measurements, required
to fully confirm spin-glass ordering, are currently unfeasible for thin films, due to their low mass and
the resulting weak signal-to-noise ratio. CMTS single crystals should be synthesized specifically. Overall,
the magnetic results support the view that CMTS exhibits weakly ordered, possibly frustrated spin inter-
actions. Although the weak signal intensity prevents quantitative analysis, the qualitative consistency of
the M(H) and M(T) trends supports the presence of intrinsic magnetic ordering phenomena, even at RT
in CMTS. Overall, along with its semimetallic transport, these findings provide a comprehensive explan-
ation for the device’s low PV efficiency, demonstrating that the material’s intrinsic semimetallic nature,
together with short range inhomogeneous magnetic order already settled at ambient conditions, con-
tributes to its limited PV performance. At the same time, this understanding opens new perspectives for
exploiting CMTS in alternative, spin-dependent, or magnetically active energy applications.

4. Conclusions

This work has determined the crystallographic and electronic structure of CMTS thin films prepared
from solution methods. It has also studied the influence of several preparation parameters on the qual-
ity of the final material and correlated these parameters with the previously reported PV performance.
The influence of the starting solution composition was studied, revealing the optimal metal ratio to
obtain a more crystalline film with lower microstrain and larger crystallites. The importance of CMTS
surface etching with HCI solution was demonstrated, enhancing crystalline quality and further reducing
microstrain. Thermal treatment at 260 °C of the complete devices was found to be crucial for favor-
ing Cd diffusion at the CMTS/CdS interface, thereby improving the p—n junction and refining the band
alignment, increasing the ionization energy of CMTS and thus removing the degeneracy. The com-
bined effect of these two post-deposition treatments yields a high-quality CMTS film with the best-
reported PV parameters; thermal treatment at the junction enhances V¢, while etching of the mater-
ial itself improves all PV parameters. The slow cooling of the device’s material after annealing results

in a more compact structure with reduced mechanical stress at the back-contact interface. Preliminary
studies on devices made with slow-cooled CMTS and a new record for wet-processed CMTS thin films
(n = 0.97%) have been achieved. Since the efficiency remains below 1%, the reasons behind the typ-
ical low efficiencies of CMTS-based PV devices have been investigated. Intra-gap defects detected by

PL analysis can act as recombination centers, thereby severely affecting the PV performance. Moreover,
the results discussed indicate room-temperature coexistence of semimetallic-like behavior and a short-
range magnetic-ordered state, as inferred from qualitative magnetometric characterization, which is

not optimal for a PV absorber. This interplay between magnetism and carrier transport, though detri-
mental for PV efficiency, unveils a distinctive physical landscape that could be harnessed in other spin-
dependent or thermomagnetic energy applications. In future studies, preparation and characterization of
CMTS cm-sized single crystals will be required to investigate these properties comprehensively.
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