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Abstract: Sb,Se; with unique one-dimensional (1D) crystal structure exhibits exceptional
deformation tolerance, demonstrating great application potential in flexible devices. However,
the power conversion efficiency (PCE) of flexible Sb,Se; photovoltaic devices is temporarily
limited by the complicated intrinsic defects and the undesirable contact interfaces. Herein, a
high-quality Sb,Se; absorber layer with large crystal grains and benign [hk1l] growth
orientation can be first prepared on a Mo foil substrate. Then NaF intermediate layer is
introduced between Mo and Sb,Ses, which can further optimize the growth of Sb,Se; thin
film. Moreover, positive Na ion diffusion enables it to dramatically lower barrier height at the
back contact interface and passivate harmful defects at both bulk and heterojunction. As a
result, the champion substrate structured Mo-foil/Mo/NaF/Sb,Se;/CdS/ITO/Ag flexible thin-
film solar cell delivers an obviously higher efficiency of 8.03% and a record open-circuit
voltage (Voc) of 0.492 V. This flexible Sb,Se; device also exhibits excellent stability and
flexibility to stand large bending radius and multiple bending times, as well as superior weak
light photo-response with derived efficiency of 12.60%. This work presents an effective
strategy to enhance the flexible Sb,Se; device performance and expand its potential
photovoltaic applications.

1. Introduction

Flexible solar cells and modules can complement the applications in rigid silicon solar cells
such as portable equipment, integration in Internet of Things, and building-integration
photovoltaics, due to their lightweight, flexibility, and scalability [1-4]. Drawing on
dependable thin film preparation technologies, several flexible CdTe, Cu(In,Ga)Se, (CIGS),
organic, and perovskites solar cells have been fabricated and achieved considerable
efficiencies (e.g., 20.8% for CIGS [5], 13.6% for CdTe [6], 16.5% for organic [7] and 23.6%
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for perovskite [8]). However, the limited availability of component elements (In, Ga, and Te)
and their toxic nature (Cd, Pb) may limit large-scale usage of these flexible solar cells [9], and
more research over an extended duration is still required to overcome the intrinsic stability
challenge of the efficient organic and perovskite solar cells [10,11]. In this regard, thin-film
photovoltaic (TFPV) materials composed of environment-friendly, cost-efficient, and
intrinsically-stable chemical elements have emerged and drawn tremendous research attention
[12].

Among various TFPV alternative candidates, Sb,Se; is earth-abundant, less toxic, and highly
stable. It also possesses superior optoelectronic properties, including ideal bandgap (£, of
1.1-1.3 eV), high absorption coefficient (>10° cm™!), decent carrier mobility (~10 cm? V™!
s71), and long carrier lifetime (~60 ns) [13—15]. Moreover, its unique one-dimensional (1D)
crystal structure endows it with exceptional deformation tolerance and electrically benign
grain boundaries, which makes it more suitable for flexible devices [16—18]. Actually,
theoretical calculations confirm that Sb,Se;’s fracture strain (28% in theory) [16] is
significantly larger than that of 3D CdTe (17-18%) and Si (~17%) [19], approaching partially
ductile organic polymers. Additionally, the low-temperature (400 °C) synthesis of crystalline
Sb,Se; facilitates the production of flexible thin-film solar cells on cost-effective metal foil or
lightweight polymer substrates [14,19,20].

Rigid Sb,Se; solar cells have dragged extensive attention and recently achieved a remarkable
efficiency breakthrough (>10 %) [21], while flexible Sb,Se; solar cells are less investigated
[9,19,22-24], despite their great potential. The highest recorded efficiency of flexible Sb,Se;
solar cell SO far is 8.43% with device configuration of
PI/Mo/PbSe/Sb,Se;/CdS/ZnO/AZO/Ag, which is obviously inferior to that of rigid devices.
Currently, the well-researched planar Sb,Se; solar cells can be classified into two
representative types regarding device structure, i.e., superstrate configuration and substrate
configuration [14,21]. With respect to flexible Sb,Se; solar cells, for the former scenario,
where sunlight enters through the substrate side, the low transmittance of the typical
polyimide (PI) substrate in the short wavelength region might result in a significant loss of
short-circuit current density (Jsc) of ~4 mA cm™2 [19]. Contrarily, the substrate configuration
is necessary for thin-film solar cells on opaque substrates such as flexible metal or plastic foil
[9,25]. Actually, the substrate structured solar cells exhibit some important advantages, e.g.,
modifying the absorber layer efficiently, designing the interface independently, and
presenting more possibilities in tandem or flexible solar cells [26]. The first report of substrate
structured flexible Sb,Se; thin-film solar cell is about Sb,Se; absorber layer deposited on
flexible molybdenum (Mo) foil via vapor transport deposition (VTD) accompanied by two-
step treatment, achieving an efficiency of 5.35% with Jsc of 28.22 mA cm ™2, Voc of 0.370 V
and fill factor (FF) of 51.90% [9]. The severe Vo deficit (defined as Eo/g—Voc) can be mainly
attributed to the existence of complicated deep defects at bulk and interface. Our group has
made great efforts to overcome this core challenge and achieved considerable progress
[13,20,27]. Especially, an effective absorber layer growth engineering incorporating VTD and
post-selenization was developed to prepare Sb,Se; with large compact crystal grains and
benign [hk1] growth orientation [27]. A minimum V¢ deficit has been obtained, which could
provide essential guidance for the development of flexible solar cells based on Sb,Se;. In
parallel, the low FF of flexible substrate structured Sb,Se; device might result from the
unsatisfactory contact at the Sb,Se;/Mo interface, where Schottky contacts are easily formed
[28-30]. The high contact barrier strongly influences photo-generated holes’ extraction and
transport, resulting in serious carrier recombination at the buried bottom interface [31-33]. To
cope with this issue, Mai et al. demonstrated that the additional Mo selenization process (e.g.,
at 620 °C for 20 min) with the formation of MoSe, intermediate nanolayer (~20 nm) could
optimize the back contact interface and improve the carrier collection efficiency, leading to a
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high FF of 58.15% in planar substrate structured Sb,Se; solar cell and even 70.3% in core-
shell structured Sb,Se; nanorod array solar cell [28,34]. However, for most flexible substrates,
such high selenization temperature is a nonnegligible challenge, even with great heat
tolerance, the diffusion of impurity components from the substrate to the absorber layer might
result in complex defects [25]. Moreover, metal foils normally have a high surface roughness
that might penetrate cells, causing current leakage. Therefore, to further improve the
performance of substrate-structured Sb,Se; flexible devices, further efforts should be made to
address the detrimental defects in the bulk layer and the poor quality at the back interface.

In this work, under the guidance of our previously valuable experience, an optimized VTD
and post-selenization technique were implemented to prepare high-quality Sb,Se; thin film on
flexible Mo foils. The substrate-structured flexible device exhibited an efficiency of 5.90%
with similar Ve and Jsc to the champion rigid device, however, a substantially lower FF of
49.63%. Afterwards, sodium fluoride (NaF) was introduced as an interface layer to improve
the back contact quality. Besides, thanks to the Na diffusion into the Sb,Se; absorber layer,
facilitating simultaneous passivation of defects at bulk and heterojunction interface. As a
result, the efficiency of the NaF-treated cell rose to a competitive value of 8.03%,
accompanied by obviously increased Voc and FF of 0.492 V and 62.30%, respectively.
Additionally, these flexible Sb,Se; devices demonstrated excellent flexibility, being able to
withstand large bending radius (R>2 mm) and bending cycles (>1000 times) without
noticeable PCE degradation.

2. Experimental
2.1. Device fabrication

Flexible Sb,Se; solar cells were fabricated as Mo-foil/Mo/Sb,Se;/CdS/ITO/Ag device
structures. Mo foil (40 x 40 x 0.03 mm?) substrates were first subjected to a sequential
cleaning process involving detergent, ethanol, and deionized water in an ultrasonic bath for 10
min. Mo as a back contact layer was then sputtered on Mo foils using direct current (DC)
magnetron sputtering based on a Mo target of 99.99% purity. A double-pressure sputtering
process was employed to deposit Mo with a total thickness of approximately 0.7 pm,
consisting of an initial deposition at 1.2 Pa for 15 min to enhance adhesion followed by a
subsequent deposition at 0.3 Pa for 30 min to ensure compactness. Next, an NaF intermediate
layer with a thickness of 5, 10, or 20 nm was deposited on the bi-layer of Mo by a thermal
evaporator with a base pressure lower than 8 x 107* Pa. In detail, the 0.2 g of NaF powder
(99.99% purity, Aladdin) was placed in a Mo boat, and during the deposition, the substrate
did not require additional heating. Subsequently, Sb,Se; light absorbers were deposited onto
the Mo-coated Mo foil substrates via VTD method, following an optimized procedure as
previously reported [27]. Sb,Se; absorbers were then subjected to an additional post-
selenization heat treatment in a vacuum tubular furnace, and the temperatures were varied
from 400, 420 to 440 °C. A CdS buffer layer, approximately 70 nm thick, was deposited on
the surface of Sb,Se; using chemical bath deposition (CBD) method. The resulting layer was
then rinsed with deionized water and dried in an oven. Indium tin oxide (ITO) window layer
was subsequently deposited via radio-frequency (RF) sputtering at a power of 100 W,
pressure of 0.35 Pa, and flow rates of 30 sccm for argon and 5 sccm for oxygen gas. Finally,
Ag electrodes were deposited onto the ITO surface via thermal evaporation through a mask
and defined by a knife scribe to form an isolated area of 0.14 cm?. Overall, a schematic
diagram of the device fabrication process is illustrated in Fig. S1.

2.2. Characterizations



The crystallization information of Sb,Se; was characterized via X-ray diffraction (XRD,
Ultima-iv) with Cu K, radiation under operational conditions of 40 kV and 40 mA. The
surface and cross-sectional morphologies of Sb,Se; thin films and devices were observed
through scanning electron microscopy (SEM, Zeiss SUPRA 55). A Keithley 2400 multi-meter
was used to measure the current density voltage (J-V) characteristics under simulated AM
1.5G sunlight and the intensity was calibrated to 100 mW cm™2. The external quantum
efficiency (EQE) spectra were tested using a Zolix SCS101 system equipped with a Keithley
2400 source meter. The ohmic contact properties of Mo/Sb,Se; back contact were tested by
the multi-meter (Keithley, 2400 Series). The electrochemical impedance spectroscopy (EIS)
of devices was characterized by the CHI600E electrochemical workstation. The temperature-
dependent dark J-V (J-V-T) measurement was performed using a Lakeshore 325 temperature
controller and Keithley 4200A-SCS system. Capacitance-voltage (C-V) measurements were
conducted under dark conditions at room temperature, with a frequency of 10 kHz and a
sweeping DC bias voltage ranging from —1 to 0.3 V, accompanied by an attached AC
amplitude of 30 mV. Drive-level capacitance profiling (DLCP) measurements were
performed at DC bias voltage from —0.2 to 0.2 V and modulated with AC amplitude from
0.02 to 0.14 V. Capacitance-frequency (C-f) measurements were performed over a frequency
range spanning from 1 kHz to 10 MHz. All the temperature-dependent measurements were
implemented using a cryogenic system (Janis VPF-100) cooled by liquid nitrogen. For the
purpose of weak light performance testing, a monochromatic light source with an adjustable
power output of 80 mW and a wavelength of 635 nm (MRL-II-635L) was utilized in
conjunction with a source meter (Keithley 2400). The intensity of the light was calibrated
using a silicon photo-detector (Newport 818-UV).

3. Results and discussion

In our previous work, we have developed an effective technique for growing high-quality
Sb,Se; thin films on a rigid soda-lime glass (SLG) substrate, which involves pre-VTD and
post-selenization heat treatment [27]. Herein, the Sb,Se; absorber layer on Mo foils was
prepared by following a similar procedure under optimal conditions. The scanning electron
microscopy (SEM) characterization was first conducted to investigate the surface morphology
and structural characteristics of the Sb,Ses thin films deposited on glass (Fig. S2a, Supporting
Information) and flexible Mo-foil substrate (Fig. 1a), and labeled as Glass and Mo-foil,
respectively. Quite similar Sb,Ses thin films with large compact crystal grains can be obtained,
and the average grain size is approximately 1.6 um (Fig. S3). Importantly, the absence of
cracks on Mo-foil Sb,Se; thin films after bending at a 2 mm radius indicated the high
flexibility of Sb,Se;. X-ray diffraction (XRD) patterns of Glass and Mo-foil Sb,Ses thin films
are displayed in Fig. 1(b). The acquired samples show distinct peaks that are well-concordant
with the orthorhombic phase of Sb,Se; on the JCPDS standard card (No. 15-0861) and free of
impurities or secondary products. In particular, both Sb,Se; thin films exhibit (211), (221),
(301), and (002) sharp diffraction peaks, indicating strong [hkl] preferential growth
orientation. Furthermore, the full width at half maximum (FWHM) of the representative (211)
and (221) peaks were nearly overlapped (Fig. 1c), echoing its SEM analysis. The flexible
Sb,Ses thin-film solar cells with substrate configuration were fabricated. The cross-sectional
SEM images of the flexible Mo-foil/Mo/Sb,Se;/CdS/ITO and the Glass/Mo/Sb,Se;/CdS/ITO
solar cells are shown in Fig. 1(d) and Fig. S2(b), respectively. The layers of the device are
readily discernible and distinguishable. For the Mo-foil Sb,Se; device, the thicknesses of Mo,
Sb,Se;, CdS, and ITO layers were about 700 nm, 1.2 pm, 70 nm, and 400 nm, respectively
(Table S1, Supporting Information). Among them, Sb,Se; layer was composed of large,
densely packed crystal grains that exhibit nearly vertical orientation throughout the entire
light absorber layer. Such observations were found to be in excellent agreement with the

4



corresponding XRD results, and the thin film with dominant [hk1]-oriented grains exhibited
fewer dangling bonds at grain boundaries, which could potentially enhance carrier transport
and mitigate carrier recombination [17]. Actually, it is closely related to the intrinsic 1D
crystal structure of Sb,Se; (inset in Fig. 1f). The [SbsSe¢], ribbons are covalently bonded by
Sb-Se along the c-axis, while they are connected through weak van der Waals (vdW) forces in
the a-axis and b-axis directions [35]. Thus, the as-prepared Sb,Se; thin film with [hk1]
orientation can tolerate large deformations, providing fundamental support for its highly
flexible thin-film devices. Moreover, for thin-film solar cell, based on the basic laws of
material mechanics in a multi-layered system, the strain can be calculated using the neutral
axis (NA) concept (Fig. 1e) [19,36]. The location of NA is influenced by the Young modulus,
Poisson ratio, and layer thickness (detailed calculation process is provided in Supplementary
note 1). Based on the computed results, it can be inferred that the NA will be in close
proximity to the Sb,Se; layer when the Mo-foil substrate is about 30 pm. The ITO layer,
inherently rigid and brittle, is the farthest from the NA and suffers the largest strain. Therefore,
if the strain applied to the ITO layer exceeds its critical fracture strain of approximately 1%
[37], irreversible damage will occur, significantly impacting the performance of flexible
Sb,Se; solar cells. We quantitatively calculated the strain of the whole device, Sb,Se;, CdS
and ITO layers as a function of curvature radii (R), as shown in Fig. 1(f). When the critical
strain of ITO is 1%, the critical R is 1.45 mm, and the strain of the devices and the Sb,Se;
absorber layer at this time is less than 1%. It reveals that 1% strain is located in the elastic
strain region, wherein, the strain of our devices can fully recover after bending under practical
working conditions.

The statistical distributions of key performance parameters including the Voc, Jsc, FF and the
efficiencies are shown in Fig. 2(a—d), to evaluate the influence of post-selenization
temperatures on the flexible Sb,Se; thin-film solar cell performance, as well as a comparison
to that of the isotypic rigid (Glass-based) device. The four series of devices, each comprising
twenty-five sub-cells processed synchronously, exhibited acceptable reproducibility. It is
obvious that an appropriate post-selenization temperature (i.e., 420 °C) helps to enhance the
flexible device performance, and all parameters start to deteriorate under lower or higher
temperature, which is consistent with the variation of rigid Sb,Se; counterparts with an
optimal post-selenization temperature of 420 °C. The current density-voltage (J-V) curves of
the champion flexible Mo-foil based device and the referenced Glass based Sb,Se; solar cells
are presented in Fig. 2(e). It can be obtained that the champion efficiency of Mo-foil flexible
Sb,Se; device is 5.90% with a Voc, Jsc, and FF of 0.479 V, 24.81 mA cm™2 and 49.63%,
respectively. It already out-performs the previously reported VTD-processed substrate
structured Sb,Se; flexible solar cell (PCE of 5.35%). However, it is really inferior to the rigid
Glass device, which exhibits 7.34% PCE with a Voc of 0.513 V, a Jgc of 24.20 mA c¢cm 2 and
FF of 59.11%. The detailed device performance parameters of each category are summarized
in Table 1. Distinctly, Voc and FF deficits account for the efficiency loss of flexible devices in
comparison with that of the rigid device. The corresponding EQE and integrated Jsc for both
devices are portrayed in Fig. 2(f). The integrated current densities of Mo-foil and Glass
devices are 24.51 and 23.96 mA cm™2, respectively, which closely correspond to the Jsc
values obtained from J-J measurement results. In the wavelength range of 350 to 900 nm, the
nearly overlapped EQE spectra demonstrate that the flexible Sb,Se; device can realize
effective carrier collection and transport. Furthermore, the tail states can be quantified by
means of Urbach energy (E,), which was calculated from the EQE in the long wavelength
edge [38]. The estimated E, values are approximately 29-33 meV (Fig. 2g), which is
comparable to that of previously reported high-efficiency antimony chalcogenide solar cells,
owing to the alleviative defects at grain boundaries under [hk1] orientation [13,39,40]. In
contrast, a slightly larger E, for the flexible device can be ascribed to the electrostatic
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potential fluctuations, typically derived from the deep defects at the interface and/or within
the bulk film, ultimately limiting its Voc [41]. In order to extract the key diode parameters of
the solar cells, a single exponential diode equation is employed to compare and analyze the
dark J-V curves of representative Glass and Mo-foil Sb,Se; devices [27].

J = Joexp [G WV —JR)| + GV — 1 (1)

where Gy, Rs, 4, and J, represent the shunt conductance, series resistance, ideality factor, and
reverse saturation current, respectively, k£ is the Boltzmann constant, and ¢ is the elementary
charge on the electron. The fitting results are illustrated in Fig. 2(h). The R, values are linearly
fitted as 2.28 and 5.51 Q cm? for Glass and Mo-foil Sb,Se; devices. The obtained 4 values of
1.93 and 2.18 suggest the coexistence of interface and space charge region (SCR)
recombination in both devices. In addition, the flexible device exhibits no significant increase
in SCR recombination caused by the trap levels in the depletion region. To further investigate
the defect states, a typical model of space charge-limited current (SCLC) was employed. The
logarithmic J-V characteristic curves in Fig. 2(i) can be divided into three regions: ohmic,
trap-filled limit (TFL), and trap-free Child [20]. The onset voltages in the TFL region (V1gr)
were determined to be 0.17 and 0.24 V for Glass and Mo-foil Sb,Se; devices, respectively.
The calculation of trap state density (Ny.p) Was subsequently performed [42].

2€&0&VTEL

N trap — 2 q (2)

where L is the thickness of Sb,Se; thin film, &, is the vacuum permittivity, and ¢, is the
relative permittivity (i.e., 15.1 for Sb,Ses). The relatively higher Ny, value (1.77 x 10'* cm ™)
for Mo-foil Sb,Ses suggests it possesses more trap sites and defect centers. Overall, the E,, R;,
A, and N, of the flexible Sb,Se; devices deteriorate slightly, resulting in a decrease in Vo,
FF, and PCE. Thus, further engineering efforts are necessary to enhance the efficiency of
flexible Sb,Se; solar cells.

Introducing an appropriate intermediate layer between the back electrode and absorber layer
is a highly effective strategy for addressing the poor quality of the back interface [43,44]. In
this regard, NaF has been extensively employed as back interface layer in well-researched
CIGS, kesterite, and perovskite solar cells, and demonstrated positive effects in promoting
crystal growth, optimizing interface contact, and passivating detrimental defects [45—47]. To
start, we adjusted the thickness of the NaF interface layer and found the best device
performance occurred at NaF thickness of around 10 nm (Fig. S4). Meanwhile, Sb,Se; thin
film with NaF can still maintain the ideal microstructure characteristics (Fig. S5). J-V curves
of the champion flexible Mo-foil Sb,Se; devices without NaF (denoted as W/O NaF) and with
additional NaF (denoted as With NaF) are shown in Fig. 3(a). The NaF Mo-foil Sb,Se; device
demonstrates a champion efficiency of 8.03% with a Voc 0f 0.492 V, a Jsc 0f 26.21 mA cm ™2,
and an FF of 62.30%, which are much higher than those of the W/O NaF counterpart. Table 2
and Fig. S6 present another comparison with state-of-the-art flexible Sb,Se; solar cells that
have been reported. The PCE of 8.03% is slightly inferior to the highest value of 8.43%
belonging to Mo/PbSe/Sb,Se;/CdS/ZnO/AZO/Ag thin-film solar cell with imperfect PbSe as
back-contact transition layer. Furthermore, the maximum Voc of 0.492 V is the highest value
among all flexible Sb,Se; solar cells (Fig. S6a). Generally, the low FF in the Mo-based
chalcogenide solar cells is associated with high dark series resistance (Rsp). To further
elucidate this issue of the FF and efficiency improvement with introducing NaF layer, the
ohmic contact between Mo/Sb,Se; and the series resistance (Rs) was initially investigated.
The I-V curves in Fig. S7(a) were obtained from the Glass/Mo/Sb,Se;/Ag device construction.
All linear /-V curves suggest the formation of an ohmic contact at the Mo/Sb,Se; interface.
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The resistance curves and slopes of all samples are shown in Fig. S7(b). The slopes for With
NaF and W/O NaF were measured at 0.844 and 0.656 S, with corresponding resistances of
1.18 and 1.52 Q, respectively. The results illustrate that incorporating an NaF layer with
appropriate thickness improves the ohmic behavior at the back contact, promoting efficient
transport of photogenerated holes. We then scrutinized the temperature-dependent current
density voltage (J-V-T) evolutions in the dark condition covering temperature range from 200
to 300 K. A standard diode model was utilized, and the Rsp values were obtained from the
plot of dV/dJ versus 1/(J—GpV) following equation [48].

dV/d] = Rsp + AkT /q(J — GpV) 3)

where 4, k and Gp are the diode ideality factor, Boltzmann constant, and the dark shunt
conductance, respectively. The dark series resistance Rsp was selected to prevent light-
derived alterations in the series resistance that might occur under illumination. The Rsp can
be obtained through the y-intercept, and a diverging Rsp toward lower temperature can be
observed. As shown in Fig. 3(b), with temperature decreasing from 300 to 200 K, Rsp of the
W/O NaF device increased by nearly two orders of magnitude, whereas only an increase of
Rsp of 3.5 times for the With NaF device. A blocking contact barrier may be the cause of the
high series resistance observed in the W/O NaF device at low temperatures, in addition to
background resistance (Ry). This barrier is reasonably expected to occur at the interface of Mo
and Sb,Ses, thereby suppressing the transport of majority carriers (holes). The back contact
junction was modeled as Schottky diode to describe the flexible solar cell (inset in Fig. 3b).
The corresponding circuit model comprises a primary solar cell diode (Dsc), and a series
resistance Rsp that encompasses both background series resistance (Ry) and back contact
diode (Dgc) [49]. When the solar cell was forward-biased, the Dgc experiences reverse bias
and its conduction is limited by Jy, which decreases rapidly at lower temperatures, leading to
an increase in Rsp value. The total temperature-dependence of Rsp in the solar cell can be
described by the following equation [48]:

k Op
Rsp=Ro+ aaT X €Xp (ﬁ) 4)

where 4" is the effective Richardson constant, and @y is the blocking contact barrier height,
as illustrated in Fig. 3(c). Ry is the background series resistance from various functional layers,
which is assumed to be negligible at lower temperature (7<300 K) [48]. The barrier height &g
extracted by fitting the corresponding linear region of In(Rs p7) versus 1/T plots. The obtained
@y values of the W/O NaF and With NaF devices are 241 and 55 meV, respectively. The
lower @g value is considered to be a better Ohmic contact, indicating an enhanced carrier
transport and collection at the buried bottom interface, consistent with its lower Rg and higher
FF [44]. Additionally, the cross-over behavior between the light and dark J-V points to the
existence of a blocking back contact (Fig. 3a) [44,48]. These cross-over points occur at a
higher current with additional NaF layer, which corresponds to decreasing @g in device.
Furthermore, dark J-V-T measurements was also utilized to clarify the recombination
mechanisms in flexible Sb,Se; solar cells, especially under this interface engineering. The
diode ideality factor 4 of the With NaF device is calculated to be 1.62 according to eq. (3),
which demonstrates a significant decrease compared to that of the W/O NaF device (as shown
in Table 3), indicating that the introduction of the NaF intermediate layer can improve the
quality of the Sb,Se;/CdS interface and reduce the interface recombination, and SCR
recombination caused by trap levels in the depletion region is significantly diminished. A
predominant recombination pathway can be determined by plotting Aln(Jy) against 1/kT,
utilizing the following equation [50]:



Aln(]()) = Aln(]()o) — % (5)

where Jy, is a pre-factor dependent on recombination paths, F, is recombination activation
energy, which can be obtained from the slope of AIn(Jy) against 1/kT plots. In principle, the
dominant recombination mechanism can be evaluated by comparing the E, with the bandgap
(E,) of the Sb,Se; absorber layer. As illustrated in Fig. 3(d), the estimated £, of W/O NaF
device is 0.95 eV, much smaller than the £, (1.30 eV determined from EQE data) of the as-
prepared Sb,Se;, signifying a dominant and severe defect-assisted interface recombination. In
contrast, an enlarged E, value of 1.19 eV belonging to With NaF device is much closer to its
E, value, which authenticates the suppression of overall recombination loss through
mitigatory bulk or SCR recombination in a dominant manner, leading to much superior device
Voc and PCE. The distribution of the elements was investigated using time-of-flight
secondary ion mass spectrometry (ToF-SIMS), as shown in Fig. 3(e and f). Except for
reasonable Sb and Se signals that existed in the Sb,Se; absorber layer, Na ions can also be
observed, especially with relatively higher SIMS intensity at the bottom and top interface. It is
likely to occur under post-selenization heat treatment, and Na ion tends to diffuse across the
[SbsSes], ribbons due to the radius of Na* (0.102 nm) being smaller than the gap between the
ribbons (~0.35 nm).

To further examine the working mechanism behind this significant photovoltaic performance
improvement, capacitance-voltage (C-V) and DLCP measurements have been implemented.
The higher Vi is also explained by the improvement in the built-in voltage (V};) from 0.593
to 0.648 V after NaF introduction, as indicated in the 1/C>-V curves (Fig. 4a). It demonstrates
an increase in charge accumulation at the heterojunction interface and a decrease in trap
states. The discrepancy between C-J and DLCP profiling at zero bias is normally related to
the presence of interface defects (;) [27]. The discrepancy between Ny and Npicp of the
W/O NaF flexible Sb,Se; device was observed to be larger than that of the With NaF device,
As illustrated in Fig. 4(b). The estimated N; values were 3.63 x 10'3 and 1.45 x 10> cm™ (at v
= 0 V), respectively, signifying an improved Sb,Se;/CdS heterojunction quality with NaF
treatment. It might be assigned to the smoother surface and Na ions diffusion in the Sb,Se;
absorber (Fig. S5a and Fig. 3e). In addition, the With NaF device exhibited a slightly larger
depletion width (W;) (247 nm), which is undoubtedly favorable for the separation and
extraction of carrier, thereby contributing to a significantly enhanced photovoltaic
performance. The various heterojunctions or interface-associated parameters are summarized
in Table 3. It is worth noting that effective back contact interface engineering can modify the
junction quality, interface quality, and the charges recombination mechanism. EIS analysis
was also conducted to examine the charge recombination and charge transfer characteristics
of the solar cells. As shown in Fig. S8, a higher recombination resistance in With NaF
confines the charge recombination at Sb,Se;/CdS and back contact interface, resulting in
improved Voc, Jsc, and FF. Subsequently, admittance spectroscopy (AS) was performed to
investigate the bulk defect characters. Fig. 4(c and d) show capacitance-frequency (C-f)
spectra obtained under dark conditions at various temperatures from 300 to 110 K with an
increment of —10 K for the champion W/O and With NaF flexible Sb,Se; devices,
respectively. In general, the high frequency capacitance reflects free carrier response while
the low frequency capacitance reflects both free carrier and deep-level defect responses [51].
Thus, it can be deduced that the With NaF device possessed lower trap densities within the
absorber layer. Moreover, only one capacitance step (i.e., the maxima f,,x of the derivative
—dC/dInf in both devices can be differentiated with varying frequencies, which corresponds to
a defect level. The inflection frequencies (w¢ = 27fax) as a function of temperature can be
determined by plotting the —dC/dInf curves (not shown here). The Arrhenius plots of
In(wo/T?) versus 1000/T at the inflection points in both admittance spectra are shown in Fig.
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4(e and f). The defect activation energy (E,) can be determined by fitting the Arrhenius plot
yielded according to the following equation [52]:

wo = Zm/OTZeXp (_kifa) (6)

where v 1s the attempt-to-escape frequency, wy is the inflection point frequency of each AS
curve, and E, is the defect activation energy that reflects the depth of a defect’s energy level
compared to the corresponding band edge. As shown in Fig. 4(e), the synchronous
temperature-dependent variation as well as the absence of activation energies in the low-
temperature region for both the devices suggest that the introduction of NaF would not bring
any additional defects, neither at bulk nor at the surface/interface. The derived E, values were
462 and 426 meV for the W/O NaF and With NaF devices, respectively, such a small energy
gap (AE, = 36 meV) confirms the existence of identical defect types in these two devices.
Based on the first-principle theoretical basis and experimental findings reported in literature,
the dominant defects with corresponding E, values in this scenario can be assigned to Sbsg,
antisite defects [20]. Moreover, it can hypothesize that the diffused Na* is most likely inert,
which would not modify the band structure and defect physics of Sb,Ses. The distribution of
defects was then Gaussian fitted using the Kimerling model according to the following
equations [53]:

E(w) = len(Z”Zsz) (7)
Ni(E(@)) = — sogeir (8)

where Ny(E(w)) is the defect density, Vg is the built-in voltage of the heterojunction, and w is
the angular frequency. The integrated defect densities of the W/O NaF and With NaF flexible
SbySe; devices are 7.56 x 10'® and 3.14 x 10'6 cm™3, respectively, as illustrated in Fig. 4(f).
As a result, after NaF introduction, the smaller £, value indicates a quicker hole emission rate,
which is less likely to behave as recombination centers, accompanied by a significant
decrease of defect density by nearly half, which is positive to alleviate the V¢ deficit since it
being proportional to AInN (where 4 is the ideal factor, and N signifies the density of the
recombination center), thereby improving the device performance. Overall, the results of C-V,
DLCP and AS tests indicate that the interface defect density and bulk defect density of With
NaF devices are significantly lower compared to those of W/O NaF devices. The SIMS study
also confirmed the successful incorporation of Na ions into the absorber layer and the
heterojunction interface, enhancing the P-type doping of the Sb,Se; absorber layer and
Sb,Ses/CdS heterojunction. Thus, the NaF interface layer not only effectively improves the
back contact but also optimizes the quality of the heterojunction and the absorber layer,
boosting the FF, V¢, and PCE of the flexible Sb,Se; device.

Deformability is an important criterion for flexible devices to be applied on practical
occasions. To investigate the flexible properties of the champion With NaF flexible Sb,Se;
thin-film solar cell, the device performance was recorded after bending at a different
curvature radius of 5, 4, 3, 2, 1.5, and 1 mm (Fig. 5a). The flexible Sb,Se; solar cells can
withstand a bending radius of R>2 mm and return to their original state. The normalized
degradation of PCE in solar cells under various bending radii was measured and presented in
Fig. 5(b), and the detailed performance parameters are provided in Fig. S9(a) and Table S2
(Supporting Information). When the bending radius exceeds 2 mm, it is observed that the V¢
and FF of the device remain largely unaltered, while the Jsc decreases slightly, from 25.70 to
24.76 mA cm™2. This minor reduction in Jsc can be primarily attributed to the diminished
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light-accepting area of the device, while the structural integrity of each functional layer
remains uncompromised. As a result, the PCE exhibited only a relatively 4.7% reduction of
the initial value. However, at bending radii less than 2 mm, a noticeable decline in the
device’s photovoltaic parameter was observed, with a particularly rapid decrease in the FF
contributing significantly to the reduction in PCE, which is consistent with our calculated
results presented in Fig. 1(f). This bending level is close to the limited bend radius of
curvature of ITO (1.5 mm), which may cause the ITO layer to break, thereby degrading the
device performance. Furthermore, the photovoltaic parameters (Voc, FF, and Jsc) of the
device exhibit a slight decrease with increasing bending cycles (as illustrated in Fig. Sc, the
maximum radius of bending is 3 mm), indicating that each functional layer is gradually
destroyed by stretching stress. The corresponding J-V curves and the detailed performance
parameters of the devices before and after bending treatments are provided in Fig. S9(b) and
Table S3. Accordingly, an acceptable 6.5% efficiency reduction can be observed,
demonstrating the high flexibility and mechanical robustness of our flexible Mo-foil Sb,Se;
solar cells. Furthermore, replacing the rigid and fragile ITO electrodes with flexible
transparent conductive electrodes or conductive carbon nanomaterials might further increase
the flexibility of Sb,Se; solar cells. Working at indoor or weak light scenarios is an important
advantage for flexible devices. The performances of flexible Sb,Se; solar cells bending at a 3
mm R were tested using LED light illumination, and the light intensity was calibrated with an
illuminometer. Device J-V curves under LED light intensities (/) of 0.16-3.37 mW cm™? are
shown in Fig. 5(d). All the curves with obvious rectification effects indicated an excellent
response to weak light. The light intensity dependent photovoltaic parameters evolutions are
shown in Fig. 5(e) and Fig. S10, wherein, an interesting 12.60% efficiency can be obtained at
2.83 mW cm2, with a Vo of 0.431 V, Jsc of 1.70 mA cm2, and FF of 50.04%. Moreover,
the Jsc values exhibit a remarkable power-law relationship with light intensities, as indicated
by Jsc < I* (Fig. 5(e) illustration). A power value a of 0.992 is quite close to 1, indicating that
the Sb,Ses solar cell possesses excellent photo-response for weak light, and the space-charge
limited photocurrent is negligible [54]. By contrast, Voc decreases logarithmically as light
intensity decreases, and can be accurately described by the relation Voc = 0.391 + 0.039 X
In(/), which is in good agreement with the relation Voc = Voc, rer T (4dkgT/q) * In(I), where
Voc, rer 18 the open-circuit voltage at 5.36 mW cm2, 4 is the ideality factor of the junction
diode, ¢ is the electron charge, kg is Boltzmann’s constant and 7 is the temperature [55]. The
ideality factor 4 derived from Vo fitting is 1.51 (the fitting result of dark J-V curve is 1.62),
indicating reduced SRH recombination under low-intensity light radiation, strengthening its
great potential in indoor or weak light photovoltaic applications.

4. Conclusions

In summary, high-quality Sb,Se; light absorbers were successfully deposited on flexible Mo
foils via vapor transport deposition followed by post-selenization. The efficiency of the
flexible Mo-foil/Mo/Sb,Se;/CdS/ITO/Ag solar cell was 5.90%, but inferior to that of Glass
based rigid counterpart. Then, a thin NaF intermediate layer was thermally inserted between
Mo and Sb,Ses;, which has been found to significantly improve the back contact quality and
enhance the carrier transport capability. Moreover, the Na ions diffusion into the Sb,Ses;
absorber layer could positively passivate the defects at bulk and heterojunction interface, and
therefore suppress defect-assisted recombination. Consequently, the NaF-assisted device
demonstrated obviously increased Voc to 0.492 V, and FF to 62.30%, yielding a stimulating
efficiency of 8.03%. This flexible device demonstrated exceptional deformability,
maintaining 95.3% of its initial efficiency bending at the curvature radius of 2 mm, and 93.5%
after 1000 bending cycles. In addition, a remarkable weak light photo-response with 12.60%
efficiency at 2.83 mW cm™2 can be obtained. This study presents a straightforward interface
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treatment strategy to effectively improve flexible Sb,Se; photovoltaic device performance,
broadening its flexible and/or indoor application scenarios.
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Fig. 1. (a) Top-view SEM images of the Sb,Se; thin films deposited on flexible Mo-foil
substrates. The Sb,Se; thin films were bending at a 2 mm radius. The inset is the SEM image
of the thin films at a 1 mm bar. (b) XRD patterns, and (c) the full width at half maximum
(FWHM) of the representative (211) and (221) XRD diffraction peaks of the Sb,Se; thin films
on Mo-foil and Glass substrates. (d) Cross-sectional SEM image of the Mo-foil Sb,Se; thin-
film solar cell. (e) Schematic diagram of the neutral axis (NA) in flexible Mo-foil Sb,Se; solar
cell. Z; stands for the center position of each layer. NA of the whole device is marked by a red
dash line. (f) The strain of the whole device, Sb,Se;, CdS and ITO layers as a function of
radius. The inset in the upper right corner is the crystal structure of Sb,Se;, wherein, the black
dash line marks the gap between [Sb,;Ses],, ribbons.
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Fig. 2. Statistical distribution of the key performance parameters of the Sb,Se; thin-film solar
cells, including (a) Voc, (b) Jsc, (¢) FF, and (d) PCE. (e) J-V curves of the representative
Glass and Mo-foil Sb,Se; thin-film solar cells, and a schematic configuration of the flexible
device (insert). (f) EQE and integrated Jsc of the devices. (g) The Urbach energy (E,)
extracted from EQE. (h) Series resistance R and ideality factor A4 characterizations, (i)
Logarithmic J-V curves, showing Ohmic, TFL, and Child region.

Table 1. Device performance parameters of Sb,Se; thin-film solar cells with different
substrate conditions.
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PCE Voc FF Jsc
Devices
(%) (V) (%) (mA cm?)
Glass 7.340.51359.11 24.20
Mo-foil W/O NaF 5.90 0.47949.63 24.81

Mo-foil With NaF 8.03 0.49262.30  26.21

Table 2. A comparison of photovoltaic parameters with state-of-the-art flexible Sb,Se;

devices.

PCE Voc  5¢ FF
Substrate Device configuration (mA Ref.

%) V) oty ()

Mo-foil Mo/Sb,Se;/In,S3/ZnO/ITO 535 0370 2822 5190 [9]

PI ITO/CdS/Sb,Ses/Au 6.13 0415 2550 58.00 [19]
Photoresist ITO/CdS/Sb,Ses/Au 7.15 0426 2930 57.30 [22]
PI Mo/PbSe/Sb,Se;/CdS/ZnO/AZO/Ag 8.43 0.452 29.00 6430 [23]
Mica Mo/Sb,Se;/CdS/ITO/Ag 842 0470 3130 5730 [24]
Mo-foil Mo/Sb,Se;/CdS/ITO/Ag 590 0479 2481 49.63 Vl;l;li
Mo-foil Mo/NaF/Sb,Se;/CdS/ITO/Ag 8.03 0.492 2621 62.30 This

work
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Fig. 3. (a) Light (solid line) and dark (dash line) J-V curves of the representative flexible Mo-
foil Sb,Se; devices with and without NaF (i.e., denoted as With NaF and W/O NaF). (b)
Temperature-dependent Rgp, of the devices, and a simple circuit model of the thin-film solar
cell (insert). (c) Blocking contact barrier height determination of the devices. (d) Aln(Jy)
versus 1/kT plots, wherein, E, values can be estimated from the slopes. (¢) SIMS 3D images
and (f) SIMS depth profiles, showing element distributions of the Mo/NaF/Sb,Se; device.
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Fig. 4. (a) 1/C?-V plots, and (b) C-V and DLCP profiles of the Mo-foil Sb,Se; devices With
and W/O NaF interface layer. Admittance spectra of (¢) With NaF and (d) W/O NaF Mo-foil
Sb,Se; devices. (e) Defect activation energies, and (f) defect density spectra of the

corresponding devices.
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Table 3. Summary of heterojunction and interface associated photovoltaic parameters of the
Sb,Se; devices.

E u VTFL N trap dsB E a Vbi N i
Devices A
(meV) V) (em?) (@meV) (V) (V) (ecm3d)
Glass 29 1.93 0.17 1.26x10" - - — _

Mo-foil WO NaF 33 2.18 0.24 1.77x10"* 241 095 0.593 3.63x10'

Mo-foil With NaF — 1.62 - - 55 1.19 0.648 1.45x10"
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Fig. 5. (a) Photographs of flexible Mo-foil Sb,Se; solar cells at different bending radii. (b)
Normalized PCE degradation at different bending R (Flat to 1 mm). Inset: photograph of the
flexible device in its initial planar state. (¢) Normalized PCE evolution with different bending
cycles (0—-1000 times) at a 3 mm R. Inset: the schematic diagram of the bending equipment
and the bending state of the device. (d) J-V curves of the flexible Mo-foil Sb,Se; devices
measured at low illumination intensities. (¢) The device Voc and Jsc evolution upon LED

light intensity.
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NaF intermediate is introduced to simultaneously optimize back contact and passivate
detrimental defects. Over 8% efficient flexible Sb,Se; thin-film solar cell can be achieved,
accompanied with superior flexibility and weak light photo-response.
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Fig. S1. Schematic illustration of the preparation process of the flexible Mo-foil substrate
structured Sb,Se; thin-film solar cells.

(b)

Fig. S2. (a) SEM top-view image of the Sb,Se; thin film deposited on glass substrates, labeled
as Glass Sb,Se;. (b) Cross-sectional SEM image of the Glass Sb,Se; thin-film solar cell.

24



[
¥
1

m Mo-foil

[\)
[—]
1

Percentage (%)

: <
0-0.4 0.4-0.80.8-1.21.2-1.6 1.6-2 2-2.4 2.4-2.82.8-3.23.2-3.6 3.6-4

Grain size (um)

Fig. S3. The crystal size distribution diagram of Sb,Se; thin films. The average grain size is
1.73 pm and 1.63 pum for Glass and Mo-foil Sb,Ses, respectively.
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Table S1. The thickness, Young modulus and Poisson ratio of each layers.

Layer Thickness (um) Young modulus (Gpa) Poisson ratio

Mo-foil 30 329 0.31
Mo 0.7 329 0.31
Sb,Se; 1.2 &3 0.26
CdS 0.07 68 0.34
ITO 0.4 135 0.27
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Supplementary note 1. The strain analysis of Sb,Se; layer, ITO layer and device

The neutral axis (NA) is the key factor to estimate the strain of device under bending states.
The locations of NA (zya) is determined by the total force in the cross section, where the
strain in the film is zero. The relationship between zys and strain under different curvature
radii (R) is shown in the following equation [1-3].

n ¥, *
Zk=1Ek ty 7k

_ il S1
ZNA Z::1EI: t]: ( )

* El
Ef =15 (52)
sBR) = (S3)

Where Ey, vy and # are Young’s modulus, Poisson’s ratio and thickness of each layer,
respectively, and zy is the coordinate of half thickness film. Then we can obtain the R
dependent strain (g,). All calculation parameters are listed in Table S1.

A AT

e

i

v
JR

Mo-420 NaF-5 NaF-100 NaF-20

Fig. S4. The statistical PCE distribution boxplots of the flexible Sb,Se; thin-film solar cells
with different NaF interface layer thicknesses.
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Fig. S5. (a) SEM top-view images of the flexible Sb,Se; thin films with NaF interface layer
introduction. (b) Cross-sectional SEM image of the flexible Sb,Se; thin -film solar cell with

NaF.
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Fig. S6. (a) Voc, and (b) PCE statistics of the flexible Sb,Se; solar cells prepared based on
different substrates [3—7].
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Fig. S7. (a) I-V curves of the flexible Mo-foil/Mo/Sb,Se; back contact with NaF layer and
without NaF layer (the schematic diagram of device structure used to test /-J curves was
inserted). (b) The slopes and resistance curves of With NaF and W/O NaF samples.
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Fig. S8. Electrochemical recombination analysis in the devices. Nyquist plots of With NaF
and W/O NaF devices. The inset shows the equivalent circuit diagram.
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Fig. S10. (a) FF and (b) PCE evolution with the LED light intensity for flexible Mo-foil
Sb,Se; device.

Table S2. The performance parameters of the flexible Sb,Ses solar cell bending at different R.
The light intensity was calibrated by a standard Si-reference solar cell.

Bending radius (mm) Voc (V) Jsc (mA cm?) FF (%) PCE (%)

Flat 0.491 25.70 61.90 7.80

5 0.491 25.54 61.86 7.76
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4 0.491 25.06 61.85 7.61

3 0.490 24.95 61.66 7.54
2 0.489 24.76 61.40 7.43
1.5 0.481 24.62 59.72 7.07
1 0.477 23.72 57.89 6.55

Table S3. The performance parameters of the flexible Sb,Se; solar cells after different
bending cycles.

Bending circles Voc (V) Jsc (mA cm2) FF (%) PCE (%)

0 0.490 25.18 62.05 7.66

200 0.489 25.10 61.53 7.55

400 0.488 24.88 61.48 7.46

600 0.488 24.77 61.09 7.39

800 0.488 24.63 61.02 7.33

1000 0.486 24.14 61.00 7.16
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