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ABSTRACT: Transparent and flexible electronic devices are highly desired to meet the great
demand for next-generation devices that are lightweight, flexible, and portable. Transparent
conducting oxides (TCOs), such as indium-tin oxide, serve as fundamental components for the
design of transparent and flexible electronic devices. However, indium is rare and expensive.

Herein, we report the fabrication of low-cost perovskite SrVO; TCO films on transparent and

flexible mica substrates and further demonstrate their utilization as a TCO electrode for building a =

transparent, flexible, and self-powered perovskite photodetector. Superior stable optical
transparency and electrical conductivity are retained in SrVOj; after bending up to 10° cycles.
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Without an external power source, the constructed all-perovskite photodetector exhibits a high

responsivity (42.5 mA W), fast response time (3.09/1.23 ms), and an excellent flexibility and bending stability after dozens of
cycles of bending at an extreme 90° bending angle. Our results demonstrate that low-cost and structure-compatible transition metal-
based perovskite oxides, such as SrVOj;, as TCO electrodes have huge potential for building high-performance transparent, flexible,

and portable smart electronics.
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1. INTRODUCTION
1,2

Transparent flexible devices, including photodetectors,”
transistors,> > sensors,’ ® nonvolatile memristors,” ™' and
displays,'>'* have been widely studied for meeting the great
demands of next-generation smart electronics. Transparent
conducting oxides (TCOs) that combine visible-range optical
transparency and electrical conductivity serve as fundamental
components (e.g, electrode elements and structural templates)
in the desi ign and fabrication of these optoelectronic
devices.'*™! Up to now, the commercially available
electronics, such as photodetectors, photovoltaics, solar cells,
and flat panel displays, are mostly constructed on indium-tin
oxide (ITO)-coated polymer substrates owing to its unique
combination of optical transparency, electrical conductivity,
and ease of fabrication.'*'®™*! However, indium is rare and
expensive. Moreover, the ITO-coated substrates are fragile and
not resistant to high temperature. Considering the rapid
development of perovskite-based photovoltaics and photo-
detectors, indium-free and low-cost TCOs with structural
compatibility, similar to perovskites, are highly desired to
explore.

Perovskite oxides have attracted intensive research interests
because of their fascinating physical properties.””~>* Recently,
because of the cost-efficient and intrinsically metallic property,
early transition metal-based perovskite oxides with partially
filled d orbitals have been widely investigated as new TCOs,
which electrical conductivity and optical transparency can be
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optimized by the electron effective mass m* simultane-
ously.'®'7*57*7 Additionally, the electron mean free path in
these transition metal oxides is short (<10 nm) and
comparable to that of ITO. In turn, the less free carrier
reflection, high flexibility, and conductivity of thinner films can
be maintained as same as that of thicker films. Perovskite
SrVO; (SVO) was identified to be a new promising TCO
electrode. The demonstrated properties of SVO films grown
on unbendable or rigid substrates, such as carrier concentration
(2.0 to 2.6 X 10** cm™3), room-temperature conductivity (1.6
to 3.5 X 10* S cm™), room-temperature carrier mobility (5—
10 cm® V7! s7'), and wavelength-averaged transmissions in the
visible range (>60%), stand up to those of the standard ITO
films, providing therefore a valuable alternative for a wide
range of applications.”>***° Unfortunately, few reports are
devoted to the fabrication of flexible SVO films. Further, it is
still an open question whether perovskite SVO (or other early
transition metal-based) TCO films can be integrated for the
design and construction of high performance, transparent, and
flexible optoelectronic devices, such as photodetector.
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Figure 1. (a) Typical XRD 6—20 scan of SVO/STO/mica. (b) RSM of (069) and (330) Brag reflections of mica and SVO/STO, respectively. (c)
¢-scans of SVO (330), STO (330), and mica (069). (d) Crystallographic model of the SVO/STO and STO/mica interfaces. (e) Cross-section
STEM image showing the SVO and STO layer, and also the mica substrate. (f) Left panel: high-resolution TEM image of the SVO and STO
interface, corresponding to the rectangle region in (e). Right panel: selected area diffraction pattern indicating the high quality epitaxial growth of

the SVO film.

Transparent flexible photodetectors that capture light signals
and convert them into electric signals have attracted immense
research interests because of their great promise in next-
generation lightweight, portable, and wearable optoelectronic
devices. Owing to their excellent semiconductor properties,
such as a direct band gap, a broad absorption range, high
carrier mobility, low excitation binding energies, and a long
carrier diffusion length,‘%l_35 hybrid organic—inorganic perov-
skites have been promising candidates for high-performance
transparent and flexible photodetectors. However, one of the
issues limiting the application of transparent and flexible
perovskite photodetectors is that they usually require an
external power supply to separate the photoexcited electron—
hole pairs, which increases the device cost and weight.sé’37 It is
urgent but challenging to design and construct transparent and
flexible perovskite photodetectors with the self-powering
capability.

In this work, for the first time, we report a self-powered,
transparent, and flexible photodetector consisting of a
structure-compatible perovskite SVO TCO electrode and a
high performance Csy5(FAgssMAg;5)o9sPb(IossBross)s per-
ovskite film. High-quality epitaxial SVO films with excellent
mechanical flexibility were grown on SrTiO; (STO)-buffered
fluorphlogopite [mica, KMg;(AlSi;O,,)F,] substrates. Superior
stable optical transparency (an average visible transmittance of
53—67% for a 40 nm SVO film) and electrical conductivity
(2.33 X 107" Q-cm) can be maintained by bending with
different curvatures and up to 10° bending cycles. We further
demonstrate an integrated self-powered all-perovskite photo-
detector, which exhibits a high responsivity (42.5 mA W)
and fast response time (3.09/1.23 ms) at a wavelength of 532
nm. Moreover, the device shows an outstanding stability after a

long-term photoresponse measurement (S h). Furthermore,
the excellent flexibility and stability were also presented by
performing various bending cycles at an extreme 90° bending
angle. These critical parameters are comparable to and even
better than those of the previously reported perovskite
photodetectors based on ITO TCO films. Our results
demonstrate a huge potential for building high-performance,
transparent, flexible, and self-powered perovskite photo-
detectors by using indium-free, cost-efficient, perovskite-type

TCO films.

2. RESULTS AND DISCUSSION

2.1. Epitaxial Growth and Crystallographic Analyses.
We first used pulsed laser deposition with sintered SVO and
STO targets to synthesize high-quality SVO films with a STO
buffer layer. Figure la shows X-ray diffraction (XRD) 6—26
scan of the SVO/STO/mica heterostructure revealing that the
film is epitaxial and single-phased, confirming no intermixed
crystalline phases. Based on the SVO peak position, the out-of-
plane lattice constant is calculated to be 2.218 + 0.003 A,
consistent with the lattice constant of bulk,* indicating that
the strain caused by the lattice mismatch between the film and
the mica substrate is fully relaxed. This is further confirmed by
the X-ray reciprocal space map (RSM), as shown in Figure 1b,
and also can be understood by the very weak interaction
between the film and mica substrate due to the nature of van
der Waals epitaxy.'"** In addition, the in-plane structural
relationships are obtained by analyzing the phi-scan results of
SVO (330), STO (330), and mica (069) diffraction peaks
(Figure 1c). The six-fold symmetry of SVO (330) and STO
(330) could be explained by the formation of multidomains. A
schematic of SVO/STO bilayer films grown on mica with the
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determined orientation relationship, SVO[111]IISTO[111]Il
mica[001] and SVO[11 — 2]lIISTO[11 — 2]llmica[010], is
constructed and shown in Figure 1d. The microstructure of the
SVO/STO/mica heterostructure was further investigated by
scanning transmission electron microscopy (STEM), as shown
in Figure lef. The cross-sectional STEM images reveal the
layer structure of the SVO/STO/mica heterostructure and also
exhibit the defect-free at the interfaces of SVO/STO and
STO/mica in the heterostructure. Because of the small lattice
mismatch between STO (d;;, = 2.253 A, PDF#42-0734) and
SVO (d,;; = 2.217 A, PDF#42-0039), the coherent interface is
formed between SVO and STO. As a consequence, the strain
at the interface causes the overlapped diffraction dots at a local
SVO/STO region, as shown in the right panel of Figure 1f.
2.2. Transport Property. In the view of SVO-based
flexible optoelectronic applications, the operational stability
and mechanically durability of the SVO/STO/mica hetero-
structure were tested under both the flex-in mode (the film is
under compressive strain) and the flex-out mode (the film is
under tensile strain). Figure 2a shows that the values of R/R,
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Figure 2. (a) Ratio of resistance as a function of bending radius of
curvature under flex-in (filled squares) and flex-out (open squares)
modes for three different SVO samples with the same thickness of 40
nm. R is the resistance with bending, and R, is the resistance without
bending. (b) Temperature-dependent resistivity of the bending radius
of curvature 10 mm under flex-in (left panel, compressive strain) and
flex-out (right panel, tensile strain) modes for the 40 nm SVO film.

(R, is the sheet resistance of the flat film, R is the sheet
resistance of the bending film) remain approximately constant
under a bending radius of S mm during both the compressive
and tensile deformations, respectively, for SVO indicating the
robustness of epitaxial SVO/STO/mica under bending for
flexible device applications. We also found that the SVO film
exhibits excellent flexibility in the flex-in mode. Especially, the
sheet resistance approximately remains constant under the
bending radius of >2 mm. There is a slight increase of ~3.1%
in the sheet resistance when the bending radius reaches 2 mm.
In sharp contrast to the flex-in mode, the sheet resistance in
the flex-out mode is greatly increased by multiplication,
starting at a bending radius of S mm. This is because the cracks
caused by tensile strain are showing up on the SVO film’s

surface. These results demonstrate that the mica substrates can
maintain the macroscopic integrity of the SVO film in the flex-
in mode. Furthermore, the resistivity stability of the SVO film
as a function of bending cycles in the flex-in and flex-out
modes was examined and shown in Figure 2b,c. After 1 X 10*
bending cycles, there is an increase of 15.09 and 34.56% in the
resistivity for the flex-in and flex-out modes, respectively. Note
that the increase rate of resistivity is very slow after 1 X 10*
bending cycles, and the resistivity remains almost same within
1 X 10° and § X 10* bending cycles for the flex-in and flex-out
modes, respectively. We also observed that there is a clear
increase of resistivity in the flex-out mode after 1 X 10°
bending cycles. It is noteworthy that the resistivity of the SVO
film after bending under the flex-in or flex-out mode is still
comparable to that of the SVO film grown on unbendable
substrates.””***® Therefore, the SVO film as the TCO
electrode of flexible optoelectronic devices retains an out-
standing stability of electrical conductivity after bending under
a radius of curvature S mm.

2.3. Optical Property. Figure 3a shows the thickness-
dependent optical transmittance spectra of epitaxial SVO/
STO/mica films in the ultraviolet—visible—infrared regime.
Photographs of the films with different thicknesses on a
colored background are also shown as an inset. We can see that
the bare mica substrate exhibits extraordinary transmittance in
the whole measured range without any sharp absorption
features, and the transmittance of SVO/STO/mica films
decreases at the wavelength near 400 nm, originating from
the STO buffer layer intraband transition located at around 3.2
eV.’** On this transparent mica substrate, we obtained an
average visible transmittance of 53—67% for 40 nm the SVO
film. We also note that the visible transmittance is rapidly
decreasing with the increase of the SVO film thickness. The
stability of optical transparency was further examined by
bending in the flex-out mode under a radius of curvature of 5
mm (Figure 3b). We observed the superior stability of
transmittance with the same values after bending up to 1 X 10°.
This indicates that the perovskite SVO film has an excellent
mechanical stability and provides huge potential for the
application of transparency and flexible optoelectronic devices.

2.4. Perovskite Photodetector Activities. Given the
above discussion and results, we constructed a perovskite
detector consisting of the TCO electrode of the perovskite 40
nm SVO film (high visible transmittance and low sheet
resistance) and a high-performance Csgos(FAg5sMAg1s)0.05Pb-
(To.8sBro.15); perovskite film. Figure 4a shows the photograph of
a real photodetector (top panel) and a schematic illustration of
the device structure (bottom panel). Basically, the SVO layer
serves as the light transmission window and top electrode, and
also the structure of SVO is compatible with the perovskite.
The corresgonding energy level of each layer is shown in
Figure 4b.*” Because of such suitable energy levels, effectively
transferring electrons and holes can be achieved. Figure 4c
shows the time-dependent current (I—t) curves of the
perovskite detector illuminated by 365, 532, 650, and 750
nm light at 0 V. As the pulsed beam is shining or off, the
photocurrent is immediately generated or vanished, respec-
tively, without requiring an extra power supply. The highest
photocurrent was obtained at 532 nm, which is the same to the
wavelength of the highest transmittance observed in the SVO
film (Figure 3a). Response speed is a critical parameter of
photodetectors, which is measured using an oscilloscope
(Figure 4d). The rise time (the time taken for the response
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Figure 3. (a) Optical transmittance spectra of SVO films with varying thickness on the mica substrate. The inset shows the photographs of SVO
films with different thicknesses. (b) Optical transmittance spectrum of a 40 nm SVO film with different bending cycles under a radius of curvature
of S mm (flex-out mode). The inset shows a photograph of the 40 nm SVO film with bending.
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Figure 4. (a) Top panel is the photograph of a photodetector device. The bottom panel is a schematic illustration of the device structure. (b)
Energy-level diagram of the photodetector device. (c) I—t curves of the photodetector device under different wavelengths of light illumination at 0
V. (d) Response speed, (e) responsivity, and (f) long-term photoresponse curves of the photodetector device. It curves at the angle of 90° under
different bending cycles using (g) flex-in mode [top panel in (h)] and (i) flex-out mode [bottom panel in (h)] at 0 V.

increasing from 10 to 90% of the maximum value) and the
decay time (the time taken for the response decreasing from 90
to 10% of the maximum value) are determined to be 3.09 and
1.23 ms, respectively, verifying the faster response speed for
the perovskite photodetector based on the TCO electrode of
the perovskite SVO film.

To quantify the wavelength selectivity of devices, the
spectral responsivity (R) was measured at 0 V bias (Figure
4e). R is calculated with R = (I, — I g)/P,, where I, is the
photocurrent, I ¢ is the dark current, and Py, is the incident

mn

light power. R is above 20 mA W™ in the visible range from

16465

400 to 750 nm, with a peak value of 42.5 mA W' at a
wavelength of 500 nm. These critical parameters are
comparable to and even higher than the previously reported
semitransparent/transparent perovskite photodetectors (Table
1). Stability is a key parameter for the practical application, so
the long-term photoresponse measurement was performed and
is shown in Figure 4f. The photocurrent of the perovskite
detector is super stable, and no visible degradation is observed
after subjecting it to white light for S h. The bending stability
of the device is also characterized to demonstrate its promising
utilization in wearable electronics. The definition of the 90°

https://dx.doi.org/10.1021/acsami.0c01298
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Table 1. Comparison of the Critical Parameters for Semitransparent/Transparent Photodetectors

devices film/TCO flexible/self-power
Cso.05(FAgssMAg15)09sPb(TIo.ssBross)s Y/SVO Y/Y
CH;NH;PbI; N/null Y/N
CH;NH;Pbl, Y/ITO Y/N
CH;NH;PbI; Y/ITO Y/N
CH;NH;PbI; N/null N/N
CH,NH,PblI, Y/ITO N/N
CH;NH,;PbI, Y/ITO Y/Y
MAPbBCl; Y/ITO N/N
MAPDBCI, Y/Pt N/N
MAPDBr; Y/ITO N/N
CsPbBr;:ZnO Y/ITO N/Y
CH;NH;PbI; Y/ITO Y/Y
CH;NH;PbI; Y/AuNW Y/Y
FA,_,Cs,Pb (Il_yBry) 3 Y/null Y/N
P(VDF-TrFE)/CH;NH;Pbl, N/null Y/Y

light [nm] rise/decay time  responsivity [A W™'] refs

532 3.09/1.23 ms 0.0425 this work
650 500/500 ms 0.1 36
459 50/120 us 0.004 42
365 <0.2s 3.49 37
780 <0.1s 0.037

650 0.2/0.3 ms 0.85 43
532 10/5.7 ps 242 44
550 2200/300 ms 0.03 45
385 1 ms 18 46
365 24/62 ms 0.047 47
450 25 us 4000 48
365 409/17.92 ms 0.0115 49
simulated sunlight 80/80 ms 0418 50
630 4.0/3.3 us 0.314 S1
450 108/347 us 5.0 52
650 88/154 us 0.012 53

bending angle in the flex-in and flex-out modes is shown in
Figure 4h. The bending performance of the device was tested
at 0 V bias. As shown in Figure 4g,i, after 100 cycles of bending
at an extreme 90 degree bending angle under both the flex-in
and flex-out modes, the time-dependent photoresponse curves
still exhibit fast response speed and have reproducible
characteristics under periodic light illumination. These results
strongly suggest the excellent flexibility and stability of the self-
powered perovskite photodetector based on the TCO
electrode of the perovskite SVO film.

3. CONCLUSIONS

In conclusion, we have fabricated high-quality epitaxial
perovskite SVO TCO films on transparent and flexible mica
substrates by pulsed laser deposition and further demonstrated
its utilization as a low-cost and structure-compatible TCO
electrode for constructing a transparent, flexible, and self-
powered hybrid organic—inorganic perovskite photodetector.
Perovskite SVO TCO films retain excellent performance of
optical transparency and electrical conductivity after bending
with different curvatures and up to 10° bending cycles. A self-
powered all-perovskite photodetector is built and exhibits high
responsivity (42.5 mA W) and fast response time (3.09/1.23
ms) at a wavelength of 532 nm. Furthermore, a superior
stability without any visible degradation is also demonstrated
by a long-term photoresponse measurement (S h). The device
also shows excellent flexible performance when subjected to
dozens of cycles of bending at an extreme 90° bending angle,
possessing fast response speed and reproducible photo-
response. This work demonstrates that the perovskite SVO
TCO electrode is a promising candidate for the commercial
application of designing high-performance transparent, flexible,
and wearable optoelectronic devices.

4. EXPERIMENTAL DETAILS

4.1. Film Fabrication. Epitaxial SrVOj; films were grown on mica
substrates using pulsed laser deposition using a KrF laser (4 = 248
nm) with a fluence of 3 J-cm™ and a repetition rate of 2 Hz. During
deposition, the substrate temperature was set at 630 °C and the
oxygen partial pressure was fixed at 1 X 107* mbar. Prior to the
growth of SrVO;, a STO buffer layer was deposited at a substrate
temperature of 630 °C under an oxygen partial pressure of 0.05 mbar.
The thin films were further ex situ postannealed at 780 °C under a
flowing gas of 95 vol % Ar + 5 vol % H, for 2 h.
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4.2. Basic Characterization. The crystalline nature of the films
was investigated by XRD on a high-resolution X-ray diffractometer
(Panalytical Empyrean) using Cu K, radiation (1 = 1.5406 A).
Transmission electron microscopy (TEM, FEI TALOS 200X
operated at 200 kV) was used to investigate the microstructure of
the film. The surface morphology was investigated by atomic force
microscopy (Asylum Research MFP-3D-SA).

4.3. Transport and Optical Measurements. Transport proper-
ties were measured by Keysight B2902A using the standard four-
probe method and the temperature range of 170—330 K was
controlled by Linkam LNP95. Optical properties were investigated
using SHIMADZU UV-3600 plus within the wavelength range of
200—-2500 nm.

4.4. Fabrication of Self-Powered Photodetector. To fabricate
photodetector devices, 0.531 g Pbl,, 0.1875 g FAI, 0.0734 g PbBr,,
and 0.0224 g of MABr were dissolved in the mixed solvent of
dimethylformamide/dimethyl sulfoxide (DMSO) (375/585 uL).
Then, 40 uL of CsI/DMSO solution (390 mg/mL) was added into
the above solution, and the precursor solution was stirred at 343 K for
15 min before use. After that 50 uL of the precursor solution was
spin-coated on the SVO film at 1000 rpm for 10 s and 4000 rpm for
35 s. Chlorobenzene (100 uL) was dropped 10 s before the end of
spin-coating as antisolvant. Also, the device was placed on a hot stage
to anneal at 373 K for 10 min, followed by the evaporation of a 90 nm
Ag electrode.*!

4.5. Photoelectrical Measurements. Time-dependent current
(I-T) curves were collected by a semiconductor characterization
system (Keithley 4200), along with monochromatic (Zolix, Omni-1
3009) order sorting filters to produce monochromatic light. The
response time was measured using an oscilloscope (MSOSS,
Tektronix) under a 532 nm laser of 128.8 Hz. The long-time stability
was measured under a light-emitting diode light of 0.6 mA W', with
a humidity of 40% at room temperature. In the bending test, the
device was measured in the initial state after different bending cycles
at the angle of 90° under the flex-in and flex-out modes.
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