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Abstract
The development of methods for implementing solid state imaging electronics on flexible
substrates could impact areas including conformable infrared detection, night vision, and medical
imaging. Various unconventional mechanisms for solid state imaging have been demonstrated.
However, solid state imaging electronics have rarely been developed in a flexible form factor,
which is a critical format for next-generation devices such as wearable displays, conformable
imaging arrays, and electronic paper. Among various potential mechanisms for solid state
imaging, smart materials are particularly attractive due to their inherent ability for converting
external stimuli into electrical signals directly. Here, we introduce a flexible photodetector array
that is enabled by growing a barium strontium titanate (BST) film on a flexible substrate. A
pixelated array is then patterned on the film. When a spatially resolved laser beam is rastered
over the film, pixels are individually illuminated. By recording the signals from all pixels, the
laser trace can be successfully reconstructed, thereby realizing a flexible photodetector array.
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1.

Introduction
The development of methods for implementing solid state imaging electronics on flexible

substrates could impact areas including conformable infrared detection, night vision [1-3], and
medical imaging [1,4]. Various unconventional mechanisms for solid state imaging have been
demonstrated, including pyroelectricity [1,2], the bolometric effect [5-7], quantum dot
photoluminescence [8,9], and photoconductive light sensors and junction sensors [10]. Other
advanced applications include in vivo imaging and diagnosis with quantum dots [4], and
plasmonic nanoresonators for high-efficiency color filtering [11]. However, solid state imaging
electronics have rarely been developed in a flexible form factor, which is a critical format for
next-generation devices such as wearable displays, conformable imaging arrays [12], and
electronic paper [13]. Among various potential mechanisms for solid state imaging, smart
materials are particularly attractive due to their inherent ability for converting external stimuli
into electrical signals directly [1,2].
For instance, the photovoltaic effect in ferroelectric materials has attracted significant
research interest in recent years [14-21], although it has been observed for half a century [22,23].
The photovoltaic effect arises from a built-in field created by the crystal polarity of the
ferroelectric material. Photoexcited electrons can be separated from holes, resulting in a
photovoltaic output. The first steady-state ferroelectric photovoltaic output was observed in
single crystal BaTiO3 [23], and has since been observed in other ferroelectrics including lead
lanthanum zirconate titanate [19], LiNbO3:Fe [24], and SbSI [25,26]. These observed
photovoltaic effects can be divided into two principal categories, the bulk photovoltaic effect
(BFE) and the anomalous photovoltaic effect (APE) [20]. The BFE is a photovoltaic effect
resulting from the bulk and intrinsic properties of undoped, single crystal materials, whereas the
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APE is a photovoltaic effect due to the micro- or nanostructure of a sample. Yet, it is difficult to
isolate the dominating mechanism of an observed photovoltaic behavior in ferroelectrics. For
instance, a photovoltaic open-circuit voltage larger than the band gap of the ferroelectric material
has been observed and attributed to several proposed mechanisms, including disordered growth
and gas inclusion [27], successive stacking of residual dipole layers with the same polarity [28],
and trapped charges at domain walls [16]. Extensive research has been conducted to further
clarify and investigate origins of the photovoltaic effect [16,23-25,28-30], but these underlying
mechanisms are still not fully understood.
Although lacking a clear consensus, the photovoltaic effect in ferroelectric materials
possesses several distinguishing characteristics relative to pyroelectricity, a mechanism that has
been applied for imaging [31]. First, the photovoltaic effect exhibits a DC electrical output, in
contrast to the AC response from pyroelectricity. As a result, rectification circuits such as diode
bridges are not required. Similarly, the photovoltaic effect only requires a static input rather than
a dynamic (i.e. time-varying) input, which is atypical in real-world applications. The input
energy supply for the photovoltaic effect – light – is a more accessible and convenient energy
source than dynamic thermal inputs, rendering the photon-electricity conversion process simpler
at both the input and output ends.
Research to date on the photovoltaic effect in ferroelectrics has focused on fundamental
mechanisms, such as the origins of photoexcited carriers [14,30,32] and the formation of built-in
fields [14,16,23-25,28-30]. Few potential applications of this effect have been reported [33,34],
yet new avenues to applications exploiting this effect in ferroelectric materials can be envisioned.
One specific example is imaging. Pyroelectric sensors have been integrated into a sensing array
for imaging by detecting the heat emitted from an object [31]. One distinction of the photovoltaic
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effect for imaging over pyroelectricity is that it can be produced by light from a coherent source
travelling over a long distance before reaching the imager, whereas radiative heat flux decreases
rapidly with distance due to isotropic spreading [35,36]. In addition, a spatially coherent light
source can produce a spatially resolved input signal, resulting in higher resolution photovoltaic
imaging, compared to a heat source in pyroelectric imaging [35,36]. Finally, current pyroelectric
imaging sensors are built upon wafer-based techniques and subsequent applications are restricted
by mechanical rigidity. Therefore, implementing the photovoltaic effect on a flexible platform
could considerably extend the application space for next-generation imaging.
Here we introduce a flexible photovoltaic photodetector array that is enabled by growing
a barium strontium titanate (BST) film on a flexible substrate, as shown in Figure 1(a). A
pixelated array is then patterned on the film. When a spatially resolved laser beam is rastered
over the film, pixels are individually illuminated. By recording the signals from all pixels, the
laser trace can be successfully reconstructed, realizing a flexible photodetector array. To
illustrate this new approach for imaging, we proceed in the sequence of (i) the fabrication
process, (ii) fundamental film and device characterization, and finally, (iii) imaging using the
flexible pixelated array on BST.

2. Fabrication and Characterization of MIM Heterostructure
We began by sputtering a BST film (BaxSr1-xTiO3, x = 0.5) on a flexible stainless steel
substrate, which was chosen as the dielectric layer due to its high permittivity and tunability (via
stoichiometry) [37,38]. Specifically, a 800 nm thick BST film was sputtered (stoichiometric
target purchased from ACI Alloys Inc., San Jose, CA) onto a highly flexible AISI Type 304
stainless steel foil (thickness ~ 20 µm, Goodfellow Corp., Coraopolis, PA), followed by
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annealing in Ar at 700 ºC for 1 hour. The flexible steel substrate conveniently served as the
bottom electrode. A 20 × 10 two-dimensional array of top electrodes (100 nm thick Pt, area ~
500 × 500 µm2) was subsequently electron-beam evaporated on the BST through a shadow mask.
The flexible and pixelated metal-insulator-metal (MIM) heterostructure remained functional after
wrapping it around a pen of diameter 8.1 mm (ca. 0.25% strain) as shown in Figure 1(b). The
inset shows a top view of the pixelated electrode array, which is arranged such that each pixel
can function independently. The stoichiometry of the BST film was analyzed by X-ray
photoelectron spectroscopy (XPS) (Evans Analytical Group, East Windsor, NJ) and confirmed to
be Ba0.5Sr0.5TiO3 (Figure 1(c)). The crystalline structure was examined via X-ray diffraction
(XRD), as shown in Figure 1(d). The majority of the peaks corresponded to the desired BST
crystalline structure [37-39], with two peaks originating from the stainless steel substrate. A
cross-section of the MIM heterostructure was prepared and examined via focused-ion beam
(FIB), as shown in the inset of Figure 1(d).
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Figure 1. Characterization of the flexible BST film. (a) Schematic of the Pt/BST/stainless steel
sandwich, for measuring the imaging response to laser light. (b) Photograph of the flexible
heterostructure wrapped around a pen of diameter 8.1 mm. Inset: Photograph showing pixelated
electrodes (500 µm × 500 µm) fabricated on the heterostructure. (c) Atomic concentration of the
sputtered BaxSr1-xTiO3 as a function of depth, as determined by XPS. The stoichiometry
Ba0.5Sr0.5TiO3 is confirmed. The irregular rise/drop after 700 nm indicates that this depth is close
to the interface of the BST/stainless steel. (d) XRD scan of the BST thin film sputtered onto
stainless steel substrate. Symbols are indicated as follows: ♦: BaSrTiO3, ●: Stainless steel, ■:
unidentified phase. Indices of crystalline planes are labelled accordingly. Inset: cross section of
the heterostructure under FIB. Scale bar: 500 nm.
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3.

Dielectric Properties of Sputtered BST Thin Film
The dielectric properties of the BST film were measured with a semiconductor parameter

analyzer (Model B1500A, Keysight Technologies, Santa Rosa, CA). In a dielectric material that
undergoes a phase transition from the ferroelectric to the paraelectric regime as the temperature
increases, the dielectric constant first increases with increasing temperature in the ferroelectric
regime and reaches a maximum at the Curie temperature (Tc). Above the Curie temperature, the
material enters the paraelectric regime, where the dielectric constant decreases with increasing
temperature [40]. The dielectric constant of BST was measured against the temperature by
placing the sample on a thermoelectric module, while recording the temperature using a
thermistor (module and thermistor from TE Technology Inc., Traverse City, MI). The dielectric
constant measured against temperature is shown in Figure 2(a). It was found that the dielectric
constant continued increasing with temperature even above 120 ºC, the Curie temperature of
BaTiO3 [41], suggesting that the BST film is ferroelectric over the entire temperature range.
The ferroelectricity was also examined via a C-V measurement. Figure 2(b) showed that
the BST behaved as a proper capacitor, in which the capacitance decreased with increasing
frequency and bias voltage due to the reduction of ionic displacement. The voltage
corresponding to the maximum capacitance was offset from 0 V, which is consistent with the
observation of ferroelectricity as discussed above. Moreover, a C-V measurement in both voltage
sweep directions exhibited hysteresis [42-45], further confirming that the BST was ferroelectric
(Figure 2(c)). The device also exhibited a ferroelectric hysteresis loop, as discussed in the
supporting information (Figure S1).
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Figure 2. Dielectric properties of the sputtered BST thin film. (a) Dielectric constant versus
temperature at 3 frequencies (5 kHz, 10 kHz, 50 kHz). (b) C-V sweeps under 3 frequencies. (c)
C-V vs. voltage sweeps. The arrows indicate the sweep directions.
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The theoretical Curie temperature of an unstrained BST with a stoichiometry of
Ba0.5Sr0.5TiO3 is estimated to be ca. -30 ºC [38]. This implies that if the BST were unstrained, it
should be in the paraelectric regime rather than the ferroelectric regime at room temperature. Yet,
the behavior observed appears to be ferroelectric. One hypothesis is that this intriguing
ferroelectricity is attributable to strain present in the BST. Strain-induced modifications of the
Curie temperature, resulting in anomalously induced ferroelectric behavior in a material expected
to be paraelectric, have been reported previously both in theoretical studies [46-48] and
experimental work [49-52]. Haeni et al. reported a room-temperature ferroelectric SrTiO3 (Tc=
293 K) which exhibited a 0.8% in-plane tensile strain [49]. Similarly, Biegalski et al. found that a
SrTiO3 film with ca. 1% of in-plane tensile strain held a Tc of ca. 250 ºC [50].
A strain-free SrTiO3 is theoretically paraelectric even at 0 K [53], but these results
suggest that the Curie temperature can be shifted significantly with the imposition of large strains.
Strain has also been shown to shift the Curie temperature of BST. Abe et al. reported a more than
200 ºC shift in the Curie temperature when the BST experienced an out-of-plane tensile strain of
ca. 6.5% [51]. Similarly, the same group also showed a more than 150 ºC shift in the Curie
temperature for BST with an out-of-plane tensile strain of 3% [52]. Strain has therefore been
shown to be an effective means to modulate the Curie temperature. In our work, the in-plane
strain was evaluated as (as – a0) / a0, where as and a0 are the in-plane lattice constants of a strainfree Ba0.5Sr0.5TiO3. The (100) peak in Figure 1(d) can be used to evaluate
and

using Bragg’s law,

=3.947 Å was obtained from the International Centre for Diffraction Data database. With

calculated to be 3.975 Å, the in-plane tensile strain was found to be ca. 0.71 %. Although the
films in this study are not epitaxial, this value is of the same order of magnitude as the reports
mentioned above, suggesting that tensile strain is responsible for the observed ferroelectricity.
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4. Photovoltaic Response
Given this apparent ferroelectric behavior, the flexible BST heterostructure can in
principle exhibit a photovoltaic effect. To determine whether the BST exhibited a photovoltaic
response, a dark current/photocurrent measurement was taken with a semiconductor parameter
analyzer (Model B1500A, Keysight Technologies, Santa Rosa, CA). The dark current, and the
photocurrent under an unfiltered xenon lamp (ca. 18W/cm2, ILC Technology, Sunnyvale, CA),
were obtained via current-voltage sweeps, as shown in Figure 3(a). The photocurrent was found
to be nearly three orders of magnitude higher than the dark current, indicating a significant
photovoltaic effect in the ferroelectric BST.
Although the photovoltaic effect has been investigated extensively in the past, the
mechanisms of photoexcitation and charge carrier separation still are not fully understood.
Analogous to semiconductor photovoltaics, it is believed that electrons are photoexcited from the
valence band to the conduction band via illumination. Therefore, ferroelectric materials with
small bandgaps, for example, BiFeO3, have been widely studied because the bandgap of ~2.7 eV
lies within the visible spectrum [15,16,54,55]. While band-to-band excitation is commonly
observed in photovoltaic studies, other sources of carriers, including photoexcitation of trapped
charges [30,56,57], as well as charges emitted from the metal electrodes [14], have been
discussed regarding their potential contribution to the photovoltaic effect. The latter two
mechanisms are invoked because these carriers could in principle be excited with photon
energies smaller than the bandgap of the ferroelectric material to generate a photovoltaic effect.
Here, we used a diode laser (Power Technology, Alexander, AR) with a wavelength of
658 nm (1.9 eV) as the light source. The short-circuit current from the BST device pixels was
recorded under a periodic laser illumination (130 seconds continuous wave on and then 130
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seconds off for three cycles, shown in Figure 3(b)) with a circular spot size of ca. 1 mm diameter.
Alignment of the laser spot on a measured pixel was confirmed under a microscope prior to the
electrical measurements. As shown in Figure 3(b), a reproducible, periodic photocurrent was
generated by the periodic laser illumination. Figure 3(b) also shows that the output current was
proportional to the laser power, because the density of photoexcited carriers is proportional to the
photon flux [58,59]. The recorded signal can be confirmed to arise from the photovoltaic effect
rather than pyroelectricity induced by laser heating, as discussed in the supporting information
and Figure S2.
The voltage across a 1 GΩ load resistor (the internal resistance of BST is ca. 1 GΩ, see
supporting information and Figure S3) under the same illumination cycles also exhibited a
periodic and reproducible output voltage with the illumination, as shown in Figure 3(c). These
results confirm that the photovoltaic effect can be generated even with light of photon energy
smaller than the BST bandgap (~3.3 eV) [60], presumably from carrier sources indicated by
previous reports [14,30,56,57]. Nevertheless, underlying mechanisms are still under investigation
to further understand this phenomenon. The absence of transient peaks in Figure 3(c), unlike
Figure 3(b), can be explained by the measurement circuit acting as a low-pass filter, as discussed
in the supporting information and Figure S4.
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Figure 3. Demonstration of the photovoltaic effect in the BST MIM heterostructure. (a) Dark
current and photocurrent under a simulated solar source of intensity 18 W/cm2. (b) Short-circuit
current under periodic illumination at three laser power levels. (c) Voltage across an external load
of 1 GΩ under periodic illumination at three laser powers.
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5. Flexible Photodetector Array
After verifying that a laser of wavelength 658 nm can generate a photovoltaic output, the
spatially-coherent laser beam was utilized for imaging. A critical factor in imaging is the
resolution. Since the laser spot can only cover one pixel due to its spatial confinement, the image
resolution is inversely proportional to the magnitude of the cross-talk between neighboring pixels.
As shown in Figure 4(a), the laser spot size was confirmed to have a diameter of 1 mm. The laser
beam was subsequently pointed on a single pixel, and then the electrical response was measured
on all surrounding pixels. Since the laser spot was commensurate with the size of one pixel
(center-to-center distance between pixels is 1 mm, each pixel is ~500 × 500 µm2), any signal
measured from the surrounding electrodes is attributed to cross-talk. The electrical current from
pixels under illumination and adjacent to the illuminated pixel are shown in Figure 4(b) for a
direct comparison. The electrical current generated from the pixel adjacent to the laser spot was
significantly lower than the current generated from the illuminated pixel, confirming low crosstalk between electrodes. The complete mapping from all surrounding pixels, displayed in Figure
4(c), demonstrates a resolution of ca. 1 mm, with very little cross-talk between electrodes.
Therefore, a BST photovoltaic array can be used for imaging at a resolution of at least 1 mm.
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Figure 4. Cross-talk study of the photovoltaic effect in a BST heterostructure. (a) Laser spot size
measurement. The center dark bar is a calibrator. (b) Electrical outputs from pixels under laser
illumination and next to the laser spot. (c) Cross-talk study. The red circle indicates the
illuminated spot. Black squares are the electrodes.
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Next, we sought to implement a flexible BST imager. The principle is shown in Figure
5(a). By raster-scanning the laser and measuring the electrical response, a pattern corresponding
to the laser trace can be precisely reconstructed, thereby achieving imaging. We traced the laser
spot in letter-shaped patterns over the pixelated array. The electrical signals from the illuminated
and adjacent pixels were recorded, and a map of relative signal intensity was constructed. The
relative intensity between pixels was obtained using a MATLAB interpolation function. The
result of this imaging process is shown in Figure 5(b). Significantly, the laser spot trace pattern
consisting of the letters P and U was successfully reconstructed by the recorded electrical signal,
validating this novel approach to flexible photovoltaic imaging. The flexible array can be
mounted on a curved surface, such as a watch band with a radius of curvature of 1.25 inches, as
shown in Figure 5(c). As depicted in Figure 5(d), the Greek letter Pi (π) was recorded and
successfully reconstructed by tracing the laser in this pattern. Overall, these results demonstrate
that a flexible BST heterostructure can be used for conformable imaging on curved surfaces.
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Figure 5. Flexible BST imaging. (a) Schematic of the imaging process. (b) Imaging enabled by
utilizing the recorded electrical signal. The intersections indicate the centers of each pixel. (c)
Optical image of the flexible heterostructure (red rectangle) conforming to a curved watch band.
(d) Photovoltaic imaging obtained from a heterostructure conforming to a curved surface with a
radius of curvature of 1.25 inches.
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6. Conclusion
In conclusion, we have demonstrated for the first time an imaging technique based on the
photovoltaic effect, and implemented it in a flexible platform. A flexible ferroelectric BST
heterostructure was fabricated and thoroughly characterized. Against expectations, the film was
ferroelectric at room temperature, presumably due to the large tensile strain present in the BST.
The photovoltaic responses were experimentally studied in the BST heterostructure. A laser
source with photon energy lower than the bandgap was shown to generate a photovoltaic
response. Most excitingly, a novel imager implemented on a flexible platform was implemented
by tracing a laser spot over a pixelated array patterned on the BST. This work is a unique new
contribution to the field of conformable flexible electronics with a particularly novel application
in flexible imaging. Future work will include: (1) obtaining a more thorough fundamental
understanding of how the strain affects the phase transformation; (2) developing detailed
mechanisms of the photovoltaic effect, including a better elucidation of the correspondence
between the band structure and the source of photoexcited carriers, as well as an examination of
this effect in a flexoelectric-polarized material [61-63]; (3) optimizing the fabrication process to
further enhance the device performance; and (4) providing an in-depth investigation into
mechanisms that determine the spatial resolution of this new imaging technique.

18

Acknowledgements
We acknowledge the use of the Princeton Institute for the Science and Technology of
Materials (PRISM) Imaging and Analysis Center, which is supported by the NSF MRSEC
Program via the Princeton Center for Complex Materials (No. DMR-0819860). We thank Prof.
Stephen A. Lyon and Dr. Alexei Tyryshkin for use of the xenon lamp. P.K.P. acknowledges
support for this work by the Army Research Office (No. W911-NF-11-1-0494). M.C.M.
acknowledges support for this work by the Army Research Office (No. W911NF-11-1-0397).

References
[1] C.M. Black, R.P. Clark, K. Darton, M.R. Goff, T.D. Norman, H.A. Spikes, A pyroelectric
thermal imaging system for use in medical diagnosis, J. Biomed. Eng. 12 (1990) 281-286.
[2] R. Watton, Pyroelectric materials: Operation and performance in thermal imaging camera
tubes and detector arrays, Ferroelectrics 10 (1976) 91-98.
[3] N. Fujitsuka, J. Sakata, Y. Miyachi, K. Mizuno, K. Ohtsuka, Y. Taga, O. Tabata, Monolithic
pyroelectric infrared image sensor using PVDF thin film, Sensor. Actuat. A-Phys. 66 (1998)
237-243.
[4] X. Michalet, F.F. Pinaud, L.A. Bentolila, J.M. Tsay, S. Doose, J.J. Li, G. Sundaresan, A.M.
Wu, S.S. Gambhir, S. Weiss, Quantum dots for live cells, in vivo imaging, and diagnostics,
Science 307 (2005) 538-44.
[5] S.A. Dayeh, D.P. Butler, Z. Çelik-Butler, Micromachined infrared bolometers on flexible
polyimide substrates, Sensor. Actuat. A-Phys. 118 (2005) 49-56.
[6] B.F. Jones, P. Plassmann, Digital infrared thermal imaging of human skin, IEEE Eng. Med.
Biol. Mag. 21 (2002) 41-8.

19

[7] P.C. Shan, Z. C elik-Butler, D.P. Butler, A. Jahanzeb, Semiconducting YBaCuO thin films
for uncooled infrared bolometers, J. Appl. Phys. 78 (1995) 7334.
[8] W.C. Chan, S. Nie, Quantum dot bioconjugates for ultrasensitive nonisotopic detection,
Science 281 (1998) 2016-8.
[9] N.Y. Morgan, S. English, W. Chen, V. Chernomordik, A. Russo, P.D. Smith, A.
Gandjbakhche, Real time in vivo non-invasive optical imaging using near-infrared fluorescent
quantum dots, Acad. Radiol. 12 (2005) 313-23.
[10] D. Christiansen, C.K. Alexander, R.K. Jurgen, Standard Handbook of Electronic
Engineering, 5th ed., McGraw-Hill Companies, Inc., New York, NY, 2005.
[11] T. Xu, Y.K. Wu, X. Luo, L.J. Guo, Plasmonic nanoresonators for high-resolution colour
filtering and spectral imaging, Nat. Commun. 1 (2010) 59.
[12] T. Someya, Y. Kato, S. Iba, Y. Noguchi, T. Sekitani, H. Kawaguchi, T. Sakurai, Integration
of Organic FETs With Organic Photodiodes for a Large Area, Flexible, and Lightweight Sheet
Image Scanners, IEEE Trans. Electron Devices 52 (2005) 2502-2511.
[13] S. Hong, S. Myung, Nanotube electronics: a flexible approach to mobility, Nat. Nanotech. 2
(2007) 207-8.
[14] J. Zhang, X. Su, M. Shen, Z. Dai, L. Zhang, X. He, W. Cheng, M. Cao, G. Zou, Enlarging
photovoltaic effect: combination of classic photoelectric and ferroelectric photovoltaic effects,
Sci. Rep. 3 (2013) 2109.
[15] T. Choi, S. Lee, Y.J. Choi, V. Kiryukhin, S.W. Cheong, Switchable ferroelectric diode and
photovoltaic effect in BiFeO3, Science 324 (2009) 63-6.

20

[16] S.Y. Yang, J. Seidel, S.J. Byrnes, P. Shafer, C.H. Yang, M.D. Rossell, P. Yu, Y.H. Chu, J.F.
Scott, J.W. Ager, 3rd, L.W. Martin, R. Ramesh, Above-bandgap voltages from ferroelectric
photovoltaic devices, Nat. Nanotech. 5 (2010) 143-7.
[17] M. Alexe, D. Hesse, Tip-enhanced photovoltaic effects in bismuth ferrite, Nat. Commun. 2
(2011) 256.
[18] I. Grinberg, D.V. West, M. Torres, G. Gou, D.M. Stein, L. Wu, G. Chen, E.M. Gallo, A.R.
Akbashev, P.K. Davies, J.E. Spanier, A.M. Rappe, Perovskite oxides for visible-light-absorbing
ferroelectric and photovoltaic materials, Nature 503 (2013) 509-12.
[19] C.E. Land, P. Peercy, Photoferroelectric effects in PLZT ceramics, Ferroelectrics 22 (1978)
677-679.
[20] K.T. Butler, J.M. Frost, A. Walsh, Ferroelectric materials for solar energy conversion:
photoferroics revisited, Energy Environ. Sci. 8 (2015) 838-848.
[21] A. Kholkin, O. Boiarkine, N. Setter, Transient photocurrents in lead zirconate titanate thin
films, Appl. Phys. Lett. 72 (1998) 130.
[22] M.E. Lines, A.M. Glass, Principles and applications of ferroelectrics and related materials,
Oxford University Press, 1977.
[23] A.G. Chynoweth, Surface Space-Charge Layers in Barium Titanate, Physical Review 102
(1956) 705-714.
[24] V. Fradkin, R. Magomadov, Anomalous photovoltaic effect in LiNbO3:Fe in polarized light,
JETP Letters 30 (1979) 686-688.
[25] V. Fridkin, A. Grekov, E. Savchenko, T. Volk, Extrinsic photoconductivity in ferroelectrics
due to surface layers, physica status solidi (a) 8 (1971) K55-K59.

21

[26] R. Nitsche, W.J. Merz, Photoconduction in ternary V-VI-VII compounds, J. Phys. Chem.
Solids 13 (1960) 154-155.
[27] B. Goldstein, L. Pensak, High-Voltage Photovoltaic Effect, J. Appl. Phys. 30 (1959) 155.
[28] S.G. Ellis, F. Herman, E.E. Loebner, W.J. Merz, C.W. Struck, J.G. White, Photovoltages
Larger than the Band Gap in Zinc Sulfide Crystals, Physical Review 109 (1958) 1860-1860.
[29] G.F. Neumark, Theory of the anomalous photovoltaic effect of ZnS, Physical Review 125
(1962) 838.
[30] V.M. Fridkin, B. Popov, Anomalous photovoltaic effect in ferroelectrics, Soviet Physics
Uspekhi 21 (1978) 981.
[31] E. Yamaka, Pyroelectric IR sensor using vinylidene fluoride-trifluoroethylene copolymer
film, Ferroelectrics 57 (2011) 337-342.
[32] J. Xu, D. Cao, L. Fang, F. Zheng, M. Shen, X. Wu, Space charge effect on the photocurrent
of Pt-sandwiched Pb(Zr0.20Ti0.80)O3 film capacitors, J. Appl. Phys. 106 (2009) 113705.
[33] R. Guo, L. You, Y. Zhou, Z.S. Lim, X. Zou, L. Chen, R. Ramesh, J. Wang, Non-volatile
memory based on the ferroelectric photovoltaic effect, Nat. Commun. 4 (2013) 1990.
[34] E. Suaste-Gómez, J. de Jesus Agustin Flores-Cuautle, C.O. González-Morán, Opacity
sensor based on photovoltaic effect of ferroelectric PLZT ceramic with Pt wire implant, IEEE
Sens. J. 10 (2010) 1056-1060.
[35] M.Q. Brewster, Thermal radiative transfer and properties, John Wiley & Sons, U.S.A., 1992.
[36] M.F. Modest, Radiative heat transfer, Academic press, Oxford, UK, 2013.
[37] L. Yang, F. Ponchel, G. Wang, D. Rémiens, J.-F.o. Légier, D. Chateigner, X. Dong,
Microwave properties of epitaxial (111)-oriented Ba0.6Sr0.4TiO3 thin films on Al2O3 (0001) up to
40 GHz, Appl. Phys. Lett. 97 (2010) 162909.

22

[38] B.A. Baumert, L.H. Chang, A.T. Matsuda, T.L. Tsai, C.J. Tracy, R.B. Gregory, P.L. Fejes,
N.G. Cave, W. Chen, D.J. Taylor, T. Otsuki, E. Fujii, S. Hayashi, K. Suu, Characterization of
sputtered barium strontium titanate and strontium titanate-thin films, J. Appl. Phys. 82 (1997)
2558.
[39] D.M. Tahan, A. Safari, L.C. Klein, Preparation and characterization of BaxSr1-xTiO3 thin
films by a sol-gel technique, J. Am. Ceram. Soc. 79 (1996) 1593-1598.
[40] W. Ma, L.E. Cross, Flexoelectric polarization of barium strontium titanate in the
paraelectric state, Appl. Phys. Lett. 81 (2002) 3440.
[41] J. Zhou, C.Q. Sun, K. Pita, Y.L. Lam, Y. Zhou, S.L. Ng, C.H. Kam, L.T. Li, Z.L. Gui,
Thermally tuning of the photonic band gap of SiO2 colloid-crystal infilled with ferroelectric
BaTiO3, Appl. Phys. Lett. 78 (2001) 661.
[42] K. Vorotilov, M. Yanovskaya, O. Dorokhova, Effect of annealing conditions on alkoxyderived PZT thin films. Microstructural and CV study, Integrated Ferroelectrics 3 (1993) 33-49.
[43] H.-F. Cheng, Structural and optical properties of laser deposited ferroelectric
(Sr0.2Ba0.8)TiO3 thin films, J. Appl. Phys. 79 (1996) 7965.
[44] F.K. Chai, J.R. Brews, R.D. Schrimpf, D.P. Birnie, Domain switching and spatial
dependence of permittivity in ferroelectric thin films, J. Appl. Phys. 82 (1997) 2505.
[45] M. Dawber, K. Rabe, J. Scott, Physics of thin-film ferroelectric oxides, Rev. Mod. Phys. 77
(2005) 1083.
[46] N.A. Pertsev, A.K. Tagantsev, N. Setter, Phase transitions and strain-induced
ferroelectricity in SrTiO3 epitaxial thin films, Phys. Rev. B 61 (2000) R825-R829.
[47] N.A. Pertsev, A.K. Tagantsev, N. Setter, Erratum: Phase transitions and strain-induced
ferroelectricity in SrTiO3 epitaxial thin films, Phys. Rev. B 65 (2002) 219901.

23

[48] Z.G. Ban, S.P. Alpay, Phase diagrams and dielectric response of epitaxial barium strontium
titanate films: A theoretical analysis, J. Appl. Phys. 91 (2002) 9288.
[49] J.H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, Y.L. Li, S. Choudhury, W. Tian, M.E.
Hawley, B. Craigo, A.K. Tagantsev, X.Q. Pan, S.K. Streiffer, L.Q. Chen, S.W. Kirchoefer, J.
Levy, D.G. Schlom, Room-temperature ferroelectricity in strained SrTiO3, Nature 430 (2004)
758-61.
[50] M.D. Biegalski, Y. Jia, D.G. Schlom, S. Trolier-McKinstry, S.K. Streiffer, V. Sherman, R.
Uecker, P. Reiche, Relaxor ferroelectricity in strained epitaxial SrTiO3 thin films on DyScO3
substrates, Appl. Phys. Lett. 88 (2006) 192907.
[51] K. Abe, N. Yanase, K. Sano, M. Izuha, N. Fukushima, T. Kawakubo, Modification of
ferroelectricity in heteroepitaxial (Ba, Sr)TiO3 films for non-volatile memory applications,
Integrated Ferroelectrics 21 (1998) 197-206.
[52] K. Abe, S. Komatsu, Ferroelectric properties in epitaxially grown BaxSr1−xTiO3 thin films, J.
Appl. Phys. 77 (1995) 6461.
[53] C. Ang, Z. Yu, P. Vilarinho, J. Baptista, Bi:SrTiO3: A quantum ferroelectric and a relaxor,
Phys. Rev. B 57 (1998) 7403.
[54] W. Ji, K. Yao, Y.C. Liang, Bulk photovoltaic effect at visible wavelength in epitaxial
ferroelectric BiFeO3 thin films, Adv. Mater. 22 (2010) 1763-6.
[55] S.Y. Yang, L.W. Martin, S.J. Byrnes, T.E. Conry, S.R. Basu, D. Paran, L. Reichertz, J.
Ihlefeld, C. Adamo, A. Melville, Y.H. Chu, C.H. Yang, J.L. Musfeldt, D.G. Schlom, J.W. Ager,
R. Ramesh, Photovoltaic effects in BiFeO3, Appl. Phys. Lett. 95 (2009) 062909.

24

[56] M. Qin, K. Yao, Y.C. Liang, B.K. Gan, Stability of photovoltage and trap of light-induced
charges in ferroelectric WO3-doped (Pb0. 97La0. 03)(Zr0. 52Ti0. 48)O3 thin films, Appl. Phys. Lett. 91
(2007) 092904.
[57] W.L. Warren, D. Dimos, Photoinduced Hysteresis Changes and Charge Trapping in BaTiO3
Dielectrics, Appl. Phys. Lett. 64 (1994) 866.
[58] L.J.A. Koster, V.D. Mihailetchi, H. Xie, P.W.M. Blom, Origin of the light intensity
dependence of the short-circuit current of polymer/fullerene solar cells, Appl. Phys. Lett. 87
(2005) 203502.
[59] J.K. van Duren, X. Yang, J. Loos, C.W. Bulle-Lieuwma, A.B. Sieval, J.C. Hummelen, R.A.
Janssen, Relating the morphology of poly (p-phenylene vinylene)/methanofullerene blends to
solar-cell performance, Adv. Funct. Mater. 14 (2004) 425-434.
[60] J. Robertson, C.W. Chen, Schottky barrier heights of tantalum oxide, barium strontium
titanate, lead titanate, and strontium bismuth tantalate, Appl. Phys. Lett. 74 (1999) 1168.
[61] H.-A. Chin, S. Mao, C.-T. Huang, K.K. Ohemeng, S. Wagner, P.K. Purohit, M.C. McAlpine,
Pyro-paraelectricity, Extreme Mechanics Letters 2 (2015) 20-27.
[62] S. Mao, P.K. Purohit, Defects in flexoelectric solids, Journal of the Mechanics and Physics
of Solids 84 (2015) 95-115.
[63] S. Mao, P.K. Purohit, Insights into flexoelectric solids from strain-gradient elasticity,
Journal of Applied Mechanics 81 (2014) 081004.

A Flexible Barium Strontium Titanate Imaging Array

25

Huai-An Chin, Sheng Mao, Fanben Meng, Kwaku K. Ohemeng, Prashant K. Purohit, Sigurd
Wagner, Michael C. McAlpine*

A novel imaging process was achieved on a flexible platform by rastering a laser and measuring
the response from a flexible barium strontium titanate device. A pattern corresponding to the
laser trace can be precisely reconstructed by recording the response from a pixelated array,
suggesting a promising new approach for imaging on a flexible platform.
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