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Abstract: We experimentally demonstrate efficient broadband self-powered photo-detection and
power generation in thin films of polycrystalline bismuth telluride (Bi2Te3) semiconductors under
inhomogeneous strain. The developed simple, junction-free, lightweight, and flexible photo-
detectors are composed of a thin active layer and Ohmic contacts on a flexible plastic substrate, and
can operate at room temperature and without application of an external bias voltage. We attribute
the observed phenomena to the generation of an electric field due to a spontaneous polarization
produced by strain gradient, which can separate both photo-generated and thermally-generated
charge carriers in bulk of the semiconductor material, without a semiconductor junction. We show
that the developed photo-detectors can generate electric power during both the daytime and the
nighttime, by either harnessing solar and thermal radiation or by emitting thermal radiation into
the cold sky. To the best of our knowledge, this is the first demonstration of the power generation
in a simple junction-free device under negative illumination, which exhibits higher voltage than
the previously used expensive commercial HgCdTe photo-diode. Significant improvements in the
photo-detector performance are expected if the low-charge-mobility polycrystalline active layer
is replaced with high-quality single-crystal material. The technology is not limited to Bi2Te3
as the active material, and offers many potential applications in night vision, wearable sensors,
long-range LIDAR, and daytime/nighttime energy generation technologies.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Infrared detectors and photon-to-electric-current energy converters usually rely on the use of
either p-n or Schottky junctions to separate the non-equilibrium photo-generated carriers [1,2].
p-n junction formation is one of the most difficult fabrication steps for photo-detectors, as it
requires additional processing of the devices, may consume a substantial amount of energy,
and ultimately increases the time and cost of device fabrication. Most importantly, in all types
of photo-detectors based on the charge carrier separation by a semiconductor junction, the
photo-voltage does not exceed the electronic band gap of the material [3,4], which limits their
responsivity. Furthermore, junction capacitance limits the speed of operation of all photo-diodes
and amplifies shot noise caused by current flowing across a junction. While photo-diodes can be
operated in a self-powered photovoltaic mode (i.e. without the external bias), they are typically
reverse-biased to decrease junction capacitance, to increase responsivity, and to enable operation
in the linear-response regime. Infrared photo-detectors typically also require cooling to reduce
dark current and increase responsivity, further increasing the system cost and footprint.
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Other types of infrared detectors make use of the photoconductive effect of reduced resistance
caused by the photo-generated carriers [5,6]. These devices offer room temperature operation as
well as higher detection capability and faster response speed than infrared p-n diodes based on
other material systems. However, they require external bias for operation, and cannot be used in
a self-powered mode, which limits their range of applications.

On the other hand, some materials exhibit ‘bulk photovoltaic effect,’ manifested as the sponta-
neous electrical polarization in the bulk of material, without any junction [7]. These materials are
characterized by crystal lattices that belong to non-centrosymmetric space groups, and can exhibit
built-in polarization either in response to an applied mechanical strain (piezoelectric materials)
or as a result of spontaneous polarization alignment of atoms grouped in domains (ferroelectrics)
[8,9]. The voltage induced due to such spontaneous polarization can exceed the electronic
bandgap of the material by several orders of magnitude, offering intriguing opportunities for the
photon energy harvesting beyond the SQ limit and efficient photo-detection [10]. However, the
use of piezoelectric or ferroelectric materials to develop photovoltaic cells or photo-detectors has
been limited, because most of them exhibit large electronic bandgaps, and thus cannot be used to
detect infrared (or even most of the visible) light.
Fortunately, a flexo-electric effect (from Latin ‘flexus’ meaning ‘bend’) – a higher-order

electromechanical effect that couples a spontaneous material polarization to a gradient of
mechanical strain – is a universal phenomenon that can be observed not only in piezo- and
ferroelectric materials but also (to some degree) in all dielectrics and semiconductors [9,11–13].
Previous studies of flexo-electricity in non-centrosymmetric materials revealed that ferroelectric
transitions could be induced by applying strain to the thin films of ferroelectrics even at
temperatures above their ferroelectric transition (Curie) temperature [14]. Furthermore, it has
been shown that in strained piezoelectric materials, voltage output contributed by flexo-electric
effect can exceed manifold that solely contributed by the piezoelectric effect [15].

Recently, flexo-electricity has been proposed as a novel approach to harvest energy from acoustic
vibrations [9,15,16], heat gradients [17,18], and solar radiation [19]. Here, we demonstrate that
strain gradients can be induced in narrow-bandgap semiconductors to develop room-temperature
infrared photo-detectors, which can operate either in the self-powered regime for wearable
technologies or in the biased regime for long-range light detection and ranging (LIDAR) and night
vision applications. Simple, junction-free, and lightweight detector prototypes composed of thin
semiconductor layers on flexible substrates have been fabricated, and exhibited photo-voltages and
responsivities competitive with the state of the art junction-type photo-detectors when operated
at room temperature and without application of an external bias. These junction-free devices can
serve as broadband detectors from the ultraviolet to the mid-infrared spectral range.
Furthermore, we show here that the developed devices can generate electric power during

both the daytime and the nighttime, by either harnessing solar radiation (i.e., in the ‘positive-
illumination’ solar-cell-like regime) or by emitting thermal radiation into the cold sky (i.e., in the
‘negative-illumination’ thermoradiative cell regime [20–22]). To the best of our knowledge, this
paper reports on the first-ever experimental observation of the generation of a photo-voltage in a
junction-free low-cost device under the ‘negative’ illumination scenario, with the device facing
either a lower-temperature surface or a nighttime sky.

2. Junction-free strained photo-detector concept and device prototypes

Figure 1(a) shows a schematic of a thin-film junction-free photo-detector, composed of a
polycrystalline bismuth telluride (Bi2Te3) material layer deposited on a flexible polyimide
substrate. The strain gradient is introduced in the device by uniaxial bending of the substrate.
The bending deformation induces compressive strain at the bottom of the device, and tensile
strain on the top, with a zero-strain (neutral) surface in between. The fabrication process may
also generate some residual strain gradients in the semiconductor film (i.e., caused by crystal
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dislocations or grain/domain boundaries and by the polyimide substrates shrinkage during the
film deposition [23]) in addition to the externally-applied bending strain. The in-plane and
out-of-plane components of the strain tensor in the active layer can be expressed as follows (see
Section 5): εx = εr + (z − z0) · Rc

−1 and εz = −νεx/(1 − ν), where z measures the distance across
the device in the vertical direction from the bottom surface of the substrate, the neutral plane is
at position z0, εr characterizes the residual strain existing in the sample prior to bending, and
(z − z0) · Rc

−1 defines the bending contribution, which depends linearly on the distance from
the neutral plane and is inversely proportional to the radius of the bending curvature. ν is the
Poisson’s ratio. The bending-induced strain gradient in the film can then be easily controlled by
varying the device curvature radius: δε = ∂εx/∂z = Rc

−1.

Fig. 1. Strained photo-detector device concept and prototypes. (a) A strained junction-free
detector concept: a narrow-gap semiconductor thin film on a flexible substrate, with the strain
gradient in the active layer formed by substrate bending. (b)-(c) Schematics of the fabricated
detector prototypes comprising a polyimide substrate, a Bi2Te3 active layer, Ohmic metal
contacts in either lateral (b) or vertical (c) configuration, and an anti-reflective (AR) Si3N4
coating layer. (d)-(e) Photographs of the fabricated lateral (d) and vertical (e) detector
prototypes.

The strain gradient induced in the active layer results in the material polarization. In the
general case of a non-ferroelectric material, the total internal polarization is a sum of the
dielectric response to the applied electric field governed by the dielectric susceptibility tensor
χ, the piezoelectric response to the homogeneous strain governed by the piezoelectric tensor
d = −χλ, and the flexo-electric response to the strain gradient governed by the flexo-electric
tensor f = −χµ: Pi = χijkEjk + dijkεjk + fijkl∂εjk/∂xl [9,11,13]. The first term in this formula
disappears in the absence of the external driving field, and the bulk piezoelectric effect is forbidden
by symmetry in the centrosymmetric material systems. Bending-induced strain gradient, however,
creates built-in polarization in the bulk of a material with any lattice symmetry in its unstrained
state. Furthermore, bending of a thin film can also induce polarization resulting from both
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bulk piezoelectric and surface piezoelectric effects, the former caused by the bandgap variation
induced by the asymmetry between the compressive strain on the concave surface and the tensile
strain on the opposite-side convex surface, and the latter – by the lattice symmetry breaking at
the surface [9,13,24–27]. In the polycrystalline films, symmetry breaking at the grain boundaries
may introduce additional polarization under bending deformation. All these contributions can be
lumped together to form an effective flexo-electric coefficient (typically defined as polarization
divided by curvature) [13].
Bending deformation induces elastic strain in the device in both in-plane and out-of-plane

directions, and the resulting strain-gradient-induced electric field in the active layer has both
x- and z-components. Accordingly, separation of photo-generated charge carriers in the photo-
detector can be achieved either in lateral (Fig. 1(b)) or in vertical (Fig. 1(c)) device architectures.
To evaluate the performance of both architectures, we fabricated two types of photo-detector
prototypes: (i) lateral detectors, with two Ohmic electrical contacts placed on the active layer top
surface (Fig. 1(d)), and (ii) vertical detectors, with the two Ohmic contacts placed at the top and
bottom surfaces of the active layer (Fig. 1(e)). In the former configuration, the photo-generated
current driven by the internal electric field flows laterally in the plane on the device, while in the
latter it flows in the vertical direction across the active layer thickness.
The bismuth telluride thin films were deposited by either DC (Fig. 1(d)) or RF magnetron

(Fig. 1(e)) sputtering at a substrate temperature of 200°C. To improve the light absorptance
properties of the fabricated devices, they were covered with silicon nitride (Si3N4) anti-reflection
layers with the thickness of 800 nm. Deposition of a quarter-wavelength-thick Si3N4 layer
nearly doubled the average absorptance of the broadband solar radiation in the photo-detectors

Fig. 2. Photo-detector material properties can be improved via annealing and anti-reflective
coating deposition and degrade after multiple bending cycles. (a)-(b) Measured visible-to-
mid-infrared light reflectance spectra of the 1.6 micron-thick polycrystalline Bi2Te3 film on a
polyimide substrate with (orange lines) and without (blue lines) Si3N4 ARC layers of 800 nm
in thickness. The labels correspond to the illumination-spectrum-weighted absorptance
of the samples. (c)-(d) The I-V curves of both lateral (c) and vertical (d) devices exhibit
linear behavior, with resistance decreasing after annealing (c) and increasing as a result of
bending-induced deformations (d).
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(e.g., the solar-spectrum-weighted absorptance in the visible and near-infrared spectral range
increased from 22.5% to 41.5% for the sample in Fig. 1(d)), as shown in Fig. 2(a). Likewise, the
near-to-mid-infrared absorptance of the detector weighted to the blackbody radiation spectrum at
500K (Fig. 2(b)) has been increased to 55% by the ant-reflective coating (ARC) deposition. Note
that absorptance exceeds 80% at select wavelengths and can be further optimized by better ARC
designs.

Either gold (Au) and silver (Ag) Ohmic contacts have been demonstrated to provide electrical
performance of the fabricated devices with linear current-voltage (I-V) characteristics, with
the slope of the I-V curve providing a measure of the electrical resistance of each device (see
Figs. 2(c) and 2(d)). To improve their material properties, the samples were annealed in vacuum
for two hours at 250°C, which resulted in the significant decrease of the device resistance (see
Fig. 2(c)). However, after the prototypes have been subjected to several bending deformations,
some degradation in the device performance has been observed (Fig. 2(d)), likely associated
with defects developed in either the active layer or the Ohmic contacts. After initial degradation,
the resistance stabilized and did not vary during the bending cycles in the process of the device
performance characterization.

It should be noted that in a practical realization of the proposed photo-detectors, the material
would not be subjected to multiple bending cycles that degrade its electronic performance. The
active material layer deposited on a flexible substrate will either be bent only once or will be
fabricated on a pre-strained substrate, which will be subsequently flattened to induce the strain
gradient [23]. The in-situ strain can also be induced by either using textured substrates or by
covering the active material with over-layers with engineered stress/strain gradients [28–31]. Such
in-situ strain generationmakes possible fabrication of complementarymetal–oxide–semiconductor
(CMOS)-compatible flexoelectric photo-detectors and detector arrays.

3. Characterization of photo-detectors under illumination by artificial sunlight

The electrical performance of the fabricated devices has been tested under broadband illumination
by the artificial sunlight (Fig. 3(a), see Section 5). The increasing level of strain gradient was
introduced to the samples by progressively reducing the distance between the opposite sides of
the substrate to bend the films (Fig. 3(a)). All the laboratory measurements have been performed
inside a vacuum chamber to eliminate the effects of air convection, and the temperature of the
sample has been monitored via attached thermocouples.

Fig. 3. Vertical photo-detector characterization under ‘positive’ illumination by artificial
sunlight. (a) Schematic of the measurement setup. (b) Photo-voltage and (c) photocurrent
measured under one-sun illumination and varying strain gradient. The labels correspond
to the strain gradient values, and the initial fast slope of the signal rise has been used to
calculate the device responsivity. The measured resistance of the photo-detector device is
5.6 Ω.
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The photo-voltage and photocurrent measured in a vertical detector prototype under one-sun
solar illumination are plotted in Figs. 3(b) and 3(c), and shown to increase with the increased
strain gradient imposed on the sample (the strain gradient values are shown as labels on the
plots). Both, voltage and current exhibit a sharp rise upon exposure to sunlight, followed by a
slower increase on a longer timescale. We attribute the initial fast rise of the photo-signal to the
separation of the photo-generated charge carriers by the internal field formed in the bent samples
as a result of a combined action of the flexo-electric and piezoelectric effects induced by the
strain gradient. This initial signal rise has been used below to calculate the device responsivity.
The slow component of the photo-signal rise is attributed to an additional current being

generated via the thermoelectric effect in the active Bi2Te3 layer as it is heated due to absorptance
of the incident sunlight under the continuous illumination [18,23]. Bi2Te3 is a well-known
thermoelectric material, which exhibits electrical current driven by the Seebeck effect under
thermal gradient in the material. When the light is turned off, a sharp signal decay is observed
in Figs. 3(b) and 3(c), resulting from the fast material depletion of photo-generated free charge
carriers upon their migration to the Ohmic contacts, followed by a slower decay likely caused by
the material gradual cooling and the migration of trap-released charge carriers [32]. Both the
photocurrent and the photo-voltage scale linearly with either the incoming photon power flux or
the strain gradient (Figs. 4(a)–4(d)).

Fig. 4. Photocurrent and photo-voltage scale linearly with the strain gradient and incoming
power, while photo-current also scales linearly with the inverse resistance. (a)-(b) Photo-
voltage and photocurrent in a vertical detector with resistance of 5.6 Ω as a function of the
strain gradient under one sun illumination. Experimental error (estimated as the standard
deviation computed for the data from multiple measurements) for the strain gradient is
∼10%, and for Voc is ∼3%. (c)-(d) Photo-voltage and photocurrent in a vertical detector with
resistance of 11.8 Ω and strain gradient of 0.89 cm−1as a function of the incident solar power.
(e) Photocurrent scales linearly with the inverse resistance of the detector. (f) Responsivity
of the lateral and vertical photo-detector prototypes under solar illumination compared to
the responsivity values previously reported for different types of junction-based detectors
operated in the self-powered regime.

Lateral detector prototypes exhibited similar behavior under illumination, but with significantly
smaller photocurrents due to the high internal resistance of 250Ω (Fig. 2(c)) in the centimeter-long
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devices. Improvement of the internal resistance to 0.04 Ω (Fig. 2(d)), achieved by reducing the
contact spacing from 2 cm in the lateral configuration to 1.5 micron in the vertical configuration
increased the photocurrent output by several orders of magnitude. For example, the maximum
photo-voltages measured in the self-powered lateral and vertical photo-detector prototypes under
maximum strain gradient and one sun illumination had comparable values of 3.1× 10−4 V and
2.6× 10−4 V, respectively. However, due to the large difference in the internal resistance of the
two configurations, the corresponding photocurrents would differ by four orders in magnitude.

Likewise, the increased resistance of the vertical prototypes led to the corresponding decrease
in the measured photocurrent, which scales linearly with the inverse of the resistance (see
Fig. 4(e)). We calculated the current responsivity of the photo-detectors as the ratio of the
photocurrent to the total power of the incident radiation: RA = Iph/Pinc [A/W]. The measured
resposivities of the vertical and lateral devices with the strain gradient of 0.89cm−1 under artificial
solar illumination with the total power equal to the power of one sun and without applied bias
are plotted in Fig. 4(f). Figure 4(f) also provides comparison of these data to the corresponding
values of the self-powered junction-type photo-detectors previously reported in the literature [33].
It can be seen that there is a lack of literature data for self-powered infrared photo-detectors,
because they are typically operated under bias voltage and/or at cryogenic temperatures. The
devices developed and investigated in this study help to fill this gap.
The measured responsivity value in a vertical photo-detector reported in Fig. 4(f) illustrates

the feasibility of the proposed simple device to provide a competitive platform for self-powered
infrared signal detection. It should be noted that our measurements have been performed under
broadband illumination, while the detector responsivity value typically increases with wavelength
and peaks at a frequency close to the material bandgap [34–36]. As such, the responsivity
values reported for our devices provide the low-level estimate of the responsivity potentially
achievable under laser illumination at a wavelength close to the Bi2Te3 bandgap. Although
we did not measure the photocurrent in the strained vertical device under 1 sun illumination
before its resistance degraded from 0.04 Ω to 5.6 Ω as the result of repeated bending, the
linearity of the current scaling with the inverse resistance and the measured photo-voltage
characteristics enable us to predict the possibility of achieving a high responsivity value above
15mA/W in a polycrystalline Bi2Te3 film with low charge carrier mobility of 10-50 cm2V−1S−1

[23] under modest strain gradient of 0.89 cm−1 (see Fig. 4(f)). For comparison, charge carrier
mobility in single-crystalline Bi2Te3 exceeds 500 cm2V−1S−1 [37], which should translate into
the corresponding improvement in the photocurrent.

4. Device characterization under radiative heat and ‘negative’ illumination

Next, we evaluated the feasibility of using junction-free strained photo-detectors for thermal
imaging and energy generation from harvesting radiative heat or using the coldness of the
universe as a radiative heat sink [20–22]. The vertical device performance was tested under the
condition when it was facing a blackbody plate with temperature either higher or lower than that
of the photo-detector (Fig. 5(a)). The former situation corresponds to the conventional ‘positive’
illumination regime, with the energy flux directed towards the photo-detector (Fig. 5(b)), while
the latter corresponds to the ‘negative’ illumination regime, characterized by the reversed energy
flux due to the reversed temperature gradient between the detector and the radiative environment
(Fig. 5(c)) [2,38]. The two illumination conditions are illustrated in Figs. 5(b) and 5(c), and
offer a way to use the photo-detector to harvest electromagnetic and thermal energy from the
environment both in the daytime and in the nighttime. The energy that can be harvested includes
solar radiation as well as waste heat from industry or residential buildings.
Energy generation under the ‘negative’ illumination condition in thermoradiative cells has

recently been proposed theoretically [20,21] and demonstrated experimentally with a commercial
HgCdTe photo-diode [22]. Our measurements shown in Fig. 5(d) illustrate that under both positive
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Fig. 5. Vertical photo-detector characterization under ‘positive’ and ‘negative’ thermal
illumination. (a) Schematic of a measurement setup, with a vertical detector with a strain
gradient of 0.5 cm−1 and resistance of 3.8 Ω facing a temperature-controlled plate. (b)-(c)
Schematics illustrating the light absorption/emission process and the formation of the
photocurrent in the device under ‘positive’ (b) and ‘negative’ (c) radiation conditions. (d)
Measured photo-voltage in the detector as a function of the temperature gradient between
the detector and the plate (red dots). Gray line shows the corresponding data previously
reported for a commercial HgCdTe photo-detector under similar experimental conditions
[22]. (e)-(f) The transient photo-voltage data recorded in the detector under positive (e) and
negative (f) illumination and increasing temperature gradient (shown as labels on the plots).

and negative illumination conditions, higher voltage has been generated in a junction-free vertical
photo-detector structure than previously reported when using a highly expensive commercial
photo-diode based on a single-crystalline HgCdTe active layer. The transient photo-voltage data
shown in Figs. 5(e) and 5(f) illustrate generation of the photo-voltage of different polarity under
positive and negative illumination conditions, as expected. The photo-voltage increases with
increase of the temperature gradient between the photo-detector and the radiative environment
(represented by the hot/cold plate in this experiment). The data in Fig. 5 illustrates the possibility
of using the junction-free strained photo-detectors for thermal imaging, remote temperature
monitoring, and round the clock energy harvesting from the environment.

Finally, to test the device performance in realistic outdoors operation conditions, we repeated
the negative illumination photo-detection test outdoors, with the vertical photo-detector prototype
facing the night sky. The device was positioned within an enclosure facing upward as shown in
Fig. 6(a) and covered by a Si wafer to reduce convective energy exchange with the environment.
The test was conducted in Milan, Italy on January 19, 2020, and the photo-voltage of the
same polarity as in the negative-illumination laboratory test has been recorded (Fig. 6(b)),
demonstrating the feasibility of using junction-free flexoelectric detectors to harvest energy from
the night sky while operating in the thermoradiative regime. It should be noted that the device
performance can be further improved by using convection shields more transparent than Si
(T∼55%) in the mid-infrared spectral range, such as ZnSe (T>70%), polyethylene (T>90%), or a
Si wafer with anti-reflective coatings, and by increasing the temperature gradient between the sky
and the photo-detector. The optimum operation conditions depend on the balance between the



Research Article Vol. 28, No. 19 / 14 September 2020 / Optics Express 27652

temperature-dependent radiative and non-radiative recombination rates in the active material
[21], and will require further studies.

Fig. 6. Vertical photo-detector characterization under the ‘negative’ illumination from open
sky at nighttime. (a) Schematic of a measurement setup, with a vertical detector with a strain
gradient of 0.5 cm−1 and resistance of 3.8 Ω facing the sky and positioned inside a covered
enclosure with a semi-transparent Si cover acting as the convection shield. (b) The transient
photo-voltage data recorded in the detector shown in panel (a).

5. Methods

5.1. Device fabrication and characterization

The bismuth telluride thin films were deposited on flexible polyimide substrates by either DC
or RF magnetron sputtering at a substrate temperature of 200°C [23]. To improve the light
absorptance properties of the photo-detectors, some of the fabricated devices were covered with
silicon nitride (Si3N4) anti-reflection layers with the thickness of 800 nm. The coating was
deposited by the plasma-enhanced chemical vapor deposition (PECVD), and the ARC layer
thickness was optimized to achieve efficient photon absorption at frequencies just above the bulk
electronic bandgap of bismuth telluride. The weighted light absorptance of the samples for a
specific light source (e.g., a solar simulator or a blackbody) within a given spectral range, has
been calculated as follows. First, the sample reflectance (hereafter R) was measured for the given
spectral range by means of an UV-Vis or an IR spectrometer. Then the ratio between the integral
of the given source spectrum, and the integral of the same spectrum multiplied by (1-R) has been
calculated.
Experimentally, solar illumination was achieved by using a Class AAA solar simulator

(ScienceTech, SS-1.6K) with a beam-down mirror to direct the artificial sunlight to the detectors.
To simulate the one-sun illumination condition, the solar simulator was calibrated to output a
radiative flux of 1000 Wm−2. The photo-detector temperature was monitored in real time by a
type K thermocouple and a multi-channel 2700 Keithley multimeter. The thermocouple was
attached to the sample back contact and always covered with a piece of reflective tape, in order to
keep it in dark, even when the sample was illuminated. The surface of the hot/cold plate facing
the photo-detector was covered by an Acktar Light Absorbent Foil with a Metal Velvet coating
(Edmund Optics), which provides over 97% absorptance/emittance in the mid-infrared spectral
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range. The photo-generated voltage was measured by the same 2700 multimeter used for the
temperature measurement, while the current was measured with a 2400 Keithley source meter.
The outdoors measurements of the detector performance under negative illumination were

conducted at 1am local time in Milan, Italy on January 19, 2020. The ambient temperature
during the measurement was about 2°C, and the local area humidity was around 80 percent.

5.2. Material properties characterization

The surface morphology of the deposited polycrystalline Bi2Te3 thin films was mapped by
scanning electron microscopy (SEM: S-4800, Hitachi). A typical SEM image of the deposited
thin films shown in Fig. 7(a) reveals the polycrystalline nature of the material.

Fig. 7. Morphology of the polycrystalline Bi2Te3 thin films. (a) SEM image of a Bi2Te3
thin film deposited on a polyimide substrate. (b) XRD spectrum of the Bi2Te3 thin film. (c)
The (0 1 5) XRD peak shown at higher resolution, whose FWHM was used to calculate an
average crystallite size.

The crystallographic properties and lattice parameters of the films were determined by X-ray
diffraction (XRD: Mini Flex II, Rigaku, CuKα radiation) at room temperature (Fig. 7(b)). All
of the peaks in the XRD spectrum shown in Fig. 7(b) have been indexed to the rhombohedral
phase of Bi2Te3 (JCPDS 33-0214). We found the average crystallite size to be around 30 nm,
based on the estimates from the XRD peak broadening by using the Scherrer equation [39,40]:
L = Kλ/Bcosθ. Here, L is the crystallite size, B(2θ) is the width of the (0 1 5) diffraction peak,
in radians, at a height half-way between background and the peak maximum (full width at half
maximum, FWHM), λ is the wavelength of the X-ray radiation (CuKaα λ= 0.15418 nm) and
K is the Schrerrer constant (shape factor), usually taken as 0.89. The 30 nm average crystallite
size is in agreement with prior literature data on the polycrystalline Bi2Te3 materials [23,41].
Furthermore, our prior work demonstrated that film bending in the opposite directions causes
the opposite-sign spectral shift of the XRD peaks, providing a clear spectral signature of the
bending-induced material strain [23].

The in-plane electrical conductivity of the annealed samples was measured at room temperature
using a four-point probe method (RT-70V, Napson), and ranged between σ = 45 S/cm and
σ = 78 S/cm for different samples. The charge carrier concentration has been found to be
N = 1 · 1019 cm−3 by the Hall effect measurements performed using the van derPauw method
(HM-055, Ecopia). These data allowed us to estimate the charge carrier mobility in the annealed
samples ranging from about µ = 28 cm2V−1s−1 to µ = 48 cm2V−1s−1. For comparison, our
prior data measured on as-deposited polycrystalline Bi2Te3 thin films yielded mobility estimates
on the order of µ = 10 cm2V−1s−1 [23].

5.3. Strain engineering in flexible devices by bending deformations

In a flexible multi-layer stack under a uniaxial bending deformation, the in-plane elastic strain at
any position z within the stack can be calculated as a product of the distance from this point to
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the neutral plane and the film curvature: εx = (z − z0) · K [28,42]. In a single-layer film with
thickness d, the neutral plane characterized by zero stress and strain is located at the center
of the film (ε(zn) = 0, zn = d/2). In the multilayer stack composed of several planar thin
films deposited on a flexible substrate (Figs. 1(a)–1(c)), the differences between the elastic
moduli of the individual films and the substrate cause the shift of the neutral plane from the
mid-stack position. For the multilayer stack of total thickness d =

∑
i di, which is composed of

m films with thicknesses di and the Young’s moduli Yi (i = 1, . . .m), the position of the neutral
plane can be calculated as: z0 = d

2 −
1
2
∑

i(Yi · γi · di)/
∑

i(Yi · di), where γi =
∑

j(βij · dj), and
βij = −1 for j 〈i; 0 for j = i; and 1 for j〉 i [28,42,43]. The z-component of the elastic strain
tensor direction is related to the in-plane x-component as εz = −νεx/(1 − ν), where ν is the
Poisson’s ratio of the film material.
Regardless the differences in the Young’s moduli of different materials, the strain gradient

along the vertical direction in the active semiconductor layer is inversely proportional to the
radius of the sample curvature: ∂εz/∂z = (εz(z) − εz(z0))/(z − z0) = −ν/(1 − ν)R−1, (R = K−1),
which has been measured from the side photographs of the bent structures. The geometrical and
mechanical parameters of all the materials used in the detector prototypes are summarized in
Table 1 below [44,45].

Table 1. Mechanical parameters of the materials used in photo-detector structure.

Material Thickness (µm) Young’s modulus (GPa) Poisson’s ratio

Bi2Te3 1.5 50 - 55 0.25

Polyimide 127 2.5 - 4 0.34

Si3N4 0.8 150-297 0.25

Au 0.1 79 0.42

6. Discussion and outlook

We demonstrated photo-detection and energy generation in narrow-bandgap semiconductor thin
films subjected to inhomogeneous strain in the absence of semiconductor junction, and without
external bias. We showed experimentally that the developed photo-detectors can generate electric
power during both the daytime and the nighttime, by either harnessing solar and thermal radiation
or by emitting thermal radiation into the cold sky, including the possibility of energy harvesting
from the coldness of the universe. It should be noted that both responsivity and the response
time of the detector prototypes based on polycrystalline bismuth telluride active layers reported
here are severely limited by the semiconductor material quality. Since the photocurrent scales
linearly with the charge carrier mobility and the carrier drift time scales inversely with the
mobility and the induced electric field, we expect significant improvements in both the detector
responsivity and the response time by increasing the carrier mobility via use of single-crystalline
materials. Epitaxially grown Bi2Te3 films or other single-crystal materials commonly used
in IR photo-detectors, such as e.g. PbTe or PbSe, exhibit room-temperature charge carrier
mobilities two-three orders of magnitude higher that the devices studied here, paving the road to
corresponding improvement in the detector performance. In turn, the internal electric field scales
linearly with the strain gradient and the flexoelectric coefficient of the material, offering further
room for performance enhancement. Finally, the technology is not limited to Bi2Te3 as the active
material, and offers many potential applications in night vision, wearable sensors, long-range
infrared and multi-spectral LIDAR, and daytime/nighttime energy generation technologies.
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