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Flexible Vanadium Dioxide Photodetectors for Visible to
Longwave Infrared Detection at Room Temperature
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Naoki Higashitarumizu, Dingchen Wen, Nima Sefidmooye Azar, James Bullock,

Paul Mulvaney, Ali Javey, and Kenneth B. Crozier*

Flexible optoelectronics is a rapidly growing field, with a wide range of
potential applications. From wearable sensors to bendable solar cells, curved
displays, and curved focal plane arrays, the possibilities are endless. The
criticality of flexible photodetectors for many of these applications is
acknowledged, however, devices that are demonstrated thus far are limited in
their spectral range. In this study, flexible photodetectors are demonstrated
using a VO, nanopatrticle ink, with an extremely broad operating wavelength
range of 0.4 to 20 pm. This ink is synthesized using a simple and scalable
wet-chemical process. These photodetectors operate at room temperature
and exhibit minimal variance in performance even when bent at angles of up
to 100 ° at a bend radius of 6.4 mm. In addition, rigorous strain testing of 100
bend and release cycles revealed a photoresponse with a standard deviation
of only 0.55%. This combination of mechanical flexibility, wide spectral
response, and ease of fabrication makes these devices highly desirable for a
wide range of applications, including low-cost wearable sensors and

devices that operate reliably under repeated
mechanical strain or deformation, in con-
trast to conventional rigid devices. For some
applications, such as sensing, mechanical
flexibility of the device allows it to be used
in a system that can conform to a cer-
tain shape, e.g. the human body. In other
applications, mechanical flexibility allows
the device to take a shape that is optimal
for optical system performance. For the ex-
ample, the image of an object formed us-
ing a simple lens lies on a curved sur-
face known as the Petzval surface.*® To
enable high performance imaging to be
achieved with conventional image sensors,
which are arranged in flat focal plane ar-
rays (FPAs), additional lens elements are
needed to correct for the curvature and
chromatic aberration.l®! This leads to com-

hyperspectral imaging systems.

1. Introduction

Flexible optoelectronics is an enabling technology for emerg-
ing platforms that include wearable sensors, curved dis-
plays, bendable solar cells, and curved focal plane arrays.'-!
Most of these platforms require flexible photodetectors, i.e.,

pound lens systems that are bulky and
have stringent tolerances, thereby increas-
ing the manufacturing complexity. Natural
evolution in biology, however, has created an alternative ap-
proach, in which the biological equivalent of the image sen-
sor, i.e., the structures that detect the light, is a curved sur-
face. An important example is human vision, where an image
is formed on a curved retina. Our visual system can collect spec-
tral, spatial and depth information, with a field of view of 135°.
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Figure 1. a) Photograph of flexible photodetectors. b) Schematic illustration of photodetector device architecture. c) TEM image of the VO, nanoparticles.
Inset shows a high-resolution TEM image showing the lattice spacing. d) X-ray diffraction, €) X-ray photoelectron, f) Raman, and g) normalized infrared

photoluminescence spectra of the drop cast VO, nanoparticles.

Arthropods have compound eyes providing a wide field of view
of up to 360° and exceptional motion sensing capabilities. The
success of curved biological image sensors has motivated re-
searchers to produce concave FPAs, e.g. by emulating a concave
surface using flat optoelectronic devices on flexible substrates
and by developing perovskite nanowire based retinas.l”%! Simi-
larly, significant effort has been put into mimicking compound
eyes by arranging silicon detectors in a convex FPA,°] or using
flat FPAs in combination with complex lenses structures to emu-
late ommatidia.l'>*l These approaches involve microelectrome-
chanical structures, complex 3D fabrication processes, and/or
will have limited spectral responsivity either due to the detectors
or the optical components.

1D and 2D materials are viable alternatives for flexible pho-
todetectors due to their exceptional mechanical flexibility and
their self-terminating lattice structures.['>"?1 Both solution pro-
cessed and vapor deposition-based methods have been reported
for visible to short-wave infrared detectors based on 1D and
2D materials.[22!] Comprehensive reviews of flexible photode-
tectors based on various functional materials such as quan-
tum dots, nanowires, 2D materials, organic semiconductors,
perovskite materials are found in the literature.['??] These re-
views note that narrow spectral response and slow response
times are current challenges faced by flexible photodetectors.
Some material platforms present opportunities to address these
challenges. Graphene-based bolometers offer broad spectral re-
sponsivity and have the potential to be integrated into flexible
platforms.[2>-2] However, as graphene is a single atomic layer,
it exhibits weak optical absorption and is challenging to pro-
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duce over large areas and to integrate into flexible platforms.®!
Vanadium dioxide (VO,) and silicon-based bolometers are used
in longwave IR (LWIR) imaging applications, due to their high
thermal coefficient of resistance at room temperature.[?*?] How-
ever, the existing synthesis and fabrication processes for these
bolometers are not compatible with flexible platforms. Yttrium-
barium-copper-oxide based microbolometers have been previ-
ously demonstrated on flexible substrates.[?!] Nevertheless, these
devices require encapsulation and back-reflectors to improve ab-
sorption which adds to the fabrication complexity, while their
spectral range and performance under strain have not been
reported. Organic material-based broad spectral photodetectors
show promise;[#-23% however, these technologies are in their in-
fancy and require further progress to be made on material sta-
bility and integration with CMOS electronics. Realizing flexible
photodetectors with broad spectral responsivity (i.e., visible to
longwave IR) using simple fabrication processes would enable
cheaper, flexible photodetectors and truly curved focal plane ar-
rays (i.e., both the substrate and detector elements are curved)
that permit wide field-of-view imaging with simple lenses. This
could enable low-cost sensing and detection capabilities that can
be applicable in the biomedical, agriculture, space, and defense
sectors.

In this work, we present flexible photodetectors covering the
visible (400 nm) to longwave infrared (20 um) spectral region
that operate at room temperature. We demonstrate bend angles
of up to 100° and bend radii down to 6.4 mm (Figure 1a). The
devices show excellent stability when tested over more than 100
bend and release cycles, with negligible standard deviation in
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photoresponse (0.55 %). The devices are fabricated using solu-
tion processed VO, nanoparticles and adopting a simple interdig-
itated electrode architecture (Figure 1b), which can be easily inte-
grated with CMOS processes. We characterize the material prop-
erties and the photodetector performance at room temperature.
We then describe the mechanism governing the photoresponse.
Finally, we present the performance of our photodetectors under
tensile strain.

2. Results and Discussion

First, we characterize the as-synthesized material to quantify its
composition. Figure 1c shows a transmission microscope (TEM)
image of the drop cast VO, nanoparticles. The typical diameter
of the particles falls in the range of 100-150 nm. A high resolu-
tion TEM image of VO, particles (Figure 1c, inset) shows a lattice
spacing of 0.27 nm, indicating the presence of monoclinic vana-
dium dioxide (M1) in agreement with literature.[3132] Next, we
use x-ray diffraction (XRD) to assess the homogeneity of the crys-
talline structure across a large area drop cast film (Figure 1d). The
peaks identified are in alignment with monoclinic VO, (JCPDS,
No. 043-1051).3334 Of special note is the fact that the (011) plane
is observed at 20 = 27.78°, which validates that the material is a
monoclinic (M1) structure across the assessed area.?*l We carry
out x-ray photoelectron spectroscopy (XPS) to study the oxidation
states and the composition of the film. The spectrum plotted as
Figure 1e shows the presence of V** and V>* peaks. The existence
of V** is due to the rapid surface oxidation of VO, and is com-
monly seen in non-passivated VO, films.?132] At the O1s peak, a
shoulder corresponding to OH is also seen, due to adsorption of
moisture on the surface. Figure 1f plots the Raman spectrum of
the VO, film. Raman peaks are observed at 138.9, 193.3, 222.3,
308.7, 337.3, 388.4, 617.4, and 821.9 cm~'. These peaks are con-
sistent with monoclinic VO,.[3235] Collectively, these results in-
dicate that the drop-cast films are predominantly composed of
monoclinic VO, with a native V,O; surface oxide. Hence, we re-
fer to the material as VO,. Next, we characterize the infrared pho-
toluminescence of the material at room temperature and plot it
as Figure 1g. We observe broad spectral PL in the range of 0.15-
0.6 eV, with a peak at 0.25 eV. The bandgap of monoclinic VO,
(M1) is reported to be 0.6 eV and rutile VO, (R) behaves as a
semimetal.?®] However, during the insulator to metal transition
(IMT) in VO,, pseudo gap states are observed that exhibit opti-
cally induced electronic transitions in the mid-infrared.’”! The
broad IR PL observed here can be attributed to this same phe-
nomenon, where IMT is induced by the incident photon energy,
leading to these pseudo-gap states. Although IR PL indicates a
bandgap in the MWIR range, we demonstrate a long-wave in-
frared response well below the bandgap of VO,, which we at-
tribute to a photothermal bolometric effect.

To characterize the photodetector performance, we use a mid-
wave infrared laser (A = 2.2 um) as an illumination source. Re-
fer to the Experimental Section for detailed information. First,
we characterize the device response time to optical pulses, us-
ing an external square wave as a trigger for the laser diode (il-
lumination intensity 2.55 mW mm~2). The normalized photore-
sponse versus time is plotted as Figure 2a. At a bias of 145 mV,
we find the rise and fall times to be 712 and 240 ms, respec-
tively. We estimate the —3 dB roll-off point to be 0.5 Hz, based
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on the relationship f; 45 = 0.35/ty, where t; is the rise time. The
measured photoresponse to an optical pulse train is observed
to show no baseline drift (Figure Sla, Supporting Information).
Next, we study the current-voltage (I-V) characteristics of our de-
vices. An I-V curve of a representative device under dark con-
ditions and its bias dependent photocurrent under illumination
(4 = 2.2 um, 0.26 mWmm~2) are presented as Figure 2b. Refer
to Figure S1b (Supporting Information) for these curves plotted
in a linear scale. The I-V characteristics of the device shows a
linear behavior below 0.3 V and a subtle super linear behavior
between 0.3 — 1 V (Figure S1b, Supporting Information), under
dark and illumination conditions. These originate from the prop-
erties of the VO, /Au interface. Using these results, we plot the
photoresponsivity versus bias voltage as Figure 2c. The respon-
sivity is also observed to be linear up to a bias of 0.3 V (R x V' {)
and super linear between 0.3to 1V (R « V %). The 2D correlation
coefficient between the dark I-V characteristics and responsiv-
ity versus voltage characteristics is calculated to be unity. Since
the responsivity of a bolometer follows the thermal coefficient
of resistance (TCR), a photoinduced resistance change is mea-
sured as the photocurrent. A perfect 2D correlation indicates that
the responsivity as a function of voltage in our devices is gov-
erned by the VO, /Au contact interface, further suggesting it is
a bolometric effect. We calculate the normalized photocurrent
to dark current ratio (NPDR), defined as the ratio between the
responsivity and dark current (Figure Slc, Supporting Informa-
tion). Within the linear regime (i.e., below 0.3 V bias), on aver-
age, NPDR remains constant (256 W~!). For bias voltages above
0.3V, it is observed to increase up to a value of 346 W~ at 1 V.
We therefore operate our devices in the linear regime below 0.3V,
at a dark current value of 0.2 mA. Next, we characterize the in-
cident power dependence of the photocurrent and responsivity.
Figure 2d presents photocurrent versus incident power density.
The photocurrent increases linearly with power density (I, < P!)
over the range 0.2 to &5 mW mm~2. For power densities greater
than 5 mW mm~2, a non-linear behavior (I, o P >?) is observed.
Consequently, in the linear regime (<5 mW mm~2), the respon-
sivity and detectivity (D*) are observed to be constant (on average
70mA W' and 1.17 x 10 cmHz*>W~!, respectively). A dramatic
increase in responsivity is observed beyond 5 mW mm~=2, reach-
ing 268 mAW ! with a peak D* of 4.47 X 10° cmHz**W~!. We at-
tribute this non-linear bolometric response to the photoinduced
insulator to metal transition in VO,, which will be discussed later.
Finally, we characterize photoresponsivity as a function of wave-
length, to determine the spectral bandwidth of our devices. As
seen in Figure 2f, our devices show an ultra-broad spectral re-
sponsivity from 0.4 to 20 um. We attribute this to a photothermal
bolometric response, induced by the broad spectral absorption
of our device (Figure S2, Supporting Information). In the visi-
ble to SWIR range, steady-state responsivity is measured to be
relatively flat. We expect to a simlar behavior across the MWIR
to LWIR range, however, the responsivity increases with wave-
length. We attribute this effect to the limitation of the measure-
ment technique, where the slowest modulation frequency of the
source is beyond the bandwidth of our device. This results in the
device acting a low-pass filter and underestimating the photore-
sponse at high frequencies (MWIR range). The roll-off of this fil-
ter effect is observed as the gradient in responsivity. We charac-
terize a commercial deuterated triglycine sulfate (DTGS) detector
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Figure 2. Photodetector characterization at 4 = 2.2 um. a) Normalized photoresponse to pulsed illumination, indicating the rise and fall times (10% —
90%). b) Current-voltage characteristics under dark and illumination conditions. c) Responsivity versus bias voltage. d) Photocurrent and e) responsivity
as a function of illumination power density, characterized under chopped illumination. f) Responsivity versus wavelength across visible to SWIR (left
panel, AW~") and MWIR to LWIR (a.u.). The devices are biased between 100-145 mV, to achieve a fixed dark current of 0.2 mA.

beyond its bandwidth and make the same observations (Figure
S3, Supporting Information). Refer to the Experimental Section
for details on the responsivity characterization. We also compare
our work with other reported photodetectors with broad spectral
response that operate at room temperature (Table S1, Supporting
Information). Our work ranks as one of the top reports on broad
spectral responsivity with the added benefit of being on a flexible
platform.

Vanadium dioxide has been extensively used for bolometer ap-
plications in the longwave infrared range (6-14 um).1**3°1 We too
attribute the broad spectral responsivity of our devices to a bolo-
metric effect, since the responsivity is dependent on the inci-
dent power density and remains relatively constant across a broad
spectral range. To confirm that the behavior of our device is gov-
erned by the bolometric effect, we characterize the effect of tem-
perature on its performance. To do so, we fabricate a detector on
a polyimide/SiO, /Si substrate. The fabrication processes and the
detector dimensions are identical to our flexible detectors, except
that the polyimide layer is attached to an SiO,/Si chip and pack-
aged into a 28-pin chip carrier. This makes the device compatible
with a cryostat for temperature-dependent resistance and pho-
toresponse characterization. We measure the [-V characteristics
of the detector as a function of temperature (Figure 3a) under
dark conditions. It can be seen from Figure 3a that the I-V curves
are approximately linear, and increase in slope (i.e., exhibit lower
resistance) as temperature increases. In Figure 3b (left axis), we
plot resistance versus temperature, which exhibits a non-linear
behavior. Using this data, we calculate the temperature coefhi-
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cient of resistance (a):[*]

1 R
=L 9R 100 1
*=Rart™> (1)

where R is the bolometer channel resistance and T is the abso-
lute temperature. We plot the measured a versus T as Figure 3b
(right y-axis). Our devices show room temperature a of 2-3 %K,
which is comparable to values reported in literature,*#?] where
the VO, bolometers are fabricated using physical vapor deposi-
tion techniques on membranes. A steady increase in « is seen till
330 K, beyond which a sharp rise is observed peaking at 347 K,
at which @ = 9.5 %K!. A similar behavior in a of VO_, at the
temperature induced insulator to metal transition (IMT) point is
reported in the literature.!*’]

Next, we measure the photocurrent (at A = 2.2 um) as a
function of temperature and incident power density and plot as
Figure 3c. At room temperature, the photocurrent follows a sim-
ilar trend to that seen in Figure 2d. However, as the temperature
is increased, we observe a saturation point in the detector, be-
yond which we have I, « P %7. With increasing temperature,
this saturation point shifts toward lower incident power densi-
ties. We also characterize the responsivity as a function of tem-
perature and incident power density, with the room tempera-
ture results matching the trend that seen in Figure 2e. The fact
that the photocurrent saturates means that each responsivity ver-
sus incident power density curve (measured at a given tempera-
ture) exhibits a peak at a certain incident power density. These
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Figure 3. Temperature dependence of a) Temperature dependence of |-V characteristics. b) Resistance and temperature coefficient of resistance versus
temperature, measured at a bias of 0.4 V. Black dashed line is a trend line. Temperature and incident power density dependence of c) photocurrent and

d) responsivity, at A = 2.2 um. Photodetector is biased at 0.4 V.

peaks occur at lower incident power densities with increasing
temperature. Log-log scale plots of the photocurrent and re-
sponsivity are presented as Figure S2 (Supporting Informa-
tion) for comparison. The trend in responsivity versus incident
power density (Figure 3d; Figure S2b, Supporting Information)
is similar to the trend in « versus temperature observed at IMT
(Figure 3b). This suggests that the responsivity of our detector
is proportional to a, and that the non-linear behavior of the re-
sponsivity is due to a photoinduced IMT of the VO, film. At low
incident power densities, the change in resistance (and therefore
the photocurrent) is approximately proportional to power density.
However, at a threshold of #5 mW mm~2, photoinduced IMT of
VO, is triggered. At power densities beyond this threshold, re-
sponsivity dramatically increases and reaches a peak. This is con-
sistent with the « versus temperature curve (Figure 3b), where
is observed to dramatically increase and peak at IMT. As the de-
tector temperature is increased, this photoinduced IMT thresh-
old and the peak responsivity shift to lower incident power den-
sities (Figures 3d and 2b). Similar observations are made con-
cerning responsivity versus incident power density across the
Vis-NIR spectral range (Figure S5, Supporting Information). Fur-
thermore, the responsivity at a given incident power density is ob-
served to remain relatively constant across this spectral range, in-
dependent of wavelength (Figure S5b, Supporting Information).
Collectively, these results confirm that the mechanism govern-
ing the photoresponse is a bolometric effect and that non-linear
behavior in responsivity versus power density is due to photoin-
duced IMT. The results also show that by precisely controlling
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the detector temperature, we can operate the detectors at or be-
low the VO, IMT threshold. By operating the detectors at the IMT
temperature, the non-linear high responsivity region can be lever-
aged for detecting low-intensity light.

Next, we characterize the performance of our photodetectors
under tensile strain, by bending the devices using a home-built
uniaxial strain stage and comparing the measured photoresponse
to that of the device under no strain. Refer to the Experimental
Section for a detailed description of the setup. A schematic illus-
trating the device under strain is presented as Figure 4a. By re-
ducing the distance (d) between the end terminals of the flexible
printed circuit, we achieve bend angles (8) of up to 100°. Refer to
Video S1 (Supporting Information) for an animated video of the
experiment. At each step, we measure the corresponding bend
radius from a photograph of the device using image processing
and plot it as a function of bend angle (Figure 4b). The smallest
bend radius achieved using this setup is 6.4 mm at a bend an-
gle of 99.4°. We estimate the device strain (¢) using the following
equation:*]

t
= — x 100 2
€= (2)

where ¢ is the thickness of substrate and r is the bend radius.
Here, the uniaxial strain is proportional to the substrate thick-
ness. As we aim to produce a device that can be bent without
compromising the detector performance, we choose the sub-
strate thickness (50 pm) to minimize the device strain. The
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Figure 4. Photodetector characterization under tensile strain. a) Schematic illustration of device under tensile strain, showing bend radius (r), bend
angle (6) and the distance (d) between the device terminals. b) Experimentally achieved bend r versus 8, upon varying d from 5 cm (no strain) to 1cm
(highest % strain). c) Calculated tensile strain as a function of experimentally achieved r and 6. d) Photoresponse versus wavelength and bend angle,
normalized to the photoresponse under no strain. e) Normalized photo response averaged between A = 1.5-19 um and presented as function of bend
angle. Error bars indicate the standard deviation (y-error = 2¢). f) Normalized photoresponse versus number of bend cycles.

estimated device strain versus bend angle and radius are plotted
as Figure 4c. The maximum device strain achieved in this setup
is 0.4%, at @ ~100°. We measure the photoresponse spectra at
various bend angles and normalize to the spectrum measured
at 0° (Figure 4d). It is seen that the variation in photoresponse
with @ is negligible. Large variations in the normalized photore-
sponse (x50%) seen near A = 20 pm are attributed to low source
power density at this wavelength, which results in the signal to
noise ratio approaching unity. Refer to Figure S6 (Supporting In-
formation) for a comparison of the raw photoresponse spectra
at bend angles between 0° — 100°, the source power spectrum,
and the measurement noise floor. To quantify the stability of the
devices, we average the photoresponse over the measured wave-
length range and plot it as a function of bend angle, with the
standard deviation plotted as error bars (Figure 4e). On average,
the normalized photoresponse for bend angles from 0° to 100°
shows a standard deviation of less than 1.1%. Next, we character-
ize the cyclic endurance of our detectors by subjecting them to
100 cycles of bend and release test at § ~100°. We measure the
photoresponse at every 10" cycle and normalize the results to the
initial measurement (Figure 4f). The normalized photoresponse
shows a standard deviation of just 0.55% over 100 bend and re-
lease cycles. We also do not observe any notable variations in the
photoresponse time and the current noise density of the detectors
(Figures S7 and S8, Supporting Information), suggesting that the
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VO, films or the contacts do not deteriorate under bend angles
of up to 100°. Collectively, these results indicate that our detec-
tors are robust and can be used for flexible photodetection over a
broad spectral region.

3. Conclusion

In conclusion, we have successfully developed a new de-
vice: flexible photodetectors based on VO, nanoparticle ink.
These photodetectors boast an impressive operating wavelength
range, from the visible to the long wave infrared, with room-
temperature performance. On average, we demonstrate respon-
sivities of 70 mA W~!, which can be increased up to 268 mA W1,
during the IMT of VO,, with a specific detectivity on the order of
10° Jones. Not only do they withstand significant bending, but
they also maintain their photoresponse with minimal standard
deviation (0.55%) even under repeated bending and releasing.
We note that the processing temperatures in our device fabrica-
tion are below 150 °C. This is significantly lower than that of the
physical vapor deposition methods (>500 °C) that are typically
used in the synthesis of VO, thin films. These methods are both
simple and scalable, paving the way for the creation of flexible
IR sensors and truly curved focal plane array detectors for a wide
range of sensing and imaging applications. Our work represents
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a significant step forward in the field of flexible optoelectronics
and opens up exciting new possibilities for the future.

4. Experimental Section

Material Synthesis and Characterization: VO, nanoparticles were syn-
thesized using a wet chemical process.[*4l V,05 powder was reduced us-
ing oxalic acid (C,H,04.2H,0) at a set reflux reaction temperature of
240 °C for 48 h. The reagents were stirred at 450 rpm to an even tem-
perature distribution. The as-synthesized particles filtered and collected
from the precipitate were washed in water and dehydrated under vac-
uum at 550 °C for 90 min. The product was then suspended in IPA/2-
butanol solution (volumetric ratio of 9:1) adopting a general ink formu-
lation method,[**1 and drop cast for material characterization. A detailed
study comparing the synthesis methods and material characteristics of
the VO, nanoparticles compared to those of vapor deposited films, had
been reported.[*4] TEM images were obtained using a FEI Tecnai F20 mi-
croscope at 200 kV. Samples were prepared by drop casting 6 uL of sam-
ple suspension on to a 300-mesh copper TEM grid. X-ray diffractograms
were collected using a Bruker D8 Advance Powder Diffractometer with a
zero-background sample holder equipped with a (Cu- Ka) source. Raman
spectroscopy was caried out using a Horiba LabRAM Evolution micro-
Raman system equipped with a 532 nm laser, 50 X objective and an
1800 lines mm™~" grating. Spectra were obtained at an incident power of
0.25 mW, with a 5 s exposure time and averaged over five measurements.
X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos
AXIS SUPRA PLUS equipped with a monochromatic Al Ka x-ray source
(hv = 1486.6 eV). The spectra were collected at 12 kV with an emission
current of 10 mA, at a spot size of 700 X 300 um?. The infrared photolumi-
nescence (PL) spectrum was measured using a FTIR spectrometer (iS50,
Thermo Fisher) equipped with a liquid N,-cooled HgCdTe detector. The ex-
citation wavelength was 638 nm and the PL was collected with a reflecting
objective (15x magnification).®]

Photodetector Fabrication: IDE patterns (area 0.5 X 0.5 mm?, elec-
trode width 5 um, electrode gap 5 pm) were produced via photolithog-
raphy (MLA150, Heidelberg Instruments, A = 405 nm) on two types of
substrates: 50 um thick polyimide substrates and polyimide on 300 nm
SiO, /Si substrates. The same fabrication processes were performed on
both substrate types. A positive photoresist (AZ1512) was spin-coated on
the substrates and, after exposure, AZ726 solution was used to develop the
electrode patterns. Chromium (10 nm thick) and gold (100 nm thick) were
deposited via electron beam evaporation. The IDEs were obtained after lift-
off in acetone. Photodetectors were fabricated by drop casting the particle
suspension (10 x 2 pl) onto the IDEs. Devices were annealed under vac-
uum at 150 °C for 2 h to remove the solvents. Experiments were performed
on the photodetectors on polyimide/SiO, /Si substrates to study the effect
of device temperature on detector responsivity. Each chip was packaged
in a 28-pin dual in-line chip carrier and heated using a cryostat.

Photodetector Performance Characterization: To study the device per-
formance, a laser that operates in the MWIR spectral range (4 = 2.2 um)
was used that operates in the MWIR spectral range (A = 2.2 um). The
output of the laser source was coupled to a reflecting objective (mag-
nification 10x) and focused onto the device under characterization. For
all measurements, the devices were biased between 100-145 mV using
a transimpedance amplifier (TIA, SRS 570) to achieve a fixed dark cur-
rent (0.2 mA, offset to zero with an input offset) and the photoresponse
was obtained using an oscilloscope. Time-resolved photocurrent was ob-
tained by modulating the laser source using a square wave (2 V peak-to-
peak, 0.1 Hz). The |-V characteristics of the devices were measured using
a source measure unit (SMU, Keithley 2450) under dark and illumination
conditions (continuous wave operation, 0.26 mW mm~2). The bias depen-
dence of photocurrent and responsivity were determined using data from
these measurements. Current noise density was characterized under the
same bias conditions using a TIA and a lock-in amplifier (LIA, SRS 860) at
0 =0°and # =100 °. The current noise density spectrum was measured
sixteen times and averaged. Photoresponse as a function of power density
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was characterized using a variable optical density (0.04 —4) filter wheel that
was placed in the beam path. Sixteen photocurrent measurements were
performed at each incident power density. These values were averaged.
The incident power density on the device was measured through a pin-
hole aperture (500 um), by replacing the photodetector with a broadband
thermal sensor (Thorlabs, S401C) connected to a power meter (Thorlabs,
PM100D).

Visible-SWIR Photoresponsivity Characterization: A laser driven white
light source (400-1000 nm) coupled to a monochromator was used
for Vis-NIR responsivity characterization. A Xenon lamp coupled to a
monochromator (Cornerstone 260i, Newport) was used to characterize
the responsivity in the shortwave infrared range (1000-1500 nm). The il-
lumination between 400 to 1500 nm was varied in steps of 10 nm. A long
pass filter (750 nm) was used in the beam path for wavelengths > 760 nm
as an order sorting filter to remove the second order wavelengths transmit-
ted by the monochromator. A visible objective (4 =400-1000 nm, magnifi-
cation 10x) and a visible-NIR objective (4 = 1000-1500 nm, magnification
50x) were used to focus the light onto the device. The photodetectors were
biased (145 mV) using a transimpedance amplifier (TIA, SRS 570), with
the dark current offset to zero. The light beam was mechanically chopped
at 0.1 Hz and the photocurrent was measured with an oscilloscope. The
illumination power density at the focal plane was measured through a pin-
hole aperture (500 um), using a power meter equipped with calibrated Si
(430-750 nm; Thorlabs, S121C) and Ge (750-1500 nm; Thorlabs, S122C)
photodiodes. The photoresponsivity was quantified as R(4) = I, (4)/ P(4),
where P is the incident power on the device (area 0.5 x 0.5 mm?). Specific
detectivity was calculated as follows:

R,VAXAf

1

D= )

n

where R is the spectral responsivity, A is the detector area in cm? and Af
is the bandwidth and i,, noise current measured at 1 Hz.

MWIR-LWIR Photoresponsivity Characterization: MWIR-LWIR photore-
sponse was characterized using an FTIR spectrometer (Frontier, Perkin
Elmer). The black body illumination from the FTIR source was modulated
by a Michelson interferometer, which was coupled to a reflecting objective
(magnification 40x/10x) and focused onto the photodetector. The pho-
todetectors were biased using the TIA with the dark current offset to zero
with an input offset. The amplified photoresponse from the device was
then feedback to the external detector interface of the FTIR and Fourier
transformed to resolve the wavelength dependent photoresponse (/p, (4))-
The relative power spectrum of the blackbody source versus wavelength
(IoTcs (4)) was measured using the internal deuterated triglycine sulfate
(DTGS) detector of the FTIR. The relative infrared photoresponsivity R(A)
was calculated as I, (4)/ Iprcs (4) in arbitrary units, 1242 for the mid-wave
to long-wave infrared range. As the modulation frequency of the Michel-
son interferometer (> 30 Hz) was beyond the frequency bandwidth of the
devices, the absolute responsivity at steady state was could not be quan-
tify using this approach. The transmittance and the reflectance of a flex-
ible bolometer was measured under ambient environment, using a mi-
croscope (Spotlight, Perkin Elmer) coupled to the FTIR. Air and a gold
coated mirror surface were used as references in the tranmittance and re-
flectance measurements, respectively. Absorbance of the device was cal-
culated as A = (100-T—R)%. Refer to Figure S9 (Supporting Information)
for a schematic illustration of the experimental setup.

Temperature Dependent Detector Performance: Photodetectors pack-
aged in a chip carrier were mounted onto a cryostat (Janis Research).
Measurements were carried out in ambient pressure, by increasing the
chip carrier temperature from 295 to 355 K, in steps of 2 K. |-V character-
istics were acquired using a source measure unit (Keithley 2450). A laser
(A=2.2 um) operated in continuous wave mode was used as the MWIR il-
lumination source. Methods used to vary and measure the incident power
density at the focal plane were described in the above “Photodetector per-
formance characterization” section. The detector was biased at 0.4 V using
a TIA (SRS, 570) with the dark current offset to zero. Sixteen photocurrent
measurements were performed at each incident power density using a LIA
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(SRS 860). These values were averaged. Responsivity was calculated as the
ratio between the photocurrent and the incident power on the detector.

Tensile Strain Application:  Flexible photodetectors were mounted on a
home-built strain stage. Electrical contact with the devices was made us-
ing a flexible printed circuit (FPC) connector, coupled to a breakout printed
circuit board (PCB). Refer to Figure S10 (Supporting Information ) for op-
tical images of the photodetectors under strain and Video S1 (Supporting
Information ) for an animated video of the experiment. The substrate was
uniaxially bent by reducing the distance between the FPC end terminals, in
steps of 5 mm. Substrate curvature at each step was imaged with a camera.
The bend radii and angles were calculated via image processing (Image)).
MWIR to LWIR range photoresponse was measured using the FTIR un-
der varying bend angles up to 100 °. At each bend angle, 20 spectra were
acquired and averaged. These were normalized to the spectrum acquired
at @ = 0 °. The endurance of the device over 100 repetitive bend and re-
lease cycles was characterized by measuring the photocurrent (4 =2.2 um,
10.7 mW mm™2) at every 10 cycles. These were normalized to the value
obtained at the O cycle.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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