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All inkjet-printed perovskite-based bolometers
Charles Trudeau 1,2, Patrick Beaupré2, Martin Bolduc3 and Sylvain G. Cloutier 1✉

We show flexible bolometer devices produced entirely using digital inkjet printing on polymer substrates. The bolometers consist of
a silver interdigital electrode thermistor covered with a methylammonium lead trihalide perovskite absorber layer which shows
good absorber characteristics at visible wavelengths. Both the standalone thermistor and the complete bolometer devices show
polymer PTC thermistor-like behavior over a temperature range of 17 to 36 °C, with a change in resistance up-to six orders of
magnitude over this temperature range. The addition of the perovskite absorber to the thermistor structure provides the
illumination-dependent behavior proper to bolometers.
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INTRODUCTION
Recent advances in ink formulation paved the way towards the
use of inkjet printing as a viable alternative for active optoelec-
tronic device fabrication1–6. Inkjet printing provides two distinct
advantages over more traditional fabrication approaches. As a
digital fabrication method, it can allow a dynamic change of the
printed pattern architecture with little or no production down-
time. It also favors an optimal use of the expensive functional inks,
which in turn limits the financial and environmental impacts. With
the advent of high-speed manufacturing-scale print engines,
inkjet printing is becoming an increasingly appealing fabrication
process for low-cost, flexible, active, and passive electronic
devices7. Smart-buildings, biomedical, and wearable monitoring
applications urgently need inexpensive and low-SWAP (size,
weight, and power) flexible temperature and light sensors. These
critical applications often call for a limited temperature range of
operations but require a high level of accuracy and precision.
Typical temperature ranges of 30–50 and 15–40 °C are usually
required for applications in health care/human activity monitoring
and for smart building applications, respectively8–12. Compatibility
with low-cost and low-temperature flexible substrates such as
polyethylene terephthalate (PET) and polydimethylsiloxane
(PDMS) is also important to boost device performances and/or
applicability13–16.
The addition of light absorbers to thermistor structures can

effectively create bolometer structures capable of sensing light17.
Combining bolometers and standalone thermistors in a same
system can be beneficial for smart building applications, where
sensing day/night cycles or overcast conditions can provide
additional benefits when compared to standalone temperature
sensing18. One solution-based family of materials with great
promises for light-absorbing capabilities are methylammonium
lead trihalide perovskites (CH3NH3PbX3, X= I, Cl and/or Br). These
precursor-based materials have made tremendous headway in
photodetection and energy harvesting applications19–22, behaving
as outstanding broadband light absorbers23–25. In this work, digital
inkjet printing is successfully used to produce flexible thermistor
and bolometer structures with interdigital silver electrodes and
perovskite absorber layers. Both these devices may be easily
integrated or fabricated on the same substrate for combined
temperature and light sensing.

RESULTS AND DISCUSSION
Device inner workings
The silver interdigital electrodes are printed, following the
thermistor fabrication process depicted in Fig. 1a), using three
different pitch parameters (P), namely; 50, 45, and 40 μm. The
width (W) and gap (G) of the interdigital electrodes, depicted in Fig.
1c), are measured and summarized in Supplementary Table 1,
along with the pad-to-pad resistance at room temperature.
Measurements of W and G are shown in Supplementary Fig. 1.
Thickness measurements of the interdigital electrodes are also
taken and shown in Supplementary Fig. 2. The pad-to-pad
resistance is seen to be highly dependent on P. At P= 40 µm, a
pad-to-pad resistance of 10 ± 5 Ω is measured and suggests
shorting between the interdigital electrodes. Indeed, for P= 40 µm,
multiple shorting pathways are observed between the interdigital
electrodes, these are shown in Fig. 1d. Line bulging at the ends of
the electrode digits occurs due to a known line printing
phenomenon and is responsible for the formation of most of
these shorting pathways26–28. For P= 45 µm, an average of one
electrical shorting pathway is observed per device, while no
shorting is observed for the P= 50 µm devices. For this reason,
only P= 50 µm devices are used for bolometer fabrication. We
speculate that microscopic electrical pathways are created
between the interdigital electrodes in all fabricated devices due
to ink micro-splashing while printing. Evidence of ink micro-
splashing between the interdigital electrodes is highlighted in
Fig. 1e. This may explain the measurable pad-to-pad resistance for
the P= 50 µm interdigital electrodes and the polymer PTC (positive
temperature coefficient thermistor) like behavior observed and
described in the following sections.
Two important figures of merit for bolometer characterization

are the TCR (temperature coefficient of resistance) and the voltage
responsivity of the devices. The TCR is the relative change in
resistance with temperature and is shown in Eq. 1. The voltage
responsivity (Rv), shown in Eq. 1, is measured in VW−1, it is the
ratio of the output voltage and the incident light flux.

Rv ¼ ηαRIb
Gthð1þ ω2τ2thÞ0:5

; (1)

Where η is the light absorption coefficient of the absorber layer, R
is the device resistance, Ib is the bias current, Gth is the thermal
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conductance between the bolometer and its surroundings, ω is
the angular modulation frequency of the incident light, and τth is
the thermal response time. This shows that the responsivity of
bolometers is proportional to the TCR and the light absorption
coefficient. Therefore, a high light absorption coefficient is critical
for the absorber layer material in bolometer fabrication29,30. This is
especially true for flexible bolometers, where thin material layers
are wanted for improved device integrity under mechanical
stresses occurred during device manipulation31,32. The perovskite
precursor chosen for the absorber layer provides very high visible
light absorption23–25, while also providing added humidity
stability when compared to other methylammonium lead trihalide
perovskite compositions33,34.
The absorption of inkjet printed perovskite layers is tested to

validate their implementation as light absorbing layers in
bolometer structures. A simplified schematic of the reflectance
and transmittance measurement set-up is depicted in Supple-
mentary Fig. 3, an integrating sphere is used to capture specular
and diffuse reflection, as well as direct and scattered transmission.
The absorption spectra of different number of printed perovskite
layers are presented in Fig. 2a, while the transmission and
reflection spectra are presented in Fig. 2b. From these results we
observe that a single layer of printed perovskite offers near
complete absorption of visible light up to 550 nm, while two
printed layers drastically improve absorption up to 750 nm.
Further increasing the number of printed layers to three margin-
ally improves absorption at longer wavelengths, while four printed
layers offer almost no further improvement. We consider that two

layers of the printed perovskite absorber is enough for visible light
sensing to validate bolometer behavior.

Device characterization
The devices’ thermistor behavior is tested and is observed to be
stable and repeatable between 17 and 36 °C. Devices with the
perovskite light absorbing layer suffer from degradation at
temperatures below 17 °C while under operation. A more detailed
description of this degradation is provided in the Supplementary
Discussion, photographs of the perovskite undergoing degradation
are shown in Supplementary Fig. 4 while electrical abnormalities due
to the degradation are shown in Supplementary Fig. 5. Above 36 °C,
both device structures reach their maximum resistance, which no
longer fluctuates with increasing temperatures.
The temperature-dependent I–V characteristics of the P= 50 μm

thermistor and bolometer devices are shown in Fig. 3a, b,
respectively. The devices’ pad-to-pad temperature-dependent
resistance, along with the resulting TCR are presented in Fig. 3c.
Similar trends in the temperature dependence of the standalone
thermistor and of the bolometer devices are observed. The
resistance of the devices increases by six orders of magnitude
from 17 to 36 °C. This behavior is reminiscent of polymer PTC
thermistors, where conductive grains, within a polymer medium,
form conductive pathways as the polymer is cooled35,36. It is
evident from these results that the silver interdigital electrodes on
the flexible PET substrate are responsible for the overall
temperature dependence of the bolometer devices as both the
standalone thermistor and bolometer devices possess almost
identical TCR values. Thus, we speculate that the microsplashing of
the silver ink is responsible for the formation of increased
conductive pathways as the devices are cooled and thus dictate
their temperature-dependent behavior.
As shown from Eq. 1, a high TCR is critical for bolometer

operations. Bolometer TCR values typically range between 0.1% °C−1

and 9% °C−1 and depend heavily on the absorber material
used29,30,37. In the case of the devices presented in this article, the
change of resistance originates from the silver interdigital electrodes
and the flexible PET substrate. This allows for much greater TCR
values to be obtained (up to 91% °C−1) when compared to typical
semiconductor absorber materials.
To validate their use as bolometers the I–V characteristics of

both device structures are measured in the dark and under 1 sun
illumination, the results are shown in Fig. 4a. The standalone
thermistor shows only negligible change in I–V characteristics
under illumination, while the bolometer device shows a clear
increase in resistance due to the incident light. The devices’
resistance response under varying light intensities is also
characterized to determine device behavior at lower light levels,
the results are presented in Fig. 4b. Once again, the standalone
thermistor shows only negligible change in device resistance at
any incident light intensity. Interestingly, the bolometer device
shows a linear increase in resistance with incident light intensities

Fig. 1 Printed thermistor and bolometer devices. a Schematic of
the printed device fabrication process. b Photograph of completed
bolometer device. c Schematic of the silver interdigital electrode
with the pitch (P), gap (G) and width (W) parameters. d Photograph of
P= 40 µm silver interdigital electrodes showing electrical shorting
pathways and the line bulging phenomenon (scale bar= 200 μm).
e Photograph of interdigital gap showing evidence of silver ink
micro-splashing (scale bar= 10 μm).

Fig. 2 Optical properties of the printed CH3NH3PbI3−xClx perovskite layer. a Absorption spectra of printed CH3NH3PbI3−xClx perovskite
layers. b Transmission and reflection spectra of printed CH3NH3PbI3−xClx perovskite layers and NoveleTM IJ-220 PET substrates.
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over the tested range. Moreover, the bolometer devices are shown
to respond to light intensities as low as 10 mWcm−2. The transient
voltage response of the devices is also characterized using 1 sun
illumination modulated at 5 Hz, the results are presented in Fig. 4c.
The results clearly show a device response from the cyclic
illumination. However, this response is an order of magnitude less
than observed in the previous on/off illumination tests (Fig. 4a).
This transient behavior is more akin to induced thermic effects,
where the device has insufficient time to cool down between on/
off cycles, than to direct optoelectric effects. Moreover, since
typical perovskite behavior shows decreasing resistance from
incident light (due to an influx of photogenerated charges)38,39,
we deduce that the observed increase in resistance originates
from light-induced heating effects.
From the transient voltage results, a Rv of 28.1 VW−1 can be

calculated (at 5 Hz). This Rv value is low when we compared to other
flexible bolometer devices, typical values of >103 VW−1 can be found
in the literature29,30,37. Although our devices possess high light
absorption and elevated TCR values, the low Rv value is not surprising.
Indeed, thermal conductance between the bolometer and its
surroundings (Gth) is also important in determining the Rv. In typical
bolometer device architectures, the absorber material is often isolated
using a vacuum and/or suspended structures to minimize Gth and
thus increase Rv

40–43. This remains an avenue for further improvement
to the printed devices presented.

Device flexibility characterization
Finally, we characterize the bolometer devices under bending tests to
assess their stability and flexibility. Currently, no norms or standards
exist for testing flexibility in flexible devices. The most common tests
involve cycling bending using a 90° bending angle32,44. Using a
custom built cyclic translational stage, cyclic bending tests are

performed at 100 bends per minute with a bending radius of 5.5mm,
equating to a bending angle of approximately 90°. A photograph of
the bolometer device curved with a bending radius of 5.5mm is
shown in Fig. 5a, where L is the width of the device, r is the bending
radius and θ is the bending angle. The resistance of the device was
measured intermittently after each set of bending cycles, the results
are presented in Fig. 5c, where ΔR is the change of resistance from
the initial device resistance, R0. We observe a modest consistent
increase in resistance up to 3000 bending cycles, after which the
devices deteriorate rapidly and an abrupt increase in resistance is
observed. Major crack formation starts to occur around 3000 bending
cycles and after 5000 bending cycles, the devices suffer from
complete mechanical failure and are effectively in open circuit states.
These cracks spread over multiple interdigital electrodes, and are
present in both the perovskite absorber material and the silver
electrode material. An example of a crack formed in the devices after
3000 bending cycles is shown in Fig. 5b.

Lamination and encapsulation
Device encapsulation/lamination remains to be explored and may
offer critical improvements to device mechanical stability under
bending stresses and device stability at low temperatures.
Lamination can be used to equalize bending stresses and could
minimize crack formation thus improving mechanical stability45.
Lamination can also be used to isolate the device from ambient
humidity, and may improve device stability at low temperatures.
Conversely, lamination may negatively affect the device respon-
sivity by increasing the total heat capacity of the device, thus
decreasing the induced change in temperature from the incident
light. We plan to address device lamination while also exploring
different absorber materials to optimize device performances and
stability in our future works.

Fig. 4 Light-dependent characteristics of the printed thermistor and bolometer devices. a I–V characteristics of the P= 50 µm thermistor
and bolometer devices under dark and 1 sun AM1.5 illuminated conditions. b Resistance of the P= 50 µm thermistor and bolometer devices
under varying AM1.5 illumination intensities (Ib= 1 μA). c Transient voltage response of P= 50 µm bolometer device under 1 sun AM1.5
illumination modulated at 5 Hz (Ib= 1 μA).

Fig. 3 Temperature-dependent characteristics of the printed thermistor and bolometer devices. a Temperature-dependent I–V
characteristics of the P= 50 µm thermistor. b Temperature-dependent I–V characteristics of the P= 50 µm bolometer. c Temperature-
dependent resistance and TCR values of the P= 50 µm thermistor and bolometer devices. (error bars representing standard deviation in
resistance measurements are present but too small to clearly distinguish).
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METHODS
Device fabrication
The devices are printed on flexible NoveleTM IJ-220 PET substrates
(Novacentrix) using a Ceradrop F-series inkjet printer. The substrates are
chosen for their low cost and high transmittance in the visible range46.
Two commercial inks are chosen for device fabrication. The DGP 40TE-20C
silver nanoparticle ink (ANP) is used for printing the silver interdigital
electrode thermistor and the I101 CH3NH3PbI3-xClx (with x « 1) perovskite
precursor (Ossila) is used for printing the perovskite absorber layer.
The 8.5″ × 11.5″ × 0.14mm sheets of NoveleTM IJ-220 PET substrates are

cut into 15 cm × 10 cm rectangles for printing purposes. The cut substrates
are placed on the printer platen which holds them through a vacuum. The
substrates are cleaned to remove particles by blowing filtered compressed
nitrogen and by wiping with a dry non-abrasive lint-free clean room wipe.
Prior to printing, the ANP DGP 40TE-20C silver nanoparticle ink is filtered

through a 0.45 μm PTFE (Polytetrafluoroethylene) filter prior to filling a
1 pL Dimatix inkjet cartridge. The I101 perovskite ink is heated to 70 °C for
2 h and cooled to room temperature to allow for the complete
re-dissolution of the solutes, as specified by the manufacturer. The ink is
then filtered through a 0.45 μm PTFE filter prior to filling a 10 pL Dimatix
inkjet cartridge.
The Dimatix inkjet cartridges filled with the two ink solutions are mounted

into a Ceradrop F-Series inkjet printer. The printing platen is heated to 60 °C
and the interdigital electrodes are printed using a single nozzle in vector mode
printing with a drop separation distance of 17 μm. Once the electrodes are
printed, a short optical annealing treatment is performed using the printer’s
built-in near-infrared (NIR) dryer module (Adphos® CER-42–250) operated at
60% intensity with a platen displacement speed of 5 mms−1. This optical
treatment solidifies the ink and prepares the sample for the following oven
annealing step. The substrate with the optically annealed electrodes is
anchored to a dummy glass substrate and thermally annealed in an oven at
180 °C for 1 h. This process is found to be necessary to avoid damaging the PET
substrates while heating to temperatures above 120 °C. This thermal annealing
temperature is optimized to minimized electrode resistance, as shown in
Supplementary Fig. 6.
To print the absorbing layer, the substrates with the annealed interdigital

electrodes are placed on the printer platen, and the platen temperature is
brought down to 30 °C in preparation for perovskite printing. Two layers of
perovskite ink are printed in an 8mm×8mm square pattern atop the silver
interdigital electrodes using a drop separation distance of 25 μm. Once the
perovskite light absorbing layer is printed, a short optical annealing treatment
is performed using the NIR dryer module operating at 5% intensity with a
platen displacement speed of 20 mms−1. A further oven annealing step is
performed at 90 °C for 3 h to ensure conversion to a crystalline perovskite
layer1, followed by rapid cooling by placing the substrates on a heat sink. All
printing processes are performed at atmospheric conditions with non-
controlled relative humidity of 25–45% using a Ceradrop F-Series printer.
The device fabrication process is depicted in Fig. 1a, while a photograph

of a completed bolometer device is shown in Fig. 1b, and a design
schematic of the silver interdigital electrode identifying key device
parameters is shown in Fig. 1c.

Characterization
Printed device feature sizes are measured using the visible camera and
image processing software on the F series printer. Electrical characteriza-
tion is performed using a Keithley 2400 SMU. Temperature control for
thermistor behavior characterization is performed using a 1487-1013-ND

(Laird Technologies) thermoelectric cooler (TEC) and a k-type thermo-
couple. TCR calculations are performed using Eq. 2,

α Tð Þ ¼ 100 � 1
R Tð Þ �

dR Tð Þ
dT

; (2)

where α(T) is the temperature dependent TCR in %°C−1, R(T) is the
temperature dependent pad-to-pad resistance in Ω, and T is the
temperature in °C.
Absorption spectra are calculated from transmission and reflection

spectra using Eq. 3,

A λð Þ ¼ 100� ½R λð Þ þ T λð Þ�; (3)

where A(λ) is the wavelength dependent absorption in %, R(λ) is the
wavelength dependent reflection in % and T(λ) is the wavelength
dependent transmission in %. The transmission and reflection spectra
are acquired using a Carry 7000 spectrophotometer (Agilent) with an
integrating sphere to capture specular and diffuse reflection, as well as
direct and scattered transmission.
A solar simulator (Oriel Instruments 91160-1000) with a 1000 W Xenon

lamp is used as an illumination source for bolometer behavior
validation. To characterize device behavior under cyclic bending stress,
a custom cyclic translational stage was built to accommodate the
devices. Cyclic bending was performed at 100 bends per minute with a
bending radius of 5.5 mm, equating to a bending angle of approxi-
mately 90°. Additional device characterization details are provided in
the Supplementary Method.
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