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Nanoparticles have become a significant area of research, offering properties that bridge the gap
between bulk materials and atomic structures. Silver nanoparticles (AgNPs), specifically, have shown
promise due to their plasmonic properties. Despite extensive studies, capturing the photon-to-heat
conversion efficiency of individual nanoparticles has been challenging. Here, we present an approach
to determine these properties using an ultra-sensitive bolometer with a power resolution of ≈26 pW.
Our investigations reveal that a single AgNPcan dissipate powerwith amagnitude between ≈101.3 fW
and ≈205.3 fW, an observation that underscores the potential of these particles for efficient energy
conversion. This finding enhances the understanding of AgNPs’ behavior and pushes the field of
nanoparticle plasmon physics forward. Therefore, the refined use of such nanoparticles could bring
advancements across a range of applications, from high-resolution imaging and advanced
spectroscopy to environmental surveillance and innovative medical treatments.

Plasmonic nanoparticles, with their distinctive optical properties, have
garnered significant attention in many scientific domains1,2, from biome-
dicine to environmental science3,4. Among all nanoparticles, silver nano-
particles (AgNPs) attract attention due to their pronounced localized
surface plasmon resonance (LSPR) capabilities5,6. This LSPR phenomenon,
a collective oscillation of conduction electrons stimulated by incoming light,
grants AgNPs the remarkable capability to amplify and confine electro-
magnetic fields at the nanoscale7, rendering them applicable to diverse
sectors8. Furthermore, these nanoparticles can transform absorbed light
energy into heat through the photothermal effect (PTE)9,10. This feature has
been instrumental in various domains, including cancer treatment, where
light-induced heating targets and eradicates cancer cells11,12.

Bolometers, known for their ultra-sensitive heat detection capable of
sensing heat fromahuman even fromconsiderable distances13–15, operate by
converting thermal variations into changes in electrical resistance. Their
versatile applications span infrared astronomy13, thermal imaging16, mate-
rials characterization17, preventive maintenance18, and, in recent years,
thermal imaging of newly constructed homes19.

Introducing AgNPs to bolometer membrane surfaces seems promis-
ing, given bolometers’ power sensitivity and resolution. Unfortunately,

bolometers cannot measure individually local events on their membrane,
only a global membrane dynamic and static temperature response. The
deposition process of AgNPs is influenced by electrostatic adsorption
between the bolometer membrane and the AgNPs. This adsorption is
subject to the surface charges of both entities,which canbemodulatedby the
environmental pH value. As pH levels shift, the activity of hydroxonium
ions (H3O

+) changes, potentially impacting the surface charge through
protonation or deprotonation events20. Harnessing the heat-conversion
capability of AgNPs could further optimize bolometer power efficiency.

In this study, we provide a comprehensive examination of the power
dissipated at the bolometer surface after illumination due to the presence of
attached AgNPs. Investigation into resulting changes in the bolometers’
thermal and spectral behaviors enabled us to estimate the power dissipated
by a single AgNP. Furthermore, we explored the influence of pH values on
the deposition process of AgNPs on bolometer surfaces. Evaluations con-
sidering the distribution and size effects of AgNPs on bolometer response
are also shared. Our findings elucidate the potential of AgNPs to probe
plasmonic properties and enhance bolometer efficiency. We anticipate that
our insights will inspire further exploration in this innovative field of
nanotechnology.
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Results and discussion
Design and characterization of the high-sensitive bolometer
Thebolometer employed in this studybuildsonpreviousdesigns21,22, refined
using the Nanolithography Toolbox23,24 for layout generation. Our bol-
ometer membrane, with a designed sensitive area of (25 × 25) μm², was
anchored by two SiO2 legs to improve the thermal insulation. The sensing
element of the bolometer was in a resistance temperature detector (RTD)
made from Ti in the suspended area. The bolometer membrane was ultra-
sensitive to radiation power; here, it functioned as a temperature sensor to
study the PTE of AgNPs (Fig. 1a). We fabricated the bolometers through
micromachining technology andmodifiedAgNPs on their surface using the
electrostatic deposition method (Fig. 1b). Each chip featured 48 individual
bolometers at the center, and each bolometer had its extension leads and
pads for further wire bonding (Fig. 1c and d). Our final bolometer legs each
had measured dimensions of ≈1.2 μm for width, ≈0.424 μm for thickness,
and ≈62 μm for length for excellent thermal isolation.

The device, comprising two Si chips, each housing 48 bolometers,
having one device with and the other without the AgNPs paired together,
was positioned in a vacuum chamber. Each bolometer had an independent
electrical connection. Two bolometers, one with and one without AgNPs
and both with a resistance (R) of ≈ 10.86 kΩ25, were incorporated into an
AC-powered Wheatstone bridge under a voltage bias(VB) in differential
mode. The differential voltage (ΔV =V1−V2) derived from the bridge
outputs was further processed by a lock-in amplifier, with the result (ΔVL)
being recorded by an oscilloscope (Fig. 2a)26. The bolometers were exposed
to light from an Xe lamp via a grating monochromator and liquid core
optical fiber. The vacuum chamber was thermally shielded and maintained
an internal pressure of ≈12mPa, reducing the bolometer membrane’s
temperature fluctuations.

The PTE of AgNPs was evaluated by monitoring the dissipated power
by bolometer when shining light on the AgNPs deposited membrane. We
used an Xe lamp providing light with a spectrum wavelength from 260 to
1000 nm. This light source was connected via liquid core optical fiber to a
grating monochromator to select the desired wavelength to illuminate the
bolometer in the vacuum chamber (Fig. 2b). During the PTEmeasurement,

the scanning step duration for each photon wavelength (λ) was set to 10 s,
with an additional ≈1 s needed for changing values and stabilization of the
monochromator. AMATLAB script was used to compute the average value
for each wavelength, with data processing undertaken using the Origin
software (Fig. 2c).

The temperature coefficient of resistanceTCR (α) of the bolometerwas
characterized using the method mentioned in the previous section, and the
results of R as a function of temperature (T) were plotted. We adopted a
linear curvefitting as the resistance (R) variedwith temperature (ΔT) can be
approximated this way:

R ¼ R0 1þ α � ΔTð Þ; ð1Þ

where R0 is the sensor’s resistance at 0 °C, and α represents the TCR. The
calculated values, R0 and α, of the tested bolometer were
(9.98 ± 1.14 × 10−3) kΩ and (0.27 ± 7.63 × 10−4) %K−1, respectively, both
with (mean value ± fitting error) (Fig. S1 in Supplementary section 1). We
then formed the Wheatstone bridge consisting of a single bolometer and
three fixed resistors and powered it withVB set to 50mV, resulting in a PJ of
≈58.6 nW, per Eq. (2) in the “Methods” section, and a bolometer tem-
perature rise of ≈1.47 °C, per Eq. (3) in the “Methods” section. The self-
heating method facilitated the measurement of the bolometer’s thermal
parameters using short VB pulses with variable VDC bias27 (Fig. S2a, b in
Supplementary Section 2). Measurements from three bolometer sets
revealed the following both thermal capacitance (H) and conductance (G),
as well as the time constant (τ) as ≈0.84 nJ K−1, ≈45.95 nWK−1, and
τ ≈ 18.32ms, respectively (Fig. S2c in Supplementary Section 2). All
measured thermal parameters of the different bolometers are listed in
Table 1.

The resolution of the bolometer was influenced by two key aspects:
thermal isolation evaluated by the Gmagnitude and the temperature noise
of the system. The bolometer used was well isolated by the “L” shaped legs,
obtaining aG value of ≈45.95 nWK−1 in a vacuum test chamber. Thus, the
resolution of our bolometer depended on the temperature noise, including
electrical noise in the test circuit and heat fluctuation in the test

Fig. 1 | Schematic of the bolometer design and its fabrication. a Schematic of the single bolometer structurewith silver nanoparticles (AgNPs). bFabrication process flowof
the bolometer device and AgNPs deposition. c Photograph of two Si chips, each with 48 individual bolometers and d its top view.
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environment. The temperature stability of the thermal isolation box was
characterized using a thermometer with a resolution of ≈1mK, which
showed a fluctuation of ≈0.3 K at ≈296.15 K (≈23 °C) throughout ≈2.8 h.
This fluctuation of the environment was further decreased by the employ-
ment of the vacuum chamber, thus lowering the temperature noise. We
measured the temperature noise with settings adjusted to VB, lock-in
amplifier gain factor (S), and differential amplifier gain factor (B) values of
50, 1mV, and 10,000, respectively, and the TT valve acquired as
≈3.41 kVK−1, per Eq. (5) in the “Methods” section. The system noise was
captured and calculated at 1.381 V, obtaining the temperature noise and
resolution of ≈404.7 μK and ≈26 pW, respectively (Fig. S2d in Supple-
mentary Section 2). Maintaining a consistent temperature is essential for
accurate measurements, especially when assessing minute changes that can
significantly impact readings.

The power sensitivity of the bolometer was evaluated using light
radiationon themembrane.Weutilized bolometer “d”with a resistance (Rr)
of ≈12.06 kΩ and aG value of ≈39.96 nWK−1 for this measurement. It was
determined to be ≈12.74 μVK−1, using Eq. (5). A light source was used for
calibrating the bolometer’s response. We employed a blue light-emitting

diode (LED) with a wavelength of 490 nm as the radiation source. The LED
powerwas quantifiedusing anoptical powermeter at a distance between the
light probe and the fiber of ≈12mm. The lighting power density (DL) was
then calculated by dividing the power meter detector area (0.79 cm2). After
positioning the fiber above the vacuum chamber, we illuminated the bol-
ometer surface. The power induced in the bolometer (PIN) by radiation was
calculated based on its area and the lighting power density (Fig. S3a and
Table S1 in Supplementary Section 3). The lock-in amplifiers’ time constant
was set to 1ms, enabling the recordingof thermal response andextractionof
the τ value using exponential curve fitting. Subsequently, VB, S, and B were
set to 50, 500mV, and 2000, respectively, resulting in a TT of ≈1.365 VK−1

andapower transformation coefficient (TP)of≈34.16mV nW−1 (Fig. S3b in
Supplementary Section 3).

Evaluationof theAgNPsdistributionon thebolometermembrane
The electrostatic adsorption of silver nanoparticles (AgNPs) onto bolometer
membranes is influenced by the interplay of surface potentials initiated by
the addition of diluted HCl. This process is significantly affected by the
surface charge of Ti and Si materials, which are vital for interaction with
citrate-stabilizedAgNPs.These interactions are dependent on the isoelectric
points of the natively oxidized surfaces (likeTiO2 andSiO2) and the pH level
of the AgNP dispersion. Effective surface interaction is expected in condi-
tionswhere citrate remainsdeprotonated (pKa > 3.1), and the surface gains a
positive charge through protonation. We used a scanning electron micro-
scopy (SEM) type MIRA II SEM instrument (Tescan a.s.), setting its para-
meters, such as working distance and magnifications, to ≈4.3mm and
×7220, respectively, resulting in a field of view of 30 μm. The SEM images
were used to confirm the immobilization of AgNPs onto the micro-
bolometer membranes at various pH levels by counting the number of
particles using Image J software28. The number of AgNPs was calculated
based on the total area occupied by them. Per the datasheet, the size of the
AgNPwas ≈100 nm. Thus the area of each particle was ≈7850 nm2, serving

Fig. 2 | Measurement setup using a bolometer for heat detection. a Reference and
testing bolometer was connected to a Wheatstone bridge with its outputs processed
by a differential amplifier (V1−V2) and subsequently by a lock-in amplifier with its
output (ΔVL) recorded by an oscilloscope. b Two Si chips with bolometers, one with
and one without silver nanoparticles (AgNPs), were placed into a vacuum chamber,

and the whole chamber was located in a temperature-controlled thermally shielded
box. Light projected onto the bolometers originated from an Xe lamp, with a par-
ticular wavelength selected by amonochromator and delivered via a liquid core fiber.
cMeasurement output demonstrated an observed response to monochromatic light
across various wavelengths.

Table 1 | Thermal parameters and number of AgNPs on the
membrane of each microbolometer used in the experiment

Number Rr (kΩ) G (nWK−1) τ (ms) Number
of AgNPs

Total
P (nW)

P of
AgNP (fW)

a 11.07 73.01 14.80 7049 1.2 170.2

b 11.37 55.63 15.78 8196 0.83 101.3

c 11.52 45.06 22.23 6576 1.23 187.0

d 12.06 39.96 22.99 7063 1.45 205.3

r1 10.15 41.02 20.34 0 \ \

r2 10.17 40.78 20.80 0 \ \
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as the reference for the subsequent countingprocesses. EachSEMimagewas
analyzed three times, and the average value of the number of AgNPs was
obtained (Table 1).

The SEM images revealed that theAgNPs tend to aggregate belowapH
of 3.5, a phenomenon likely due to the complete protonation of citrate
molecules surrounding the nanoparticles. The concentration of H3O

+ ions
in the surrounding environment crucially impacts the chemical equilibrium,
causing changes in surface chargedue toprotonationordeprotonation.This
change enhances the electrostatic interaction between the SiO2 on the
bolometer surface and theAgNPs.Wedemonstrated the influenceof thepH
with AgNPs suspension to achieve the optimized spread of AgNPs across
the membrane. Our focus was getting large area coverage without the for-
mation of clusters. The best results were obtained using suspension with a
pH of 3.5, as is shown in Fig. 3a.

The quantity of AgNPs adsorbed on the bolometer membrane
increased as the pH of the colloidal suspension decreased, with aggregation
observed below pH 3.5 and above 4.5. For light scanningmeasurements, we
evaluated bolometer membranes with both high and low AgNP densities,
prepared at pH 3.5 and 4.5, respectively. This approach allowed us to assess
the signal from varying particle densities. Bolometers with aggregated
AgNPs, especially those outside the ideal pH range, were excluded from
further testing due to their adverse impact on the localized surface plasmon
resonance (LSPR) effect. Our findings highlight the delicate balance

required in pH manipulation to optimize the adsorption of AgNPs onto
bolometer membranes, underscoring the nuanced interplay between
nanoparticle chemistry and surface physics. This understanding is crucial
for advancing applications in high-precision sensors and nanoscale thermal
imaging.

Optical absorbance measurements were performed using the Multi-
View 4000 scanning near-field optical microscope (Nanonics Imaging Ltd.)
in dark field observation mode. These measurements were conducted on
three distinct spots, as shown inFig. 3a, of a single bolometer, evaluated both
with and without silver nanoparticles (AgNPs), to assess the uniformity of
the measurements using an objective with 100× magnification.

The absorbance spectrum revealed the immobilization of 100 nm
AgNPs on the bolometer membrane at a pH of ≈3.5 measured at four
different bolometers showed a peak absorbance at ≈380 nm (Fig. 3b).
Moreover, a noticeable dip in absorbance was observed, reaching its lowest
point at≈460 nm. In contrast, the bolometerwithoutAgNPsdisplayed aflat
absorption curve, missing significant peaks, thus conclusively confirming
the presence of AgNPs on the membrane. Details measured at the device
with adsorption performed at a pH of 3.5 having an SEM image in (Fig. 3a)
are shown in (Fig. 3c) and all measurements at 23 bolometers in Fig. S4 of
Supplementary Section 4.

The variation in amplitude ≈460 nm could be attributed to impurities
associated with the immobilization of AgNPs and the scattering effect,

Fig. 3 | Characterization of the deposited AgNPs on the bolometer membrane.
a SEM images of the bolometer membrane with adsorbed AgNPs at different pH
values from 3.0 to 6.9 showing an optimized results at a pH of 3.5. bMeasured
relative light absorbance by scanning near-field opticalmicroscopy (SNOM) at three

different spots at four bolometers having the AgNPs adsorbed at the membrane at
pH of ≈3.5 as well as SNOM measurement at the membrane without AgNPs as
background reference. cThe SNOMmeasurement from a single device at three spots
is marked in the SEM image of AgNPs in pH 3.5.
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which may contribute to reflectance. This variation could also be due to
changes in the roughness of the Si surface beneath themembrane following
XeF2 etching

29. It should be noted that the negative part of the spectra,
although overlapping with the absorption maximum of AgNPs, does not
hold significant meaning, as the device’s construction did not allow for
detailed analysis such as transmission spectra. The issue of the rough surface
on the Si substrate beneath themembranemight bemitigatedby prolonging
the etching duration of Si, thereby distancing the substrate surface from the
membrane. However, this method poses a substantial risk of under-etching
the bolometer leads, potentially resulting in membrane collapse. A prefer-
able strategy might involve adopting a different fabrication technology,
which includes exposing the substrate from the backside to reduce scattered
light andutilizing a silicon-on-insulatorwafer as the substrate for bolometer
fabrication. The actual SPR absorption maximum is not at ≈380 nm but
rather higher, as later confirmed by power dissipation measurements.
Manufacturer data indicates the maximum absorption range to be between
490 and 515 nm.Hence, the apparent discrepancy can likely be attributed to
the aforementioned optical effects and the rough Si substrate beneath the
bolometer membrane.

Calorimetry for localized surface plasmon resonance effect
of AgNPs
The AgNPs utilized in our experiment exhibited a strong plasmonic reso-
nance at a specific wavelength (SPR absorbance maxima) within the visible
range. When illuminated with light that matched this SPR absorbance
maximum, efficient photon-to-heat conversion occurred due to LSPR. This
increased the temperature within the AgNPs, which was then immediately
transferred to the bolometer membrane and measured by the temperature
sensor (Fig. 4a). For reference, we also utilized a bolometer without AgNPs
to respond directly to light. We investigated the bolometer’s response to
varying light wavelengths, particle counts, and sizes. The power detection
limit of the employed bolometer was calculated to be ≈26 pW. We used a
broadband light source fromanXe lampwith anominal power of 100Wfor

illumination and light detection. The light source was connected via a
monochromator and spectrum analyzer, respectively (Fig. S5 in Supple-
mentary Section 5).

The liquid corefiberwas directly in contactwith the optical windowon
the vacuumchamber, ensuring a constant distancebetween thefiber and the
device. This maintained identical light conditions for different measure-
ments. The λ of the light illuminating the bolometer membrane was varied
from 300 to 800 nm in increments of 10 nm. Each wavelength was held for
10 s, allowing the bolometer to reach a stabilized state with a τ of ≈18ms.
The filters inside the monochromator were adjusted based on the desired λ
and duration. The response of the bolometer heating varied depending on
the interrogating wavelength, so we used a bolometer without AgNPs as a
benchmark to detect the effect of AgNPs’ presence. We compared the
measurements of the bolometer with and without AgNPs to observe the
differences caused by the presence of nanoparticles (Fig. 4b). The response
of the light scanning for λ below 350 nm was identical in both cases, with a
similar increase observed for λ of 340 nm. However, the heat generation on
the bolometer with AgNPs exhibited different behavior to the bolometer
without AgNPs, from 350 to 680 nm (Fig. 4c and d). The additional heat
generation was caused by enhanced light absorption when the AgNPs were
presented at the surface.

Photothermal power output from a single AgNP
We performed measurements on various bolometers with different para-
meters and AgNPs, as listed in Table 1, to assess the response of the PTE.
Four bolometers with varying distributions of AgNPs, along with two
without AgNPs, were measured under identical conditions and settings.
Each measurement was repeated four times (Fig. 5a). The bolometers
without AgNPs exhibited good repeatability for λ ranging from ≈300 to
≈780 nm, with negligible differences observed for λ values exceeding
≈500 nm. The increase in response observed on the bolometer without
AgNPs during λ scanning can be attributed to nonuniformity in mono-
chromatic light intensity. Consequently, the average value obtained from

Fig. 4 | Photothermal effect measurement of silver nanoparticles (AgNPs) using
bolometer. a Principal diagram of heat generation and transfer on bolometer
membrane with and without AgNPs. b Response of the bolometer during light
scanning in different λ. c The bolometers have identical responses when λ below

340 nm, and the difference increases with the changing of λ. d The response of
monochromatic light back to the same level with λ of 680 nm for bolometer with and
without AgNPs.
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the measurements on bolometers without AgNPs was considered as a
baseline for extracting heat generation by the PTE (Fig. 5b). Our results
reveal that the absorption maxima of the AgNPs are between 400 and
500 nm. Results from all four bolometers are shown in Fig. 5c. We selected
bolometer “d” for a detail description of themeasurements. This device had
a total 7063 AgNPs at its membrane and reached a maximum heat gen-
eration of≈1.45 nW, corresponding to the heat generation by a singleAgNP
of≈205 fW(Fig. 5c). The averageAgNPshas anominal diameter of 100 nm,
corresponding to the area of 7854 nm2, which is 7.85 × 10−15 m2. Then, we
can recalculate the heat generation at the unit of area of the AgNPs as
≈22.9Wm−2.

Our study revealed the interactions between the bolometermembrane
andAgNPs. A centralfinding of our research is the precise determination of
the power dissipated in a single AgNP, which was found to be between
≈101.3 and ≈205.3 fW. The enhanced PTE of AgNPs on the surface of a
bolometer is based on the unique surface plasmon resonance properties of
AgNPs. In addition to being influenced by the light source, it also sig-
nificantly relates to the uniformity, density, and inter-particle spacing of the
particles on the bolometer surface. Our process achieves the distribution of
AgNPs on the bolometer surface by adjusting the pH value of AgNP col-
loidal dispersion. The adhesion behavior of AgNPs depends on both the
bolometer membrane’s surface potential and the pH of the suspension
containing the AgNPs. Effective adsorption of AgNPs was observed within
the pH range of≈3.5 to≈4.5. Outside this window, the nanoparticles tended
to cluster. In terms of plasmonic properties, integrating AgNPs with
micromachined bolometer membranes led to a marked increase in power
dissipation when exposed to light near their resonance frequency. Our
studies identified the peak of power dissipation to be ≈460 nm, even though
the SNOM measurement showed that the resonance frequency is at a
wavelength of ≈480 nm. However, even within the same batch of chips,
there are differences in the distribution of AgNPs during self-assembly,
leading to variations in photothermal power with the same light source.
Therefore, representing thephotothermal powerof individual nanoparticles
in terms of a range is more scientific than using a standard deviation. This
significant achievement paves the way for a variety of practical applications
and provides a clearer understanding of nanoparticle behavior at a sin-
gle level.

The ability to measure and harness power from individual nano-
particles might revolutionize several fields30. Enhanced absorption and
dissipation properties of AgNPs could significantly improve medical ima-
ging tools, leading to clearer magnetic resonance imaging outputs. More-
over, the photon-to-heat conversion capability of AgNPs might play a
crucial role in cancer treatments, offering amethod to eliminate cancer cells
while sparing healthy ones31,32. This phenomenon has paved the way for
innovative developments, such as a new generation of polymerase chain
reaction systems known as photonic PCR9,33. Outside the realm of

healthcare, AgNPs promise to transform environmental sensing with ultra-
sensitive pollutant detectors and to advance spectroscopy across various
sectors. Our study has brought to light the extraordinary attributes of
AgNPs, especially when examined with an ultra-sensitive bolometer that
possesses a power resolution of≈26 pW.Apivotal discovery of our research
is that a singleAgNP candissipate powerwith an amplitude between≈101.3
and ≈205.3 fW, demonstrating the efficiency of its energy conversion from
photon to heat. Conversely, the device enables the measurement of total
dissipated power, facilitating the estimation of the number of AgNPs pre-
sent on the bolometer surface. These insights provide a strong basis for
further exploration into the physics of nanoparticle plasmons. The unique
qualities of nanoparticles holdgreat promise for sparking innovations across
a wide spectrum of fields, including imaging, spectroscopy, environmental
monitoring, and medical treatments.

Methods
Bolometer fabrication
We initiated the lithography process by priming the substrate surface with
hexamethyldisilazane (HMDS) vapor. We used a vacuum over setting the
temperature to 150 °C and performed the recommended sequence of
pumping the oven to vacuum, purging with N2, and pumping again several
times. Then we applied vapor of HMDS for 30 s, purged several times again
and then vented.

We always used an i-line photoresist (PR) for lithography through the
spin-coating process using ≈4000 RPM, achieving its recommended
thickness of ≈0.9 μm after pre-baking at ≈110 °C for ≈60 s. The PR was
exposed by a 5:1 stepper and then post-based using identical conditions as
we used for pre-baking. The lithography process concluded with PR
development using a tetramethylammonium hydroxide-based developer
solution and the subsequent removal of any residual undeveloped PR using
O2 plasma for ≈30 s.

First, we formed the fiducial alignment marks in bare Si substrate by
etching it after the lithography into a depth of ≈0.1 μm using SF6/O2-based
plasma. Then, we removed the PR and cleaned the wafers.

The first device fabrication step was the deposition of a ≈0.25 μm layer
of SiO2 through a plasma-enhanced chemical vapor deposition process
(PECVD) (Fig. 1b [i]) followed by sputter-deposition of a ≈0.9 μm Al layer
subsequently patterned to create bond pads and lead-outs (Fig. 1b [ii]). We
sputter-deposited a ≈ 0 nm-thick Ti layer, which, after undergoing reactive
ion etching, served as the temperature sensor on the bolometer membrane
(Fig. 1b [iii]). A protective ≈0.25 μm-thick SiO2 layer covered the Ti sensor
layer by PECVD. After patterning this layer to expose the bonding pads, we
created Si substrate access holes for subsequent Si etching (Fig. 1b [iv]). XeF2
vapor etching of the bolometer substrate isolated the bolometermembrane,
minimizingheat losses to the Si substrate (Fig. 1b [v]). Theprocess usedhere
was the same as the one used before21,22,26.

Fig. 5 | Measurement results of heat generation from a single silver nanoparticle
(AgNP). a Response to the heat change of AgNPs on a bolometer using mono-
chromatic light forwavelength scanning. b Subtracted power generation on different
bolometers using the bolometer without AgNP as the baseline, showing AgNPs a

wide wavelength range sensitive to light. c Total power generated on the bolometer
(green) and counted AgNPs on their surface (red), resulting in an average power
generated from a single AgNP of (101.3–205.3) fW (data from four devices).
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AgNPs deposition
Chemicals employed in the electrostatic deposition of AgNPs on the chips
with bolometers encompassed an AgNP dispersion with a concentration of
≈20 μgml−1 and a nominal diameter of ≈100 nm, sourced from Sigma-
Aldrich. This dispersion, stabilized using sodium citrate, presented a pH
value near 6.9 and had a maximum extinction wavelength of ≈480 nm, as
indicated by the material data sheet. Additional chemicals included HCl
with a concentration of ≈37%, propane-2-ol (commonly known as iso-
propanol or IPA) with a purity of 99.98%, acetone with 99.5% purity, and
deionized water (DI H2O). For pH adjustment purposes, the HCl was
diluted with DI H2O in a 1:100 ratio. The AgNP working solutions were
prepared by mixing ≈1.5mL of AgNP colloidal dispersion with the calcu-
lated quantity of diluted HCl. This ensured the adjustment of its pH to the
specific values of 3, 3.5, 4, 4.5, 5, 5.5, 6, and 6.9.

The process of depositing AgNPs on the bolometer’s surface involved
an electrostatic adsorption technique using AgNP colloidal dispersion with
different pH values. First, we cleaned the chips with bolometers using
acetone to effectively remove organic residues and then cleaned them with
IPA to eliminate any acetone traces. After being cleaned, the chips under-
went a drying process using compressed N2. Each cleaned chip with bol-
ometers was then submerged into one of these AgNPs colloidal suspensions
for a duration of ≈2 h (Fig. 1b [vi]). Post-immersion, the bolometer chips
were cleaned with DI H2O and then dried using compressed N2 (Fig. 1b
[vii]). This methodological approach to fabrication was important in rea-
lizing a device of high performance, providing important insights into the
photothermal dynamics related to AgNPs.

Characterization of the bolometer
The RTD, made from Ti thin film, was utilized as the temperature sensing
element27. We first evaluated its TCR. The bolometer chip was placed on a
hotplate and its resistance wasmeasured as a function of temperature using
the four-point probe method. This resistance (R) varied with temperature
(ΔT) can be approximated by Eq. (1). Bolometer heat balance consists of
dissipated Joule heat (PJ), convection loss (PCV), radiation (PR), and con-
duction (PCD), achieved with Eq. (2):

PJ ¼
V2

B

4Rr
¼ PR þ PCV þ PCD ’ PCD: ð2Þ

In the vacuum testing environment, PCV and PR were negligible due to
the calculated low G value of the bolometer device and the absence of a
gaseous environment, respectively. The thermal conductance (G), capaci-
tance (H), and temperature difference (ΔT) between the microbolometer
membrane and the substrate chip define PCD, as per Eq. (3):

PCD ¼ H
dΔT
dt

þ G � ΔT: ð3Þ

The Wheatstone bridge output (ΔV) is achieved with Eq. (4):

ΔVL ¼
10 � B � P � α � VB

4 � S � G ¼ 10 � B � α � VB

4 � S ΔT ¼ TT � ΔT; ð4Þ

where B represents the amplifier gain, S is the lock-in amplifier sensitivity,
and TT is the transformation coefficient of temperature. TT is then achieved
with Eq. (5)22:

TT ¼ 10 � B � α � VB

4 � S ; ð5Þ

allowing for converting measured ΔVL into T.

Data availability
Data are available upon request.
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