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Abstract. Photodetection in the short-wave infrared (SWIR) spectrum is a challenging task
achieved often by costly low-bandgap compound semiconductors involving highly toxic
elements. In this work, we report an alternative low-cost approach for SWIR sensors which
relies on the plasmonic-induced photothermal effect of solution-processed colloidal gold
nanorods (Au NRs). A series of uniform solution-processed Au NRs of various aspect-ratios
were prepared exhibiting a strong and well-defined longitudinal LSPR maximum from 900
nm to 1.3 um. A hybrid device structure was fabricated by applying Au NRs on the surface of
a thermistor. Under a monochromatic illumination, hybrid Au-NR/thermistor devices exhibit
a clear photoresponse in the form of photo-induced resistance drop in the wavelength window
from 1.0 um to 1.8 um. The photo-responsivity of such hybrid devices reaches a maximum
value of 4.44 x 10" /W at A = 1.4 um (intensity = 0.28 mW/cm?), a wavelength in agreement
with the longitudinal LSPR of the Au NRs applied. Colloidal Au NRs, capable to perform fast
conversion between photon absorption and thermal energy, thus open an interesting avenue

for alternative low-cost SWIR photodetection.
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1. Introduction

Short-wave infrared (SWIR) typically refers to the photons in the wavelength range from 1 to
3 microns. Applications in this wavelength window exploit various advantages such as long
penetration length in biological tissue, spectral coverage of the atmospheric nightglow, and
the characteristic excitation energy of certain molecular vibration modes.” SWIR
photodetectors are thus the key technological components to achieve optical communication,
environmental gas sensing, biodiagnostics and passive night vision.! Current SWIR
technologies mainly rely on low-bandgap compound semiconductors such as InGaAs, InSb,
PbS and HgCdTe. While classical SWIR photodetectors exhibit excellent detectivity, they are
costly (due to epitaxial growth requirement) and/or environment unfriendly involving highly
toxic elements. There are therefore continuous research and development efforts for
alternative material systems and fabrication methods to expand the scope of applications of
SWIR photodetection.

For example, graphene is an emerging two-dimensional material candidate allowing
broadband and ultrafast photodetection.®” Colloidal semiconducting nanocrystals such as
PbS are also excellent material choices towards low-cost SWIR photodetection.’®! Hybrid
devices, taking advantage of both the high carrier mobility of two-dimensional materials and
the large absorption cross-section of colloidal nanocrystals, are also highly promissing.*
Finally, besides the above-mentioned semiconducting materials, plasmonic nanostructures
based on noble metal represent another class of new materials to enable SWIR
photodetection.[lz] Current plasmonic photodetectors rely on the extraction of “hot carriers”
(i.e. highly energetic carriers not in thermal equilibrium with the metal atoms) produced
during the decay of the localized surface plasmons from a metal nanostructure. Based on this
principle various hot-carrier photodetectors were fabricated by lithographically defined
nanostructures exhibiting photoresponsivity ranging from a few nA/W to a few tens of

mA/W, 11311



In this work, we report an alternative approach for SWIR sensors which relies on the
plasmonic-induced photothermal effect of solution-processed colloidal gold nanorods. Noble
metal nanoparticles have a large optical absorption cross-section for photons in the
wavelength range corresponding to their localized surface plasmon resonance (LSPR).[®
Following photon absorption and subsequent LSPR excitation in a metal nanoparticle,
plasmon resonance decays either radiatively by re-emitting a photon or non-radiatively
through Landau damping generating hot carriers on a time scale ranging from 1 to 100 fs after
LSPR excitation.'”! Hot carriers, if not extracted through a specific device structure, will then
quickly redistribute their energy towards lower energy electrons via electron-electron
scattering followed by thermalisation with the lattice and heat transferred to the surroundings
on a time scale ranging from 100 ps to 10 ns. Metal nanoparticles are therefore efficient
mediums to convert photons to thermal energy. The remarkable photothermal effect of metal
nanoparticles has since been applied in many fields such as catalysis,**'¥ solar energy
harvest,?%?! optical switching,’? cancer therapy,!”* %! and drug delivery.?” Yet this effect
has not been explored on SWIR photodetection. The LSPR wavelength of metal nanoparticles
can be readily tuned by controlling the nanoparticle composition, dimension, shape and the
surrounding dielectric environment.”®*1 Among different plasmonic nanoparticles, gold
nanorods exhibit distinctive longitudinal and transverse LSPR owing to their anisotropic
shape. In particular, their longitudinal LSPR position is tunable from the visible to the near-
infrared spectrum by controlling their aspect ratio from colloidal synthesis.***% While most
current applications of the photothermal effect of gold nanorods concerns the spectrum range
from the visible to near-infrared, examples exploiting the wavelength range > 1 pum are still
rare.

Here, by a careful synthetic tuning, we obtained a series of monodisperse colloidal gold
nanorods of different aspect ratios with their longitudinal LSPR maximum tunable from 900

nm to 1.3 um. Applying these solution-processed nanorods into a hybrid device structure in
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combination with a thermistor, we observed clear photoresponsivity in the spectrum range
from 1.0 um to 1.8 pum. After examining the photoresponse characteristics, we revealed that
the response-speed limitation of the hybrid device origins from the thermistor but not from the
gold nanorods. Colloidal gold nanorods, capable to perform fast conversion between photon
absorption and thermal energy, thus open an interesting avenue for alternative low-cost SWIR

photodetection.

2. Results and Discussion

A series of monodisperse colloidal gold nanorods (Au NRs) of different aspect ratios (ARS)
were synthesized by modifying the silver-assisted seed-mediated growth method applying
binary surfactants reported previously.®™ While most reported colloidal Au NRs exhibit a
longitudinal LSPR (L-LSPR) in the wavelength range shorter than 1200 nm,%3333%1 \ye
successfully extend the aspect ratio (AR) of Au NRs up to 10.96 with their L-LSPR
absorption peak reaching 1300 nm. Such a synthesis involved first the formation of gold
nanoparticle seeds by reducing gold(lI1) chloride (HAuCl,) by sodium borohydride (NaBHy,)
in the presence of hexadecyltrimethylammonium bromide (CTAB) as surfactant. Different
amounts of Au seeds were further placed into a growth solution where Au(lll) is slowly
reduced by a combination of ascorbic acid (AA) and sodium oleate (NaOL) in the presence of
hydrochloric acid (HCI), CTAB and silver nitrate (AgNO3) (detailed procedure described in
the experimental section). In such a multi-parameter synthesis, we have specifically
experimented various amounts of Au seeds, AgNQ3, surfactant NaOL, and the acidity of the
growth solution (amounts of HCI) (summarized in Table 1). Comparing the results of sample
¢ and sample e (table 1), we observed an increased average length and diameter of Au NRs
associated with the decreased amount of Au seeds, which is possibly due to more growth
material available per seed. Sample e exhibited a larger AR compared to sample c due to their

smaller NR width (diameter). The role of Ag®* in such a synthesis has been reported as crucial
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as it interacts with CTAB to form elongated templates and hinders the growth of certain
crystallographic facets of Au NRs.*®3! Increasing the amount of Ag®* from the optimum
value however led to a decrease of AR due to the thickened NR width (comparing sample b
and c, tablel). Concerning the amount of surfactant NaOL, we observed longer and thicker
Au NRs with larger AR when the amount of NaOL decreases from 1.234 g to 0.925 g (sample
fand g, table 1). The use of NaOL here together with CTAB in the growth solution represents
a binary surfactant strategy. NaOL serves here both as a reduction agent and likely also as a
surface binding mediator between CTAB and certain facet of Au to allow NR morphological
tuning.®" Concerning HCI, one modifies the NR growth by controlling the acidity of the
growth solution. A larger amount of HCI here led to a reduction of pH favoring larger AR by
reducing more significantly the width of NRs (sample g and h, table 1). By controlling these
four parameters we were able to tune the AR of NRs from 4.47 to 10.96. As the L-LSPR of
Au NRs are highly sensitive to their AR, this series of samples thus exhibits distinctive optical
property with a strong and well-defined L-LSPR progressively red-shifted towards 1300 nm
as AR increases (Figure 1). The evolution of the L-LSPR maximum over the AR of NRs
roughly follows a linear relation (Figure 1f). The asymmetric shape of the L-LSPR
absorbance of samples g and h (table 1, and the green and red curve of Figure 1e) are formed
due to the artifact originated from water absorption. This artifact disappeared in the UV-Vis
absorbance when samples are in a form of solid thin films (supporting information Figure S1).
The small contribution of the transverse-LSPR lies in the wavelength range between 650 to
700 nm, which is relatively less sensitive to the change of AR compared to L-LSPR. The
absorption contribution at about 525 nm originates from the existence of semi-spherical Au
nanoparticles, which are impurities in the Au NR synthesis. While the proportion of these
impurities over Au NRs slightly increased in a NR synthesis for high AR, the majority of the
synthetic products of the whole series of samples remained to be NRs of high uniformity as

shown in transmission electron microscopy (TEM) characterization (Figure 1 and Figure S2
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in the supporting information). The minor contribution of these synthetic impurities (semi-
spherical Au nanoparticles) to the hybrid device characteristics was described in the
supporting information.

To harvest the remarkable photothermal effect of Au NRs, as a proof-of-concept we applied a
low-cost negative temperature coefficient (NTC) thermistor with a room-temperature (25 °C)
resistance of 10 kQ (Series B57540G1 from TDK EPCQOS) for the fabrication of hybrid
devices: 1 drop (~ 3 uL) of as-synthesized Au NRs in water with a concentration ranging
from 0.6 g/L to 7.2 g/L was drop-casted directly to coat the thermistor surface leading to the
formation of a hybrid Au-NR/thermistor device (Figure 2). In order to perform sensing in the
SWIR spectrum, we selected the sample h of table 1 with a L-LSPR maximum at 1300 nm to
fabricate such Au-NR/thermistor hybrid devices. Data of Au-NR/thermistor hybrid devices
based on another batch of NR sample (sample b of table 1) was shown in the supporting
information. Scanning electron microscopy (SEM) characterization, carried out directly on an
Au NR-coated thermistor, confirmed the thermistor surface coating to be dominated by Au
NRs (Figure 2d). With Au NR solution of a higher concentration dense random packing of Au
NRs were observed (supporting information Figure S3). In such a hybrid configuration, Au
NRs serve as the photon absorption agent and generate heat as a result of the decay of LSPR
excitation. The generated heat leads to a drop of the resistance of the NTC thermistor which is
in contact with Au NRs and the variation of resistance can be probed by simple electrical
measurements (Figure 2e).

We then applied a series of monochromatic illumination ranging from 1.0 um to 1.8 pum and
we studied the photoresponse of the hybrid Au-NR/thermistor (Figure 3). This series of
monochromatic illumination were generated by a quartz halogen lamp, a monochromator and
relevant filters. The density of illumination, determined by the lamp and the grating of the

monochromator, was calibrated to be from 0.16 mW/cm? (at 1800 nm) to 0.35 mW/cm? (at



1300 nm). Under each monochromatic illumination, a “control device” containing only the
thermistor (without Au NRs) was equally experimented and we observed limited
photoresponse at the whole wavelength range (grey curves of Figure 3a). In these experiments,
the illumination applied is of relatively low intensity and therefore negligible photo-induced
heating effect were observed on the control device. By comparison, under the same
illumination condition, hybrid Au-NR/thermistor exhibited a clear photoresponse revealed by
a photo-induced resistance drop (Figure 3a). Here the existence of Au NRs on the surface of
the thermistor and their photothermal effect enable a measurable photoresponse in the hybrid
device in a form of resistance variation. The response time of the hybrid device can be
characterized by the rise and decay time, respectively defined here as the time used by the
resistance to drop from its room-temperature value to 70% of the saturation level (when
illumination is on) and the time used by the resistance to increase back to 70% of its room-
temperature value (when illumination is off). As shown in Figure 3b, both the rise and decay
time of the hybrid device are less than a few seconds. After normalizing the photo-induced
resistance drop by the intensity of the illumination, we obtained the responsivity (in /W) of
the hybrid device over the whole wavelength window tested. From the datasheet of the
thermistor we obtained the corresponding responsivity in °C /W. As shown in Figure 3c, in
the wavelength window experimented, the maximum photo-responsivity of hybrid Au-
NR/thermistor devices shifted slightly from A = 1.3 um to 1.4 um when a more concentrated
Au NR solution was applied. For devices fabricated by relatively diluted Au NR solutions (e.g.
0.6 g/L and 1.2 g/L), the responsivity peak wavelength is in good agreement with the L-LSPR
maximum of the Au NRs applied. For devices fabricated by a more concentrated Au NR
solution (4.8 g/L), the dense packing of Au NRs may lead to the observed red-shift of the
responsivity maximum. Besides the slight red-shifting of the responsivity maximum, the
responsivity magnitude of the hybrid devices increased as the Au NR solution concentration

increased from 0.6 g/L to 4.8 g/L. This is coherent with the fact that more Au NRs are
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available on the thermistor surface to exercise their nano-heater function when a more
concentration Au NR solution was applied. With a further increased concentration (> 4.8 g/L),
however, we started to observe a decrease of hybrid device performance (supporting
information Figure S4), likely due to the increased limitation of heat-transfer from very dense
Au NRs clusters to the thermistor. The most optimized hybrid device, fabricated by 4.8 g/L
Au NR solution, exhibited a maximum photo-responsivity of 4.44 x10” /W at A = 1.4 pm
(0.28 mW/cm?).

In order to understand the process which limits the response speed of this type of hybrid Au-
NR/thermistor, on the most optimized hybrid device fabricated by 4.8 g/L Au NR solution we
further studied their photoresponse characteristics under larger illumination intensities (by a
laser diode illumination at A = 1.5 um). In these experiments a laser spot was focused onto the
surface of the hybrid device. Various laser powers ranging from 75 pW to 50 mW were
experimented (which corresponds to a power densities ranging from 6.7 mW/cm? to 4464.3
mW/cm?). In this case, as the illumination intensity is relatively high, on a control device
(thermistor without Au NRs) we can already observe a response due to the laser-induced
heating detected by the thermistor (curves with empty symbols in Figure 4a). By comparison,
the existence of Au NRs on the surface of hybrid Au-NR/thermistor devices enable a clear
enhancement of photoresponse (curves with solid symbols in Figure 4a and Figure S7). After
normalizing the response characteristics of the control device and the hybrid device, near-
identical rise and fall time, on the scale of 2 s, were observed on both devices (Figure 4b).
This suggests that the limitation of response speed of the optimized hybrid device does not
originate from the photothermal effect of Au NRs nor from the heat-transfer processes
between the Au NRs and the thermistor. Instead, the limitation of response speed comes from
the response speed of the thermistor itself. This suggests that the hybrid Au-NR/thermistor

device can potentially exhibit a shorter response time if a more performing thermistor is



applied in the hybrid device structure. The photoresponsivity (in °C/W) of both the control
and the hybrid device at each experimented laser intensity were shown in Figure 4c. In
particular, the hybrid device exhibited a remarkable responsivity enhancement compared to
the control device for up to 5.19-fold enhancement at 0.5 mW laser illumination. For both
control and hybrid devices the photoresponsivity decreases as the laser power increases. From
previous studies,*®3* we do not expect the absorption of Au NRs saturates at the current laser
intensity window. After extracting the enhancement ratio from the responsivity of the hybrid
over the control device (Figure 4d), one observed that the enhancement ratios are roughly of
the same order of magnitude over the whole laser power window experimented. This suggests
that the decrease of responsivity along with increasing laser power originates again from the
thermistor itself. Au NRs here in the hybrid device serve as a sensitizing agent either enabling
SWIR photodetection when the illumination intensity is low (< 0.35 mW/cm?, the case shown
in Figure 3) or boost the photoresponsivity when the illumination intensity is high (the case of
shown in Figure 4). From the data sheet of the thermistor it is possible to obtain the
magnitude of photo-induced temperature change corresponding to the resistance change under
each laser power experimented (Figure 5). By subtracting the temperature change observed in
the control device from that of the hybrid device, we estimated that the laser-induced

temperature increase contributed from the Au NRs can be as high as 66 °C at a laser power of

50 mW (A = 1.5 um).

3. Conclusion

Started from colloidal synthesis, we prepared a series of uniform solution-processed Au NRs
of various ARs (aspect-ratios) exhibiting a strong and well-defined L-LSPR maximum from
900 nm to 1.3 pum. A hybrid device structure, composing of Au NRs on the surface of a NTC-

thermistor, was proposed as an alternative low-cost approach for sensing in the SWIR



spectrum. Under a monochromatic illumination of relatively low intensity (< 0.35 mW/cm?),
hybrid Au-NR/thermistor devices exhibited a clear photoresponse in the form of photo-
induced resistance drop in the wavelength window from 1.0 um to 1.8 um. This was in
contrast to the control device (thermistor alone without Au NRs), the photoresponse of which
was negligible under the same illumination condition. The photo-responsivity of the
optimized hybrid device reached a maximum value of 4.44x10" /W at 1.4 um, a wavelength
in agreement with the L-LSPR of the Au NRs applied. At higher illumination intensities (from
6.7 mW/cm? to 4464.3 mW/cm?) achieved by a laser (A = 1.5 pm) focused onto device, due to
the laser-induced heating, photoresponse was observed in both the control and the hybrid
device. Nevertheless, in this case hybrid devices exhibited more than 5-fold enhancement of
photoresponsivity by comparison to the control device.

In summary, the plasmonic-induced photothermal effect of Au NRs (i) enables the photo-
sensing capability in a hybrid Au-NR/thermistor device structure under relatively weak
illumination and (ii) boosts the photo-response of the hybrid device when illumination
intensity is high. The response speed of the current Au-NR/thermistor hybrid device is as
short as 2 seconds, limited by the response speed of the thermistor itself. Optical sensing in
the SWIR spectrum is a challenging task, the current approach harvesting the photothermal
effect of solution-processed colloidal Au NRs thus represent a new path towards alternative

and low-cost SWIR sensing.

4. Experimental Section

Synthesis colloidal Au nanoparticle seed solution: After mixing 5 ml of 0.5 mM HAuCI,
solution with 5 ml of 0.2 M CTAB solution, 1 ml of 0.006 M NaBH, solution was added
followed by vigorously stirring for 2 minutes. This solution was then left un-stirred for aging
during 30 minutes.
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Preparation of Au NR growth solution: 9 g of CTAB was evenly mixed with different
amounts of NaOL (listed in table 1). They are then dissolved in 250 ml of de-ionized water
under stirring at 50 °C. After the solution was cooled down to 30 °C, different amounts of
4.15 mM AgNO; solution were added and the whole solution was kept at 30 °C for 15
minutes. This is followed by the addition of 250 ml of 1 mM HAuCI, solution under stirring
for about 90 minutes (until the solution turned colourless). At this stage, different amounts of
a 12.1 M HCI solution were added under stirring for 15 minutes. 1.25ml of 0.064 M ascorbic
acid solution was then added under vigorous stirring for 30s. Finally, different volumes of Au
seed solution prepared above were added first under rigorous stirring for 30s then the whole
solution was kept un-stirred for 12 hours at 30 °C for NR growth. Different synthetic
parameters are summarized in table 1. After 12 hours of growth the final product was isolated
by centrifugation (6k rpm for 30 minutes) and subsequent decantation of mother liquid. De-
ionized water was then added to re-dissolved the Au NRs. The centrifugation/decantation
process was repeated for 3 times and the final Au NR products were dissolved in de-ionized
water.

Nanoparticle characterization: UV-Visible absorption spectra were measured in air using by
an Agilent Cary 5E UV-Visible-NIR spectrometer. TEM characterizations were performed by
a JEOL 2010 microscope operated at 200 kV. SEM characterizations were performed with a
FEI Magellan 400 system with a standard field emission gun source.

Fabrication and characterization of hybrid Au-NR/thermistor devices: A negative temperature
coefficient (NTC) thermistor with a room-temperature (25 °C) resistance of 10 kQ (Series
B57540G1103F000 from TDK EPCOS) was obtained from RS components (no. 769-1892, ~
3 €/each). It is then fixed on a glass microscopy slide. To fabricate the hybrid Au-
NR/thermistor device, a drop (~ 3 L) of Au NR water solution (with a concentration ranging

from 0.6 g/L to 7.2 g/L) was casted directly to coat the surface of the thermistor. Hybrid
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devices described in the main text were fabricated by the sample h listed in table 1. Data for
hybrid devices fabricated by the sample b of table 1 were described in the supporting
information. After the Au NR solution was dried on the thermistor, SEM characterizations
were performed either directly onto the hybrid device (FEI Magellan 400 system, field
emission gun source) or on Au NR-coated glass substrates. The hybrid device was measured
under monochromatic illumination generated by a quartz halogen lamp and a computer-
controlled Oriel Cornerstone monochromator (and appropriate order sorting filters). The
intensity of the monochromatic illumination was calibrated by a NIST-calibrated germanium
photodiode. The monochromatic illumination was modulated by a shutter while we measured
the resistance of the hybrid and control device by a computer-controlled Keithley 2634B
source measurement unit (SMU). Concerning measurements under laser, the output of a fiber-
coupled laser diode (A = 1.5 um) was focused onto the hybrid or control device. Neutral
density filters were used to adjust the laser power while the laser power was calibrated by a
laser power meter. The laser illumination was modulated by a shutter while we measured the
device resistance by a Keithley 2634B SMU. From the data sheet of the thermistor each
resistance value measured corresponds to a temperature point. Therefore, when the
illumination was on (or off), we can measure a resistance value of Rjignt-on (O Riignt-ofr). From
Riignt-on (OF Riight-of) and the datasheet we obtained the temperature value (Tiight-on OF Tiight-off)
corresponding to the resistance value measured. From Tiight-on @Nd Tiight-off We Obtained the
temperature change (Tiight-on - Tiight-off) OF the hybrid device due to the illumination.
Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Table 1. Synthetic parameters experimented and the resulting dimension, aspect ratio, and L-
LSPR maximum wavelength of Au NRs.

Sample 4.15mM Au seed 12.1 M HCI NaOL NR average NR average Aspect L-LSPR
AgNO; solution solution (9) length (nm)®  diameter (nm)? ratio maximum

solution (mL) (mL) (mL) (nm)
a 24 0.3 21 1.234 107.2£7.9 24.0£2.2 4.47 903
b 36 0.2 2.1 1.234 103.1+£9.0 22.2+41.9 4.65 943
c 24 0.2 21 1.234 103.316.5 19.9+1.1 5.19 966
d 24 0.3 2.1 1.234 95.9+16.2 17.54£3.7 5.48 980
e 24 0.4 2.1 1.234 81.745.7 14.1+1.6 5.81 1050
f 24 0.8 4.2 1.234 86.1+7.7 12.8+1.8 6.74 1143
g 24 0.8 4.2 0.925 132.3+16.9 17.5+£2.0 7.57 1193
h 24 0.8 54 0.925 93.5+13.8 8.6+1.4 10.96 1300

? Error bars are calculated based on the measurements of 50 Au NRs by TEM.
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Figure 1. (a-d) TEM images of Au NRs with different aspect ratio (AR) and L-LSPR
absorbance maximum. (a-d) correspond to the sample a, e, f and h listed in table 1
respectively. TEM images of other samples of table 1 are shown in the supporting information.
(e) Absorbance spectrum of Au NRs in water. The absorbance feature at 1400 nm originates
from the absorption of water. (f) The evolution of the L-LSPR maximum over the AR of Au
NRs. Red curve represents the linear fit of the data.
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(a)

Au NRs water solution

(d)

Au NRs and its
thermal effect

Figure 2. (a) Au NRs in water (sample h of table 1). (b) Image showing a NTC thermistor
fixed on a glass slide. Au NR water solution was drop-casted onto the thermistor. (c) The
dimension of the thermistor applied in this work. (d) SEM image of the Au NR-coated
thermistor (with 3 puL of 1.2 g/L Au NR solution deposited on top) exhibiting mostly Au NRs
on the surface of the hybrid device. (e) A schematic describing the hybrid Au-NR/thermistor
device structure to harvest the photothermal effect of Au NRs for SWIR sensing.

16



(@), (b),
'128 3 w.o Au NRs B-18pum =
[y B ‘ = :‘} 120}
= —@—1.7 ym é 1.5 um on control device
0 = ‘g —— 1.5 um on Thermistor with Au NRs
: 8 e
-120 = —A— 1.6 um g
0 — e 1)
&
a £ 120}
S 120 y-15um O
8 0 e 00 T v 1.3 um on control device
c @~ 1.3 um on Thermistor with Au NRs
% -120 & 1.4 i ) 40 60 80 100
'g 0 e = e Time (s)
o
4 Cc T
s 140 —€—13,m (c)
“g’, 0 4x10 | 1 11.2x10°
I -120 »-12um 5
O 0 T T T 2 —&— 4.8 g/L Au NRs solution .2
> 3x10" F -4 8.4x10 3
-120 1.1 pm — - = 3.
0 g 1S 2x107F 4 5.6x10° 5
2 3
=3 -~
S >
-120 --10um| & o
e — o =
| For 1 [ on 80,8 g1 Aui NR# s5likion =
-40rLight On On —e— 1.2 g/ Au NRs solution \
1x10 . . . : L 2.8x10
40 80 120 160 1000 1200 1400 1600 1800
Time (S) Wavelength (nm)

Figure 3. (a) Photoresponse characteristics over time of a hybrid Au-NR/thermistor device
(fabricated by 4.8 g/L Au NR solution) in the form of photo-induced resistance drop upon
exposure of monochromatic illumination (A from 1.0 um to 1.8 pum). Grey curves with open
symbols represent the photoresponse from a control device without Au NRs. (b) Zoom-in
view of the photoresponse characteristics in (a) under 1.4 pum and 1.5 pm illumination
exhibiting the time scale of the response speed. Right-hand-side Y-axis represents the current
measured under a DC bias of 1V. (c) The photoresponsivity (in /W or in °C/W) of three
batches of Au-NR/thermistor devices fabricated by different concentrations of Au NR
solution over the whole wavelength window tested. All resistance was measured under a DC
bias of 1 V at room-temperature.
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Figure 4. (a) Photoresponse characteristics over time of both the control device (thermistor
without Au NRs) and the hybrid Au-NR/thermistor device (fabricated by 4.8 g/L Au NR
solution) under the illumination of a laser (A = 1.5 um) focused on device. The photoresponse
is presented in the form of photo-induced resistance drop (€, right Y axis) or in photo-
induced change of measured current under a DC bias of 1V (Amperes, left Y axis). (b)
Normalized of photoresponse characteristics (in measured current) comparing the control and
the hybrid device under the illumination of a laser (A = 1.5 um, 0.5 mW, focused on device).
Current was measured under a DC bias of 1V. (c) The evolution of the photoresponsivity (in
°C/W) under the illumination of a laser (A = 1.5 um) of the control and the hybrid device over
different laser powers experimented. (d) The enhancement ratios calculated from the
photoresponsivity (shown in c) of the hybrid device over the control device (without Au NRs)
at different laser powers.
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Figure 5. Evolution of the photo-induced temperature change over laser power of the control
(black curve) and the optimized hybrid Au-NR/thermistor device fabricated by 4.8 g/L Au NR

solution (blue curve) under the illumination of a laser (A = 1.5 um) which was focused on
device. Red curve shows the contribution from Au NRs.
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