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Abstract

Carbon nanotubes (CNTs) possess exceptional optoelectronic properties, including broadband
absorption and high absorption coefficients, making them promising candidates for photodetector
applications. However, conventional designs often rely on single or aligned nanotubes, which
restrict device scalability and require complex fabrication techniques. In this work, we address
these limitations by utilizing CNT-suspended solutions to fabricate large-area photodetectors
based on CNT networks via vacuum filtration and direct laser scribing. CNT networks are
uniformly formed onto low thermal-conductance polymeric filter papers that serve as substrates
and mitigate the need for suspended structures, reducing the fabrication complexity and cost. The
CNT films are patterned into single devices and 49-pixel linear arrays using a laser-cutting process,
enabling scalable and cost-effective production. The resulting devices operate as bolometers and
exhibit broad spectral sensitivity extending from visible to mid-wave infrared, showing stable
operation at room temperature. We further demonstrate proof-of-concept IR imaging using the

linear arrays.

Keywords: Carbon nanotubes, IR photodetectors, bolometric ,cost-effective large-area films,
linear arrays, IR imaging



Introduction

Carbon nanotubes (CNTs) have been extensively studied for their fundamental properties and
applications in electronic and optoelectronic devices. One major research interest is utilising CNTs

3 In

in sensing technologies as pressure/strain sensors, biosensors and photodetectors.'
photodetection, CNTs are compelling because they have broad absorption ranging from ultraviolet
(UV) to long-wave infrared (LWIR) which can be tuned by their dimensions and chirality.* On top
of the broad wavelength range, CNTs show a high absorption coefficient of 10* — 10° cm™ that is an

order of magnitude larger than most of the conventional narrow gap materials whose absorption

coefficient is about 10° — 10* cm™, especially at IR wavelengths.’

For these reasons, there is a considerable diversity of studies in the literature that have utilised
CNTs to achieve high-performance photodetectors.”!' However, many of these studies have a
device structure based on a single isolated nanotube or aligned nanotubes, due to the better device
properties measured for single CNTs.*®'* This strongly limits the device area and prevents these
devices from being used in general applications. Additionally, these single-CNT devices require
advanced fabrication processes such as high resolution lithography and are sometimes integrated in
a suspension structure which further increases the processing complexity and cost, limiting
manufacturing scalability.'”*'> As a result, even though there are studies showing the capability to
form large area CNT films,° there are very few demonstrations of device arrays that can capture IR
images. Moreover, there is limited research that demonstrates CNT photodetectors that are
sensitive to mid-wave infrared (MWIR) wavelengths, as most of the studies in the literature focus

on characterisation in the visible and near-IR.” > 1617



To address these issues, here we use single-walled carbon nanotube (SWNT) solution to fabricate
photodetectors that are comprised of networks of CNTs. The film is then patterned into a single
device or an array by using a simple vacuum filtration and laser cutting process. The polycarbonate
membrane filters used in the vacuum filtration effectively have the CNT networks uniformly
deposited on them due to the suction force from the vacuum. The low thermal conductance
polymeric filters also serve as a thermal insulating substrate which mitigates the need for a complex
suspension structure. This also opens the possibility of fabricating these devices using roll-to-roll
printing techniques in the future. We demonstrate that the detector functions as a bolometer and is
sensitive to light with a broad wavelength range spanning visible, SWIR and MWIR, a range not
yet demonstrated within the literature.” '* '*'” In the MWIR (at A = 4 um), we measure a specific
detectivity value of 3.05x10°cm-Hz"?-W" and a rise/fall time on the order of a few hundreds of ms.
These devices exhibit excellent longevity with similar photoresponse performance measured after
more than one year of storage in air without encapsulation. We develop a facile fabrication process
to demonstrate a simple and inexpensive 49-pixel linear array of CNT photodetectors, which is
used to enable simple proof-of-concept IR imaging. Based on the existing CNT literature, we also
anticipate that future iterations of this technology could increase response speed in line with other

bolometric detectors (i.e. 1-10 ms), making it more suitable for imaging applications.



Results and discussion

(a)

Side view
CNT

Figure 1 (a) Schematic of the vacuum filtration setup which consists of a filtering flask with a filter paper holder and
a support screen mounted. Polycarbonate (PC) filter papers are placed on top of the holder and secured by the
vacuum. (b) Schematic of the same vacuum filtration setup with a PC filter paper mounted and carbon nanotube
(CNT) solution loaded to be filtered. (c) Zoomed schematic of the filter paper where the aqueous solvent is filtered
through leaving behind the CNTs stacked as a film. (d) Photograph of a CNT/PC filter paper stack, showing a black
uniform film on a 47-mm filter paper. (¢) SEM image of the CNT film from the top view. (f) SEM image of the CNT
film from the cross-sectional view showing a network with a thickness of ~600 nm. (g) Photograph of a CNT film on

filter paper that is laser cut into a linear array (49 pixels), the yellow substrate is a flexible Kapton sheet that serves
as a mechanical support.

First, we explore the CNT film formation. Figure 1a and 1b show the vacuum filtration apparatus
that is used to prepare the SWNT film network on polycarbonate (PC) filter papers. We adopt a
similar fabrication process to obtain the CNT thin film to that described in a previous paper.'®
Briefly, a filter paper holder and support screen are mounted on top of a filtering flask with the side

arm of the flask connected to a vacuum pump as shown in Figure 1a. In the filtration process, a PC



filter paper is placed on the holder with a glass funnel mounted on top to secure the filter paper and
to retain the CNT solution (Figure 1b). Once the vacuum pump is started, the CNT solution is sifted
through the filter paper, allowing the solvent in the CNT solution to drain through the filter paper
leaving the CNTs to accumulate as a film (illustrated in Figure 1c). After the filtering, a rinse step
with deionised water is introduced to remove the surfactant in the film. By this simple method, we
are able to efficiently deposit films of the CNT networks that are black and uniform over a scale of
several centimetres based on both 25-mm and 47-mm filtration set-ups (an example film of 47-mm
diameter is shown in Figure 1d). Figure le and 1f are the scanning electron microscope (SEM)
images of a CNT film sample from a top and cross-sectional view. The top view SEM image in
Figure 1e shows the network consisting of CNTs in all orientations with minimal surfactant. Figure
1f presents the cross-sectional view of the CNT film with a thickness of about 600 nm. This again
clearly shows the stack of CNTs and confirms the length of the tubes to be within the expected
values of 100-1000 nm. Figure 1g shows a 49-pixel linear array device (the dark area) that is laser
cut from the CNT film/filter paper stack to define the device geometry. After the laser cut, the entire

array is moved onto a flexible Kapton sheet to provide mechanical support for use and handling.



Next, we investigate the absorption of light and electrical conductivity of such films. We first study

the optical properties of the CNT film by measuring the absorption spectrum using Fourier

transform infrared (FTIR) spectroscopy. In Figure 2a, the absorption spectrum of the SWNT film

shows a value near unity up to A = 6 um and slightly rolls off to ~75% at A = 10 um in the LWIR,

confirming its strong light absorption over a wide spectral range. The inset of Figure 2a shows

normalised angled-dependent absorption of a CNT film at A = 1 and 2.5 um, which remains

reasonably stable even at high incident angles. Figure 2b and 2c¢ provide temperature maps of a

(@)

100

80T

Absorption (%)

201

45

40

Temperature (°C)

N
2]

20

60

401

Normalised absorption
= = =
-~ <@ w -

o
S

A=1pm

o

20 40 60
Angle of Incidence (°)

4 6 8 10
Wavelength (pm)

(5]
(4]

w
L]

A =1550 nm
2 s 5 5

Optical Power (mW)

(b)

Light OFF

In(o) (@ -em™

16

1.4

ey
o
(=

~
O
S
©
—
jI
=
©
—
©
o
5
=

A=1550 nm 22.0

18}

0.25 0.3 0.35
T4 (174

Figure 2 (a) Absorption spectrum of the CNT measured by FTIR showing a broad absorption range. The inset of (a)
shows normalised angle-dependent absorption of a CNT film (0° means normal incidence). Temperature maps of
the CNT/PC sample with laser light excitation (A = 1550 nm) (b) OFF and (c) ON, showing the local temperature
increases noticeably under illumination. (d) Local temperature within the hot spot in (a) as a function of the laser
optical power, exhibiting a linear relation. (¢) Natural log of the film conductivity plotted as a function of T"* from

78 to 300 K.



SWNT/PC filter paper sample (the circled area) with and without laser excitation (A = 1550 nm).
Under laser illumination, the local temperature at the point of illumination increases considerably
showing a bright circle on the heat map, clearly indicating that the CNT film effectively absorbs
light and converts the absorbed energy into heat. The low thermal conductance of the PC filter also
helps to retain the heat from dissipating into the substrate. It is worth noting that the peak
temperature shown in Figure 2c¢ might be lower than the true local maximum as the resolution of
the thermal camera is lower than the laser spot size. As a result, the measured temperature
maximum only reflects an average value of the temperature around the illuminated area. Next, the
relation between the optical power illuminated on the film and the temperature in the illuminated
area measured by the thermal camera is investigated. The results in Figure 2d show a linear
increase in the temperature with increasing optical power. Furthermore, the CNT film conductivity
is studied as a function of temperature. The film shows a linear increase in conductivity with
temperature, as is normally found in semiconductors. This transport behaviour through the CNT
network is further analysed by plotting In(o) against T in Figure 2e. The natural log of the
conductivity is found to scale with T for T > 100 K, indicating that the transport mechanism is

likely dominated by Mott variable-range hopping (VRH) conduction in this network of CNTs."



Based on the understanding of the optical and electrical characteristics of the CNT network films,
we develop a tailored fabrication process to make photodetectors. To fabricate single photodetector
devices out of the CNT/PC films, a commercial UV laser tool is used to cut/define the detector
active area, followed by metal deposition (50 nm Au) on top of the CNT film outside the active area
using a shadow mask to form the contact regions as illustrated in Figure 3a. Specifically, the device
has two square contact areas on the sides with a well-defined CNT channel in the middle as the
active area. Typical photoresponse behaviour of the fabricated CNT photodetectors under SWIR (A
= 1550 nm) and MWIR (A = 4050 nm) illumination is presented in Figure 3. Photocurrent (defined
as the difference between light and dark current) waveforms are measured under modulated light (A
= 1550 nm in Figure 3b and A = 4050 nm in Figure 3c) with different illumination intensities when

the photodetector device is biased to achieve a dark current of 50 pA. The shape of the waveforms
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Figure 3 (a) Schematic of the CNT photodetector device structure. Pulsed photoresponse of a representative CNT
photodetector under a dark bias current (/4 = 50 pA), illuminated by modulated (b) A = 1550 nm and (c) A = 4050
nm laser light at a fixed intensity. Linearity of photoresponse with incident intensity from the CNT photodetector
under (d) A = 1550 nm and (e) A = 4050 nm illumination. In (d), the yellow datapoint is measured from the device
being store in air for more than one year. Rise and fall times of the CNT photodetector measured under (f) A = 1550
nm and (g) A = 4050 nm illumination. Rise and fall times are calculated between 10% and 90% of the peak
photoresponse. (h) Noise spectral density of the CNT photodetector with the same dark current (/4,4 = 50 pA) under
dark condition. Note the hump around 1 Hz is attributed to instrument noise rather than being intrinsic device



remains consistent regardless of the light intensity as suggested by the red, yellow and blue curves
in Figure 3b and c. The photoresponse linearity is further examined in Figure 3d and 3e where it is
clearly shown that the photocurrent linearly scales with the power density of the illumination. The
responsivity of the detector extracted from the photocurrent measurement is found to be 3.6
mA-W-'. To investigate device longevity the device photoresponse is measured after more than one
year of storage in ambient conditions (e.g. air, typical temperature and humidity 20-250C, 30-
60%RH). The result of this test is shown as the yellow datapoint in Figure 3d, showing no
significant change over this time period, suggesting the long-term stability of our detectors, even
without encapsulation. The rise and fall times of the CNT photodetectors, defined as the transition
time between 10% and 90% of the device max photocurrent, are extracted from the waveforms
(Figure 3f and 3g), and found to be tg = 572 ms, tr = 976 ms at A = 1550 nm, and tz = 201 ms, t; =
765 ms at A =4050 nm. Rise and fall times on the order of hundreds of ms are in the common range
for thermal detectors.” A noise current density spectrum is also measured from the CNT
photodetector in the dark under the same operating conditions (i.e. 50 pA dark current), as shown
in Figure 3h. At frequencies below 1 Hz, at which the photocurrent is evaluated, a noise current
density value of 3.73x10'" A-Hz'? is measured. From the above responsivity and noise

information a specific detectivity of 3.05x10°cm-Hz"* W' is extracted for the device.

Finally, we show the advantage of the simple thermal detector architecture and extend the single
detector fabrication processes to develop a linear array consisting of 49 CNT pixels. The setup is
illustrated in Figure 4a. Briefly, a broadband IR light source with a large beam spot is used to
illuminate a transmissive binary mask (patterned Au on a glass slide, as shown in Figure 4e) which

is projected onto the linear array. Two-dimensional images are captured by stepping the vertically
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mounted linear array horizontally using a multi-axis positioning stage in ambient air. The light is
modulated by a mechanical chopper at a frequency of 10 Hz and the photoresponse from each pixel
is sequentially read-out by a lock-in amplifier with the help of a customised multiplexing read-out
circuit. Optical images of the linear array and its individual pixel design are provided in Figure 4b.
As shown in the figure, the linear array device consists of a row of 200x200 um pure CNT
absorbers which are electrically isolated by the laser cutting method described earlier. Each CNT
pixel is contacted by an individual electrode from the top and by a common electrode from the
bottom as demonstrated in the zoomed photo of Figure 4b. Similar to devices in Figure 3, the

electrodes are formed via metal (50 nm) deposited on top of the CNT layer and then patterned into



this specific shape arrangement using the laser cutter. This pattern was chosen to be compatible
with a standard 51 pin flexible printed circuit (FPC) connector for electrical connection and signal
reading. A schematic for the layer stack of the CNT device is also provided in Figure 4c. The
CNT/PC bilayer stack is laser defined into contact and active area with the contact area coated by
metal (gold). The bottom layer is a Kapton sheet which provides mechanical support. A histogram
of the pixel resistance for a linear array of devices is summarised in Figure 4d which demonstrates
a pixel yield of 100% and indicates a good consistency in resistance across all the pixels centred
around ~3 k€, suggesting a good uniformity of the film. A histogram of the normalised pixel
photocurrent for a linear array is also presented in Figure 4e. The photocurrent is normalised by the
average photocurrent value from the pixels. It is worth mentioning that the photocurrent is
measured by imaging a light source. Therefore, the photocurrent variation could partially be from
the non-uniformity of the light source. This linear array is then used to capture 2-dimensional IR
images in a line-scan manner using the set-up presented in Figure 4a. Figure 4f shows the 49x34-
pixel IR image taken from the linear array which clearly reproduces the curvy features in the
transmissive binary mask. The scale of Figure 4f represents the relative intensity of the pixels. It is
worth mentioning that the choice of the 49-pixel array size is simply limited to the size of the FPC
connector (i.e. 49 individual pixel contacts and 2 common electrodes on the sides). As such, this

method could clearly be scaled further using different connector configurations.

Conclusions

To summarise, in this study we leverage the broadband, highly absorptive nature of SWNTs and
the deposition of dense and uniform films by a low-cost scalable vacuum filtration method to

fabricate IR photodetector linear arrays. We investigate the detection mechanism by probing the



device’s behaviour under differing illumination and temperature conditions, which demonstrates
the SWIR-MWIR detection capability for the SWNT detector. We then characterise these devices
at both SWIR (A = 1550 nm) and MWIR (A = 4050 nm) with a measured D* value of 3.05x10°
cm-Hz"*W'. Finally, IR imaging is demonstrated using a scanning setup to serve as a proof-of-

concept for developing low-cost scalable IR imagers.



Method

SWNT film fabrication: Purified HIPCO SWNT powder is purchased from Nanolntegris Inc.
(residual Fe catalyst 15 wt%, diameter 0.8—1.2 nm, length 100-1,000 nm). A 0.5 mg ml"' aqueous
solution of SWNTs is made using 2% sodium deoxycholate as surfactant. After 180 min of
sonication (Crest Ultrasonics 275DA), large SWNT aggregates, non-SWNT carbonaceous
impurities, and metal catalyst particles were removed by centrifuging the SWNT dispersion for 10
min with 13,000g rotation speed. Vacuum filtration is performed using a standard 25-mm set up
with a PC membrane (Millipore, 0.4 pm pore size, 25 mm diameter). The SWNT solution of ~0.5
ml is diluted with 15 ml of deionised water for stable filtration. After filtration, 20 ml of deionised
water is added to rinse away the surfactant. Then the CNT film/filter paper stack is cut to define
single pixel or linear array geometry by an ultra-violet (A = 355 nm) laser cutter (MATRIX Laser,
system built by PhotoMachining). Finally, the finished device is transfer onto an adhesive Kapton

sheet for handling.

Absorption spectrum measurements: The absorption spectrum of SWNT is collected using an
FTIR microscope (Thermo Fisher Scientific) with the SWNT deposited from the solution onto a
gold substrate for reflection measurement. The angle-dependent optical absorption/reflection
measurements in the visible and near infrared (NIR) were collected using an Agilent Cary 5000
spectrophotometer equipped with an integrating sphere. The sample, consisting of the SWNT film
on PC filter paper fabricated using the above methods, was mounted on a centermount clip holder
and measurements were conducted at varying angles of incidence by rotating the clip holder inside

the sphere. The measurement was calibrated using a bare PC filter paper in the same position.



Device Characterization: The light sources for the two illumination test conditions are laser
diodes at A = 1550 nm (Thorlabs L1550P5DFB) and at A = 4050 nm (Thorlabs QF4050T2),
respectively. The photocurrent versus illumination intensity measurements are performed under
modulated illumination by reading currents using a transimpedance amplifier (Stanford Research
Systems SR570) fed into a lock-in amplifier (Stanford Research Systems SR860) triggered by the
laser modulation signal. The light intensity is varied by different laser driving current. The time
domain photocurrent waveforms are captured by connecting the amplified modulated
photocurrents to an oscilloscope with the laser modulation signal as a trigger, from which the
device rise/fall times are extracted. The noise current density spectrum is measured by the lock-in
amplifier with the transimpedance amplifier operating in the same condition as in the photocurrent
measurements. The IR imaging is performed by scanning the photodetector array in the y direction
across the image plane to construct a complete image of the transmissive object. A broadband light
source is used to illuminate the object with a silicon wafer placed in front of the light source to
remove the visible to NIR components. A customized multiplexing circuit is used for reading out
pixel values and connected to a transimpedance amplifier whose signal is fed into a lock-in
amplifier for data collection. The photocurrent histogram is collected the same way without the

transmissive object.
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