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Photothermoelectric (PTE) detectors that combine photothermal and thermoelectric conversion have
emerged in recent years. They can overcome bandgap limitations and achieve effective infrared
detection. However, the development of PTE detectors and the related system design are in the early
phases. Herein, we present vertical PTE detectors utilizing the active layer of carbon nanotube forests
with MXenes acting as top electrodes. The detector demonstrates its capacity for sensitive infrared
detection and rapid infrared response. We also investigated the relationship between photoresponse and
different MXene electrode types as well as their thickness, which guides the PTE detector configuration
design. Furthermore, we packed the PTE detectors with a polytetrafluoroethylene (PTFE, Teflon) cavity.
The photoresponse is improved and the degradation is significantly delayed. We also applied this PTE
detector system for non-destructive tracking (NDT) applications, where the photovoltage mapping
pattern proves the viability of the imaging track. This work paves the way toward infrared energy

rsc.li/nanoscale-advances

Introduction

With the development of artificial intelligence and interactive
technology, smart sensors and the internet of things (IoT)
entered the mainstream market because of their excellent
chemical and physical properties.” Typically, infrared (IR)-
based technology has attracted significant attention because
the corresponding spectrum of matter (including transmission
and reflection spectra) contains rich physical and chemical
information.® As an emerging IR thermal detector, photo-
thermoelectric (PTE) detectors combining photothermal and
thermoelectric conversion can overcome bandgap limitations
and achieve effective IR detection.”® They can operate under
ambient conditions without bias and show convenient and safe
manufacturing processes.’

The research on PTE detectors composed of metal electrodes
and active layers mostly focuses on several fixed structures
utilizing various active materials. Previously, researchers have
explored the traditional silicon-based nanowires that showed
arelatively long response time and poor infrared absorption.*>**
The PTE detectors based on multi-layer graphenes also show
similar issues.' Additionally, the unstable ambient properties

Advanced Micro-/Nano- Devices Lab, Department of Systems Design Engineering,
University of Waterloo, 200 University Ave West, Waterloo, Ontario, N2L 3Gl1,
Canada. E-mail: jyeow@uwaterloo.ca; Tel: +1-519-888-4567 ext. 32152

(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d2na00895¢

© 2023 The Author(s). Published by the Royal Society of Chemistry

harvesters and customized industrial NDT measurement.

of black phosphorus and the toxic Pb element of perovskites
also limit extended research.'® Polymer-based composites face
the challenges of low infrared absorption and temperature
endurance.** Since the discovery of MXenes by Yury Gogotsi in
2011," extensive research about the related synthesis and
applications has been demonstrated.'*"® Typically, MXenes
show typical optoelectrical properties because of their compet-
itive photonic phenomenon and high carrier mobility**** as well
as the thermoelectric capacity of MXenes demonstrated by Kim
et al.,”® which can be utilized as advantageous active PTE
materials or electrodes. As the most comprehensively studied
PTE materials, types of CNTs show ordered growth control,
facile synthesis methods, and excellent PTE properties.>*>¢
However, there are some other challenges with current PTE
detectors. First, current vertical PTE detectors mainly use
metals as top electrodes. However, the thickness of metal elec-
trodes is generally smaller than 100 nm on account of the skin
effect. Such low thicknesses of metal electrodes may signifi-
cantly influence the conductivity. Additionally, the existence of
top metal electrodes will reduce the infrared absorption.”” Thus,
the alternative electrode materials of vertical PTE detectors wait
to be explored. Second, PTE detectors inside the vacuum envi-
ronment have demonstrated enhanced PTE response.”® The
vacuum conditions may potentially reduce the degradation and
increase the stability and durability of devices. However, current
vacuum systems of PTE detectors depend on cumbersome
vacuum chambers, and integrated vacuum PTE detectors are
urgently required. Third, current PTE detectors based on low-
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dimensional materials such as CNTs, graphenes and black
phosphorus are sensitive to light polarization.®**** Some of the
PTE detectors that are insensitive to light polarization make use
of random internal atom orders of the composite film.">?*3
However, it is challenging to control the size of the detectors
and achieve sensor miniaturization, eventually hindering their
future smart wearable integration.

To solve the abovementioned problems, we fabricated a self-
powered sensitive PTE detector utilizing the vertical CNT forest
(CNTF) as the active layer and MXenes as the top electrodes. To
the best of our knowledge, this paper is the first to report on the
non-metal electrodes applied in PTE detectors. In this work, we
investigated the photoresponse using Ti;C, and Mo,C top
electrodes, respectively. The electrode thickness of top MXene
electrodes was also studied. A thinner MXene electrode using
the drop-cast method will match a better PTE response. The
potential reasons may be the electromagnetic shielding effect
with a thicker electrode. Thus, the control of reasonable elec-
trode types and thickness may be important. We encapsulated
the PTE detector with PTFE, suppressing the degradation and
enhancing the PTE response. The packaged system was also
applied to NDT imaging. A photovoltage imaging pattern is
illustrated, which demonstrates the imaging capacity of PTE
detectors.

Methods

Materials

The TizC, and Mo,C powder were purchased from Nano-
chemazone. Dimethyl sulfoxide (DMSO) was purchased from
the Sigma-Aldrich company. Deionized water was produced
using the purifier system in Mike and Ophelia Lazaridis
Quantum-Nano Centre.

Device manufacture

Ti;C, solutions. We adopted the solvent exchange method to
obtain a uniform Ti;C, solution. First, 0.15 g of Ti;C, or Mo,C
powder was added into 6.0 mL DMSO solution, followed by 24 h
magnetron stirring at 1500 rpm. Then, the solution was
centrifuged at 5000 rpm for 5 min. The top clear solution was
removed and replaced with DI water. This replacement process
was repeated five times until the pH value of the Ti;C, solution
reached about 7.0. The Ti;C, or Mo,C solution was stored under
nitrogen conditions.

CNTF Fabrication. First, a 4-inch Si prime wafer was
prepared and cleaned by a RCA method. In each pixel area, a Cr
buffer layer of 100.2 nm and a Ni catalyst layer of 19.7 nm were
deposited by maskless lithography and the lift-off method in
order. Next, the CNTF grows using PECVD with C,H, and NH;
in a 200:50 volume ratio at 700 °C and 100 W plasma for
15 min.

Device manufacture. First, 10 pL MXene solution was drop-
ped on the top of the CNTF and the detector was dried in the
fume hood for 24 hours. Finally, conductive silver glue was used
to connect the wires to the detector (5.0 mm X 5.0 mm). The
device with a PTFE package was sealed using vacuum glue.
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Measurements

The I-V curve was measured using a Keithley 6487 and a Keith-
ley 6500. Resistance was measured using a Keithley 6500. The
temperature was measured using an infrared thermometer. A
JEOL SEM was used for film morphology characterization at
a probe current of 12-15 nA and an accelerating voltage of 12-15
kv. A blackbody radiation source (Newport 67020) was used as
the infrared source.

Results and discussion
Vertical detector structural design

The fabrication process of the Si-based vertical PTE detector is
illustrated in Fig. 1. Fig. 1(a) shows the layer preparation for
CNT growth, including the Si substrate, Cr buffer layer, and Ni
catalyst layer. The metal Cr plays ternary roles in the PTE cooler,
bottom electrode and a catalyst supporting layer, i.e. buffer
layer, which can help prevent the diffusion of catalyst parti-
cles.®* The metal Ni acts as the catalyst for CNT growth. The
vertical channel of the CNTF was designed based on several
factors. According to the internal polarization, the optical
absorption of CNTs can be maximized or minimized at different
wavelengths. The CNTs grown by CVD show high mobilities and
the Seebeck coefficient of semiconducting CNTs can reach 300
UV K '.* Moreover, the coulombic interaction and large
binding energy of 1-D materials contribute to the potentially
enhanced PTE response.** Additionally, the height of CNTs can
be controlled similarly to the cooling length of PTE devices,
which can maximize the device's performance (Fig. 1(b)). The
MXenes were processed by the low-cost and facile solvent
exchange method to exfoliate and delaminate, which can
produce a better conductivity (Fig. 1(c)).** After the delamina-
tion, the drop-cast MXene electrode can be thinned down to
about 0.9 pm, as measured using a Bruker profilometer. The
MXenes (TizC, or Mo,C) were drop-casted and dried as the top
electrodes instead of traditional metal electrodes, and then the
basic detector structure is illustrated in Fig. 1(d).

Material characterization

Fig. 2(a)-(c) show the scanning electron microscopic (SEM)
images of the Ti;C, electrode, and Fig. 2(d)-(f) show the SEM
images of the Mo,C electrode. MXenes usually present a crossed
atomic structure, and their surfaces are usually modified by all
types of terminations such as -OH and -F, which depends on
the synthesis etching method. Both Ti;C, and Mo,C show
layered stacks and their films are relatively uniform. The
thickness of the MXene electrode can be controlled by adjusting
the solution concentration or volume. Specific PTE responses
related to MXene types and electrodes will be listed in Section
2.4. We think the excellent conductivity of MXenes may
contribute to the inherent excellent conductivity of the MXene
flake and good contact among flakes. We used the tip-growth
CNTF method by PECVD, the metal Ni remained in the tip
parts, resulting in a hydrophobic top region***” (Fig. 2(g)). Water
molecules will evaporate and may not flow into the CNTF, so the
alignment of CNTF may not change. This drop-cast method will

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Fabrication process of the PTE detector. (a) Preparation of the Cr buffer layer and Ni catalyst layer on the Si substrate. (b) CNT growth on

the Si substrate. (c) Preparation of the MXene solution. (d) Detector illustration.

produce a random orientation distribution and a relatively Photoresponse mechanism and characterization
rough MXene surface, which may potentially enhance infrared
absorption (Fig. 2(h) and (i)).

(a) (b)
- 10 um

(d) (e)
= 10 um

When the illumination irradiated on the top of the MXene
electrodes, the infrared radiation was mainly absorbed by the

= | um — | UM

Fig.2 Top view of TizC, with the scale bar of (a) 10 um, (b) 1 pm, and (c) 100 nm. Top view of Mo,C electrodes with (d) 10 um, (e) 1 um, and (f)

© 2023 The Author(s). Published by the Royal Society of Chemistry

100 nm. (g) Side view of the CNTF. (h) Side view of the PTE detector with (i) TizC, electrodes and (i) Mo,C electrodes.
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top MXene electrode. The remaining parts may be absorbed by
the CNTF. The top electrode of the n-type MXene was heated
and acted as the heat source. A temperature difference was
created through the vertical direction. The bottom Cr electrode
acted as the heat sink. The n-type carriers (electrons) trans-
ported to the cold bottom Cr electrode and the p-type carriers
(holes) transported from the bottom to the top heated electrode.

Then, we performed the optoelectrical measurements, and
the experiment was performed under an 873 K blackbody
radiation source. Both Fig. 3(a) and (b) show the linear I-V curve
and demonstrate an excellent ohmic contact among MXene
electrodes and CNTF. Fig. 3(c) shows the reproducible curve of
the response time. The fall/decay time of the Ti;C, or Mo,C
electrode is 2.4/2.3 s or 2.8/2.7 s, respectively. There are several
reasons that Ti;C, exhibits a stronger response current and
a faster response than Mo,C. First, Mo,C electrodes may show
a stronger electromagnetic shielding effect with the increase in
thickness. Second, the difference in MXene particle size may
cause thermoelectric properties, leading to different PTE
responses.*®

Fig. S37 shows the responsivity of the PTE detector with
different blackbody radiation temperatures. The responsivity
can be expressed as Ry = %, where V,,;, means the photo-

m

voltage and P;, means the incident power. Both PTE detectors
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Fig. 3
intensity of blackbody radiation.
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with 0.9 um Ti;C, and 1.2 pm Mo,C electrodes show a respon-
sivity of over 3.5 V/W, which demonstrate excellent mid-IR
(MIR) PTE conversion. Fig. 3(d) shows the detectivity of the
PTE detector with different radiation temperatures. The detec-
VRvA4
Va
area. The noise of PTE detectors mainly comes from the John-
son-Nyquist noise that can be expressed as, V,, = v/4kgTR,*
where the Boltzmann constant is 1.9 x 10°2* J K%, T is the
temperature and R is the device resistance. The trends of

tivity can be expressed as D* = , where A4 is the effective

responsivity match with the responsivity. The detector indicates
a maximum detectivity of 2.2 x 10° Jones. The maximum
detectivity of 2.2 x 10° Jones locates the blackbody peak wave-
length of 3.3 pm. Generally, the thermoelectric properties of the
materials do not change with the ambient radiation peak
wavelength. Thus, the reason may be that both drop-cast MXene
films show an internal infrared absorption at around 3.3 pm.
The competitive PTE response may have several reasons. First,
the reduced CNT channel may approximate the cooling length
of hot carriers, which mostly maximizes the performance.
Second, the top MXene electrode may absorb most of the
infrared radiation, which helps achieve rapid and effective PTE
conversion. Compared with our previous work, although the
traditional CNTF can absorb the infrared radiation almost
completely, the heating process may occur in the whole CNTF

(b) o004
=== Radiation Off
=== Radiation On
0.02} —
/
= B .
£ o
£ o0.00F —t
o a3
g .
/‘4
3
0.02pH”
004755715710 05 00 05 10 15 20
Voltage (mV)
2.25
(@ _ uag
= 2.00 / \\ = TI3C;
o1 v = Mo;C
~ 175 F 257 £UR \\ .
T L "N N\
E1so0f / / =5 ~
S / o e —
© & .
q 1as P 5
3 .
Z 100 F / \.
= . N\
gorsk / "
= -
o o0s0fF /
25 3.0 3.5 4.0 45 5.0

Peak Wavelength (um)

|-V curve of PTE detectors with (a) TizC; electrode and (b) Mo,C electrode. (c) Response time. (d) Detectivity correlated with the power
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Fig. 4 Relationship between photovoltage and (a) electrode types, (b) electrode thickness of the TizC; film and (c) Mo,C film.

channel instead of the CNT tip region.”” Third, without the
introduction of polymers, the thermal loss may be reduced and
the effective thermoelectric conversion may be increased.*
Fourth, the CNTF grown by PECVD may be mainly composed of
MWCNTs with a positive Seebeck coefficient of about 30 uv.*
The CNTF grown by low-pressure CVD may be mixed p-/n-type
SWCNTs, which may significantly hinder the thermoelectric
capacity and even reduce the PTE conversion efficiency.””
Furthermore, with a larger gap among CNTs, the PECVD-grown
CNTF can be easily quantified and designed as the typical
number according to specific requirements.

Top electrode influence

We also measure the influence of electrode thickness by
adjusting the dropping volume of 25 mg mL ™' MXene solution.
When the dropped solution volume is 10/20/30 pL, the thick-
ness of Ti;C, or Mo,C film is 0.9/1.8/2.7 pm or 1.2/2.4/3.6 um,
respectively (Fig. 4). Such thin MXene thicknesses indicate the
dense deposition and excellent dispersion of the MXene solu-
tion. With the 873 K blackbody radiation temperature, the
photovoltage of both PTE detectors shows a decreasing trend
with the increase in electrode thickness. We contribute the
reasons to the PTE conversion limitations, which means the
MXene electrode of typical thickness can achieve a photo-
thermal conversion. Once the top electrode thickness exceeds
the typical value, the MXene of extra thickness may act as a heat
sink and significantly reduce the thermal energy utilization
efficiency of the CNTF. MXene films have been investigated as
electromagnetic radiation shielding. For the thick films, the
MXene may act as the radiation shielding material and cannot
achieve effective photothermal conversion. Thus, only the
MXene with typical thickness can realize effective photothermal
conversion. Once the top MXene electrode thickness exceeds
the typical value, the MXene of extra thickness may act as a heat
sink and significantly reduce the thermal energy utilization
efficiency of the CNTF.

PTE detector system and NDT imaging

Then, a NDT imaging test was performed using a measurement
setup (Fig. 5(a)). The blackbody radiation passed through the
MIR filter. The single-pixel packaged PTE detector was fixed in

© 2023 The Author(s). Published by the Royal Society of Chemistry

a table. The MC-200 equipment will control the aluminum
arrow object to move, where the step length is 500 um. Typi-
cally, the PTFE cavity is manufactured by fill-mode laser
cutting. In an environment full of nitrogen gas, the PTE
detector can be sealed in the PTFE cavity using vacuum glue.
According to ref. 41 and 42, most of the MIR radiation can be
transmitted through the PTFE materials, and thus, PTFE can
act as an excellent packaging and MIR filter material for PTE
detectors. Here, the accumulated height of the PTE detector
can be calculated as 525 x (1 £+ 10%) um (Si substrate) +
100.2 nm (bottom Cr electrode) + 5 pum (CNTF) + 1 pm (top
MXene electrode) = 530 pm. The cut depth of the PTFE cavity
by laser is 1530 um (Fig. 5(b)). Then, we measured the PTE
response of the packed detector using blackbody radiation
under the same experimental conditions. The photovoltage
was recorded, and finally, the photovoltage was patterned
according to the relative intensity (Fig. 5(d)). This experiment
demonstrates the capacity of NDT imaging. Furthermore, the
resolution can be further optimized by reducing the single-
pixel size of the PTE detector, and this design idea paves the
way for packaging wearable sensors.

Stability

Given the industrial and product application in the future, the
long-term stability of the PTE detectors is also crucial. Thus, we
tested the PTE detectors with Ti;C, and Mo,C top electrodes
under 873 K blackbody radiation (Fig. 6(a)). The PTE responses
of both detectors show relatively high degradation. The may be
because the surface terminations are oxidized and influence
infrared absorption and conductivity.** The other reason may be
that the contact resistance increases between MXenes and
conductive silver glue because of the degradation of silver glue.
The PTE responses of both detectors show relatively high
degradation. The reason may be that the surface terminations
are oxidized, which influences infrared absorption. Addition-
ally, the device resistance increases and we attribute this to the
increasing contact resistance between MXenes and conductive
silver glue. Another reason may be that the conductivity of
MXene decreases.* Then, we tested the PTE response of the
encapsulated device with PTFE (Fig. 6(b)). In comparison, the
degradation was significantly suppressed after 35 days. This

Nanoscale Adv., 2023, 5, 133-1140 | 1137
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Fig. 6 Relationship between the time and the photovoltage of (a) TizC, and (b) Mo,C electrodes with or without PTFE packaging.

result indicates that the packaging will be further beneficial for
large-scale industrial applications.

To assess our detector performance, we compared our
detectors with other MIR detectors. Although our detectors do
not show a superior response, they have shown a competitive
advantage as self-powered detectors (Table. S1}). Optimizing
the CNTF channel may potentially enhance the PTE response
according to the thermal decay length theory.** Additionally,
patterning the MXene top electrodes toward the metamaterials
may be another optimization solution.

138 | Nanoscale Adv, 2023, 5, N133-1140

Conclusions

In this work, we have fabricated a self-powered vertical PTE
detector working in the MIR regime. This detector adopted
CNTFs as the PTE channel as well as MXenes as the top elec-
trode. We characterized the PTE response related to the two
types of MXene electrodes and their electrode thickness. The
MXene electrodes showed an excellent stable ohmic contact
with the CNTF. With the blackbody temperature of 873 K, the
detector demonstrated a detectivity of 2.2 x 10° Jones.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ultimately, we packed our PTE detector into a PTFE system and
performed the NDT test, which indicated a response degrada-
tion delay and competitive imaging capacity.

Overall, this PTE detector integrated with a vertical CNTF
channel and MXene electrodes achieves broadband infrared
detection. Unlike the laser source, the blackbody radiation
source will illuminate a relatively large range, which provides
a higher response challenge for the device. Our scalable
detector can accept large-area radiation because the top MXene
electrodes will absorb the infrared radiation and convert it into
thermal energy, forming a temperature difference along the
long-axis direction of the CNT and inducing thermoelectric
conversion. Compared with the PTE detector using an in-plane
asymmetric structure or the p-n junction, this configuration
makes use of steric space and provides opportunities for device
miniaturization, where we only need to consider the in-plane
absorber area. Additionally, the number and height of CNT
can be accurately controlled and the device performance can be
quantified. The one-dimensional (1-D) CNTF also paves the
path to other 1-D materials such as the nanowire array.
Furthermore, the CNTF or nanowire array can be patterned into
a metamaterial structure and achieve in-plane and vertical PTE
optimization. The self-powered packaged PTE detectors provide
new insights for the industrial long-term monitoring system
and daily smart wearable sensors. Typically, the front and back
sides of the smartwatch can integrate the PTE detector and
achieve an energy harvester of the human body and environ-
mental thermal radiation.
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