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ABSTRACT: Room-temperature mid- and far-infrared
photodetectors and energy harvesters meet diverse upcom-
ing demands including health condition monitoring,
industrial inspection, and miniaturized power-source for
Internet of Things. However, the cryogenic cooling
requirement for III-V semiconductors and the inefficient
light absorption in two-dimensional (2D) materials, for
example, graphene (2.3%) and black phosphorus (~3%),
have hindered mid- and far-infrared optoelectronics from
widespread applications. Here, we demonstrate a self-
powered infrared photodetector as well as energy harvester
via employing vertical photothermoelectric (PTE) effect of
a carbon nanotube forest (CNTF). In the self-assembled

anti-reflecting CNTF, 99.4% reflection suppression is observed, resulting in a broadband detectivity of 1.9 X 10" cm Hz
in 2.5—25 pm spectral range and peak detectivity of 2.3 X 10° cm Hz

1/2

/2 at 4.3 THz via nonlithography fabrication. By

virtue of vertical architecture, this photodetector exhibits enhanced sensitivity to weak and unfocused infrared
illumination, which mitigates the high actuating power density in conventional PTE or field-effect detectors and renders

practical infrared detection in the real life.

KEYWORDS: mid- and far-infrared, carbon nanotube forest, photothermoelectric, black-body absorption, broadband, self-power

eyond semiconductor bandgaps, midwave infrared

(MWIR, 3—5 um), long-wave infrared (LWIR, 8—12

um)," and far-infrared (15—2000 gm or 0.3—20 THz)
absorptions in most solid-state matters are relatively lower
compared to visible range. This has been a main obstacle in the
development of room-temperature long-wavelength infrared
optoelectronics which hold broad interests in biomedical
imaging,2 industrial monitoring, and Internet of Things, efc. In
particular, the far-infrared or terahertz (THz) inspection is
considered a powerful tool that emerges in material character-
ization, safety inspection, and biological sensing.’ Strong
light—matter interaction in low-dimensional materials have
improved detector performance,” but the percentage of light
getting absorbed by two-dimensional (2D) materials is low —
up to 2.3% in single-layer graphene® and around 3% in black
phosphorus.* The advent of plasmon resonant structures
including grated electrodes’ and patterned light-active
materials”” have largely enhanced light absorption at certain
wavelengths. Resonant absorption at 10 pm wavelength

-4 ACS Publications  © 2019 American Chemical Society 13285

achieved a photoresponsivity of 0.4 A W' in graphene
nanoribbons, * and the effect of THz plasmon absorption was
also demonstrated to enhance detector performance.'
However, expensive electron-beam lithography (EBL) fab-
rication prevents these artificial structures from large-area
utilization. Meanwhile, quantum-dot-based photodetectors
also exhibit growing photosensitivity from visible to mid-
infrared range with a merit of low-cost solution process-
ability,'” but the limitations include high toxicity in heavy-
element materials (i.e., mercury cadmium telluride, MCT) and
narrow responsive spectra restricted by the finite bandgap and
specific particle size. Synthesized by scalable methods (vapor—
liquid—solid growth or wet-etching), vertically aligned nano-
wire arrays made of Si,"? Si02,14 Zn0," GaN,16 GaAs,'” and
InAsSb'® have been widely reported as anti-reflecting
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Figure 1. CNTF photothermoelectric photodetector. (a) Schematic of the self-powered photodetector. A CNTF covered by top conductive
layer (Al) is mounted on a doped-Si substrate with Au back metallization. On the right, the single CNT with top and bottom electrodes
illustrates the device temperature gradient induced by infrared illumination. On the left, the black arrows indicate the electrons moving
direction due to the thermoelectric effect. (b) Temporal response of the current in a zero-biased device when the black-body illumination is
switched on and off periodically. The sampling rate is 1 s. (c) Current—voltage characteristics in the dark and under illumination conditions.
Voc and Ig¢ are the open-circuit voltage and short-circuit current, respectively. The top-electrode thickness and photosensitive area for the

device shown in (b, c) are 25 nm and 1 mm?, respectively.

absorbers in the visible and infrared range. As a representative,
carbon nanotube forest (CNTF), a self-aligned, densely packed
three-dimensional (3D) architecture of carbon nanotubes
(CNTs), is renowned for near unity absorption in an
ultrabroad infrared range beyond far-infrared.'”~>'

One technical issue for infrared photodetectors using
narrow- or zero-bandgap materials such as CNTs, graphene,
and MCT is the pronounced dark-current and low signal-to-
noise ratio under DC biases at room temperature. This issue
has been mitigated by recent studies on room-temperature
photothermoelectric (PTE) photodetectors, which exemplify
that photons induced thermoelectric effect at zero-bias can
reduce the dark current effectively by suppressing 1/f noise and
shot noise in circuits.”>>° At the same time, the PTE effect
also sees an improvement with the utilization of low-
dimensional materials, benefiting from the enhanced thermo-
electric effect due to strong electron density-of-states depend-
ence on energy levels dg(E)/dE.”” Walia et al. discovered
efficient photothermal conversion in vertical GaAs nanowires
arrays under external light illumination and revealed a thermal
gradient along the nanowires.'” The demonstration of mid-
infrared and THz imaging with PTE photodetectors was
achieved by Suzuki et al. with a noise equivalent power <1 nW
Hz "2 at the CNT/metal interface under ambient con-

e 2
ditions.**
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To date, state-of-the-art mid- and far-infrared photo-
detectors are still hampered by several challenges: (1) High
infrared reflection in low-dimensional materials due to high
conductivities along zigzag directions of 2D sheets and along
axis direction of one-dimensional (1D) nanowires; (2) Field-
effect photodetectors have ~um scale channel length which
requires highly focused laser beams as actuators and do not
work well for weak infrared illumination; (3) Most current
PTE photodetectors have a long lateral channel for effective
heat dissipation and require localized illumination on p—n
junctions or interfaces during photon detection.

In this work, we demonstrate a self-powered, large-area,
compact, and broadband infrared photodetector as well as
energy harvester by exploiting a vertical temperature gradient
in a CNTF black-body absorber. Light reflection is significantly
suppressed in the self-assembled CNTF due to sparseness and
vertical alignment of nanotubes.'” By employing this vertically
aligned anti-reflecting nanowire array,'*'” the macroscopic
PTE photodetector has achieved high responsivity to an
unfocused and broadband infrared light as low as 6.8 yW
mm™?, akin to many realistic scenarios. We find the optimized
PTE performance yielded in a top conductive layer having the
appropriate thickness and a low contact resistance. A
broadband responsivity of 5.3 V W' in 2.5-25 um spectral
range and peak responsivity of 640 V W' at 4.3 THz are
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Figure 2. Morphology, infrared absorption, and photoresponse of metal covered CNTFs. (a) SEM morphology of a 200 nm Al/CNTF
junction viewed at 35° tilted angle. The scale bar is 1 gm. (b—d) SEM morphologies of top-viewed 25, 50, and 100 nm Al covered CNTFs.
The scale bar is 100 nm. (e) Infrared reflectance spectrum of air, pristine CNTF, 25 nm Al covered CNTF, 100 nm Al covered CNTF, and
gold in 2.5—25 pm spectral range. The reflectance of air (0.03%) and gold mirror (99.0%) are listed for reference. (f) Photoresponsivity
correlation with various Al thicknesses covered on CNTFs. The device photosensitive areas are 1 mm? (g) Specific detectivity as a function
of wavelength measured in a 25 nm Al covered CNTF device with 0.05 mm? area.

observed in this CNTF-based photodetector, yet with plenty of
room for performance improvement.

RESULTS AND DISCUSSION

Photodetection Mechanism and Functionalities. The
photodetector schematic diagram is illustrated in Figure la. A
densely packed CNTF grown by low-pressure chemical vapor
deposition (LPCVD) is sandwiched by two electrodes on a Si
substrate. The top-electrode layer connecting individually self-
standing CNTs is deposited by magnetron sputtering. The
photodetection mechanism is based on photothermoelectric
effect: The cold p-type carriers at the bottom of CNTF diftuse
toward the illuminated hot top side, as evidenced by zero-bias
photocurrent direction shown in Figure la—c. Incident light
waves are trapped and absorbed by the top-electrode/CNTF
junction region, as the CNTF height (~100 um) exceeds
typical CNT perfect absorbers (~10 gm).”>*" Then the top
region of the device becomes thermalized due to electron
excitation, while the bottom electrode and substrate serve as
heat sink. The thermoelectric voltage output induced by the
temperature gradient can be described by

V= fb:zm SV (2)dz = fSM(Z)VTM(Z)dZ

+ /SCNTS(Z)VTCNTS(Z)dZ (1)

Figure 1b indicates that under broadband radiation emitted
from a black-body source, the device exhibits a subsecond
temporal behavior of current in response to the light source
switching on and off. Figure lc presents the ohmic current—
voltage characteristics of the photodetector in the dark and
under illumination conditions, and a net photocurrent is
observed at zero external bias. Under thermal radiation of
514.9 yW mm™? at 973 K source temperature, an open-circuit
voltage of 44 pV and a short-circuit current 58 nA are
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generated. This means the self-power merit of this PTE
detector has demonstrated an additional functionality in
energy harvesting, which may find applications in industrial
waste-heat recycling and wearable human-body radiation
collections.

Morphology, Infrared Absorption, and Photores-
ponse. The Raman spectrum (Figure S1) of an as-grown
sample confirms the existence of CNTs and reveals the
chirality information (Note S1), and the UV—vis spectrum
(Figure S2) further indicates the material bandgap. The
scanning electron microscope (SEM) morphologies of pristine
and metal-covered CNTFs are presented in Figure S3a and
Figure 2a—d. Figure 2a shows the intersection of the top
surface and side wall of the CNTF/AI junction, and Figure
2b—d show the top-viewed CNTF morphologies with
increasing Al coverage. It is clearly shown that as the metal
coverage increases, the nanotube diameter grows larger which
is roughly equal to the thickness of metal deposited (as shown
in Figure S3b). The infrared reflectance curves measured by
Fourier-transform infrared spectroscopy (FTIR) prove efficient
light—matter interaction in CNTFs. For the 2.5-25 um
spectral range, optical reflectance of 0.57%, 10.4%, and 49.2%
are observed in the pristine CNTF, 25 nm Al covered CNTF,
and 100 nm Al covered CNTF, respectively, as shown in
Figure 2e. Compared to horizontal CNT thin-film or bulk Al
film, the significant suppressions of reflectance in pristine and
metal covered CNTFs can be explained as (1) the
homogeneous sparseness and vertical alignment of CNTs
have induced refractive-index matching at air—CNTF inter-
face; and (2) the slightly tilted CNT alignment allows photons
bounce back and forth many times without escaping.'” Overall,
the lithography-free CNTF absorber provides an efficient light-
absorbing platform for broadband infrared photodetection.

PTE Engineering of CNTF Top Conductive Layer. The

primary task of constructing the vertical detector is to
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Figure 3. PTE response correlation with top-electrode materials, illumination power and operating frequency. (a) Photoresponse of CNTF
detectors covered by four kinds of conductive materials. The photoresponse of each junction is an averaged value by two devices. (b)
Photoresponse (in red dots) of an Al covered CNTF detector under different radiative temperature, that is, different incident power density.
The detector received illumination power intensities (the gray stars) are 514.9 gW mm™> (973 K), 82.9 yW mm (623 K), 24.6 gW mm >
(473 K), 14.2 yW mm ™2 (423 K), and 6.8 uW mm ™2 (373 K), respectively. (c) Detector rise and fall times characterized by a black-body
radiation source at 973 K (~350 gW mm™2). (d) Frequency response showing a 3 dB frequency at ~2.8 Hz. The top-electrode thickness
photosensitive area of above device is 25 nm and 1 mm?, respectively.

effectively collect and convert the light-induced temperature
gradient in CNTF into notable electric signals. When the top
and bottom surfaces of a pristine CNTF are simply connected
by a lead wire, the measured photoresponsivity Ry (defined as
photovoltage divided by incident infrared power) is very low,
only 11 mV W~ After the Al layer is deposited on three
CNTFs with increasing thickness of 5 nm, 10 nm, and 25 nm,
the photoresponsivity has seen an 8-fold rise to 89 mV W' in
25 nm Al covered CNTF, as shown in Figure 2f. We explain
this phenomenon in two aspects. First, for the pristine CNTF
device, as the vertical electrical conductivity of CNTF is much
higher than the horizontal counterpart,”® only a small portion
of photocurrent right under silver paste can be collected
because other individual CNTs are short-circuited. Thus, even
though light absorption is maximized in pristine CNTF, its
photoresponse is relatively low. Second, the presence of an Al
layer on CNTF has constituted a junction which improves the
Seebeck coeflicient in the vicinity of the interface. This is
attributed to the sharp inversion of carrier concentration from
the hole-transporting CNTs to the electron-transporting
metal.”” The improvement of photoresponse as Al increases
from 5 to 25 nm is found consistent to the behavior of Seebeck
coefficient in nanoscale metal films (see Note $2).>° However,
when the Al layer deposited on CNTF becomes thicker, the
photoresponsivity exhibits a decay due to significant infrared
reflection which is the main limit of PTE response under this
condition (the skin-depth of Al is 7.5—24 nm for 2.5—25 um
spectral range).

To compare the performance of our device with other
photodetectors, the noise equivalent power (NEP) and
detectivity are utilized to evaluate the capability of identifying
the weakest illumination from noise. The detector current
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noise is characterized in Figure S4, where 1/f noise, shot noise,
and Johnson—Nyquist noise commonly contribute to the
overall noise at low-frequency. But because the device operates
at zero-bias condition, 1/f noise and shot noise have been
significantly suppressed (see Note S3)."%******> The noise
level quickly approaches a constant value starting from a
relatively low frequency (around 3 dB corner frequency),’
which is analogous to the noise shape measured in CNT PTE
detector.”” Figure S5 shows the zero-biased wavelength
dependent photoresponsivity Ry (Ry = V/P) of the CNTF
detector (25 nm-thick Al, 0.05 mm?* device area) in the spectral
range from 2.5 to 110 um. As the wavelength increases from
2.5 to 25 pm, calculated Ry increases sharply from below 1 V
W™ to ~300 VW™ and then keeps relatively stable at several
hundred VW™ in the spectral range of 30—110 um. Since the
detector noise level is independent of incident spectrum, the
room-temperature NEP and detectivity as a function of
wavelength are plotted in Figure 2g. NEP is calculated by
i,R/Ry, where R is the resistance and i, is the measured current
noise at 1 Hz. The specific detectivity D* is extracted as D* =
(AAf)I/Z/NEP, where Af is integration time and A is
photosensitive area. The D* exhibits ~10” to 10° cm Hz'/?
W in MWIR/LWIR regimes and ~108% to 10° cm Hz!/2 W!
in FIR or THz regime. It is proposed that the elevated
photoresponse in THz regime (peak at 4.3 THz) is due to the
plasmon resonance enhanced light absorption and weak hot-
carrier relaxation under low-energy photon excitation (dis-
cussed in Note S4). The detector performance rivals other
PTE photodetectors as compared in Table S1.

Next, we alter the top-electrode layer by various conductive
materials to investigate the change of PTE properties.””*"*?
Four kinds of top-electrodes with equal thickness of 25 nm
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form junctions with CNTF: CNTF/Al, CNTF/Ti, CNTF/Au,
and CNTE/ITO. Figure 3a shows the different photoresponse
in these junctions: the CNTF/AI junction performs the best
followed by CNT/Ti, CNTF/Au, and CNTE/ITO. It has
been recognized that the thermal and the electrical contact
qualities of a junction have significant impacts on thermo-
electric efficiency.”*~*° High thermal barrier resistance leads to
reduced temperature gradient, and high electrical contact
resistance leads to lower Seebeck coeflicient in the vicinity of
the interface.>>*” Here, we speculate that different Seebeck
coefficient offsets between top-electrode material and CNTF,
and different junction induced thermal gradients (physical
parameters of these four junctions are listed in Table S2)
commonly contribute to the photoresponse results in Figure
3a. The low response of CNTF/Au and CNTEF/ITO junctions
is considered due to the poor thermal and electrical contacts
from Au and ITO.

Weak Illumination Sensitivity and Frequency Re-
sponse. The photoresponse correlation with illumination
power-density is obtained by setting the temperature of the
black-body source to 973 K, 623 K, 473 K, 423 K, and 373 K
and measuring the photoresponse, respectively. When the
radiative temperature decreases, the peak wavelength of
radiative spectrum shifts from 3.0 to 7.8 ym, and the power
density received by the detector also decreases. The power
density is calculated by geometrical sizes and distances using
the black-body radiation spectrum shown in Figure S6. Table
S3 indicates that the higher the illumination power, the higher
the measured AT between hot-side and cold-side, and so
higher output voltages are expected. But the relation between
photovoltage output and infrared power is found not linear. As
the radiative temperature decreases from 973 K (514.9 yW
mm™2) to 373 K (6.8 yW mm2), the observed photo-
responsivity sees an increase from 0.07 VW™ to 0.25 VW™,
as shown in Figure 3b, meaning an improved photoresponse at
lower illumination power density. This nonlinearity mostly
originates from the thermal saturation at higher infrared power
density due to the less efficient cold-end (substrate) cooling
(see Note SS). Under a quite low illumination of 6.8 yW
mm~2, 1.5 nA photocurrent is measured under zero-bias
condition. The high sensitivity at weak illumination power is
considered to benefit from the extreme light absorption of
CNTF and efhicient thermoelectric conversion in the vertical
metal/CNTF junction.'” This feature could find practical
significance in real-world photodetection since the infrared
radiation to be detected/harvested is usually much weaker than

13289

the laser output. Moreover, this architecture might contribute
to establishing mid-infrared single-photon detection, in analogy
to a vertical indium phosphide nanowire array used for room-
temperature single-photon detection in the visible range.”®
The detector response speed and frequency response are
characterized in Figure 3c,d. Both measurements were carried
out using a 973 K black-body radiation source with peak power
at 3.0 pm. Figure 3c shows the rise time (from 10% to 90%
stable current) and decay time (from 90% to 10% stable
current) of the detector response switching between dark and
light conditions. A rise time of 7, = 0.24 s and a fall time of
Tgecay = 0.27 s are obtained under ~350 puW mm >
illumination, while a relatively faster response times of 7,

Tdecay = 0.17 s are obtained under ~90 yW mm~* (Figure S7a).
The scale of response time is determined by the PTE effect
mechanism which is typically slower than photovoltaic
effects”” and also related to the long channel (~100 ym)
induced large heat capacity.® The slightly shorter response-
time under low-power illumination is because the equilibrium
of a small thermal gradient can be built up more rapidly. Figure
S7b shows the detector time response under THz window
filtered black-body radiation (cutoff frequency at 15 THz).
Under longer wavelength excitation, a rise time of 7, = 0.20 s
and a fall time of 74, = 0.23 s are obtained. Frequency
response shown in Figure 3d presents that the 3 dB point
occurs at ~2.8 Hz under the black-body radiation.
Patterning the Top Electrode. As a pathway to improve
light absorption in the presence of a top metallic layer, we
design and fabricate microscale (Figure 4a inset) and
nanoscale (Figure S8) periodic patterns in the top-electrode
(Al) to mitigate reflection. The optical simulation is carried out
by finite element method in COMSOL Multiphysics. Polar-
ization-independent ring-shape patterns with 50 ym period, 38
um outer diameter, and 32 ym inner diameter are chosen to
minimize incident infrared reflection due to impedance
matching. A simulated reflection spectrum in Figure 4a
shows that these patterns exhibit a reflection dip at around
4—12 pm spectral range where most of the black-body
radiation is situated. Here the light transmittance is treated as
zero due to the presence of bottom metallic layers, and infrared
absorption of the photodetector is A(w) = 1 — R(w) — T(w)
=1 — R(w), where A, R, and T are the absorption, reflectance,
and transmittance, respectively. Figure 4b shows that the
measured photodetectivity in 2.5—25 pm range exhibits a 6-
fold increase after patterning the Al layer deposited on CNTF,
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demonstrating the capability to improve photoresponse by
integrating patterned metallic layer on CNTF.

Performance Optimization. The best broadband photo-
responsivity Ry and detectivity D* are 5.3 VW ! and 1.9 X 10’
cm Hz"? W' in 2.5-25 pum spectral range, and the peak
values achieve 640 V W™ and 2.3 X 10° cm Hz!> W~ at 70
um wavelength (4.3 THz). The possibilities of performance
optimization are shown in Figure 5 regarding CNTF height
and area and discussed in Note S6 regarding CNT diameter,
density, and mobility. Enhanced PTE response is observed in
CNTF with extended height as shown in Figure Sa, because
the longer channel is expected to sustain elevated temperature
gradient.”"" The photoresponse is estimated to increase
nearly an order of magnitude if the CNTF could achieve ~mm
height as in ref 41, which is the typical size of a thermoelectric
component. Figure Sb shows the correlation between
measured and predicted photoresponsivity Ry with decreasing
photosensitive area A (the lateral size of CNTF) in 2.5-25
um. It is found that as A decreases from 6 mm? to 0.05 mm?,
the photovoltage only sees a slight variation within 7.08 §V to
7.89 iV, but the Ry increases dramatically from 14 mV W™ to
1.7 VW™ as calculated by

top
v_ /bottomS(Z)VT(Z)dZ
P AXp

Ry
niform (2)
where A is the photosensitive area and piem is the incident
power density. The reason for the constant photovoltage under
various photosensitive areas is that PTE voltage is determined
by thermal gradient in z direction instead of x—y plane in this
3D architecture as illustrated by eq 1 and Figure S9.
Considering the photosensitive area in this work is much
larger than most state-of-the-art (Table S1), the photo-
responsivity is predicted to further increase in even smaller
size devices,® although some reasons may lead to a final
degradation.

For a broader interest, this photodetector architecture is
applicable to other nanowire arrays (e.g, semiconducting
nanowires with higher Seebeck coefficients), and top
conductive layer (e.g., MoS,, black phosphorus) combinations
providing a high-quality contact is formed. Advantages of this
vertical PTE junction architecture are three-fold. First,
compared to a planar—interface PTE detector, the photo-
response in a vertical photojunction is relatively insensitive to
illumination spot position, mitigating the optical alignment and
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focusing requirements. Second, the device compactness is less
likely to be compromised when the PTE channel can be
extended in vertical direction for heat dissipation, facilitating
the integration of a compact detector array. Third, for energy
harvesting purposes, the ease of expanding the light-harvesting
area brings convenience to large-area integration.

CONCLUSIONS

In summary, we demonstrate a self-powered, large-area, and
broadband infrared photodetector by employing vertical PTE
effect of high-density CNTF with nearly unity black-body
absorption properties. A broadband photodetectivity of 1.9 X
107 cm HzY? in 2.5-25 pm spectral range and a peak
detectivity of 2.3 X 10° cm Hz!? at 4.3 THz are achieved
under weak, unfocused, and broadband infrared illumination
akin to realistic scenarios. The photodetectors are imple-
mented through PTE engineering of the top-electrode layer.
The material, thickness, and pattern are investigated regarding
the photoresponse, whose further improvement is also
indicated by increasing the height or decreasing the lateral
size of CNTF. The exemplified device might find applications
in room-temperature, self-powered, and broadband infrared
detection or energy harvesting for real-time health condition
monitoring, low-cost industrial inspection, and distributed
sensing/power supplying in the Internet of Things.

METHODS

Growth of CNT Forest. Vertically aligned CNTFs were grown by
low-pressure chemical vapor deposition (LPCVD) at 660 °C and 1S
mbar in an Aixtron Black Magic 2 system with C,H, as carbon source.
Prior to CNT growth, 20 nm Ti bottom electrode, 10 nm Al catalyst
diffusion barrier, and 0.8 nm Fe catalyst film were deposited by
magnetron sputtering (AJA Orion twin chamber) onto doped Si
substrates previously back-side metallized with Ti/Au using e-beam
evaporation. For a typical 30 min growth, the CNTF height is ~100
pum.
Device Fabrication. Four kinds of top-electrode materials: Al, Ti,
Au, and ITO are deposited on CNTF all by magnetron sputtering due
to the conformal step-coverage around CNTs tips and better electrical
contact compared to evaporation. The 3 ym feature-size and 130 nm
feature-size periodic patterns in Al top-electrodes were etched by
inductively coupled plasma-reactive ions etching (Oxford Plasma lab).
Etching masks were patterned by UV lithography (Suss MA6Mask
Aligner) with S1811 as positive-tone photoresist and by electron
beam lithography (RAITH150-TWO) with ZEP-520A as positive-
tone e-beam resist, respectively. Finally, the device is glued to the
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cathode on a chip carrier, and a thin gold-wire connected to anode pin
is then glued onto CNTF top-electrode by silver conductive epoxy.

Material Characterizations. Scanning electron microscopy
(SEM) images of CNTF and Al covered CNTF were taken in a
JEOL JSM 7200F field emission SEM at S kV/10 kV voltage with 8—
10 nA beam current. The Raman spectrum of CNTF was obtained in
Bruker Senterra-2 Raman spectrometer under 532 nm light excitation.
The UV—vis spectrum was measured in a PerkinElmer Lambda 35
and 1050 UV-—vis spectrometer. The infrared reflectance is
characterized by FTIR spectrometer (Nicolet iSSOR FT-IR Thermo
Scientific).

Device Measurement. A broadband, unfocused black-body
radiation source (Newport Oriel 67030) was used to imitate real-
world mid-infrared emission when measuring the detector photo-
response. The black-body temperature is set from 373 to 973 K with
an opening spot diameter varying from 0.1 in. to 1 in, and
photodetectors to be measured are placed 25 mm away. I-V
characteristics and currents with and without black-body illumination
were measured by a Keithley 6487 pico-ammeter. The photothermo-
electric voltages at zero-bias were calculated from measured
photocurrents by V = IR, where R represents resistance of the device.
The broadband spectral response was characterized by a FTIR
spectrometer (Nitrogen gas purged IFSS0, Thermo Scientific) where
the detector was excited by two light sources (Globar, 2.5-25 ym and
16.7—200 pum) calibrated by a deuterated triglycine sulfate detector
with or without polyethylene filter. The resulting photoresponse was
directly measured by the FTIR internal ammeter without amplifying.
For frequency response measurement, the output beam of black-body
was modulated by an optical chopper before shining onto the
detector, and the output electric signal from the detector was fed into
an SR830 lock-in amplifier with a reference frequency related to the
optical chopper. Current noise spectrum was measured using a
4200A-SCS parameter analyzer in an isolated metal-box at ambient
condition.

Optical Simulation. The detector is simulated by finite element
method using COMSOL Multiphysics 5.0, RF module. Periodic
boundary conditions were established in x and y directions, and a
perfectly matched layer was placed in z direction above detector
surface. The top (200 nm Al) and bottom (10 nm Al and 20 nm Ti)
layers were treated as perfect electric conductor layers, and the
electrical conductivity of CNTF was modeled as (1, 1, 300) S/m*®
along the x—y—z axis. The top metallic layer pattern consists of 50 ym
period, ring-shaped patterns with 19 and 16 pm outer and inner
radius, respectively. The light wave in a frequency range of 10—100
THz (3—30 ym) is normally incident onto the detector surface.
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