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Notel: Comparison between aligned multi-wall carbon nanotube films and
aligned single- wall carbon nanotube films for polarization-sensitive far infrared
detection

The photoresponse and polarization sensitivity of the aligned multi-wall carbon
nanotube (MWCNT) film with or without the optical antenna is investigated. The
aligned MWCNT film (Fig. S1 (a)) is regarded as an effective uniaxial material. The
fill factor is assumed to be 0.3, the same as that of the SWCNT film presented in the
manuscript. The frequency dependent effective permittivity tensor diag (& =€, & =g,
&=¢&)) 1s evaluated on the basis of real measurements [1]. As shown in Fig. S1 (b),
both g and &, almost follow the Drude model since MWCNTs are very conductive in
the far infrared regime. The anisotropy originates from the fact that electrons move
more freely along the nanotubes than perpendicular to them. As a result, the
MWCNTs are more metallic for the light polarized along them than they are for the
light polarized perpendicular to them. Correspondingly, & has a more negative real

part and a larger imaginary part than &, .
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Fig. S1 (a) Sketch of the aligned MWCNT film. (b) Permittivity of the aligned

MWCNT film regarded as a uniaxial effective medium.

Then, we replace the aligned SWCNT films with the aligned MWCNT films in the

devices with and without the antenna (Fig. S2 (a) and (e)). The rest of the devices all



remain the same. Like the SWCNTs, the MWCNTs are aligned parallel to the y-axis
and doped diversely to form a p-n junction at the center. The incident light is also
assumed to be a Gaussian beam focused on the MWCNT belt with a beam waist
around 800 um. For the device without the antenna (Fig. S2 (a)-(d)), the distribution
of the power absorption density (Q.) almost follows the profile of the Gaussian beam
(Fig. S2 (a)-(¢)), and then the junction region at the center has a higher temperature
than the contacts at the two ends (Fig. S2 (d)), leading to a photoresponse based on
the PTE effect. According to previous studies [2], the thermal conductivity along the
MWCNTs is evaluated to be ~200 W m! K-! and that perpendicular to the MWCNTs
is evaluated to be ~ 60 W m'! K-!. These two values are at the same level with those
of the SWCNTSs. The heat exchange condition at the air/MWCNT film interface and
that at MWCNT film/substrate interface are assumed to be the same as those for the
SWCNT film. It is worthy to note that the incident light polarized perpendicular to the
MWCNTs (E L y) induces a much higher light absorption and a much higher
temperature rise than the light polarized parallel to the MWCNTs (£ // y). This
polarization dependence is opposite to that of the SWCNT device (Fig. 2 in the
manuscript), and it is attributable to the metallic behavior of MWCNTs. For £ L y, the
aligned MWCNT film works like a good conductor and hence a lot of power is
reflected. For £ L y, the aligned MWCNT film becomes less conductive so light could
penetrate further into the material, leading to more prominent power dissipation. The
typical Seebeck coefficients for p-doped and n-doped MWCNTs are around 15 pV/K
and -15 pV/K, respectively [3]. Based on that, the responsivity for the £ L yand E// y
are estimated to be 13 V/W and 0.034 V/W, respectively. Then, the polarization
extinction ratio (PER) for responsivity is about 382. For the antenna integrated device

(Fig. S2 (e)-(h)), when the incident light is polarized along the y-axis (£ // y), the



bowtie antenna concentrates the power into the gap that overlaps the junction region
(Fig. S2 (b) top row), and induces a local absorption enhancement (Fig. S2 (g) red line)
and a local temperature rise (Fig. S2 (h) red line). However, since the aligned
MWCNT film is quite conductive for this polarization, the antenna load is too small
to match the impedance, so a lot of power is scattered and the local field intensity is
not very significant. For £ | y, the antenna does not concentrate the light in the gap
but at the corners, so the junction region becomes an absorption valley. As revealed
by Fig. S2 (f) and (g), within the antenna aperture, the absorption of the MWCNTs are
reduced, while out of the antenna aperture, the absorption of the MWCNTSs recovers
to the same level as that in the absence of the antenna. The junction temperature still
rises up due to heat transfer, and it is 13 times higher than that for £ // y since the
aligned MWCNTs absorbs the light with £ L y much more efficiently. Then, the
responsivity for £ 1 y and E // y are estimated to be 5.34 V/W and 0.41 V/W,

respectively. The PER for the responsivity is about 13.
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Fig. S2 (a) Sketch of the infrared photodetector based on the aligned MWCNT belt. (b)

o

Distributions of the light power absorption density (Q.) for the y- and x-polarization
on the x-y cross-section at z = 1 um (i.e. half thickness of the MWCNT film). (c) Line
profiles of Q. along the x-direction and through the center of the MWCNT film (y =0

pum, z = 1 pm) for the x- and y-polarization. (d) Line profiles of AT along the x-



direction and through the center of the MWCNT film for the x- and y-polarization.
(e)-(h) present the sketches and the quantities in the same way as (a)-(d) for the
bowtie antenna integrated aligned MWCNT belt. The dimensions of the MWCNT belt

and the antenna all follow the SWCNT devices presented in Fig. 2 in the manuscript.

Fig. S3 presents the spectra of absorptance and responsivity for the MWCNT devices
with and without the antenna. For £ // y, the antenna improves the absorptance and the
responsivity at the resonance, while for £ L y, it reduces the absorptance and the
responsivity. This behavior has already been revealed during our investigation on the
SWCNT devices, as shown in Fig. 3 in the manuscript. In that case, the double-
dealing behavior benefits the PER. However, the current situation is just the opposite.
Since the absorptance of the aligned MWCNTs for £ | y is much lower than that for
E //y, the improvement of responsivity for £ //y and the suppression of that for £ L y
degrades the PER seriously. As shown in Fig. S3 (b), the integration of the antenna
degrades the PER from 382 to 13 at the resonance around 1 THz.

Consequently, in the case of the aligned MWCNT film, the integration of an
optical antenna does not enhance but degrades the PER for responsivity. For the
MWCNT device without the antenna, the PER (382 at 1 THz) is not as high as that of
the SWCNT device with the antenna (1753 at 1 THz). Moreover, since the Seebeck
coefficients of the MWCNT film is not as high as those of the SWCNT film, the
absolute responsivity of the MWCNT film based device is lower by more than 6 times.
Therefore, the antenna integrated aligned SWCNT film is more favorable for highly

polarization-sensitive far infrared detection.
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Fig. S3 (a) Junction region absorptance spectra of the antenna integrated MWCNT
belt and the MWCNT belt without the antenna for the x- and y-polarized incident light.
The junction region, as sketched by the red shadow in the inset, is defined as a 5 pm %
100 pum rectangle at the center of the MWCNT belt. (b) Spectra of temperature
increase at the junction (A7) and responsivity of the antenna integrated MWCNT belt

and the MWCNT belt without the antenna for the x- and y-polarized incident light.

Note2: Key parameter comparison between the device we propose and those in
other works

The key parameters including polarization sensitivity, responsivity, and detectivity are
compared with other works quantitatively. The PERs for responsivity of the
photodetectors based on aligned CNT films are typically below 5 [4,5], and the PER
of the antenna integrated aligned SWCNT belt as we propose is predicted to be higher
than 700 over a wide frequency range from 0.5 to 1.5 THz. And the maximum value
exceeds 13600. The responsivity of a photodetector based on an aligned SWCNT film
is around 1.25 V/W for THz waves [4]. In comparison, the peak responsivity of our
antenna integrated aligned SWCNT belt is 75 V/W in average in the THz regime. The
detectivity can be expressed by the noise equivalent power (NEP). The NEP of a
photodetector based on an aligned SWCNT film is around 20 nW/Hz!? [4]. The

resistance of our device, where the SWCNT belt is 5 um wide and 1 mm long, is



estimated to be 3 MQ [4,6]. For the detectors based on the PTE effect, the noise is
primarily thermal and it can be expressed as \/m [7]. Then, the NEP of our
device is estimated to be 2.9 nW/Hz'!2. Therefore, with the help of the antenna, all the
key parameters are improved, and especially the polarization sensitivity can approach

an ultra-high level.
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