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Figure S1. Raman spectrum of CNTF. a) A full Raman spectrum indicating the RBM peak 

(275 cm-1), D peak (1335 cm-1), G peak (1590 cm-1), and 2D peak (2658 cm-1). b) The 

amplified RBM peak group containing several small peaks. 
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Figure S2. The UV-Vis spectrum of CNTF. The reflection increase at longer wavelength is 

due to reduced light absorption as the photon energy becomes smaller than the bandgap 

energy of a portion of CNTs. The onset at 700 nm corresponds to the bandgap of 1.77 eV.
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Figure S3. Morphologies of a CNTF and a metal covered CNTF. a) Tilt-viewed SEM image 

of pristine CNTF with 110 µm height. Scale bar is 10 µm. b) Top-viewed SEM image of a 

200 nm Al covered CNTF. The diameter of each individual CNT expands to ~209 nm after Al 

sputtering. With the knowledge that pristine CNTs diameter is 8~10 nm, the actual metal 

coverage (~100 nm) on each CNT is in fact half of the sputtered thickness. Scale bar is 100 

nm.
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Figure S4. Measured zero-biased current noise at 296 K under ambient condition in the 25 
nm Al covered CNTF detector with 0.05 mm-2 area. The sharp peak near 25 THz repeatedly 
occurs in each measuremnt which is thus considered to be the noise from measurement 
system.
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Figure S5. The wavelength dependent photoresponsivity at zero-bias of the CNTF detector 
(25 nm thick Al and 0.05 mm2 device area) in a broad spectral range. The RV exhibits a peak 
of 640 V W-1 at 70 µm wavelength. It is noted that the NEP and detectivity correlations with 
wavelength are determined by the pronounced variation of photo responsivity RV. The noise 
level in our device is independent of incident light wavelength.
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Figure S6. Calculated black-body spectral radiant emittances at temperature of 373 K, 423 K, 

473 K, 623 K, and 973 K. The peak wavelength of the emittance spectrum increases from 3.0 

µm to 7.8 µm as the blackbody radiative temperature decreases from 973 K to 373 K.



  

8

Figure S7. Detector rise and fall times characterized by a) a blackbody radiation source at 

973 K (~90 µW mm-2, peak wavelength 3 µm) and b) a blackbody radiation beam (~350 µW 

mm-2) filtered by a THz window (cut-off frequency at 15 THz). 
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Figure S8. A CNTF photodetector with electron-beam lithography (EBL) patterned Al top-

electrode. a) Simulated reflectance spectrum of a CNTF detector covered by 200 nm Al with 

periodic cross-shape pattern. The reflection dip is designed to be 9.3 µm, which is identical to 

infrared radiation from a human body, demonstrating the capability of a photodetector for 

body temperature monitoring and harvesting. The inset shows the schematic diagram of the 

patterns. Each period (3.7 µm) consists of 4 crosses with the same width of 130 nm, but 

diffrent lengths: 1.67 µm (left top), 1.60 µm (right top), 1.53 µm (left bottom), and 1.46 µm 

(right bottom). The patterns are chosen to reduce the light reflection at the designed 

wavelength. Here, the SEM image of the pattern is not shown to avoid the damaging and 

doping effect by high-energy electrons at high-resolution mode.1 b) Photoresponse 

comparison of a CNTF photodetector with and without the periodic patterns, showing a 5 

times improvement.

a b
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Figure S9. Equivalent circuit of the photodetector. The Al covered CNTF acts as a voltage 

power source, and the whole resistance of the device is the sum of three resistances: , parasiticR

, and . While the PTE voltage is relatively constant as photosensitive area substrateR CNTFR

decreases ( ), an increase in device resistance has been measured: 644 Ω    V S z T z dz 
in 6 mm2 device, 1084 Ω in 1 mm2 device, and 2369 Ω in 0.05 mm2 device. This is because 

less individual CNTs are involved in charge transport among circuit-loop after CNTF lateral 

size has been reduced. This leads to an increase in electrical resistance and a reduction in 

overall photocurrent simultaneously. 
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Table S1. Comparison between this work and representative PTE photodetectors.

Photosensitive 
Materials

Photosensitive 
area

Light-source 
power

Responsive 
wavelength 

Responsivity NEP Detectivity Ref.

2.5~25 µm
7.8 µm peak

5.3 V W-1 1 nW Hz-1/2 1.9×107 
cm Hz1/2 W-1Metal covered 

CNTF 0.05 mm2 6.8 µW mm-2

4.3 THz 640 V W-1 8.4 pW Hz-1/2 2.3×109 
cm Hz1/2 W-1

This 
work

Antenna based 
graphene

λ2/π 2.3 μW 2.52 THz 105 V W-1 80 pW Hz-1/2 - 2

CNT film - 2.6 mW 1.4 THz - 2.4 nW Hz-1/2 - 3

Black 
phosphorus

7.2 μm2 325 µW 0.26~0.38 THz 0.15 V W-1 - 4

Nanoporous 
silicon

100 mm2 500 µW mm−2 476~514 nm - - 5

Bi2Te3/Sb2Te3 
nanowires

0.0025 mm2 104 µW mm-2 0.5~0.75 µm 38 V W–1 6.1×105 
cm Hz1/2 W-1

6

SrTiO3
planar 

junction
≥11.6 mW 0.33~10.67 µm 1.18 V W−1 - 7

Graphene <1 µm2 10 µW 0.5~0.9 µm 0.12 V W-1 - 8

Graphene 
ribbons

4.2 µm2 0.75 µW 119 µm 10 V W−1 ~2×106 
cm Hz1/2 W-1

9

CNT fiber p-n 
junction

p-n junction - 0.41~ 216 µm 0.17 V W-1 2.2×106 
cm Hz1/2 W-1

10

Graphene p-n 
junction

several µm2 ~102 µW 0.45~1.55 µm 0.19 V W-1 - 11
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Table S2. Physical properties of four CNTF/top-electrode junctions.

Junction Properties Al Ti Au ITO

Seebeck coefficient -1.7 µV K-1 9.1 µV K-1 1.9 µV K-1 -29 µV K-1

Thermal barrier resistance with CNTs12 0.81 0.74 1.06 -

Electrical contact resistance with CNTs13–15 Low Low Medium High

Note: The Seebeck coefficient of CNTs are usually in the range of 20~50 µV K-1.



  

13

Table S3. Infrared thermometer measured and calculated device temperature under global 

illumination of IR source.

Temperature Device
top surface

Substrate 
sidewall

Measured 
T

Calculated 
T

90 µW mm-2 29.1 ℃ 28.4 ℃ 0.7 ℃ 0.26 ℃Illumination 

Power 350 µW mm-2 32.0 ℃ 31.1 ℃ 0.9 ℃ 0.42 ℃

  Note: The device temperature without illumination is measured to be 23.2 ℃ in ambient conditions.
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Note S1: Raman, UV-Vis spectra, and chirality of CNTF

As shown in Figure S1, the Raman spectrum of CNTF exhibits radial breathing mode (RBM) 

peak, D peak, G peak, and 2D peak. The combined appearances of G peak and 2D peak 

confirm the characteristic graphitic sp2 hybridization and the D peak represents the structural 

disorders. The RBM peak is the signature of carbon nanotubes (CNTs) especially single-

walled CNTs, and one can obtain the information on CNT chirality by analyzing the RBM 

position.16 Since we have not used methods to control the chirality deliberately, the CNTF in 

this work is a mixture of metallic CNTs and semiconducting CNTs.17 The RBM peak at 154 

cm-1, 165 cm-1, 197.5 cm-1, 216.5 cm-1, 254 cm-1, 275 cm-1, 303.5 cm-1, 313.5 cm-1, 384.5 cm-1 

correspond to CNT diameters of 1.62 nm, 1.53 nm, 1.26 nm, 1.14 nm, 0.96 nm, 0.88 nm, 0.77 

nm, 0.79 nm, 0.62 nm,18 and chirality of (16, 7) - metallic, (11, 11) - metallic, (11, 7)/(14, 3), 

(12, 4), (8, 6), (10, 2), (9, 1), (10, 0), (5, 4), respectively.19 The highest RBM peak at 275 cm-1 

corresponds to the richest content of (10, 2) type CNTs with 0.88 nm diameter and 1.18 eV 

energy bandgap.19 The onset of reflection increase in UV-Vis spectrum indicates that the 

largest bandgap of CNTs with various chirality is 1.77 eV as shown in Figure S2. 

The chirality of CNTs can affect the PTE responsivity mainly in terms of thermoelectric 

conversion rather than light absorption process because of the bandgap limitless intra-band 

excitation mechanism. It is generally considered that metallic CNTs have lower Seebeck 

coefficient than semiconductor CNTs.20–22 Therefore, the mixture of metallic and 

semiconducting CNTs probably have not maximized the thermoelectric effect in our CNTF, 

and removing the metallic CNTs would possibly further improve the detector responsivity. 

However, Ichinose et al. have recently discovered that by tuning Fermi level to the Van Hove 

singularity in metallic CNTs can significantly improve the Seebeck effect,23 which provides 

another path to possibly improve the PTE effect without any sorting. 



  

15

Note S2: Seebeck coefficient of metal thin films

An asymptotic expression of pure metal Seebeck coefficient at room temperature between the 

thin-film ( ) and bulk ( ) morphologies can be given by the free-electron size effect thinS bulkS

theory:24

                                                                                        (S1) 31 1
8 1thin bulk

l US S p
t U

        

Where  is metal thickness,  is electron mean free path,  is the fraction of carriers t l p

reflected at the film surface specularly, and  where  is the Fermi level. By ln=
ln E

lU
E 

 
  



assuming , ,and  (i.e. ) according to Bloch quantum theory, a notable 0P  100l  =2U 2l E

reduction of  compared to  is measured when the metal thickness is below 30 nm,24 thinS bulkS

which is well consistent with our results. 

Note S3: Noise in detector

Noise is an important consideration in evaluating photodetectors since noise levels could be 

quite different in various devices. The main noises considered in photodetectors include shot 

noise, flicker noise, and Johnson-Nyquist noise. Shot noise is caused by the fact that electrical 

currents are carried by discrete charges which transport randomly and discontinuously. The 

quantum nature of photons also leads to a statistical randomness of arrivals onto the detector 

surface, contributing to the fluctuation of electron-hole pair generation.25 Shot noise can be 

described as

(S2)2sh DCi eI f 

where e is the electron charge, IDC is the average DC current, and  is the instrument f

bandwidth. Because shot noise obviously increases with current, high-voltage biased 
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photodetectors often suffer from significant shot noises. Flicker noise is also referred as pink 

noise or 1/ f  noise because this kind of noise is proportional to  where 0 < a < 2 and 1/ af

more pronounced in low frequency regime. Flicker noise is generally accepted to arise from 

the fluctuation of carrier concentration (in semiconductors) and mobility (in metals) due to the 

presence of defects and disorders as trapping and scattering sites.26 The flicker noise in 

graphene and carbon nanotubes are found to scale with current and temperature.26,27

Johnson-Nyquist noise (thermal noise) is the random voltage fluctuation existing in all 

electronic devices due to the thermodynamic motion of carriers. The Johnson-Nyquist noise 

level is expressed as

(S3)4JN BV k T fR 

where kB is the Boltzmann constant, T is the temperature of the electronic device, and R is the 

resistance of the whole circuit. 

Given the consideration that our PTE detector operates under zero bias, the shot noise and 

flicker noise are significantly reduced. The reduced noise is a useful merit to self-powered 

(zero-biased) photodetectors in achieving high photo detectivity, and also an important reason 

for sensitive room-temperature detection in mid- and far- infrared regimes.

Note S4: Elevated photoresponse in THz range

We explain the strong photoresponse dependence on wavelength with two physical 

mechanisms: 1) the plasmon resonance enhanced light absorption in THz range which leads to 

higher thermal gradient in CNTs, and 2) the weak electron- phonon coupling which leads to 

less significant hot-carrier relaxation under low-energy photon excitation.

It is widely accepted that light absorption of individual CNT varies a lot throughout the 

broadband infrared spectrum. For the span from near-infrared to far-infrared, the light 

absorption shows a dip in mid-infrared region (2~10 µm) due to Pauli blocking, and a 
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broadband, significant peak in far-infrared region (at ~75 µm, 4 THz) due to plasmon 

resonance.28–32 Now let us consider the light absorption in the CNTF scenario. By virtue of 

strong light trapping effect within the forest (multiple reflections and transmissions), CNTF 

exhibits constant and high absorbing characteristic in a broad spectral range as shown in 

Figure 2e and ref.33. However, the light penetration depths into the forest could be quite 

different at different wavelengths attributed to its wavelength selectivity.34 Therefore, because 

the intrinsic light absorption in CNTs is higher in far infrared or THz region, the 

electromagnetic waves and photon induced hot-carriers are better confined at the very top part 

of CNTF. This gives rise to a higher temperature asymmetry along the CNTs and thus 

enhanced thermoelectric effect which accounts for the elevated photoresponse. 

Cai et al. also reported a lower PTE photoresponse at shorter wavelength comparing to the 

long-wavelength THz range.9 They attributed it to the negative effect of optical phonon 

emission which leads to quick thermal relaxation of hot electrons in graphene. When the 

incident photon energy is lower than the optical and zone-boundary phonon energy of CNTs 

(~0.16 eV), we think the weak electron-phonon coupling9,35,36 have induced less significant 

hot-carrier relaxation which helps maintain a fairly high thermal gradient. This mechanism 

could also contribute to the elevated PTE effect of the detector in the THz range. 

Note S5: Device temperature gradient

As shown in Table S2, we found as illumination power density increases, the substrate is 

heated up simultaneously with CNTF top surface, leading to a non-linear temperature gradient 

increase and non-linear photoresponsivity shown in Fig. 3B. This is because the CNTF are 

still too short for effective heat dissipation, and the silicon substrate is seated on a thermally 

insolating Teflon board which lacks effective cooling. Therefore, a more rational choice of 

substrate material and additional bottom cooling layer are preferred to further improve device 

performance.
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The Calculated  is estimated by  assuming SCNTF = 30 µV K-1. The difference T V S T 

between measured  and calculated  is probably caused by two reasons: 1) the relatively T T

large measurement focal spot size of infrared thermometer compared to the device vertical 

dimension, 2) the emissivity difference between CNTs and silicon,33 which leads to inevitable 

errors in non-contact measurement. 

Note S6: The effect of diameter, density, and mobility of CNTs on detector PTE effect

The detector performance would also be optimized in smaller diameter, higher density, and 

higher carrier mobility CNTF.

The diameter of CNTs is found correlated to thermoelectric effect.37,38 When the tube 

diameter decreases, the CNT bandgap is enlarged and the carrier concentration is reduced. As 

a result, the Seebeck coefficient is improved as explained by39

(S4)
2/3

*
2

8
3

LS m T
h n

   
 

where is the Lorentz number, h is Planck constant,  is effective mass of the 2 2 2/ 3BL k e *m

carrier, and n is carrier concentration. From another perspective, enhanced quantum 

confinement effect in lower physical dimension (smaller diameter) will lead to a larger energy 

derivative of density of states,37,40 which could also contribute to the thermoelectric 

efficiency. 

The increase of CNT density is considered to optimize the photo detectivity by increasing 

photocurrent and reducing resistance. As illustrated in Figure 8S, under certain temperature 

gradient and thermoelectric voltage, the more individual CNT involved in the circuit, more 

current the device will output. This means the resistance of the detector is reduced as a result 

of increased cross-section. Assuming Johnson noise is the dominant noise, when CNT density 
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is increased at a given photosensitive area (the same received incident power), the photo 

detectivity will therefore be improved due to .6,41* 1/D R

The effect of carrier mobility on detector performance can be understood in two aspects. First, 

the figure of merit for thermoelectric materials - ZT value is described as

(S5)
2

= S TZT 


where σ is electrical conductivity, к is thermal conductivity, S is Seebeck coefficient, and T is 

temperature. Since the Seebeck coefficient is correlated with electrical conductivity ( ) =ne 

via carrier concentration n rather than carrier mobility µ (equation S4), the mobility will 

monotonously affect the electrical conductivity but not Seebeck coefficient.42 So enhanced 

mobility can improve the ZT value of thermoelectric materials. Second, enhanced mobility, 

i.e. reduced resistance is considered to reduce the noise level in PTE detector and thus 

improve the photo detectivity.6,41 The electrical resistance is , and + +sub para CNTFR R R R

 where H, A are the height and area of CNTF. By assuming / /CNTFR H A H Ane  

Johnson-Nyquist noise  is the dominant noise type, the detectivity can be put as4JN BV k TR

(S6)* / / 4V JN BD AR V A S T k TR  

Therefore, enhanced mobility would improve the photo detectivity by reducing electrical 

resistance.
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