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a b s t r a c t 

Photodetectors are the fundamental building blocks for many optoelectronic systems, including night vision, op- 
tical communications, biomedical imaging, security and motion detection. Carbon nanotubes (CNTs), which have 
a direct-bandgap structure, a broad spectral response and a large absorption coefficient, provide an ideal research 
platform for the exploration of high-performance infrared photodetectors. In the past twenty years, great efforts 
have been devoted to improve detection sensitivity via adopting high-purity CNT films, various doping strate- 
gies, optical manipulations and sensitizing nanostructures. Despite considerable strides made, challenges remain 
in simultaneously achieving high responsivity, low dark current and fast response. In this Review, we summarize 
recent advances on key device construction strategies and underlying concepts that contribute to improve per- 
formance of fabricated CNT photodetectors. The newly emerging heterojunction gated CNT transistors and their 
potential are highlighted to overcome trade-offs between the optical and electronic processes. Novel applications 
of CNT photodetectors are further summarized for advanced optoelectronic technologies. 
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 Introduction 

The conversion of light into electrical signals relies on photode- 
ctors, which are revolutionary innovations based on the interaction 
tween light and semiconducting materials. These devices have laid 
e foundation of many optoelectronic systems that benefit our daily 
es, including X-ray imaging, the ubiquitous complementary metal- 
ide semiconductor (CMOS) cameras, fiber-optic communication, ma- 
ine vision and spectroscopy among many others. Historically, most 
gh-end photodetectors are based on highly crystalline semiconduc- 
rs such as silicon, HgCdTe or III-V compounds, assembled together 
ith modern CMOS readout integrated circuits (ROIC). Photovoltaic- 
sed devices are highlighted for the collaborative optimization of both 
tical and electronic properties in these bulk semiconductors [1] . Af- 
r a half-century development, these conventional technologies have 
ached a high level of maturity and dominated the markets of both 
nsumer electronics and military applications. However, infrared pho- 
detectors based on non-silicon semiconductors always have challenges 
 high preparation cost, crystal lattice mismatching, low temperature 
erating requirements, complicated flip-chip bonding process and fur- 
er scaling down to achieve high resolution [2] . As a result, active re- 
arch field on novel photodetection grows and different nanomaterials 

ve been employed for light sensing including organic molecules, per- 
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skites, quantum dots, carbon nanotubes (CNTs), graphene and other 
o-dimensional (2D) materials. 
Single-wall carbon nanotubes (SWCNTs) are regarded as one of the 

ading candidates to go beyond conventional semiconductors in future 
ectronic circuits and optoelectronics. With the C–C covalent bonds 
d one-dimensional (1D) geometric structure, SWCNTs exhibit unique 
ysical, chemical and mechanical properties [3] . As shown in Fig. 1 a, 
SWCNT is composed of hexagonal honeycomb sp2 lattice and speci- 
d chirality CNTs can be formed with different curled directions (chi- 
l vector), giving rise to distinct properties of either semiconducting or 
etallic [3] . Based on single-particle model, the fundamental excitation 
ocess in CNTs is interband transition that produce free electron-hole 
irs. Schematic of the dispersion relation and corresponding densities 
 states of a semiconducting SWCNT ( Fig. 1 b) indicate a direct bandgap, 
hich is critical for achieving high absorption coefficient (105 cm− 1 ) 
d quantum efficiency [4] . The bandgap of SWCNT is closely related 
 its chirality and inversely proportional to its diameter. With the diam- 
ers ranging from 0.6 nm to 3 nm, SWCNTs can transduce photons of 
ergies from 0.2 eV to 1.5 eV into electrical signals, covering from vis- 
le to mid-infrared ( Fig. 1 c) [5] . Another advantage of SWCNT-based 
toelectronic devices is that the light absorption process is polariza- 
n dependent ( Fig. 1 d) [6] . According to the transition rules, the light 

sorption along the CNT axial direction is strongest (E11 or E22 transi- 
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Fig. 1. The geometric, band structure and optical properties of carbon nanotubes. (a) Structure and vectors for defining a (4,2) CNT. Reproduced with 
permission from Ref [3] , © Springer Nature 2007. (b) Schematic electronic energy-dispersion relations and densities of states of semiconducting single-wall CNTs. 
Reproduced with permission from Ref [4] , © Wiley-VCH Verlag 2012. (c) Calculation of the energy separations ΔE for all (n,m) values as a function of nanotube 
diameter (0.7 < dt < 3.0 nm). The results for different CNTs are based on the tight binding model with 𝛾0 = 2.9 eV and s = 0 (crosses-semiconducting nanotubes, open 
circles-metallic nanotubes, filled squares-zigzag nanotubes) Reproduced with permission from Ref [5] , © American Physical Society 2000. (d) The polarized optical 
absorption spectra of the single-wall CNTs. Reproduced with permission from Ref [6] , © American Physical Society 2001. 

tion), while the absorption for perpendicular polarizations is weak (re- 
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ed to the E12 transition). Therefore, filter-free polarization-sensitive 
otodetectors can be constructed with CNTs. 
The development of CNT-based photodetectors goes a long way since 
 first CNT photoconductor [7] . Numerous materials synthesis meth- 

s and device optimization collectively contribute to improve perfor- 
nce of the fabricated photodetectors [ 8 , 9 ]. Typically, high-quality 
T networks and aligned arrays with the semiconducting purity of 
.9999% have been prepared on 4-inch silicon wafers with full wafer 
erage [10] . The wide spectral range afforded by CNTs have enabled 
ir prospects in technologies such as X-ray imagers, visible-blind ul- 
violet sensor, heart-rate monitors, infrared and Terahertz (THz) de- 
tors, as shown in Fig. 2 [11–15] . However, CNT devices have rarely 
ibited comparable sensitivity to that of commercially available prod- 
s in spite of their unique advantages. The first challenge is the trade- 
between the efficient modulation in a thin channel and the high ab- 
ption in a thick channel. In the case of a CNT monolayer, the atomic- 
ckness channel can be fully depleted by electric field manipulations 
 operated at extremely low dark currents, while the absorption of 

otons is rather inefficient and limits the detector response. In the case 
a thick CNT film ( ∼10 μm), CNTs work as a black-body absorber and 
 absorb more than 99% incident light [16] , while the conditions for 
ctronic transport are poor and result in higher dark currents and re- 
ced on/off ratios. The second challenge is the large exciton binding 
rgy, preventing the separation and collection processes of photogen- 
ted electron-hole pairs. Due to the quasi-1D characteristic, free elec- 
1154
rgies of the order of several hundred meVs [17] . Therefore, by in- 
ducing strong built-in electric fields in CNTs can break the exciton 
ding energy improving the photoelectric conversion efficiency, how- 
r, it is difficult to implement by conventional doping technics. 
We benchmark the reported CNT photodetectors with high- 
formance Si and InGaAs photodiodes ( Fig. 3 ), based on important 
trics involving photoresponsivity, response time and peak detectiv- 
 [ 12 , 14 , 18-56 ]. Despite the small absorption cross-section of CNT 

terials, high response is extensively found in CNT devices typically 
e to the trap- or hybrid-induced photogating mechanism [ 30 , 32 , 40 ]. 
wever, the fastest response time obtained in most CNT devices is 
re than 100 μs, much larger than the intrinsic photoresponse time 
CNTs (picosecond) and the response time of Si or InGaAs photodetec- 
s (100 ps ∼400 ns) [ 29 , 57 ]. Meanwhile, the peak detectivity of CNT 

otodetectors is usually lower than 1011 cm Hz− 1/2 W− 1 in the infrared 
imes, challenged with the breakthrough for improving by two orders 
agnitude. Some literatures did not experimentally measure the noise 

wer spectra, and the obtained data in Fig. 3 b were exaggerated. These 
blems make CNT-based photodetectors frustrating, limit their com- 
rcial deployment, and turn researchers’ attention to newly developed 
 materials. Whereas, we believe that the above challenges in CNTs 
o exist in photodetectors based on other low-dimensional semicon- 
ctors. To improve the overall performance and realize the technolog- 
l potential, new strategies are necessary to promote the transduction 
m light to electronic response in such thin films. 
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Fig. 2. The wide spectral range afforded by carbon nanotubes allows various applications from the X-ray to the THz spectral region. UV, ultraviolet; NIR, 
near-infrared; SWIR, short-wave infrared; MWIR, mid-wave infrared; LWIR, long wave infrared; FIR, far infrared; THz, terahertz. 

Fig. 3. Comparison of the performances of photodetectors based on CNTs and traditional crystalline systems such as silicon and InGaAs. The 
performance data of CNT devices are obtained from Ref [ 12 , 14 , 18-56 ], and the performance data of commercial products are obtained from the website 
https://www.thorlabschina.cn/ (SiPD: FDS010, FD11A, FD10 × 10 and FDS025; InGaAs PD: FGA01, FGA015, FGA10 and FGA21; Ge PD: FDG03 and Ge-FDG05). 

In this Review, we focus on the architecture evolution of CNT pho- 
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 detectors and survey the optimal optoelectronic architecture for high 
sitivity and fast response. We first introduce basic performance met- 

s of photodetectors and discuss well-established methods for accu- 
e characterization. We put emphasis on the structural designs and 
damental operating principles of each class of photodetector, their 
ividual merits, drawbacks and relative trade-offs. Then, we highlight 

w the heterojunction-gated CNT thin film transistors overcome of the 
ventional photodetection limits and achieve a specific detectivity of 
 × 1013 cm Hz− 1/2 W− 1 in the shortwave infrared region. The design 
complete opto-electronic decoupling allows high absorption in PbS 
antum dots (QDs), and efficient electrical modulation and fast charge 
nsport in the thin CNT channel, ideally without mutual interference. 
ally, we discuss recent advances on the novel applications of CNT- 

sed photodetectors. 

Performance metrics of photodetectors 

The main photoelectric processes of CNT photon detectors include 
ht absorption, excitons generation, electron-hole separation and col- 
tion. To evaluate the pixel-level performance of photodetectors, it is 
portant to evaluate basic performance metrics of responsivity, speed, 
ise, specific detectivity, and other attributes such as size, cost, power 
sipation, ease of integration, etc. However, optoelectronic measure- 
nt is a complex issue due to the large number of experimental vari- 
les involved. Different electrical and radiometric parameters must be 
cisely and simultaneously controlled. The characteristics of photode- 
1155
re complicated because of different mechanisms. Here, we will de- 
ibe some universal parameters of photodetectors and discuss detailed 
asuring methods for CNT-based device characterization. 

. Responsivity, quantum efficiency and photoconductive gain 

The simplest performance metric is the responsivity ( R ( 𝜆)) defined 
the ratio of photocurrent or voltage generated to the incident optical 
wer falling on the detector at a given wavelength 𝜆. According to 
 absorption spectrum of the adopted semiconductor materials, peak 
ponsivity is often measured and given by the expression: 

 𝜆) =
𝐼( 𝜆) 𝑝ℎ 
𝑃 ( 𝜆) 𝑖𝑛 

or 𝑅𝑉 ( 𝜆) =
𝑉 ( 𝜆) 𝑝ℎ 
𝑃 ( 𝜆) 𝑖𝑛 

(1) 

ere I ( 𝜆)ph is the photocurrent in amperes, V ( 𝜆)ph is the photovoltage 
volts and P ( 𝜆)in is the incident optical power in watts. The responsiv- 
 of a photodetector often depends on incident wavelength, modula- 
n frequency and applied bias. 
External quantum efficiency ( EQE ( 𝜆)) represents the ratio of the 

mber of excited electron-hole pairs to the number of incident pho- 
s on the active area. The EQE ( 𝜆) is a standardized value, generally 
s than a unity. Whereas, deviations from the above definition are ob- 
ved in the high energy of photons or in photodetectors with internal 
n, where EQE ( 𝜆) can reach values beyond a unity. 
Photoconductive gain ( G ( 𝜆)) is often related to the photorecycling 

ect in traditional photoconductors, due to the big difference in mo- 
ity of electrons and holes. For example, the separated photoelec- 
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Fig. 4. The determination of incident optical power and intensity distribution. (a) The photocurrent Iph of a standard InGaAs diode (Thorlabs FGA21) under 
different light illumination. (b) The calibrated responsivity R𝜆 of the InGaAs diode as a function of wavelength. The incident optical power is calculated according to 
the formula P = Iph /R𝜆. The measured beam profile and intensity distribution of 1300 nm (c) and 1700 nm laser spot (d) using the InGaAs camera (First Light Vision 
C-Red3). The extracted diameters (D) of laser spot are 46 μm and 90 μm, respectively. 
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rged electrode quickly, while the remaining hole continuously in- 
ce the flow of new electrons onto the absorbed one photon, until ei- 
r the hole reaches the negative electrode or recombines with one 
ctron in the channel. This type of photoconductive gain is usually 
served in infrared detectors operated at low temperature. For novel 
-dimensional materials, photoconductive gain can be achieved by lo- 

ized states or hybrid structures at room temperature, referred to the 
otogating effect. The separated electrons or holes are trapped, lead- 
 to an obvious increase of the excess minority carrier lifetime ( 𝜏). 
e optical gain can thus be estimated by the equation G ( 𝜆) = 𝜏/ 𝜏T ( 𝜏T 
he carrier transit time). 
For devices operating in photovoltaic mode and in the absence of any 
ondary photocurrent, the R ( 𝜆), EQE ( 𝜆) and G ( 𝜆) are interrelated as: 

𝐸( 𝜆) =
𝐼( 𝜆) 𝑝ℎ 
𝑃 ( 𝜆) 𝑖𝑛 

ℎ𝑐 

𝑞𝜆
∼ 𝑅( 𝜆) 1 . 24 

𝜆
( 𝜆in μ m);

( 

𝑅( 𝜆) =
𝐸 𝑄𝐸( 𝜆) 𝐺( 𝜆) 

1 
𝑞𝜆

ℎ𝑐 

) 

(2) 

ere h is Planck’s constant, c is the speed of light and q is the 
mentary charge. For devices with internal gain, the R ( 𝜆) is generally 
d to compare the photoresponse of detectors. 
Responsivity measurements are essential for characterizing photode- 
tors. During this procedure, d.c. parametric test with high accuracy 
 be achieved with precise instruments of semiconductor parame- 
 analyzers and probe stations. The determination of incident light 
ensity is critical. On one hand, the incident optical power need to 
measured by the standard Si or InGaAs photodiode in their linear 

namic range. It shows the photocurrent of an InGaAs diode (Thor- 
s FGA21) to the 1300 nm illumination of a super-continuous spec- 
m laser in Fig. 4 a, and it shows the calibrated responsivity ( Fig. 4 b). 
erefore, the incident power at 1300 nm can be calculated by convert- 
 a voltage by placing a load resistor ( 𝑅𝐿 ), following the expression: 

 

= 𝑃 ( 𝜆) 𝑖𝑛 × 𝑅 ( 𝜆) ×𝑅𝐿 . On the other hand, laser beam visualization is 
essary for the analysis of beam profile and intensity distribution. For 
mple, it shows that the diameter of laser beam at 𝜆= 1300 nm is 46 μm 
1156
iates from the circle ( Fig. 4 d). With the measured light power and 
ensity distribution, we can then calculate the power density and 𝑅 ( 𝜆) 
the measured photodetector. 

. Response time and bandwidth 

The temporal response of a photodetector is typically characterized 
 its time constant ( 𝜏) or 3 dB bandwidth ( fc ). Time constant ( 𝜏) is de- 
ed as the time taken by the detector output signal to reach 0.63 of its 
k steady-state value in response to an incident optical signal, when 
 output signal rise or fall according to the exponential relationship. 
erwise, the rise time ( tr ) and fall time ( tf ) are often used, defined by 
 photodetector output signal to rise from 10% to 90%, or fall from 

% to 10% of its final value, respectively. The rise time can be related 
time constant ( 𝜏) as: tr = 2.2 𝜏. With increasing modulation frequency 
f input light pulse, the photoresponsivity ratio I ( 𝜆)ph / Id decreases be- 
se the photocurrent does not decay fully during a modulation period. 

e responsivity of the modulation frequency f follows: 

) 𝑓 =
𝑅( 𝜆) 0 √ 

1 + ( 2 𝜋𝑓𝜏) 2 
(3) 

ere 𝑅( 𝜆) 0 is the d.c. responsivity of zero modulation frequency. The 
B bandwidth of the detector fc is defined as the frequency at which 
 photoresponsivity is reduced from its peak value to 0.707 times, 
lowing the expression: fc = 1/(2 𝜋𝜏). 
The response time of photodetectors generally depends on the life- 
e of photocarriers, carrier mobility and external electric field. The 

e and fall times can be measured using rectangular optical pulses gen- 
ted by pulsed laser or pulse-modulated light-emitting diode (LED). 
e output signal from the photodetector is measured at load resistance 
th a broadband oscilloscope. In some cases, photodetection speed was 
ermined by measuring the transient photocurrent and reading the 
e for the photocurrent to decrease from the peak to 1/ e after a single 
onential fit for the photoresponse curve. Although ultrafast response 
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Fig. 5. The characterization of noise spectral density. (a) The schematic diagram of a typical test system for the noise current measurement. Figure adapted with 
permission from [58] , © Polish Academy of Sciences 2022. (b) Noise spectral density of the HgTe quantum dots photodiodes at zero bias. Reproduced with permission 
from Ref [59] , © American Chemical Society 2022. (c, d) The noise power spectra of CNT phototransistors at different gate voltages, which are acquired by two 
different measurement systems (PDA FS380 from Bodawei Electronic Technology Co., Ltd. and E4727B from Keysight Technologies Co., Ltd.) for cross checking. 
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confirm the steady-state response of saturation photocurrent. 

. Electronic noise 

Noise is related to the randomly fluctuation of output current and 
ltage signals with time, which can be divided into noise current 

 

) measured with current-mode readout and noise voltage ( Vn ) mea- 
ed with a voltage-mode amplifier. For high impedance CNT detectors 
ore than k Ω ), current noise measurements are preferred. It shows the 
eme of a typical noise measurement system in Fig. 5 a [58] . All system 

ments have a significant impact on the capabilities and measurement 
ults, including power supply, preamplifier, broadband spectrum an- 
zer, cable, connector, shielded housing and temperature controller. 
tal noise current in a detector is the sum of all the noise sources, 
h as thermal noise, shot noise and 1/f noise. The reliable noise char- 
eristics effectively determine specific detectivity, which is the most 
portant figure of merit for photodetectors. 
Thermal noise (or Johnson noise) is associated with photodetector 
istance. This is due to the random thermal motions of charge car- 

rs. The magnitude of this noise current is: 𝐼𝑗𝑛 = ( 4 𝑘𝐵 𝑇Δ𝑓 
𝑅 

) 
1∕2 

, where 
s the differential resistance, and Δf is the electronic bandwidth of 
ise measurement. Shot noise comes from the statistical fluctuation 
current signal caused by the flow of discrete electrons or holes. The 
t noise increases with the current and obeys Poisson distribution: 

 

= [2 𝑞(𝐼𝑑 + 𝐼𝑝ℎ )Δ𝑓 ] 1∕2 , where Id is the dark current. The 1/f noise (or 
ker noise) is a type of low-frequency noise, possibly originating from 

 fluctuation of electron concentration. The intrinsic mechanism of 1/f 
ise is not completely clear, but was reported as the surface or interface 
tes-related noise, such as generation-recombination, tunneling and 
usion [60–62] . The empirical formula of 1/f noise is: 𝐼1∕ 𝑓 = 𝑘

𝐼𝑏 

𝑓𝑎 
Δ𝑓 , 

ere k is a proportional constant, and a and b are related parameters. 
e noise sources above are independent. Thus, the total noise can be 

cribed as: 𝐼𝑛 =
√ 

𝐼2 
𝑗𝑛 
+ 𝐼2 

𝑠𝑛 
+ 𝐼2 1∕ 𝑓 . 
1157
ector noise should be measured at its working temperature and ap- 
ed bias without the influence of external disturbances. Before 2015, 
nty of publications calculated the noise using the formula: 𝐼𝑛 = 

𝐼𝑑 Δ𝑓 ) 1∕2 , which cannot precisely reflect the total noise of a photode- 
tor [ 36 , 41 , 63 ]. Recently, noise current density spectra are measured 
 spectrum analyzers (like SR770) or integrated semiconductor param- 
r measurement systems (like PDA FS380 from Bodawei Electronic 
chnology Co., Ltd., E4727B from Keysight Technologies Co., Ltd.). It 
ighlighted that the dominated noise sources depend on the materi- 

, device structure and the bias voltage. It shows the measured noise 
an HgTe quantum dots-based photovoltaic device at Vbias = 0 V, indi- 
ing that the total noise comes from the shot noise and thermal noise 
g. 5 b) [59] . Whereas, the measured total noise of a CNT FET in Fig. 5 c 
d d demonstrate the low frequency dependent 1/f noise at different 
e voltages. The noise data acquired by two different measurement 
tems is recommended for cross verification. In addition, some publi- 
ions measured the noise current by monitoring the detector current 

 

) values until they reached their steady-state value [ 64 , 65 ]. After ac- 
iring sufficiently large number of points, the noise current Irms was cal- 

ated by the expression: 𝐼𝑟𝑚𝑠 =
√ 

𝑁−1 ×
∑𝑗= 𝑁 
𝑗=1 [𝐼(𝑡𝑗 ) − 𝐼(𝑡𝑗 ) ] 

2 
, where 

𝑗 ) represents the steady-state average current value. This method di- 
tly shows the standard deviation of the fluctuations around I , but it is 
ally time-consuming and cannot provide the modulation frequency- 
endent noise current density spectra. Currently, the detection limit 

noise current by sophisticated measurement systems is ∼10 fA. 

. Noise equivalent power 

The noise equivalent power (NEP) is defined as the incident power on 
 detector that produces a signal-to-noise ratio (SNR) of unity in a 1 Hz 

ndwidth. In terms of responsivity it can be written as: NEP = 𝐼𝑛 

𝑅𝑖 
= 𝑉𝑛 

𝑅𝑣 

d is expressed in the spectral density unit W/Hz1/2 . NEP can be used 
determine the sensitivity of a photodetector at a given wavelength, 
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because it is a measure of the weakest optical signal that can be de- 
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ted. Using advanced methods such as lock-in detection, it is possible 
detect much weaker signals and directly determine the NEP, provided 
t these have sufficiently low noise floor and appropriate bandwidth. 
other methods to accurately determine the NEP is to measure the 
ady-state average photocurrent at various light intensities or the cur- 
t spectral density under modulated light [66] . The intensity at which 
 photocurrent is equivalent to the noise floor gives a measure of the 
P. Although this is a direct methodology to obtain the accurate and 
ective NEP, it is challenging to accurately calibrate the incident light 
wer at ultra-low intensities. 

. Specific detectivity 

The specific detectivity ( D∗ ) is the overall figure of merit for pho- 
etection, which is expressed in units of cm Hz− 1/2 W− 1 , also known 
Jones. The D∗ of a photodetector can be obtained using the following 
ation: 

 ( 𝜆) =
√
𝐴 Δ𝑓 

𝑁𝐸𝑃 ( 𝜆) 
(4) 

ere A is the effective detection area of the detector, and Δf is the 
ctrical bandwidth of the test circuit. It is a comprehensive index to 
pare the sensitivity of two detectors. 

Device architecture and detection mechanism 

According to the basic light response mechanism, photodetectors 
ed on carbon nanotubes can be categorized into thermal detectors 

d photon detectors. Thermal detectors involve the energy conversion 
m light to heat and then to electricity, while photon detectors directly 
vert light into electricity. Typically, thermal detectors are suscepti- 
 to slow response speeds ( ∼ms) and low detectivity ( < 109 Jones), 
ich makes it challenging for them to meet the requirements in high- 
 applications. In this section, we briefly review the representative 

rks on CNTs-based thermal detectors in the past five years, and then 
 discuss the main device architectures and detection mechanisms of 
Ts-based photon detectors. 
Carbon nanotube-based thermal detectors, such as bolometers and 

otothermopiles, have undergone extensive study due to their unique 
sorption and conductivity properties. A bolometer detects changes in 
 temperature-dependent resistance of the suspended active materials 
mploys, typically requiring low thermal capacity and a high tem- 
ature resistance coefficient (TCR). CNTs can act as the nanostruc- 
ed blackbody absorber with absorption coefficient higher than 95% 

 broadband irradiation [67–70] . In 2018, Liu et al. reported an ultra- 
adband bolometric photodetector based on a suspended CNT film, 
ich showed a responsivity of 0.58 A/W and a response time of ap- 
ximately 150 μs in vacuum at a 0.2 V bias [71] . Recently, Chen et al. 
wed the CNTs-based bolometric photodetectors with ultrahigh de- 
tivity up to 1.35 × 108 Jones and a short response time of 70 ms in 
 [72] . They also observed an interesting negative photocurrent owing 
dominant phonon scattering transfer. Jiang et al. proposed the con- 
t of a CNTs-based electron blackbody, which was also a good emit- 
 with standard energy spectra at different temperatures [73] . This 
h-emissivity CNTs blackbody is promising in bolometric photode- 
tion and radiometric calibration at low temperature. Photothermal 
ices are based on the thermoelectric effect, also known as the See- 
k effect, and can operate in the UV, visible, infrared, and THz bands. 

rly in 2011, St-Antoine et al. developed a CNTs-based p-n junction, 
ich showed a thermovoltage of 16 V/K in vacuum, a response time 
36 ms, and calculated detectivity of 2 × 106 Jones [74] . In 2016, He 
al. reported the aligned CNTs-based photothermopiles with a respon- 
ity of 0.1 V/W and polarization-dependent response [75] . Recently, 
 et al. reported a high-performance and broadband CNTs photother- 
electric detector with a high responsivity of 157.9 V/W, a response 
1158
ating the highest overall performance among state-of-the-art ultra- 
adband PDs [76] . In 2019, large-area and broadband thermoelectric 

rared detection was achieved using a CNTs blackbody absorber [16] . 
is self-powered infrared photodetector, based on the photothermo- 
ctric effect of a CNT forest, exhibited a 99.4% reduction in reflection, 
roadband detectivity of 1.9 × 107 Jones in the 2.5–25 μm spectral 
ge, and a peak detectivity of 2.3 × 109 Jones at 4.3 THz. 
In the following section, we will discuss various types of photon de- 
tors based on s-SWCNTs. We classify different photodetectors into 
ee types based on the fundamental device geometry-photoconductor, 
otodiode and phototransistor. The device architecture and configura- 
n of a typical device based on each class is shown schematically in 
. 6 . 

. Photoconductor 

Photoconductor devices work on the principle of measuring a tem- 
rary change in conductivity of the semiconductor. The underlying 
chanism is associated with the exciton creation on irradiation with 
ht and further dissociation under an applied electric field, altering the 
ductivity of the semiconductor. For CNT photoconductors, a major 
blem is that the lack of external field manipulation limits the dark 
rent and the efficiently separation of electron-hole (e-h) pairs. 
The first experimental observation of CNT photoconductive response 
s reported by Fujuwara et al. at 2001 [7] . They observed two peaks 
the excitation spectra around 0.7 and 1.2 eV, corresponding to the 
t and second gaps of semiconducting SWCNTs. In 2003, Freitag et al. 
onstrated infrared laser excited photoconductivity from an individ- 

l SWCNT. Without a back-gate voltage, the observed photocurrent 
s around 40 pA with a wavelength range of 780–980 nm and a power 
5.6 kW cm− 2 [77] . Later, numerous studies focus on the time-resolved 
otocurrent of individual CNT devices to investigate the photophysics 
nanomaterial-based device, but unfortunately they all showed weak 
otocurrent signal and did not estimate the responsivity or detectiv- 
 [ 78 , 79 ]. Some reports tried to improve the light absorption by us- 
 aligned or random-oriented CNT thin films. Wang et al. synthesized 
rizontally aligned SWCNTs suspended across silicon trenches (40 μm) 
d fabricated photoconductors with Al electrodes [80] . The resistance 
pped by 22.86% under infrared illumination with power less than 
W, and the response time was about 500 μs. Whereas, the low density 

CNTs (8–20 CNTs/device) still limit the absorption cross section. Ad- 
ionally, many reports of photodetectors based on CNT films exhibited 
xed mechanisms of the photoconductive effect and the thermal ef- 
t, especially when metallic CNTs existed. In 2012, Wu et al. achieved 
 photoconductivity enhancement by incorporating CNTs with poly- 
rs [81] . The near-infrared detectivity of the device was 2.3 × 108 cm 

1/2 W− 1 , and the rise and fall times were 0.6 and 1.4 ms, respec- 
ely. Compared with thermal detectors, the enhanced D∗ and speed 
re ascribed to the enhanced local electric field around the CNTs, fa- 
itating the exciton dissociation. Later studies found that graphene and 
er types of polymers can also form bulk heterojunctions with CNTs, 

th which an infrared detectivity lower than 109 cm Hz1/2 W− 1 was 
tained [ 41 , 82 , 83 ]. 

. Photodiode 

The key core of a photodiode is the built-in potential, which is crit- 
l to separate photo-induced excitons or e-h pairs for converting the 
ht signal to photocurrent. The typical CNT-based photodiodes include 
ottky diode, split-gate diode (PIN type), barrier-free bipolar diode 
BD) and vertical heterojunction diode. Unlike traditional Si or In- 

As photodiodes used under reverse bias, most reported CNT diodes 
erated at zero bias for low dark current, also referred to as the self- 
wered photodetectors. 
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Fig. 6. Device architecture and configuration of CNT-based photodetectors. (a) Schematic image depicting a simple photoconductor device architecture. (b) A 

Schottky-type photodiode configuration. (c) A split-gate photodiode device. (d) A bulk heterojunction blended film photodiode. (e) A barrier-free bipolar diode. (f) 
A bottom gate phototransistor device. (g) A hybrid-induced photogating device. (h) A PIN heterojunction-gated thin film transistor (HGTFT). 

Fig. 7. Structures and electronic characteristics of distinct CNT-based Schottky diodes. (a) Pd-Al contacted CNT diode. Reproduced with permission from Ref 
[84] , © American Institute of Physics 2005. (b) s-SWCNT film/p-type silicon Schottky diode with vertical structure. Reproduced with permission from Ref [86] , © AVS 

AMER INST PHYSICS 2012. (c) Graphene/s-SWCNTs film Schottky diode (left) and corresponding output characteristics (right). Reproduced with permission from 

Ref [87] , © Springer Nature 2016. 
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 metal, CNT-based Schottky diodes can be constructed. The 
tal/semiconductor interface provides a potential barrier that sepa- 
es the optically generated e-h pairs. In 2005, Hasko et al. demon- 
ated a CNT based Schottky diode by using a Pd contact (high-work- 
ction metal) and an Al contact (low-work-function metal) at the two 
s of a single-wall CNT, as shown in Fig. 7 a [84] . The device showed 

ectification ratio of 103 at a high back gate voltage Vg = 10 V. In 
10, Yang et al. reported the symmetric Au-CNT-Au, Ag-CNT-Ag and 
mmetric Ag-CNT-Au Schottky diodes [85] . The two Schottky barri- 
 in asymmetric devices can efficiently suppress dark current and in- 
ase photocurrent, giving rise to a high open-circuit voltage of 0.45 V. 
 shown in Fig. 7 b, Ant et al. fabricated the vertical geometry SWCNT 

/ p -type silicon Schottky diode, where the CNT film acts as the trans- 
rent metal [86] . The CNT film-Si Schottky barrier photodetectors ex- 
ited a high responsivity of 0.10 A/W, NEP of 1.4 × 10− 10 W and 
1159
n. In Fig. 7 c, Luo et al. presented a broadband photodetector based 
 CNT film/graphene Schottky junction [87] . The as-fabricated device 
ibited peak sensitivity at 600 nm and 920 nm with a fast response 
ed ( 𝜏r = 68 μs, 𝜏f = 78 μs), high on-off ratio of 102 , responsivity of 

9 mAW− 1 and detectivity of 4.87 × 1010 cmHz1/2 W− 1 , due to the 
h quality of the CNT/graphene interface. In 2018, An et al. also re- 

rted the SWCNT/graphene Schottky diode based on a double-layer 
cked heterostructure [37] . The photoconductive gain G was specu- 
ed on the order of ∼104 , and the peak responsivity at 532 nm was 78 
W. In the Schottky junction photodetector, the intrinsic photoelectric 
perties of SWCNTs can be maintained, but the large dark current at 
ertain bias and low EQE limit the detectivity. 
Split-gate photodiode. CNT p-n diode was first made by using chemi- 
 doping method [88–90] , such as K atom doping and polymer doping 
wn in Fig. 8 a [91] . However, the inserted dopants into the sp2 lattice 
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Fig. 8. Structures of distinct CNT PN junction diodes. (a) Chemical doping CNT diode and corresponding output characteristics. Reproduced with permission 
from Ref [91] , © American Association for the Advancement of Science 2000. (b) Split-gate CNT diode. Reproduced with permission from Ref [92] , © American Institute 

of Physics 2005. (c) Vertical heterojunction CNT diode. Reproduced with permission from Ref [36] , © American Chemical Society 2009. (d) Asymmetrically contacted 
or barrier-free-bipolar-diode based on CNT (top) and corresponding output characteristics (bottom). Reproduced with permission from Ref [94] , © American Chemical 

Society 2009. 
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 and thus lower the device performance. Based on the principle of 
ctrostatic doping, SWCNT split-gate photodiode can be constructed 
th ideal behavior. Different bias polarities on the split gate electrostat- 
lly couple to form separate regions of electron and hole doping along 
 SWCNT, enabling to study the intrinsic properties of CNT without 
roducing band gap changes in the doped state. In 2005, Lee fabri- 
ed a split-gate SWCNT diode with a good rectification of 104 –105 

 an ideal factor of 1.2–1.3, as shown in Fig. 8 b [92] . Under illumi- 
ion, SWNT diodes showed significant power conversion efficiencies 

th extrapolated Voc > 0.8 V and FF > 0.8, owing to enhanced prop- 
ies of an ideal diode. In 2013, Mizutani et al. reported an ultra-low 

kage current CNT diode with split-gate and asymmetric contact ge- 
etry [93] . The device displayed strong rectification, with a leakage 
rent of 2 × 10− 14 A and an ideality factor of 2.01. 
Heterojunction diode. As the detectors often suffer from the low den- 
es of SWCNTs in the device channel and low EQE, a more efficient 
ice architecture was developed by designing planar SWCNT/polymer 
erojunctions. The energy band alignment at the SWCNT/polymer in- 
face facilitate the electron-hole separation, leading to enhanced re- 
nsivity. In 2009, Forrest et al. first reported a CNT/C60 heterojunc- 

n diode, as shown in Fig. 8 c [36] . Polymer-wrapped HiPco s-SWCNTs 
 C60 formed the type II heterojunction, showing a broad spectral 

ponse (400–1450 nm), a response time of ∼7.2 ns, and a specific 
ectivity of > 1010 cm Hz1/2 W− 1 . Later, Arnold et al. studied the ex- 
on dissociation and interfacial charge transfer from SWCNT films to 
ariety of polymeric photovoltaic materials [17] . The results showed 
t sufficient band offsets for dissociation occurred when SWCNTs were 
red with C60 , [C61 ]-PCBM, P3OT and P3HT. Typically, the separated 
1160
60 
er, giving an open-circuit photovoltage and short-circuit photocur- 
t. Later works showed the performance of CNT heterojunction diodes 
 be further improved by proper choice of CNT chirality and removing 
 wrapped molecules around CNTs [ 35 , 95 , 96 ]. 
Barrier-free bipolar diodes (BFBD). With perfect n-type (Sc or Y) and 
ype (Pd) Ohmic contacts, SWCNT BFBD can be constructed. In this 
ice geometry, both electrons and holes can be efficiently injected 

m the asymmetrically contacted electrodes into the conduction and 
ance bands of SWCNTs, due to the absence of dopants-induced scat- 
ing and barrier-blocked charge transport. Thus, BFBD devices can 
arantee the perfect structure of intrinsic CNTs and provide a possi- 
 maximum photovoltage. In 2009, Peng et al. reported the first BFBD 

ector with Pd/Sc asymmetric contacts, as shown in Fig. 8 d [94] . The 
ice with the channel length of 800 nm showed a good ideal factor 

about 1.1 to 1.3, large open-circuit voltage of 0.23 V and photocur- 
t of more than 15 nA. Later work with SWCNT arrays showed im- 
ved responsivity of 9.87 × 10− 5 A/W and infrared spectral detectivity 

1.09 × 107 cmHz1/2 /W [97] . 
In 2011, Peng et al. demonstrated that the photovoltage of CNT BFBD 

 be readily multiplied by using virtual contacts [98] . The virtual con- 
ts can be fabricated simply by depositing two different metals (Pd and 
 together. In this type of cascade detectors, the virtual contacts create 
arated electron and hole regions and offer internal parallel paths for 
 current, leading to the photovoltage multiplication and significant 
provement on the signal-to-noise ratio. They observed photovoltage 
more than 1.0 V from a 10-μm-long CNT with the single-cell photo- 
tage of ∼0.2 V. In 2016, they achieved a broadband infrared CNT 

BD photodetector by using high purity ( > 99.9%) SWCNT networks. 
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Fig. 9. Different optical manipulations for CNT BFBD devices. (a) Plasmonic near-field coupling between the CNT and Au nanoparticles. Reproduced with 
permission from Ref [99] , © American Institute of Physics 2013. (b) Optical manipulation structure of axe-like plasmonic contact electrode. Reproduced with permission 
from Ref [101] , © American Chemical Society 2017. (c) Optical manipulation structure of microcavity. Reproduced with permission from Ref [102] , © American 

Chemical Society 2016. (d) Waveguide-integrated BFBD photodetector. Reproduced with permission from Ref [103] , © American Chemical Society 2020. 
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In spite of these advances, the small absorption cross-section of in- 
idual CNTs or low-density CNT monolayers (absorption < 2%) al- 
ys limit the detector performance. Optical manipulations for CNT 

des were thus investigated, which included localized surface plas- 
ns (LSPs), surface plasmon polaritons (SPPs), resonant cavities, and 
veguides. In 2013, a plasmonic nanostructure of self-assembled Au 
oparticles array was coupled with CNT BFBD, as shown in Fig. 9 a 
] . More than 3 times photocurrent enhancement was observed, at- 
uted to the strong plasmonic near-field coupling with CNTs. An axe- 

e plasmonic contact electrode also facilitated considerably stronger 
ld for efficient light absorption and collection of carriers in CNT 

BD ( Fig. 9 b) [ 100 , 101 ]. The largest enhancement was 200 times 
the gate voltage of 0 V for a wavelength of 2000 nm. In 2016, 
 cavity-integrated chirality-sorted CNT BFBD was achieved, show- 
 a higher suppression ratio, photocurrent of 5 pA, and the spec- 
l full width at half-maximum of 33 nm at a signal wavelength of 
00 nm, as shown in Fig. 9 c [102] . Peng et al. also reported the silicon- 
veguide-integrated CNT BFBD infrared detector and monolithic opto- 
ctronic system [103] . The waveguide-integrated photodetectors ex- 
ited 12.5 mA/W photoresponsivity at 1530 nm, identifying an en- 
ced absorption efficiency by 97.6 times compared to that without 
 waveguide ( Fig. 9 d) [103] . The absorptivity can be significantly in- 
ased by these optical manipulation strategies, but the conversion ef- 
iency (from excitons to photocurrent) is still low because of the weak 
ild-in electric-field in CNT BFBD. In 2023, Wang et al. used stacked 
T films and contact electrode design to solve this problem [104] . 
1161
ted CNT BFBD device showed a maximum responsivity of 120 mA/W 

1800 nm wavelength, a linear dynamic range over 118 dB, a peak de- 
tivity of 3.94 × 109 cm Hz− 1/2 W− 1 at 300 K and over 2.27 × 1011 cm 

− 1/2 W− 1 at 180 K. This work demonstrates the potential of the CNT 

 for future infrared imaging, whereas the fabrication process is ex- 
mely complex. 

. Phototransistor 

Phototransistor is a three-terminal device, in which the gate volt- 
 provides a greater degree of control over the conductivity of the 
iconductor. The application of a gate bias can be used to control 
 position of the Fermi level and change the carrier density in the ac- 
e materials. Besides, phototransistor can be operated as a switch or 
amplifier, holding great potential in optoelectronic computing and 
h-performance photodetection. Typical CNT-based phototransistors 
lude hybrid photogating transistor and heterojunction gated thin-film 

nsistors (HGTFT), as shown in Fig. 10 . 
Hybrid photogating transistor. Photogating is considered as a way of 
ductance modulation through trap- or hybrid-induced gate voltage, 
ich is usually observed in low dimensional photodetectors [ 107 , 108 ]. 
a photogating transistor, one type of the photogenerated carriers is 
pped and they have a certain spatial distribution, producing an ad- 
ional electric field like gate voltage to modulate the channel con- 
ctance. Thus, most photogating-dominated photodetectors show high 
n ( 𝜏/ 𝜏T ) and limited response speed because of the prolonged releas- 
 process of trapped carriers for recombination. For phototransistor 
Cytek Exhibit No. 1082 
Page 009



X. Xia, S. Zhou, Y. Wang et al. Fundamental Research 5 (2025) 1153–1168

Fig. 10. Typical CNT-based phototransistors. (a) Schematic diagram of the photogating transistor structure. (b) Transfer characteristics of the hybrid CNT/PbS QDs 
photogating transistor. (c) Response time of the photogating transistor. Reproduced with permission from Ref [105] , © Institute of Electrical and Electronics Engineers 

Inc. 2018. (d) Schematic diagram of the CNT HGTFT structure. (e) Time-resolved photoresponse of the CNT HGTFT. (f) Performance benchmark. Reproduced with 
permission from Ref [106] , © American Institute of Physics 2022. 

based on single semiconductor channels such as CNT films, a trade- 
off
the
fie
ha
me
ing
the

ph
gra
vic
lay
fer
ph
ph
siv
the
∼1
ou
thi
[ 31
ph
spo
[11
wi
Hz
Fig
tot
ele
rat
an
at 
un
the
wa
ph
bri
CsP

cific detectivity of 2 × 1016 cm Hz− 1/2 W− 1 at 516 nm wavelength [26] . 
Th
els
all
spe
to 
a s
gai
uct
ph
an
or 
res
an

gat
SW
sen
the
dev
dep
the
nis
bet
the
an
wh
siti
dem
57
13
du
dep
tio
siv
an
bet
the
lev
between the absorption and the amplification process exists within 
 same channel. The atomically thick CNT monolayers allow efficient 
ld-effect modulation and low EQE, while the thicker CNT films be- 
ve in the opposite manner. To overcome this trade-off, an encouraging 
thod is to sensitize the thin channel materials with strongly absorb- 
 semiconductors (sensitizers) of opposite doping polarity to create 
 hybrid photogating transistor. 
In 2012, Koppens et al. reported a hybrid graphene/PbS nanocrystals 

ototransistor, fabricated using mechanically exfoliated single/bilayer 
phene flakes and layer-by-layer assembled PbS QDs [64] . In this de- 
e, PbS QDs act as the strongly light-absorbing and spectrally-tunable 
er to achieve a high EQE. Photoexcited holes in the PbS QDs are trans- 
red to the graphene layer and drift at a certain voltage bias Vds , while 
otoexcited electrons remain trapped in the PbS QDs leading to the 
otogating effect. They obtained ultrahigh gain of 2 × 108 , a respon- 
ity of ∼107 A W–1 and a detectivity > 1013 cm Hz− 1/2 W− 1 . However, 
 hybrid device shows a slow temporal response with a rise time of 
0 ms and a bi-exponential decay of ∼100 ms and ∼2 s. Later, numer- 
s works focused on this type of photodetector, but few had surpassed 
s detectivity or overcome the bottleneck of gain-bandwidth trade-off
 , 33 , 42 , 43 , 109 , 110 ]. In 2012, CNT/TiO2 core-shell nanowire-based 

ototransistor was reported with high photogain of 1.4 × 104 and re- 
nse/recovery time of 4.3/10.2 ms in the UV–visible detection range 
1] . Bao et al. fabricated a SWCNT/C60 hybrid photogating transistor 

th improved responsivity of ∼80 A/W and detectivity of 1.17 × 109 cm 

− 1/2 W− 1 (obtained at 1000 Hz) at 1200 nm wavelength [40] . In 
. 10 a-c, Hu et al. demonstrated the hybrid SWCNTs/PbS QDs pho- 
ransistor, in which the photogenerated holes inject into SWCNTs and 
ctrons trapped in PbS QDs film. The device achieved a high response 
e of 353.4 A/W, specific detectivity of 7.1 × 1010 cm Hz− 1/2 W− 1 , 
d response time of 1.58 ms [105] . In 2020, giga-gain exceeding 109 

room temperature in CNT/P3HT hybrid phototransistor was achieved 
der 530 nm illumination, due to the trapping of negative charges near 
 nanotubes [30] . This mechanism led to an integrating detector that 
s shown to detect as little as 490 aW and to resolve as few as 8 − 13 
otons/nanotube at room temperature. Sun et al. then reported a hy- 
d phototransistor based on CNT network and all-inorganic perovskite 
bBr3 -QDs, showing a high responsivity of 5.1 × 107 A/W and a spe- 
1162
ey also presented a flexible optoelectronic sensor array of 32 × 32 pix- 
 for the human eye inspired neuromorphic vision systems. However, 
 the CNT-based photogating transistors have showed slow response 
ed ( 𝜏r and 𝜏f > 1 ms) until now without an additional gate pulse 
reset the trapped carriers. In 2017, Adinolfi and Sargent reported 
ilicon/PbS QDs-based photovoltage field-effect transistor with high 
n (GP > 104 ), high speed (100 kHz) and thus a large GP × BW prod- 
 (104 × 105 s− 1 ) at 1500 nm wavelength [112] . This device is still a 
otogating-dominated transistor limited by the trapping-related mech- 
ism, in which the photoelectric transduction (from light to electrons 
holes) and charge transport are mixed in the active channel. The fast 
ponse is probably attributed to the low defects density in PbS QDs 
d excellent Si/PbS QD interface. 
CNT-based HGTFT. The schematic structure of a heterojunction- 
ed TFT is shown in Fig. 10 d-f. In 2022, Zhang et al. designed the 
CNT HGTFT by using the PbS QD/ZnO PN junction as the photo- 
sitizer, an insulating high- 𝜅 Y2 O3 layer as the gate dielectric, and 
 underlying CNT network as the charge transport layer [106] . In this 
ice, the PN junction of ∼250 nm achieved high EQE and a large light- 
endent open-circuit voltage Voc . Meanwhile, the CNT TFT facilitated 
 amplification of Voc signal through the electrostatic-coupling mecha- 
m. Unlike the photogating transistor, the sandwiched Y2 O3 dielectric 
ween the PN junction and the CNT channel enables the decoupling of 
 photoelectric conversion (from light to Voc in the photosensitizer) 

d charge transport (form Voc to photocurrent in the CNT channel), 
ich can avoid mutual interference and give rise to both enhanced sen- 
vity and fast response. The fabricated HGTFT-based infrared detector 
onstrated a high responsivity of 1.65 × 104 A/W, a fast response of 

0 μs and excellent specific detectivity of 5.6 × 1013 cm Hz− 1/2 W− 1 at 
00 nm wavelength. In 2023, Li et al. reported a negative photocon- 
ctance (NPC) HGTFT device with a hybrid PM6/Y6 heterojunction 
osited on the CNTs channel [113] . With the in-situ signal amplifica- 

n, this photodetector showed a controllable NPC effect, a high respon- 
ity of 72.6 A/W at 880 nm, and fast NPC response/recovery of 7 ms 
d 5 ms, respectively. They also observed the adjustable gate switching 
ween NPC and positive photoconductance (PPC) and demonstrated 
 capability of HGTFT in novel in-sensor computing at the device 
el. Therefore, this CNT HGTFT may represent a universal architec- 
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Fig. 11. Polarization-sensitive CNT photodetectors. (a) Schematic illustration of a polarized photodetector based on aligned CNTs. (b) The angle-dependent 
absorption of the photodetector. Reproduced with permission from Ref [125] , © American Chemical Society 2016. (c) Illustration of the cross-sections of aligned 
SWNT transistors with the method of dielectrophoresis. (d) The polarization-denpendent photocurrent at zero bias. Reproduced with permission from Ref [126] , ©
Wiley-VCH Verlag 2017. 
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Novel applications 

SWCNTs have the advantages of high carrier mobility, low intrin- 
 capacitance, good mechanical strength, high thermal stability and 
ellent radiation tolerance, offering a powerful platform for elec- 
nic and optoelectronic devices [114–119] . The bandgap Eg of SWC- 
s is diameter- and chirality- tunable across a wide range of ener- 
s from the ultraviolet to the infrared. In this section, we demonstrate 
vel optoelectronic applications based on CNT photodetectors, includ- 
 polarization-sensitive photodetection, optical synapses, image sens- 
, optical communications and optoelectronic integration. 
Polarization-sensitive photodetection. Due to the constrained elec- 
n motion and electron-phonon coupling in 1D geometry, CNT is a 
mising material for polarization-dependent absorption and detection 
0–122] . In 2011, Jiang et al. fabricated a polarized infrared thermal 
ector based on aligned multiwalled CNT films [123] . This CNT sen- 
 showed a responsivity of 30 V/W and a response time of 4.4 ms. In 
16, Lee et al. reported the enhanced anisotropic terahertz response 
freestanding multiwalled CNTs, attributing to the strong nonlinear 
ctron dynamics in CNTs [124] . Fan et al. also reported the aligned 
T-based polarized photodetector and showed the experiments and 
thematical analysis of anisotropic optical response to different wave- 
gth, as shown in Fig. 11 a and b [125] . The absorption of polarized 
ht between parallel and perpendicular configurations is related to 
 thermoelectric effect due to the conductive nature of CNTs. How- 
r, the chiral mixing of synthesized CNTs and the need for precise 

sitioning of CNTs-based devices hinder the development of devices 
 practical applications. In 2017, Filoramo et al. achieved high-purity 
ting and local deposition of aligned CNTs by combining a polymer- 
isted extraction method with dielectrophoresis (DEP), as shown in 
. 11 c [126] . This method enabled the selection of SWCNTs with a 
1163
een prepatterned electrodes. Using Pt/Sc asymmetric contacts, each 
ice can operate as a photoemitter and as polarization-sensitive pho- 
etector in the telecom band 1.55 μm in air at room temperature, 
shown in Fig. 11 d. In 2019, Jiang et al. reported a self-assembly 
thod to achieve highly aligned and uniform SWCNTs film in wafer 
le, and they fabricated the N2 H4 -doped SWCNTs-Au heterojunction- 
ed broadband photodetectors [25] . The device showed a maximum 

ponsiveness of 292.5 mA/W and a built-in polarimeter with a linear 
hroism of approximately 1.6. 
Optical synapses. With increasing demands for handling “big data ”

wadays, novel computing systems based on the non-von Neumann ar- 
tecture have been rapidly developing, leading to the exploration of 
p learning and artificial intelligence (AI) with lower power consump- 

n. For example, autonomous vehicles require light-controlled recon- 
urable optical synapse for image recognition, wherein the artificial 
ices are able to learn, memorize, and process visual perceptions like a 

man retina. Optoelectronic synapse combines a photodetector and an 
ctronic synapse in a single device platform, which typically exhibits 
ltiple nonvolatile conductance states when subjected to light pulses- 

alogous to a photodetector with memory capability. Optoelectronic 
aptic devices based on low-dimensional materials can be constructed 
 using functional oxides, heterojunctions and ferroelectric dielectric 
7] . Early in 2017, Zhang et al. reported a graphene/CNT hybrid pho- 

ransistor that can respond to optical stimuli in a highly neuron­like 
hion and exhibit flexible tuning of both short­ and long­term plastic- 
 [128] . They also showed advanced optical spike processing includ- 
 NOR and AND/OR logic operations, providing an important foun- 

tion for the next generation photonics­enabled neuromorphic sensing 
d computing. Then, CNT photonic synaptic behaviors were studied 
th organic/CNT or perovskite/CNT hybrids [ 26 , 129-132 ]. Typically, 
ang et al. reported the high-performance infrared phototransistors 
th ternary semiconductors of lead-free perovskite/SWCNT in 2020 
d organic/SWCNT in 2021, respectively [ 22 , 23 ]. Due to the inter- 
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Fig. 12. CNTs-based THz imager. (a) THz response map obtained by scanning the THz laser spot at 29 THz. (b) THz imaging of samples concealed behind opaque 
objects. Reproduced with permission from Ref [134] , © Springer Nature 2016. (c) Photographic image of the envelope and THz image acquired by the CNT THz 
imager. Reproduced with permission from Ref [135] , © American Chemical Society 2018. 
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W), a large Iphoto /Idark ratio and ability to detect ultra-weak infrared 
ht intensity of 100 nW cm− 2 . The devices exhibited good operational 
bility under continue cycling test and were employed as synaptic de- 
es to simulate the processing information under visible light signal. 
ao et al. also reported an artificial synaptic device based on the honey- 
T memristor, with which synaptic plasticity of biological neurons, 
tial summation and shunting inhibition were emulated [133] . In this 
ice, the memristive behaviors were explained by the electrochemical 

mation and dissolution of conductive paths in the honey-CNT film. 
spite the rapid progress in exploring the projected promise of CNTs for 
ificial synapses, challenges still remain in controlling the charge trap- 
g/detrapping process, improving the materials uniformity, reducing 
 device energy efficiency and enhancing the component integration 
sity. 
Image sensing. Image sensors are of use in a wide range of fields in- 
ding machine vision, security monitoring, bioimaging and military. 
e solution-processed CNT film enables low-temperature processing 
 fabrication, facilitating the direct integration of detector arrays with 
eadout circuits. However, it is challenging to fabricate an image sen- 
, which necessitates the scalable fabrication of detectors, the addition 
a readout circuit, and the compatible integration process of the two. 
2016, Suzuki et al. reported a wideband, flexible and portable tera- 
tz (THz) scanner based on an array of CNTs devices, which realized 
m-temperature terahertz detection in a wide frequency band from 

4 to 39 THz, as shown in Fig. 12 a, b [134] . The device successfully 
ducted active imaging of flat and curved samples, multi-view scan- 
g of cylindrical samples, and passive wearable imaging of human 

nds. This present technology paves the way for the development of 
l-time medical monitoring and non-invasive inspections without the 
d for complicated optical components and systems. Later in 2018, 
1164
up ( Fig. 12 c) [135] . Utilizing the electronic double-layer technique 
th ionic liquids, the performance of the THz detector was improved, 
ulting in an on/off resistance ratio of 2758. Additionally, gate doping 
s optimized to tune the Fermi level of CNTs. Using this imager, the 
earchers successfully visualized a metal envelope inside a standard 
elope. In this field, the design and fabrication of universal readout 

cuits are crucial for accelerating the development of image sensors, 
 collaborative efforts among research groups are also required. 
Optical communication and optoelectronic integration. In the post- 
ore era, on-chip electrically driven miniaturized optoelectronic de- 
es and integrated circuits are pursued to construct compact commu- 
ation systems, including high-speed light emitters, photodetectors, 
dulators, optical switches and electronic processing circuits. CNTs 
ld great potential in high-speed optical communications, due to the 
h carrier mobility and saturation velocity CNT, ultrasmall intrinsic 
acitance, high absorption coefficient in the telecom band, picosec- 

d intrinsic photoresponse time and doping-free CMOS compatible pro- 
s [ 57 , 136-138 ]. In 2014, the first electrically driven ultrafast CNT 

ht emitter based on blackbody radiation was reported with a re- 
nse speed of 1–10 Gbps, more than 106 times higher than that of 
ventional incandescent emitters and is comparable to that of light- 
itting diodes or laser diodes [139] . This device also demonstrated 
0 ps width pulsed light generation, experimental 1 Gbps and theo- 
ical 10 Gbps modulation, and experimental 1 Mbps optical commu- 
ation, opening new routes to higher integration densities in optical 
erconnects. As shown in Fig. 13 a-c, Peng et al. realized the all CNT- 
ed 3D optoelectronic integrated circuit, consisting of arrays of photo- 
taic receivers, electrically driven transmitters and CMOS signal pro- 
sing circuits [ 28 , 140-142 ]. These results show the potential of high- 
ed inter-layer data communication (10n2 Gbps for an n × n trans- 
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Fig. 13. CNT-based optoelectronic integrated systems. (a) The schematic diagram OF CNT-based monolithic optoelectronic integration systems. (b) The SEM 

image of a vertical near-field optoelectronic integrated circuits. (c) Photovoltage of the bottom-layer detector versus the illumination power of the top-layer CNT 
emitter. Inset is the front-view graph of figure (a). Reproduced with permission from Ref [28] , © Springer Nature 2017. (d) The schematic diagram of a silicon- 
waveguide-integrated CNT optoelectronic integrated system. (e) False color SEM image. (f) The true table and logic output of the system. Reproduced with permission 
from Ref [103] , © American Chemical Society 2020. 
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een silicon waveguides and a CNT optoelectronic system, as shown in 
. 13 d-e [103] . In this system, the waveguide-integrated CNT photode- 
tors exhibited 12.5 mA/W photoresponsivity at 1530 nm and they 
 be used to control the logic output of CNT logic inverters and NOR 

es, enabling the CNT devices to be combined into a fiber-optic wave- 
gth division multiplexing (WDM) system. In 2023, Wang et al. re- 
rted a CMOS-compatible ultrafast CNT photodetectors, demonstrating 
 100 Gbit/s Nyquist-shaped on-off keying (OOK) signal transmission 

d a bandwidth over 60 GHz [29] . This work further paves the way for 
ure CNT-based high-speed optical interconnects and optoelectronic- 
egrated circuits. 

Summary and outlook 

In this article, we summarizes the evolving device architectures of 
T photodetector over the past few years. From the initial scientific 

monstrations of photocurrent in individual CNTs, various photodiodes 
d phototransistors towards high detectivity have emerged. These de- 
tors based on different mechanisms mainly focus on improving EQE, 
d facilitating the separation and collection of photogenerated carriers. 
e CNT HGTFT that overcome the classic photodetection limits have 
n highlighted. This type of hybrid phototransistor allows both high 

sorption in the PbS QD/ZnO PN junction and efficient amplification 
Voc in the CNT TFT. At room temperature, the D∗ of 5.6 × 1013 cm 

− 1/2 W− 1 (at 1300 nm wavelength and cutoff wavelength ∼1.5 μm) is 
parable to that of the best existing uncooled InGaAs detectors. The 

TFT also holds great potential for fast response with a preliminary 
earch result of 570 μs. 
Besides, the accurate characterization of novel thin-film photodetec- 
s is important for the progress of optoelectronic technology, which 
lps clarifying the physical principles guiding photodetector optimiza- 
n, and makes a comparison of their performance more realistic. Pre- 
e measurements of the active radiation power and noise power spec- 
 of photodetectors are required to effectively determine their detectiv- 
. It is recommended that devices with exceptional performance should 
 sent to several different laboratories for the performance verification. 
other possible approach to verify D∗ is to independently and directly 
termine the NEP. However, this approach may be difficult to imple- 
1165
d ultra-low noise floor of the test system. 
With unique optoelectronic properties, CNT photodetectors have 
n employed into several novel applications, including polarization- 
sitive photodetection, optical synapses, optical communications and 

toelectronic integration. However, focal plane arrays and camera pro- 
ype devices based on CNTs are still challenging. These rely on a 
h-performance CNT photodetector monolithically integrated with Si 
IC. Challenges include the realization of (1) uniform and high purity 
g., 99.9999%) CNT films, (2) further increase of device sensitivity and 
ed, and (3) matched design of ROIC. With the above issues solved in 
 near future, CNT photodetectors may soon find their way toward 
l applications. 
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