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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 AE for all (n,m) values as a function of nanotube
diameter (0.7 < d, < 3.0 nm). The results for different CNTs are based on the tight binding model with y,=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-
lated to the E;, transition). Therefore, filter-free polarization-sensitive
photodetectors can be constructed with CNTs.

The development of CNT-based photodetectors goes a long way since
the first CNT photoconductor [7]. Numerous materials synthesis meth-
ods and device optimization collectively contribute to improve perfor-
mance of the fabricated photodetectors [8,9]. Typically, high-quality
CNT networks and aligned arrays with the semiconducting purity of
99.9999% have been prepared on 4-inch silicon wafers with full wafer
coverage [10]. The wide spectral range afforded by CNTs have enabled
their prospects in technologies such as X-ray imagers, visible-blind ul-
traviolet sensor, heart-rate monitors, infrared and Terahertz (THz) de-
tectors, as shown in Fig. 2 [11-15]. However, CNT devices have rarely
exhibited comparable sensitivity to that of commercially available prod-
ucts in spite of their unique advantages. The first challenge is the trade-
off between the efficient modulation in a thin channel and the high ab-
sorption in a thick channel. In the case of a CNT monolayer, the atomic-
thickness channel can be fully depleted by electric field manipulations
and operated at extremely low dark currents, while the absorption of
photons is rather inefficient and limits the detector response. In the case
of a thick CNT film (~10 um), CNTs work as a black-body absorber and
can absorb more than 99% incident light [16], while the conditions for
electronic transport are poor and result in higher dark currents and re-
duced on/off ratios. The second challenge is the large exciton binding
energy, preventing the separation and collection processes of photogen-
erated electron-hole pairs. Due to the quasi-1D characteristic, free elec-
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trons and holes interact strongly, yielding excitons with large binding
energies of the order of several hundred meVs [17]. Therefore, by in-
troducing strong built-in electric fields in CNTs can break the exciton
binding energy improving the photoelectric conversion efficiency, how-
ever, it is difficult to implement by conventional doping technics.

We benchmark the reported CNT photodetectors with high-
performance Si and InGaAs photodiodes (Fig. 3), based on important
metrics involving photoresponsivity, response time and peak detectiv-
ity [12,14,18-56]. Despite the small absorption cross-section of CNT
materials, high response is extensively found in CNT devices typically
due to the trap- or hybrid-induced photogating mechanism [30,32,40].
However, the fastest response time obtained in most CNT devices is
more than 100 ps, much larger than the intrinsic photoresponse time
of CNTs (picosecond) and the response time of Si or InGaAs photodetec-
tors (100 ps ~400 ns) [29,57]. Meanwhile, the peak detectivity of CNT
photodetectors is usually lower than 10'! cm Hz~1/2 W~ in the infrared
regimes, challenged with the breakthrough for improving by two orders
of magnitude. Some literatures did not experimentally measure the noise
power spectra, and the obtained data in Fig. 3b were exaggerated. These
problems make CNT-based photodetectors frustrating, limit their com-
mercial deployment, and turn researchers’ attention to newly developed
2D materials. Whereas, we believe that the above challenges in CNTs
also exist in photodetectors based on other low-dimensional semicon-
ductors. To improve the overall performance and realize the technolog-
ical potential, new strategies are necessary to promote the transduction
from 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.
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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 x 10 and FDS025; InGaAs PD: FGAO1, FGA015, FGA10 and FGA21; Ge PD: FDGO3 and Ge-FDGO05).

In this Review, we focus on the architecture evolution of CNT pho-
ton detectors and survey the optimal optoelectronic architecture for high
sensitivity and fast response. We first introduce basic performance met-
rics of photodetectors and discuss well-established methods for accu-
rate characterization. We put emphasis on the structural designs and
fundamental operating principles of each class of photodetector, their
individual merits, drawbacks and relative trade-offs. Then, we highlight
how the heterojunction-gated CNT thin film transistors overcome of the
conventional photodetection limits and achieve a specific detectivity of
5.6 x 10'3 cm Hz~1/2 W1 in the shortwave infrared region. The design
of complete opto-electronic decoupling allows high absorption in PbS
quantum dots (QDs), and efficient electrical modulation and fast charge
transport in the thin CNT channel, ideally without mutual interference.
Finally, we discuss recent advances on the novel applications of CNT-
based photodetectors.

2. Performance metrics of photodetectors

The main photoelectric processes of CNT photon detectors include
light absorption, excitons generation, electron-hole separation and col-
lection. To evaluate the pixel-level performance of photodetectors, it is
important to evaluate basic performance metrics of responsivity, speed,
noise, specific detectivity, and other attributes such as size, cost, power
dissipation, ease of integration, etc. However, optoelectronic measure-
ment is a complex issue due to the large number of experimental vari-
ables involved. Different electrical and radiometric parameters must be
precisely and simultaneously controlled. The characteristics of photode-
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tectors based on novel materials and complex structures have been even
more complicated because of different mechanisms. Here, we will de-
scribe some universal parameters of photodetectors and discuss detailed
measuring methods for CNT-based device characterization.

2.1. Responsivity, quantum efficiency and photoconductive gain

The simplest performance metric is the responsivity (R(1)) defined
as the ratio of photocurrent or voltage generated to the incident optical
power falling on the detector at a given wavelength 1. According to
the absorption spectrum of the adopted semiconductor materials, peak
responsivity is often measured and given by the expression:
I(Dpp VD
P(Aiy P,
where I(/l)ph is the photocurrent in amperes, V(/l)ph is the photovoltage
in volts and P(4);, is the incident optical power in watts. The responsiv-
ity of a photodetector often depends on incident wavelength, modula-
tion frequency and applied bias.

External quantum efficiency (EQE(A)) represents the ratio of the
number of excited electron-hole pairs to the number of incident pho-
tons on the active area. The EQE(4) is a standardized value, generally
less than a unity. Whereas, deviations from the above definition are ob-
served in the high energy of photons or in photodetectors with internal
gain, where EQE(A) can reach values beyond a unity.

Photoconductive gain (G(4)) is often related to the photorecycling
effect in traditional photoconductors, due to the big difference in mo-
bility of electrons and holes. For example, the separated photoelec-

R,(4) = or Ry (1) 1
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Fig. 4. The determination of incident optical power and intensity distribution. (a) The photocurrent I;, of a standard InGaAs diode (Thorlabs FGA21) under
different light illumination. (b) The calibrated responsivity R, of the InGaAs diode as a function of wavelength. The incident optical power is calculated according to
the formula P=I,,/R,. 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 um and 90 pm, respectively.

tron moves faster in many semiconductors and reaches the positively
charged electrode quickly, while the remaining hole continuously in-
duce the flow of new electrons onto the absorbed one photon, until ei-
ther the hole reaches the negative electrode or recombines with one
electron in the channel. This type of photoconductive gain is usually
observed in infrared detectors operated at low temperature. For novel
low-dimensional materials, photoconductive gain can be achieved by lo-
calized states or hybrid structures at room temperature, referred to the
photogating effect. The separated electrons or holes are trapped, lead-
ing to an obvious increase of the excess minority carrier lifetime (7).
The optical gain can thus be estimated by the equation G(4) = /77 (v
is the carrier transit time).

For devices operating in photovoltaic mode and in the absence of any
secondary photocurrent, the R(4), EQE(4) and G(4) are interrelated as:

)

@

1.24

I(A
Bon he ROLZ2 Giin o m;

P(A);, g4

EQEMA)G() g4

EQE(M) = 1 he

<R(ﬂ) =

where h is Planck’s constant, ¢ is the speed of light and q is the
elementary charge. For devices with internal gain, the R(4) is generally
used to compare the photoresponse of detectors.

Responsivity measurements are essential for characterizing photode-
tectors. During this procedure, d.c. parametric test with high accuracy
can be achieved with precise instruments of semiconductor parame-
ter analyzers and probe stations. The determination of incident light
intensity is critical. On one hand, the incident optical power need to
be measured by the standard Si or InGaAs photodiode in their linear
dynamic range. It shows the photocurrent of an InGaAs diode (Thor-
labs FGA21) to the 1300 nm illumination of a super-continuous spec-
trum laser in Fig. 4a, and it shows the calibrated responsivity (Fig. 4b).
Therefore, the incident power at 1300 nm can be calculated by convert-
ing a voltage by placing a load resistor (R, ), following the expression:
Vo = P(A);, X R(4) X Ry . On the other hand, laser beam visualization is
necessary for the analysis of beam profile and intensity distribution. For
example, it shows that the diameter of laser beam at A=1300 nm is 46 um
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(Fig. 4c), and it shows that the beam profile at 4 = 1700 nm slightly
deviates from the circle (Fig. 4d). With the measured light power and
intensity distribution, we can then calculate the power density and R(4)
of the measured photodetector.

2.2. Response time and bandwidth

The temporal response of a photodetector is typically characterized
by its time constant (z) or 3 dB bandwidth (f,). Time constant (z) is de-
fined as the time taken by the detector output signal to reach 0.63 of its
peak steady-state value in response to an incident optical signal, when
the output signal rise or fall according to the exponential relationship.
Otherwise, the rise time (t.) and fall time (t;) are often used, defined by
the photodetector output signal to rise from 10% to 90%, or fall from
90% to 10% of its final value, respectively. The rise time can be related
to time constant (r) as: t, = 2.27. With increasing modulation frequency
fof input light pulse, the photoresponsivity ratio I(4),,/I4 decreases be-
cause the photocurrent does not decay fully during a modulation period.
The responsivity of the modulation frequency f follows:

R(A)

\1+Qrfr)?

where R(4), is the d.c. responsivity of zero modulation frequency. The
3 dB bandwidth of the detector f, is defined as the frequency at which
the photoresponsivity is reduced from its peak value to 0.707 times,
following the expression: f, = 1/(277).

The response time of photodetectors generally depends on the life-
time of photocarriers, carrier mobility and external electric field. The
rise and fall times can be measured using rectangular optical pulses gen-
erated by pulsed laser or pulse-modulated light-emitting diode (LED).
The output signal from the photodetector is measured at load resistance
with a broadband oscilloscope. In some cases, photodetection speed was
determined by measuring the transient photocurrent and reading the
time for the photocurrent to decrease from the peak to 1/e after a single
exponential fit for the photoresponse curve. Although ultrafast response

R(Y), = (3)
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