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Fig. 1. Schematic illustration of transfer characteristics of

an FET and definitions of key device-performance metrics.
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Fig. 2. Schematic diagram of relationships among key lin-

earity indicators for radio frequency devices.
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Fig. 3. Fabrication of high-density carbon nanotube arrays via the directional contraction transfer method!: (a) Flowchart illus-

trating the working principle of the directional contraction transfer method; (b) scanning electron microscope (SEM) image show-

ing the carbon nanotube array grown by chemical vapor deposition (CVD) with a density of 6-8 tubes per micrometer; (¢) SEM im-

age showing the same carbon nanotube array as in (b), with the density increased to 6-8 tubes per 100 nanometers after a density

magnification of N = 10.
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Fig. 4. Preparation and characterization of an A-CNT arrayl®l: (a)-(d) Schematic images showing the process of preparing a wafer-
scale A-CNT array; (e) optical image showing the dip-coating setup used for coating CNTs on a 4-inch silicon wafer; (f)-(h) SEM
images showing an as-deposited CNT array obtained using an optimal CNT solution concentration (40 mg/mL) at different magni-
fications; (i) cross-section TEM image of a CNT array obtained using the highest CNT solution concentration of 60 mg/mL; the
CNTs clearly show a density of at least 200 CNTs/mm (<5 nm pitch); even at this high CNT density, our CNT arrays still present
a good monolayer property, which is crucial for electronics applications.
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Fig. 5. SEM images of carbon nanotube (CNT) thin film
materials: (a) Randomly oriented CNT thin film(™; (b) aligned
CNT thin film, i.e., CNT arrayl!6.
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Fig. 6. Structure of aligned CNT array-based RF transistors®”: (a) Schematic of a CNT RF transistor with GSG (ground-signal-
ground) pads; inset represents structure of the channel region; (b) false-colored SEM image of the core of the two-finger CNT RF

transistor; (c) cross-section schematic along the source width direction of the transistor; (d) HAADF-STEM image along the source

width direction of the transistor.
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Fig. 7. Self-aligned T-shape gate transistors based on CNTsP: (a) Schematic of the selfaligned T-shape gate transistor structure;

(b) extrinsic and intrinsic current-gain frequency response; (c) extrinsic and intrinsic power gain frequency response.

180803-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180803

(b) U
%, 4 Hoyy

KT
40

Gain/dB

<
N famax = 1024 GHz
o N

NN
NS
—20 dB-dec 1<
AN
fr=>551 GHz N N
. . \\ N

100 10t 102 103
Frequency/GHz

20 F

K8 ST ISR (A-CNT) i MOSFET HYZEH S5 PERERAE Y (a) SR Y TEMIME A28 N E5 A0 (9 10 5 0R Bk 40 K A5 55 03
A R A 7R BE IR SEM MR (b) MRS (L) Dy 35 o B dic U155 951 ot A A7 £ vl 0 8 4 AR D) 4 8 25 BB A 1) A2 A, T S AR 22 119

REF 20 dB/10 550

Fig. 8. Structure and performance characteristics of A-CNT MOSFETsPl: (a) Schematic and SEM images of a 10-finger CNT RF

transistor with Y-gate and air-bridge; (b) current gain and power gain versus frequency of the 35 nm-L, champion RF transistor;

the slope of the extension lines is —20 dB/dec.
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Fig. 9. Structure and performance characteristics of A-CNT MOS FETsP: (a) Schematic and SEM images of CNT RF transistor
with Y-gate and air-bridge; (b) power gain versus input power data for amplication tests of four devices at a frequency of 30 GHz
(left) and power gain of four amplifiers and corresponding pad de-embedding power gain curves (right); the measurement frequency
is 30 GHz; (c) power gain compared with other amplifiers based on different materials; the red stars represent the best CNT RF
transistors shown in (a); (d) comprehensive RF performance including frequency, working voltage, gain, 1 dB compression point

(Py gB), and Ppc compared with that of RF ampliers 42 made by the others.
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Fig. 10. Flexible amplifier device based on carbon nanotubes/”!: (a) Schematic diagram of the amplifier mechanism; this amplifier

operates with an AC-coupled load and can achieve physiological signal amplification within different AC signal frequency ranges;

(b) flexibility verification of the fabricated amplifier; the inset shows the peeled device array.
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Fig. 11. Structure and performance of the RF field-effect transistor mixer based on ACNTs[™l. (a) SEM image of two finger-shaped
RF field-effect transistors; the total width of the field-effect transistor channel is 20 pm, scale bar = 1 pm. The inset shows the SEM
image of the channel region; the gate length is 50 nm, the air spacer layer is approximately 35 nm, scale bar = 100 nm. (b) Schem-

atic diagram of the RF transistor. (¢) Output spectrum with high conversion gain at a frequency of 30 GHz. (d) Measured IF funda-

mental frequency and third-order intermodulation output power as a function of RF power at a frequency of 30 GHz. To verify lin-

earity, the measured IIP3 is 25 dBm.
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Fig. 12. Phase shifter based on A-CNT MOS FETE!: (a) Schematic diagram of the transistor; (b) microscopic image of the chip;

(c) schematic diagram of the structure and dimension diagram; (d) comparison of measured and simulated phase shift and root-

mean-square (RMS) phase error at different frequencies.
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SPECIAL TOPIC— Semiconductor physics and devices

Research progress in radio-frequency electronics based on
aligned carbon nanotube arrays”

LI Wenqi'? PAN Zipeng? DING LiY?»t ZHANG Zhiyong D?)*
1) (Hunan Institute of Advanced Sensing and Information Technology, Xiangtan University, Xiangtan 411105, China)
2) (Key Laboratory for the Physics and Chemistry of Nanodevices, Center for Carbon-based Electronics,
School of Electronics, Peking University, Beijing 100871, China)

( Received 21 March 2026; revised manuscript received 28 April 2026 )

Abstract

As silicon-based transistors advance toward sub-3-nm process nodes, issues such as excessive leakage
current and parasitic effects pose severe constraints on further performance scaling. Carbon nanotubes (CNTs)
have emerged as a leading candidate for overcoming the performance limitations of conventional semiconductor
radio-frequency (RF) devices, owing to their intrinsic advantages, including high carrier mobility, high
saturation velocity, and low parasitic parameters. This paper systematically reviews recent progress in RF
electronics based on aligned carbon nanotube arrays. It introduces a comprehensive performance evaluation
framework encompassing key electrical metrics (e.g., threshold voltage and transconductance) as well as RF
figures of merit, including current gain cutoff frequency (fr), maximum oscillation frequency (f,.¢), 1 dB gain
compression point (Pj4p), and input third-order intercept point (IIP3). Technological advancements in chemical
vapor deposition (CVD) and solution-based deposition techniques are discussed, highlighting the realization of
wafer-scale (10 cm silicon wafer) aligned CNT arrays with high orientation and ultra-high purity (>99.9999%).
Structural innovations in carbon-based RF devices, including T-gate and Y-gate architectures, are summarized,
along with their associated performance breakthroughs. Notably, in 2025, a Y-gate CNT device achieved an f,
of 1024 GHz, representing the first breakthrough into the terahertz frequency regime. The operating principles
and performance advantages of carbon-based RF circuits, such as amplifiers, mixers, and phase shifters, are
analyzed in detail. Among these, millimeter-wave RF amplifiers have exhibited overall performance metrics that
approach commercial-grade standards. Finally, the application potential of this technology in 5G-Advanced/6G
communications, millimeter-wave radar, and flexible electronics is explored. The paper also addresses current
industrialization challenges, including diameter uniformity, contact resistance optimization, and high-frequency

packaging, that hinder the scaling of this technology from laboratory research to practical applications.

Keywords: aligned carbon nanotube arrays, field-effect transistors, radio-frequency devices, cutoff frequency,

millimeter waves
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