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Carbon nanotube (CNT) transistor technology has intrinsic linearity due to its ballistic transport 
properties and is CMOS compatible for monolithic integration.

R F environments are becom-
ing ever more crowded 
with unwanted RF signals 
entering the broadband 

RF front-end amplifier, resulting in 
receiver-generated third-order inter-
modulation distortion (IMD3) prod-
ucts. By their nature, IMD3 products 
often fall near the frequencies that 
the receiver is tuned to and are gen-
erally difficult to filter. Consequently, 
receiver-generated IMD3 products 
can swamp weak desired signals 
and, when present in large num-
bers, form an effective noise floor 
that exceeds the noise floor from the 
receiver noise figure, reducing dy-
namic range. In digital communica-
tions, the resulting reduced sensitiv-
ity shows up as an increased bit error 
rate (BER) that limits range and data 
transfer speed. As such, a higher am-
plifier output third-order intercept 

point (OIP3) is desirable, because for 
each dB increase in OIP3, IMD3 lev-
els fall 2 dB for a given fundamental 
signal power. While increasing tran-
sistor size and DC bias power can 
increase OIP3, many systems—satel-
lites and mobile/portable devices—
face restrictive power budgets. OIP3 
can also be increased with circuit-
based linearization; however, these 
perform worse as frequency increas-
es. For a given circuit approach, the 
OIP3 improvement can still benefit 
from improvements in the underly-
ing transistor technology. It is more 
desirable to fundamentally improve 
the transistor intrinsic linearity than 
to rely exclusively on the above ap-
proaches.1

A transistor’s intrinsic linearity 
transfer curve, i.e. drain current (Id) 
versus gate voltage (Vgs), can be 
represented by its linearity figure 
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of merit: OIP3/Pdc in dB, where Pdc 
is the DC bias power consump-
tion. Newer and denser modulation 
schemes, such as 256-QAM for 5G, 
demand RF front-ends with high 
OIP3/Pdc ratios for high sensitivity 
and band use efficiency, combined 
with low power use. Military battle-
fields are signal-rich and require 
high OIP3/Pdc ratios1 for high dy-
namic range and sensitivity, com-
bined with long battery life.

Owing to the maturity of present 
semiconductors, it is likely that new, 
truly disruptive improvements in 
OIP3/Pdc or frequency performance 
will require a rethinking of potential 
RF semiconductor device materials 
and structures beyond incumbent 
technologies. In the interest of cost 
control and scalability to monolithic 
integration, the new device structures 
must also be CMOS compatible.
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One technology is CNT � eld-effect transistors (CNT-

FET) fabricated from aligned semiconducting CNTs, 
which operate via one-dimensional carrier transport. 
Since their discovery in 1991, these ~1.5 nm cylindri-
cal molecules of carbon have been talked about as 
an emerging high performance electrical material. Al-
though CNTs have long been known to have impressive 
transport properties, such as high current and trans-
conductance exceeding 25 µA and 20 µs per tube, for 
much of that time the twin engineering challenges of 
achieving high purity semiconducting CNTs (> 99.9 per-
cent) and dense, aligned arrays (> 40 CNTs/µm) have 
prevented the full manifestation of these properties in 
a practical device. Now, these challenges have been 
overcome to improve device performance.

These devices offer intrinsically superior transfer 
curve linearity and, therefore, higher OIP3/Pdc ratios 
compared to incumbent semiconductor devices.2 CNT 
transistor technology developed by Carbonics com-
bines the intrinsic linearity advantages of CNT electron-
ic transport properties with an approach that has been 
shown to both theoretically2 and empirically3 maximize 
OIP3/Pdc. CNT-FET technology has achieved new re-
cords for ft (see Figure 1), increasing from 22 GHz in 
2015 to 60 GHz in 2018, and Carbonics’ CNT-FETs have 
achieved an OIP3/Pdc of 15.7 dB, and an OIP3 of 11.5 
dBm. Low voltage operation (< 3 V) and CMOS com-
patibility provide a path to monolithic integration of the 
digital and analog worlds.

CNT-FET SPECIFICATIONS AND ON-WAFER 
MEASUREMENTS

As a proof of feasibility beyond on-wafer measure-
ments, two L-Band ampli� ers (ampli� ers 1 and 2) have 
been built and demonstrated. The CNTs have molec-
ular structures similar to graphene (i.e., hexagons of 
carbon atoms), except that they are formed into tubes 
and the direction of the rollup (i.e., the chirality vector) 
determines their electronic properties.6 Some chiralities 
have zero bandgaps (i.e., metallic) and others have non-

 Fig. 1  Comparison of Carbonics CNT-FET4-5 ft vs. GaAs 
PHEMT and RF CMOS technologies (a). A 110 nm gate length 
CNT-FET fabricated in 2018 achieved an extrinsic ft of 60 GHz (b).
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It’s who we are 
It’s what we do

in

zero bandgaps (i.e., semiconduct-
ing CNTs).

Present CNT production process-
es cannot control chirality. Hence, 
approximately one third of the as-
grown CNTs are metallic, with the 

remainder semiconducting. Only 
the semiconducting CNTs are useful 
for CNT-FETs because the current in 
metallic CNTs cannot be modulated 
by electric � elds through an insula-
tor, required to construct a useful 

� eld-effect transistor. CNTs used 
for CNT-FETs must be sorted to re-
move those that are metallic.

The CNT-FETs in this work are 
constructed from high purity semi-
conducting CNTs having a very small 

 Fig. 2  SEM image of an aligned monolayer of high purity semiconducting carbon 
nanotubes spanning the FET channel prior to forming the T-gate (a), CNT-FET (b) and 
CNT-FET die mounted on an alumina chip carrier (c).
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 Fig. 3  Packaged CNT-FET ampli� er.
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 Fig. 4  Input and output |S11| (a) and gain (b) of ampli� er 1.
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hind the pads to reduce parasitic 
capacitance. The chip carrier design 
includes probe pad structures to al-
low wafer probes to directly mea-
sure the S-parameters of the mount-
ed CNT-FET while automatically in-
cluding the RF characteristics of the 
die to chip carrier bond wires. After 
mounting, the CNT-FET chip carri-
ers are probed on the chip carrier 
pads, enabling accurate design of 

fraction of metallic CNTs, on the order 
of 0.1 percent. This ensures minimal 
transistor leakage current. These are 
then deposited as a monolayer on a 
quartz wafer using Carbonics’ propri-
etary ZEBRA wafer deposition pro-
cess, producing the CNT monolayer 
shown in Figure 2a. The CNT-FETs 
used in both ampli� ers have gate 
widths of 50 µm and gate lengths of 
140 nm. Figure 2b shows a CNT-FET, 
similar to those used in the ampli� -
ers, fabricated on a quartz substrate. 
The CNT-FETs used in the ampli� ers 
come from wafers with on-wafer mea-
surements showing extrinsic fmax and 
ft reaching up to 60 GHz and 43 to 
60 GHz, respectively, at Vds = −1.5 V. 
CNT-FETs used in ampli� ers 1 and 2 
have maximum drain currents, Idmax, 
of 143 mA/mm and 228 mA/mm, re-
spectively, with on/off ratios at Vds= 
−1 V of 233 and 121, respectively, 
which indicates a very low metallic 
CNT fraction.

DEVICE, CHIP 
CARRIER AND 
AMPLIFIER 
STRUCTURE

The quartz sub-
strate CNT-FETs are 
diced and selected 
for mounting to 
alumina chip carri-
ers as shown in Fig-
ure 2c. The hard 
alumina chip carri-
ers accommodate 
wire bonding while 
enabling softer, 
low loss RF mate-
rial to be used for 
the RF printed cir-
cuit boards (PCB). 
Laser fabrication 
tools are employed 
to fabricate and 
pattern the met-
allization of the 
254 μm thick alu-
mina chip carriers, 
steps conducted 
at the University 
of California, Los 
Angeles Center for 
High Frequency 
Electronics (UCLA 
CHFE). This tech-
nique enables the 
formation of exca-
vated pockets be-

 Fig. 5  Ampli� er 1 OIP3 with 1160 
and 1171 MHz input tones.
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1.2 GHz. This necessitates matching 
gate inductances on the order of 31 
nH. Under such conditions, the use 
of lumped elements saves space and 
yields higher Q and gain than pos-
sible with microstrip elements alone.

The microstrip tuning and bias 
network elements are etched onto 
a Rogers R04350B RF substrate. 
Passive components are bonded 
on the PCBs using conductive ep-
oxy. The PCBs are then glued into 
their aluminum housings and con-
nectors added. Finally, alumina chip 
carriers, containing the CNT-FETs 
are mounted using conductive ep-
oxy and the electrical connections 
are made using wires attached with 
conductive epoxy (see Figure 3).

MEASUREMENT RESULTS AND 
DISCUSSION

Gain, return loss, OIP3 and 1 dB 
gain compression were measured 
with a scalar analyzer. At Vds = −1.16 
V and Vgs = −1.1 V, amplifier 1 pro-
duced a peak gain of 11.6 dB, while 
the peak gain of amplifier 2 was 10 
dB (see Figure 4). For amplifier 1, 
the gain was 4.4 dB below its MSG, 
while amplifier 2’s gain was 7 dB be-
low its MSG. Amplifier 2’s gain, |S11| 
and |S22| responses versus frequency 
were similar to those of amplifier 1.

OIP3 was measured by applying 
two RF signals at 1149  and 1182 
MHz. The two OIP3 values—the 
lower and upper frequency IMD3 
products—are plotted in Figure 5 
for amplifier 1. Amplifier 1’s OIP3 
ranged from −1 to +1.8 dBm. For 
comparison, amplifier 2’s OIP3 was 
from −1.8 to +0.4 dBm. The mea-
sured 1 dB compression point for 
amplifier 1 was −10.3 dBm (see 
Figure 6), while the 1 dB output 
compression point for amplifier 2 
was −11.9 dBm. This implies OIP3 
to P1dB differences of approximately 
10  and 12 dB for amplifiers 1 and 
2, respectively, which meets or ex-
ceeds the 10 dB rule of thumb for 
most semiconductor devices.

Overall, these results go beyond 
the work by Eron et al.7 who dem-
onstrated an L-Band CNT-FET am-
plifier fabricated from CVD-grown 
CNTs. However, that CNT-FET5 had 
significant metallic CNT content 
and, consequently, relatively high 
leakage current compared to the 
CNT-FETs discussed here.

stable gain (MSG) for amplifiers 1 
and 2 wire bonded in the chip car-
riers is 16 and 17 dB, respectively.

NI AWR Microwave Office® is 
used to design the amplifier in-
put and output matching circuits 
to achieve maximum gain near 1.2 
GHz. The selected CNT-FETs’ small 
gate peripheries result in very small 
input capacitances < 0.6 pF, which 
results in high capacitive gate im-
pedances of approximately 220 Ω at 

the RF amplifier PCB’s impedance-
matching and bias structures with-
out needing to model the carrier.

Amplifier 1’s CNT-FET, mounted 
on the chip carrier, demonstrated an 
ft and fmax of 3 and 7.9 GHz, respec-
tively, while amplifier 2’s CNT-FET 
measured 5 and 8 GHz. The large 
decrease from the measured on-wa-
fer ft and fmax is likely due to bond 
wire parasitic inductance and resis-
tance. At 1.2 GHz, the maximum 
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NuPowerTM Broadband Power Amplifiers
 Part Number Freq (MHz) Gain (dB) Power Out (W) Size (inches)
 NW-PA-11B02A 100 - 2550 40 10 2.34 x 1.96 x 0.62
 NW-PA-VU-4-G01 225 - 512 35 10 2.34 x 2.34 x 0.70
 NW-PA-11C01A 225 - 2400 40 15 3.00 x 2.00 x 0.65
 NW-PA-13G05A 800 - 2000 45 50 4.50 x 3.50 x 0.61
 NW-PA-15D05A 800 - 2500 44 20 4.50 x 3.50 x 0.61
 NW-PA-12B01A 1000 - 2500 42 20 3.00 x 2.00 x 0.65
 NW-PA-12B01A-D30 1000 - 2500 12 20 3.00 x 2.00 x 0.65
 NW-PA-12A03A 1000 - 2500 37 5 1.80 x 1.80 x 0.50
 NW-PA-12A03A-D30 1000 - 2500 7 5 1.80 x 1.80 x 0.50
 NW-PA-12A01A 1000 - 2500 40 4 3.00 x 2.00 x 0.65
 NW-PA-LS-100-A01 1600 - 2500 50 100 6.50 x 4.50 x 1.00
 NW-PA-12D05A 1700 - 2400 45 35 4.50 x 3.50 x 0.61
 NW-PA-C-10-R01 4400 - 5100 10 10 3.57 x 2.57 x 0.50
 NW-PA-C-20-R01 4400 - 4900 43 20 4.50 x 3.50 x 0.61

NuPower XtenderTM Broadband Bidirectional Amplifiers
 Part Number Freq (MHz) Gain (dB) Power Out (W) Size (inches)
 NW-BA-VU-4-GX02 225 - 512 35 10 2.34 x 2.34 x 0.70
 NW-BA-12B04A 1000 - 2500 35 10 3.00 x 2.00 x 1.16
 NW-BA-12C04A 1000 - 2500 35 15 3.00 x 2.00 x 1.16
 NW-BA-C-10-RX01 4400 - 5100 10 10 3.57 x 2.57 x 0.50
 NW-BA-C-20-RX01 4400 - 4900 43 20 5.50 x 4.50 x 0.71

Broadband High Intercept Low Noise Amplifiers (HILNATM )
 Part Number Freq (MHz) Gain (dB) OIP3 (dBm) Size (inches)
 HILNA-HF 2 - 50 30 30 3.15 x 2.50 x 1.18
 µHILNA-V1 50 - 1500 20 31 1.00 x 0.75 x 0.50
 HILNA-V1 50 - 1000 20 32 3.15 x 2.50 x 1.18
 HILNA-G2V1 50 - 1000 40 31 3.15 x 2.50 x 1.18
 HILNA-LS 1000 - 3000 50 33 2.50 x 1.75 x 0.75
 HILNA-GPS 1200 - 1600 32 30 3.15 x 2.50 x 1.18
 HILNA-CX 5000 - 10000 35 21 1.77 x 1.52 x 0.45

be published, show ft and fmax per-
formance that already approaches 
that of GaAs PHEMTs and compares 
favorably to RF CMOS (see Figure 
1), while also having the advantage 
of being compatible with CMOS. 
Rough projections based on single-
tube measurements puts the upper 
range of CNT-FET device perfor-
mance at transconductance values 
of 1200 µs/µm, current densities of 
1500 µA/µm and ft around 300 GHz 
for 100 nm gate-length devices. 
Consequently, there is substantial 
headroom for continued advance-
ment of the CNT-FET technology.

These latest CNT-FET OIP3 and 
OIP3/Pdc on-wafer results already 
compare favorably to CMOS and 
other technologies1 (see Figure 7). 
Carbonics sees CNT RF technol-
ogy entering commercialization 
with discrete and MMIC products 
for the defense and aerospace 
markets within the next two to � ve 
years. It is suitable for highly sensi-
tive front-end signal processing of 
high frequency signals used in radar, 
communications and other military 
systems, particularly well-suited for 
front-end modules and circuits such 
as mixers, oscillators, low noise am-
pli� ers and power ampli� ers. As the 
technology matures, more complex 
products and monolithic integration 
with CMOS are envisioned.■
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A new mask set and redesign of the 
chip carrier should improve the per-
formance of subsequent CNT-FET 
circuits; much-improved frequency 
response, lower noise � gure and 
higher OIP3 are expected. Addition-
ally, the CNT-FETs used in these am-
pli� ers are mid-2018 iterations. More 
recent CNT-FETs fabricated in Janu-
ary 2019 bene� t from the technol-
ogy’s rapid trajectory since this � rst 
ampli� er project and their results, to 

FUTURE DIRECTIONS AND 
POTENTIAL

The empirical results achieved 
and described in this article dem-
onstrate the capability of CNT-FET 
technology employing aligned CNT 
ZEBRA wafers. In this circuit design, 
however, the die was designed for 
optimal wafer probing; consequent-
ly, the large die requires long bond 
wires, on the order of 2 mm, which is 
the primary performance limitation. 
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