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S1: Density of Spanning CNTs 

The CNT films used in our aCNT-FETs have low alignment disorder, with only 3% badly 
misaligned, “crossing” CNTs,1 but they still have significant positional disorder, with random 
placement within the deposition stripes.  (The CNT linear density standard deviation is about 8%.)  
The disorder leads to i) a varied CNT spacing across the device width, and ii) a decrease in the 
number of directly spanning CNTs.  In this section we focus on the effects of (ii) by deriving an 
analytical model to calculate the fraction of CNTs directly spanning the channel with good contact. 
(Our calculations based off of a nearest neighbor approximation2 indicate that the effects of (i) 
decreases the total geometric gate capacitance of the CNT film Cgg by about 20% below that 
expected for a regular array at the same density.  This will also decrease the transconductance, and 
increase the variation in threshold voltage for the different CNTs in parallel, since their gate 
coupling depends on the screening.) 

 

 

Supplementary Figure 1.1:  a, AFM image of a representative film, and the relevant length scales of our aCNT-
FETs.  Lg =110 nm is the gate length, Lds = 160 nm is the drain-source length, Lo, estimated at 50 nm, is the overlap 
length for transparent contacts,3,4 and the metallized region is also indicated.  b, Height profile along the horizontal 
centre of a.  The numbers indicated the measured CNT heights, with blue numbers indicating individual CNTs, and 
red numbers indicating probable bundles.  The cutoff height between bundles/crossing CNTs and individual CNTs is 
2.2 nm, dictated by the diameter range of the CNTs used in this study, 1.3 - 1.7 nm.1 The cutoff was set to ensure low 
probabilities for each of the following: counting an individual CNT as a bundle (individual CNT diameter > 2.2 nm) 
and counting a CNT bundle as an individual CNT (e.g. (diameter1 + diameter2)1/2  <  2.2 nm). The densities along the 
line are: individual CNTs - 28/µm, bundles – 14/µm, and crossing CNTs – 2/µm.   

Supplementary Fig. 1.1a presents an AFM image and schematic defining the relevant length scales.  
For a given individual CNT counted somewhere in the channel (as exemplified by Supplementary 
Fig. 1.1b) with otherwise random y position, the probability of it spanning with good contacts, 
Ps,ind, is simply the total number of positions that fulfil that criteria divided by the total number of 
possible positions in the channel: 

𝑃 , =
(  )

       (S1.1) 

Because of the required overlap, about 50 nm,3-5 for transparent contacts, Ps,ind reaches only about 
80% for Lds = 0 nm, as seen in Supplementary Fig. 1.2a, which presents Ps,ind for three relevant 
length scales that characterize the length distribution of our CNTs.  This distribution, measured 
through the AFM length analysis of well dispersed CNTs spun onto Si substrates presented in 
Supplementary Fig. 1.2b, fits well to the typical log-normal form.6-8   Also plotted is Ps, ind for Lds 
= 160 nm, corresponding to the aCNT-FETs from wafers #1 and #2, demonstrating that the tail of 
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the log-normal distribution makes the biggest contribution to the directly spanning, highest 
transconductance CNTs in the FETs. 

The fraction of CNTs spanning the channel with transparent contacts, Pspan  , can be calculated as 

the expectation value of the probability of an individual CNT spanning, Ps,ind, weighted by the 
measured log-normal distribution ΦLN normalized by the total number of CNTs counted, N: 

𝑃 = ∫ Φ  𝑃 ,  𝑑𝐿       (S1.2) 

𝑁 = ∫ Φ  𝑑𝐿        (S1.3) 

For the drain-source lengths of the aCNT-FETs discussed in the main text, 160 nm and 190 nm, 
the fraction directly spanning with transparent contact calculated from equation (S1.2) are 33% 
and 29%, respectively, Supplementary Fig. 1.2a. Many of the other CNTs will likely still 
contribute to the transconductance, as about 45% of the CNTs’ lengths are in contact with other 
CNTs (i.e. bundled,) but the CNT-CNT contact resistance will decrease their contribution.  This 
analysis does not take into account the effects of orientation disorder or correlations in position 
between CNTs, which may be important.   

 

Supplementary Figure 1.2:  a, Fraction of spanning CNTs with transparent contacts versus CNT length.  Plotted are 
equation (S1.1) for the mode, median, and mean LCNT and equation (S1.2), corresponding to the weighted sum of all 
the CNTs in the distribution.  b, Left axis: Histogram of the measured CNT lengths and the log-normal distribution 
fit.  Right axis:  The probability of spanning, equation (S1.1), for a drain-source length of 160 nm versus CNT length.   
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S2:  Additional Device Data 

This section presents additional DC and RF device data referred to in the main text.   

Wf 
# 

Lds 
(nm) 

Lg 
(nm) 

Ron 
(Ω·mm) 

Id,max 
(mA/mm) 

Ion/Ioff      
(Vds=-1.5 V)  

Gm,max 

(mS/mm) 
RF gm,max 

(mS/mm) 
Self Gain 
(max) 

fT 
(GHz) 

fmax 
(GHz) 

1(µ) 
1(σ) 

160 110 5.0+/-0.4 
1.6 

194+/-5 
20  

46+/-3 
13 

197+/-7 
28 

313+/-9 
35 

5.7+/-0.1 
0.4 

78+/-2 
7.5 

95+/-1 
5.2 

2(µ) 
2(σ) 

160 110 4.1+/-0.3 
1.0 

232+/-5 
18 

51+/-4 
17 

220+/-6 
24 

329+/-6 
24 

5.2+/-0.1 
0.2 

77+/-1 
4.4 

99+/-1 
2.8 

3(µ) 
3(σ) 

190 140 4.2+/-0.2 
0.82 

221+/-4 
16 

100+/-10 
37 

252+/-6 
22 

284+/-6 
25 

10.0+/-0.1 
0.5 

66+/-1 
4.7 

94+/-1 
4.9 

4(µ) 
4(σ) 

190 130 3.5+/-0.1 
0.37 

222+/-3 
12 

81+/-6 
23 

241+/-5 
19 

281+/-5 
17 

9.0/-0.1 
0.4 

61+/-1 
3.4 

88+/-1 
3.6 

Supplementary Table 2.1:  Mean values (µ) and standard deviations (σ) of the figures-of-merit for the top 15 
devices sorted by self-gain, for four wafers, denoted as Wf#1, Wf#2, Wf#3, and Wf#4. Lds is the drain-source 
length; Lg is the gate length; Ron is the on-resistance calculated from the inverse slope of the output curve at a drain 
source bias Vds = 0 V; Id,max is the DC maximum drain current extracted from the transfer curves; Id,min is the DC 
minimum drain current extracted from the transfer curves; Gm,max is the transconductance calculated from the 
smoothed DC transfer curve; RF gm,max is the maximum transconductance calculated from the S-parameters 
measured at static bias; Self Gain is equal to RF gm/g0 calculated from the S-parameters measured at static drain 
bias; fT is the 0 dB cutoff frequency calculated from the intercept of the -20 dB/decade line fit to the calculated H21; 
fmax is the 0 dB frequency of maximum oscillation calculated from the intercept of the -20 dB/decade line fit to the 
calculated UMAX. DC parameters were acquired at Vds = -1.0 V and Vgs = -3.0 V unless otherwise noted.  RF 
parameters were acquired at Vds = -1.5 V. 

Supplementary Fig. 2.1b presents an effective capacitance, defined as  

𝐶 ≡           (S2.1) 

(Which is also the inverse of the fT /gm ratio discussed in the main text.)  Here, fT is the current 
gain cut-off frequency and gm is the transconductance, which is normally proportional to the 
gate-source capacitance Cgs.  From a standard RF FET small-signal equivalent model,9 CEff is 
related to the capacitance Cgs, the output conductance go, and the parasitic elements Cgd, Rs, and 
Rd by  

𝐶 = 𝐶 + 𝐶 [1 + 𝑔 (𝑅 + 𝑅 ) + 𝑔 (𝑅 + 𝑅 )]  (S2.2) 

where Cgd is the gate-drain capacitance, go is the RF output differential conductance, and Rs and 
Rd are the source and drain resistances, including the access region resistance. Since all terms are 
positive, CEff gives an upper limit for the channel gate capacitance Cgg of about 4 nF/mm2. In 
Supplementary Fig. 2.1b, CEff is not scaled by the width, as some parasitic elements are 
independent of width.  The increase of CEff(Vgs) with larger Vgs is similar to that of the 
transconductance, Fig. 4c (main text), so that much of the increase may come from the last term 
in equation (S2.2) proportional to gm, indicating that the parasitic elements Cgd, Rs, and Rd are 
significant.   

Without parasitics, fmax is proportional to fT:9 

𝑓 , =  ×  =  ,       (S2.3) 
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where Ri is the internal resistance of the channel.  The relationship from the small-signal 
equivalent model including parasitics is:9 

𝑓 =  
( )

    (S2.4) 

Clearly, saturation, giving a low go, is essential to give a small CEff and large fmax.  Individual 
CNT transistors show saturation under forward bias when 2Vg > Vd > Vg - VT ,10-12 originating 
from pinch-off of the channel.13   

 
 

 

Supplementary Figure 2.1 DC and RF data for aCNT-FETs. a, Output family of curves for the highest current 
device.  b, Effective capacitance, defined in equation (S2.1), as a function of gate-source voltage, and acquired at 
static bias points, for the 15 select device from wafer #2 discussed in the main text.  Device dimensions are Lg = 110 
nm, w = 50 µm. c, Output conductance, calculated as the derivative of the hysteresis-free output curves presented in 
S4, for different gate voltages, for the same device as in (a). 

In Supplementary Fig. 2.1c we plot the DC output conductance Go, calculated as the differential 
of the hysteresis-free output curves acquired by sweeping Vds at 1 kHz, plotted in Supplementary 
Fig. 4.1c.  The conductance increases initially, indicating a barrier, likely originating from a 
Schottky barrier or other barriers in the ungated access regions.  There are some signs of 
saturation, with the conductance peaking around Vds = -0.5 V and decreasing for higher values of 
Vds.  However, this decrease is small, not matching the behaviour from the individual CNTs, in 
which the saturated Go is much smaller than the maximum.10  This non-ideal saturation 
behaviour must originate from the mesoscopic disorder of the CNT films on the quartz substrate. 
Factors may include the i) contributions of non-saturating percolative transport at high biases, as 
only ~30% of our CNTs directly span the channel with good contact; ii) variations in threshold 
voltage that originate from charge traps, the distribution of CNT diameters, screening effects 
from bundling and other orientation disorder; and iii) the resistance of the undoped access 
regions that may continue to decrease under increasing Vds.   

Supplementary Fig. 2.2 presents current Id vs. static gate (Vgs) and drain (Vds) bias, in which the 
current is allowed to settle, presumably through the equilibration of charge traps before the 
measurement as was done for S-parameter measurements, corresponding to amplifier operation. 
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Supplementary Figure 2.2 Transfer and output curves acquired at static bias points. Markers represent data 
and lines are guides to the eyes. a, Static bias transfer curves for the 15 selected devices from wafer #2, with the top 
fmax device highlighted.  b, Static bias output family of curves for a selected device. 
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S3: 10 GHz Amplifier 

To test how the uniformity of our devices might translate to an integrated amplifier, a lumped-
element 10 GHz amplifier was designed and optimized around the S-parameters for the aCNT-
FET device with the highest (champion) fmax value, as shown in Supplementary Fig. 3.1. Next, the 
champion device’s S-parameters were exchanged for 14 other devices selected for high fmax values 
from the same wafer, #2, and the amplifier gain was re-simulated without further optimization, 
using the same lumped circuit elements. No deembedding was done, so these S-parameters, and 
thereby the modelled data still contain the parasitic effects of the aCNT-FETs’ probing pads.   

 

 

 

 

 

Supplementary Figure 3.1: ADS schematic of the optimized 10 GHz amplifier model design  

The amplifier was designed using ADS® software’s Smith chart utility.  The circuit topologies for 
the gate and drain matching circuits were chosen so that all nodes with more than one element, 
excepting the aCNT-FET gate, have circuit capacitors to ground so that unavoidable parasitic node 
capacitances are absorbed as part of the circuit design. The gate and drain circuits each include an 
inductor to ground to provide a DC path to the gate and drain through these inductors. No circuit 
capacitance was added to the gate because this would have increased input matching losses and 
decreased bandwidth due to the high gate capacitive impedance. However, the lower-impedance 
drain benefits from the addition of capacitance because this adds to the CNTFET drain capacitance 
and reduces amplifier performance variations due to variable CNTFET drain capacitance.    

 

Supplementary Figure 3.2:  Power gains for 15 different 10 GHz amplifier models utilizing the S-parameter data 
from selected devices from wafer #2, all using the design and component values from Supplementary Fig. 3.1. The 
device highlighted in yellow corresponds to the same one in Fig. 4 (main text).  The S-parameters for the devices 
were all acquired at the same biases, Vds = Vgs = -1.5 V.   

2.39 nH 

3.2 nH 

0.92 nH 
138 fF 

164.2 fF 
301 fF 

1.69 nH 

1.32 nH 
CNTFET 

Output 
Input 
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Optimization of the above circuit values was performed using the single device S-parameters with 
the following goals: 

 Amplifier S11 < 0 dB between 8-12 GHz and S11 < -5 dB between 9.9-10.1 GHz 
 Amplifier S22 < 0 dB between 8-12 GHz and S22 < -20 dB between 9.9-10.1 GHz 
 Amplifier S21 > 14 dB between 9.9-10.1 GHz 

From the data presented in Supplementary Fig. 3.2, it’s evident that the amplifier’s peak gain 
occurred at 9.5 GHz with a 1 dB gain bandwidth of ~1 GHz.  The peak gain averaged 14.51 +/- 
0.05 dB, with a standard deviation of 0.21 dB, or 1.4%, and maximum and minimum outliers of 
15.0 dB and 14.1 dB.  At the 10 GHz design point, the variance was even smaller, with an average 
of 13.61 +/- 0.04 dB, a standard deviation of 0.17 dB or 1.3%, and maximum and minimum outliers 
of 13.9 dB and 13.3 dB. Since the passive circuit element values of Supplementary Fig. 3.1 are 
invariant, the small variance in the amplifier gain curves shown in Supplementary Fig. 3.2 indicate 
excellent uniformity in the as-fabricated selected aCNT-FETs.   
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S4: YFM and Equivalent Circuit Device Modelling 

YFM2 modelling of selected devices 

To understand the reasons for the improvements in DC and RF device characteristics over our 
previous (2016) aCNT-FET results,14 a Y-function method15 was used to extract the total source 
and drain gate voltage independent series resistances of the aCNT-FETs.  We denote this series 
resistance shorthand as 2Rc (2Rc =  Rs + Rd), although it will include not only the contact 
resistance, but also the source and drain access resistances and any other gate-voltage 
independent series resistances in the channel, such as CNT-CNT contact resistances.  This 
analysis was performed on previously acquired data from the selected devices featured in Fig. 4 
and Supplementary Table 2.1. Y-function methods model the transistor as three resistances in 
series, the source and drain resistances and the channel resistance, which is inversely 
proportional to the carrier number in the linear regime. The resistances are extracted from 
measurements of the low-bias transfer curves.  In the refined method used here,16 termed YFM2, 
the effects of the voltage drop caused by the applied bias Vds and change in mobility from the 
vertical gate field are included.  Neglecting these effects can lead to large errors in the extracted 
resistance because of the subtraction involved in calculating the series resistance.6 

Here, in the linear regime, the aCNT-FET’s drain current Id is modelled as: 

𝐼 ≈
 (     )

(     )
     (S4.1) 

𝛽 =          (S4.2) 

𝜃 =  𝜃 + 2𝑅 𝛽       (S4.3) 

where β is the channel conductance parameter, Vgs is the applied gate bias, Vt is the threshold 
voltage, θ is the extrinsic mobility degradation coefficient, µ0 is the low field carrier mobility, CG 
is the gate capacitance, Lg is the gate length, and θ0 is the first order intrinsic mobility degradation 
coefficient.   

An example of the measured current and model fit is plotted in Supplementary Fig 4.1a, b for a 
representative device under moderate and low biases.  For moderate bias, the model fits well for 
Vgs < - 2 V, but diverges as Vgs approaches Vt, which is dependent on bias and sweep direction, 
and  Vt is not constant as charge traps are filled and emptied while Vgs is swept.  For lower source-
drain biases, the model fits well for Vgs < -1 V, as the trapped charge density has smaller 
dependence on Vgs. 
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Supplementary Figure 4.1: Measured data in comparison with the model fit for a representative device. a. 
Measured transfer curves for the forward (negative to positive) and reverse (positive to negative) sweeps for moderate 
Vds bias.  b. Measured transfer curves for low Vds bias and modelled data. In a, b, the markers are measured data, 
whereas the dashed lines are calculated from the model, and the shading denotes the tolerance of the model, calculated 
from the propagation of the standard deviations of the fit coefficients.  c. Calculated transconductance for the reverse 
sweep curves in a, b.  

We follow Karsenty et al.17 to extract the parameters of the model using linear fits.  In constructing 
Yd by dividing the current by the square root of the transconductance gm, the extraction of the 
channel conductance is separated from the extraction of the series resistance: 

𝑋 ≡ =  
(     )

 
    (S4.4) 

𝑌 ≡ 𝐼 𝑋 =  𝛽𝑉  (𝑉  −  𝑉  −  )   (S4.5) 

β and Vt can be extracted from a linear fit of Yd vs. Vgs, as depicted in Supplementary Fig 4.2a. 
The line is fit to the Vgs region with the largest slope17 in the linear regime.  θ can then be calculated 
from the slope of a linefit of the X-function, as defined above, vs. Vgs over the same Vgs region as 
the Yd fit, as shown in Supplementary Fig. 4.2b.    Finally, 2Rc and θ0 are extracted from a linear 
fit of θ vs. β for the different Vds according to equation (S4.3) and as graphed in Supplementary 
Fig 4.2c.   

 

Supplementary Figure 4.2 YFM2 extraction of model parameters from a representative device’s data set: a Yd and 
linear fits are plotted for different biases. b Xd and linefits are plotted for the same device.  c θ vs. β are plotted 
parametrically as a function of Vds along with the linefit (dashed line).  Error bars are the estimated standard 
deviations of the fit coefficients for θ and β.  
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Statistical data for the YFM2 parameters extracted in this manner for the selected devices are 
presented in Supplementary Table 4.1. (The extracted series resistance data for the forward 
sweep did not differ significantly.) The YFM2 analysis was also performed on data extracted 
graphically from Supplementary Fig. 1 in14, the previously published work, with the calculated 
parameters also presented in Supplementary Table 4.1. At 2.5 Ω·mm, 2Rc for the device from the 
previous work was significantly higher than that for the selected devices from this work, lying 
more than two standard deviations greater than the mean value of 1.7 Ω·mm.  As the low-bias 
mobility was not significantly different, this indicates that the contact resistances have likely 
been significantly improved for the devices in the present work.   

Data Set Lds, Lg 

(nm) 
width 
(µm) 

Vt (V) 
(Vds=-0.5 V) 

2Rc 

(Ω·mm) 
CG 
(fF) 

μ0 (cm2/V·s) 
(Vds = -0.5 V)  

θ0  
(V-1) 

2019 
µ 
σ 

160, 110 50  
0.1+/-0.1 
0.4 

 
1.7+/-0.1 
0.3 

20  
230+/-30 
100 

 
0.15+/-0.02 
0.08 

201614 ~130, 100 20 -0.95 2.5 7 350 0.4 
Supplementary Table 4.1:  Measured and calculated (reverse sweep) YFM2 model parameters for the selected aCNT-
FET devices from wafer #2 highlighted in the main text, along with the parameters for a device featured 
Supplementary Fig. 1 of the previous work from 2016.14  Here, µ indicates mean values, and σ the standard deviations. 

RF Equivalent circuit modelling 

By comparing the RF equivalent circuit model for our current 2019 aCNT-FET device to our prior 
2016 aCNT-FET14 results, we gain further insights into what underlying aspects of the device and 
corresponding fabrication processes have driven the notable performance improvements.  
Supplementary Fig. 4.3 presents the equivalent small-signal model used fit to the RF S-parameter 
data of the 2016 and 2019 aCNT-FETs, respectively, shown in Supplementary Fig. 4.4 and 
Supplementary Fig. 4.5. The resulting device parameters are summarized in Supplementary Table 
4.2, which illustrates the effects of this technology progression on the model parameters. The YFM 
analysis detailed above was employed to estimate Rc, the sum of metal-CNT contact and ungated 
access-region CNT resistances present on both source and drain (approximated as equal). The 
remainder of the Supplementary Table 4.2 data were extracted by matching the S-parameters of 
Supplementary Fig. 4.3 to those measured for the corresponding CNT-FETs. Charge trapping and 
hysteresis effects will cause the intrinsic transconductance, gmi, to be significantly different from 
the DC transconductance14 obtained for the aCNT-FETs. 

Comparing Supplementary Fig. 4.4 and Supplementary Fig. 4.5 shows significant increases in RF 
gain and fmax from 2016 to 2019. For instance, the 2016 aCNT-FET shows a measured maximum 
stable gain (MSG) of 9 dB at 10 GHz whereas the measured 2019 10 GHz MSG rose to 14 dB. 
The modelled 0 dB frequencies of maximum available gain (MAG) for the 2019, and 2016 aCNT-
FETs show corresponding differences, i.e. 100 GHz and 33 GHz, respectively.  Most of the 
improvement in high-frequency performance arose from the increase of the intrinsic 
transconductance, gmi; the decrease in gate-drain capacitance, Cgd; and the decrease in the gate 
finger resistance, Rgate. However, the output drain conductance, Go=1/Ro, also increased from 32 
mS/mm to 68 mS/mm from 2016 to 2019. Had Go been held to 32 mS/mm for the 2019 device, 
modelling would suggest fmax for this device would be near 195 GHz. 
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Physical causes of the above improvements of the 2019 aCNT-FET over the 2016 aCNT-FET can 
be primarily attributed to the following: 

Increase in gmi: Due to the reduced CNT bundling  

Reduction in Rgate: Due to the increased gate metal cross-sectional area of the T-gate  

Reduction in Cgd: Due to the greater height of the T-gate stem and increased access region 
distance. 

Future technological improvements should lead to continued increases of RF transconductance 
(gmi) along with reductions of contact and access resistance (lower Rc).  

 

 
Supplementary Figure 4.3: Equivalent Circuit for an aCNT-FET device.  
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Supplementary Figure 4.4: 2016 aCNT-FET device14 measured & simulation data.  Measured (blue line: 
from 500 MHz to 40 GHz) and modelled (red line : from 500 MHz to 100 GHz) results of (a) maximum stable 
gain (MSG) and maximum available gain (MAG), (b) unilateral gain, (c) H21 current gain, (d) S11, (e) S22, and (f) 
reverse transmission, S12. 
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Supplementary Figure 4.5: 2019 aCNT-FET device measured & simulation data.  Measured (blue line: from 
500 MHz to 40 GHz) and modelled (red line : from 500 MHz to 100 GHz) results of (a) maximum stable gain 
(MSG) and maximum available gain (MAG), (b) unilateral gain, (c) H21 current gain, (d) S11, (e) S22, and (f) 
reverse transmission, S12. 

 

 

 2019 aCNT-FET 
Device 

2016 aCNT-FET 
Device14 

Cgd (fF/mm) 127 291 
Cgs (fF/mm) 412 429 
Rc (Ω· mm) 1.05 1.27 
G0 (mS/mm) 68 32 
Cd (fF) 7 5.6 
Cgate (fF) 5.8 9 
Rgate (Ω) 6.1 105 
Rprobe (Ω) 8.7 1.0 
Ls 35.5 35.5 
Width 2×25 µm 2×10 µm 
Intrinsic RF transconductance, gmi 

(mS/mm) 
352 185 

Extrinsic fmax (GHz) 88 45.5 
Supplementary Table 4.2:  Values for device parameters calculated from RF modelling using ADS software. 
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S5: Charge-Trap Effects 

Devices operating under high bias conditions, such as those typical for RF amplifier operation or 
DC characterization, are unstable.  The shape of the Id(Vds) output curves is hysteretic for such 
high biases and these low sweep rates (~1 V/s), with the direction and magnitude of hysteresis 
depending on the gate and drain biases, as seen in Supplementary Fig. 5.1a. Similar hysteresis is 
observed with gate bias sweeps, as shown in Supplementary Fig. 5.1b.  The primary source of 
the hysteresis is likely the charging/discharging of surface and interfacial traps,18 primarily 
electron traps originating from surface water, hydroxyl groups and other water dissociates19,20 
that remain on the surface under the gate after fabrication,21 along with traps originating from 
degraded PFO-BPy, PMMA and other process contaminants.22  

 

Supplementary Figure 5.1: Examples of hysteresis for devices from wf#2 with Lds = 160 nm. a, Family of (output) 
curves hysteresis for the highest current device.  b, Transfer curve hysteresis for three different drain biases. c, Family 
of curves data taken at a Vds sweep rate of 100 Hz, for the same device as in a. d Comparison between transfer curves 
taken at a slow sweep rate, ~ 1 V/s, and hysteresis-free curves acquired at 1 kHz, for the same device as in b.   

Supplementary Fig. 5.1a plots a family of curves generated using a semiconductor parameter 
analyser having a low-speed Vds sweep rate near 1 V/s. For comparison, we plot output curves 
acquired by sweeping Vds at 100 Hz using a triangle wave signal generator in Supplementary Fig. 
5.1c.  Here, Id is measured using a differential amplifier and oscilloscope which are calibrated to 
yield Id vs. time, Id(t), while Vds(t) is measured in the second oscilloscope channel. Vgs is held 
constant during the Vds sweep, and Id is parameterized as a function of Vds to generate each of the 
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family of curves in Supplementary Fig. 5.1c for the stepped Vgs.  The slope of each curve decreases 
slightly at larger drain biases, but the output conductance remains large for Vgs = -3 V, as also seen 
in Supplementary Fig. 5.1c, so we ascribe the apparent large saturation seen in Supplementary Fig. 
5.1a to trap effects.  The disappearance of the hysteresis for the 100 Hz sweep rates and presence 
for the slow sweep rates points to trap time-constants exceeding 100 ms but below 5 s at room 
temperature.  

In comparing the transfer curves plotted in Supplementary Fig. 5.1d, it’s clear that the apparent 
transconductance measured for the 1 V/s slow sweeps at the large drain bias Vds = -1.5 V is much 
smaller than the actual DC value measured at 1 kHz, implying that traps limit the gate control of 
the channel.  In Supplementary Fig. 5.1b, the measured Ion/Ioff ratio, where Ion and Ioff are taken at 
Vgs = -3 V and +2 V, respectively, decreases with higher drain bias and smaller channel lengths. 
Ioff increases by nearly a factor of two on decreasing the source-drain lengths from 190 to 160 nm, 
as shown in Supplementary Table 2.1.   Furthermore, for the devices plotted in Supplementary Fig. 
5.1 having drain-source lengths Lds = 160 nm, the Ion/Ioff ratio averages 600 at Vds = -100 mV but 
decreases to 135 and 50 as the drain bias is increased to -1.0 V and -1.5 V, respectively.  This trend 
holds for the entire selected device data set from wafer #2, as shown in Supplementary Fig. 5.2c. 

 

Supplementary Fig 5.2 Scaling of the switching efficacy for backgated devices fabricated on highly doped Si 
wafers with 100 nm of thermal oxide. For a and b, points represent an average of 20 devices, and the bars 
represent the standard deviation.  a Width dependence of the on/off current ratio.  b Width dependence of the 
maximum and minimum currents. c Source-drain bias dependence of the mean on/off current ratio for forward 
(negative to positive) and reverse (positive to negative) DC gate sweeps for the selected devices from wafer #2, as 
highlighted in the main text. 

These degradations are likely caused by further charge trap effects and exacerbated by poor gate 
control of a fraction of the SWNTs because of insufficient individualization of SWNTs in the 
film and nonuniform film morphology:1 In the off-state (positive Vgs), the potential difference 
between the CNT (with a negative Vds) and that of the interfacial traps is the largest, resulting in 
an increased trap charging rate.  (Parallels can be drawn between this and a similar mechanism 
seen in GaN devices responsible for current collapse.23) As Vgs is brought more positive and the 
traps fill, parasitic gating due to the charging of adjacent surface charge traps result in an 
increased off-state current, Ioff. That Ion/Ioff depends on sweep direction, as seen in 
Supplementary Fig. 5.2c, is further evidence that the charge traps degrade the High CNT 
densities compound the effect because the surface traps are in close proximity to adjacent CNTs 
and will charge more quickly.18 The small fraction of badly misaligned “crossing” CNTs1  and 
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CNT bundles in the film lead to screening of the gate fields, making them more susceptible to the 
parasitic charge trap fields.   The screened CNTs may also carry the drain bias into the channel, 
leading to thermionic emission over small barriers and a higher Id,min as the drain bias is 
increased.  Evidence for this second mechanism is seen in the width scaling of the Ion/Ioff ratio, 
depicted in Supplementary Fig 5.2a, in which it is clear that the average Ion/Ioff for backgated 
devices decreases from 175 for device widths of 5 μm to ~65 at widths of 100 μm.  At larger 
widths, there is more opportunity for bad tube misalignment and bundling.  Since the Ion / Ioff 
ratio of individual semiconducting SWNTs is ~104.5, much higher than our device values,1 we 
can use the low drain bias Ion/Ioff ratio to put a very conservative upper limit of the fraction of 
metallic SWNTs at 0.2%. 
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S6: Linearity 

Notation for the Linearity discussion: 

The capital letters V, I, Gm, and Go refer to DC and low-frequency values of voltage, current, 
transconductance, and drain conductance, whereas the lowercase letters v, i, gm, and go refer to the 
corresponding RF values. 

Linearity Figures of Merit 

Calculation of the output third order intercept point, OIP3, is useful to predict third order 
intermodulation products, IMD3, for a given set of device characteristics. It is hypothetically 
possible to increase OIP3 without limit by scaling up the device size, e.g. gate width in a FET, and 
increasing the total current and DC power consumption, Pdc, because for any given RF power-level 
the IMD3 contributions of the RF device transfer curve, id(vgs), depends on the fraction of the total 
maximum available drain current, Id,max, transited by the RF drain current, id. Typically, in order 
to maximize OIP3, a gate bias, Vgs, is selected to achieve a relatively high gain while minimizing 
the production of IMD3. This bias point generally requires consumption of Pdc which scales with 
device size since the transfer curve shape for a given device design will be somewhat independent 
of gate width. Increasing the Id,max of the device for given id and RF output power reduces the 
effective portion of the transfer curve transited by the RF id signal and therefore reduces the IMD3 
generated at a given output power – increasing the OIP3.  However, increasing the FET gate width 
and Id is a power expensive method to increase OIP3, so the technological challenge is that of 
improving the intrinsic linearity of the transfer curve, which is captured in the normalized figure 
of merit, OIP3/Pdc. 

Effects of Charge Trapping 

CNT-FETs are a new, developing semiconductor technology and, as such, the control of charge 
trapping is a work in progress. These charge trapping effects can confound CNT-FET 
measurements and need to be accounted for. Swept measurements at frequencies higher than 
charge trapping/detrapping rates can mitigate the effects of charge trapping on the accuracy of 
device measurements.   

Let us define Vgsi as the portion of the gate voltage seen by the CNT-FET nanotube film channel 
which controls the drain current Id. Vgs is the applied gate voltage and Vgst is the portion of Vgs that 
is due to charge trapping internal to the CNT-FET and can be a function of Vgs. Therefore, taking 
the quantum capacitance regime approximation for clarity, i.e. neglecting the gate voltage drop 
across the oxide capacitance: 

𝑉 = 𝑉 + 𝑉      (S6.1) 

Δ𝑉 = Δ𝑉 + Δ𝑉      (S6.2) 

When Vgs changes much faster than the trap time rate constants, ΔVgst = 0 and 

Δ𝑉 = Δ𝑉       (S6.3) 
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The RF transconductance, gm, depends on Vgsi since the trapped charge and discharge time 
constants are large relative to an RF period, so we define gmp: 

𝑔 (𝑉 ) =
( )

=     (S56.4) 

where zL is RF impedance presented to the drain and id is derived from the RF output power, Pout. 
(The subscript p denotes that gmp can be directly calculated from measurements of the power as 
described below.) Note that accurate direct measurement of gm = gmp assumes that the drain 
operates into a good approximation of the short circuit. 

In a real transistor, the RF current, iL to the load is determined by vgs along with transconductance 
gm, the RF drain admittance yo, and zL. Here the effective transconductance gme, has been defined 
to encompass gm, yo, and zL where: 

𝑔 =
≫

       (S6.5) 

𝑖 =
( )

       (S6.6) 

𝑣 = 2 𝑍 𝑃in     (S6.7) 

real(zL) is the real portion of zL, Zo = 50 Ω the system characteristic impedance, Pout the measured 
CNT-FET RF power output, and Pin, the measured RF power incident at the CNT-FET gate. 
Equation (S6.7) assumes the CNT-FET gate impedance >> 50 Ω at the measurement frequency, 
1500 MHz which is true for the CNT-FETs measured here. 

The above imply that for a given zL and knowing Pin, one can use the measurement system of 
Supplementary Fig. 6c (reproduced version of Fig. 5a from the main text) to find gme(t) directly 
from the measured output power: 

𝑔 (𝑡) =
( )

( ) in
     (S6.8) 

and here Zo=50 Ω and 𝑧 ≫ .   

In (S6.8) Pout is measured as a function of time using the spectrum analyzer set to its zero-span 
mode centered at the operating frequency, 1500 MHz, with the losses of the tuner circuit calibrated 
out. Since the gate voltage, Vgs(t), sweep rate is high enough to avoid trap charging/discharging 
over the sweep period of 1 ms, ΔVgst =0 (S6.3) holds here, implying that the effective internal gate 
voltage Vgsi(t) is: 

𝑉 (𝑡) = 𝑉 (𝑡) + 𝑉     (S6.9) 

where Vgst is a constant offset due to constant trapped charge. One can then cast (S6.8), (S6.9) into 
(S6.10) as Vgs(t) is measured gme can be related to Vgsi: 
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𝑔 (𝑉 ) =
( )

( ) in
    (S6.10) 

For the CNT-FETs, yo contributes to nonlinearity and at lower RF frequencies, device IMD3 
production will be a function of gme rather than gm.  Therefore it is the characteristics of gme(Vgsi) 
rather than gm(Vgsi) which are important to IMD3. Moreover, for Vgs(t) sweep rates which outrun 
the trapping mechanisms, under equilibrium gme(Vgsi) will have essentially the same shape and 
distortion characteristics as gme(Vgs) except for a constant Vgst offset in Vgs. 

The ideal “intrinsically linear” gme(Vgsi) curves should be flat and constant to yield zero 

contribution to distortion products, but the IMD3 generation is proportional to , so a gme with 

a linear dependence on Vgsi will also result in a high OIP3: 

𝑔 (𝑣 ) = 𝑎 𝑉 + 𝑎     (S6.11) 

In (S6.11), = 0 but ≠ 0 and so would still produce 2nd order distortion. Fortunately, in 

narrowband systems, 2nd and other even-order products can generally be filtered out since the 
resulting frequencies are far away from the desired signal frequencies. 

The system in Supplementary Fig. 6.1c is used to extract gme(Vgs) relationships, locating Vgs values 
which produce the lowest IMD3 levels, i.e. at the inflection points of gme(Vgs).  Recalling (S6.3), 
for short Vgs sweep periods, gme(Vgsi) is just a Vgs offset version of gme(Vgs). When the a minimum 
IMD3 point coincides with high gain, the result is a peak in OIP3(Vgs), i.e. an OIP3 “sweet spot”. 
The more-important figure of merit, OIP3(𝑉 ), is highest when a high OIP3(Vgs) peak coincides 

with a low Id(Vgs) point, and it is desirable to have a gme(Vgs) characteristic which produces a broad, 
high OIP3 at a Vgs which yields a modest to low Id and Pdc. 

Verification of the Linearity Test Setup: 

To gain confidence in the swept Vgs linearity measurements, the transconductance and drain 
current of a GaN FET produced by Qorvo and a Carbonics CNT-FET were acquired for 
comparison via the various methods, using the Supplementary Fig. 6c test set in a single-tone 
verification mode. In this case, only one of the RF sources was on and set to a frequency of 1500 
MHz, since the goal was only to measure the transfer curve and transconductance and not IMD3 
distortion products. As described below, the actual realizable zL was close to 2 Ω, and, for nonzero 
zL, some of the RF drain current, id is shunted to the FET RF output admittance, yo so it is not 
accounted for in (S6.8). This generated only about 1% error for the aCNT-FETs gmp and 
approximately 4% error for the GaN-FET gmp. Therefore, for zL << 1/yo, 𝑔 (𝑡) ≅  𝑔 (𝑡), and 
the measured gmp(t) is a good approximation of the actual RF transconductance in this setup. 

The GaN FET was chosen as a test device because of its threshold voltage stability, low hysteresis, 
and charge trapping properties.  First, a wafer-probe network analyzer was used to measure the 
GaN FET’s 1500 MHz static S-parameters at Vgs values of -3 V to 0 V with 0.1 V steps. 
Simultaneously, the static Id(Vgs) was measured for each Vgs step. The RF transconductance, RF 
gm(Vgs), was derived from these measured S-parameters.  For comparison, the same GaN FET was 
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also measured using the method described previously of sweeping Vgs at 1 kHz, with zL set as low 
as possible so that the effective transconductance is a good approximation of the real 
transconductance, and calculating 𝑔 (𝑡) ≅  𝑔 (𝑡) from the measured RF output power vs time. 
Simultaneously, the drain current, Id(t), was measured on the same timescale as above. The 
minimum zL tuner setting reported a reflection coefficient, ΓL = 0.89 at -179º corresponding to a 
nominal zL = 2.9 Ω. The resulting time series gmp(t) and Id(t) were then related to the corresponding 
Vgs(t) to obtain gmp(Vgs) and Id(Vgs) as defined in the methods section.  This value of zL was 
adjusted so that the corresponding RF gain from the S-parameters matched closely to that obtained 
from the swept Vgs measurement. The best match between the above gain measurements was 
obtained with a zL = 2.19 Ω corresponding to an adjusted value of ΓL = 0.916 at 180º which 
corresponds to a change of +3% for  ΓL from that read from the tuner. 

 

 
Supplementary Figure 6.1: Comparison between data obtained for the GaN FET and the aCNT-FET. In a 
the GaN device transfer curve, static Id, measured with static Vgs, agreed with that measured using the swept Vgs, 
Id, for Vgs < -0.8 V. Self-heating reduced the static Id relative to Id for Vgs>-0.8 V. The GaN device transconductance 
b showed good agreement between different methods, namely, that measured via S-parameters with static bias, RF 
gm; from the derivative of the transfer curve with swept Vgs, Gm; and from the RF drain current into a very low drain 
impedance with swept Vgs, gmp. The measurement apparatus is reproduced in c from Fig. 5a. Trapping effects distort 
the static Id d transfer curves for the CNT-FETs but measurements of RF gm, gmp, and Gm e agreed. RF gm f for the 
CNT FETs also differs from gmp because of the effects of traps. Here, Vds = 2 V and -1.5 V for the GaN FET and 
CNT-FET respectively. 
 

 

Supplementary Fig. 6.1a compares the GaN FET drain current, Id(Vgs), measured from the drain 
resistor Rdd of Supplementary Fig. 6.1c during the swept Vgs measurement, to the static Id(Vgs) 
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which is the drain current measured during the static S-parameter measurements performed at 
discrete Vgs points. Supplementary Fig. 6.1b compares the GaN FET transconductance from three 
separate measurements, namely, RF gm(Vgs) derived from the S-parameters, Gm(Vgs) derived from 
the measured Id(t) during the sweep, and gmp(Vgs) calculated as discussed above.  These 
transconductance values, measured by different methods, agree closely for Vgs > -0.8 V.  The 
divergence of Id(Vgs) and the static Id(Vgs) for Vgs  > -0.8 V and similar divergence of Gm(Vgs) vs 
RF gm(Vgs) are both likely due to the expected self-heating of the GaN FET during the static Id(Vgs) 
and S-parameter measurements, which would be expected to reduce drain current and 
transconductance. The close agreements between the various independent transconductance and 
drain current measurements, for the GaN FET, lends credibility to the Supplementary Fig. 6.1c 
measurement test set and procedures used here. 

Similar measurements were performed for the aCNT-FET champion OIP3 device and its gmp(Vgs) 
was determined from single-tone 1500 MHz measurements as for the GaN FET, using the 
Supplementary Fig. 6.1c test set with zL set to a minimum. The best agreement between Gm(Vgs) 
derived from the current sweep and gmp(Vgs) for the aCNT-FET, Supplementary Fig. 6.1e, was 
found when zL was adjusted to 2 Ω and is quite good. However, there is poor agreement between 
RF gm(Vgs) and gmp(Vgs) in Supplementary Fig. 6.1f, and a large discrepancy of the static Id (Vgs) 
versus Id(Vgs) in Supplementary Fig. 6.1d, both of which illustrate the difference of transfer curves 
obtained when Vgs is held fixed points, i.e. static Id(Vgs), versus swept at a 1 kHz rate, i.e. Id(Vgs). 
These differences are ascribed to charge-trapping effects that occur from differences between 
sweeping Vgs at a 1 kHz rate or holding Vgs at stepped intervals while measurements are taken.  

The original motivation for the above single-frequency tests was to obtain the shape of the 
transconductance curve without the distorting effects of charge trapping. Since a flat 
transconductance versus Vgs is desirable to obtain a wide and low 3rd and 2nd order distortions, 
obtaining the shape of the transconductance curve quickly and reliably would provide quick 
feedback for technology optimization. 
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