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1. Supplementary Figures: 

 

Supplementary Figure 1| A conceptual flexible sensor acquisition system. A 2-D 

flexible sensor array integrated with flexible column drivers and near sensor flexible 

amplifiers. 
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Supplementary Figure 2| Absorption spectrum comparison of the original sorted 

solution and further purified solution. We estimate the solution concentration using the 

maximum peak intensity. The CNT concentration of the further purified solution is about 

84% of the original one, suggesting that ~16% of the s-SWNTs were lost during the further 

purification. 
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Supplementary Figure 3| SEM images of the short channel device matrix used for 

CNT purity evaluation. CNT can be clearly seen from the SEMs and the number of CNTs 

can be counted, and the average CNTs per device can be estimated. 

 

 

Supplementary Figure 4| CNT purity evaluation using electrical measurement 

method. a, 1023 transistors in batch #1 and b, 5170 transistors in batch #2 were measured 
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and used for evaluation. The number of CNTs used for evaluation is calculated as [1023 × 

4.5+5170 × 5.8 = 34590]. Among the 34590 tested CNTs, only 1 metallic tube was found 

in batch #2. The purity is thus estimated to be 99.997%.  

 

 
Supplementary Figure 5| Chemical structure of 11-(2-methoxyethoxy) 

undecyltrimethoxysilane used for the SAM layer modification.  This molecule has both 

hydrophobic and hydrophilic parts. The hydrophobic part is used to reduce the hysteresis, 

while the hydrophilic part is used to enhance the CNT absorption. 

 

 

Supplementary Figure 6| a, SEM and b, AFM images of the deposited CNT thin films. 

The CNT line density is estimated to be 35~40 CNTs/μm. 
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Supplementary Figure 7| X-ray photoelectron spectra for the deposited CNTs 

wrapped with PFPD polymers (red) and the CNTs after rinsing with 0.1 % v/v 

trifluoroacetic acid (TFA) in toluene (blue). The nitrogen 1s peak (397.6 eV) on the 

polymer disappeared after polymer removal, indicating that the wrapping polymers were 

mostly removed after acid treatment. 

 

   

Supplementary Figure 8| Typical 10um CNT TFTs’ transfer characteristics on a 4-

inch wafer with VDS=-0.5 V. a, Transfer characteristics of CNT TFTs with W=50 um. 56 
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transistors show on-off ratios >106 and gate leakages ~ 1pA. b&c, Extracted mobility and 

threshold voltage (𝑉୘୦) based on traditional CMOS linear region model.  

 

   

Supplementary Figure 9| Typical 2um CNT TFTs’ transfer characteristics with VDS=-

0.5 V. a, Transfer characteristics of CNT TFTs with W=25 um. 54 transistors show on-off 

ratios >105 and gate leakages ~ 1pA. b&c, Extracted mobility and threshold voltage (𝑉୘୦) 

based on traditional CMOS linear region model. 

 

 

Supplementary Figure 10| Current density of typical CNT transistor with L = 2 um 

and L = 10 um.  
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Supplementary Figure 11| Overdrive current density (|VGS-VTh|=1V) of typical CNT 

transistor with L=2um and L=10um.  

 

 

Supplementary Figure 12| Monte Carlo simulations for noise margin (NM), circuit 

speed and circuit yield under different process variations: 10%, 20% and 30%. a-c, 

500 Monte Carlo simulations are performed to analyze the NM of Pseudo-CMOS inverters. 
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Noise margin of the inverter drops dramatically from 70%(1/2 VDD) to <0% as the process 

variation increases from 10% to 30%, which indicates the importance of variation control 

for large NM/robust circuit design. On the other hand, our high uniform (<10% variation) 

CNT-TFTs can give us a high NM, which enables our designed circuit to operate at a low 

supply voltage (<3 V).  d-f, Circuit speed and yield analysis for 5-stage ring oscillators. 

Similarly, 500 Monte Carlo simulations are conducted for 5-stage ring oscillators for speed 

and yield analysis.  

 

Supplementary Figure 13| Simulations and measurements of a 3-bit maximum-length 

linear feedback shift register (LFSR). LFSR based random sequence generator, which 

can be applied in signature generation, cryptography and test-patter generation. a&b, 

Schematic and die photo of a 3-bit LFSR sequence generator. c, Measured and simulated 

waveforms of a generated 7-bit sequence (‘1110010’) with CLK=100 Hz, VDD=4 V and 

VSS=-4 V.  
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Supplementary Figure 14| Post-tuning of 12 pseudo-CMOS inverters by varying VSS. 

Pseudo-CMOS inverters’ transfer characteristics with various VSS and fixed VDD=2 V. By 

changing VSS from 0 V to -3 V, transfer curves’ variations are reduced from ~0.5V to ~0.2V 

and small signal gains boost from ~15-30 to ~150-300. Also, only slightly increases of the 

static currents are observed under different VSS. 
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Supplementary Figure 15| Simulated dynamic waveforms of a ring oscillator with or 

w/o loads. For measurement data, due to a large loading effect (measured to be ~125 pF), 

the measured waveform only has ~10 mV scale, which is also consistent with our 

simulation results. 

 

   

Supplementary Figure 16| Circuit performance comparison to current state-of-art 

results of flexible CNT TFTs1. In this figure, we compare our 5-stage pseudo-CMOS ring 

oscillator results to Ref. 1 using CMOS design.  We achieved comparable or even better 
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results. Especially for low supply voltage (3-5V)a, our 2-um ring oscillators achieved 

record-high performance, as fast as 2.4 MHz, while Ref. 1 fails to report competitive results 

due to thick dielectric layers. Note that low supply voltages2,3 (sub-5 V) is crucial to enable 

integrations with thin film flexible battery and silicon ICs without complicate power 

conversion overheads. In addition, low supply voltages are also safer for wearable and 

implant applications.  

 

 

Supplementary Figure 17| Measured and simulated frequency responses of a tunable 

gain amplifier. The self-biased tunable amplifier is composed of two stages. The first stage 

is based on a Pseudo-CMOS inverter with a shunt-shunt feedback CNT transistor biased in 

the linear region, as well as an input capacitor to block the DC current flowing from the 

inverter output to the input terminal VIN. The input capacitor also attenuates the low-

frequency input signals and the size of the capacitor determines the dominant zero location 

in the frequency responses, which explains the rising gain response from 10KHz to 30KHz. 

The feedback linear CNT transistor serves two purposes: biasing the Pseudo-CMOS 

inverter to be in the high-gain region around half-VDD, and also providing a resistive 

feedback to form a feedback amplifier. Similar to typical amplifier with a shunt-shunt 

                                                            
a To enable fair comparisons, we use |VDD‐VSS| as our supply voltage for pseudo‐CMOS circuits. 
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feedback resistor, the closed-loop gain of the first stage will be approximately the 

resistivity of the feedback linear CNT transistor. While the resistivity of the linear feedback 

transistor depends on VTUNE, the closed-loop gain of the first stage amplifier with the linear 

feedback CNT transistor will also vary according to VTUNE voltages. On the other hand, the 

bandwidth of such feedback amplifier also depends on the resistive feedback. The pole 

locations in the frequency response will move to lower frequencies as the resistivity of the 

feedback linear CNT transistor increases, which explains the smaller bandwidth with 

higher VTUNE voltages. Although in theory the relationship between VTUNE voltages, the 

resistivity of the feedback CNT transistor biased in the linear region, as well as the closed-

loop midland gain should be linear, the bandwidth of such amplifier also changes with 

VTUNE voltages. Therefore, the proposed self-biased amplifier based on Pseudo-CMOS 

inverter is better suited for narrowband signals, while it can be easily modified for 

wideband amplification after removing the input capacitor. The second stage of the self-

biased amplifier is simply a Pseudo-CMOS inverter, which is biased around half-VDD at 

the high-gain region. The second stage will therefore work as common-source amplifiers 

with fixed voltage gains. After correlating our developed SPICE model with CNT TFT’s 

measurements, the simulation results can predict the basic trend of the fabricated amplifier. 

While increasing VTUNE (|VGS|↓ ), the effective resistance of the feedback CNT TFT 

decreases. According to the simulation results, when VTUNE=2V, the feedback TFT enters 

the near-subthreshold region leading to a dramatic change in the effective resistance, which 

cause a jump in the frequency response. 
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2. Supplementary Tables: 

Supplementary Table 1| CNT TFT comparisons for mobility, variation and on-off 

ratio. 

References Mobility (𝐜𝐦𝟐/Vs) Variationb (𝝈/𝛍) On-off Ratio L (um) 

Ref 4 50(p type) ~15% 10ସ-10ଶ 100 to 4 

Ref 5 35(p type) NA 10଺-10ଵ 100 to 5 

Ref 1 40(n type) / 55(p type) ~20% 10଺-10ସ 8 to 2 

Ref 6 9(p type) ~30% 10ହ 85 

Ref 7 9(n type) / 15(p type) NA 10ହ 20 

Ref 8 9(p type) ~20% 10ହ 20 

Ref 9 20(n type) / 30(p type) ~25% 10ସ 50 

This work 25(p type) <10% 10ହ 10 to 2 

 

Supplementary Table 2| Comparison of current density.  

References Current Density (𝝁𝑨 ∗ 𝝁𝒎ି𝟏)  On-off Ratio L (um) 
Ref 1 17 10଺ 2 
Ref 5 0.2 10ସ-10ଶ 100 to 4 
Ref 6 0.02 10ହ 85 
Ref 7 0.01 10ହ 20 
Ref 9 1-7 10଺-10ସ 8 to 2 
Ref 10 0.01-3 10ସ-10ଶ 100 to 4 
Ref 11 0.3 10଺-10ଵ 100 to 5 
Ref 12 0.1 10଺-10ସ 8 to 2 
Ref 13 10 10ହ 20 
Ref 14 0.1 10ସ 50 
Ref 15 0.3 10଺-10ଵ 100 to 5 
Ref 16 1-10 10ହ 85 

This work 6 𝟏𝟎𝟓 2 
 

Supplementary Table 3| CNT circuits’ typical dimensionsc. 

                                                            
b Due to limited publication data, we use the mobility to represent overall variations. 
c We include the normalized transistor count,  in unit of the minimum‐sized transistor, for each 
circuit. The normalized  transistor  count  is a more comprehensive way  to  represent  the actual 
required area/power  for  logic gates. To optimize  for the speed and noise margin, M2‐M4  in a 
pseudo‐CMOS inverter are typically composed of three 50 um parallel transistors in ours design. 
Thus, the normalized transistor number is 10 for each inverter.  
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Circuit 
Type 

Schematic Dimensions Normalized 
Transistor 
Count 

Rough 
Transistor 
Count 

Related 
Figures 

Inverter 

 

L=10um/2um 
M1=50um 
M2=150um 
M3=150um 
M4=150um 

10 4 Figure 3 
Supplementary 
Figure 12 
Supplementary 
Figure 14 
Supplementary 
Figure 16  
 
 

NAND 
Gate 

 

L=10um 
M1=50um 
M2=50um 
M3=50um 
M4=100um 
M5=100um 
M6=100um 

9 6 Figure 3 

XOR 
Gate 

 

L=10um 
Formulated by 
four NAND 
gates as above 

36 24 Figure 3 
Supplementary 
Figure 13 

DFF 

 

L=10um 
Formulated by 
five 2-inputs 
NAND (9 
TFTs) gates 
and one 3-
inputs NAND 
(12 TFTs) 
gates 

57 38 Figure 4 
Supplementary 
Figure 13 

8-Stage 
Shift 
Register  

L=10um 
Cascaded by 8 
DFFs 

456 304 Figure 4 

Amplifier 

 

L=10um 
M1, M5, 
M9=50um 
Others=150um 
Cൎ1nF 

21 9 Figure 4 
Supplementary 
Figure 17 
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3. Supplementary Notes: 

Supplementary Note 1: Device yield estimation based on simulation 

From Supplementary Figure 12 e-f, we can clearly see that ring oscillator’s frequency 

becomes more widespread indicating a larger circuit level variation as the process variation 

increases. The lower bound of the ring oscillator determines the overall system 

performance since generally the slowest component becomes the bottle neck. Thus, from 

system performance point of view, process variation control is also a critical factor to 

achieve high performance and large-scale circuits. For circuit yield, some ring oscillator 

fails to work under 20% and 30% variation, which poses a strict requirement of process 

variation for large scale circuits. Our high-performance (>50 kHz) low-voltage (<3V) 8-

stage shift register (containing >300 CNT-TFTs) shows strong evidence of the great 

uniformity of our CNT devices. 

 

Supplementary Note 2: Transistor modeling and circuits design 

To enable circuit simulations, a behavior model of CNT TFTs is developed using Verilog-

A integrated with Cadence Virtuoso, a design platform for silicon integrated circuit design. 

The transistor model can accurately predict the outcome of CNT TFT based circuits 

without fabrication and allows designers to optimize the noise margin (NM) and 

performance by choosing appropriate parameters and transistor sizes. First, we will 

optimize the NM through extensive simulations of different transistor ratios. Once the ratio 

is fixed, we further optimize the speed or power via parameters sweeping of the transistor’s 

channel length and width. The good match between our CNT TFTs and behavior model 

dramatically reduces the design efforts and challenges. Furthermore, the whole design flow 

is fully automatic via our developed optimization program.  

As a design example, simulation results of a linear feedback shift register (LFSR) 

match closely with measurements, as shown in Supplementary Figure 13c. Benefiting from 

uniform and stable devices and the accurate transistor model, we successfully demonstrated 

large scale CNT TFT based circuits (Fig. 3&4). The developed model and various design 

examples, such as inverter, NAND, XOR, DFF and SR, will be open sourced 

(https://github.com/llshao/CNT-TFT-Verilog-A) to facilitate the CNT TFT based large-

scale circuits design. 
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