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Fig. 1. 
Impact of platen temperature while printing all-carbon TFTs. Subthreshold curves (drain current plotted 
on a log scale against gate voltage) with transistors printed at 20 °C (blue) and 50 °C (red) platen 
temperatures, demonstrating no observable difference between the transistor characteristics. Data lines 
represent average and shaded regions represent standard deviation of 4 devices for both 20 and 50 °C. All 
devices have a channel length of 250 µm and a channel width of 200 µm. 
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Fig. 2. 
CNC dielectric characterization. (a) Top-view optical image and (b) SEM cross-sectional image of CNC 
parallel plate capacitor. (c) Capacitance as a function of frequency for CNC capacitor before heating 
(dashed line) and after heating to 80 °C for 1 hour (solid blue lines) measured every 30 seconds for 30 
minutes (light to dark blue), indicating strong frequency dependence of capacitance and a recoverable 
decay of low-frequency capacitance after heating. (d) Capacitance response to atmosphere conditions in 
vacuum (blue), air (white), and nitrogen (grey). Both tests demonstrate hydration dependence on 
capacitance with a decrease in low-frequency capacitance after water evaporation due to heat and vacuum, 
respectively. The nitrogen atmosphere demonstrates that the capacitance decrease is caused by a 
hydration decrease as opposed to an environmental pressure change. 
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Fig. 3. 
CNC capacitance-charge relationship. CNC capacitance as a function of frequency measured on parallel 
plate capacitors for CNC dielectric films printed with 6% w/w CNC in DI water (blue), 6% desulfonated CNC 
in DI water (red), 6% CNC in ultrapure water (green), and 6% desulfonated CNC in ultrapure water (purple). 
This illustrates that the intrinsic ionic nature of the CNC dielectric is derived from the dissolved salts in 
addition to the sulfonation from the hydrolysis of cellulose. Data represent average ± standard deviation of 
4 devices. 
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Fig. 4. 
CNC-based all-carbon TFT electrical characterization. (a) Subthreshold curves at varying source-drain 
voltages (Vds) demonstrating the optimization of on/off-current ratio at a Vds of -0.5 V. (b) Output curves at 
varying gate voltages. A clear shift in conduction pathway can be seen at increasingly positive Vgs where 
carriers are now tunneling through the Schottky barrier into the conduction band rather than the lower-
barrier injection of carriers into the valence band at negative gate bias. The transistors were fabricated with 
a 0.15 mM salt concentration in CNC and tested with a sweep frequency of 10 ms. 
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Fig. 5. 
Benchmarking printed all-carbon TFT performance against other printed transistors. (a) Width-
normalized on-current plotted against source-drain voltage for related (thin-film transistors) TFTs. (b) Width-
normalized on-current plotted against gate voltage. Colors represent transistor types (both semiconducting 
material and gating scheme); carbon nanotube TFTs (CNT-TFTs) use a semiconducting carbon nanotube 
channel, organic TFTs (OTFTs) use an organic semiconductor channel and IGZO is indium gallium zinc 
oxide. Ion gel-based transistors use an ionic liquid as the dielectric. Shapes represent processing technique 
where circles demarcate fully printed transistors and triangles represent transistors that utilize cleanroom 
techniques in at least some of the processing. Finally, datapoints with a border are transistors on a paper 
substrate. 
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Fig. 6. 
CNC-based all-carbon TFT back-to-back cycling. (a) Transfer curves (drain current plotted on a linear 
scale against gate voltage) and (b) corresponding gate leakage currents demonstrating a 15% decrease in 
on-current and a 77% decrease in leakage current over 9 cycles, attributed to limitations in ion mobility and 
a time delay in the development of a double layer in the CNC dielectric. (c) Transfer curves for two back-
to-back cycles showing a marked decrease in hysteresis between the (black) first and (red) second cycles 
and a significant (~2x) increase in on-current, attributed to the slow formation of the double layer charge 
that guides the decrease in gate leakage. Without the addition of salt, the transistor behavior is highly 
dependent on device history, both in terms of cycle duration (hold time) and in terms of cycle number. The 
transistor was fabricated without added salt and tested with a sweep frequency of 500 ms. 
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Fig. 7. 
Viscosity of CNC ink with added mobile ions. Dynamic viscosity of 6% CNC solutions with increasing 
salt concentrations demonstrating the electroviscous effect. 
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Fig. 8. 
CNT printing density. SEM images of CNT thin films printed on silicon using (a) pristine and (b) recycled 
CNT ink for purposes of determining printed density (45% and 36% coverage for new and recycled inks, 
respectively). (c,d) For analysis, each image was set to binary using ImageJ, and in addition, (e,f) the color 
threshold was modified to help guide the eye. The decrease in printed ink density may help explain the 
slightly lower on-current with the recycled CNT ink.  
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Fig. 9.  
Lactate biosensing from fully printed all-carbon devices on paper. (a) Schematic of (top) 2-electrode 
and (bottom) transistor-based, all-carbon lactate sensors. Electronic lactate concentration testing using (b) 
the 2-electrode sensor and (c) the transistor-based sensor. (d) Transistor-based testing setup. e) Current 
dependence on lactate concentration showing a more pronounced current response to increases in lactate 
concentration with the 2-electrode device; however, a current maximum is reached at a concentration that 
is too small for medical relevance whereas the transistor-based device extends the sensing window by at 
least 5x, allowing for medically relevant lactate sensing. Lactate concentrations greater than 2 mM in human 
blood are indicative of septic shock (37). Furthermore, recent research indicates that mortality rates for 
patients presenting with elevated lactate concentrations was highly dependent on the duration of sepsis 
(38). Mortality sharply declined when lactate levels stabilized to a value of 2.2 mM as opposed to those that 
maintained a concentration of 3.3 mM after 4 hours. Hence, the 2-electrode sensor has a sensing window 
that is too narrow for complete medical relevance. 
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Extended Data Table 1.  
Comparison table between this work and relevant recent works. (*) marks values that were estimated from 
graphs in the reports. 

Source Type of Substrate Type of 
Device Semiconductor Fabrication 

procedure 
Vgs 
(V) 

Vds 
(V) 

On/off 
ratio Id (µA/mm) 

Subthreshold 
swing 

(mV/dec) 
1 Glassine paper OTFT 

(Ion Gel) P3HT Printed -2 -1 10^3 20.6 --- 

2 Banknotes 
(cotton fibre) 

OTFT 
(Ion Gel) 

Dinaphtho[2,3- 
b:2 ′ ,3 ′ -

f]thieno[3,2-
b]thiophene 

(DNTT) 

Cleanroom 
techniques 3 1 10^4 4 110 mV/dec 

3 Banknotes 
(cotton fibre) 

OTFT 
(Ion Gel) 

dinaphtho[2,3- 
b:2 ′ ,3 ′ -

f]thieno[3,2-
b]thiophene 

(DNTT) 

Cleanroom 
techniques -3 -2 10^5 9 103 

4 Photo paper OTFT Pentacene Cleanroom 
techniques -55 -55 10^5 5.8 >1000* 

5 Printer paper OTFT Pentacene and 
DNTT 

Cleanroom 
techniques 
and printing 

-80 -80 10^8 25 1400 

6 Printer paper OTFT pBTT Printed -50 -50 10^4 37,500 18100 
7 Paper OTFT Pentacene Cleanroom 

techniques -5 1 10^2 2 600 

8 PET – CNC 
dielectric OTFT PCDTBT Cleanroom 

techniques -50 -50 10^4 12 --- 

9 Paper OTFT GIZO Cleanroom 
techniques 20 15 10^4 135 800 

10 Paper OTFT 
Poly(3,3000-
didode- cyl-

quarterthiophene 
Printed -2 -1.5 15 28 >1600* 

11 CNC paper OTFT GIZO Cleanroom 
techniques 30 15 10^5 450 2110 

11 CNC paper OTFT GIZO Cleanroom 
techniques 30 15 10^4 135 1790 

12 Eucalyptus paper 
TFT 

(double 
gate) 

IGZO Cleanroom 
techniques 

30 
(15V 
back 
gate) 

1 10^5 145 1600 

13 Photo paper CNT-TFT CNT Printed -40 -2 10^5 1 ~9000* 
14 CNTs embedded 

into cellulose CNT-TFT CNT Solution 
processed -5 9 10^2 --- --- 

This 
work Photo paper Ion-gel CNT Printed 2 0.5 10^3 87 138 

15 Si Ion-gel CNT Printed -0.8 -1.4 10^5 1300 <150 

16 Polyimide OTFT 
(Ion Gel) DPh-BTBT 

Printed and 
cleanroom. 
techniques 

1 -1 10^6 0.9 90 

16 Polyimide OTFT 
(Ion Gel) N1100 

Printed and 
cleanroom. 
techniques 

1 1 10^6 0.5 100 

17 Si OTFT CNT Printed -25 -0.5 10^3 5 ~5000* 
18 Paralyene-C OTFT Merck lisicon 

S1200 Printed -10 -10 10^6 5.5 ~750* 
19 Polycarbonate OTFT TIPS-Pentacene Printed -60 -60 10^5 --- >1500* 

20 PEN OTFT P(NDI2OD-T2) 
Printed and 
cleanroom. 
techniques 

60 60 10^4* 14 --- 

21 PMMA OTFT C8-BTBT Solution 
processed -40 -40 10^4 28 >1000* 

22 Polyimide CNT-TFT CNT Printed 40 5 10^4 28.6 ~750* 
23 Polyimide CNT-TFT CNT Printed -30 -5 10^6 248 --- 

24 Si CNT-TFT CNT Printed -40 -1 10^4 5.4 ~6000* 

25 Polyimide CNT-TFT CNT Printed -40 -5 10^4 1 ~3000* 

26 Si CNT-TFT CNT Printed -40 -2 10^5 24 ~4000* 

27 PET CNT-TFT CNT Printed -14 -5 10^4 48 >1000* 
28 Si CNT-TFT CNT Printed and 

cleanroom. 
techniques 

-20 1 10^5 17.6 ---- 
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