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Supporting Figure 1. (a) Normalized IA (with respect to maximum IA) vs. VA for three 

representative devices that each incorporate a single s-SWNT with Ca and Pd contacts. (b) 

Schematic illustration of the devices. Of the thirty such devices that were studied, eleven showed 

non-linear behavior in IA vs. VA near the threshold (VT), linearity above VT and saturation at VA 

>> VT (trend-I); nine devices showed no saturation at higher VA (trend-II); the remaining ten 

devices predominantly show non-linear behavior near VT (trend-III). In all cases, VT is calculated 

from the x-axis intercept of a line fitted to the linear region of behavior. 
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Supporting Figure 2. (a) Dark signal (average ~36000 counts/pixel for 15 s integration time) 

measured by using the experimental setup with zero bias on the 2T-LEDs (i.e., for VA = 0 V). 

With this level of dark signal, the maximum detected signal of CCD camera is, Nsignal = (216 – 

36000) ~ 29,536 counts/pixel. The resultant dark noise and shot noise levels are, Ndark = √36000 

~ 189.7 counts/pixel and Nshot = √29536 ~ 171.9 counts/pixel. Considering read-out noise Nreadout 

= 500 counts/s,1 we calculate total noise of Ntotal = √(Nshot
2 + Ndark

2 + Nreadout
2) ~256 counts/pixel 

in our imaging system. (b) This value of Ntotal is consistent with the measured noise level of ~ 

113±123 counts/pixel (for 15 s integration time) within the white boundary.  
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Supporting Figure 3. (a) Plot of EL spectra measured along the width of a device (i.e., 

perpendicular to the alignment direction of SWNT arrays) near the Ca contact.  The frame on the 

right shows the spatial profile of the integrated EL. The white dots correspond to the dashed 

white lines on the left. EL spectra collected at spots L1 and L2 appear in (b) and (c) respectively.  

These spectra can be fitted by considering contributions from one or two s-SWNTs that may be 

present within scan resolution (Sres ~ 1.5 µm)2 of the camera/spectrometer setup. Lorenzian 

lineshapes with FWHM ~ 0.06~0.09 were used, with emission peaks (ECNT) and corresponding 

diameters (d) shown in the insets. ECNT = Eg - Ebinding is used to estimate diameter both 

theoretically3-5(T) and empirically6 (E). 
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Supporting Figure 4.  EL spectra collected at a particular spot near the Ca contact of a 2T-LED 

for different VA. The inset show normalized data, which suggest negligible change of emission 

profiles with VA. Spectra at any VA can be fitted using a Lorenzian function with peak at ECNT ~ 

0.9 eV and FWHM ~ 0.085 eV. Using theoretical (ECNT = 0.84/d - Ebinding) 3-5 and empirical 

(ECNT ~ 1.11/(d + 0.11)) 6 expressions, peak at 0.9 eV corresponds to EL from s-SWNT with d ~ 

0.71/1.12 nm (theoretical/empirical, T/E). 
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Supporting Figure 5. Flowchart to simulate current transport and electroluminescence (EL) in 

2T-LEDs. See Supporting Information Section 1 for related equations and definition of variables. 
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Supporting Section 1: Simulation Steps 

Simulation of a 2T-LED containing a single s-SWNT with particular diameter (d) involves 

self-consistent solution of electrostatics and current flow. We solve electrostatics (using eq 1 of 

the main text) with Dirichlet boundary conditions at Ca and Pd contacts (i.e., potentials at Ca and 

Pd contacts equal -ФCa and VA - ФPd, where ФCa(Pd) is work-function difference between Ca (Pd) 

and s-SWNT) and Von-Neumann boundary conditions (i.e., zero electric field) along the 

exposed surface of the dielectric.7 Detailed expressions for electron and hole concentrations (n 

and p) and ionized impurity ( aN − ) as used in eq 1 are given below:  

( ) ( )( )1/2 (S1)C n pn p N η= ℑ − − −  

( )1 4exp 0.045 / (S2)a a V Fp BN N E E k T−   = + − + −− −    

where
0

8
4 3

g B B
C

g g

E k T k T
N

a E E
α

γ π

 +
=   + 

is the effective density of states,8

, V FpFn C
n p

B B

E EE E
k T k T

η η
−−

= = , 1/2ℑ  is the Fermi-Dirac integral of order ½, α = 1-2 is the zone 

degeneracy factor, a = 0.246 nm is the graphene Bravais lattice constant, Eg ~ 0.84/d(in nm) is 

the bandgap of s-SWNT, γ0 ~ 3 eV is the nearest neighbor overlap energy, EC(V) is the conduction 

(valence) band energies, and ( )Fn pE is quasi-Fermi level for electrons (holes). Ionized impurity 

with Na = 5x1019 cm-3 is used to capture the influence of negatively charged interface defect9 on 

the electrostatics of s-SWNT. 

We calculate currents in 2T-LED using the drift-diffusion equations (eqs 2-3 of the main 

text). Detailed expressions for mobility (µFE), diffusion co-efficients for electron and hole (Dn(p)), 

and GSBT,n(p) as used in eqs 2-3 are given below: 
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where
2

300
1600

1peak

d
T nm

µ   =   
  

,10 sv  is the saturation velocity, ( ), ( ) , ( )n Ca Pd F Ca Pd C BE E k Tη = −

, ( ), ( ) , ( )p Ca Pd V F Ca Pd BE E k Tη = − , ( ) ( ),rx C C CE E r E x= − , ( ) ( ),rx V V VE E x E r= − , 020
gE

m m=  is 

the effective mass for electrons and holes, 0m is the free carrier effective mass, h  is the reduced 

Planck’s constant, EF,Ca(Pd) is the Fermi-level for carriers in Ca (Pd) contact, 21.5 10 gA E= ×  

A/cm2/K2 is the Richardson constant, and a  is the thickness of s-SWNT. 

As explained in Supporting Information Figure 5, we start 2T-LED simulation by solving eq 

1 (main text) and eqs S1-S2 in equilibrium (i.e., at VA = 0 and IA = 0), and then revise the 

calculated potential V by solving eqs 1-3 (main text) and eqs S3-S5 with zero electron and hole 

boundary currents ( snI and spI ) that have the following expressions: 

 ( ) ( ), ,
;  (S6)sn sn equi sp sp equiCa Pd Ca Pd

I qv n n I qv p p= − = − − − −  

where 
,

( )
Ca Pd

n p  is the electron (hole) concentrations at the Ca/SWNT and Pd/SWNT interfaces 

and is obtained by solving eqs 2-3 (main text), ( )1/2 , ,,equi C n Ca n Pdn N orη η= ℑ , 



 9

( )1/2 , ,,equi C p Ca p Pdp N orη η= ℑ , ( )sn spv  is the surface recombination velocity of electron (hole) and 

equals half of the thermal velocity.11  

Equilibrium solution of n, p, V, EC, EV is later used to solve eqs 1-3 (main text) and eqs 

S1-S6 in non-equilibrium (VA ≥ 0, A n pI I I= +  ≠ 0) conditions with incremental voltage steps for 

VA. Such solution also provides R (i.e., EHR rate) vs. x, which is used to estimate EL intensity by 

integrating R from qL  to q resL S+  (since EHR within x = 0 ~ Lq is quenched), where Lq is the 

exciton quenching length and Sres is the spatial resolution of the IR camera. To directly compare 

the calculated EL intensity with measured values, we need to take into account the quantum 

efficiency of EL in s-SWNT that ranges from 10-4-10-9.2,12,13 
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Supporting Figure 6. Plot of calculated electron density vs. relative change of Fermi level (EFn) 

with respect to the conduction band (EC) of s-SWNTs for different diameters (indicated in the 

legend) follow a universal trend.14 Though analytical equations over-estimate electron density-

of-states at degenerate energy levels (i.e., for Efn >> EC) and hence calculate larger electron 

density compared to detailed numerical calculations,14 we use analytical approaches for rapid 

simulation. 
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Supporting Figure 7. (a) Measured SWNT diameter distribution15 (PDF: probability 

distribution function) and fitted curve based on log-normal statistics. (b) Plot of simulated 

distribution in VT, calculated using the diameter distribution and relationship between VT vs. d 

(inset). (c) Quantum efficiency (QE) of the InGaAs camera (green line) limits the diameter 

distribution for s-SWNTs that give rise to detectable EL. Calculated relative detection efficiency 

(blue line) considering Lorenzian distributions (FWHM ~ 0.1 eV) for EL responses from 

individual s-SWNTs and a diameter independence for the EL intensity, suggests that the camera 

will mainly detect EL for d ~ 0.5-2.0 nm s-SWNTs. (d) Plot of simulated distribution in VT,EL, as 

calculated using the relative detection efficiency and the relationship between VT,EL vs. d (inset). 

The simulated VT,EL vs. d relationship was calibrated with the measured values, as obtained from 
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a few spots of Figure 4a. The diameter range (d ~ 0.63-0.82 nm) for these measured values 

obtained using theoretical approaches3-5 is limited by the detectable wavelength range (λ = 1200-

1600 nm). (Consideration of any dependence of EL intensity on d at a particular VA (Figure 6b) 

will change the calculated distribution of VT,EL. To calculate QE vs. d, we use QE vs. λ 1 and 

calculate d using theoretical approaches,3-5 i.e., using 0.84/(hc/λ - Ebinding), where h is Planck’s 

constant, c is the velocity of light, and Ebinding is the binding energy for exciton dissociation.) 

 

 

Supporting Figure 8. In addition to EL near the Ca contacts, at high voltages, EL appears at 

other positions (arrows), possible due to large local values of Efield (hot spots) due to defects.16 
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