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Challenges to the Ideal "Energy-Filtering" t-FET:

1. Conductance becomes Intrinsically Handicapped at Vsd<100mVolts, 
and it’s really harmful.

2. Dit is a severe problem, not because of the gate efficiency, 
but because of On/Off ratio.

3. Coulomb Blockade demands greater contact linewidth broadening, 
penalizing voltage.

4. Phonon broadening.
5. Phonon-assisted tunneling.
6. Dopants create an extrinsic bandtail.
7. There is further harm to the On/Off ratio caused by 

"Inverse Auger", or "Impact Ionization" leakage.
8. Dit is a severe problem, not because of the gate efficiency, 

but because of On/Off ratio.
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What happens in reality is not exponential decay:

There is an initial parabolic period of time 2tp  !
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The initial parabolic decay rescues the tFET concept:
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We are setting forth, for the first time, the requirement: that the wires connecting 
to a tunnel FET should consist of 1-d conductors of heavy effective mass, 

a narrow band metal that can only be achieved by a 
metallic, graphene nano-ribbon

This width h/tp
determines 
tunnel-FET 

Steepness!
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Engineering Metallic GNRs from Topological Superlattices
LETTER RESEARCH

accounting for the screening effects of the underlying Au substrate26. 
Figure!2c shows that the theoretical LDOS maps at 4 Å above the plane 
of the 7/9-AGNR superlattice at energies corresponding to the VB, the 
OTB, the UTB and the CB. These LDOS maps are in excellent agree-
ment with the experimental LDOS patterns shown in Fig.!2b. This 
agreement between ab initio theory and experiment confirms that 
peaks A–D observed in STS do indeed originate from the intrinsic 
VB, OTB, UTB and CB of the GNR superlattice.

The topological origin of the 7/9-AGNR superlattice bulk electronic 
properties is further indicated by fitting equation (1) to the UTB and 
OTB band structure of Fig.!4c, which yields t1 = 0.33 eV (for hopping 
across 9-AGNR segments) and t2 = –0.07 eV (for hopping across 
7-AGNR segments). The hopping terms have opposite signs, which is 
consistent with a direct gap at the ! point. The stronger hopping term 
across the 9-AGNR segment arises from its smaller intrinsic bandgap, 
which allows the interface state to extend further into it and to overlap 
more strongly with adjacent interface states (Fig.!4a). This overlap 

causes the Bloch wavefunctions of the OTB and UTB at the ! point to 
reflect, respectively, bonding and anti-bonding interface states coupled 
through 9-AGNR segments (Fig.!4b). The presence of these topological 
interface-state-derived bands contrasts with the band structure of a 
nearly structurally equivalent, but topologically trivial, 7/9-AGNR 
superlattice (Extended Data Fig.!2), which completely lacks the two 
interface-state-derived bands owing to the absence of variation in the 
value of Z2 along its length. The substantial bandgap reduction seen in 
our 7/9-AGNR superlattice compared to the properties of individual 
7-AGNRs and 9-AGNRs thus arises from the controlled incorporation 
of topological interface states into this bottom-up system.

The end-state properties of the 7/9-AGNR superlattice can be under-
stood by examining the overall Z2 value of the system for successive 
band occupation up to a particular bandgap. For the supercell associ-
ated with the experimentally observed end structure shown in Fig.!3a, 
the occupation of bands up to and including the VB results in the sys-
tem being topologically nontrivial (that is, Z2 = 1; Extended Data 
Fig.!3), and thus requires the existence of a 7/9-AGNR/vacuum inter-
face state in the VB/OTB energy gap (that is, the experimental state 
labelled ‘end state 1’ in Fig.!3b). The behaviour in the next OTB/UTB 
energy gap is determined by the Zak phase of the OTB plus those of the 
entire band complex below it. Although the OTB and UTB arise directly 
from coupled topological interface states, analysis of the Zak phase of 
these bands shows that it is zero (topologically trivial) for each band 
for the terminating geometry considered (Extended Data Fig.!3). The 
overall value of Z2 thus remains Z2 = 1 for the OTB/UTB and UTB/CB 
bandgaps, making the existence of topological 7/9-AGNR/vacuum end 
states required in both energy gaps, just as seen experimentally (that is, 
end states 2 and 3 in Fig.!3b). Similar analysis reveals nontrivial topol-
ogy for the other, less common, experimentally observed superlattice 
end structure (Extended Data Fig.!4).

This topological behaviour can also be clearly seen in our simu-
lations of the end region of a 7/9-AGNR superlattice calculated for 
a finite 7/9-AGNR consisting of eight supercells. The LDOS of this 
structure exactly reproduces end states 1–3 in the three energy gaps, as 
discussed above (Extended Data Fig.!3). A direct comparison between 
the experimental dI/dV maps and the calculated LDOS maps of end 
states 1–3 shows excellent agreement between theory and experiment 
(Fig.!3c). Similarly, the experimental dI/dV maps and the calculated 
LDOS maps of the OTB and UTB show high intensity throughout the 
bulk 7/9-AGNR superlattice but decay rapidly in the last supercell that 
terminates the GNR.
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Fig. 3 | Electronic structure of 7/9-AGNR superlattice end states.  
a, Bond-resolved STM image of the most common 7/9-AGNR superlattice 
end termination (Vs = 0.02 V, It = 80 pA, f = 581 Hz, Vac = 12 mV). b, The 
red (green, blue) curve shows dI/dV point spectroscopy collected above 
the 7/9-AGNR superlattice bulk (end). The dotted black curve shows the 
spectrum collected on bare Au(111). Spectroscopy parameters: Vac = 20 mV,  
f = 581 Hz. c, STM topography showing the tip position for STS in b 
(marked by a plus sign) (Vs = –0.10 V, It = 80 pA). Experimental dI/dV 
map (bottom) compared to the corresponding theoretical LDOS maps 
(top) for end state 3, UTB, end state 2, OTB, and end state 1. The dI/dV 
map parameters are It = 50 pA, Vac = 20 mV and f = 581 Hz. All STM data 
were obtained at T = 4 K. Corresponding DFT-calculated LDOS maps are 
simulated at a height of 4 Å above a freestanding 7/9-AGNR superlattice 
comprised of eight supercells (to view the theoretical energy-dependent 
DOS plot, see Extended Data Fig.!3).

Fig. 4 | Topological bands in 7/9-AGNR superlattice. a, Wireframe 
sketch of the 7/9-AGNR superlattice with superimposed charge density 
for only a single, isolated interface state. Arrows represent hopping 
amplitudes that couple interface states through different AGNR segments. 
b, DFT–LDA wavefunctions for the OTB maximum and UTB minimum 
are composed of bonding and antibonding linear combinations of adjacent 
interface-state wavefunctions. The wavefunctions are plotted in the plane  
1 Å above the GNR atomic plane to demonstrate bonding symmetry.  
c, Solid black curves show the DFT-LDA band structure of a freestanding 
7/9-AGNR superlattice. The dashed red curve shows a tight-binding fit to 
DFT OTB and UTB using equation (1).
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Eg = 2 |t1−t2|

Semiconductor Band Structure for: t1 ≠ t2 ; Eg > 0

Metallic Band Structure for: t1 = t2 ; Eg = 0

(Fischer and Louie groups)
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Challenges to the Ideal "Energy-Filtering" t-FET:

1. Conductance becomes Intrinsically Handicapped at Vsd<100mVolts, 
and it’s really harmful.

2. Dit is a severe problem, not because of the gate efficiency, 
but because of On/Off ratio.

3. Coulomb Blockade demands greater contact linewidth broadening, 
penalizing voltage.

4. Phonon broadening.
5. Phonon-assisted tunneling.
6. Dopants create an extrinsic bandtail.
7. There is further harm to the On/Off ratio caused by 

"Inverse Auger", or "Impact Ionization" leakage.
New Requirement:
8.  Prevent the Lorentzian lineshape by requiring narrow-band, 

heavy-effective-mass connecting leads to the tunneling device.
This has implications for other areas of scientific spectroscopy.


