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Motivation

• Graphene-based high-frequency electronics
• Tunneling with conservation of energy and 

momentum
• Negative differential conductance (NDC)
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Device

3

hBN
Si (gate)

SiOx

Cr/Au

hBN thickness 1.4 nm (four layers)

𝑉𝑉𝑔𝑔 = −40 V

𝑉𝑉𝑔𝑔 = 0

𝑉𝑉𝑔𝑔 = +40 V

NDC

NDC

𝑉𝑉𝑏𝑏
𝑉𝑉𝑔𝑔



Differential conductance

4

NDC

𝑉𝑉𝑔𝑔 = −40 V

𝑉𝑉𝑔𝑔 = 0

𝑉𝑉𝑔𝑔 = +40 V

NDC

NDC

𝑉𝑉𝑏𝑏
𝑉𝑉𝑔𝑔



Differential conductance
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Experiment Simulations

𝑉𝑉𝑏𝑏
𝑉𝑉𝑔𝑔



Band structure

6

𝑘𝑘𝑥𝑥

𝑘𝑘𝑦𝑦

𝐸𝐸

𝜃𝜃 = 𝜋𝜋/60𝜃𝜃 = 𝜋𝜋/20𝜃𝜃 = 0

𝑉𝑉𝑏𝑏
𝑉𝑉𝑔𝑔



Model

7

top graphene

𝑉𝑉𝑏𝑏
𝑉𝑉𝑔𝑔

bottom graphene

𝑉𝑉𝑔𝑔 = +40 V

−𝑒𝑒𝑉𝑉𝑏𝑏

−𝑒𝑒𝑉𝑉𝑏𝑏 = ħ𝑣𝑣𝐹𝐹∆𝐾𝐾



Magnetic field

8
Simulations

Experiment𝐵𝐵 = 15 𝑇𝑇
dI/dV dI/dVB=15 T − dI/dVB=0



NDC oscillator

9

• 𝑓𝑓0 ~ 𝑀𝑀𝑀𝑀𝑀𝑀
• parasitic capacitance limits 𝑓𝑓0

(contact pads to Si gate)
• no carrier dwell time limitation
• potentially can operate in 𝑇𝑇𝑀𝑀𝑀𝑀 range

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡 = 65 𝑝𝑝𝑝𝑝𝑓𝑓0 =
1

2𝜋𝜋 𝐿𝐿 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡

𝑉𝑉amp= 0.5 V



I-V characteristic

10

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥
𝑉𝑉 = 𝑉𝑉𝑥𝑥

I-V characteristic of the element Rx

𝑉𝑉

𝐼𝐼



Load line

11

𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼 𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼(𝑉𝑉𝑥𝑥)

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝑉𝑉𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥
𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

12

𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑉𝑉 𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

13

𝑅𝑅𝑐𝑐 (6𝑅𝑅𝑐𝑐)

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝑅𝑅𝑐𝑐6𝑅𝑅𝑐𝑐

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

14

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥 6𝑅𝑅𝑐𝑐

𝑉𝑉𝑥𝑥

𝐼𝐼

𝑉𝑉

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

15

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

16

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

17

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

18

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

19

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

20

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

21

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

22

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



Load line

23

6𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐼𝐼 = 𝐼𝐼𝑥𝑥

𝑉𝑉 = 𝑉𝑉𝑥𝑥 + 𝐼𝐼 𝑅𝑅𝑐𝑐

𝐼𝐼 = (𝑉𝑉 − 𝑉𝑉𝑥𝑥)/𝑅𝑅𝑐𝑐

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)



CEO wires

24

𝑅𝑅𝑐𝑐

𝑉𝑉

𝐼𝐼

𝑅𝑅𝑥𝑥(𝑉𝑉𝑥𝑥)

𝐸𝐸
𝑘𝑘𝑥𝑥

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝐸𝐸
𝑘𝑘𝑥𝑥

𝐸𝐸
𝑘𝑘𝑥𝑥



Switching

25

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥𝑉𝑉𝑠𝑠 𝑉𝑉𝑠𝑠

𝑉𝑉𝑥𝑥𝑥

𝑉𝑉𝑥𝑥𝑥

𝑉𝑉𝑥𝑥𝑥𝑉𝑉𝑥𝑥𝑥



Switching

26

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥



Hysteresis

27

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥



Good contacts

28

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝑅𝑅𝑐𝑐𝑥 < 𝑅𝑅𝑐𝑐𝑥



NDC amplifier

29

𝑅𝑅𝑐𝑐

𝑟𝑟

~𝑉𝑉𝐴𝐴𝐴𝐴

𝐼𝐼𝑥𝑥

𝑉𝑉𝑥𝑥

𝑟𝑟 =
𝑑𝑑𝐼𝐼𝑥𝑥
𝑑𝑑𝑉𝑉𝑥𝑥

< 0
𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴

𝑟𝑟
𝑅𝑅𝑐𝑐 + 𝑟𝑟

𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴
|𝑟𝑟|

𝑅𝑅𝑐𝑐 − |𝑟𝑟|

𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑔𝑔 𝑉𝑉𝐴𝐴𝐴𝐴

𝑔𝑔 =
𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴
𝑉𝑉𝐴𝐴𝐴𝐴



NDC amplifier

30

𝑅𝑅𝑐𝑐

𝑟𝑟

~

𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴
𝑟𝑟

𝑅𝑅𝑐𝑐 + 𝑟𝑟

𝑉𝑉𝐴𝐴𝐴𝐴
𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴

|𝑟𝑟|
𝑅𝑅𝑐𝑐 − |𝑟𝑟|

𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑔𝑔 𝑉𝑉𝐴𝐴𝐴𝐴

𝑔𝑔 =
𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴
𝑉𝑉𝐴𝐴𝐴𝐴

𝑉𝑉



NDC amplifier

31

𝑅𝑅𝑐𝑐

𝑟𝑟

~

𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴
𝑟𝑟

𝑅𝑅𝑐𝑐 + 𝑟𝑟

𝑉𝑉𝐴𝐴𝐴𝐴
𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑉𝑉𝐴𝐴𝐴𝐴

−|𝑟𝑟|
𝑅𝑅𝑐𝑐 − |𝑟𝑟|

𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴 = 𝑔𝑔 𝑉𝑉𝐴𝐴𝐴𝐴

𝑔𝑔 =
𝑉𝑉𝑥𝑥 𝐴𝐴𝐴𝐴
𝑉𝑉𝐴𝐴𝐴𝐴

=
−|𝑟𝑟|

𝑅𝑅𝑐𝑐 − |𝑟𝑟|

𝑉𝑉

𝑅𝑅𝑐𝑐𝑥

𝑅𝑅𝑐𝑐𝑥



Conclusion
• Resonant tunneling in graphene
• Hysteresis, amplifications and oscillations 

based on NDC

32



Experiment

33
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