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Energy SubbandsEnergy subbands

In a “large” silicon crystal electrons can move in the three directions of space. In a nanowire with a very 

small section, the electrons can only move along the length of the wire (x-direction) and form standing 

waves along the directions perpendicular to this motion.  The electrons forming these standing waves have 

discrete energy values. Assuming a nanowire with rectangular cross-section (height=tsi, width=Wsi), solving 

the 2D particle-in a box problem using Schrödinger’s equation yields the energy values:
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where ny=1, 2, 3…, nz=1, 2, 3… and where  is the effective mass of electrons in the crystal ith-direction of 

confinement. Adding to the values of the energy of the electron in the direction of motion along the nanowire,
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where kx is the momentum of the electron in the x-direction, one finds out that the permitted energy levels for 

the electrons form a series of continuums within the conduction band, called “energy subbands”. Each 

subband has its own minimum energy value, , and the lowest energy subband is located at an energy
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above the 3D conduction band minimum. The density of states, r, in each subband is infinite at each 

”resonance” energy level Enynz, and it drops as a function of the square root of energy above these levels:

where n is the electron concentration. 
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Energy subbands and Density of states

Energy vs. electron momentum in the 
transport direction x. Five subbands are 
shown in this example. 

Density of states vs. energy. DE is the energy 
separation between the two first subbands
with energies E1,1 and E1,2 

Figure 2.6 

A Energy vs. electron momentum in the transport direction x. Five subbands are shown in this example. 

B: Density of states vs. energy. DE is the energy separation between the two first subbands with energies 

E1,1 and E1,2.

Energy subbands and Density of states
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MOSFET (planar)



Horizontal nanowire transistors 

Figure 7.1 Horizontal nanowire transistors. 

A: Single transistor. 

B: Four transistors in parallel occupying the footprint of a single transistor. 

C: Twelve transistors in parallel occupying the footprint of four transistors.
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Horizontal nanowire transistors

A: Single transistor. 

B: Four transistors in parallel 
occupying the footprint of a 
single transistor. 

C: Twelve transistors in 
parallel occupying the 
footprint of four transistors. 



Horizontal nanowire transistors 

Fu-Liang Yang, Di-Hong Lee, Hou-Yu Chen, Chang-Yun Chang, Sheng-Da Liu, Cheng-Chuan Huang, Tang-Xuan Chung, Hung-Wei Chen, 

Chien-Chao Huang, Yi-Hsuan Liu, Chung-Cheng Wu, Chi-Chun Chen, Shih-Chang Chen, Ying-Tsung Chen, Ying-Ho Chen, Chih-Jian Chen, 

Bor-Wen Chan, Peng-Fu Hsu, Jyu-Horng Shieh, Han-Jan Tao, Yee-Chia Yeo, Yiming Li, Jam-Wem Lee, Pu Chen, Mong-Song Liang, 

Chenming Hu, “5nm-gate nanowire FinFET” , Symposium on VLSI Technology. Digest of Technical Papers, pp. 196-7, 2004

TSMC's Nanowire FET

(VLSI'04)

FinFET Trigate W gate nanowire

LG = 5nm, DIBL=14mV/V (P-ch)
Stacked GAA nanowire transistors

Microelectronic Engineering 88 (2011) 1198–1202

Stacked GAA nanowire transistors

Microelectronic Engineering 88 (2011) 1198–1202

Single NW FET Stacked GAA NW FET



Stacked GAA nanowire transistors Stacked GAA nanowire transistors

IBM Claims 5nm Nanosheet Breakthrough

http://www.eetimes.com/document.asp?doc_id=1331850&



Vertical nanowire transistors 

Figure 7.2 Vertical nanowire transistors. 

A: Single transistor. 

B: Four transistors in series forming a NAND-type gate.
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Vertical nanowire transistors

A: Single transistor. B: Four transistors in series 

forming a NAND-type gate. 



Vertical nanowire flash memory 

Figure 7.7  Example of BiCS NAND flash memory structure. A: Cross section of the device showing multiple 

control gates (32 in series). The pipe gate allows to place 32 transistors in series using only 16 control gate 

layers. B: Equivalent circuit.
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Vertical nanowire flash memory (1)

A: Cross section of the device showing multiple control gates 
(32 in series). The pipe gate allows to place 32 transistors in 
series using only 16 control gate layers. 

B: Equivalent circuit. 



Samsung’s vertical NAND flash memory 

http://www.eetimes.com/author.asp?section_id=36&doc_id=1329360

Samsung’s vertical NAND flash memory
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http://www.eetimes.com/author.asp?section_id=36&doc_id=1329360

Samsung’s vertical NAND flash memory
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Samsung’s vertical NAND flash memory 

http://www.eetimes.com/author.asp?section_id=36&doc_id=1329360

Samsung’s vertical NAND flash memory
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Figure 7.8 Schematics of a vertical silicon nanowire GAA junctionless SONOS flash memory device. The 

charges can be separately stored in the ONO (oxide-nitride-oxide) gate dielectric stack above the top (Tbit, 

drain side) and bottom (Bbit, source side) regions of the vertical-wire channel. The wire diameter for the 

fabricated device is 20 nm, and the gate length is 120 nm. Tunnel oxide, nitride and top oxide of the ONO 

structure have a thickness of 5, 7 and 7 nm, respectively.
19

Vertical nanowire flash memory (2)



Density of states & Fermi-Dirac Function 

Figure 2.9 Density of states and occupied states (in grey) in a “wide” nanowire at T=0K (A) and T>0K (B) and in a 

“narrow” nanowire T=0K (C) and T>0K (D).

Density of states Fermi-Dirac Function
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Density of states in nanowires with a 

larger (A,B) or smaller (C,D) cross 

section, and at T=0K or T>0K. The 

energy separation between 

subbands is larger in the nanowire 

with the smaller cross section. In the 

wider nanowire (A,B) we choose the 

Fermi Level such that part of the 

second subband is filled with 

electrons (in grey color) at T=0K. At 

T>0K, thermal energy electrons 

spreads electrons over the first four 

subbands. In the narrower nanowire 

(C,D),  we choose the Fermi Level 

such that part of the first subband is 

filled with electrons at T=0K. The 

energy separation between 

subbands is large enough for the 

electrons to remain confined to the 

first subband at T>0K.

. Wide NW

Narrow NW

Density of states in nanowires with a larger (A,B) or 
smaller (C,D) cross section, and at T=0K or T>0K. The 
energy separation between subbands is larger in the 
nanowire with the smaller cross section. In the wider 
nanowire (A,B) we choose the Fermi Level such that part 
of the second subband is filled with electrons (in grey 
color) at T=0K. At T>0K, thermal energy electrons spreads 
electrons over the first four subbands. 

In the narrower nanowire (C,D), we choose the Fermi 
Level such that part of the first subband is filled with 
electrons at T=0K. The energy separation between 
subbands is large enough for the electrons to remain 
confined to the first subband at T>0K. 



DoS in Si, Ge, GaAs nanowires with square 
cross section of 10nm × 10nm 
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DoS in Si, Ge, GaAs nanowires with square cross section of 10nm × 10nm
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DoS in Si, Ge, GaAs nanowires with square 
cross section of 5nm × 5nm 
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DoS in Si, Ge, GaAs nanowires with square cross section of 5nm × 5nm
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DoS in Si nanowires with cross sections of 5nm 
x 5nm and 5nm x 50nm 
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DoS in Si nanowires with cross sections of 5nm 5nm and 5nm 50nm 

3D 1D
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Subband Current Measurements

kT must be smaller than or comparable 
to 150 meV to resolve current in 
different subbands. 

VDS must be smaller than or comparable to 150 
mV to resolve current in different subbands. 
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2
3D Simulation: Quantum

Section: 5 nm x 5 nm, VG>VTH



Nanoscale Quantum Phenomena
21
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