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Introduction to FETToy

Description of the FET Toy Simulator

. Computes ballistic |-V characteristics for:

—  Conventional MOSFETs - single or double gate
—  Nanowire MOSFETs - cylindrical geometry

—  Carbon Nanotube (CNT) MOSFETS - cylindrical geometry

A. Rahman, J. Guo, S. Datta, and M. Lundstrom, “Theory of Ballistic Nanotransistors,” IEEE

Trans. on Electron Devices, 50, p. 1853, 2003
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Introduction to FETToy

Description of the FETToy Examples
. Example 1: Role of Gate Oxide Thickness on MOSFET characteristics

Example 2: Role of Carrier Effective Mass on MOSFET characteristics
. Example 3: New Channel Materials

. Example 4: Two-dimensional Electrostatics

. Example 5: Compare p-type and n-type MOSFETs

. Example 6: Figures of Merit for MOSFETs

. Example 7: Figures of Merit for Nanowire MOSFETs



Problem 1

Traditional MOSFET models tell us that ID a Cox, so reducing the oxide thickness by a factor
of two doubles the current. Let’s see what happens for nanotransistors.

1) Explore the role of gate oxide thickness on the on-current of a ballistic silicon MOSFET.
For these calculations, you should use 1D electrostatics (gate control parameter = 1 and
drain control parameter = 0) and vary the oxide thickness from 10nm to the unphysically
small value of 0.01nm. Assume VDD = 1V and room temperature operation.

1a) Produce a plot of the on-current (the current for VG = VD = VDD) vs. oxide

thickness. Compare the computed results to the result expected from conventional
MOSFET theory (/D ~ COX) by appropriately plotting the actual result and the trend
expected from traditional theory.

1b) Provide a physical explanation for the shape of your plot. The characteristic
should change when the oxide thickness is smaller than a certain value. Can you
give a simple equation to estimate that value? (HINT: It is the gate capacitance that

matters. The oxide capacitance is in series with a semiconductor or “quantum”
capacitance)

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University .



1a) Conventional Plot: I5yVS. Ty

Common Material Parameters and Settings:
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1a) Conventional Plot: 15y Vs. Tpy

Result for IDO:
Tox =10nm lpe=320uA/um
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1a) Conventional Plot: I\ VS. Toy

b ~ Cox
Ib ~ €ox/Tox
Iy ~ 1/Tox

Ip = 320uA/uMm*(10NmM/T o)



1a) Conventional Plot: I5yVS. Ty
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1a) Simulated Plot: oy Vs. Tox
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1b) Conventional vs. Simulated

Conventional Theory:

Ip ~ Cox
FETToy:
Ip ~ Cg = CoxCol(Cox+Co)
Cs 2 Cox if Cq>>Cox (Conventional holds)
Cs = CoxCo/(Cox*Cp) otherwise (Conventional fails)

Decreasing Ty = Increasing Coy = Failure of C>>Cx condition
Cq = %D = g**2m4/(1hy,,) = 2.54E-5F/cm?

Cox>>Cq (Conventional holds)
Fails when: Cox = Cq

Cox =Cq

€ox/Tox = Cq

Tox = €ox/Cq

Tox =.136nm
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Problem 2

One might think that a lighter effective mass would give a transistor higher current,
because with a lighter mass, carriers travel faster. This exercise will demonstrate that this
is not always the case.

2) Explore the role of effective mass on the on-current of a ballistic silicon MOSFET. For
this calculation, you should also use 1D electrostatics (%ate control parameter = 1 and

drain control parameter = 0) and vary the effective mass from 10m0 to 0.01m0. Assume
VDD = 1V and room temperature operation.

2a) Produce a plot of the on-current (the current for VG = VD = VDD) vs. effective
mass. You might expect the on-current to be proportional to the velocity (which is

inversely proportional to the square root of the effective mass). Compare your plot
against this expectation by appropriately plotting the results.

2b) Provide a physical explanation for the shape of your plot. That is, explain why
the plot of /D(on) vs. m* has a maximum. Hint: consider the influence of the quantum

capacitance.

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University "



2a) Conventional Plot: |5y VS. M

Common Material Parameters and Settings:

Mg = 10m, I0e=77?
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2a) Conventional Plot: |5y VS. M

Result for IDO:
mgs = 10m, lpg=294uA/um
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2a) Conventional Plot: gy VS. My

ID = Q-V
|
v~
Mgy
1
Ip ~
My
- 13 A
8874-10 2.\ fig
- i
D =
Mg gy
I P 0
D T .

wm | J Mgy

14



2a) Conventional Plot: |5y VS. M
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1-10*

2a) Conventional vs. Simulated
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2b) Conventional vs. Simulated

Recall:
Ip = Q*v,; where Q= Cg(Vs-Vy)
Conventional Theory:

Cs = Cox
FETToy:

Cs = CoxCq/(CoxtCq) where Cg=2*g?* m¢/(Tm*hy,,%) & Cq~ Mgy

Cs 2 Cox if Co>>Cox (conventional holds)
Decrease m 4 = failure of Co>>C,yx condition - Decrease Cg

Ip = Co(Vg-V1)Vinj Decrease C; 2 Decrease |,
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2b) Conventional vs. Simulated

Further decreasing m_g:
Decreasing m4 will eventually lead to C,<<C,x = C; > Cq
Ip = Co*(Vg-V1)*Vin,
Ip ~ Mg Vi
Ip ~ Mg/ VMg
Ip ~ VM

Conclusion:
Ip ~ 1Nm if C>>Coy

ID -~ \}meff if CQ<<COX
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Problem 3

There is considerable interest these days in exploring the use of alternative channel
materials such as Ge, GaAs, and InAs. How much performance advantage can be expected
from these “new” materials?

3) Compare the on-currents of ballistic silicon, germanium, gallium arsenide, and indium
arsenide n-MOSFETs. For this calculation, you should also use 1D electrostatics (gate
control parameter = 1 and drain control parameter = 0) Assume VDD = 1.0V, room
temperature operation, and select the appropriate effective mass and valley degeneracies
for each case.

3a) Assume an insulator thickness of 5 nm and a dielectric constant of 3.9.
Simulate the four ballistic MOSFETs and compare their on-currents.

3b) Assume an insulator thickness of 0.5 nm and a dielectric constant of 3.9.
Simulate the four ballistic MOSFETs and compare their on-currents.

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University
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3a) On-currents with Toy = 5nm

Required Material Parameters:

Maternal Effective Electron Mass | Valley Degeneracy
S1 19my, 2
Ge 082my |
GaAs 067my |
InAs 023myg |
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3a) On-currents with Toy = 5nm

Common Material Parameters and Settings:
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3a) On-currents with Toy = 5nm

Material Parameters and Settings for Si,
Result for Si MOSFET: Iy s; = 672A/m
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3a) On-currents with Toy = 5nm

Table of Results:
Material | Effective Electron Valley [on(A/m)
Mass Degeneracy | Tox = Snm
S1 19my 2 672
Ge 082my | 1270
GaAs 067myg | 1450
InAs 023my | 2350
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3b) On-currents with Tgy = .5nm

Table of Results:

Matenial | Effective Electron Valley Ion(A/m) Ion(A/m)
Nass Degeneracy | Tox=5nm | Tox=.5nm

S1 19my 2 672 8730

Ge 082my | 1270 8230

(GaAs 067my | 1450 8060

InAs 023my | 2350 6140
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3c) Comparison: 5nm vs. 0.5nm

Tox = 5nm
Decreasing m.4 = Increasing lgy
Implies: Co>>Cqy or Cq = Cpy
CQ e meﬁ

For InAs with Tgx = 5nm

Cq:
CQ = qzmeﬁl ("*hbarz)*nv
Cq = 1.54E-6F/cm?
Cox:
Cox = Eox/Tox = 3.9€¢/Tox
COX =6.91 E-7Flcm2
Conclusion:

Cq > Cox

At conventional limit, CG = COX

Ip = Q*v ~ 1/\Vmgg



3c) Comparison: 5nm vs. 0.5nm

Tox = 0.5nm

Decreasing m.4 > Decreasing Iy
Implies: Co<<Cgy
For InAs with Tox = 0.5nm

Cq = 1.54E-6F/cm?
Cox:

Cox = 6.91E-6F/cm?
Conclusion:

Cox >> Cq
At Cg limit, C5<<Cyx

- f
|D - Q*V e ‘\'meﬂ

See Problem 2 Part b for more details on the relationship between C, and m,.
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Problem 4

The on-current is commonly used as a device metric, but the entire |-V characteristic is
important in a switching transient. How do the shapes of the IDS vs. VDS characteristics of
different MOSFETs compare?

4) Simulate ballistic silicon, germanium, gallium arsenide, and indium arsenide n-
MOSFETSs using an insulator thickness of 1nm. For this calculation, you should also use
1D electrostatics (gate control parameter = 1 and drain control parameter = 0) Assume
VDD = 1V, room temperature operation and select the appropriate effective mass and
valley degeneracies for each case. For this exercise, you only need to consider VG = VDD,

4a) Normalize each IDS vs. VDS characteristic by plotting (IDS/ION) vs. VDS. Plot
all four results on the same set of axes and compare the shape.

4b) Discuss your results and provide a physical explanation for any difference that
you observe.

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University .



4a) Simulated Plot of I5/l5\VS. Vps

Required Material Parameters:

Matenal Effective Electron Mass | Valley Degeneracy
S1 19my 2
Ge 082my |
GaAs 067my |
InAs 023myg |
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4a) Simulated Plot of I5/l5\VS. Vps

Common Material Parameters and Settings:

Device Models | Environment | ) Device | Models  Environment |
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4a) Simulated Plot of I5/l5\VS. Vps

Material Parameters and Settings for Si,
Result for Si MOSFET: lgy s = 4230A/m
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4a) Simulated Plot of I5/l5\VS. Vps

Obtaining IDS vs. VDS Data Points for Si MOSFET:
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4a) Simulated Plot of I5/l5\VS. Vps

Simulated Plot of I/lgy vs. Vpg for all MOSFETS:
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4b) Explanation for difference in Vg

Observation:
m.¢ decreases = Vp,; increases
Explanation:

1D Electrostatics: Q=V;C; Cgis the
series capacitance of C, and C,

So q"S = Coxl (Cox+ Cq)*vG

And C, = Const* mg

The smaller C':I is, the larger yy is, the
lower the potential barrier helgsht is.

The current saturates when drain
voltage exceeds the difference
between the source Fermi level and
the top of the barrier.

Lower barrier height = higher V_;

Ef1

EC

QY

Decreasing mefy
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Problem 5

A silicon n-MOSFET typically delivers about twice the on-current of a silicon p-MOSFET. This
difference is commonly attributed to difference in carrier mobility and saturation velocity. What
does a ballistic model predict?

5) Simulate a ballistic silicon, n-MOSFET and a ballistic p-MOSFET using 2nm of SiO2 for
the gate insulator, VDD = 1V, and assuming room temperature operation. For this
calculation, you should also use 1D electrostatics (gate control parameter = 1 and drain
control parameter = 0). You will need to identify the appropriate hole effective mass and
valley degeneracy.

a) Compare the on-currents of the two MOSFETs and explain the difference. Why
does the n-MOSFET give higher current?

b) Compare the low VDS channel resistances of the two MOSFETs and explain the

difference. Is the ratio of the channel resistances the same as the ratio of the
on-currents? Provide a physical explanation for the result.

c) Repeat parts a) and b) for a 0.5nm gate insulator.

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University o



5a) n- vs. p-type on-current comparison, 2nm

Required Material Parameters:

S1 nMOSFET S1 pMOSFET
Transport Effective Mass 0.19m, 0.49m,
Valley Degeneracy 2 1

35



5a) n- vs. p-type on-current comparison, 2nm

Common Material Parameters and Settings:

Device Modets | Environment |
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5a) n- vs. p-type on-current comparison, 2nm

Material Parameters and Settings for Si nMOSFET:
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5a) n- vs. p-type on-current comparison, 2nm

Result for Si nMOSFET: Iy = 1.89E3uA/um
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5a) n- vs. p-type on-current comparison, 2nm

Result for Si nMOSFET: Rpannel = 77 for Vg =1V

Device Mogels | Environment |
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5a) n- vs. p-type on-current comparison, 2nm

Result for Si nMOSFET: R¢yanneL = 6.26E-5Qm for Vg = 1V

S |
Resuit [a-am current vs Drain voltage .
=)
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ID(0.069V) = 1.2E3uA/um
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b
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1 result Clear
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5a) n- vs. p-type on-current comparison, 2nm

Results for Si nMOSFET and pMOSFET:

St nNOSFET S1 pMOSFET
Ion 1. S9E3uAum 1 13E3uAum
Rchannel 6.26E-5{2m 2 1E-4Cm.
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5a) n- vs. p-type on-current comparison, 2nm

Comparison for Si nMOSFET and pMOSFET Iy:

S1 nMOSFET S1 pMOSFET
lon 1 SOE3uA um 1 13E3uA um
Rchannel 6. 26E-5m 2 1E-4Cm

lonn/lonp = 1.67

lon ~ 1M

lonn/lonp ~ (17 ‘jmeffn)*(‘” ‘J'""effp)'1 = \,meffph,meffn

M/ NMgir, = 1.54
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5b) n- vs. p-type Reyanner COMparison, 2nm

Comparison for Si nMOSFET and pMOSFET RcyanneL:

St nMOSFET

S1 pMOSFET

lon

1 S9E3uAum

1 13E3uA um

Rchannel

6.26E-502m

RCHANNELn/RCHANNELp =.298

2 1E-4
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5¢) n- vs. p-type comparisons, .5nm

Comparison for Si nMOSFET and pMOSFET at 0.5nm:

Renannery/Rerannep = -719

S1 nMOSFET S1 pMOSFET
lon 8. 73E3uAum S46E3uA um
Rchangel 2. 56E-5 3 56E-4
lonn/lonp = 1.6
IONn/IONp = nvnmeﬁn*\!meﬁp/(nvpmeffp*\/meffn) if CG > CQ
IONnIIONp =1.2 if Cq 2 Cq
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Problem 6

In FETToy, two-dimensional electrostatics is treated with a simple circuit model and two
parameters, a gate control parameter and a drain control parameter.

6) Simulate a ballistic silicon, n-MOSFET using an insulator thickness of 2 nm (SiO2) and
VDD = 1V, and assuming room temperature operation.

6a) Set the gate control parameter to 1.0 and the drain control parameter to 0.0 and
run a simulation. Then examine the plot of charge, Q, vs. VGS at high and low VDS.

Explain what determines the slope of the two plots and how you can calculate the
slope by hand. Also examine the charge vs. VDS plot and explain why it is not
constant.

6b) Adjust the gate and drain control parameters to give a subthreshold swing of S =
100 mV/decade and a DIBL of 100 mV/V. Repeat the simulation, compare the
results to part a) and explain the differences.

6¢c) Repeat parts a) and b) but this time use an insulator thickness of 0.5 nm.

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University 4



6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Material Parameters and Settings:

Dewice | Momeh | Esvionmert |
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6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Simulation Result:

Slope for Vpg = 2V: slopey, = ??
Slope for Vs = 0.069V: slope, = ??
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Amblant Tenparatae @0 J00K

Intal Gate Vorage [EEJOV
Final Gae vonage [z ov
Nunber of Gate Volage &xas Pores [ 20

nal Dram Volage -ov
Final Oram VoRage -z'v
Number of Drain Voltage Bias Pores [ 30

Refresh Screan | Copy®aste with Desitop |

e - ﬁuul [Mmotte chargerq vi Gate votage

1E13

1E12

Moblls charge/q (foml)
=
=y

1E9
es
167
168
[ 1 1 L) ] 1 1
0 0s ' 15 F
Gale voage (Vo)
1 resui Clear

47



6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Simulation Result:

Slope for Vpg = 2V: slope;, = ??
Slope for Vs = 0.069V: slope, = ??
Device | Models  Envwonment |

Ambient Temparsiure @0 300K
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Fina Gate voltage [z ov
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6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Simulation Result:
Slope for Vpg = 2V:
Slope for Vpg = 0.069V:

slope,, = 1.54E-6 F/cm?
slope, = 1.58E-6F/cm?

Device | Models  Environment |

Amblent Tempersture {0 J00K
intial Gate vonage [ElEJov
Fral Gate vottage [z ov
Number of Gale Vottage Bas Porns [ %0
insat Oram Voage [Efov
Finss Drain vonage [V

Nunber of Drain Voltage Bias Pomts [l %0

Refresh Screen | CopyPaste with Deshiop |
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)

%

Resutt ghlcme thargedy ve. Gale voltage

20+12

| Seeld —

Toeld —

Mobsle chargerq (foml)

Seel2




6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Determining the Slope of Charge vs. Gate Voltage by Hand:

1D Electrostatics = C, =C5 =0

Since Vg = Q/Cg

Q=Cs"Vg

Slope is determined by Cg, Cg 2 Cox If Co>>Cx
Cox = 3.9¢/Tox = 1.73E-6F/cm?

slope,, = 1.54E-6F/cm? slope, = 1.58E-6F/cm?

Cq = 2*q#* m_4/(1Tm*h,,?) = 2.54E-5F/cm?
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6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Simulation Result:

Device Models | Environment | . |
Gale Insutador MM'LDZ_' '@q vs. Drain voltage TH;,
msutator Dielectic Constant [[11]3.9 =
Threshold Votage [0 32V o
Gate Control Parameter [
Drain Control Paramater [ Jo0 1 Beet3

Senes Rewistance (ohm-um) 0

Tesld

Mabile charge/q (fem2)

1 resuit Clear

Refresh Screen | CopyPaste with Deskiop | >1




6a) 1D Electrostatics: Charge vs. Voltage, 2nm

Explanation for Q not constant as Vg increases for 1D electrostatic case:

N = Ny pWL/2[F(ng4) + Fo(ne)]

Lps = COXICZ*VG — q(N'No)’CZ

Nr1 = (Epq — Ec™® +qus)/(k,T)

Ne2 = Neq — qVp/(k,T)
Fi(n) > en as
Fo(n;) >0 as

Nex 2 =% as

N = N,pWL/2[F(ng4)]

N> -
Nez 2 =
Vp 2> %@

for V, large

independent of V,
independent of V,

dependent on V,

independent of V,,

52



6b) 2D Electrostatics: Charge vs. Voltage, 2nm

Gate Control Parameter:
S =100mV/decade

0g = (2.3kgT/q)/S

Qg = 0.595
Drain Control Parameter:

DIBL = 100mV/V

ap = (2.3kg T*DIBL)/(G*S)

ap, = 0.059
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6b) 2D Electrostatics: Charge vs. Voltage, 2nm

Simulation Result:

Slope for Vpg = 2V: slope,, = 1.40E-6F/cm? Cox = 1.73E-6F/cm?
Slope for Vg = 0.069V: slope, = 1.49E-6F/cm?
Device Models | Enviconment | sl &
Gate Insulator Thickness |:M _%EIME chargery vs Gate voitage . .

wsulator Distectric Constant [0 3.9 b s

213 :
Threshola Votage o szv )
Gate CurtreT Paramete
Seain Canrot P-‘i!".-,’_[_“m :g, 1 a0l 3 =
Seres Resistance (ohm-um) 0 ot
5
2
2
=
2 resuts Chewr

A Gate Control Parsmeler

i ] 588
AN Drvagn Control Parssneter

[ 3__]005!

Refresh Screen | CopwPaste wih Desitog | 54



6b) 2D Electrostatics: Charge vs. Voltage, 2nm

Simulation Result:

Device  Models ]mm]

yo | .

Gate Control Pm-u-:ns
Drain Conbrol Parsmeter [ ]0.059
Series Resistance (ohm-um) 0

7 — /_,——-"‘—’_-_ e
Gatw Insutator Thickness [ |2nm w charge/q vs Drain voltage P
Insutator Distectnc Constant [T]3.9 e
Threshota Vorage: [JlJo.32v =}
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6¢) 1D/2D Electrostatics: Charge vs

Voltage, 0.5nm

Material Parameters and Settings:

Devce | Model | Esvironment |

M08l | MOSEET

-

Sngle SateDoubile Gate | Singe Gae
Tranipst EFective Mayy D.t!
e — -
Fuatng Boundaty Flag ) me
Bosy Thicksass [ J1anm
Sowrce Doping Density [ 11 Se2nemy

Oxide Dislectnc Electron Masses in
Constant SMicon

Cewce [T lm]
n“.@wmnm =
insutator Ditectne Constare [T7]2.9
Treestal vaitage [0 3zv
Gate Control Parameter -l

Dran Control Parameter [ |0
Genes Feuttance [ohw-um) 0

Device |  Models  Envieonsget |
Anbient Tenperanire @ 00K
rital Gato votage [EEov
Fnal Gate vorage [z ov
Nusber of Gate Votage Bias Ponts [
ninw Dran vonage v
Fine Ovan vorsge [z
Numar of Oran Vokage Bise Ponts [ %
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6¢) 1D/2D Electrostatics: Charge vs. Voltage, .5nm

Simulation Result, 1D Electrostatics:

Slope for Vpg = 2V: slope,, = 4.50E-6F/cm? Cox = 6.91E-6F/cm?
Slope for Vpe = 0.069V: slope, = 5.46E-6F/cm? C¢ = 5.43E-6F/cm?
Device | Modeis Environment I " '
Ambsert T!.pml -:’mK 2, Result ;F!w_wbun charge/q vs Gate voltage
ingal Gate vonsge oV sm.a
Final Gate vonsge 2V 0
Number of Gate Votage Bias Points. [ %0
initial Drain Vottage oV

Fina Drain Vollage -zv
Number of Drain Vorage Bias Poins. [JJJJ 20

=
£
£ 3413
=~
3
-
=
i 2413
3

Te+13

1 result 57 Clem



6¢) 1D/2D Electrostatics: Charge vs. Voltage, .5nm

Simulation Result, 1D Electrostatics:

Device | Models  Environment | |

J
Ambient Temperature @0 300K *  Result [M-obde charge/q vs Drain voltage

Inibal Gate Voitage [ElEJov
Final Gate Vottage [JllJ2v =)
Number of Gate Voltage Bias Points. [JJIIJ 30
Inibai Orain Voitage oV
Final Drain Voitage [J2v
Number of Drain Voltage Bias Points. [JJJI] 30

C.u ( ‘:;s = V, )
gN,,/2

.%(’111)+.ﬂ('7;'1 _‘I‘!::/knT) -

0 -
Q
w
(7]
" —

1 result Clear
58



6¢) 1D/2D Electrostatics: Charge vs. Voltage, .5nm

Simulation Result, 2D Electrostatics:

Slope for Vpg = 2V: slope,, = 3.62E-6F/cm? Cox = 6.91E-6F/cm?
Slope for Vs = 0.069V: slope, = 4.70E-6F/cm? Cs = 5.43E-6F/cm?
Davice Modets | Environment | l

Gae maMc Thickness E]o.&m
msutator Dietectric Constant [[11]3.9
Threshoid Vonage [JIJ0.32v
Gate Control Parameter [0 595
Drain Control Parameter [ |0.059
Seres Resistance (ohm-um) 0

- -
Result |Mobde charge/q vi Gate voltage

Seeld

Mobile charge/q (fem2)
!

:
b

2 results Cloar
A Gate Control Parameter
[_é ]0.598
pow Dradn Control Parame ter
{ 5 ]0.0%9
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6¢) 1D/2D Electrostatics: Charge vs. Voltage, .5nm

Simulation Result, 2D Electrostatics:

Device  Modeis | Environment |

W

Gale Insulsior Thickness D“""“ Result |Mobile charge/q vs. Drain voltage -

insutator Dielectric Constant [1]3.9

Threshold Vortage [0 32v

Gate Control Parameter. [JJJJo.595

Drain Control Parameter. [ |0.059
Senes Resistance (ohm-um) 0

Mobile charge/q (fcm)

< results Clear




Problem 7

Nanowire transistors are getting a lot of attention these days. They seem to operate more
Nearly as SB FETs than as MOSFETSs, but it's interesting so see what might happen if
Nanowire MOSFETs can be realized. The exercise below will get you calibrated on silicon
Nanowire MOSFETSs.

7) Examine the [-V characteristics of a hypothetical silicon nanowire MOSFET. Assume
D = 1nm and that the insulator is 2 nm of SiO2 and that VDD = 0.5V. Use an approximate
threshold voltage of VT = 0.2V and assume room temperature operation.

a) Compute /D vs. VDS at T = 300K and compare the low-VDS drain
conductance, GD with the quantum conductance, 4e?/h.

b) Repeat problem i) but at T = 77K. The channel conductance vs. VGS is
strikingly different than a conventional MOSFET. Explain how.

c) The on-current can be written as ID = CG<v(0)>(VGS - VT). Deduce CG,
<v(0)>, and VT.

Acknowledgement: The problem is provided by Prof. Mark Lundstrom, Purdue University o1



/7a) Silicon Nanowire FET at 300K

Material Parameters and Settings:

Device | Modes | Enviosment | Cevce Modes  |Esveoeeent | Devce |  Models  Eevioement |
) )

Madet | Sicon Nanowre FET “ Gate nsutator Tockness | |2nm Arsient Torperatue (@u XOK
NG - insutator Dtectiic Constaet [T]3.9 intinf Gate Vorage [Ejev

Tnspod Eshcive Mass [ Jo.19 Thrwsncia votage [l 2v Finet Gase Vorage [ERO SV

e o) Gas Cormol Faraneeer [ Number of Gate Voltage Bias Poives [ 12
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Oxid Sertes Reustarce (oherum) O Final D VoRage -ﬂ
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Silicon Wire
Dlameter Centact
>
b 3
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/7a) Silicon Nanowire FET at 300K

Simulation Result:

Device Maodels Envwonmseant
I , |
Model iSlhcoﬂ Nanowire FET -

Result Etra-n current v Dran voltage
NW Diameter. Dl Onm

8 al
Transport Effective Mass:[__ J0.19 -
Valley Degeneracy DZ
Oxide
Thickness 4
3
Silicon Wire § 2
Diameter Contact
0
1 1 ¥ L ' I ¥ 1 1
0 0 02 03 04 0s
Drain voltage (Vol)
»
1 result Clear

Refresh Screen | CopyPaste with Desktop |
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/7a) Silicon Nanowire FET at 300K

Simulation Result: Gy = 5.89E-5siemens for Vg = 0.5V

Device | Models | Envionment |

Model ; Siicon Nanowire FET

Nw Diameter [ |1 .0nm
Transport ESective Mass: [ |0.19
Valley Degeneracy Dl’

Oxide
Thickness

Silicon Wire
Diameter

Contact

Refresh Screen | CopyiPaste with Deskiop J'

pooe s

Resum [Dum current vs Draen voltage

Drain current (UA)

L] L ' L} '
] a1 02 03
Drain voltage (Vol)

1 result

Clear
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/7a) Silicon Nanowire FET at 300K

Simulation Result: Gy = 5.89E-5siemens for Vg = 0.5V G, = 1.55E-4siemens

Device | Models | Envionment |

J)

Model | Silicon Nanoware FET

NW Diameter DI Onm
Transport ESective Mass: [ |0.19
Valley Degeneracy: [ |2

Oxide
Thickness

Silicon Wire
Diameter Contact

Refresh Screen , CopyiPaste with Deskiop J'

pooe s

Result [E-*;;-_n- -L urrert va. Draen von.nT;c

41

aj
a
=3
]
&
5
o
g
L] L I L} ' LJ [ L} ‘
] a1 02 03 0s os
Drain voRtage (Vo)
1 resull Clear
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/7a) Silicon Nanowire FET at 300K

Simulation Results: G, = 1.55E-4siemens at V; > 1.5V G = 1.55E-4siemens

Device | Models  Environment |
— - |
Ambient Temperabure: @0 300K - =
P @run current vs, Drasn voltage .:*.
intal Gate Voitage [EIRJov ——— R
il Gkt Voltage ¥V ——_ ® o]
“tumser o Gote Votage Bias Poires [l —
Inhal Drain Voitage [ElEJov ”
Final Orain Voitage [l sv g
Number of Drain Voltage Bras Points. [ 30 E
4
5
5
0
* I T T T v i ' | 4 !
0 01 02 03 04 0s
Drain voltage (Volf)
2 results Clear

ny | Final Gate Voltage
L -

Number of Gate Voltage Bias Points

All
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/b) Silicon

Nanowire FET at 77K

Material Parameters and Settings:

Device | Mades | Emviroemet |

Maode! !Sm‘ ot NanDwire FET

W Dtarwter [ |1 Do
Transpart Efecive Mass [ Jo.1e
Valey Degermracy [:]z

Oxide
Thickness

Fubesh Scrmen | Copg® aste with Dessdop |

Deve Modew | Exveceesont |

Gate insutator Tckness | |2
invutator Dmtectric Contant [T 2.9
Thresncia vonage [JlJo 2v
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Drain ool Parameer [ |0
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/b) Silicon Nanowire FET at 77K

Simulation Result:

Device | Models  Environment |

Ambient Temperature @ 77K
intial Gate Votage [Elijov

Final Gate Vorage [0 sv

Number of Gate Voltage Bias Points. [ |2
intial Drain Vorage [ElEjov

Final Drain Votage [0 s5v
Number of Drain Voltage Bias Points: [JII] 30

Refresh Screen | CopyPaste with Desktop |
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Result {Dum currént vi. Drain voltage -
& =}
i -
:
-
o
[ T ' T ¥ T g 1
0 DR 02 03 o4 0s
Drain voltage (Volty
Z results Clear
Ambient Temperature
5 177K
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/b) Silicon Nanowire FET at 77K

Simulation Result: G, = 8.84E-5siemens at Vg = 0.5V Gq = 1.55E-4siemens

Device | Models Emmmmnt] |
|

Ambient Temperature @ 77K -

Resuft [Dtmn cumrent vs. Drain voltage -
Inival Gate Vonage [EliEjov
Final Gate Votsge [illjo.sv . o
Number of Gate Voltage Bias Points [ |2
Initial Drain Voltage -w
Final Drain V 5V
sesce o »
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é | |
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Drain voltage (Volt)
2 resulls Clear
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CX ) 77K
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/b) Silicon Nanowire FET at 77K

Simulation Results: Gy = 1.55E-4siemens at V; > .1V Gg = 1.55E-4siemens

Device | Models  Environment | 1 |

Ambsert Temperature: @ 77K .
— Result [Dnm current ve. Draen voRage
o Insial Gate Votage [lEJov o

e s Final Gate Vo "y A

ol
Number of Gate Votage Bias Pomts [JII] 0
Inihal Drain Vottage [EliJov
Final Drain Vonage [l sv
Number of Drain Voltage Bias Points. [J] 30
\ I L) L} ¥ 1 b 1 L}
0 o1 02 03 04 0%
Drain voltage (Volt)
1 result Clear
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/b) Silicon Nanowire FET at 77K

Comparison of conventional MOSFET to Nanowire: Conductance vs. VGS
MOSFET:

As VG increases GC increases linearly:

»
2-q

h

(Li(;. - M-

Nanowire FET:

As VG increases GC increases in quantized steps
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/c) Deducing Components of |5y

Material Parameters and Settings:

Device | Mosetr | Enveenment |

Modsl | Sacon Nanowss FET

ww Dianeter | |1 0w
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Vatey Degeeeracy D}
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/c) Deducing Components of |5y

Simulation Result: |y = 5.85uA

Device | Models  Environment |

Ambient Temperature (@0 300K

intal Gate Votage [ElEJov

Final Gate Voltage: [[llBj0.sv

Number of Gate Voitage Bias Points (] %0
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Refresh Screen | CopyPaste with Deskop |
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1 result
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Clear
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/c) Deducing Components of |5y

Simulation Result: V= 0.2V

Device | Models  Environment | ' |

Amteant Temperanure (@m0 J00K *  Resus [omn current vs Gale voitage hot
8
el Gate Votage [EEJOv )
Final Gate Voltage -usv

Gate Voitage Btas Poines: [ |13

Intial Orain vorage [EEJov 4
Final Orain vorage [l sv i
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Gate voltage (Voif)
1 result Clesr
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/c) Deducing Components of |5y

Simulation Result: Cs = 1.09E-12F/cm

Device | Models  Envionment |

Ambient Temperahure @ 300K

Infial Gate Voitage [ElE|av
£nal Gate Voitage [0 sv
Gate Voltage Bias Points [ |13

initial Drain vorage oV
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/c) Deducing Components of |5y

| loN
v(O)> = ‘ . _
CslVg = V)
v(0)> = 6"1E6£
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