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Goal

 Understand the electrical characteristics of MOSFETSs.




MOS Physics — Threshold Voltage (nFET)

Oxide capacitance per unit area (F /m?)
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Surface charge per unit area (C/m?)

— Qs = —CoxV5
VG = Vox + ¢S
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MOS Physics — Threshold Voltage (nFET)

 [Force on a charged patrticle

- F= QparticleE
 F, = —qkFE (for electrons)
* F, = +qE (for holes)

* Bulk charge density (negative charge on the surface)
- Qp = _\/qusiNa(.bs
— Qp = —CoxVox
* Vox = Ci\/zqgsilvaqss
» Depletion region (depleted of free electrons and holes)
— Holes: forced away

Ve >0

electric field

— Electrons: absorbed by the dopant atoms. Ps
""" Vox
%:: [t Jesteslnt T
T
depletion region p-sub\
\

= surface charge




MOS Physics — Threshold Voltage (nFET)

¢ VG < VTTL Ve > Vy
n
— Qs =0p
* Vg >Vpy electron layer Q,

- QS = QB + Qe <0
— The additional electrons are movable.

* Q¢ =—Cox(Vg —Vrn)
« Surface potential p-sul;\

- ¢S = 2|¢F| L N
* |¢F|: bulk Fermi potential = bulk charge

+ 1orl = () (5)
 Threshold voltage for an ideal MOS structure
~ Vin = Vorlps=210p1 + 219r] = -~ 206aNeQ2IGeD) + 2195
» A general expression
Vrn = é\/zqgsiNa(zlquD + 2|¢pp| + Vpp +

* Vgp: flatband voltage
* D;:implant dose

qD;

Cox




MOS Physics — |-V Characteristics (nFET)

e Cutoff
— Vs <Vipp
— ID =0
— Open switch Vc—l l
VGS
e Active
— Vs > Vip
- If VDS = VDD

1 w 1, '1W 1
e Ip= S HnCox (Vgs — VTn)2 = Ekn T (Vgs — VTn)2 = EIBn(VGS - VTn)2

ID A

cutoff' active

EJ > Vs

VTn




MOS Physics — |-V Characteristics (nFET)

e Active
— Vs > Vip
— If Vs varies
w 1 2 1 2
e Ip= MnCoxf{(VGs — Vrn)Vps — EVDS } = Bn{(Vgs — Vrn)Vps — EVDS }

. al
 The saturation occurs when avD = 0.
DS

— Vpssat = Vgs — Vry (saturation voltage)
— 1t Vps =2 Vs = Vryy
e Saturation

1
e Ip= EIBn(VGS - VTn)2

1
* Ip= EIBn(VGS —Vrn)?[1 + A(Vps — Vsae)]
— A: Channel-length modulation parameter




MOS Physics — |-V Characteristics (nFET)

» Body-bias effects

— occurs when Vgg > 0.
* Vg: bulk potential

V
— Vrn = Veon + Y(219r] + Vsg — /2|dr]) .
« y: Body-bias coefficient VG_l
_ — vV 2q&siNg
! Cox Vs +VSB _TVB

o 2|¢g|: Bulk Fermi potential

 Example (NAND3)

_V53>O e VSB3>0 = VTn>VT0n

_VSZ > 0 - VSBZ > 0 - VTTL > VTOTl

ilidkdls

—Vs1=0 = Vsp1 =0 = Vi =Vyon




MOS Physics — |-V Characteristics (nFET)

 Derivation

av
E=-
* Boundary conditions

— V() =0 I

— V(L) = Vps
Charge
* Qc(¥) = —cox[Vgs = Vrn = V()]
dR = 1y 1 | dy
on An qunNne Wxe
* x,: channel thickness
Channel charge density
* Q.= —qnegx,
dV = — Ipdy _ Ipdy
UnW Qe UnWcox(Ves—VTn—V)

L vV
Ip [ dy = unWeoy [ 2% Vs — Ven — V]dV

w 1
Ip = tnCox 7 [Vas = Vrn)Vps = 5 Vps”]

Ve

| n+ |
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<
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MOS Physics — FET RC Model

« FET RC models provide simplified linear models

Vs

(%), 1 T

R, varies depending on V.

|74
— Rn:ﬂ
Ip

_ _ 1
- Ata Rn =~ Brn(Ves—VTn)

— Atb:R, = :
" Bal(Ves—Vrn)—3Vps] Ip 4
2Vps

Bn(VGs—Vrn)? b

— Atc:R, =

— In general

¢ R, = d = 1~6).
Bn(Vpp—VTn) (n ) 0

> Vbs
Vsat




MOS Physics — FET RC Model

« Capacitance

— MOS capacitance Ces G Cop
* C; = cy,xA¢ (gate capacitance) m
1 | |
* CGSzCGDzECG S D

— Junction (depletion) capacitance
__Co
Vgr m]
(1+¢—0)
— Co = CiApy
» zero-bias capacitance

e (=

» Cji given
» Apn: PN junction area

— ¢,: built-in potential
— m;: grading coefficient

o Cp = Chot + Cow = GXW + Cix; (W + 2X)
. C = CiXW Cjxj(2W+2X) S D w
n Vp\ My Ve \Mjsw
(1+59) " (1+50e)




MOS Physics — FET RC Model

e FET RC model




MOS Physics — pFET

o Vs < |Vrpl
— Qp=0

o Vsg > |Vrpl
— Q>0

 Threshold voltage

q_DI

ox

1
- VTp = __\/qusiNd(2¢Fp) 2¢Fp + VFBp

* 2¢pp = 2( )ln (nl) surface potential

Vs
VG-c{I:: l current
Vp

* Vrp,: flatband voltage




MOS Physics — pFET

e Cutoff

— Vs < |Vrpl +V5

— Iy =0 e |+

— Open switch Ve _"{ Vo l’”

Vb

e Active

— Vs > |Vrpl

— If VSD - VDD

1 w 2 / 2 2
° ID = EMPCOXT(VSG —_ |VTp|) - %kp %(VSG - |VTp|) = %,Bp(VSG - |VTP|)

ID A

cutoff! active

EJ > Vs

|VTp|




MOS Physics — pFET

 Active
— Vs¢ > |Vrpl
— If V5p varies
w 1 2 1 2
 Ip = :upcox?{(VSG - |VTp|)VSD - EVSD } = ,Bp{(VSG - |VTp|)VSD - EVSD }

. ol
e The saturation occurs when —= = 0.
BVSD
— Vsp,sat = Vs¢ — |Vrp| (saturation voltage)
— fVsp = Vs — |Vrp|

e Saturation

 Ip = %Bp(VSG - |VTp|)2

 pPFET resistance

1
— R. =
P Bp(VDp—IVTpl)
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