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1. Introduction

 TheSI MOSFET isthe most important solid-state device
for modern electronics. To understand its operation, we
first need to understand the MOS capacitors:

oxide thickness v

—— Mmetal
dOX

oxide

Semiconductor
(p-type or n-type)
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n-type semiconductor

Energy-band diagram of IDEAL MOS
capacitor
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Vacuum level
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Accumulation

* |deal MOS capacitor under accumulation bias conditions:

T~

Accumulation of
majority holes

Energy
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Depletion

* |deal MOS capacitor under depletion bias conditions:
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Inversion

* |deal MOS capacitor under inversion bias conditions:
Vi Accumulation of

minority electrons\

p-type SC \
electrons
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Terminology

(a) Bulk potential:
T qor =E (bulk) - Epq

KeT (N
p-type SC: ¢ = 2 In( n_Aj>0

KeT (N
n-type SC: @ =—E;In[r]?j<o
I

(b) Potential:
17 qe(x) = E (bulk) — E; (X)

(c) Surface potential:
T g0, =E (buk)- E;(0
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Regions of operation

* Regions of operation for MOS capacitor with p-type SC:
(a) accumulation: ¢¢ <0
(b) depletion: O0< o, <20g

(C) Inversion: P 2 20F

« Thecondition ¢=2 ¢¢ Iscalled onset of inversion:

Ng = N EXp Srs =50 ny exp| OF

E (0) — Erg (o[OF=
Ps =1 Xp{ kgT } | Xp{ kgT )

2

{ns = p(bulk)
- —>
NgPs =N
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Tangential components

Ftl = th

 Electricfield profilefor a
MQOS capacitor with p-
type SC under depletion
condition:

Fields and dielectrics

Norma components

ki€

| I:nl

kogq

| |:n2

Dnl = I:)n2




nanoHUB.org

online simulations and more

2. MOS Capacitor Electrostatics

« The potential distribution (profile) in the semiconductor
side of a MOS capacitor is described with the 1D Poisson

equation: @ ~ p(x)
dX2 ksgo
where the space charge density is given by:

p(x)=qlp—n+Nj; —Nj)

The 1D Poisson equation can be solved using one of the
following approaches:

(1) Delta-depletion approximation
(2) Exact analytical model
(3) Using numerical solution techniques
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Accumulation:

p(X) » Accumulation charge is replaced
I Qs with a delta-charge positioned right
- X

_d at the semiconductor interface.

OX

static potential are:
F(X)=p(X)=0 for x>0

l 0 - The electric field and the electro-
_QG

| nver sion:

p(X) » The charge associated with the
minority carriersresidesin an
Qe )| Qs =Qn —aN Wi extremely narrow region at the
SC/oxide interface.

e Tofirst order we can assume that:

¢, =20 for Vg >V
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Depletion

* The charge density is given by:
T p(x)=—0aN 4

» The boundary conditions for the 1D
7 Poisson equation are:

¢(W)=FW)=0, ¢(0) = ¢

 Final expressions for the electric
T field, electrostatic potential and the
width of the depletion region:

F(X) = —qNA(W ~X)
ksgo

aN A

2K g

(W —x)*

P(X) =
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» The surface potential is an internal parameter. We therefore
T need to relate o, to the gate voltage V,, using:

Depletion, Cont’d

Vg =V, + 0. = F,dg, + 0o

OX ™ OX
where:
- K |::ks N W _gN W

_ s
> kox > kox ksgo kox80
 Final expression for the V-, relationsnip:

T

kox80

1
Vg =0+ C—\/ZqN AKs€qPs, Where C,, =

OX OX

 Threshold voltage definition:

L] .
Vi, =V forwhich o, =2¢f
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 Graphical representation of the V-, relationsnip:

Delta-depletion  « Surface potential varies rapidly
approximation  Wwith V; when the deviceis
depletion biased. Gate voltage
IS divided proportionally
Ex between the semiconductor and
«—— Exact .
solution the oxide.

» \WWhen the semiconductor is
Waccumulated or Inverted, it
takes large V; to produce small
changein ¢, Changesinthe
applied bias are amost all
dropped across the oxide.
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» To solvefor the electrostatic potential and the electric field
L] profile under arbitrary bias conditions, one needsto go
beyond the delta-depl etion approximation and use the exact

expression for the charge density p(Xx) in the 1D Poisson
equation:

p(x)=0g(p—n+Np —Np)

—p/V I\
:q(ppoe P —np€” T+ Np - NA)

« Analytical tricksthat we need to use to get to the answer:
(1) d2(|) d (d(p) . d (d(p) do _ udu U= do — _F(x)

dx? dx\ldx) do\dx)dx do ' = dx

(2) p(x) =0 inthe semiconductor bulk, where ¢=0.
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» |ntegrating the 1D Poisson eguation from the bulk up to
some point at a distance x from the SC/oxide interface

(at which point the potential is ¢) we get:

g */Vr +(P—1j+(
V& ppo

£2()

 Now, introducing the extrinsic Debye length L, we can
T write

kSS OVT
L D~
UPpo

(+) signisfor positive ¢
(-) signisfor negative ¢
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At the SC/oxide interface we have ¢=¢., which |leadsto the
following results for:

(a) electricfidld: Fo = F(pe) =2V f(@e)/ Lp
(b) total sheet-charge density:
Qs = —KseoFs

[e_(PS/VT _|_(PS_1]_|_ npo [e(PS/VT _E_

VT P po VT

m) flat-band condition: ¢ =0—>Q; =0
) depletion regime: 0< ¢ <29 — Q. <0
mm) inversionregime: ¢g > 29 — Qg oc —exp(¢pg/ 2Vy)

m) accumulation regime: @ < 0— Qg oc exp(— e/ 2V )
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i The corresponding gate voltage equals to:

Kk
Vo =95+ Vox =g+ i Fsdox

X
Simulation results for N,=10% cnr3 and d_,=4 nm:

T

Surface potential Sheet-charge dens ty

accumulation

Delta
approximation

IQ /al [cm]
= o = N S

depletion
inversion

0.4
Surface potential P, V]
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« SCHRED location:

http://www.nanohub.org
i Existing SCHRED Features:

= Classical and quantum-mechanical charge description

Fermi-Dirac and Maxwell-Boltzmann Statistics (for classical)
Fermi-Dirac for guantum-mechanical calculation

2 Multiple-valley conduction and valence bands
2 Metal and poly-silicon gates. SG and DG structures

- Partial 1onization of the impurity atoms

2 Exchange and correlation corrections to the ground
state energy of the system



http://www.nanohub.org
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Read data from
input file

classical /k guantum
AN

\ 4 v

Solve Poisson’s |, Solve 1D Poisson’s |
equation equation

\ 4

Update p(x) Solve 1D Schrodinger

Converged? _— equation

for both, electrons and holes

no
Update p(x)

Converged?
yes

Write data
in files
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Classical simulation results

T I T T T T I T T T 1
Classical charge distribution

N =10 c¢m
A

_IIIII IIIIIIII IIIIIIIIIIIIIIIIIIIIIIIII_
B Classical charge distribution: -

N / N =10"%cm™® d =4 nm ]
C A ox E

V=1V : -I 1 1 I 1 | 1 1 1 1
G . 20

/ : depth [nm]
Referent level is the -
Fermi level (EF:O)

depth [nm]

p(x)/q [cm™]
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3. Ildeal MOS Capacitor Capacitance

 The capacitance per unit area of an MOS capacitor is cal-
culated using:

o 0w
* dVG d(Vox + (Ps) _ dVOX _ d(PS
dQS dQS

1 C

OX

"1/C +1/C, 1+C,/C,

where:
- C,, Isthe oxide capacitance
- C,1sthe SC capacitance
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 |n generd, the charge in the semiconductor is represented
as asum of the inversion layer charge density Q,,, depletion
layer charge density Qg and the accumulation layer charge
density Qp, which gives:

dQ dQy dQp dQ
— = SR EE I:):Cinv""cdepl""Cacc
d(PS d(PS d(Pc

~

C.=

S

» Thetotal gate capacitanceis, thus, given by:

C C
Coot

OX OX

T1+C, /G 4,

C = kOX'SO
OX
Oox capacitance C

Semiconductor
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« Using the analytical model expression for the semiconduc-
tor charge per unit area Q,, we get:

1_ e_(PS/VT + npO(e(PS/VT _1
Ppo

V21 (¢s)

1/2
f(ps) = {e‘PS/VT THL npo(e“’slvT —(PS—lﬂ

Vi Ppo Vi

K .
Co = EZO — Flat-band capacitance

(A) Accumulation regime:
0s <0 f(pg)ocexp(—os/ V) .
dQN =0, dQB =0 — Ctot ~ Cox

The total gate capacitance is approximately equal to the
oxide capacitance.
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(B) Depletion regime;

Depletion Regime

=) |n depletion regime, the inversion charge is negligible when
compared to the depletion charge. Hence:

O< ¢, <20F — f((Ps)OC~/(Ps/VT}_)C _ Cso  _
— — S
dQy =0, dQp =0 \/2(ps AV

) Thetota capacitanceis, thus, given by:
C

Ctt: oX _ Cox _ kox‘gO
0 C

1+ X 1+ Cox

S
=) | mportant remarks:
2 |If N, Increases, then C,, Increases.
> |If d,, increases, C,, decreases.
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(C) Inversion regime:

« Most of the charge induced at the
SC-oxide interface comes from the
electron-hole pair generation (via
recombi nation-generation centers).

» The build-up of minority carriers
1T proceeds at arate limited by the
process of generation of electron-
hole pairs.

« Hence, depending upon the
T freguency of the applied signal and
the sweep-rate of the gate voltage,
one can measure:
- low-frequency (LF) CV-curves
- high-frequency (HF) CV-curves
- deep-depletion (DD) CV-curves

Inversion Regime
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Graphical illustration of the three different cases.

Flat-band capacitance
LF

Determine
d

Determine N,

OoX
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Low-Frequency CV-curve

» AC-frequency low and sweep-
rate low to allow for the gene-
ration of the inversion layer

Qs
0 W
electrons and thelr response to X
the applied AC signal. 0

 Inversion layer and total gate capacitance:

T
P> 20 — f((ps)ocexp((pSIZ\/T) S C RC ~C No RE
dQP -0 S inv o) pro

C C
Coot

OX

= = OX ~ COX
1+C, /C. 1+C,/C,,

The total gate capacitance is approximately equal to the
oXIde capacitance.
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« AC-frequency high, which pre-

ventstheresponse of themino-

rity carriers. The sweep-rateis 0 W,
low, thus allowing for the gene- X
ration of the inversion layer E—

electrons.

ﬁDepI etion layer and total gate capacitance:

(PSzZ(PF — f((PS):\/Z(PF /VT SC szepI ~
dQN :O, de :O
C —_
1+C, /Cdepl

Cot =
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Deep-Depletion CV-Curve

« AC-frequency high, which pre-
vents the response of the mino-
rity carriers. The sweep-rateis

Qc
0] W
also high, thus preventing the -—’ X
Qs

generation of the inversion layer
electrons.

ﬁDepI etion layer and total gate capacitance:

f((PS):\/(PS/VT}_)CSszepI z\/kSSOqNA

dQy =0, dQp =0
Coy = Cox  _ Cox

ot = =
1+ Cox 1+Cyy \/ 29
Caepl KeeoONa

20
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What is Low Frequency?

« The SCR generation current density equals to:

L |
Jscr = W/ 1
« While J4- flows in the semiconductor, the current flowing through the
11 oxideis

Jp =C,dV /dt
 For the inversion charge to be able to respond, we must have that the

T SCR current must be able to supply the required displacement current,
l.e.

QW

Cong

Example: d,=100 nm, W=1 um, C_=3.45x108 F/cn? :
1,=10 ps, dV/dt <0.65 V/s, 14=45Hz (not asevere constraint)
=1 ms, dV/dt<6.5mV/s, f4=0.4Hz (severe constraint)

CoxdV /dt < qnW /1y — dV / dlt <
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Capable of modeling MOS capacitors and Dual-Gate
structures

SCHRED is able to calculate separately the inversion
layer capacitance C,,, and the depletion layer capaci-
tance Cyg,

SCHRED also gives as an output the LF gate capacitance

With simple post-processing, one can also calculate the
HF capacitance, using:

_ Cox _ C
Ctot o Cox o C
1+ > 1+
S
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SCHRED Results

« Comparison of the simulation results obtained by using

SCHRED and the analytical model results. The MOS capa-
citors have N,=10'% cm3 (N,=10%8 cm3) and d =4 nm.

Capacitance [uF/cm?]

L ow-frequency CV-curves

1

SCHRED
0 analytical model

N =10 cm?
A

t =4 nm
OoX

Capacitance [pF/cmZ]

t =4 nm

"~ N.=10%cm®
- A

SCHRED
O Analytical model

Gate voltage [V]
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There are severa factors that |ead to deviation of the

measured CV-curves from what the ideal model predictions
are:

Work-function difference

Oxide charges (interface-trap, fixed-oxide, oxide-trap
and mobile oxide charges)

Depletion of the poly-silicon gates

Quantum-mechanical space-quantization effects
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A. Workfunction Difference

|deal MOS capacitor with Real MOS capacitor with
a p-type semiconductor a p-type semiconductor

T

—Veg =P — Py

A
Y

Dy
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i Theflat-band voltage V.5 equals the required gate voltage
to achieve flat-band conditions.

The workfunction difference modifies the relationship
between the surface potential and the applied bias. This
givesrise to threshold voltage shift between the ideal and
real CV-curves:

1}

AVG VG VG_ CI)MS__ _CDSC)

N

Voltage applied to real Voltage applied to ideal
MQOS capacitor MQOS capacitor
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e |nfluence on the LF CV-curves:

1||||||||||||||||||||||||||||

Simulation Example

Ideal MOS capacitor .
non-ideal MOS capacitor |

N'_‘
=
O

~
LL
=
(0]
(&}
c
]
=
O
@©
o
©
@)

Gate voltage [V]

 Same effect Is aso observed on the HF and the DD CV-
Curves.
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B. Oxide Charges

» Thechargesthat exist in arealistic MOS structure can be
classified into four different categories:

(1) Mobileionic charges

(2) Oxide-trapped charges

(3) Fixed oxide charges —

(4) Interface-trap charges —
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» Mobile oxide charges: Dueto ionic impurities such as Na,
L} K, etc.
»  Oxide-trapped charge: May be positive or negative and Is
L due to holes or electrons trapped in the bulk of the oxide.
 Fixed oxide charges. Dueto structural defects (ionized
u silicon) in the oxide layer.

- |nterface-trapped charges:. Positive or negative charges due

T to:

» structural, oxidation induced defects
» metal impurities
» other defects due to bond-breaking processes

Unlike other oxide charges, interface-trapped chargeisin
electrical communication with the underlying silicon and
can be charged and discharged.
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The expression for the voltage drop across the oxide layer

. Inthe presence of anon-zero charge distribution p(x) is
found from the solution of the 1D Poisson equation, using
ne boundary conditions: ¢.,(0)=0 and ¢ (d., )=V,

Thefinal result of this calculation is given below:
dox

J Xpox (X)dX
0

C - d,, Yo
> > [ Pox (X)dx
0

Vox = doxFox (dox) =7y = QOX Y=

» Special cases.

u O uniform charge distribution: y=1/2
® Charges at the SC/oxide interface: y=1
© Charges at the metal/oxide interface:
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» Thethreshold voltage shift due to workfunction difference
L and charges in the oxide is given by:

Oxide charges Work function
\ o difference
AVg =Vg VG ==y X+ (DMS =VEg

Cox 0
/ \ "\ Flat-band
voltage
Voltage applied to real
MQOS capacitor with Voltage applied to ideal

oxide charges MOS capacitor

Important note: All the charges (mobile ion charges, fixed
T oXide charges, oxide trapped charges) except the interface-
trap charges lead to rigid shift of the CV curve.
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« Moreinformation on interface-trapped charges:
» Most of the interface-trapped charges can be neutralized
by low-temperature hydrogen annealing.
» Theinterface trap density isgiven by:

Interface-Trapped Charges

=g dE

o _ 1dQ; (#of chargesj

cm2eV

» Interface trap charges can be:
- acceptor-like (abovetheintrinsic leve)
- donor-like (below theintrinsic level)
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» Usesmplified model that all of the states below the Fermi
level are full and all of the states above the Fermi level are
empty.

Depletion: Accumulation:

The excess negative charges The excess positive charges
lead to positive shift. lead to negative shift.
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» Modification of the HF-CV curve due to interface-trapped
charges.

Gate

COX

Interface-traps close
Interface-traps close to conduction band.

to valence band. /

Interface-traps
close to mid-gap.

Contribution from the charging and
discharging of the interface traps.
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In real MOS capacitors, the gate is usually made of heavily-doped poly-
silicon. Even though the doping of the poly-silicon gate is large, there
IS always some finite depletion region, which gives rise to poly-gate ca-

pacitance C,, that degrades C,,, .

Poly-gate
depletion

N =10"%cm3
A

ND = 5x10" cm™ :

t =1.5nm

oX
| I | 1 1 1 I | 1 1 | I 1 1 1 1

50 60 70

depth [nm]
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SCHRED Simulation Results

« Simulation results obtained with SCHRED. They clearly

show the role of poly-gate depletionon C, .

T I T T T T I T T T T i

ND:5x1019 cm?® ]
3
-3

N, =8x10'° cm ]
N =1x10%° cm™

N :2x1020 cm?

Et =1.5nm
| OX

0.5

V_ V]

|mportant remark:

| I 1 I I- | I 1 I 1 I 1 -I I I I
- Classical calculation:
N =10" cm”

—  poly (N =5x10" Cm ) -
— poly (N =8x10™ cm’ )
—  poly (N =1x10%° cm 3') o
- pon (N 2x1020 cm 3)

Al gate

1.5

Ve [V]

» The poly-gate depletion introduces gate-voltage dependence on the
total gate capacitance in strong inversion conditions for MOS capaci-

tors on p-type substrates.
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z-axis [100]
(depth)

D. Quantum-Mechanical
Charge Description

* 1D Poisson equation:
szL(lz)Zﬂ — N5 (2) - Na@) + p(2) - n(2)]

* 1D Schrodinger equation:

J+V(Z)}Vij (2) =Ejv;;(2)

* Electron density:
n(2) = X N;vi (2)
]

KT E- -E,
N = BT n{1+ exp(F”ﬂ
gl

] —
] Tchz

A,-band :

m,=m=0.916m,, m;=m=0.196m,
A,-band:

m,=m,=0.196m,, m,= (m, m)"?




nanoHUB.org SCHRED Simulation Results

online simulations and more

« Simulation results obtained with SCHRED. They clearly
show the role of both poly-gate depletion and gquantum-me-
chanical space-quantization effect.

2)(]_020....|....|...
V=25V
L G

rrrrrTrT T T T T T T T T T T T T T T .
SRR ; SCNP_ QMNP

__1.5x10°F
& i

1x10% F

5x0"F

% 5 10 15 20 25 30 35 40
Distance from the SiOZISi interface [A]

=> The classical charge density peaks right
at the SC/oxide mterfa_ce. 2 C,,, reduces C,, by about 10%

=» The quantum-mechanically calculated
charge density peaks at a finite distance 2 Cpoyt Ciny réduce Cyo; by about 20%
from the SC/oxide interface, which leads 3 With poly-depletion C,., has pronoun-

to larger average displacement of
electrons from that interface. ced gate-voltage dependence
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« More simulation results on the degradation of the total gate
capacitance C,, (low-frequency CV-curve) in strong inver-
sion conditions.

Technology Trends

1_
0.9~
0.8
0.7F .

T=300 K, |\|A:1018 cm™

- . classical M-B, metal gates
0.6 - classical F-D, metal gates
o5/ e = quantum, metal gates

- 19 -3
0.4 guantum, poly-gates ND:6x10 cm- A
guantum, poly-gates ND:1020 cm™

0.3 u ~ quantum, poly-gates ND:2x1020 cm® .

0.2: 1 1 PR I TR NS TR A TR N T NN T S
1 2 3 4 5 6 7 8 9

Oxide thickness t [nm]

Degradation of the Total Gate Capacitance C,,,
for Different Device Technologies





WKB Approximation — Part 1
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Important Applications in which
WKB Approximation is Used

* Tunneling Breakdown in normal diodes
(reverse biased diode)

* Tunnel (Esaki) diode (forward + reverse
bias)

» Scanning Tunneling Microscope
» Gate Leakage





A. Tunneling Breakdown

1.E+06

1.E-01
£, A:10° -
- = CIIl

1E+05 | {1502 B Er
e : 1-Log! 77 /1016)
EJ 1E+04 F - 1.E-UB:§
> 1E+03 | | 1E04 8 Fi

} - ] o
5 E |Eur| &
'§1E+02- J 1505 § PE'”'|=_;'?'+ "
| =9
M 1E+01 | 1 1E-06 2

|EE-'r &,
1.E+00 ' ' ' ' 1.E-07 Wy, =
1.F+13 1E+14 1E+15 1E+16 1.E+17 1E+138 ¥ a

Substrate doping (cm’s)

Breakdown voltage and depletion layer width at breakdown versus doping
density of an abrupt one-sided p-n diode. Shown are the voltage and width for a
planar (top curves), cylindrical (middle curves) and spherical (bottom curves)
junction with 1 mm radius of curvature.





Breakdown Mechanisms in a Diode

* Junction breakdown can be due to:

&

¢ tunneling breakdown
+* avalanche breakdown

®

L X 2

e One can determine which mechanism is responsible for
the breakdown based on the value of the breakdown
voltage Vg :

“ Vpp <4E,/q — tunneling breakdown
“* Vpp > 6E,/q — avalanche breakdown

“ 4E,/q <Vpp <6E,/q — both tunneling and
avalanche mechanisms are responsible





Tunneling breakdown occurs in heavily-doped pn-
junctions in which the depletion region width I 1s about
10 nm.

Zero-bias band diagram: Forward-bias band diagram:






Reverse-bias band diagram:

* Tunneling current (obtained by
using WKB approximation):

qu VA [ 4v2m*E2/2]
Xp —

I, =
4’ n’E,)” 3hgF,,

t

F_. > average electric field in
the junction

 The critical voltage for
tunneling breakdown, Vg, 1s
estimated from:

I, (Vgg) < 101

e With T\, Eg¢ and 1A .





B. Tunnel (Esaki) Diode

Leo Esaki

QUANTUM MECHANICAL TUNNELING

{A wave phenomenon.)







(Esaki) Tunnel Diode (TD)

Simplest tunneling device
Heavily-doped pn junction

— Leads to overlap of conduction and valence
bands

Carriers are able to tunnel inter-band

Tunneling goes exponentially with
tunneling distance

— Requires junction to be abrupt





Band-to-Band Tunneling in a

Tunnel Diode
., ()

.(e)

(b) (d)






Figures of Merit

Peak current — | Peak-to-Valley Ratio (PVR)
100 kA/cm? -






Direct vs. Indirect Tunneling

/
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=
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m_
Q
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= ww
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Position,

3 ‘ABissuz |ej0L
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-
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Tunnel Current Expressions





C. Scanning Tunneling Microscope

revolution of tunnelling: Scanning Tunnelling Microscope

- STM







Gate Leakage

gate leakage
tunnelling current

GATE

INSULATOR

SOURCE
CHANMEL

= _—
/ : g ELECTRON
SILICON WAFER | MOVEMENT





Gate Leakage

® For sub-micrometer devices, due to smaller oxide thickness, there is
significant conductance being measured on the gate contact. The finite
gate current gives rise to the following effects:

< Negative => degradation in the device operating characteristics with
time due to oxide charging; larger off-state power dissipation

< Positive => non-volatile memories utilize the gate current to program
and erase charge on the “floating contact” — FLASH, FLOTOX,
EEPROM

® There are two different types of conduction mechanisms to the insulator
layer:

< Tunneling: Fowler-Nordheim or direct tunneling process

<> Hot-carrier injection: lucky electron model or Concannon model

T~

Electron is emitted into the oxide « Similar to the lucky electron model, but
when it gains sufficient energy to assumes non-Maxwellian high energy tail on
overcome the insulator/semicon- the distribution function.
ductor barrier * Requires solution of the energy balance

- equation for carrier temperature.






Tunneling Currents

® Three types of tunneling processes are schematically shown below
(courtesy of D. K. Schroder)

‘. T A v Vox<¢%
] JL . 4y
A2

FN FN/Direct Direct

« Fort, >40 A, Fowler-Nordheim (FN) tunneling dominates
- Fort, <40 A, direct tunneling becomes important
- 1|, >l atagiven V_, when direct tunneling active

» For given electric field: - I, independent of oxide thickness
- 1, depends on oxide thickness
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Significance of Gate Leakage

© As oxide thickness decreases, the gate current becomes more

important. It eventually dominates the off-state leakage current (/; at
Vo=0V)

© The drain current /, as a function of technology generation is shown
below (courtesy of D. K. Schroder)
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FowIer-Nordhelm Tunnelmg

(DB
v EF
No applied bias With applied bias

® The difference between the Fermi level and the top of the barrier is
denoted by @4

® According to WKB approximation, the tunneling coefficient through this
triangular barrier equals to:

T ocexp{ Zh((x)dx} where: Y(x)= \/

2m”<

(®p —eEx)





Fowler-Nordheim Tunneling

® The final expression for the

Fowler-Nordheim tunneling
coefficient is:

4 2m Y ?
3eEh

T oc exp| —

® Important notes:

 The above expression
explains tunneling process
only qualitatively because
the additional attraction of
the electron back to the plate
is not included

 Due to surface
imperfections, the surface
field changes and can make
large difference in the results

ntpoly-Si ."Si.O.z f n-Sh

29 f"f;-"“' ﬁ* R

10 1 E -;-II"-;E r“af
= al ‘#«4’ R . )
=~ o am
£ 101 )”1’ ,.-:‘
el
= : Y . ;‘ _{" 0 Expenmental
= AT : 5 5
10" L '_.u.i'T : ;—;—,nﬂ# - Fowler-Mordhein
1=
m_-g LEE-—-' R — L¥ireqt tunnelling
0 2 4 6 8 10
V (V)

Calculated and experimental tunnel
current characteristics for ultra-thin oxide
layers.

(M. Depas et al., Solid State Electronics, Vol.
38, No. 8, pp. 1465-1471, 1995)





