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As with all of these lecture slides, | am indebted to Dr. Dieter Schroder from Arizona State

University for his generous contributions and freely given resources. Most of (>80%) the

figures/slides in this lecture came from Dieter. Some of these figures are copyrighted and can be

found within the class text, Semiconductor Device and Materials Characterization. Every serious

microelectronics student should have a copy of this book! ECE 4813 Dr. Alan Doolittle
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&[¥ Why do we need to know about Nano-electronic = K
materials” details? - A Case study of the evolution of the Transistor

Moore’s Law: The Growth of the Semiconductor Industry

Moore’s law (Gordon Moore, co-founder of Intel, 1965):
Empirical rule which predicts that the number of components per chip
doubles every 18-24 months

Moore’s Law turned out to be valid for more than 30 years (and still is!)
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Moore’s Law: The Growth of the Semiconductor Industry
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Transistors
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How did we go from 4 Transistors/wafer to Billions/wafer?

IBM 200 mm and 300 mm wafer
http://www-3.ibm.com/chips/photolibrary

First Planar IC
1961, Fairchild
http://smithsonianchips.si.edu/

ECE 4813 Dr. Alan Doolittle
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Some Facts About Silicon (Si):

« Siisa Group IV element, and crystallizes in the diamond structure

« Perfect Si crystals can be grown very large (12 inches by 8 feetl)

+ Sican be made extremely pure (< .000001 ppm impurities!)

«  Siis very abundant and non-toxic (70% of the earth’s crust are silicatesl)
« Si oxidizes trivially to form one of nature’'s most perfect insulators (SiO-)
+ Siis a great conductor of heat (better than many metalsl)

YRR L= 10 5 inch 2.0 inch

1957 1971

300 mm, 2005

Slide after Dr. John Cressler

ECE 4813 Dr. Alan Doolittle
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The Basic Device in CMOS
Technology is the MOSFET

Direction of Desired
Current flow... =—>

...Is controlled by p —GLASS
an electric field =—>
...but this field can l

also drive current
through a small
gate.
Modern (pre-
2009)
transistors
have more p==---
power loss in
the gate
circuit than
the source -
drain! New
approaches
are needed.

nt SOURCE

'lll-l-_--q

D-Si<100> —_—
POLYSILICON
GATE FIELD OXIDE

CHANSTOP

'c'b 0 !
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Early MOSFET: SIO, Gate Oxide, Aluminum (Al) Source/Drain/Gate metals

Problem: As sizes shrank, devices became unreliable due to metallic spiking
through the gate OXide. .Ciruss_se;:inr:;:f a MOSFET.  This high resolution transmission electrc rograph of a silicon Metal-Oxide-Semiconductor

st h ows the si | icon cham 2l a }mvhl 1,119 sepa !ed by a thin (40A, 4nm) ‘.|I|( on- rImx;dP nsulator. The
i iual ows of atoms in the crystallir icon can be

Solution: Replace Metal
Gate with a heavily
doped poly-silicon.

This change carried us
for decades with
challenges in fabrication
(lithography) being the
primary barriers that
were overcome ...until...

ECE 4813 Dr. Alan Doolittle
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Semi-Modern MOSFET (late 1990’s vintage): SiO, Gate Oxide, Polysilicon
gate metals, metal source/drain contacts and Aluminum metal interconnects

Problem: As interconnect sizes shrank, Aluminum lines became too resistive
leading to slow RC time constants

Solution: Replace
Aluminum with multi-
metal contacts (TiN, TaN,
etc...) and copper

Poly gate n"

interconnects. Ground
; VI)I)
This change carried us | "t nt —
for ~ 1 decade with ooN, TP o Now
: | . » “Ya p, N,
challenges in fabrication

(lithography) being the
primary barriers that
were overcome ...until...

ECE 4813 Dr. Alan Doolittle
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Microprocessor Power Consumption
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W Silicor suosirzite

90nm process Experimental high-k
Capacitance 1X 1.6X

Leakage 1X < 0.01X e, ISSCC 2003

D. tator = kinsulator E ) Gate leakage current can be dramatically
lowered by increasing Gate insulator
D _ Kk Viae thickness but to do so without changing the
insulator — "insulator i > channel conductivity, you have to increase
Gate the dielectric constant of the insulator.
| tGate NEW GATE INSULATORS FOR THE FIRST
Gate Leakage c

_/ TIME IN 60 YEARS!!!

ECE 4813 Dr. Alan Doolittle
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2008 Vintage Intel Microprocessor

Georgia Tech R e R
s
~ (~200 atoms)
%/ s ¥ Hafnium-

Silicate
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2008 Vintage Intel I\/Ilcroprocessor

@ﬁ"ia Tech X
: 45nm--“
(~200 atoms)
e T Hafnium-
*High K Gate Dielectric: Silicate
(Oxide)

K of Si0,~3.9< Hafnium Slllcate ~? < 5
HfO,~ 22 | Metal =94
Deviation from SiO, required | :

Metal Gates (no Poly-silicon)

«Limited Speed of Silicon partially
using SiGe to “mechanically strain’
resulting in Energy Band structure
that increases electron/hole mobili

et

ECE 4813 Dr. Alan Doolittle
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Georgia Tech Strained Silicon MOSFET .
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Strained
Silicon atoms silicon

HH - H 1 1 1 1 1
Silicon-germanium layer y ¥ v v ¥

Silicon crystal

from IEEE Spectrum, 10/2002
Silicon in channel region is strained in two dimensions by

placing a Si-Ge layer underneath (or more recently adjacent to)
the device layer

Strained Si results in changes in the energy band structure of
conduction and valence band, reducing lattice scattering

Benefit: increased carrier mobility, increased drive current
(drain current)

Slide after Dr. Oliver Brandt

ECE 4813 Dr. Alan Doolittle
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Polysilicon gate will
be replaced by metal

DO u b | e- Gate Tran S | Sto ['S Siiicon dioxide gate insulation

Change of basic transistor
structure by introducing a
double gate (or more general
enclose the channel area by
the gate)

Benefit: better channel
control resulting in better
device characteristics

Challenge: double-gate
transistors require
completely new device
structures with new
fabrication challenges

Slide after Dr. Oliver Brandt

will be replaced by material ‘
with higher dielectric constant

\ 5 /

Source

Gate insulation

Channel Drain

Silicon substrate —
will be replaced by

strained silicon Substrate

Single gate will be replaced by double gate
and basic transistor structure will change

Source /

Channel

Drain

from IEEE Spectrum, 10/2002

ECE 4813 Dr. Alan Doolittle
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/ Channel in chip plane

Channel perpendicular to
chip plane with current flow
Substrate in chip plane (FInFET)

Bottom gate

Channel perpendicular to
chip plane with current flow
Current perpendicular to chip plane

Source direction
Bottom gate

Drain \

T Drain
Top gate
Substrate Top

gate g Bottom

gate

Substrate
T~ Current
S direction
Source ———

from IEEE Spectrum, 10/2002
Slide after Dr. Oliver Brandt ECE 4813 Dr. Alan Doolittle
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g FINFET Double-Gate Transistor h

Georgia Tech
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from http://www.intel.com/pressroom

Slide after Dr. Oliver Brandt
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Si0, and SiO,/Si Interface

Si, SI/SIO, interface, SiO, bulk, and oxide
defect structure

A: Si-Si Bond
(Oxygen Vacancy)
B: Dangling Bond
C: Si-H Bond

Hydrogen D: Si-OH Bond

ECE 4813 Dr. Alan Doolittle
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Q=CV

1) D (cm2 eV?Y),
Nit (Cm-z)’
Qi (Clcm?)

2) Ny, Q
(cm-2, C/cm?)

3) Not’ Qot
(cm=2, Clcm?)

4) Npp, Qp
(cm=2, C/lcm?)

Interface Trapped
Charge

Fixed Charge

Oxide Trapped
Charge

Mobile Charge

Sio,

1 @

Si

SiO,/Si interface Dangling Bond, Hot
electron damage,
contaminants

Close to SiO,/Si Si* (?)
interface
In SiO,, Trapped electrons
and holes
In SiO, Na, K, Li

“" Oxide Ch arges / Interface Traps

Junction Leakage
Current, Noise,
Threshold Voltage
Shift, Subthreshold
Slope

Threshold Voltage
Shift
Threshold Voltage
Shift

Threshold Voltage
Shift (time
dependent)

ECE 4813 Dr. Alan Doolittle
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1) Interface Trapped Charges

Sio,

a @ S;

Can be either positive or negative charge

Due to:
Structural Defects
Oxidation Induced Defects
Metallic Impurities
Radiation induced broken bonds
Radiation induced broken bonds

Can be drastically improved by a low temperature
(~450 C) anneal in a Hydrogen bearing gas.

ECE 4813 Dr. Alan Doolittle
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Georgia Tech ] .
2) Fixed Oxide Charges
Q=CV SiO,
a @ S;

Generally positive charge and is related to
oxidation conditions:
Increases with decreasing oxidation temperature

Can be reduced to a fixed (minimum value) by anneals in
Inert gases

Can be effected by rapid cooling

ECE 4813 Dr. Alan Doolittle
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3) Oxide Trapped Charges

Q=CV SiO

2

a @ S;

Can be either positive or negative charge

Due to electrons or holes trapped in the oxide:
lonizing radiation (~>9 eV)
Tunnel currents
Breakdown

ECE 4813 Dr. Alan Doolittle
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4) Mobile Charges

SiO

2

a @ S;

Generally positive (sometimes negative but
generally limited mobility if negative)

Due to contaminants (Na, K, Li) in the oxide:

Gate voltage slowly drives the charge across the oxide
changing the threshold voltage and capacitance
characteristics

Can lead to hysteresis in the CV curve
Can lead to time dependent threshold voltages

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitor

MOS Capacitor (MOS-C) can be used to determine
Oxide charge
Interface trapped charge
Oxide thickness
Flatband voltage
Threshold voltage
Substrate doping density
Generation lifetime
Recombination lifetime

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitor

MOS capacitor cross section and band diagram

> —n
0 1:ox 1:ox W X
V
OX EC/q
x r( _____ S — EYq
SJ-_,/_  — i — . — . / ............ —_ E F/q
4 E, /g
Voltage drop across oxide VG F —
v |
Surface Potential

Total Gate Woltage =
VFB+Vox+¢S

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitor

Capacitance consists of
C,.. oxide capacitance
C,: accumulation capacitance
C,: bulk (space-charge region) capacitance
C,: inversion capacitance
C,: interface trap capacitance

Is generally given in units of Farads/cm?

é - C

OoX

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitor

The capacitance is

c=9%
dV,

The charge is

Qe =-Q -Qy =-(Q, +Q, +Q, +Qy)

This gives
c_dQ __dQ.+dQ, _ _dQ,+dQ,
dV, dV, dv,, +dg,
1
“TTav, dg,
dQ, +dQ, dQ,+dQ, +dQ, +dQ,
1
C= 1 1

_|_
C.. CIO +C, +C_ +C,

ECE 4813 Dr. Alan Doolittle



Advanced Semiconductor Technology Facility o
'c'b“._

s

MQOS Capacitance

Accumulation Inversion — low frequency
Cp >> Cox9 CTotalmcox Cn >> Cox — CTotaI~C0x

Depletion Inversion — high frequency
Cb ~ <Cox ~> Cit - CTotaI<Cox Cb ~ Cox — CTotaI<Cox

AY|
/1
O
H|_
O
O
AY|
/1
O
AY|
/1
O
AY|
/1
O
AY|
/1
O
(o
H|_
O
AY|
/1
0O
AY|
/1
O
©
-
O
(o
AY|
/1
O
L
0O
AY|
/1
O
©
AY|
/1
O
(o
H|_
O
__%}___

T C:OX T COX T COX T COX
;<Cb ;<Cit T~ Cb
I . .
Accumulation Depletion Inversion - If Inversion - hf

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitance

Accumulation Inversion — low frequency
Cp >> Coy Crota~Cox Ch >> Cox = Crota~Cox
Depletion Inversion — high frequency
Cb ~ <Cox > Cit 4 CTotaI<Cox Cb ~ Cox — CTotaI<Cox
LF Inversion, HF LF Inversion, HF
Inversion (Vac o faster Inversion (Ve e faster
than 1/TGeneration) or Deep than 1/T(??eneration) or Deep
Depletion (V,,,s swept Depletion (Vs swept
Accumulaticlm Depleti?n faste{than TGeneration) faster than tgeneraion) Depletion AcAcumuIation
T A \ I \
1— : / i T
OO CelCo | [ ] | CeslCox
é 0.6 Cis o N
@) I
O 04 . B
0ol ‘ Chi
| p-Substrate % n-Substrate -
) ————— TR N st SR RN U SR TR N RS
5 -3 1 1 3 5 c c s 3 1 1 3 &
Gate Voltage (V) C=_Jox“s Gate Voltage (V)

- Cox + CS

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitance — Generally -
Complex Mathematics
c -4 K eV (1-e ™ )+ e (g% -1
> > 2LDi F(US’UF)

0 =w,u ¢s . L ngokT

S U, ° kTIq'

Di 2

F(Ug,U. )= e’ le™ +U, —1)+e " (e -U, -1)

K.& [e"r (1-e™ )+ e (e¥ —1)/(1+6)]
2L, F(US’UF)

S = (eUS(_US_Xl)/F(Us’Us)
telr(1-e™V feV —U -1
BRI TATS
C

— 0oX

Cs.aa \/|_1+ 2(VG ~Veg )/VOJ_]'

CS,hf =Ug

ECE 4813 Dr. Alan Doolittle
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MQOS Capacitance

— CoxCS
C,, +C;

VG =VFB +¢S +Vox =VFB +¢s +Us kTKStOXF(US’UF)

qKoxLDi

]_.

087 CralCox \ | | CesfCox

S 0.6 |
Q L

O 04- , ]

0.2+ 3 1 | |

- p-Substrate Cad i Cyq ' n-Substrate

%5 3 1 1 3 s s 3 1 1 3 5

Gate Voltage (V) Gate Voltage (V)

ECE 4813 Dr. Alan Doolittle
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Low-Frequency Capacitance

To measure the low-frequency C-Vg curve, the inversion carriers must be able
to respond to both the ac gate voltage and the dc gate voltage sweep rate

+ % Cycle of V5 Driven displacement current (gate) must be less than the
available space charge (generation) current

- % Cycle of V5: Recombination is fast enough to not be an issue

Vg Vg Vet+AVg Ve Vg-AVg
++H-++
W
= = W, >W>W, ==
in um
/7 _~innm 1 dv
— G
J. = gnW ] —cC dV, - dV, SanW _ 0.046Wt_, V/s i

eff—
dieol = < v, dt
z isp %t dt TgCOX Ty . g
INUS  EcE 4813 Dr. Alan Doolittle
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Low-Frequency Capacitance

The effective frequency is <1 Hz
Very difficult to measure the capacitance
Measure current

_dQ_dQdv, _.dv,

= = or |~C
dt dV; dt dt
1.
0.8
00 Qé
D 0.4} 7 O
0.2 ]
0 : ‘ ‘ w \ \ | ‘ ] 0L ‘ \ w \ ‘ | ‘ ]
4 =2 0 2 4 4 2 0 2 4
Gate Voltage (V) Gate Voltage (V)

ECE 4813 Dr. Alan Doolittle
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“Flatband Voltage (and Capacitance)

Most Junior level classes assume:

A metal can be selected that aligns perfectly with the fermi-level in the
semiconductor

No charges exist in the Oxide
These are generally not true (once again, we lied to you), leading to
a “pre-bias” on the device

This shifts the CV Curve and requires a voltage be applied to obtain
“flat band” conditions.

To determine Vg, one must compare the measured to theoretical CV
curves and thus must know the theoretical flatband capacitance

ECE 4813 Dr. Alan Doolittle
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Flatband Capacitance

The flatband voltage is that gate voltage at which the
capacitance is the flatband capacitance

co - CoCsrs . c - CL - KsgokT _ [KsgkT
FB C C ! S,FB L ! D 2( +n) 2N
0X + S,FB D q p q A

77| —e— 1000 nm
7 S| =—O==500 nm
! f —f— 200 NM
] =100 nm
L —*+—50nm
ol ——20nm
| ——10nm
S ==—7nm
] ——5nm
il —*—3nm
] ——e—toX = 2nM

1014 1015 1016 1017 1018 1019
N, (cm-3)

ECE 4813 Dr. Alan Doolittle
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Flatband Voltage

Flatband voltage depends on various gate, semiconductor,
and oxide parameters

Vo= | Q]| 2 T D 0| 2 8 s |- 2]

COX COX 0 ox 0 COX

No effect on V, Strong effect on V,,
.I.
.I
.l.
.I
[ [
0 t, X 0 t, X

ECE 4813 Dr. Alan Doolittle
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Work Function Difference

The work function difference, ¢,,s, depends on the
Fermi level of the gate (polysilicon) and the substrate

Assuming the gate is degenerately doped (i.e. fermi
level is in the majority carrier band...

Pus =Pu —Ps = &: (gate)_¢|= (SUbStrate)

E,/2q E,/2q b

. e 4 F
N LE T s
FB| — — ———x — ——— g ———
120 [ " Vel f

| EV

n* Gate ¢F p* Gate
E-=E. E.=E,

ECE 4813 Dr. Alan Doolittle
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Qs, s Measurements

Assume Q.,=Q,,=Q,,=0

Q N
V = —_ = —_ t

(0):¢ (0):¢

Measure and plot Vg versus t_,

S

0.8CFB’Cox°°'\,\ ,,,,,,,,,,,,, ]
I o |
S 06 -, \Ideal |
Q AN ]
O 04+ 3 .°o..\ -
0.2? Ves }

O | | | |

3 2 1 0 1 2
Gate Voltage (V)

ECE 4813 Dr. Alan Doolittle
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Mobile Charge

-temperature stress (BTS)

ly positive gate voltage to produce g,,~ 10° V/cm at
°C for t =5-10 min. Cool device with applied
measure C-Vg at room temperature

t with negative gate voltage

te voltage shift, AV, between the two curves is
obile charge

Bi

; Qm = _AVFBCOX

4 2 o 2 4
Gate Voltage (V)

ECE 4813 Dr. Alan Doolittle
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Mobile Charge

Triangular voltage sweep
MOS-C is held at T = 200-300°C
High-frequency C - Vs and low-frequency | - Vg measured

= 9%
dt

| =Cy (a- thFB )

d

Vj;- | (I_ - a} Ve = _a{VFB [t (Vez )] —Vis [t (_ VGl)]}

—Vs1 le

SRRV RV RY )

(0):¢

Vi1 | }
. —a oxdv = _an
_\-!-Gl(clf ©

ECE 4813 Dr. Alan Doolittle
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Mobile Charge

Triangular Voltage Sweep (TVS)
Measure hf and If C-V; curves simultaneously at T = 200°C
Q,, = area between If and hf curves
Suitable for gate oxides and interlevel dielectrics

— — ‘ R | ‘ — (L 1400 T
'S 900 ﬂ . g 1200
~ 'N,,=1.3x10%0 cm-2 ] o 1000
O I 3}
g 700 | If i % 800
i - 4.1x10° cm2 1 g 6w
© 500 - e \ . @ 400
- T a
o . 4 200
_ hf S 10C,40C
8 300 7t0?(_]\-00‘nn\1 Lo | O 0 | | | | ’\ \ \
3 2 -1 0 1 2 3 -4 -3 -2 -1 0 1 2 3 4
Gate Voltage (V) Gate Voltage (V)
VGZ
Qn = I—v (Cy —Cyy)d Vg
Gl

ECE 4813 Dr. Alan Doolittle
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Interface Trapped Charge

Quasi-static method

High-frequency and low-frequency
C-V; curves are measured

1 — .
1 i ]
+ S - |
C:ox CS +Cit Uo 06 B ]
O 04 o) |
- Ci (ideal) -
D_t — Clzt — 12( CoxCIf _CS) 0.2 Cllf (Wlth Dit) - Chf =
q q C:ox _le 0 i Co b e |
-5 -3 -1 1 3 )
Voo C Gate Voltage (V)
é. = j'( —inVG+A
Ve OX
C _ (:())((:h]c Dit — C02x ( le /Cox _ Chf /Cox J
s ™ m q 1_le /Cox 1_ Chf /Cox

ECE 4813 Dr. Alan Doolittle
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Quasistatic Method

Current flow through oxide causes

Interface state generation
Oxide charge trappping

1013 e

After stress

C/Cox

Before stress

After Stress 101 k -
Before Stress
0 - . 1 . 1 . 1 , 1010 TS B B T BTN BRI
-2 0 2 02 0 02 04 06 08 1
Gate Voltage (V) Surface Potential (V)

Data courtesy of W. Weishaar, Arizona State University

ECE 4813 Dr. Alan Doolittle
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Interface Trapped Charge

Charge Pumping
Uses MOSFET
Apply periodically varying gate voltage
Measure resulting current at the substrate or

source/drain
V
AR Vol [\ /.

V
T g
P P
Lo
(a) (b)

ECE 4813 Dr. Alan Doolittle
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Charge Pumping

- To S/D

Channel
i

Trapped
electrons

CICIICICI

OROBORORS) (SIomomOROmOm=Y

[ONONO)
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Charge Pumping

Bilevel

Keep baseline constant, vary pulse height
Vary baseline, keep pulse height constant

cp

b
Weak

Accumulation

a

a |b
AV

Weak
Inversion

AV
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MOSFET Subthreshold Iy - Vs

Below V;, I depends exponentially on Vg
Slope change due to stress is very small for thin oxides

— q(Ve—Vy)/nkT -~ 106
ID -_ Ioe T $ 10_7§ §
2 = ) Before

n=1+ CS +9 Dit CICJ 10 8? Stress E
~ 10°9L AV After

Cox = B T E

S 1ot :

O 107

1 q(NAW+qut)t c 1011. ;
=4t K 0X '© 10-123 ]
ox o 5 AD, =5x10'cm2eV? -

1013 ‘ T S N

=1+4.65x107"(N,W +D,)t,, 0 02 04 06 08 1
Gate Voltage (V)

5 o Gy 1 1
" 2.3kT ( Slope After Slope Before
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Review Questions

Name the four main charges in the oxide

How is the low-frequency capacitance
measured?

What is the flatband voltage and flatband
capacitance?

Describe charge pumping.
How does the subthreshold slope yield the
Interface trap density?
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