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ELEN E3106/4106 Lecture 20

MOS Capacitor Part Il
Outline
 PMOS vs NMOS
« PMOS band diagrams under biasing conditions
« C-V characteristics
* Non-idealities in the C-V curves
« CCD imager applications

Assignments:

Reading: C. Hu §5.6,5.10.1
Homework 8 due Monday Dec. 1°t by 11:59pm

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 18



Recap of MOS Capacitors So Far...

« We discussed different gate bias conditions

+ Accumulation ("VB
» Flat-band N\
 Depletion Enery —
 Threshold diagram '/—
* Inversion
* Note we have focused on NMOS (the &~ 0>V,

inversion layer is made of €7) Q.’c}spe it
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« Assumption: No charge stec@dinside of
oxide!

Sources: E. Pop ECE 340 Lecture Slides
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PMOS Capacitor

* n-type semiconductor body with _@-_{—_Bge
inversion layer of holes at the <) cCace

« Same gate bias conditions, but the sign
on the gate is flipped

« Accumulation: e- accumulate at surface
Flat-band: no E-field

Depletion: e- repelled from surface
Threshold: onset of inversion (ps = N_d,_)

Inversion: surface becomes p-type

2 \\"'443?\8‘\‘ @uz\a\o
(+) Vca— Wodt (‘ac\% %ﬁ

Sources: R. Pierret Semiconductor Device Fundamentals
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Another look at Surface and Bulk Potential Graphical definition of ®(x), @, (a). The

. .. relationship between @(x) and bending
* Let c_D(x) be the electrost_atlc potential inside the bending; graphical definition of @ (b).
semiconductor at any point _ %

. ®(x) = =[E;(bulk) — E; ¢
« Let x = (] at the oxide-metal interface. The surface potential .
iS:
s o, =P(x=0) = i[Ei(bulk) — E;(surface)] Oxide (I; Semiconductor .
« As x increases, the E-field goesto () @

+ But what about ®;? Recall &, = A ® _at the depletion-
inversion threshold

+ O = = [E;(bulk) — Ey] (, ........... E

» This is a material parameter! Since it depends on E, it depends on R

the —JLD“)%_ / — Bulk .

- For p-type bulk (NMOS): &, = %Tln (32) >0
l o< .
- For n-type bulk (PMOS): &, = ZL1n(X¢) < 0 e s \ =N
ype bulk (PMOS): @5 = “-In (%) NENUH T AN \edm

* Why do we denote these potentials & instead of V? 0&9::9'& ® e MRV

Sources: R. Pie)r/et Semiconductor Device Fundamentals

’(O&Ws
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Weak vs. Strong Inversion in MOS caps

Weak Inversion
* Occurs when @y < @, <2 P

* The intrinsic level Ei at the surface has just crossed below th
Fermi level EF

* The surface is inverted in type (e.g., p-type substrate
becomes weakly n-type), but the inversion charge is still
small compared to the depletion charge!

, kT N,
Strong Inversion: (V) = 2ér =27
* Condition: The surface is as strongly inverted as the bulk is
doped:
Neurface= Poulk (SUrface electron density equals bulk hole
density).

* The intrinsic level Ei at the surface lies as far below EF

Sources: R. Pierret Semiconductor Device Fundamentals
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Energy Band Diagram Summary

* Energy band diagrams for the two
dominant types of MOS caps shown
here

. gge(NMOS) devices have an Vl--\'ggc\,

inversion layer. The bulk is p-type.

* Pouk = Ng

. P-jgge(PMOS) devices have a g -‘\‘g@_e‘.

inversion layer. The bulk is n-type.
K Ve

[
INV !DEPL1 ACC

Npuik = Ny

ACC ’DEPL' INV

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits

g i » O | ¢p <0 (n-type)
2¢r \rﬁe \F ) ;;42
} I > ¢s | ¢r>0(p-type)
0 % -

-type devic P-type devi
(N* -gate over P-substrate) (P* -gate over N-substrate)
N Accumulation e
Ve<Vp<0 Ve>Vyp>0
Ep— A B
N
—
...... Eq R A
N E,
] Flat-band ]
Vy=Vp<0 Vy=Vp>0
Ep.— — L ------ Ex
I 5 Bt |
Depletion ™
Ve=0>Vy | | V,=0< Vg
Ep—-- - Eg
1 Ep— o —- F-—-—-- Ep
Ne—

Threshold
Ve=Vi>0 / V=V, <0

Li_ ...... EF
FIGURE 5-33 Energy band diagrams of the two dominant types of MOS capacitors. An N-type

device is so named because it has N-type inversion charge that increases with a more positive
Ve, and a P-type device has P-type inversion charge increasing with a more negative Vg
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Guidelines for Drawing MOS Band Diagrams

» Er is flat (constant with distance x) in the semiconductor

bl

. ; ot v™
e Since no current flows, we assumecmr\#‘
A\Y)

conditions hold

L : ., dE; .
Band bending is linear in the oxide (dxc is const.)

* No charge in oxide (Z—i’i7 = 0) so E-field is constant

The MOS “type” refers to the type of nesuw |ayer

* As we’ve seen with every other device type, there’s an
equivalent p-type MOS cap to an n-type MOS cap
 p*-poly gate over n-type substrate

 The vertical distance between the Fermi level in the
meta) and the Fermi level in the Si body is equal to the
applied gate voltage: qV; = Er semi — Erm

Sources: R. Pierret Semiconductor Device Fundamentals
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Problem: Calculating Flat-band and Threshold Voltages

Calculate the flat-band voltage of a silicon NMOS capacitor with substrate doping N, = 1017 ¢cm™3 and an aluminum gate
(P = 4.1V). Assume there is no fixed charge in the oxide or at the oxide-silicon interface. Calculate the threshold voltage

given a 20 nm thick oxide (€, = 3.9€¢).

\/Fﬁ—; @M“@g@,\; = @M

V‘r = V;Q - &-QF ay J%Nq&és; A:AZF ng
Cox

=-0al +300402 %) (1 bx (0O \EN 1LY 0 Mog) (BN

_ _ B /(0R0Tay
S 'VT'-’*O.qG Vj

Sources: E. Pop ECE 340 Lecture Slides
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MOS C-V Measurement Setup

» Since this is a capacitor, what does the C-V curve
look like?
* C-V characteriation is powerful and commonly
used
« Useful to determine the oxide +hideness
-, e - \ed

* Looking at the small-signal capacitance,

_d0, Y a0,
dVg dVg

C

e Recall: (-) sign is because \e-is applied at top
plate but Qeupis taken at bottom plate

* This C-V curve is idealized
» Question: is the substrate p-type or n-type?

How do we tell? V¢ 15 [+>—= wNod - o=ty
Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits g\l% S fa+ e

- = ™ o

C-V meter
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MOS C-V Measurement Setup

» Recall our gate voltage conditions for different
biasing!

Nmos

N-type device
(N* -gate over P-substrate)

PMmos

P-type device

(P" -gate over N-substrate)

A QS C-v A
Transistor C-V
\ \ X
(] 0
\ ( ‘I
\ . (
I {
0 Capacitor \ l
At | HF C-V \ :
1 ﬁe(J 1 I T Nef - “ Acc.
i $ > + >
V2 V2
el Ay Vs Veo
- Which one is PMOS? How about NMOS? S€¢€ aligue
Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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Idealized MOS C-V Curve

* The capacitance is: Cdep

* Where we have solved for Wy, in terms of V‘%

using our earlier relation:

Vg - Vfb+¢S+ VOX = Vfb+

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits

2
qNaWdep + qNaWdep
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Accumulation Depletion
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MOS C-V Curve: Accumulation and

(a) Accumulation region; (b) depletion region

Depletion
N o Gae Gate
* Let’s look at the curve from left to right 0 %cox %cﬂ
(increasing N%) g, ©°00000 L, 1
« Accumulation: there is no depletion region so (=) (o)
CAQ:_, e O and C = C ox P-substrate P-substrate
(a) (b)
» Depletion: Our equation above tells us that as e
V, increases beyond Vg, Wy, ea(g(ﬂ%nd il
..\— ( C ..1
therefore C = ( (dept ox) () (9) (c)
« But why does C = C,, in the inversion region?
= Ciny = P ' | -,
1 1 Vi Vi
Chotal = (C_ox + qb ~ Cox ( CX Accumulation Depletion Inversion

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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MOS C-V Curve: Inversion Cases ers

. (
Inversion Case I: inversion layer W\“\O““a’ 63?‘{ be supplied
quickly enough to respond to changes in

(c) inversion region with efficient supply of e-

from the n+ regions in a MOSFET; (d) inversion

region with no or weak supply of inversion e-

» Called %M[_LS?' S g) C-V Gate Gate
» This case hold true at low frequencies (LF) % Co %cox

* How are they supplied? [~ poeeoeed N |- DC———F\@@@%@CSPG I.
1. Optical generation N o Q@(&\; calp\e Lor MOS! /____l _____ o

2. Providing a nearby source of minority carriers like in a

MOSFEY
Inversion Case Il: inversion layer charge@i“"cannot be

P-substrate

P-substrate

1

supplied quickly enough to respond to changes in 1,
® —-YECW\ %e |S§(§Vam

» This case hold true at high frequencies (HF)

* Qinv cannot respond to fast AC signal and remains constant at DC

value

* Wyep Will expand or contract slightly around Mjﬂ (relies on
majority carriers). So AC charge exists at the bottom of dep. reg.

» This means our C-V curve looks different depending on the

©

C

(@

MOS transistor C-V at any f, LF
capacitor C-V, or QS C-V

(o)

HF MOS capacitor C-V

Vi

gate voltage frequency: HF, or LF/QS

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
Columbia ELEN3106/4106 Fall 2025
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C-V of MOS Capacitor vs MOSFET

« What values are considered “high”
or "low” frequency?

» Depends on device "rfj@ﬁ!

* E.g. whether we have an
efficient source of

ity Cagok .

C-V curves of MOS capacitor and transistor.

° M O S F ETS (t rans | StO rS) rem a| N QS For each of the following cases, does the QS C-V or the HF capacitor C-V apply?

MOS transistor C-V,
QScv

HF capacitor C-V

. aﬁ.ﬂ\ cc ) (1) MOS transistor, 10 kHz. (Answer: QS C-V).
Up tO ‘(\( q‘(\ff 'cr req UénCIeS (2) MOS transistor, 100 MHz. (Answer: QS CV). \
(%) . .
(3) MOS capacitor, 100 MHz. (Answer: HF capacitor C-V).
than M OS Caps (4) MOS capacitor, 10 kHz. (Answer: HF capacitor C-V).
] (5) MOS capacitor, slow V, ramp. (Answer: QS C-V).
° I n Other WO rdS, MOS CapS W|“ (6) MOS transistor, slow Vgg ramp. (Answer: QS C-V).

enter inversion case Il at lower
frequencies than MOSFETs

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits
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(a) Accumulation, (b) depletion,
(c) inversion at low frequency, (d)
inversion at high frequency

Charge Fluctuations under AC Conditions
* Note: C,, is the being added or subtracted close to the edges of the insulator

» Black shaded regions represent M,.change in charge from AC signal £
» Accumulation: pile-up of e-. 1ot driven process! State of system 0 @
can be changed rapidly acCft
* Depletion: dep. layer charge from withdrawal of majority carriers from W, %ﬂ
Once again — MajOft arrier process! Wy,,, can fluctuate almost - LY
instantaneously _AQ
« Inversion Case |: Minority carriers are piled up at the interface. As w - (), Mo
minority carriers ( AN be generated or annihilated in response to AC signal — }— —H e
- Charge is added or subtracted close to {WYeckace in inversion layer. o L

« Inversion Case Il: As w » & , sluggish minority carrier R/G processes ™
. Cose , Case 1T
(& NN OV supply/eliminate minority carriers in response to AC signal Tww. (aeT - Tpo Cale

 # of carriers in inversion layer therefore remains fixed at DC valae
Depletion region charge fluctuates around Wy 1,4 a0

AQ

* Because Wy mqy is independent of DC 1, our HF C-V curve is also e L

'H g& in inversion case 2 but lower than in case 1 since we have the
equivalent of 2 parallel plate caps now

{c) )
Sources: R. Pierret Semiconductor Device Fundamentals
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MOS Cap Non-ldealities

* The insulator (dielectric) and O-S interface are not atomically
perfect

* Mobile ions
« Dangling bonds

« Charge trapped within StO;
* How do we account for these charges?

« We can group them together as an equivalent sheet
of charge (9; 7 0 at the O-S interface

* The (+) charge pbendc the E-bands at the
interface and changes the field across the insulator!

* This shifts the flat band voltage: V¢, = @, — Q;/Cox

* This interface charge is why V, =V, # 0 in reality!

Sources: Textbook

in
in

e Qf F
Qi

Mobile ionic charge
Oxide trapped charge
Oxide fixed charge
Interface trap charge

(a)

Columbia ELEN3106/4106 Fall 2025 Prof. Savannah Eisner
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MOS Cap Non-ldealities
« Odd shifts with tempecstorand baag inthe

measured C-V characteristics were once a mystery

« Source of the problem: mobile (anic Ak e.g. Na+,
K+) moving to/away from interface

¢ AVfb: Qi/Cox

» Solution? .
Cleanec oo mitan euwvs o Mmentts,

powerse! chami) cleans, Detler wedes
« With simple C-V, we can learn and debug a great
deal about the properties and quality of MOS caps:
» Obtain oxide thickness from C in accumulation
» Obtain substrate doping from C at V; (HF)
- Interface charge (Q;) at V¢, from C-V across various oxide

thicknesses!

oql"i

0.7

f—————

After +12 V bias
100° C 70 min

AV =—=T9V——f

Before
bias temperature

-
- -

After 230 Vor 0V bias
2|00° C 6q min

] I ]
-140 -120 -100

Lecture 18
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Sources: E. Pop ECE 340 Lecture Slides
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Influence of Material Parameters on

Threshold Voltage

* |n our ideal case, we found

[gN 22 ¢g

COX

* In the non-ideal case, our threshold voltage must

be modified to accommodate the ionic charge

(traps): V, = @y — = -

ox

Qi QCdep + Zq)p

Sources: Textbook, E. Pop ECE 340 Lecture Slides

(a)

(b)

Vr(V)

Q; Qq
% & 25

(+) n channel

(+) n channel

(—) p channel (—) p channel

+1 — n “V
0

Q; = 5 %X 101%C/em?
d=100 A

| | | |

1014 1015 1016 1017 1018
N, Ny (em—3)
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Application: CCD |maqer Deep depletion (a) immediately after I, > V;

applied, no e- at surface yet. (b) After exposure

* MOS caps rarely used stand alone except for - to light, photo-generated e- collect at surface.
. I Imager = sensing device that 2
converts optical image into —-E

« Large # of MOS caps are packed into a 2D
- nMOS: Immediately after we apply V, > V;, there are no

o

e- on surface yet (no ). Thermal generation is .
slow!
» The bands bend beyond 2&; and W;__ W, .4, for a @

fraction of a second. This is called

ty o]
<y o

« If light shines on the MOS cap for these tens of ms, # of
photo-generated e- collected at interface is proportional
to

N

« We have now converted an image (2D pattern of light B
intensity) into packets of e- stored in a 2D array of MOS
caps! o)

Sources: C."Hu Modern Semiconductor Devices for Integrated Circuits
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Application: CCD Imager

Portion of a row in array is biased in the
sequence (a), (b), (c), etc. The charge packets in
(c) are shifted to the right by one capacitor

 How do we transfer these collected "charge packets” compared to (a)

to the edge of the array so they can be read into
charge sensing ?

Reading row,
shielded from
light

’ Signal out
/

Charge-to-voltage converter

Sources: C. Hu Modern Semiconductor Devices for Integrated Circuits

Vi
Va

mlalklanlal

OOOOO Depletion region QOO
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