Depletion Capacitance

Basic circuits:. Q= CV ... linear capacitor

Semiconductor devices: non-linear charge storage elements (e.g., the depletion
region in a pn junction under reverse bias)

What do we do with Q = f(V)? Linearizeit ... for small variationsinV
***x* \WWARNING: DECEPTIVELY DIFFICULT CONCEPT ****

Cj =dq/ dv ... incremental charge-storage capacitance is defined as a small
signal quantity. The derivative is evaluated at a particular DC diode voltage Vp

— -+ -
'r'd@) _ p i @/‘?J Q q;
o= aaPa=a"g
DO ODEDM0
vy<ov( ~ ]

m break up the total applied voltage (symbol: vp) into two parts:
total voltage = DC voltage + small-signal voltage

VD:VD +Vd
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Depletion Capacitance (cont.)

m break up the charge g; on the p-side of the junction similarly:

total charge in the depletion region = DC charge + small-signal charge

q;=Q;+ g
note that the DC charge is a negative number

m Sincetheincrementa charge g and the incremental voltage are “small” (define
what small means later),

g M vy

the proportionality constant has units of capacitance [F] or more commonly
capacitance per unit area [F/cm?] -- since the charge isin C/cm?

m Define the junction capacitance C; as the proportionality constant

bd,
DvD

0
I
o k=2
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Depletion Capacitance: Physical I nterpretation

Look at the difference in the depletion charge due to the incremental voltage

4 pix)
DC Applied Voltage T
p-side  _yp n-side
]I
A
X 2
w=Vp B
_f-r""rra
{-;}_,- = _ff""'r.:rﬂ
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. . Ny
Incremental Voltage i i
-1].1 '11'1 N
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xi< x lg;l<IQ —— '
il it A — r
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0T : g, =gh X1 = fix) — pi
Difference in Charge 1= ANGAT, 1 ‘il:“-:l-' pa —plx)
Due to Incremental Voltage i
p-side X ""I n-side
";’H 'TH =
— Y ¥ c
X, =X, :
4y=9;~2;>0 | N
o r -
= Hut:u s [_E.Ir""r:f{,ljl = —gN 4Ax,
=gV, L, =y
= qh’dﬂ..rp

The difference in charge is separated by the DC depletion width (approximately) ...
just aparallel plate capacitor!
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Depletion Capacitance Equation

m Theincremental charge istwo sheets separated by a distance X4(Vp) ... where
the () indicate the functional dependence.

m Usethe pardlel plate capacitor formulafrom Physics 7B:

e e C.
> S = —19 ___ (per unit areq)

b XeVp) Xy /T-Vpdg [I-Vpdg

m Alternative approach for those who prefer math to physics:

- %9

c = P4
dvD

J Dvp,

Vp VA

m Find the depletion charge (on the p-side) g = g(vp) from x,(vp) and
differentiate

05(Vp) = —ANX;(Vp) = =N X, Jl—(vD +vy) of g

= Tofind the depletion capacitance C; we simply take the derivative and evaluate
it a the particular DC voltage
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Graphical Interpretation

m Derivativeisthe slope of the plot of q; (Vp):

il

VIR, -
D Yp=Vptyy

=1

4,#_; i O+ q;

Note that Cj (the slope) is clearly afunction of dc bias V|

m Some observations:
1. Theratiosq;/ vp or Q3 / Vp arenot equal to the capacitance whereas
theratio q; / v is equal to the capacitance! Understand why!

2. If you want asmall value for the capacitance, you should apply alarger reverse
bias (more negative Vp) to the pn junction.
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Depletion Capacitance Numbers

m Plot of depletion capacitance (normalized to C):

AC i _fc i

41 0.75

Typical numbers: Suppose X, = 0.4 nm

_ 1177 885  10~'4f ocm
04”1074 cm

C. = 26" 10-8Fcm? = 0.26 fF omm?

]O

With bias; fB:O.8V">VD:-6.4V:-8fB then

1/2 _ _ _ fE _ 2
(1-Vp o g)1/2 = 3® C; = C;, =8 = 0.086— = 86aF onm

mm

How much areato get 1 pF?
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The MOS Capacitor

‘ n* polysilicon gate ‘

gate oxide
€x =396

nw O

0
p-type
e=11.7¢, X

Oxide = SIO,, ... anear-perfect insulator. We assume zero charge inside the oxide

for this course

n* polysilicon has a potential which is the maximum possible in silicon:

f., =550 mv

p-type substrate has potential whichisf ,=- 60 mV log (N, / 10'°)

Thus, thereis a built-in voltage given by 0.55 + f D
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Qualitative Charge Distribution
in Thermal Equilibrium

negative charge) forms under the gate

metal
interconnect to gate

nt polysilicon gate

% metal interconnect to bulk %

Whereto start: potential in n™ polysilicon is known; potential in p-type
substrate is known, too ... need + charge on gate, - charge in substrate

gate charge, O,

gate oxide

_i“;’
=k SRR, A0, A0 L LD B A A, P, ABLP, P
=T o o a5 g & G0
R
i 1 5
G e T S & S bulk charge O,
p-type substrate X

since the silicon is p-type, this means that a depletion region (to get the needed

-— depletion region with
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Thermal Equilibrium MOS Electrostatics

m Sketch charge density, electric field, and potential in equilibrium

A r o(X)
charge 0 .
density £ ' Nl
A E%)
electric
field . . >
tox 0 X
A fo(X¥)
Fos |
potential
' >
tox |0 X
f p
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MOS Capacitor under Applied Bias

m Oxide doesn’t permit any steady-state current between the n™ poly gate and the
substrate. Therefore, if we wait long enough for transient currents to die out, the
electron and hole currents are zero --

Jhy=0 and Jp=0

m Even though the structure isn’'t in equilibrium, the absence of current implies
that we can relate potential to carrier concentration in the silicon substrate (since
that’'s al we assumed in deriving the 60 mV rule.)

metal
interconnect o gate e
Itl.l.'.'.'."i'
gate oxide
n* polysilicon gate L :
pol} E ’/*m =39¢,
+ ™ s +r
- tGL’ 0+ _1'ri.l:
_"n
p-type ¢
£ = 11.7 E, + ¢'rm

% metal interconnect to bulk %

m Flatband condition: cancel built-in drop by applying the flatband voltage

Ve = ~(fna—=f ) = Veg = —970 mV for N, = 104" em™
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M OS Electrostatics in Flatband

m  When Vg = Vgg, the gate is shifted from its thermal equilibrium potential (f ;)
toanew value of Veg + f ny = -(f 4 - f ) + Ty =, whichisthe same potential
asthe p-type bulk. Therefore, thereis no potential drop acrossthe MOS structure
in flatband

r (¥

charge
density T [0 >
AE®
electric
field : >
'tox 0 X
Af®
—250mV
potential H—=To 1/ > X
OX
—-250mV
VGB +f n+
—-500mV
—-750mV
—-1.0vV

m |f we continue to make the gate-bulk voltage more negative, the gate will take on
anegative charge Qg < 0. The substrate has a positive charge, which comes
from holes that are attracted by the negative gate charge
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M OS Capacitor in Accumulation

m Charge density, electric field, and potential in accumulation:
Vg < Veg, Where Vg = - 0.97 V for this example.

Ar®
A - Qg (accumulated holes)
charge o .
density 0 X
Qs
A E(X)
electric “tox
field 0 B3
_ Qg
Eox @
AF®
potential o o

VGB - VFB -500mV
Veg * fn+ —

‘ —-250mV
f —-750mv

1-1.0V

-1-1.25V
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MOS Capacitor in Depletion

= Now we make Vgg > Veg. Note that thermal equilibrium falls into this range of

applied bias.
Ar®
Qg
charge ? Xq
density 0 >
-ONg
AE
electric
field T
tox |0 X ]
0X d
Af®
-1V
VGB +f n+
_ Ves
potential - 500 mv
4, \<fs=185mV
i O\\i // >X
-1-500 mV

m Surface potential at oxide/silicon interface is now positive --> n-type

dightly, nc = 1013 cmd).
(slightly, ng
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The Thresnhold Voltage V1,

m Keepincreasing Vgp: surface potential keepsincreasing. At some point, the
surface is n-type (i.e., we say that it isinverted) and the electron charge makes a
significant contribution to the charge density.

How do we model this phenomenon? We approximate that onset of inversion as
the point where the el ectron concentration ng at the surface is the same as the
hole concentration N in the bulk. (In other words, “the surface is as n-type as
the bulk is p-type.”)

The gate-bulk potential at the onset of inversion is called the threshold voltage,
V1. To find the threshold voltage, we need to consider the electrostaticsin
depletion (no electrons at the surface at the onset of inversion) -- with the surface
potential equal to the opposite of the bulk potential:

f =

S, max p

fsmax =-fp=420mV

o
AN

x

0 ¥ 7/ Vi e
f 1

-500 mv p
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Threshold Voltage Expression

m We can solve for the threshold voltage:

V1=VEg = Vox®* VB max

m The drop across the depletion region is

VB, max 1:s, max_f p = —f p_f p = —2f p
m Thedrop across the oxide for Vgg = V1 iS
_ _ a"}QB, max(..j _ _QB, max
Vox¢_ onqox = ¢ “tox T C
e €x o oX

m Thebulk chargein inversion isfound from the depletion width X iy

—2f
Qg, max = ~INaXg, max = _qNaJ((l 02)q|\?a) e ) _queSNa(_ZT p)

where the relationship between the depletion width Xy . and the drop across
the depletion region f g gy - (F ) = -f o - f , = -2f ; can be found from Poisson’s
Equation.

_ 1
Vop = Veg=2f o+ o JquSNa(—Zf o)
oX
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Thelnverted MOS Capacitor (Vgg > V1)

= We consider the surface potential asfixed (“pinned”) at f g =- 21

f(x)
A
A 115V L
410V
VOX
Vee - VFB >00mv Y
“ty, x f s max = 420 MV T
/] 0 ! /| >
71 l 71 -2,
Xd,max X ¢
— —| - 500 mV

m What isthe inversion charge Q\?

Consider: bulk chargeis constant for Vgg > V1, so all of the additional chargein
the silicon is stored in the inversion layer, once inversion occurs.

Theinversion layer is separated from the gate by the gate oxide; we can relate
the inversion charge (per cm2) to the applied voltage over V1, through C,, the
capacitance (per cm2) of the oxide

QN = Cox(Ves = V)
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Charge Storagein the MOS Structure

m Threeregions of operation:

Accumulation: gg = Cyy (Vo - VER) --- Parallel plate capacitor

Depletion: g = - qg(Vgpr), With the bulk (depletion) charge in the
silicon being a nonlinear function of vgg

Inversion:  dg = - Oy - 9B max » Where dg max = (Ve = V1) isthe
depletion charge at the onset of inversion and

m Sketch of the gate charge as a function of gate-bulk voltage:

Jth

| ; »>
T 1] T | 2 1‘1 B V)
¥
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Understanding M OS Capacitors

m  Start with the built-in offset: find the flatband voltage Vgg

m  Start first with Vg increasing above Vg
+ charge on gate (why?)

- chargein silicon ... decide whether excess electrons (accumulation) or ionized
acceptors (depletion) depending on whether silicon substrate is n-type or p-type

m  Now decrease Vg below Vg
- charge on gate (why?)

+ chargein silicon ... decide whether excess holes (accumulation) or ionized
donors (depletion) depending on whether silicon substrate is p-type or n-type

m Inversion occurs “after” depletion; additional data point is state in equilibrium
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MOS Capacitor with n-type Silicon

m Structure: gate could be n* polysilicon or p* polysilicon ... or ametal

]
melal
interconnect Lo gale

pate onide
v n* polysilicon gate E,=39E,
B
n-type '
x
% metal interconnect o bulk W
m Chargevs. gate-bulk voltage plot
*Q{F
= 5|
| | 1 | | 1 1 1 1 1 1 | 1 L.
0 | Ven (V)
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MOS Capacitance

m The capacitance of the MOS structure is defined as

qu

m Could find functional dependence gg(vgg) and evaluate the derivatives ... tough!

i

=

T = 165
i 2 :
accu mulation _J" o imversion
Vig=—097V 02F V=06V
] ] ] ] ] ] ] ] ] ] ] ]
i I 2

X

; YT
Yog (V)
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Physical I nterpretati

Accumulation: parallel plate capaci

on of MOS Capacitance

tor: C = Cy

m Depletion: increment in gate chargeis mirrored at bottom of depletion region, so
capacitance model is C,, in series with the depletion region capacitance C,,

gate
—— Cux
Si/SIO, surface
— G,
bulk

C = Cox in serieswith Cb

Inversion: bulk chargeis no longer

_ Sox
(0).4
e :
= 3 Note that Xy is
X4 afunction of Vg
Cox - Ss
C = Lox ><d -
e, €
Cox , s
Lox Xd

changing with Vgg: an increment in

gate chargeis mirrored in the inversion layer under the gate.

Thatis, dQ

+ charge

gate = dqurface

electrons

The capacitance is therefore the same as in accumulation: C = C
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MOS C-V Curves

m construct C(Vgg) plot based on knowledge of state of the MOS capacitor, along
with the values of Vg, VT, Cgpy, and the minimum capacitance C,,

= The minimum capacitance occursjust prior to inversion, so the surface potential
is opposite of the bulk potential

drop across depletion region is therefore 2f |, (for n-type substrate case)

fO)A
/ fi
' >
X4 X
L
r(x)A
+0Ny
Xq "X
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M OS Capacitance-Voltage Curve (Cont.)

= Maximum depletion width can be found by integrating the charge density twice:

XTIX XX 391N 5
_ (X _ < ~gNd _ s d9,,2
2f = dx]dx = dx]dx = éégg—fxd' max

n
€ S e€.g
olo ° olo ° S
@ .0llee e. O
Cmin:(}tox: X s
€'oxd| €M, max9d

m Sketch the normalized capacitance curve knowing Vgg, V1, Cox @d Chiny

, ClCox

11

+0.75

+0.25
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