MOS Capacitor under Applied Bias

= 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 --
Jy=0 and Jp =0

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

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

Vg = (@ —®p) = Vg = —970 mV for Ny = 10" em
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M OS Electrostaticsin Flatband

s When Vgg = Vg, the gate is shifted from its thermal equilibrium potential (@)

to anew vaue of Veg + @y = -(Gh+ - @) + @G+ = @y, Which isthe same potential
asthe p-type bulk. Therefore, thereisno potential drop acrossthe MOS structure
in flatband
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—-500mV
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If 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 comesfrom
holes that are attracted by the negative gate charge
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MOS Capacitor in Accumulation

» Charge density, electric field, and potential in accumulation:
Vg < Vgg, Where Vg = - 0.97V for this example.
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MOS Capacitor in Depletion

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

applied bias.
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Surface potential at oxide/silicon interface is now positive --> n-type

dightly, no = 1013 ecm™3).
(dlightly, ng
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TheThreshold VoltageV,

= Keepincreasing Vgg --> surface potential keepsincreasing. At some point, the
surfaceis 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 electron concentration ng at the surface is the same as the
hole concentration N in the bulk. (In other words, “the surfaceis 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 electrostatics in
depletion (no electrons at the surface at the onset of inversion) -- with the surface
potential equal to the opposite of the bulk potential:

Ps, max = _(pp
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Threshold Voltage Expression

We can solve for the threshold voltage:

Vi=Ves = Vox' * VB max

The drop across the depletion region is

VB, max — ®Ps max~ (pp -~ (pp - (pp = —2(pp
The drop across the oxide for Vgg = V1, IS

V. '=E_'t — |:-}_CQB, ma — _QB, max
oX OX "OX 0 80)( 0 OX COX

The bulk charge in inversion is found from the depletion width Xy

_2(p
- - p —
QB, max ~ _qNaXd, max ~ _qNa/\/((l/Z)qNa)/Ss - _A/qusNa(_Z(Pp)

where the relationship between the depletion width Xy 4« and the drop across
the depletion region @ max - (@) = -@ - P = -2¢, can be found from Poisson’s
Equation.
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Threshold Voltage (p-type Substrate)

» Thethreshold voltage is the sum of the flatband voltage (which cancels the built-
in potential drop from gate to bulk), the drop across the oxide at the onset of
inversion, and the maximum potential drop across the depletion region

_ 1
Vin = Veg=20,+ . J20eN_(=20,)
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Thelnverted MOS Capacitor (Vgg > V1n)

= We consider the surface potential as fixed (“pinned”) at @ yax=-2 @,

ox)
A
T 415V T
410V
VOX
500 mV
Vee - VrB ™y
- =420 mV T
/] fox N s max | /1 >
71 I Xd 7/ -2 @
max X ‘
—_— _| -500 mv

= What istheinversion charge Qn?
see Section 3.7 for the derivation

consider: bulk chargeis constant for Vg > V1, --> @l of the additional chargein
the silicon is stored in the inversion layer, once inversion occurs. The inversion
layer is separated from the gate by the gate oxide; we can relate the inversion
charge (per cmz) to the applied voltage over V1, through C,, the capacitance
(per cm?) of the oxide

Qn = Cox(Veg = V)
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Charge Storagein the MOS Structure

» Threeregions of operation:

Accumulation: gg = Cyx (Vgg - VEp) --- parallel plate capacitor

Depletion:  qg = - gg(Vgr). With the bulk (depletion) chargein the
silicon being a nonlinear function of vgg

Inversion:  qg = - Ay - B max » Where dg max = de(Ves = V) isthe
depletion charge at the onset of inversion and

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

Vs (V)
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MOS Capacitance

= The capacitance of the MOS structure is defined as

C= ——
dvgg

= From sketch, determine the slope and plot as the capacitance

accumulation

2 Vg (V)

inversion

2 Ves (V)
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Physical I nterpretation of MOS Capacitance

= Accumulation: parallel plate capacitor --> C = C,

n 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
1o
PR (0).¢ t
Si/SiO, surface 8°X
Gy = Note that X is
ol X4 afunction of Vgg
C = Cox|Cb

= Inversion: bulk chargeis no longer changing with Vgg --> an increment in
gate chargeis mirrored in the inversion layer under the gate.

The capacitance is therefore the same as in accumulation --> C = C,
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Understanding MOS Capacitors

»  Step 1: identify the flatband voltage from the gate and bulk potentialsin
equilibrium

= Step 2: determine whether Vg > Vg leads to accumulation or to depletion
substrate is n-type --> accumulation substrate is p-type --> depletion

Why? positive charge on gate ( since Vgg - Vg > 0V) must be mirrored by a
negative charge in the substrate.

n-type substrate: negatively charged electrons are accumulated under the gate
p-type substrate: negatively charged ionized acceptors are | eft, after holes are
repelled away from positive charge on gate

= Step 3: construct C(Vgg) plot, using the knowledge that the substrate is depl eted
on the other side of Vg from accumulation in Step 2 and that inversion occurs
after depletion. Calculation of V1 and C,y;, IS necessary to quantify the plot

= Additional data point: determine state of MOS structure in thermal equilibrium
(Vgg = 0V) ... accumulation or [depletion/inversion]

Example:

gate: p* polysilicon (where @+ = - 550 mV); gate oxide thickness = 200 A,
substrate: n type silicon, @, = 480 mV (Ng4 = 108 cm™3)

Veg =- (-550 mV - 480 mV) =+ 1.03V
Veg - Veg > 0V --> accumulated; substrate is depleted for Vgg < 1.03V
Check: Vgg = 0 --> negative charge on gate; positive in bulk (since gateis at

- 0.55V and substrateis at + 0.48 V in thermal equilibrium) --> positive donorsin
depletion region under gate ... and possibly holes due to inversion
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M OS Capacitance-Voltage Curve

= Evauate threshold voltage Vy,

A/2q.¢:SNO|(2(pn)

Vrp = Vg =20, - —% = 1.03-2(0.48) ~3.28 = -3.21V

()4

= Minimum capacitance occurs just prior to inversion and is the series
combination of the oxide capaci tance and the maximum depl etion capacitance:

0 I 15
= %45”0 L04x10_ {0 = 1.16 fF/cm?
d, maﬂ 0 2x107° D O29x10 O

Cpin = go’%

ox

= Maximum capacitanceis C,y, = 1.72 fF/cm?.
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