6.5. Exact MOSanalysis

6.5.1. Introduction

An exact andytic solution can be obtained for the MOS capacitance as long as surface eectron
concentration is not degenerate. Poisson's equation can then be solved yielding first the eectric
field as a function of the potentid in the semiconductor. A solution for the eectric fidd and/or
the potentid as a function of the podtion cannot be obtained andyticdly. This requires a
numeric integration. Combining the dectrical fidd and the surface potentid yiedds the gate
voltage, since the fidd in the semiconductor and that in the oxide are rdlated by ther respective
dielectric congtants. The same approach dso yieds a good gpproximation for the charge in the
depletion layer, the inverson layer or the accumulation layer. The derivative of the charge with
the applied voltage equas the capacitance of the MOS dructure. The caculation of the low
frequency or quas-ddic capacitance is reldive draight forward, while the cdculaion of the
high-frequency capacitance requires an additiona numeric integration. A detalled derivetion of
the items mentioned above as wdl as the deep depletion cepacitance and an approximate
expression for the high-frequency capacitance can be found in the full derivation.

6.5.2. Electric field versus surface potential

The solution for the dectric fidd is obtained by solving Poisson's equation while including the
charge due to dectrons, holes and the ionized donors and acceptors. This solution provides the
relation between the dectric fidd at the surface of the semiconductor and the surface potentidl.
The absolute vdue of the fidd is shown in the figure beow. This figure was obtaned for a

substrate with an acceptor concentration, N = 10" cmi®, and an oxide thickness, to, = 20 nm.
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Figure6.5.1 Electric fidd a the surface of the semiconductor as a function of the potentid
across the semiconductor. Shown is the dectric fidd (solid line) and the fiedd due
to the inverson layer charge only (black dotted line) The red vertica line
indicates the threshold voltage. Na = 10" cmi® and tox = 20 nm.

When agpplying a pogtive potentid (which can be done by applying a postive gate voltage) the
aurface of the dlicon is first depleted. This causes an eectric fidd, which varies as the square



root of the surface potentid. At higher postive potentid the surface inverts which results in a
sharp rise of the dectric fidd snce the inverson layer charge increases exponentidly with the
surface potentid. The verticd dotted line on the figure indicates the threshold voltage or the
onset of strong inverson. The other dotted line represents the fraction of the surface field, which
is due to the dectrons in the inversgon layer. It is cdculated from the ratio of the inverson layer
charge and the didectric congtant of the semiconductor.

When gpplying a negative surface potentid, the holes accumulate at the surface, yidding an
exponentid rise of the dectric field with decreasing potentid.

An MOS dructure with a ntype subdtrate can dso be andyzed by entering a negative doping
dengity.

6.5.3. Chargein theinversion layer

The totd charge in the inverson layer can dso be cdculated with this method. It is obtained by
subtracting the charge in the depletion layer from the tota charge for the same surface potentid.
The detals can be found in the full derivation. The gate voltage is obtained by adding the flat
band voltage, the surface potentid and the voltage across the oxide. The resulting charge density
is plotted versus the gate voltage in the figure below. This figure was caculated for an oxide
thickness of 20 nm. The doping density isalso 10" cm® as before,

1.E-07
0E+00 |
1E-07 ¢
2E-07 T
3E-07 F
4E-07 T
SE-07 T
-6 E-07 e

6 4 2 0 2 4 6

Gate Voltage (V)

Charge Density (C/cm2)

Figure6.5.2 Charge densty due to dectrons in the inverson layer of an MOS capacitor.
Compared are the anaytic solution (solid line) and our basic assumption (dotted
ling). Na = 10'" cmi® and tox = 20 nm.

The dotted line on the figure represents the standard approximation for the inverson layer
charge: it implies that the charge is amply proportiond to the gate oxide capacitance and the
gate voltage minus the threshold voltage. For voltages below the threshold voltage, there is no
inverson layer and therefore no inverson layer charge. While not exact, the <tandard
approximation is very good.



6.5.4. Low frequency capacitance

The low frequency or quas-datic cagpacitance can be obtained by taking the derivative of the
charge in the semiconductor with respect to the potentid across the semiconductor. Since this
derivative represents the change between two therma equilibrium Stuations, this cgpacitance is
aso to be measured while maintaining equilibrium conditions a al times. The low frequency or
qQuas-datic measurement is typicdly obtained by measuring the current with a sendtive
electrometer while varying the applied gate voltage.

The expected behavior of such measurement is shown in the figure below: The capacitance is
close to the oxide capacitance except for a gate voltage between the flat band voltage and the
threshold voltage, as charge is then added deeper into the semiconductor a the edge of the
depletion layer, rather than a the oxide-slicon interface. This results in the characteridic dip in
the capacitance curve.
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Figure6.5.3 Low frequency capacitance of an MOS capacitor. Shown is the exact solution for
the low frequency capacitance (solid line) and the low and high frequency
capacitance obtained with the smple mode (dotted lines). The red sguare
indicates the flatband voltage and capaecitance, while the green square indicates
the threshold voltage and capacitance. Na = 10" cmi® and tox = 20 nm.

This figure was cdculated usng an oxide thickness of 20 nm and an acceptor concentration of
10" cm®. The dotted lines indicate the high- and low-frequency capacitance as obtained using
the full depletion approximation. It is clear from the figure that the approximation is rather crude
when it comes to describing the full behavior, but it is sufficient to extract the oxide thickness
and substrate doping concentration from a measured curve.



6.5.5. Derivation of the exact solution

We now derive the exact solution of the MOS capecitor. Whereas mogt of the derivation is
goplicable for n-type and p-type substrates, the equations are written in a form, which is more
convenient for p-type substrates, but can be rewritten for n-type substrates.

Thetota charge dengty, r, in the ssmiconductor is given by:

r =q(p+NJ - n- N3) (6:5.1)

Under therma equilibrium, the hole and eectron dendties p and n, can be expressed as a
function of the potentid, f , and areference potentid, f .
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far awvay from the oxide-semiconductor interface, the charge dendty is zero and we define the
potentid, f , to be zero there dso, so that
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Poisson's equation then takes the following form:
d% _ 2qn (6.5.5)
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multiplying both sdes of the equation with 2 df /dx and integrating while replacing -df /dx by the
dectric fidd E, one obtains:

(6.5.6)
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the congtant K can be determined from the boundary condition at x = ¥ wheref = E =0yidding
6.5.7
cosh( ( )
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The dectric fied has the same sgn as the potentia as described with the sign function.

The relation between the field and the potentid at the surface under thermd equillibrium is then:
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The gate voltage can be expressed as a function of the flatband voltage, the voltage across the
oxide and the potentia across the semiconductor:
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6.5.5.1.L ow frequency capacitance
The low frequency capacitance of the MOS structure per unit area can then be calculated from:
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This reault is often referred to as the low frequency capacitance of a MOS capacitor since we
caculated the change in charge between two equilibrium Stuations. The result can be interpreted
as a series connection of the oxide capacitance and the low frequency capacitance of the
semiconductor Cgr. By darting from a series of vaues for f s one can use the above equations

to firs cdculate the dectric fidd, the gate voltage and the capacitance. This enables to plot the
low frequency capacitance as afunction of the gate voltage as shown in Figure 6.5.4.
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Figure6.5.4 Capacitance versus voltage for a MOS structure with Na = 10" cm® and toy =
0.1 mm. The curves from top to bottom are The low frequency capacitance, the
agoproximate high frequency capacitance, the exact high frequency capacitance
and the capacitance under deep depletion conditions. The dotted line indicates
Cnin, the capacitance a the onset of drong inverson cdculated using the full
depletion gpproximation.

Under flat-band conditions, where 0 = |f ¢ < V4, the capacitance reduces to
B 1 (6.5.13)
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where Lp isthe extringc Debye length in the semiconductor with doping |Na - Ngl:
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6.5.5.2.Deep depletion capacitance

If the gate voltage is changed faster than electrons can be generated at the oxide-semiconductor
interface to obtain the equilibrium densty, no inverson layer is generated. In this case the gate
voltage will cae the depletion layer in the semiconductor to exceed the maximum depletion
layer width as defined a the onsat of drong inverson. A typicd measurement gtarts from an



equilibrium gtuation where no inverson layer is present and the gate voltage is swept rapidly
while creating a depletion layer in the semiconductor. The capacitance is measured as the change
in charge flowing into the dructure for a given voltage change. For a p-type subdrate, this
Stuation can be modded by diminating the charge term due to dectrons in Poisson's equation:
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Using the same procedure as above the relation between surface fiedld and surface potentid can
be found:
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and the capacitance of the semiconductor becomes:

(6.5.17)
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and the corresponding gate voltageis:
(6.5.18)
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Using a smilar procedure as for the low frequency capacitance we can dso plot the capacitance
under deep depletion conditions.

6.5.5.3.High frequency capacitance

The high frequency capacitance of an MOS capacitor is measured by goplying a smdl ac voltage
in addition to the DC gate voltage. The capacitance is defined as the ratio of the out-of-phase
component of the ac current divided by the amplitude of the ac voltage times the radid
frequency. An approximate expresson can be obtained by ignoring the change in charge in the
inverson layer yieding the expresson for the capacitance under deep depletion conditions.
However snce the gate voltage is changed dowly while measuring the cgpacitance versus
voltage, the gate voltage is cdculated from the surface potentid including the charge in the
inverson layer under therma equilibrium. The capacitance is then given by:

(6.5.19)
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with the dectric fidd, Es g9, Obtained under deep depletion conditions (6.5.16).

This is the same expression as for the capacitance under degp depletion conditions. However, the
corresponding gate voltage is different, namely:

(6.5.20)
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where the dectric field, Es o, iSthe thermd equilibrium field

The corresponding capacitance is dso included in Fgure 6.5.4 together with the expected
minimum cgpacitance based on the full depletion approximation corrected for the thermd

voltage:
1 _ 1 2 +V) (6.5.21)
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It should be dressed that this is only an approximate solution. The redigtribution of the inverson
layer charge with gpplied gate voltage is ignored in the gpproximate solution even though it does
affect the depletion layer width and with it the cgpacitance. This gpproximation therefore
introduces an error which was found to be less than 6% a the onset of strong inverson and
which increases dmogt linearly with increasing surface potentid.

The exact expression for the high frequency capacitance! usedin Figure 6.5.4 is
_ ansign(f ;) (65.22)
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Where D for a p-type substrate is:
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The expresson with D= 0 for adl possble suface potentids equas the low frequency
capacitance. Thefunction F isrdated to the equilibrium dectric fidd by:
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and the normdized parameters U, Us and U are defined as.
u=f /Vt, Us= f g/Vt,UF =f F/Vt (6526)

Where the gate voltage is il given by:

1A derivation of this expression can be found in "MOS (Metal Oxide Semiconductor) Physics and Technology”, E.
H. Nicollian and J. R. Brews, Wiley and Sons, 1982, p 157.
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and the dectric fidd, Es o, isthe thermd equilibrium field at the surface.

As illugrated with Fig.A6.2, the high frequency capacitance a the onset of strong inverson
(f <=2f p) and beyond is found to be dmost constant. Assuming f g >> V¢ onefinds

N e 40N e f (6.5.28)
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this result could dso be obtained by cdculating the depletion region width in the semiconductor
assuming the maximum potentid a the surface to be 2f¢ and udng the full depletion
gpproximation. The low frequency capacitance at f s = 2f ¢, assuming f £ >> V; isthen:

f2 N 40N e f (6.5.29)
Cs,u: = %,fOFVG-VFB :2fF +@
F

C

006

a0 yidding the following rdation between both:

Coir =~/8C, e, forf =2 (6.5.30)



