Serie 11 - Solution

Given constants

kT/q=259mV] @ T =300[K]

ni(S1) =1.5-10%[em™3] @ T =300[K]
q=1.60-10""[C]

o = 8.85- 1071 [F/cm]

€s; — 11.7 - €0

€5:0 = 3.9- €0

Exercise 01

You have access to the specifications of an industrial CMOS technology that
we want to consider for the design of an IC operating at T = 85[°C]. For
a long-channel NMOS transistor, we have: an off current Iof; = 1[nA/um|,
a threshold voltage Vi, = 0.5[V], a subthreshold slope SS = 70[mV/dec],
all at T = 25[°C]. The current I,s; is the current Ip at Vgs = 0[V] and
Vbs = Vpp, normalized by the channel width W. The subthreshold slope is

defined as SS = % = In(10) - kTT (1 + (,%) (in subthreshold, of course).

The following formula holds:

Vin

Ip(Vin) = Logy - 1055

Extract I,y at T = 85[°C]. Assume that the threshold voltage of your MOS-
FET changes with temperature according to d:l/%h = —4[mV/°C], over the range
of interest for your application. Hint: exploit the fact that the current I (Vi)

is defined constant, independently of V;j,.

Solution

We start by calculating the current Ip(V;,) at threshold by using the formula
above, since we know the I,;¢, Vi, and SS at T = 25 [°C':

Ip(Vin) = Loss - 105 ~13.9 [mA/um] (1)

We fix this current value as the current at threshold, independently of the
temperature, i.e. Ip(Vin assec)) = Ip(Vin assec)) =~ 13.9 [mA/um].

Now, we can retrieve I,z at T' = 85[°C] by using the same formula. We just
need to substitute V3, and S.S with their respective values at T' = 85 [°C].
Let’s calculate the threshold shift AV}, between 25 [°C] and 85 [°C]:

Wen np_ _4 [mV]

AVin = 5 °C]

.60 [°C] = —240 [mV] (2)



so that:
Vin assec] = Vin @2sec) — AVin = 260 [mV/] (3)

To calculate the SS at 85[°C], let’s convert the two temperatures to [K]:
Ty =25[°C] = (254+273) [K] =298 [K] , T» = 85[°C| = (85+273) [K| = 358 [K]
and apply the following proportionality, that comes from the definition of S.S:

358 [K
SSasss(r] = SSa208(K] - MH ~ 84 [mV/dec] (4)

We finally calculate Io5¢ at T = 85 [°C]:

Vin @ss[c]
SSags0Cc] —

Loty assiec) = Ip(Vin) - 10 = -

[m.

1
= 13.9 [mA/pm] - 10~ 5wv7aed x5 11.2 [uA/ pm]

which is 10* times higher than It @2s[oc]-

A schematic plot of what happens to the MOSFET transcharacteristic by in-
creasing the temperature is reported below. You can clearly see the two effects
calculated in this exercise: the threshold voltage shift and the subthreshold
slope increase, that result in an increase in the off current.

(I is the fixed value we called Ip(Vi))
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Exercise 02

Consider the output characteristic Ip(Vp) (reported below) of a long-channel
NMOS transistor, for the case where its body contact (B) is shorted with the
source (S) to ground (0[V]). The channel length is L = 1[wm] and the gate
oxide thickness is t,; = 10 [nm]. Answer the following questions:

e Assuming that the MOSFET has quasi-ideal long-channel transistor be-
havior, estimate its threshold voltage V.

e Estimate the electron mobility p,, of its inversion channel at low transverse
field. How does this value compare with the volume electron mobility?

e Estimate its transconductance g,, at Vgs = 3[V] and Vpg = 3[V] for
W = 10 [pm], under the same assumption of the first point. Comment
on the possibility of choosing the transconductance value by design and
compare it with the value of a bipolar transistor.

e Estimate the capacitance Cgg for the same Vgog, Vpgs and W. In satura-
tion: Cgs ~ 2WLCo,.
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Solution

We know that Vpgsar = Vas — Vi and we can easily estimate Vpgsar as a
function of Vgg from the plot:

Ves (V) 1 1.5 2 2.5
Vpssat (V) | 0.5 1 1.5 2 2.5




Therefore, Vip, = Vs — Vpssar = 0.5 [V].

We can estimate the electron mobility u, from the formula for the current Ip
in saturation (and strong inversion). We can neglect channel length modula-
tion since the MOSFET in this exercise behaves as a quasi-ideal long-channel
transistor. We write:

Ip 2L

I il
b W Coz(Vas — Vin)?

Cor(VGS - Wh)Q & Mn =

Let’s extract Ip/W in saturation as a function of Vgg from the plot:

Ipssa/W (UA/um) | 25 75 175 300 475
Vos V) 1 15 2 25 3

The oxide capacitance (SiOz) is:

Cow = %m = 3451077 [F/em?] (7)

ox

We are asked to find the electron mobility at low transversal field, thus we
will consider the saturation current for the lowest value of Vg = 1[V], ie.
Ip/W =25[uA/pwm] = 0.25[A/em]. Then, we can calculate:

NP
n = Coz(Vas — Vin)?

=579.7 [em®V~'s7!] (8)

This value is lower than the bulk electron mobility, which is in the order of
1000 — 1350 [em?V ~1s~!] in lightly doped Si at low field at 300 [K]. This
is due to the Si/SiO4 surface effects that carriers in the channel undergo, in
addition to the bulk scattering mechanisms.

Now we need to calculate the transconductance at Vgg = 3 [V] and Vpg = 3[V].
Since Vgs > Vi, and Vpg > Vigs—Vin, we are in strong inversion and saturation,
for which:

dlp

W
9m = 8VGS - ,Ufnc’oxf(VGS - %h) (9)

We know W = 10 [um]. The beta-factor § = unC’om% can be extracted from
the plot as follows:

w g Cenllas TV S G SR T T o)
=1.52-107° [4/V?]
Consequently:
W
Im = Mncowf(VGS - ‘/th) =3.8 [mS] (11>



In a MOSFET, the transconductance value can be tuned by adjusting the design
parameters W and L. We recall that the transconductance formula for the BJT
is:

_ Di, _ ql.
Gm = 8'UBE n kT

If we suppose the same current value I./W = 475 [uA/pm], as the one of this
MOSFET, the transconductance of the BJT at 300 [K] is ¢, = 183.4[mS],
which is almost 10? times higher than that of the MOSFET.

For the last point, we have to calculate the capacitance Cgg at the same oper-
ating point.

Explanation on MOSFET Cgs and Cgp capacitances

We report in the Figure below the behavior of the capacitances Cgg and Cgp
as a function of the gate voltage Vigg. As you can see, the two capacitances are
the sum of two contributions: 1) a fixed term Wz,,C,, given by the overlaps
between the source/drain and the gate terminal, that do not depend on the
operating region and are set by design; 2) a variable term given by the inversion
charge along the channel length, that indeed depends on the operating region.
This second term is negligible in weak inversion (Vgs < Vip,) for both Cgs and
Cgp. It is approximately equal to W%Com in strong inversion and triode for
both Cgs and Cgp, since the channel is almost uniformly charged. Instead,
it is negligible for Cop and around W%Cow for Cgg in strong inversion and
saturation. The difference between the two contributions in saturation is due to
the channel pinch-off: the inversion channel is present close to the source while
a depletion region is formed between the pinch-off point and the drain.

If we consider a long-channel transistor, the overlap between source/drain and
the gate will be x,, << L. Therefore we can approximate quite accurately the
source-gate capacitance in saturation as:

(12)

2L 2L
Cas =W (.Z‘OU + 3) Cop =~ W?Cox =23.10"" [F] (13)
Proof:
We assume the transistor has a long channel, so that z,, << L, and the con-
tribution due to the overlap between Source/Drain and Gate can be neglected.
At the onset of saturation (Vps = Vigs — Vi), the current is given by:

w

Ip = —pin
D 2L,U,

Coac(VGS - Vth)2 (14)
Assume an arbitrary point X along the channel which lays between x = 0
(Source) and & = L (Drain), where x = X. Consider the part of device between
Source and X as a MOSFET on its own. Vxg will be the potential difference
over its partial channel and Ix will be its current. This part of the channel will
be in linear operation as Vxgs < Vps = Vas — Vi, therefore its current will be:

w V;
Ix = Y,Uncox <VGS - Vin — ;(S) Vxs (15)



But in fact Ix and Ip are equal:

w W v
Ip=Ix & iﬂncoz(VGS —Vin)? = ~ Hn nCos (VGS — Vi — XS> Vxsg

2
- (Vas — Vin)? _ (Vas — Vi £5) Vxg
2L X
- (Vas — Vin)? _ 2(Vas — Vin)Vxs — Vig
L X
o (Vas — Vin)? _ (Vas —Vin)? — (Vas — Vin)? + 2(Vas — Vin)Vxs — Vig
L X
(Vas —Vin)?  (Vas — Vin)? — Vas — Vin — Vxs)?
= =
L X
X
& f(VGS —Vin)? = (Vas — Vin)? = —(Vas — Vin — Vxs)?
X
& (Vas — Vin)? (1 - L) = (Vas — Van — Vxs)?
X

& Vas—Vin—Vxs = Vas — Vin) 1_f

X
~ VXS:(VGS_‘/th) (1— 1—L>

(16)

The above equation gives the potential at any point inside the channel with
respect to its position, when the MOSFET is at the onset of saturation. The
inversion charge at each point X of the channel (where the potential is Vxg) is
given by:

X
Qi(z) = —WCor(Vas — Vin — Vxs) = —WCou(Vas — Vin)y/1 — T (17)

The total inversion charge is:

X
QI total — / Qz d.’t = / WCO;I;(VGS — Vvth)\/].—idib =
= -WCo:(Vas — Vin) / \/7

2L <1X>2] ~
3 L o
0

2
= _§WLCO:D(VGS — Vin)

(18)
=-WCo(Vas — Vin)

The charge at the gate will be equal and opposite in sign to the total inversion
charge at the channel:

2
Qa = —Qr,total = §WLCOI(VGS —Vin) (19)



So:
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Figure 1: Cgg and Cgp of a MOSFET as a function of the gate voltage Vigg.
Figure reported from the course ”Analog circuit design II” by Professor A.
Koukab, at EPFL.



