
A surface-potential-based cylindrical surrounding-gate MOSFET model
Shuhei Amakawa, Kazuo Nakazato† and Hiroshi Mizuta†

Microelectronics Research Centre, Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom
Phone: +44-1223-337491, FAX: +44-1223-337706, e-mail: sa264@cam.ac.uk

†Hitachi Cambridge Laboratory, Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

Conclusion: A surface-potential-based model1,2 is de-
veloped for the cylindrical surrounding-gate MOSFET
(Fig. 1), of which the (non-differential) equation for the
surface potential had not been known because of the cylin-
drical structure. Unlike other surrounding-gate MOSFET
models, this model includes both drift and diffusion cur-
rents,3,4 and also there is no inherent distinction between
saturation and non-saturation.3–5 Its accuracy is demon-
strated by comparison with device simulation without ar-
bitrary fitting. The model could potentially be useful as
a basis for developing compact models, just as the planer
single-gate counterpart1 has formed the theoretical foun-
dations for the development of compact planar MOSFET
models.6–8

Details: We formulate the model for a uniformly doped
nMOS device assuming nondegeneracy using the gradual
channel approximation. The gate oxide capacitance per
unit length is given byCox = 2πεox/ ln(1 + tox/a). The
semiconductor chargeQs per unit length is

Qs(z) = −Cox[VGS − Vfb − ψs(z)], (1)

whereVGS is the gate voltage (source grounded),Vfb is the
flat-band gate voltage, andψs(z) ≡ ψ(a, z) is the surface
potential. The semiconductor charge consists of mobile
charge (electrons) and immobile charge (acceptor ions):
Qs = Qmo +Qim. If we use the depletion approximation,
Qim = −πqN−

A d(2a−d), whereN−
A is the ionised accep-

tor density, andd is the surface depletion depth. Note that
the expression ofd for the planar MOSFET [Eq. (4) of Jang
and Liu5] cannot be used for the cylindrical MOSFET.9 We
hereafter assume that the channel is fully depleted of ma-
jority carriers (holes), leading toQim ' −πa2qN−

A .
The drain currentID(z) is proportional toQmo(z) and

the gradient of the electron quasi-Fermi potentialVn(z):
ID(z) = −µnQmo(z)∂Vn

∂z (z), whereµn is the electron mo-
bility, and ∂Vn

∂r = 0 is assumed (charge-sheet approxima-
tion). This equation includes both drift and diffusion cur-
rents. In a steady state, the electron density is given by
n(r, z) = nieβ[ψ(r,z)−Vn(z)], whereni is the intrinsic car-
rier density,β−1 = kBT/q is the thermal voltage, andVn

is the electron quasi-Fermi potential. After some algebraic
manipulation,ID can be written as

ID =
µeffCox

L

[
VGS − Vfb − πa2qN−

A

Cox
+

1
β

− 1
2

(ψsL + ψs0)
]

(ψsL − ψs0) , (2)

whereµeff is the effective mobility,6 andψsL ≡ ψs(L) and
ψs0 ≡ ψs(0).

The surface potentialsψs0 andψsL are needed to use
Eq. (2). We therefore derive an equation for the surface po-
tential. The Poisson equation for the fully depleted channel
is, within the gradual channel approximation,

1
r

∂

∂r

(
r
∂ψ

∂r

)
=
qN−

A

εs

[
1 + eβ(ψ−2φF−Vnp)

]
, (3)

whereφF ' β−1 ln(N−
A /ni) andVnp = Vn − Vp is the

difference between quasi-Fermi potentials (Fig. 2). The
boundary conditions for Eq. (3) are, at the centre by sym-
metry ∂ψ

∂r (0, z) = 0, and at the surface by Gauss’ law
−2πaεox ∂ψ∂r (a+ 0, z) = Qs(z). Upon integration, we get

r′
∂ψ

∂r
(r′, z) =

qN−
A

εs

[
r′2

2
+

∫ r′

0

eβ(ψ−2φF−Vnp)r dr

]
. (4)

In deriving Eq. (4), we did not make the charge-sheet as-
sumption, and therefore the electric flux should be continu-
ous at the interface between the channel and the gate oxide
(if there is no interface trapped charge):εoxEr(a+ 0, z)−
εsEr(a − 0, z) = 0, whereEr(r, z) = −∂ψ

∂r (r, z). Then,
from the second boundary condition,

Qs(z) = 2πaεsEr(a− 0, z). (5)

In order to perform the integral in Eq. (4), we use a
charge-sheet model. In the charge-sheet model, mobile
chargeQmo(z) is localised to the surface, and the electric
flux is discontinuous there. Note, however, thatψ(r, z) is
still continuous atr = a. The Poisson equation becomes

1
r

∂

∂r

(
r
∂ψ

∂r

)
=
qN−

A

εs
− Qmo(z)

2πaεs
δ(r − a). (6)

By integrating Eq. (6) twice, we obtain

ψ(r, z) = ψs(z)− qN−
A

4εs

(
a2 − r2

)
(0 ≤ r < a). (7)

The use of Eq. (7) enables us to integrate the second term of
Eq. (4). By combining the resultant equation with Eqs. (1)
and (5), we get

Cox[VGS − Vfb − ψs] = πa2qN−
A

+ exp
[
β

(
ψs − a2qN−

A

4εs
− 2φF − Vnp

)]

×4πεs
β

[
exp

(
βa2qN−

A

4εs

)
− 1

]
. (8)

Now we have the expression of the drain current [Eq. (2)] in
terms of surface potentials and an equation forψs [Eq. (8)].
It is, however, not entirely clear from the above derivation
whether the model will be of use with reasonable accuracy.

We now compare theI-V characteristics calculated from
Eqs. (2) and (8) with results of device simulation. Such a
comparison has to be made with care to be scientifically
meaningful. We use a constant mobility both in the device
simulation and in the model. We do so in order to avoid the
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(ab)use of mobility models as ‘fitting functions’ to obscure
possible deficiencies in the basic model.

Figure 3 shows the comparison ofID-VGS characteris-
tics in log scale. The agreement is very good from sub-
threshold to above-threshold over ten orders of magnitude.
The same result is shown in linear scale in Fig. 4 together
with the relative difference betweenID from the model
and from the device simulation. Figure 5 showsID-VDS

characteristics with relative differences inID. Overall, the
agreement is remarkably good. Given the fact that we
did not make arbitrary parameter adjustments, the observed
differences inID are well within an expected margin. Bet-
ter agreement can of course be obtained by more aggressive
fitting.
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FIG. 1. A cylindrical surrounding-gate MOSFET.
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FIG. 2. Energy diagram of the customary
constant quasi-Fermi level approximation for holes.ζp = −qVp

andζn = −qVn are the hole and electron quasi-Fermi levels, re-
spectively.ζn(L)− ζn(0) = −qVDS is nearly satisfied atz = L,
where the gradual channel approximation breaks down.
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FIG. 3. Comparison ofID-VGS characteristics. The param-
eters used areNA = N−

A = 1 × 1016 cm−3, a = 50 nm,
tox = 10 nm, µn = µeff = 1 × 103 cm2/(V · s), T = 300 K,
and L = 5µm. The gate material is p-type polysilicon, and
Vfb = 0.18 V. No arbitrary fitting is performed.
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FIG. 4. ID-VGS characteristics (left axis) and relative differ-
ence betweenID from the model and the device simulation (right
axis).
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FIG. 5. ID-VDS characteristics (left axis) and relative differ-
ences betweenID from the model and the device simulation (right
axis). Solid lines:ID from the model. Open symbols:ID from
the device simulation. Filled symbols: Relative differences inID.

- 639 -




