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Gate Length Dependent Polysilicon Depletion Effects
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Abstract—Degradation of MOS gate capacitance in the inver-
sion region becomes wor se as the gate length is scaled down, ac-
cording to a new experiment. Namely, polysilicon depletion effect
has gate length dependence. The origin of this gate length-depen-
dent polydepletion effect has been modeled and verified by using
device simulation. As a result, the gradient of dopant distribution
resulting from ion implant is shown to be an additional potential
drop in the polygate. In addition, the enlarged depletion width at
the gate sidewall can wor sen the polydepletion effect for very-small
MOSFETSs.

I ndex Terms—Gate capacitance, gatelength effect, impurity dis-
tribution effect, MOSFET, polydepletion, polysilicon depletion ef-
fect.

I. INTRODUCTION

N THE dua n*-p* gate CMOS process in which the gates

are doped by ion implantation, concerns arise when the
polysilicon gate is not doped heavily enough. This so-called
polysilicon depletion effect reduces inversion charge density
and transconductance, especially for very-thin oxide MOS
devices[1]. Nonuniform, graded doping profilesin the polygate
are inevitable due to the implant and constrained annealing
conditionsto avoid impurity penetration through the gate oxide,
while maintaining the required source/drain junction depths
[2].

Fig. 1 shows experimentally measured inversion gate capac-
itance (C;,,.,) relative to accumulation gate capacitance (C,..)
for p-channel MOSFET with various gate lengths. Ci,,., /Clce
for each gate length has been corrected by considering the gate
overlap capacitance (C,.,): (Ciny — Cou)(Coce — Cor)- AlSO,
portion of potential drop (V},) in polygaterel ativeto the gate bias
(Va—Vs) can be extracted. It should be noted that the portion of
the inversion capacitance decreases as the gate length is scaled
from 0.4 um down to 0.12 pzm. In other words, the potential
drop (V) increases as the gate length is scaled down, implying
that device performance deterioration by the polydepletion ef-
fect will be more significant as devices continue to scaled down.

II. GRADED IMPURITY DISTRIBUTION EFFECTS

The potentia drop in the presence of nonuniform dopant dis-
tribution is shown in Fig. 2. When the gate is doped by ion im-
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Fig. 1. Experimentally measured C.,,/C,.. and V,/Vgs for PMOS,
corrected for gate overlap capacitance (C,.) [i-€., (Cine — Cou (Cace — Cov)l,
showing severe polydepletion effects in scaled devices. C,.. and C;,,, are
chosenat Vs = 2.0 and — 1.0V, respectively, from measured CV.
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Fig. 2. Nonuniform, graded impurity distribution and corresponding band
diagram, showing built-in electric field (E,.) and potential drop (AV/,1) inthe
polygate.
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Fig. 3. Gatelength effect on polydepletion, effective depletion width iswider
for shorter gate, leading to an additional potential drop, AV,,..
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Fig. 4. Impact of nonuniform dopant distribution on polydepletion effects
(AVp1). (@) Comparison of nonuniform (*A”) and uniform (“B”) dopant
distributions (b) potential drops between uniform and nonuniform profiles.

plantation, the dopant distribution asafunction of position from
the top down to the gate oxide direction can be represented as
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Fig. 5. Gate length-dependent polydepletion effect; depletion width (X ;) of L,
gate sidewall (AV,2), Vys =20 V.

in Fig. 2(a). Since the dopant density and carrier concentration
vary with position, abuilt-in electric field exists between z1 and
x2, leading to built-in depletion, as shown in Fig. 2(b). Under
thermal equilibrium there is no current flow; the built-in field,
E .., in an n-type polygate can be expressed as [3]

KT 1 dNg KT dNg

do = — 1
R S
where ¢ is the potential and N, is the doping concentration in
the position. A potential drop (AV,) is established at the inter-
face due to the graded dopant distribution between z; and z-
which can be approximated as

K~ Ng a1
AV, = ot — un = = In 2L
pl (/)1 (/)2 q Nd7m2

@
When Ny changes from 10?° to 10'® cm~3, the potential drop
isabout 0.12 V estimated from (1) even with no gate bias, which
is on the order of the threshold voltage for sub-100 nm MOS-
FETs. Thisadditional potential drop across the polysilicon gate
(AV,1) should be added to the voltage drop based on the uni-
form dopant concentration (V},).

IIl. GATE LENGTH EFFECTS

Polysilicon depletion effects depending on the gate length are
shown in Fig. 3; additional depletion effects at the gate side-
wallsdueto thefringing gatefields, result in additional potential
drops. Similar to that of the narrow-width effect, the portion of
the additional charge (AQ) in total charge (@) becomes higher
as the gate length is scaled down, resulting in wider depletion
widths and additional potential drops for shorter gate lengths
(i.e., Ls). Let “A” denote the triangular area of the additional
charge AQ, then the additional potential drop (AV,.) due to
the sidewall depletion is approximated as [4]

. A0 _ 2aNeA
T o, T Loy

% AQ ~ qu% (C/em?) AV, ©)
where L isthe gate length and C,; isthe depletion capacitancein
the polysilicon gate. This implies that potential drop increases
ininverse proportion to the L and AV,,» should be also added to
V,, to reflect further polydepletion for very short gate lengths.
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Fig. 6. Simulated gate capacitance of p-channel MOS for various gate
lengths (t,.. = 20 nmand t,.;, = 0.12 2m); (a) normalized gate capacitance
corrected for gate overlap capacitance; (C, — Cou)(Clce,max — Cow) fOr
L, = 250, 100, 50, and 25 nm, inset is the vertical dopant profile used in
the simulation. (b) Ratio of maximum inversion capacitance (C'ino, max) tO
maximum accumulation capacitance (C's e, max)-

IV. SIMULATION AND ANALYSIS

Comparison of potential drops (V,) has been made for
nonuniform (A) and uniform doping (B) cases, as represented
in Fig. 4(a). V,, values calculated by using a two-dimensional
device simulator, MEDICI [5], are shown in Fig. 4(b). It is
instructive to note that V), for case B is less than that of A, in
spite of its lower average doping concentration, which can be
attributed to the graded impurity distribution effects, reflected
by AV, discussed previoudly.

Regarding the gate length dependence, device simulation re-
sults show that the depletion width of L, = 35 nm is wider
than that of L, = 100 nm, resulting in ~0.1V larger V;, (i.e.,
Vys = 2.0V) duetothe AV, effect, asshowninFig. 5. Thisef-
fect becomes more serious when the gate dopant is Boron (i.e.,
p-channel MOS). Boron atoms in the gate have a tendency to
diffuse toward adjacent oxides. This results in laterally more
convex dopant profile along the gate, which further widens de-
pletion widths in the gate sides.

Simulated gate capacitances of p-channel MOS capacitors
show that a nonuniform gate dopant profile with the peak con-
centration of ~4 x 10* cm~2 and the minimum concentra-
tion near the bottom of ~1.5 x 10'® cm~2 produces significant
Cine reductions, as shown in Fig. 6(a). In order to eliminate
short-channel effects source/drain region has not been made in
the PMOS structure.
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The normalized gate capacitance corrected for overlap
Capadtance (CO’U)! (Cg - CO’U)/(CGCC, max Cov)y decreases
with the gate length from L, = 250 nm down to 25 nm. Asa
result, as shown in Fig. 6(b), the portion of simulated maximum
inversion capacitance relative to accumulation capacitance,
Crmax, inv/ Cmax, ace, SHOWS trends consistent with experiments
previously shown in Fig. 1.

V. CONCLUSIONS

Impact of the nonuniform dopant distribution (AV;1) and
the short gate length (AV}2) on the polydepletion effects has
been modeled and verified. The reduced gate capacitance in the
inversion region for short gate lengths can be attributed to the
additional depletion at the gate sidewall dueto the fringing gate
fields. This additional potential drop in short gate lengths can
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worsen the polydepletion effects especially for nonuniformly
doped, sub-100 nm poly gate devices. Achieving less steep
dopant gradients can be a potentia solution to overcome this
problem.
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