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IMPACT OF THE NON-DEGENERATE GATE EFFECT ON THE
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ABSTRACT: In order to analyze implanted polysilicon-gate devices our simulator MINI-MOS has been extended to solve the basic semiconductor
equations also in the poly-gate area self- consistently. Heavy doping effects in the gate have been taken into account. The impact of the activated
impurity concentration in the gate near the oxide and the charge at the gate / oxide interface on the perfermance of deep submicron (thin oxide)

MOSFETs is studied by means of numerical simulation.

VPLIV NEDEGENERIRANE KRMILNE ELEKTRODENA
DELOVANJE SUBMIKRONSKIH MOS TRANZISTORJEV

KLJUCNE BESEDE: MOS tranzistor, numericna simulacija, implantirana krmilna elektroda, nedegenerirana krmilna elektroda

POVZETEK: MINI-MOS simulator smo razsirili na re§evanje osnovnih polprevodnih enadb v podro&ju same polisilicijeve krmilne elektrode s &imer
smo omogodili analizo tranzistorjev s krmilno elektrodo dopirano z implantacijo. Pri razéiritvi smo upostevali efekte mocénega dopiranja v krmilni
elektrodi. Znumeriéno simulacijo smo $tudirali vpliv aktiviranih dopantov v elektrodi blizu oksida in vpliv naboja na meji elektroda / oksid na delovanje

submikronskih MOSFET tranzistorjev s tankim krmilnim oksidom.

1. Introduction

fmplanted gate MOS-devices have become common in
submicron technologies. Usually, N-gates are used in
N-channel and P-gates in P-channel devices!"" > ¥, Due
to the segregation of phosphorus and arsenic at grain
boundaries in polysilicon™, the activation of the im-
purities in N-gates can be very low after annealing
{which depends on the technological Process e.g. type
ofimpurity, grain size, annealing cycle'®). In P-gates the
chemical concentration at 1 — 2 - 10'%m in polysilicon
for TaSiz/polysilicon gate structures has been reported
in®. Moreover, the temperature for the annealing of
P-gates gas to be limited (in order to avoid the boron
penetration'”. In spite of the absence of the boron
segregation at grain boundaries!¥, the final activated
impurity concentration in P-gates can be low, too.

A shift of the high-frequency C-V curve!" as well as the
degradation of (the inversion part of) the quasi-static C-V
curve®® has been experimentally observed in implan-
ted poly-gate devices. The latter effect suggests a re-

duction of the drain current of implanted gate devices in

comparison with their degenerate-gate counterparts.
Consequently, the driving capabilities of devices and the
speed of circuits are reduced. These experimental find-
ings have been related to a non-degenerate position of
the Fermi level in poly-gate and depletion in the poly-
gate due to the penetration of the electric field into the
gate. An additional severe effect in P-gates is boron
penetration'”). The implanted poly-gate can no longer be
assumed an aquipotential area, especially in modeling
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of thin oxide devices. An analytical model of thin oxide
devices, which accounts for the potential drop in poly-
gate, has been presented elsewherg!(® and s references)
In this paper, the numerical modeling of the poly-gate
effect is presented, and this enables us to account for
realistic doping profiles and 2D effects in submicron
devices.

2. Physical model

The simulator MINIMOS 5 has been extended to solve
self- consistently the basic semi-conductor equations
also in the poly- gate area (including fully non-planar
devices). Poisson’s eqution is solved in the total simu-
lation area (from y. until yg - Fig.1.).
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Figure 1:  Simulation area

For the continuity equations two approaches have been
implemented®. In the first one, both discretized conti-
nuity equations are solved in the poly-gate simulta-
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neously with the bulk area (from yg until ys - Fig.1.). This
approach is interesting for the transient simulation, how-
ever a proper modeling of mobility and generation-rec-
ombination phenomena in polysilicon (e.g. grain bound-
ary recombination) is necessary. We restrict ourselves
to steady-state condition in this paper. The poly-gate, is
then in thermodynamic equilibrium (net recombination
vanishes and leakage currents are negligible). Aunique
and constant Fermi level exists in the poly gate, which
enables the carrier concentrations to be calculated ana-
lytically as a function of the local potential . In such an
approach the discretization error of the continuity equa-
tion (specially at the non-planar gate/oxide interface -
Fig.1) is avoided. This approach permits that band gap
narrowing and Fermi-Dirac statistics can be implemen-
ted in a simpler way than in the first. A rigid-parabolic-
band model is assumed to hold at the doping concen-
trations of interest. It follows then
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where Ng, Ny are the effective density of states for
conduction and valence band, and 8k, 8Ev are the local
shift of the conduction and valence band due 1o band
gap narrowing. The index G denotes the quantities at
the gate/polysilcon contact {ys at Fig.1.). It holds
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where Egois the idealband gap, and 6Eg is the total band
gap narrowing. The quantities @i and v can be calcu-
lated by

Oro= UrFia ( Nga/ N ),

Dyr= UrFih ( Nga/ Ny)

for N-type and P-type gates, respectively. Ng is the
activated impurity concentration in the gate. The neutral
majority carrier concentration (which equals the acti-
vated impurity concentrarion) is assumed at the gate
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Figure 2: Potential, field, electron and hole distributions. N-gate / N-channel device: tox = 5nm, L = 0.25um, Ng = 1 0"%m

Ups=2V, Ugs =2V
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contact (usually silicide/polysilicon). The top gate poten-
tial with respect to the Fermi level in the source (bound-
ary condition) is given by

Yo=Pr—0Fcc+ Ugs+ (Eco— Eiv )

where Ugs is the terminal voltage and Eco, Eio denote
the conduction band edge and the intrinsic level in the
ideal silicon band. The previous equations account pro-
perly for a position dependent band gap narrowing, and
ensure that the potential W is continuous in the total
simulation area (from y. until ys - Fig.1). The Fermi
integral F12 and its inverse can be calculated both accur-
ately and eﬁrcrently by analytical approxrmatrons

The strong influence of the charge at the polysilicon
/oxide interface on the field penetration into the gate, and
therefore on the flat-band and threshold voltage, gas
been demonstrated by a 1-D analytical model in refer-
ence 8. There is not much information about the nature
of this charge in the literature. Since the polysilicon is
deposited over oxide, it is believed that the gate/oxide
interface is worse than the interface between thermally
grown oxide and bulk-silicon. A positive total interface
charge of order = 10"%cm has been obtained experi-
mentally in"". The acceptor type interface traps have
been speculated in?, and fixed charge, traps and
Fole layer gave been proposed for heavy doped gates
We have incorporated fixed oxide and interface
trapped charge (with both donor and acceptor nature) in
our simulations. The traps at the grain boundaries in the
polysilicon have not been taken into account in the
present model. If the doping is several times higher than
the equivalent volume trap density in polysilicon Nwol
(surface trap density at grain boundary/grain size), the
trapped charge is negligible compared to the space
sharge due to impurity ions. A value Ntyo ~ 10‘8cm has
been reported for small grain size polysilicon((14 and its
references) Note that no accurate experimental data are
avai!able about the grain size in gates within the first few
extrinsic Debye length {(max = 30nm) from the oxide.

3. Some results and discussion

The impact of the poly-gate depletion on the charac-
teristics of thin oxide submicron MOSFETs is discussed
next. Quarter-um planar devices are analyzed. The
devices have 5nm oxide thickness, threshold voltage
+0.25V, and are designed for room temperature oper-
ation. Multiple implanted source/drain profiles (Fig.1)
are reconstructed from the data in literature(®¢-(1:5.15:16)
For the P-gate device we assume that there is not boron
penetration. Fig. 2 shows the distribution of the potential,
field and electron and hole concentrations in the gate of
the N-channel/N- gate device. Dueto thinoxide, medium
jonized impurity concentration at the gate/oxide inter-
face (10"°cm™®) and high gate bias (2V), a remarkable
potential drop occurs in the gate. The gate-drive is
reduced about 20% at the source channel-end. Note that
for this device the inversion in the poly-gate takes place
(beginning at the source channel-end) at Ugs = 3.7V,
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leading to the recovery of the transconductance (ex-
perimental finding in@ ) The inversion in the poly-gate
produces a recovery of the qéuasistatic C-V curve, too
(obtamed experimentally in' and calculated analyti-
cally in{ )

The threshold voltage and the potential drop in poly-gate
at the threshold versus ionized impurity concentration
near the gate/oxide interface Ng are shown for the
P-gate/P-channel device in Fig.3. The charge at the
gate/oxide interface Qgo (here assumed as fixed) has a
strong influnce on the voltage drop in the poly-gate and
therefore on the threshold voltage. Assuming Qgo t0 be
a positive charge, the voltage drop in the gate is in-
creased for a P-gate/P-channel device, while in a N-
gate/N- channel device a positive Qgo has a screening
effect.
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Figure 3:  Threshold voltage of P-gate/P-channel device.

Parameter Qqo Is fixed charge density at gate /
oxide interface.

The fall-off of the drain current in the saturation region
with Ng as parameter is shown in Fig.4. For common
values Qgo has a minor influence, and Ng is the main
parameter in determination of the drain current degra-
dation. In order to suppress totally the reduction of the
gate drive, the activated impurity concentration near the
gate/oxide interface must be at least 4 - 10'° cm’ Sforthe
anhalyzed 5nm-oxide devices.

The relative ratio of the effective and the terminal gate-
source voltage is given roughly by (assuming solely
depletion in the gate)

2
1+ V1 + 2e2xUss/ (6 € pgtoxNg )

where eox anll epg are the permittivities in oxide and
polysilicon- gate, respectively. Applying different scaling
rules on tox and Ugs the poly-gate effect becomes more
or less severe by miniaturization. E.g., for the device at
Fig.4 the reduction of the current at the gate and drain
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Figure 4:  Transfer characteristics in the saturation for
P-gate/P- channel device. The absolute values
are shown.

supply voltage of - 2V is 20% at Ng = 10"%cm™®, while for
asimulated 10nm-oxide (0.5um) device the correspond-
ing reduction was 12% at -5V. Note that the recent
development shows a tendency to reduce the oxide
thickness under the established 5nm limit, but to keep
the supply voltage high: a 3.5nm-oxide subquaner-um
CMOS technology with 2V supply has recently been
presented in'*® (compared to 5nm-oxide quarter-um
device with 1V supply discussed in!'®).
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