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Abstract

Extensive process and device simulations are performed to investigate the nonquasi-static transition frequency
(fnos) behaviour of the NMOSFETS at different technology nodes, 0.5 nm to 90 nm, having same off-state leakage
current (lorr). These studies are done with and without supply voltage scaling. fngs exhibits a turnaround in the
100 nm regime when we do the supply voltage scaling along with the transistor scaling. We attribute this effect to
the reduced gate overdrive (Ves-V;) and thereby to the degraded transconductance (gm). The unity gain frequency
(f;) also shows a similar trend. The turnaround effect of fngs and f; disappears when loge is allowed to go up or the
gate overdriveisincreased or both.
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1. Introduction

Scaling of CMOS technology not only promises gigabit integration, gigahertz clock rate,
and systems on a chip, but also arouses great expectations for CMOS RF circuits in giga-
hertz range [1]. Low-frequency MOSFET models are usually derived from dc analysis by
using the quasi-static (QS) approach, i.e. time-dependent behaviour is treated as a succes-
sion of steady-state solutions. But, at higher frequencies, the behaviour of MOSFETS can-
not be treated as a succession of steady-state solutions [2, 3]. This behaviour is called the
nonguasi-static (NQS) behaviour. NQS effects impose a frequency limit on the analog RF
circuits. Thisis not only due to decrease in amplification, but also due to phase shift effects
which may become significant even at lower frequencies [5, 6]. This is true even for the
high-speed switching activities in digital circuits [4]. The small-signal NQS behaviour has
already been investigated in several papers[7-12].

It is believed that fygs and f; are inversely proportional to L& [13-15]. Recently, NQS be-
haviour of long-channel transistors (10 to 1 nm) was analysed using device simulation [13],
and it has been shown that the NQS transition frequency scales as 1/LZ, under fixed Vps
and Vgs bias condition. Burghartz et al. [14] and Dambrine et al. [15], who show an f; of
100 GHz around 0.1 mm channel length, anticipate that f, would scale as 1/L&;, under fixed
bias condition. Some work has been done at the circuit level to investigate the submicron
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MOSFET performance (f;, etc.) for analog applications [16, 17]. We have recently shown
that the NQS behaviour is quite different in the deep sub-micron (DSM) regime [18].

In this paper, we have used process, device and mixed-mode simulation approach to in-
vestigate the fygs behaviour of the scaled submicron MOSFETs. NMOSFETSs with gate
lengths 0.5 mm to 90 nm have been studied with and without scaling the supply voltage.
The outline of the paper is as follows. In the next section, we discuss the scaling of fNQS
with the channel length. Section 3 describes the simulation setup used in this work and the
devices used in the simulation. The simulation results are given in Section 4, and in Section
5, we provide the conclusions.

2. Nonquasi-static frequency and scaling

When a small time varying ac signal (v,) is applied to a gate of a transistor which is kept in
strong inversion and saturation, the inversion charge takes some time to respond to the gate
signal, i.e. there is a phase difference (f) between the signal and the inversion charge re-
sponse. When the signal frequency increases, f also increases. According to the accuracy
requirement, f can be fixed, and the frequency corresponding to this f (5° in this paper) is
known as nonquasi-static frequency (fugs). fngs is given by [13],

fugs = amy (VGZS - Vi) 1)

2p Leff

where a, Lgi, My, Vas, and V, are respectively the fitting parameter, effective channel
length, mobility, gate bias, and threshold voltage of the transistor. The fitting parameter a
is technology dependent. According to (1), with scaling, fngs is directly proportional to
1/L&;, provided the other parameters are kept constant.

But, when the supply voltage is reduced to keep the field strength within the maximum
limit, for reliability consideration, then the scenario changes. This is because Vs is aso re-
duced when the supply voltage is reduced. Generally, Vgs is chosen to be 0.5 times of Vps
to get the maximum output swing. As V, is not scaled down at the same rate as that of sup-
ply voltage due to subthreshold conduction, the gate overdrive decreases with scaling which
plays a major role in determining fygs. Therefore, we can hypothesize that the scaling will
not always improve the device performance, especially in the DSM regime. This hypothesis
isverified in Section 4 through simulation studies.

For analog/RF applications, unity gain frequency (f;) is an important metric, and is de-
fined as the frequency at which the short-circuit small-signal current gain of a transistor
drops to unity, indicative of the speed of the intrinsic device. f, is given by

_ _9m
ft - 2pCGin (2)

where g,, is the transconductance and Cg;,, the total capacitance seen at the gate terminal.
Even though the Cg;,, scales as L2, if the value of Om degrades significantly due to the re-
duced gate overdrive, then we can expect f; to behave similar to fygs, and show a turn-
around effect.
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Tablel
Typical gate oxide thickness and gate voltages used
in the devices for realistic scaling condition

Gate length Gate oxide Halodose  VuoVgs

(mm) thickness (&)  (10*%cm?) (V)

0.5 100 6 5/2.5
0.35 70 7 3.3/1.65
0.25 50 11.28 2.5/1.25
0.18 36 17.45 1.8/0.9
0.12 24 55.5 1.2/0.6
0.09 18 61.25 0.9/0.45

3. Simulation methodology

All the simulations are done using ISE-TCAD simulator. The transistors are generated us-
ing a 2D process simulator, DIOS. We have used the disposable spacer technique to control
the short channel effect. The background doping of the substrate is 10'%/cm?. After the ini-
tial threshold voltage (V;) adjustment implantation, SSRC implantation was done. NMOS-
FETs with poly gate lengths of 0.5nm, 0.35nm, 0.25nm, 0.18 mm, 0.12 mm and 90 nm
have been studied. Appropriate gate oxide thickness is used at each gate length (Table I).
The boron halo with 30° tilt has been used through a screening oxide of 10 nm. The transis-
tors are designed such that Ioer is the constraint. Ioee is the drain current with Vps= Vpp
and Vgs = 0. To keep the | o constant halo dose and SSRC dose were changed.

From the output structure of the process simulator, suitable mesh for device ssimulation was
generated. DESSIS device simulator was used to extract the various device-related parameters.
The physics section of the DESSIS includes the appropriate models for band to band tunnel-
ing, quantization of inversion layer charge, doping dependency of mobility, effect of high and
normal electric fields on mobility, and velocity saturation. All the simulations are done at
the 2D level, i.e. the results discussed in the paper are for transistor width of 1 mm.

Figure 1 shows the simulation setup used in this work. A time-varying ac signal (vg) of
amplitude 0.01 V is superimposed on top of the gate dc voltage (Vgs). The inversion charge

-

FiG. 1. Simulation setup.
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FIG. 2. fugs Vs channel length for two cases, with and  FiG. 3. fygs Vs channel length for various off-state-
without supply voltage scaling, for two different Vgs. leakage currents (lorr).

in the channel (in NMOS it is electrons) consists of two parts, one is because of the dc bias
(N) and the other is due to the ac signal (n). N is constant once the bias is fixed. The time-
varying quantity, n, which is the difference between the total number of electrons in the
channel and the electrons due to dc bias, or equivalently the number of electrons responding
to the varying gate voltage, is used to find out fygs. In the first set of experiments, NMOS
devices with the | Of 10 pA are chosen. The Vgs and Vps are fixed to 1.5 and 3V, respecti-
vely, for al the devices. In the second set of experiments (using the same devices), the Vgs
and Vps for different devices are set as shown in Table | based on constant electric field
scaling. The same simulations are then repeated for devices with higher 1ogr.

4. Results and discussion

Figure 2 shows the variation of fygs vs channel length for two cases, with and without sup-
ply voltage scaling, for two different Vgs. When the supply voltage is not scaled down, with
device scaling, fygs increases monotonically, i.e. Lgs is dominating in egn (1) throughout all
the gate lengths. But, when the supply voltage is scaled down, with device scaling, fygs
shows a turnaround behaviour at 0.25 mm, i.e. the reduction in channel length below this
does not give any improvement in terms of fygs. As we go towards the DSM regime, the
gate overdrive is going down because the V; is not scaled at the same rate as that of supply
voltage to satisfy the leakage constraint, i.e. even though the reduction in L tries to in-
crease the fygs, the reduction in (Vgs—V;) starts dominating (refer egn (1)). This is responsi-
ble for the fygs turnaround-effect.

From Fig. 2, it can be observed that increasing Vgs shifts the turnaround point towards
the left or, in other words, it slowly disappears when Vgs is increased. Vs increases the gate
overdrive, hence the increases in fygs. The dependence of fygs On Vgs is stronger when the
supply voltage is scaled with device scaling.

Next we shall see the effect of 1o 0On the turnaround behaviour. Figure 3 shows the plot
of fnos vs channel length, for different 1. As V; trades off with the |orr, gate overdrive in-
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creases. When the lorr constraint is relaxed by reducing the doping, then the mobility may
also improve, which is an added advantage. It can be noticed from Fig. 3 that the turn-
around effect slowly disappears if the o constraint is relaxed. However, it is interesting to
note that the improvement in fygs comes at the expense of degradation in DIBL and output
resistance. Figure 4 shows the linear and saturation V; vs loge plots of the 90 nm device. It
can be noticed from Fig. 4 that the difference between linear and saturation V,, i.e. the
DIBL effect is slightly higher at higher leakages. The figure also shows the output resis-
tance (ro) Vs lorr, a Vps= Vgs= 0.45V. We observe that when e is varied from 100 pA
to 100 nA, ro reduces from 212 to 20 kW.

We have aso attempted to predict the fyos behaviour analytically. Equation (1) is modi-
fied to account for velocity saturation for Ly < 0.25 nm as below,
fuos = amy (\/an \A) _ 3)
2p Leff
In egn (3), m takes care of the velocity saturation effect. We have used m=1.867 for al the
devices. The other parameters, V; and my are extracted from the device behaviour. a is
technology-dependent fitting parameter. Figure 3 shows the fygs values predicted analyti-
cally (dashed line), at four different gate lengths, for al the leakage currents. The value of
a used is aso indicated. We notice that there is a reasonably good agreement between the
analytical values and the mixed mode simulation values.

Figure 5 shows the behaviour of f; with L, for the devices having logr = 10 pA. f; aso
shows a similar trend like fygs, i.€. increases monotonically with decreasing L, for the
case where the gate and drain bias voltages are 1.5 and 3 V, respectively, for al the devices.
But, when the supply voltages are scaled down as in Table I, along with the device scaling,
f, increases till 0.18 mm and then decreases. As per egn (2), f; is directly proportional to g,
which is once again related to gate overdrive and the reasoning can be done as in the case of
fnos behaviour.
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5. Conclusion

On one hand, scaling increases the fyos monotonically as 1/Lg;, provided the gate and drain
voltages are fixed. On the other hand, because of the supply voltage scaling, fygs turns
around at 100 nm regime. The f; also shows similar behaviour. The performance degrada-
tion after scaling is due to reduced gate overdrive. The turnaround effect of fygs and f; was
not seen when | or¢ is allowed to go up or the gate overdrive is increased.
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