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Abstract

The influence of the gate-oxide thickness, the substrate dope,
and the gate bias on the input-referred spectral 1/f noise den-
sity Svgi has been experimentally investigated. It is shown
that the dependence on the oxide thickness and the gate bias
.can be described by the model of Hung, and that Sv,,. can be
predicted for future technologies. Discrepancies with the
ITRS roadmap are discussed.

Introduction

Low-frequency (or 1/f) noise is very important for analog and
RF applications in advanced CMOS technologies. Know-
ledge about the impact of process scaling on 1/f noise is
therefore desirable. In Fig. 1 the 1997 NTRS roadmap and
the 1999 ITRS roadmap data for the input-referred spectral
noise density Svy,. is plotted versus technology generation.
Large differences in Sv,,. are observed. It is not clear how
process scaling affects 1/f noise. Although different tech-
nologies have been compared [5], a systematic study of the
impact of individual process scaling parameters on 1/f noise
has never been reported. In this paper such a study is pre-
sented for the first time, both for NMOS and PMOS devices.
The most important parameters acting on the 1/f noise, i.e.
the gate-oxide thickness tox and the substrate doping N,, were
varied independently. The model of Hung [6] is used to inter-
pret the data and to predict trends in Svg,. with technology
scaling according to the ITRS roadmap.

Device fabrication and characterization

NMOS and PMOS transistors (with WxL=10x4 pm?, where
W and L are the transistor width and length, respectively)
were manufactured with physical t, of 2, 3.6, 5, 7.5, 10 and
20 nm, and N, variants of 5-10' cm™ and 510" cm™. From
every variant, 3 to 4 nominally identical samples (with mini-
mal DC parameter variation) were selected for 1/f noise
measurements. Noise measurements were all performed in
saturation and as a function of the effective gate bias Vy,
(=Vg-V, where V, is the threshold voltage). They were car-
ried out with a BTA 9812A standard noise probe. Fig. 2
shows typical drain current noise spectra. We present all our
further measurements in terms of Sv,,, which is defined as:
Svga.eES[/(gm)z, with g, the transconductance. Average Sv,g.
values at 100 Hz and standard deviations based on sample-to-
sample spread were determined.
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Figure 1: The 1997 NTRS (1] roadmap and the 1999 ITRS road-
map [2] for the 1/f noise spectral density Svg. of a RF transistor.
Note that Svg, is normalized to an active device area of 1 pm’
and that Svgaecc(W-L)" [3,4]. The 1997 roadmap does not men-
tion the transistor type explicitly. The 1999 roadmap assumes a
bipolar device through 110 nm and a MOS device for later gen-
erations. The effective gate bias V;, however, is not mentioned.
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Figure 2: Drain current noise spectral density S; versus frequency
for 4 PMOS samples with identical thickness t,,, dope concentra-
tion N, and identical bias conditions. The sample to sample
spread is at most a factor of 2, consistent with literature [4].
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Figure 3: Interface state density Ny measured by means of
charge pumping as a function of the gate-oxide thickness t,, for
NMOS and PMOS transistors at two different substrate dope

The number of interface states N;, measured by charge
pumping, is depicted in Fig. 3. For fixed N,, the variation in
N;, with t,, is limited, both for N- and PMOS. This indicates
similar oxide trap density near the interface for the different
gate-oxides [7].

Experimental observations

In Fig. 4, Svg. is plotted versus t,, for NMOS devices, for
two values of N, and V. Data points show a power depend-
. ence on t,, and the powers p are indicated. In Fig. 5 the same
is done for PMOS devices. In Fig. 6 the values for p are
plotted versus Vy;, both for N- and PMOS. According to Figs.
4 and 5, Sv,,. decreases with decreasing t,,. Fig. 6 shows that
Svgae of NMOS depends stronger on tox than that of PMOS.
In Figs. 7(a-d) Sv,a. is plotted versus V. For large tox, SVgae
of PMOS shows a stronger dependence on Vy than Sv,, of
NMOS. For small t,, both NMOS and PMOS show a strong
V. dependence. The substrate dope concentration N, affects
Svgae as well. With a 10x increase of Na, Svgq enlarges with
a factor 3+1.5 (dependent on t,, and V). Moreover, with
increasing Na the dependence of Svg. on t, becomes
stronger (Fig. 6).

Interpretation

The experimental observations are interpreted using the 1/f
noise model by Hung ez al. [6], which is implemented a.o. in
BSIM3 and MOS Model 9. The model attributes the 1/f noise
to trapping/detrapping of charge carriers in the gate oxide,
which causes both the number of carriers in the inversion
layer as well as their mobility to fluctuate in a correlated
fashion. Previously, we have shown that this model describes

19.4.2

464-IEDM 00

10™M

100

—_ lines: Sgate = a*(tor)® NMOS
N
i 102 | 4t p=2.7

p— ..

N b

S 10M ]

e

e

g 10 | Vg=0.26V

5 O N,=5+10"

A Ny=5+10"
10-15 .
1 10
tox [nm]

Figure 4: Svg,. versus to,, for NMOS devices, for two values of
Na and V. The error bars represent the measured sample-to-

sample spread.
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Figure 5: Svgue Versus to, for PMOS devices, for two values of
N4 and V. The error bars represent the measured sample-to-
sample spread.
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Figure 6: The powers p, determined according to the method of

Figs. 4 and 5, for N- and PMOS devices.
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Figure 7: Symbols represent measured Svg, data as a function V,, for 10x4 sm” dev ices with different gate-oxide thickness t... (a) PMOS
with high substrate dope concentration N4, (b) PMOS with low Na (c) NMOS with high N, and (d) NMOS with low Na. The error bars
represent the measured sample to sample spread. For clarity, not all t,, variants are plotted. The lines represent fits using Hung’s model [6],

see text.

the bias dependence and the geometry scaling of the 1/f noise
correctly [3]. To extract physical parameters from the model,
we reduced the number of adjustable noise parameters to 2,
following Ref. [8]. The first parameter is N,-d,y, the product
of the density of oxide traps N, and the penetration depth of
the electron wave function in the oxide d,,. The second is the
scattering parameter as, causing the mobility fluctuations.
Using these parameters, both the V,, - and the t,, dependence
can be described. This is shown in Figs. 7(a-d). In each fig-
ure, the 4 solid lines were fitted to the data using a single set
of two noise parameters. N, is assumed to be proportional to
the measured number of interface traps [7]. In the model the
larger V dependence of PMOS devices is attributed to the
mobility fluctuation effect. The mobility fluctuation term in
SVgae follows a slower toy scaling (t,x') than the number fluc-
tuation term (t,c°). This agrees with the observation that in

case of PMOS, Svg scales slower with t,, than in case of
NMOS (Fig. 6). For both highly doped and lightly doped
NMOS, we find as~ 10" Vs, in agreement with literature
[6]; dox is found to be a factor of 4 larger for the highly doped
case. Since in PMOS the contribution of mobility fluctuations
to the noise is dominant, the separation between Ny-dox and
as is difficult. We could determine, however, that ag is at
least an order of magnitude higher for PMOS than for
NMOS, and that d, is an order of magnitude smaller.

Technology scaling
Once the capability of Hung’s model to describe our experi-

mental data has been established, this model is used to predict
Svgae in future technologies. Noise parameters extracted for
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Figure 8: Solid curve: predicted Svg. as a function of technology generation for NMOS at (a) V=100 mV and (b) V=V The contribu-
tions of the number fluctuation term and the mobility fluctuation term to Svg,. are separately depicted. For comparison the 1999 road map

data is added. Circles: experimental results of existing generations.

the highly doped NMOS, were combined with compact
model parameters for various technologies according to the
ITRS roadmap. The changeover to nitrided oxides, taking
place around 0.13 pm, is not taken into account. Although
nitridation tends to raise 1/f noise, process techniques to can-
cel out this increase have been demonstrated [9]. Since Svgye
depends on Vg, two values for Svg,. were calculated. One

just above threshold (Vy=0.1V, Fig. 8 (a)), and the other at -

maximum bias (Vg=V4q, Fig. 8 (b)). For verification the pre-
dicted curves for Svg,. are corripared with experimentally
determined Svg, values of two existing technologies (0.35
and 0.18 pum). A good agreement is found. Comparing our
prediction with the 1/f noise data in the 1999 ITRS roadmap,
the roadmap numbers turn out to be reasonable, though a bit
pessimistic at low gate drives. The trend on the other hand, is
a bit too optimistic. In Fig. 8(a), our curve scales roughly
with (t,,)? and changes slowly into a t, scaling for future
generations. This can be understood by considering the sepa-
rate contributions of the mobility - and the number fluctua-
tion terms. Svg,e is dominated by the number fluctuation
term, though a growing part comes from mobility fluctua-
tions. Making V,=Vg4 leads to an opposite situation: at 0.35
pm the mobility fluctuation term previals, but for more mod-
ern generations the number fluctuation term becomes signifi-
cant. The steep slope of the mobility fluctuation curve in Fig.
8 (b) is due to the dependence of this curve on both t, and
V. Since Vg=Va4, V5 changes with generation.

Conclusion

The influence of the parameters to, Na and V, on Svg, has
been investigated experimentally for the first time. The de-
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pendence on t,, and V can be described by the model of
Hung. Using this model, Svg, can be predicted for. future
technologies. At low Vg, Svg, scales with (tox)* down to the
0.13 pum technology. However, on the longer term, Svg. will
scale with t,, which deviates from roadmap data.
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