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1. Introduction

The scaling down of MOSFET has enhanced VLSI
performance. On the other hand, process variations become
also remarkable due to the miniaturization. Process varia-
tions may therefore increasingly degrade reliability and
yield of VLSI circuits due to unexpected changes of
MOSFET. Consequently, it is important to construct a de-
sign method which allows the reliable design of circuits
having robustness in their functionality even under en-
hanced process variations.

Here, we report a process variation analysis based on
the surface potential MOSFET model HiSIM2 [1]. Ring
oscillators, amplifier stages with feed-back coupling [2]
and SRAM cells, which fabricated at the 180-nm technol-
ogy nodes, are used for the variation analysis as examples
of basic circuit elements.

2. MOSFET-Variation Extraction with HiSIM2

The HiSIM2 model is one of the next generation
MOSFET models for SPICE simulations, based on the
complete drift-diffusion theory. Process-variation sources
can be unambiguously correlated to specific microscopic
model parameters of HiSIM2. Moreover, corner variation
models for circuit simulation can be realized changing only
four most sensitive parameters, namely, NSUBC, MUESR1,
NSUBP and XLD (Table I).

From the measurement results of single MOSFETS in
180-nm CMOS technology, the within-wafer variations
have been determined (see Table Il) and are verified to re-
produce the drain saturation current (l,,) and threshold vol-
tage (Vi) variation for all gate-length (L) [3]. In the fol-
lowing sections, these MOSFET-parameter variations are
used for the variation analysis of basic CMOS circuits.

3. Variation Analysis of Basic CMOS circuits

3.1 Amplifier Stage with Feed-Back Coupling

The schematic diagram of an amplifier stage with
feed-back coupling (FBC) is shown in Fig. 1. Due to the
construction with only one transistor type, NMOS or
PMOS variations can be examined independently. FBC can
also separate within-die and within-wafer variations with
the hysteresis property of its output characteristic for ap-
propriately designed transistor sizes [2]. The hysteresis
shift (Hg,) is directly corresponding to within-wafer varia-
tions, while the hysteresis width (H,,) is caused by with-
in-die (local) variations. Figure 2 gives the Hg, and H,, var-
iation measurements of NMOS-type FBCs in the 180-nm
CMOS technology for short and long gates. Table Il veri-
fies the reproducibility of within-wafer variation extrac-
tion with HiSIM2 in comparison to single MOSFET results
and the additional possibility of local within-die variation
extraction. Although the NSUBC within-wafer variation
from the FBC result is slightly larger than that from single
NMOS transistors, the variation results are very well re-
produced with the 4 key parameters of HiSIM2.

3.2 Ring Oscillators

Ring oscillators have an odd number of inverter stages
which are connected into a ring. Due to their simple com-
position, ring oscillators are often used to analyze the ef-
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fects of transistor variations on basic circuits. Figure 3
shows the measured oscillation frequency variations of a
180-nm CMOS technology including their power supply
voltage dependence. Within-wafer variation from die-to-die
is a global variation which affects all transistors of the cir-
cuit in the same way, while within-die variation is largely
random variation, which affects each transistor of the cir-
cuit differently. Therefore, within-die and within-wafer
variations can be separated with ring oscillators because the
random variations are increasingly averaged with large
number of transistors [4]. From Fig. 3, it can be seen that
the within-die variation is approximately exponentially
increasing for lower supply voltage, although the with-
in-wafer variation increases only proportionally to the in-
verse of the supply voltage.

As well as FBC analysis, the reproducibility of the
within-wafer/die variations is verified by fitting HiSIM2
parameters to the ring oscillator measurement results (see
lower half parts of Table Ill). The extracted parameters
show much the same pattern compared to the FBC results.
Deviations can be observed for the within-die variation,
which may be due to larger special separation of the tran-
sistors in the ring oscillator.

3.3 Static Random Access Memories (SRAM)

SRAM s a basic element of logic circuits and occupies
the largest area in recent VVLSI circuits. Hence, SRAM sen-
sitivity to process variations is very critical and providing a
large static noise margin (SNM) of SRAM-cells becomes a
very serious problem. For improvement of the SNM, the
channel width of the driver transistors (Wy,) is often set to a
lager value than that of transfer transistors (W) in the
6-transistor SRAM cell (6Tr-cell), as shown in Fig. 4.
However, increasing of the p-ratio, which is defined by g
=Wg /Wy, can cause larger SNM variations due to an abrupt
widening bump of the diffusion in the SRAM cell layout.
Figure 5 shows the B-ratio dependence of the measured
SNM and |,, variations of each transistor in 180-nm CMOS
technology. From Fig. 5a, the SNM of the 6Tr-cell and its
variation is improved as the B-ratio is increased. I,, varia-
tions of load and transfer transistors, however, have been
degraded, although the I, variation of the driver transistor
is decreased (Fig. 5b), as expected from the larger driv-
er-transistor size. The reproducibility of the measured SNM
variations with HiSIM2 is verified in Fig. 6, by using the
microscopic HiSIM2-parameter variation result of the FBC
analysis.

4. Conclusions

A variation analysis based on the HiSIM2 sur-
face-potential model has been presented for basic circuits in
the 180-nm CMOS technology. Only four microscopic pa-
rameters, NSUBC, MUESR1, NSUBP and XLD, are suffi-
cient for reproduction of within-wafer and within-die varia-
tions. With ring oscillators and FBC circuits, these with-
in-wafer and within-die variations can be separated. To
analyze the layout dependency of 6Tr-SRAM-cells, SNM
and |y, variations have been measured in the 180-nm
CMOS technology. SPICE simulations based on HiSIM2



are in good consistency with the measured variations of all
test circuits.
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Table Il MOSFET variation boundaries from the nominal pa-
rameter set for the most sensitive HiSIM2 parameters
Table I The most sensitive 4 parameters of HiSIM2 for the in the 180-nm CMOS technologies.
realization of process variations. oS.tvoe | NSUBC | MUESRI | NSUBP XLD
Parameter Meaning w [%] [%] [%] [nm]
NSUBC | Substrate doping concentration PMOS | -54/+95 | +/-00 | -2.9/+2.2 | -45/+5.0
MUESR1 | Mobility degradation due to gate-oxide roughness NMOS | -2.9/+2.7 | -9.7/+10 | -2.2/+20 | -7.0/+9.0
NSUBP Peak pocket doping concentration
XLD Channel-length change
Table 111 Extraction results of MOSFET variation boundaries
for the HiSIM2 parameters from measured FBC and ring os-
cillators (RO) in the 180-nm CMOS technology.
TEG MOS Variation NSUBC MUESR1 NSUBP XLD
type type [%] [%] [%] [nm]
PMOS Within-wafer | -4.2/+4.0 +/-0 -2.3/+2.1 | -4.5/+5.0
FBC Within-die +/- 0.8 +/- 0 +/- 0.6 +/- 1.0
NMos | Within-wafer | -3.4/+3.3 | -9.7/+10 | -1.6/+15 | -4.7/+55 | Fig.1 Schematic diagram of an amplifier stage
Within-die +-1.2 +-0 +-1.0 +-25 with feedback coupling (FBC) constructed
PMOS Within-wafer | -7.5/+7.3 +-0 -2.6/+2.6 | -4.8/+4.4 from NMOS transistors.
RO Within-die -2.0/+1.7 +/-0 -4.2/+15 | -3.1/+1.3
NMOs, | Within-wafer | -2.7/+2.8 | -0.7/+10 | +-21 | -80H7.7 %0 — 1
Within-die | -1.9/+1.7 | +-0 | -0.5+09 | -18+13 | [ | 20 2of +/- 20
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Fig. 3 Stage number and supply-voltage dependence of meas-
ured ring-oscillator frequency in the 180-nm CMOS
technology. Frequency variations are normalized by the
average of the measured oscillation frequency. The ef-
fects of within-wafer and within-die variations can be
separated with these ring oscillator measurements as in-
dicated on the right side of the graph.
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samples, 2c circle is drawn in the graph. The arrow of
horizontal direction represents simulated the with-
in-wafer variation from extracted data of single
NMOSFET (Table II).
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Fig. 4 Layout of the 6Tr-SRAM cell. Bumps of NMOS diffu-
sion are generated by designing for an increased {3-ratio.
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Fig. 6 SNM-variation reproduction with the HiSIM2 parameter set
of Table II. Including within-die variations, the measurement
data is in good agreement with the HiSIM2 simulation.

Fig.5 Layout dependency of measured SNM and I, variations

ina 6Tr-SRAM cell .
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