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Measurements and Analysis of Process Variability in
90 nm CMOS
Liang-Teck Pang, Member, IEEE, and Borivoje Nikolić, Senior Member, IEEE

Abstract—A test chip has been built to study the effects of circuit layout on variability, and to characterize within-die (WID) and
die-to-die (D2D) variability of delay and leakage current in 90 nm
CMOS technology. Delay is obtained through the measurement of
ring oscillator frequencies, and the transistor leakage current is
measured by an on-chip analog-to-digital converter (ADC). It has
been found that the transistor performance depends strongly on
the polysilicon (poly-Si) gate density, and the spatial correlation depends on the gate orientation and the direction of poly-Si spacing.
WID variation is small with three standard deviations over a mean
(3
) of around 3.5%, whereas D2D and systematic layout-inD2D variation of
duced variations are significant, with a 3
15% and a maximum layout-induced frequency shift of 10%.
Finally, a set of guidelines is proposed to help circuit designers mitigate the effects of process variations on CMOS performance.
Index Terms—CMOS, leakage, polysilicon, ring oscillators, variability.

I. INTRODUCTION

C

MOS device scaling has increased the impact of process
variability to the point where it is now regarded as a major
roadblock to further scaling [1]. The control of process fluctuations has not kept pace with rapidly shrinking device dimensions. Furthermore, the drive to improve performance has enticed device and circuit designers to operate at conditions that
are more sensitive to variability.
Process variations can be systematic or random, and are generally characterized as within-die (WID), die-to-die (D2D) and
wafer-to-wafer (W2W) [2]. WID and D2D classifications reflect
some of the spatial characteristics of the variations. Those that
vary rapidly over distances smaller than the dimension of a die
result in WID variations, whereas variations that change gradually over the wafer will cause D2D variations. W2W variations
reflect both the spatial as well as temporal characteristics of the
process and cause different wafers to have different properties.
Systematic variations are deterministic shifts in process parameters, whereas random variations change the performance of any
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individual instance in the design in an unpredictable manner.
In practice, although many of the systematic variations have
a deterministic source, they are not known at the design time,
or are too complex to model and are treated as random. The
resulting random variation component will have a varying degree of spatial correlation. The primary sources of variability
are the transistors, the interconnects, and the operating environment (supply and temperature) [3].
Many sources of systematic variability can be attributed
to the particular characteristics of the manufacturing process.
Deviations in nominal widths and lengths are caused by photolithography and etching. The variation in film thicknesses
(e.g., oxide thickness, gate stacks, and wire and dielectric layer
height) is caused by the deposition and growth process, as
well as the chemical-mechanical planarization (CMP) step.
Additional electrical properties of CMOS devices are affected
by variations in the dosage of implants, as well as the temperature of annealing steps. Finally, random device parameter
fluctuations stem from line-edge roughness [4], Si/SiO and
polysilicon (poly-Si) interface roughness [5], and doping fluctuations [6].
Presently, variability is captured in the design process through
the use of simulation corners, where certain transistor parameters are varied by three standard deviations from their nominal
values. This approach typically regards all variations as D2D,
with all devices on a chip having correlated process parameters. As the corner spread increases with scaling, it becomes
challenging to simultaneously satisfy performance, power and
corner requirements. In order to better account for the variability, it is necessary to develop a deeper understanding of the
contributions of random and systematic variations and to distinguish between WID and D2D components. It is also important to
determine the spatial correlation distance of process parameters;
yield can be improved by averaging out uncorrelated variations
[7]. Detailed characterization of variations will allow circuit designers to incorporate design methodologies that mitigate the
effects of systematic as well as random variations.
In this paper, various test structures are used to measure variability and analyze its systematic, random, WID and D2D components. Ring oscillators have been used in the past to study
process variations, and are also adopted in our study. To decouple the impact of various process parameters on electrical
variability, the ring oscillator measurements are augmented with
the leakage current measurements of transistors in the off state.
Our work features a set of simple layout variations, introduced
to emphasize particular processing effects. The impact of different layout topologies on variation is investigated, and the
spatial correlation of ring oscillator frequencies and leakage
currents are characterized. Section II gives an overview of the
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Fig. 2. Formation of poly-Si gates.

Fig. 1. Step and scan photolithography using a slit of light.

sources of variations in the manufacturing process. It begins
with a discussion of patterning-induced variations, which have
been observed to be the dominant source of systematic variations, and continues with a description of other manufacturing
effects that contribute to systematic variations. The test chip is
described in Section III, and the measurement and analysis results are presented in Section IV. Finally, Section V concludes
with a list of guidelines for robust digital CMOS design.
II. MANUFACTURING-INDUCED VARIATIONS
Present lithography systems employ a step-and-scan method,
where the stepping is used to move a wafer between the exposure fields. Within the exposure field, a narrow slit of light illuminates the mask, and the mask pattern is optically projected
onto a wafer [8]. The mask and the wafer are moved simultaneously in opposite directions so that the slit of light scans the
entire mask and projects the image onto the wafer. This is illustrated in Fig. 1. Movement of the wafer stage is controlled by
look-ahead sensors.
In sub-wavelength lithography, the effective line width depends on the surrounding features [9]–[11]. The process step
of patterning poly-Si gates is shown in Fig. 2. When exposed
beyond a certain light intensity, positive resist will dissolve
in the developer fluid. The exposed poly-Si gate stack layer
will then be etched away, leaving behind the transistor gates.
Narrow poly-Si lines with varying pitch will have different
channel lengths when exposed with the 193 nm wavelength
light, as illustrated in Fig. 3. Dense lines also have a higher
depth of focus and are more immune to defocusing of the
optical system [12]. Optical proximity correction techniques
in the mask processing add sub-lithographic assist features to
control the printed critical dimensions (CD). However, their
effect may be limited due to the shallow depth of field.
After the resist is spun onto the wafer and exposed, it undergoes post-exposure bake (PEB). This step is essential to activate the photoactive compound and to set the resist exposure
threshold [13]. If the temperature over the entire wafer is not
even, this will result in different resist exposure thresholds over

Fig. 3. Isolated and dense lines.

the wafer and cause D2D gate-length variation. This effect is
mostly systematic, and wafers have exhibited a radial temperature profile during baking.
Dry etching is employed in the patterning of the poly-Si gates.
This process suffers from microscopic loading effects [8] in
which densely spaced poly-Si gates experience a lower etch rate
than isolated poly-Si, resulting in dense poly-Si gates having
longer gate-lengths than that of isolated poly-Si gates.
Modified illumination [9], which involves changing the partial coherence factor of the light source combined with off-axis
illumination schemes such as dipole, quadrupole and annular illumination, is used to improve the resolution. This technique,
however, can cause line-widths to vary according to their orientation [14] and can also exacerbate the effects of lens aberrations
[15].
Lens imperfections are often characterized through aberrations (Fig. 4). Aberrations create optical path differences for
each pair of rays through the imaging system. Effects such as
astigmatism and spherical aberrations cause differences in exposed patterns at the level of the reticle. A coma effect [15] is
an aberration caused by lens imperfection, which causes a gate
surrounded by a non-symmetrical structure to print differently
from its mirror image [16]. The scattering and reflection of light
through the projection system results in flare, which causes variations in the effective CDs (Fig. 5). In general, the amount of
flare depends on the local pattern density in the mask [15].
Another source of variability could come from e-beam mask
stitching [17] discontinuity. E-beam lithography is employed in
writing the optical mask. In order to cover the large reticle field
with a small e-beam field, a mask needs to be constructed by
drawing smaller e-beam fields and stitching the whole image
together. Even though optics will reduce imperfections on the
mask by a few times, aggressive scaling has made stitching
discontinuities more significant. Similarly, variation in speeds

Authorized licensed use limited to: Univ of Calif Berkeley. Downloaded on May 4, 2009 at 13:53 from IEEE Xplore. Restrictions apply.
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Fig. 4. Lens imperfections.
Fig. 6. Layout variations in the test chip, pictured here in the RO inverter stages.

Fig. 5. Effects of flare.

during the scanning process may cause systematic variations
over the reticle.
A mask overlay error due to a misalignment of the different
masks can cause shifts in the position of the poly-Si gate with
respect to diffusion and to source/drain contacts. Shadowing
during pocket implantation can result in different properties in
the source and drain of the transistors. These effects, like the
coma effect, could cause symmetrical structures to have nonsymmetrical properties.
Rapid thermal annealing (RTA) is used in activating implanted dopants and annealing defects without causing significant dopant diffusion [8]. The temperature distribution over the
wafer surface could be non-uniform, resulting in wafer-level
systematic variations. For example, the edge of the wafer
could experience more cooling and hence a lower temperature,
resulting in a radial temperature gradient across the wafer.
This effect could also cause wafer warping that results in variation in substrate stress. Finally, local variation in reflectivity
of the wafer surface could cause local non-uniform heating,
and external
resulting in variation in threshold voltage
, which includes mainly source-drain and
resistance
contact resistance [18]. It has also been shown in [19] that
due to
differences in anneal temperature can cause shifts in
non-passivation of interface states.
Proximity effects, aberrations, flare, overlay errors, shadowing and RTA are usually not captured in the design process,
and they induce layout-dependent systematic variations in the
design.
III. TEST CHIP
A test chip has been implemented in a general-purpose 90 nm
CMOS technology to evaluate the effects of lithography-induced variations, and to measure WID and D2D variations, as
well as WID spatial correlation. This is done by measuring ring
oscillator (RO) frequencies and transistor source-drain leakage
of an array of test-structures [20], [21].
currents

Fig. 7. Test chip die photo.

The chip contains 10 16 tiles, with a total area of
1 mm 1 mm. Each tile has twelve 13-stage ROs and twelve
transistors in the off-state, each with a different layout (Fig. 6).
Some transistors in both the ROs and the off-state consist of
a single poly-Si finger, while the rest are constructed with a
stack of three fingers. The poly-Si pitch of neighboring dummy
poly-Si lines is varied in the test structures to capture proximity
effects. Poly-Si orientations, together with the properties of
the two-dimensional tile array, are used to characterize spatial
correlation. Non-symmetrical structures and their mirror image
target measurements of the coma effect. The first layer metal
coverage over certain gates are also varied in the layout to
investigate the effects of anneal [19]. Dummy fills are not used
on these layouts for all layers in order to preserve the topology.
The test chip shown in Fig. 7 includes an on-chip single-slope
analog-to-digital converter (ADC) to measure transistor off-currents from 1 nA to 1 A with 1 nA resolution. The ADC (Fig. 8)
consists of a high-gain folded-cascode amplifier implemented
with 2.5 V devices, a large on-chip metal fringe capacitor, and
comparators. The switches, controlled by signals P1, P2, and
P1b, provide the correct bias to the input and output of the amplifier, and they determine whether to measure the reference curonly or the sum of
and . The latter is the sum of
rent
all parasitic gate and substrate leakage currents and the
of the selected device. By not selecting any of the devices, it is
possible to measure the parasitic leakage currents and subtract
is obtained from an external
them from the measurement.
source through current mirrors that divide the current down by
a factor of ten.
During current integration, the output of the op-amp will
and , the start and
ramp up, and as it crosses the voltages
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Fig. 8. Single slope ADC for current measurement.
Fig. 11. RO frequency measurement.

to improve accuracy and reduce the impact of noise, several hundred measurements have been averaged for each data point.
IV. MEASUREMENT RESULTS

Fig. 9. Current measurement procedure.

In the analysis of the measurement results, tiles at the
perimeter of the array are ignored to eliminate edge effects.
The ROs with single isolated poly-Si fingers often exceed the
fast corner and are excluded from the analysis.
To distinguish systematic effects from random effects, the results for different layouts are compared for each die, across all
dies. The measurements for identical structures within a die are
compared to obtain WID correlations. The averages for various
dies are used to indicate the D2D spread. The averages across
several dies are used to analyze the mask writing effects.
The measured data shows several important trends that are analyzed in detail in this section. The largest impact of the layout
on performance comes from the gate poly-Si density, which
causes a systematic shift in frequency of up to 10%. The D2D
variation is significant, resulting in a 3 standard-deviation/
median
of 15% over half a wafer. Finally, the WID vari% .
ation for identical structures is relatively small
The WID spatial correlation of RO frequency shows a dependency on the direction of spacing and the orientation of the
gates. Each of these observations can be attributed to a particular step in the manufacturing process.

Fig. 10. Standby leakage current measurement.

A. Effects of Layout on Frequency and Leakage
stop signals will be generated. By measuring the time interval
between start and stop signals the current is obtained (Fig. 9).
The selection of the device to be measured is done with row
and column bits obtained from a shift register in order to reduce
pad count. The selection of the NMOS transistor for leakage current measurement is done by applying either Vdd or Gnd to the
source of the transistor using a large inverter (Fig. 10). For frequency measurements, two address bits per row and a column
bit are used. These will enable the selected RO to go through
a NAND gate placed in the ring, and select the multiplexer to
output its own RO frequency instead of the previous one. Its
output goes through a series of multiplexers to a frequency divider that outputs to a pad (Fig. 11) [22]–[24].
The chips are packaged in ceramic PGA packages and measured through a socket that is mounted on a custom PCB. Frequency measurements were done using a 20 GS/s oscilloscope,
and a 150 ps resolution logic analyzer was used for measuring
the delay between the start and stop signals of the ADC. In order

In order to investigate the systematic layout effects, the RO
distribution of different layout structures
frequency and
is compared. These variations are divided into WID and D2D
categories. Proximity effects due to different poly-Si gate
pitches cause a shift in frequency of over 10%, and a 20x shift
in
(Figs. 12 and 13). More isolated gates have shorter
gate lengths and thus have higher RO frequencies and higher
leakage currents. This is much larger than the 1.1% frequency
shift of the extracted layout predicted by Spice simulations,
which only capture changes in parasitic capacitances. D2D
and WID leakage current variations are reduced with increased
poly-Si density. There is also a similar but smaller effect of
poly-Si density on stacked gates. Fig. 14 plots the RO frequency distribution for stacked gates. In order to only show
the proximity effects that are not captured by layout extraction,
the measured frequencies are normalized to the TT corner.
These plots show that the frequency of the densest stacked gate
configuration is 5% slower than the fastest layout.
The difference between structures, which are mirror images
of each other, is small and is likely caused by the coma effect, or
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Fig. 14. Distribution plots of RO frequency normalized to its corresponding
TT simulation corner for stacked gates. Vertical lines represent simulation corners from extracted layout. Less dense gates show a 5% increase in frequency
compared to dense gates.
Fig. 12. Normalized frequency distribution for single-finger configurations.
Vertical lines correspond to typical and fast corner simulation results. Bar plots
correspond to the WID distribution of the fastest and slowest chip.

Fig. 15. Wafer maps of mean RO frequency and mean Log(I
). X marks
a defective chip. Location of dies on only half the wafer are known.

B. D2D Variations

Fig. 13.

Log(I

) distribution for single-finger configuration.

by the asymmetry in the dopant implantation. A roughly 1%–2%
shift in the mean RO frequency with single gate stages was observed, as shown in the second and third plots of Fig. 12. The
is smaller for rotated gates across all chips.
variation
The M1 coverage over gates has negligible effects on RO frequency and causes a small reduction in leakage current, indi. It has been reported [19] that
cating a small increase in
metal-covered gates suffer from a larger number of interface
states because the metal coverage lowers the temperature on the
gate during annealing, which results in
shifts of
%. In
our layout, the metal 1 is in close proximity to a non metalcovered gate since the gate-length is small and the source and
drain are fully covered with metal-1 contacts. It is likely that the
temperature difference during annealing between metal-covered
gates and non metal-covered gates is too small to create a significant shift in
. It is also possible that the process has sufficiently high annealing temperature to passivate the interface
states of metal-covered gates, resulting in a small
shift due
to different annealing temperatures.

Wafer maps of the mean frequency and the leakage of each
die for the layout configuration shown in Fig. 15 show a typical
radial pattern that can be attributed to non-uniform resist development [25], [26] or systematic temperature gradient during
RTA [8]. Faster and leakier chips are located at the center of the
of
wafer. The D2D variation is significant, resulting in a
15% over half a wafer for the densest single gate structure. For
the other single gate structures, it slightly increases to around
17%.
C. WID Variations
The WID variation of identical layout structures is small
% and weakly dependent on the layout. For
each layout structure, the data for each chip is normalized to
zero mean and unit variance before being used to compute its
spatial correlation. Confidence intervals for the correlation are
computed using Fisher’s z-transformation to convert Pearson’s
correlation to a normally distributed random variable. In the
frequency measurements, the spatial correlation depends only
on the direction of spacing and the orientation of the gates.
The spatial correlation is higher in the horizontal direction of
the chip than in the vertical direction. In particular, for horizontally spaced ROs (Fig. 16(a)), correlation is higher for vertically
oriented gates, whereas for vertically spaced ROs (Fig. 16(b)),
correlation is higher for horizontally oriented gates. This data
is summarized in Table I, showing that horizontally spaced ROs
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TABLE II
MEASUREMENT CONDITIONS

Fig. 16. Spatial correlation coefficient versus (a) horizontal column spacing
and (b) vertical row spacing for vertical and horizontal gates. Dotted lines represent 99% confidence bounds for .

TABLE I
SPATIAL CORRELATION COEFFICIENT OF NEIGHBORING ROS FOR DIFFERENT
GATE ORIENTATION AND SPACING DIRECTION

with vertically oriented gates have a spatial correlation of 0.4 between immediate neighbors, whereas horizontally spaced ROs
with horizontally oriented gates have a spatial correlation of
0.25.
This dependence on direction could be explained by the stepand-scan photolithography. The horizontal direction in this chip
is along the slit of light in the stepper and is subject to lens aberrations and curvature, resulting in more correlated features. The
vertical direction is along the scan direction, which is subject
to variation in scan speeds and stage vibration that affects focus
and light dosage, resulting in less correlated features.
Other manufacturing effects such as e-beam mask stitching
[17] discontinuity or a systematic shift in the wafer stage scan
speed could also account for the observed dependence on
direction. In order to investigate the systematic reticle field
effects, the normalized data from 36 chips is averaged, and
Fig. 17 shows the resulting surface plot of RO frequency and
. There is a sharp systematic change of 1% in frequency
between the 4th and 5th rows for RO structures with vertically oriented gates and a small shift in
. This could be
attributed to a discontinuity at the level of the mask reticle,
which suggests e-beam mask stitching defects. Another reason
could be a change in the scan speed of the wafer/mask stage
during scanning of the reticle image onto the wafer. Since the
scan speed is adjusted simultaneously during a scan, based on
look-ahead sensors, it is possible that there is discontinuity in
the sensor readings, causing the scan speed to shift from the
4th to 5th row.

The leakage current has a much smaller spatial correlation
because it is less sensitive to but more sensitive to
than
RO frequency.
Varying degree of correlation in the two directions can be utilized by statistical timing analysis tools and can have an impact
on memory and analog layouts.
D. Inferring Process Parameters
The scatter plot of
versus frequency shows a
and the frequency
strong positive correlation between
for D2D and layout-to-layout (L2L) variations (Fig. 18). This
means that these variations are dominated by process parameand frequency to vary in the
ters that cause both
same manner. The WID scatter plot shows no significant correlation, suggesting that it is caused by a combination of process
parameters.
In order to relate these variations to process parameters, we
use the least squares method and the BSIM3 model to infer
the variation in gate length
, gate oxide thickness
and
channel dopant concentration
from the frequency
and
leakage current
measurements. Since the sensitivities of the measured data to process parameters vary with
different conditions of supply voltage
, substrate voltage
and temperature
, the accuracy of the inference has
been improved by taking the measurements under the different
conditions listed in Table II.
The equations below are used in the estimation process. If
index represents the four different measurement conditions,
then:
•
: Estimated mean and
•
: Estimated mean process parameters
•
: Mean measurement data for 1 die and 1 layout
: Typical values of , Tox and Nch
•

Fig. 19 illustrates how the estimated normalization constants,
, and
are obtained in the case where only a single
parameter is to be estimated. By using Spice simulations,
and are plotted versus . The region of that results in a
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Fig. 17. Surface plot of normalized data of 36 chips, RO of layout with vertically oriented gates show a 1% frequency shift between rows 4 and 5.

TABLE III
SENSITIVITIES USED IN PROCESS PARAMETERS EXTRACTION FOR 1 CHIP
AND 1 LAYOUT STRUCTURE

Fig. 18. Scatter plot of Log(I
) versus frequency showing (a) mean
) and mean RO frequency for 36 dies and (b) all Log(I
) and
Log(I
RO frequency for three layouts on one die.

Fig. 19. Illustrates the estimation of the nominal value of L(L ) in the case
where only one parameter is inferred. I and F are the measurement data.
L is used to obtain the gradients and to find I and F , which are used to
normalize the data in the least squares estimation.

15% change in the mean measured data,
and , is found.
The mean of this overlap region gives
, which is used to
obtain the gradients and the normalization constants
.
The parameters are then normalized, and process parameters are
inferred using least squares estimation.
This method is used for three process parameters,
and
. Spice simulations provide plots of
and versus
and
over a small range around their typical values

for the different conditions found in Table II. The measured
and data is mapped to an overlapping range of values of the
process parameters. The mean of this range
is used as the nominal value of
to obtain the gradients in
(Table III) and the normalization constants
. We
then normalize the components in and . Finally, we apply
the least squares estimation to estimate . This is repeated for
each die and each layout configuration since the small amount
of variation assures a good linear approximation.
Fig. 20 shows the distribution of normalized , which is obtained from the inference process. The sensitivities of
and
to are larger than to other process parameters as shown in
Table III. This results in significantly more accuracy in the inferred . The plots of a normalized show a strong correlation
to the plots in Figs. 12 and 13. Faster and leakier ROs have a
shorter . The mean values of the distributions depend significantly on the layout, showing that systematic layout-to-layout
variation is attributed primarily to shifts. The D2D spreads of
are significant since the bar-plots of the fastest and slowest
chip are spaced far apart.
Fig. 21 shows a typical surface plot of a die, showing the WID
variation of measured and and the corresponding inferred
normalized . We see that the systematic WID variation observed in is strongly reflected in .
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high correlation direction, we can obtain a tighter performance
spread.
Analysis of the spatial correlation of ROs and inverters can be
used to model the spatial correlation coefficient of circuit paths
and interconnected gates, allowing for more accurate statistical
timing analysis.
For the same layout, systematic D2D variations dominate
the total variations for small chips, indicating that the use of
die-level adjustable supply voltages and substrate biasing can
improve parametric yield significantly [2].
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