Overlay in Lithography

H. R. Rottmann

Advances in lithography rely largely on the capability of reducing overlay errors, which in turn depends on the capability
to make two-dimensional overlay measurements. This paper describes a simple and accurate method of determining
singular overlay errors of step-and-repeat exposure systems with a precision of £0.01 um (standard deviation).

Introduction

Fabrication of integrated circuits (ICs) requires that pat-
tern arrays which delineate individual layers of integrated
circuits must meet satisfactory registration tolerances.
Advances in IC fabrication depend primarily on the capa-
bility of reducing these tolerances, which are determined
by the variation of critical pattern locations and sizes.
Present pattern sizes can be as small as 2-3 pm and fur-
ther reductions can be expected. The corresponding reg-
istration or overlay tolerances between superimposed
patterns on the wafer must only be a fraction of this
value. Furthermore, this fraction must be subdivided to
accommodate the wafer-to-mask alignment and other
overlay errors introduced by equipment, material, and
environmental factors. Consequently, a reduction of
these overlay errors should play a decisive role in future
lithographic developments.

The objective of this paper is to determine individual
mask-overlay errors because masks present the first and
most critical step of IC fabrication, and mask dimensions
(and errors) are more difficult to measure than those for
wafers. At present, measurement machines [ 1-4] are used
to determine the total overlay error of masks. Errors be-
tween different masks are determined by subtracting cor-
responding long-distance measurements. Inevitably, the
uncertainty of 0.1-0.2 um, introduced by the measure-
ment process and by system bias of 0.2-0.4 um, makes
accurate performance evaluations and improvement of
lithographic equipment difficult if not impossible. This pa-
per presents a method to overcome this problem by use of
overlay; the uncertainty of measurement is better than
0.03 uwm (3o).

Mask registration

Misregistration between masks of a set is introduced by
10x pattern generators, 10X reticle alignment, and 1X
step-and-repeat exposure (also called stepping). The first
two systems are relatively easy to evaluate because they
either operate at 10X or are well understood from a theo-
retical viewpoint. The stepping machine, on the other
hand, is more difficult to analyze because it is by design a
complex, system and its total overlay error is small to be-
gin with (=0.5 um). In this paper we address primarily
registration errors introduced by stepping systems.

The stepping machine is a reduction camera that gener-
ally reduces a reticle mask by a factor of ten; the size of
the 1x field can exceed 10 mm X 10 mm. The 1x mask is
supported on x-y stepping tables that make successive ex-
posures of fields (chips) possible over areas of up to
150 mm on the side. Detailed descriptions of step-and-re-
peat cameras have been published and are also available
from vendors [5-8].

The basic requirement of such a system is to produce
two-dimensional arrays of patterns with a minimal
amount of unpredictable and uncontrollable disorder.
Three types of variables can be expected to influence pat-
tern locations. First, the array of stepped patterns de-
pends on interferometrically controlled table positioning.
Typical errors are non-straightness of travel, deviation
from orthogonality of the x and y axes, and lack of repeat-
ability of stepping. Second, the state of the resist-coated
substrate adds uncertainty in terms of uncontrollable top-
ographic deformations due to clamping and temperature
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Figure 1 Special two-dimensional patterns for measurement of overlay errors. Patterns A and B have slightly different periodicities (25
wm for A, 22.5 um for B, as measured from line center to line center) to ensure suitable measurement conditions despite mask-placement

variations.

changes. Third, changes of pattern locations can occur
within a stepped field because of asymmetric irradiance
distributions in the image plane. The size of some of these
errors can be expected to be <0.1 um and therefore pre-
sents a challenge to the design engineer.

A solution to the problem of accurate overlay measure-
ment is provided by application of special patterns and
measurement with automatic linewidth (i.e., short-dis-
tance) measurement microscopes. This approach permits
determination and analysis of individual stepping errors
in both axes for both short- and long-term performance
studies.

Method of measurement

The most accurate method of measuring step-and-repeat
exposure system performances is provided by the pho-
tolithographic process itself. This process permits addi-
tion of patterns to an array of primary or reference pat-
terns generated either by another system or by the same
system at an earlier point in time. Figure 1 shows primary
and secondary types of line patterns that have proved ef-
fective. The patterns, denoted as A and B, are two-di-
mensional and the dark lines (transparent areas) are
=2.5 um wide. The chrome spaces between the lines are,
respectively, 25 and 22.5 um wide for A and B patterns.
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The slightly different periodicity of the sets of primary
and secondary lines is important if the mask has been
moved between array exposures, ¢.g., to measure long-
term drift, or if it has been placed on a second system to
determine differential overlay. Regardiess of the mask
placement errors, at least one of the secondary (measure-
ment) lines lies in the space between two adjacent refer-
ence lines without coming too close (=1 um). Figure 2
shows two extreme cases of superimposed A and B pat-
terns. The B patterns are usually added at a later date
{perhaps many months later) by use of the same or an-
other lithographic system. The degree of registration or
overlay between the two layers at each exposure step can
now be determined with an automatic linewidth-measur-
ing microscope. The objective of measurement is to de-
termine any unexpected and nonuniform errors between
related A and B patterns of the stepped fields.

Generally, there are four modes of pattern application.
First, the A patterns alone are exposed by step-and-re-
peat (stepped). They are placed close to each other so
that the space between adjacent peripheral lines is within
the range of measurement. This permits not only determi-
nation of stepping errors between adjacent cells in both
axes, but also measurement of cell-size variations be-
cause of uncertainty of focus. Second, immediately after
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Figure 2 Two extreme cases of superimposed A and B patterns with examples for measurable and unmeasurable lines.

stepping a 1x array of A patterns, the same sequence is
repeated with the B patterns, only the 10X A pattern is
replaced by the 10x B pattern between the two exposure
runs. The 1x substrate remains rigidly clamped during
successive stepping runs. This provides determination of
short-term stepping errors. Third, after the A array is
completed, the substrate is removed and the B patterns
are exposed either on a second system or on the same
system at a later point in time in order to assess, ¢.g.,
long-term system behavior. In this case, the initial loca-
tion of the substrate is lost after the A array is stepped
because the substrate is removed and small Ax, Ay, and
A# placement errors occur when the substrate is returned
for the second, third, etc., exposure sequence.

In the three preceding cases the orientation of the sub-
strate remained unchanged between the A and B ex-
posure sequences. In the fourth mode of application, the
substrate is rotated either by 90° or 180° between the step-
ping of the A and B patterns to determine asymmetries in
the two-dimensional stepping system. The general objec-
tive in all cases is to determine changes from uniformity.
The individual measurement objective is always determi-
nation of the spaces between line centers.

Measurement accuracy is expected to be <0.03 um,
especially if differential measurements are performed [9].
This can be achieved by determination of the distance D
between the center of the interval A (distance between A
pattern lines) and the center of line B [see Fig. 3(a)]: D =
(L — R)/2, where L and R are defined in Fig. 3(a). The
variations in D for each step represent errors between
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Figure 3 (a) Portions of four step-and-repeat exposed A and B
patterns. For each step, the same B line is used for measurement
relative to the A grid lines. (b) The A patterns have been stepped
in close proximity to measure the interval x. (c) As in (b) but
measurement of interval y.

successively stepped arrays. An accurate calibration of
the measurement microscope is unnecessary if L = R.
This condition is met inherently because of the multiplic-
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Figure 4 The variations of Ax|, .us plotted for two adjacent
rows in the x axis.
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Figure 5 The variations in Ay|, ;s for two different masks. The
systematic errors were caused by system hysteresis and mis-
alignment of the interferometer. The curves show averages of
four stepped columns. Individual data points for the four col-
umns are shown in Curve 1 only.

ity and the slightly different periodicities of the A and B
target lines; it also facilitates measurement with an auto-
matic linewidth-measurement microscope since the size
and the separation of the two gate rectangles on the video
screen do not have to be readjusted from site to site. Er-
rors introduced by placement (if the plate was removed)
are of no concern since they represent only an x-y-6 trans-
formation of the entire array and therefore can easily be
removed.

Experimental results
The total registration error between a set of masks is de-
termined by a variety of sources affecting the relative lo-
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cations of the stepped patterns. Ideally, the stepped pat-
terns should be equally spaced so that associated images
of any two overlaid masks would display perfect registra-
tion. In practice, however, the stepped images are af-
fected by various random and systematic errors that de-
pend on design and performance characteristics and on
adjustment of the stepping system.

® Stepping errors

Two modes of measurement have been studied: that be-
tween adjacent steps of the same stepping sequence (A
patterns only) and that between identical steps of sub-
sequently stepped arrays (B patterns superimposed on A
patterns).

The periodicity of stepping the A pattern was selected
such that the peripheral lines of adjacent steps were suffi-
ciently close to each other. After completion, the first
10X segment was replaced by the B pattern, the stepping
table was returned to the origin, and the same sequential
array was stepped with the second pattern either immedi-
ately or after several days or weeks. If desirable, this op-
eration can be repeated several times provided only one
of the identical target sets is used for each sequence while
the others are masked off.

Figure 3(a) shows sections of overlaid patterns for de-
termination of stepping errors in the direction of the x axis
(abbreviated Ax|_ ). Note that the selected lines of the
A and B patterns in this case are parallel to the y axis. The
same definition can be applied to stepping errors in the
direction of the y axis (Ay|y axis)» Where A and B lines are
parallel to the x axis. Finally, straightness of travel in
both axes is denoted as Ay[, .. and Ax| , .. In both
cases the A and B lines, which represent the measurement
targets, are parallel to the corresponding axis of stepping.

The first objective is measurement of the intervals x =
(L,/2) + § + (L,/2) [as shown in Fig. 3(b)]and y = (L,/2)
+ §' + (L,/2) [Fig. 3(c)], where the L are linewidths.
These numbers represent the relative distances between
two adjacent cells in the x or y axis. Figure 4 shows values
of x for two rows that were stepped in opposite direc-
tions; Fig. 5 shows individual and averaged values of y for
four rows on two plates. The curve for plate 2 shows only
the average. The range in the x and y directions was
~75 mm. Both examples demonstrate the performance of
the interferometric feedback system of the stepping ma-
chine. The corrective actions are remarkably periodic,
switching between states of advance and delay and being
out of phase for the two rows that were stepped in opposite
directions; see Fig. 4. This case represents stepping er-
rors Ax in the x axis (Ax{, ). Stepping errors in the y
axis (Ay| ) are similar, but remain in phase, because

y axis
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the advance is unidirectional; see Fig. 5. Misalignment of
the y laser beam adds a ramp to the oscillatory curve. The
oscillations can be explained in terms of the opposite di-
rections of stepping in the x axis, which causes a small
amount of hysteresis parallel to the y axis. Further experi-
mental detail can be found in Ref. [9].

Figure 6 shows measurement of the differential
straightness of travel (Ay|£ axis) fOr adjacent rows of step-
ping in the x direction and measurements similar to those
of Fig. 3(c). The interferometrically controlled feedback
system kept the random variations well within +0.02 wm;
however a small systematic shift in the y axis (=0.03 pm)
may occur as with mask no. 3 (top two curves in Fig. 6).
Other measurements have been performed, such as dif-
ferential straightness of travel between the x and y axes.
For this purpose, the mask was rotated by 90° after ex-
posure of the A array and the B array was then exposed.
Variations up to *£0.10 um can be explained primarily
in terms of the tolerances of the interferometer mirrors.

o Table orthogonality

Determination of orthogonality between the two superim-
posed stepping tables provides an example for performing
absolute measurements. For this purpose, a row and a
column of pattern A are step-and-repeat exposed through
the center of the mask with the individual patterns being
closely spaced; see Fig. 7(a). The patterns display a
“‘cross’’ that bisects the mask in both directions; note
that 8, = 6,. After completion, the 10X A pattern is re-
placed by the B pattern, the 1x plate is rotated by 90° and
secured, and a second cross is stepped over the first one.
For simplicity, we now rotate the axes such that the hori-
zontal A and B axes (x axes) are parallel [see Fig. 7(b)]
and measure 26.

After processing, the position of the B cross is deter-
mined against that of the A cross at seven locations by
using measurable A and B lines (see column 1 of Table 1).
The second column shows the relative differences in Ax
and Ay at the sampling sites (zero would indicate orthog-
onality). The orthogonality was determined for each in-
dividual case, as shown in the third column. From these
values one can calculate the deviation of the table orthog-
onality; the individual variations are a measure of the
interferometer mirror quality, stepping errors, and mea-
surement errors. Addition of more points of measurement
further increases the accuracy of the orthogonality mea-
surement because the degrading influence of the other
factors is diminished.

o Substrate deformation due to mechanical stress

Substrates generally are vacuum clamped on the backside
to avoid any irregular motion during step-and-repeat ex-
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Figure 6 Differences of straightness of travel (Ayl; axs) be-
tween adjacent rows (1, 2, @; 2, 3, O) using closely spaced A
patterns for two different masks.
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Figure 7 Measurement of the deviation from orthogonality by
rotation of the mask by 90° (see text).

Table 1 Determination of deviations from orthogonality.

Relative position |Ax — Ay 26

on mask (mm) (um) (arc-s)
10 ~0 ~0
20 0.075 0.80
30 0.210 1.40*
40 0.270 1.34%
50 0.390 1.54*
60 0.530 1.74*
70 0.510 1.42*

*The average of these values is =1.5 = 0.2 arc-s.

posures [10]. However, excessive clamping forces can
distort the surface of the mask unless special precautions
are taken to ensure deflection-free clamping [9]. Such
mask-surface deformations due to improper clamping
vary from mask to mask in an unpredictable fashion be-
cause of backside surface variations. The following pro-
cedure is uniquely suited to determine the distortion of
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Figure 8 Influence of mask deformation on overlay. The devia-
tion from horizontal lines (the ideal case) is caused primarily by
the differences of overlay Ax due to the change from a clamped-
to a free-state mask support. The numbered curves refer to row
numbers.

overlay due to surface deformations. A substrate is
placed onto the stepping table and vacuum clamped, and
an array of A patterns is exposed. Subsequently, the vac-
uum clamping system is deactivated and the substrate is
returned to its natural stress-free state. To avoid any mo-
tion during stepping the substrate is secured by means of
small pieces of wax along its sides without disturbing its
relaxed state. Now the B patterns are exposed. After de-
velopment and etching of the chromium film, the relative
positions of the A and B patterns were measured, as dis-
cussed earlier. The results, shown in Fig. 8, clearly dis-
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play the impact of surface deformations on mask overlay.
The errors vary from mask to mask because of differing
mask backside topographies, nonrepeatability of clamp-
ing due to statistical effects related to friction, and minute
particles (burrs) between the mask and clamping sur-
faces. These nonlinear errors range from =0.1-0.4
pm, and therefore can exceed the stepping error by a
factor of ten. It is estimated that generally between 5 and
20% of the chips are affected.

o Substrate deformation due to temperature

Overlay errors introduced by temperature differences of
the masks can be studied in a similar fashion, as demon-
strated in Fig. 9(a). First an array of A patterns is
stepped. Then rows 1 and 10 are exposed with pattern B,
keeping all other factors constant. These two rows estab-
lish the reference data. Subsequently, the upper right cor-
ner and lower center region of the mask are heated by
touching (operator’s finger) for =25 s. Thereafter, step-
ping of rows 2 through 9 is completed with pattern B. Fig-
ure 9(b) shows the resulting overlay distortion. (The step-
ping range was 60 mm.)

® Change of field size

The preceding examples discussed the registration errors
of stepping systems under the assumption of small dif-
fraction-limited fields. Fabrication of L.SI circuits, how-
ever, requires replication of 2-3-um lines over field sizes
approaching and perhaps even exceeding 10 mm X
10 mm. This raises the question of potential changes of
registration within the fields or between fields [10].

In order to assess this contribution under manufactur-
ing conditions, a monitoring effort was initiated. The
same ]0X reticle containing A patterns in the four corner
regions of the field was stepped once per week over an
extended period of time. A periodicity of 8.5 mm was se-
lected; it placed the outermost lines of the 1X fields close
enough to permit measurement of the space between ad-
jacent fields with the automatic linewidth-measuring mi-
croscope. Four measurements [shown in Fig. 3(c)] were
made: x,, x,, y,, and y,. These provide a measure of the
field size. A total of ten fields per mask were measured in
this fashion and the average %, ,, 7,, and J, values were
calculated in order to further reduce the small stepping er-
rors (¢.g., as shown in Fig. 4). The results for two sys-
tems over a period of about 55 days are plotted in Figs.
10(a) and (b). Ideally, these curves should all coincide and
be horizontal. The actual results demonstrate that the 1x
size of a square field generally varies even with the same
10x input, that parallel sides can vary by different
amounts, that variations from =~0.04-0.40 um have been
detected, and that systematic errors between both sys-
tems are clearly discernible.
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The preceding measurements were performed on
equipment that is in continuous use for production of 1x
masks and is therefore not available for precise analysis
of the causes of these changes. The following mechanism
most likely is responsible. The spatial-intensity distribu-
tions in the imaginary-image plane display varying de-
grees of asymmetry because of aberrations and assem-
blage errors. The photoresist film on the substrate inter-
sects the image plane in a not completely predictable
fashion because of minute focusing errors. As a con-
sequence, the edges of the images vary asymmetrically
relative to their centers, causing slight displacements be-
tween images for which differences in these conditions
prevail. Similar variations have also been observed with
wafer exposure systems. This hypothesis was tested by
deliberately changing the focal setting. A vertical change
of the image plane by about 2 um resulted in a change of
field size by about 0.12 um, despite the telecentric nature
of the lens.

Measurement accuracy

Self-measurement of lithographic systems, as demon-
strated in this paper, provides four important advantages
over conventional long-distance measurement systems.
First, the overlay measurement accuracy is substantially
improved because environmental fluctuations, measure-
ment-equipment tolerances, uncertainty, and biases are
either absent or negligible. Second, one can conduct spe-
cial studies (e.g., on the influences of mask deformation,
equipment drift, and temperature effects) that are difficult
if not impossible to perform otherwise. Third, cost and
energy consumption of the optical measurement appa-
ratus are relatively small in comparison to large-scale
measuring machines and environmental chambers. Fourth,
the size of the substrate is not limited by the measurement
system. One disadvantage, however, is that individual
long-distance measurements cannot be performed.

The measurement uncertainty of the overlay method
depends on the performance of the measurement micro-
scope, vibration, and materials- and processing-related
factors. We found the automatic linewidth-measuring micro-
scopes that use video signals for measurement of image
sizes to be uniquely suitable for this program. Their per-
formance is determined by the degree of scatter of re-
peated edge-to-edge measurements. We have made such
measurements and have obtained accuracies of =0.04 um
with a precision (standard deviation) of 0.01 um [11, 12].
Thus, the technique appears quite feasible. The major
source of error was attributable to minute vibrations of
the microscope stage.

Many measurements in this paper represent differential
readings such as D = (L — R)/2; see Fig. 3(a). This fact,
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Figure 9 Impact of temperature on overlay. (a) The dots repre-
sent the A pattern array. Two regions were heated by touching
(finger) for 25 s. The B pattern was then applied over the A ar-
ray. (b) The differences in overlay between selected A and B
lines for rows 2-4 (@) and 7-9 (O). Control rows 1 and 10 were
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two stepping systems over a period of about 55 production days,
using the same 10X A pattern.
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in combination with a high degree of linearity of the mea-
suring system, led us to conclude that the impact of small
calibration errors on overlay measurements is in-
significant. Selection of targets such that D = 0 (.e., L =
R) and division by the factor two provide further reduc-
tions in measurement uncertainty.

Two cases are of special interest. First, a mask with 100
(A vs. B) sites was measured and the same measurement
sequence was repeated after nine months. The average
difference between the two sets of numerals was 0.008 pum;
the standard deviation per measurement was 0.01 pm.
Second, we measured different target sets separated by
up to 1 mm but associated with the same exposure step.
These results indicate that the impact of spatial and pro-
cess-related factors (e.g., ripple in the resist surface) on
the measurement results can be kept smaller than
+0.02 um. If necessary, further improvements are fea-
sible, e.g., by performing many repetitive sets of mea-
surements to reduce the random measuring errors and er-
rors introduced by minute dust particles or similar distur-
bances.

Many advantages accrue from this type of ‘‘self-mea-
surement’’ in two axes. The overlay capabilities of lith-
ographic systems can be determined with an accuracy
which appears to exceed that of any other reported sys-
tem. No Abbe errors occur since the reference and mea-
surement arrays practically coincide. Environmental drift
and fluctuations during measurements are negligible. This
in turn permits determination of all kinds of singular
causes of overlay degradation, some of which are difficult
if not impossible to measure by other means. In addition,
system performances can be monitored periodically to
ensure the steady production of high-quality masks.

Summary

A major limiting factor in lithography is overlay distortion
between different layers of patterns. A method for over-
lay measurement has been designed and implemented. It
consists of a commercially available automatic linewidth-
measuring microscope and a set of special test patterns.
Modes of application to make both absolute and relative
measurements have also been described. Individual over-
lay errors were determined and it was found that the ma-
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jor errors are systematic or predictable; these range from
~0.03-0.40 um. The random errors are generally
<0.07 um. Application of this inexpensive and versatile
method, e.g., to product-mask inspection or the analysis
and improvement of other lithographic exposure systems,
appears promising.
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