Characterization of field stitching in electron-beam lithography
using moire” metrology
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We describe a method for characterizing field stitching in e-beam lithography systems. The method,
which is based upon the moiginciple, enables one to measure interfield stitching errors to the
nanometer level using only a conventional optical microscope. The technique is more sensitive than
the commonly used vernier method, and it does not require the use of a coordinate-measuring tool.
Our experiments show that this technique can determine the interfield stitching to within 2 nm.
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[. INTRODUCTION dimensional moirgechniques have been used to provide

situ field calibration in an e-beam lithography syst&m.
In all modern scanning-electron-beam lithography sys-

tems, large-area patterns are formed by stitching together a .
mosaic of small fields or stripes. Interfield stitching errors,|l. MEASURING FIELD STITCHING WITH MOIRE

the small unintended discontinuities which occur at theMETROLOGY

boundaries between adjacent fields, are major contributors to Our technique, illustrated in Fig. 1, uses a maiedtern to

pattern-placement errors in e-beam lithography systems. ThWﬁeasure the interfield stitching between two adjacent fields.

a_lrticle Qegcribes a method for measuring and characterizinlg\lOng the right edge of field 1, a fine-period grating of pitch
field stitching. ) p1 is written. Along the left edge of field 2, a similar grating
One of the most common ways of measuring pattery s pitch p, is written. The two fields are exposed with an
placement and field stitching is with a coordinate-measuringnentional overlap, such that the two gratings are written on
tool. In this approach, the e-beam system writes a sequenggy, of one another, as depicted in Figbll When the sample
of marks, spanning many e-beam fiefdShe sample is de- is geveloped, a mairgattern can be seen in the region of

veloped and the pattern transferred to the substrate. Th&/erlap. The pitch of the resulting moigattern is given by
coordinate-measuring tool locates the marks via optical mi-

croscopy as interferometry precisely measures the position of ,_ _P1P2 2
the stage. By comparing the measured position of each mark lp1—pal’

with its intended position, one can determine the patterty heren. andp, are the pitches of the constituent gratings. It
placement errors and field stitching. Unfortunately,

. ) ) is important to point out that even |if, andp, are too small
coordinate-measuring tools are unavailable to many regy pe resolved optically, the méiggattern can have a much
;earchers; consequently, simpler means of evaluating stitclfﬁrger periodicity which can easily be resolved in a conven-
ing errors are needed. tional optical microscope.
Another commonly used technique for measuring stitch- e position(i.e., the spatial phasef the moirefringes
ing errors is to write a series of vernier marks along thegepends very sensitively upon the relative placement of the
edges of adjoining fieldsBy inspecting the written vernier o overlapping fields. A small stitching error between the
pattern in a scanning electron microscope, one can determifg|ds will produce a magnified shift in the moipattern. By
the amount of field StItChIng error betW'een adjacent fields. measuring the disp|acement of the rﬁd""iege pattern rela-
The method described here uses mairetrology tech- tjve to its predicted position, one can precisely determine the
niques to amplify interfield stitching errors to a level that caninterfield stitching error.
be easily measured with optical microscopy. This technique |n order to measure the displacement of the mpattern,
is far less expensive than using a coordinate-measuring toabne must have a reference pattern which indicates where the
and more sensitive and more convenient than the commoniyoire fringes would lie in the absence of any stitching error.
used vernier method. To provide this, we include a set of reference mqiadgterns
The application of moirgechniques to nanolithography immediately to the side of the overlapping region. These
and nanometrology is not completely new. Mdieehniques  reference fringes are likewise created by superposing two
have been used in the past to achieve nm-level masgeriods(p; and p,), however the constituent gratings are
alignment® Others have used moitechniques to diagnose written entirely within a single e-beam field, ensuring that
stitching errors and grating chirp in diffractive phase maskgshere is no appreciable placement error between them. Figure
used in manufacturing fiber Bragg gratirfySRecently, two- 2 illustrates the field pattern used for our mosstching
measurements. The relative displacement of the middle
3Electronic mail: tem@nano.mit.edu moire fringes with respect to the surrounding reference
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Fic. 2. Diagram of two partially overlapping e-beam fields. The reference
(b) moire patterns located on either side of the overlapping region provide a
basis for measuring the relative position of the mdir@ges, i.e., the
spatial-phase shift of the overlapping region.

Fic. 1. Schematic of moiréechnique used in stitching measuremeds.
depicts a fine-period grating with pitgh along the right-hand edge of field

1, and a similar grating with pitclp, along the left-hand edge of field 2. . _ . .
When these two fields are written so as to overlap, as depictét)jra  t€rn transfer: the moirémages can be seen directly in the

moire pattern develops in the overlapping region. developed(or even partially developedresist. Also, the
written test patterns do not need to be examined in a high-
resolution microscopy tool, such as a scanning-electron mi-
croscope or atomic-force microscope. Because of these ad-
vantages, one could imagine routinely writing a small array
of test fields alongside real device patterns, providing a use-
ful diagnostic for the stitching performance. Since the mea-
surement relies on nothing more than resist development and
optical microscopy, the stitching measurement is guaranteed
to be compatible with subsequent sample processing.

fringes is indicative of a stitching error between the two
fields. The displacement of the moifiénges & is related to
the transverse stitching errdry by

5=Ay @

wherep; is eitherp, or p,, depending on whether the fringe

offs_et is measured relative to field 1 or fielt_j 2. The magnifi-m_ EXPERIMENTAL PROCEDURES

cation factor, P/p;, expresses mathematically what was

stated above: small interfield stitching errors cause a magni- |n order to demonstrate the capabilities of this technique,

fied shift in the moirepattern. we have performed several stitching experiments using our
One potential problem which can be easily seen in Fig. 2S2A e-beam lithography system. For all the tests, we used

is that there can be some ambiguity in the measurement ¢yafers with 250 nm  thick polynethylmethacrylate

the fringe position: the fringe displacement can only be de{PMMA).

termined up to an integral number of fringe periods. In prac- Table I lists the important parameters used for the mea-

tice, however, one can usually place an upper limit on theurements on 100 and 4Q&n fields. The fine-period grat-

stitching error. The grating periogs, and p, must then be ings (p; and p,) were written as arrays of one dimensional

chosen so that they are at least twice as large as the madites. From prior independent measurements of the stitching

mum anticipated stitching error. With this choice, the fringe

displacement is guaranteed to fall betweef/2 fringe and  TagLe I. Parameters used for the mosstching measurements on 100 and

+1/2 fringe. An alternative solution to this problem is to 400 um fields.

include a set of coarse marks alongside the maiarks

which would enable one to resolve the fringe ambiguity.
This method can provide a very sensitive measurement of

the interfield stitching error. Additionally, there are some 100um 6.10nm  189.2nm 1953 nm  6.036n

practical advantages to using this method. In comparis_on;lozc’fni pixels (21421"‘;?1 (253?8“2'21 (33212'?:?”1 (9932.8%'3

with conventional techniques, this method does not require 16 3g4 pixels (1 pixe) (12 pixely (13 pixels (156 pixels

any postexposure liftoff, etching, electroplating, or other pat

Address
Field size increment o] P2 P
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overlap band is where the adjacent fields overlap. The stitching error

— between these two fields is evidenced by the visible displace-
ment of the middle moirdringe pattern with respect to the
surrounding reference fringes.

The optimal line dose was found to be 1.9 nC/cm for both
the 100 and 40@.m fields. Note that these dose figures refer
to the constituent grating lines considered separately—in
those places where grating lines over(ap., at the peaks of
the moirefringes the delivered dose is actually twice as
high. We found that moirgatterns can still be seen and
measured in the developed resist even if the dose is changed
by +10%. Additionally, the moirgatterns can be seen even
in partially developed resist.

IV. STITCHING MEASUREMENT AND DATA
ANALYSIS

From the optical micrograph in Fig. 3, one can estimate
the relative fringe offset to approximateR/10, by visual
inspection alone, which corresponds to a measurement un-
certainty of about 20 nm for the 100m fields. However,
one can obtain a more precise estimate of the fringe offset by
numerically analyzing the fringe patterns, as will be de-
scribed.

First, the optical micrographs are recorded on a charge
coupled devicd CCD) camera and converted to 16-bit gray-
scale images, where the light intensity at each pixel is stored
as a non-negative integer ranging from 0 to 65535. The po-
sition of the moirefringes can then be estimated using a
spectral analysis technique. Each vertical column of pixels in
the optical moirdmage may be regarded as a lendjttdis-

. crete periodic signal, which we deno#f n]. The discrete
Reference Fringes Fourier transform{DFT) of this signal is given by

N—-1

€
= 4
1D
Q
©

Fic. 3. Optical micrograph showing moifénges at the boundary between i
two 100um fields. This image was captured using a CCD camera connected @ (w)= 2 ¢[n]e! on 3)

to a conventional optical microscope, through &20.4 numerical aperture n=0

differential-interference-contrast objective lens. The period of the npaite

tern is approximately 6.05m. The clear displacement of the middle moire 1N€ Spectrun®(w) of the data has a peak at a freqlﬂem&’
fringes with respect to the surrounding reference fringes is indicative of avhich corresponds to the spatial frequency of the mpat
transverse stitching error between these fields. tern:

wo=arg max®d(w)|?. (4)
performance of our system, we knew that the stitching error ¢
seldom exceeds 80 nm for 1n fields and 150 nm for 400 The phase of the spectrum at its peak value represents the
um fields. The grating periodp; and p, listed in Table |  position of the moirdringe, i.e.,
were chosen with these limits in mind, ensuring that the IM[®(wy)]

ire fri i inui i i —tan 1
moire fringe discontinuity will be less than 1/2 fringe. 0 (W)

For some fields, we included a set of vernier marks along- 0
side the moirefringes, allowing us to compare the moire The spectrum in Eq(3) can be very efficiently computed
technique with the more commonly used vernier method. Ausing the fast Fourier transfor(fFT) algorithm, after zero-
variety of doses were used to identify the optimal dose fopadding the data sequence to a sufficient length. This analy-
generating moirgatterns. sis can be carried out for each column of data comprising the

The samples were developed in a solution of 60:40 IPAimage, which allows one to plot a profile of the mopkase
MIBK for 60 s, and inspected in an optical microscope. Fig-across the boundary. Figure 4 plots such a phase profile for
ure 3 is a representative optical micrograph showing thehe field boundary shown in Fig. 3.
moire fringes at the boundary between two adjacent 480 Based upon the signal-to-noise ratio in the optical
fields. Three moirebands are clearly visible in Fig. 3: the micrograph, we believe that the spectral technique described
outer two bands are the reference fringes, and the middlean determine the phase of the moire fringe to better

®
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Fic. 4. Computed spatial-phase profile for the mainage shown in Fig. 3. “ B = L85

The phaseposition of the moirefringes is calculated using a FFT-based o s S Ay = 12.2 nm
method. The middle moiréringes are displaced with respect to the sur- “

rounding reference patterns by 0.18 fringes. From this, we determine that w Ay= 6.1nm

the interfield stitching error is 352 nm. - — Ay = 0.0nm

vernier measurement:

than P/200. However, the precision of the measurement Ay =37+ 6nm

technique is limited by other factors described as follows. Fic. 5. SEM showing vernier marks written at the boundary between two
The phase profile plotted in Fig. 4 shows a clear dISCOne beam fields. These marks were written along the same field boundary

tinuity of approximately 0.18 fringes between the middle depicted in Fig. 3. The interfield stitching error, as measured from these

moire pattern and the adjacent reference fringes, which corvernier marks, is found to be 37 nm. This agrees with the moireethod,

responds to a stitching error of 35 nm. Notice that there is £t has a larger measurement uncertainty.

small discrepancy between the measured phase of the two

reference fringes. This phase discrepancy arises for two rea-

sons. First, as there is a stitching error of about 35 nm bethese intrafield deviations can be as large as 2 nm. This effect

tween the two fields, the reference miofringes from each is what limits the accuracy of the moireneasurement

field should not be expected to line up exactly. The relationScheme in our system to abott2 nm.

ship between the two fringe discontinuities and the trans- AS mentioned earlier, in order to verify the stitching mea-
verse stitching error is surement, we wrote a set of vernier marks alongside the

moire patterns. Figure 5 is a scanning electron micrograph
p p (SEM) showing labeled vernier marks which were written
S=Ay—, =Ay —, (6) along the same boundary shown in Fig. 3. Prior to inspecting
P2 the vernier marks in the SEM, we lifted off 40 nm of chro-
mium to provide image contrast, and we also sputter coated
where 8, represents the left-hand side fringe discontinuitythe sample with gold to prevent charging. For simplicity, the
and &, represents the right-hand side fringe discontinuity.vernier marks were written with the same peripd andp,)
For the 100um field parameters listed in Table |, E) as the moirggratings. The difference in vernier pitch is ex-
predicts thats; should always be 3.2% larger thafh. (In actly one pixel, which provides the maximum vernier sensi-
fact, it is possible to use this predictable discrepancy betivity attainable for our e-beam tool.
tween the left-hand side and right-hand side reference fringes As shown in Fig. 5, the vernier marks reveal a stitching
to remove the ambiguity from the measurement of the fringeerror of 376 nm. In contrast, the moirmethod measures
offset) However, this factor only accounts for part of the the stitching error to be 352 nm. The two methods are in
discrepancy seen in Fig. 4. agreement, but the moinmethod provides a more precise
We attribute the remaining discrepancy to intrafield place-measure than the vernier method and does not require pattern
ment errors which are introduced while the reference moirgransfer and SEM analysis.
patterns are being written. If, when patterning the reference Although we have not sought in this work to minimize the
moire pattern, there is any drift in pattern placement betweersize of the moirenarks, it is worth comparing the amount of
when the two component gratings andp, are written, the  space consumed by the moire method and vernier method.
reference moireringe will be displaced from its nominal The pitch of the vernier marks in Fig. 5 is approximately 200
position. Such intrafield pattern placement errors can ariseym, with a difference in pitch of only one pixéi.e., 6.10
for example, from charging of the sample, differential ther-nm) between the left-hand side and right-hand side gratings.
mal expansion, or a variety of other sources of drift. Basedsiven these parameters, in order for the vernier marks to be
upon our observations of the moifenges, we believe that have the same measurement range as the nedtenique,
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the total length of the vernier marks must be approximately Gnicroscope. With relatively simple off-line image-
um (i.e., approximately one moir&inge.) In comparison, processing techniques, this technique can unambiguously de-
we have found that the moitechnique requires about three termine the interfield stitching error to about2 nm. We
fringes in order to reliably determine the stitching error. Thebelieve this technique is more convenient and more sensitive
width of the vernier marks is likewise somewhat smaller tharthan other commonly used techniques.

that of the moiremarks. From the phase profile depicted in

Fig. 4, we infer that the full width of the moinegions could ACKNOWLEDGMENTS
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