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We report a new mode of spatial-phase-locked electron-beam lithography based on alignment of
eache-beam deflection field to a fiducial grid on the substrate. Before exposing the pattern in a given
field, the fiducial grid is sparsely sampled with the electron beam at a subexposure dose. These
samples form a two-dimensional moire´ pattern that is analyzed to calculate field shift, scale,
rotation, nonorthogonality, and trapezoidal distortion. Experimental verification of the approach was
carried out with a scintillating fiducial grid quenched by interference lithography. Despite a poor
signal-to-noise ratio, we achieved sub-beamstep field-stitching and pattern-placement accuracy.
© 2000 American Vacuum Society.@S0734-211X~00!02206-X#
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I. INTRODUCTION

Spatial-phase-locked electron-beam lithograp
~SPLEBL! is being developed to significantly improve th
pattern-placement accuracy of scanning-electron-beam
thography~SEBL! tools.1–4 In principle, SPLEBL is capable
of positioning patterns on a substrate to within 1 nm.
one-dimensional experiments, precisions of 5 nm have b
achieved to date.2,3 Such precisions are not achieved wi
traditional electron-beam lithography because these sys
operate open loop, i.e., the position of the electron beam
the substrate is not directly monitored. In SPLEBL, the be
position, with reference to the substrate, is monitored c
tinuously, or semicontinuously, so that feedback can be u
to eliminate sources of pattern-placement errors. Curren
SPLEBL is the only known solution for achieving sub-20 n
pattern-placement accuracy, as will soon be required by
International Technology Roadmap for Semiconductors.5

This article describes a new mode of SPLEBL, whi
employs a sparse-sampling technique and is suitable
vector-scan and raster-scan SEBL tools. Details of
sparse-sampling algorithm are presented, and its pe
mance under various signal-to-noise ratios~SNRs! is re-
ported. Also, we report results from the first two-dimensio
~2D! SPLEBL experiment which used the sparse-samp
algorithm and a scintillating global-fiducial grid. This grid
patterned on the substrate by interference lithography,
vided the necessary feedback signal for SPLEBL. Un
very poor SNR conditions, field-stitching and patter
placement precisions of less than one beam step w
achieved in the 2D experiment.

II. SPARSE SAMPLING APPLIED TO SPLEBL

In the sparse-sampling mode of SPLEBL the glob
fiducial grid is sampled at discrete locations within t
e-beam field with a subthreshold dose, while the las
interferometer-controlled stage, which holds the sample
stationary. Immediately after processing the acquired d

a!Electronic mail: hastings@nano.mit.edu
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and making field corrections, the desired pattern is writ
within thee-beam field. Figure 1 provides an overview of th
sparse-sampling approach and shows the experimental s
appropriate for a scintillating fiducial grid.

The samples, which are taken at spacings larger than
grid period, are subthreshold and hence do not transfe
subsequent processing steps. Because the spatial frequ
of the fiducial grid is higher than the spatial frequency of t
sparse samples, the acquired signal will be aliased. In
spatial domain, aliased periodic signals appear as moire´ pat-
terns. Figure 2~a! shows the moire´ pattern formed by sam
pling a 1 mm period gold grid at 5123512 equally spaced
points within a 528mm field. The number of periods in th
moiré is simply given by the difference between the numb
of sample points and the number of fiducial grid periods i
given direction, in this case exactly 16 periods in bothX and
Y. Higher-order aliasing produces a similar effect, i.e., 5
3512 samples of 104031040 periods will also yield a
16316 period moire´ pattern.

The moirépattern provides a sensitive tool for measuri
deflection-field alignment and distortion. The spatial pha
of the moirésignal represents the spatial phase of the p
odic sample locations with respect to the underlying fiduc
grid. Thus, the deflection field can be shifted into alignme
with the fiducial grid by locking the spatial phase of th
moiré pattern to a specified value. Variation of the moi´
phase with position inX or Y indicates a rotation, or skew, o
the deflection field with respect to the grid. If this variatio
differs betweenX andY the deflection axes are not orthog
nal. The spatial frequency of the moire´ pattern allows one to
precisely calculate the number of periods contained in
deflection field, and thus determine the scale~magnification!
of the field. A linear variation ofX spatial frequency withY,
or vice-versa, indicates the presence of trapezoidal distort

Our SEBL system uses eight parameters to model
correct the error between desired beam position (x,y) and
actual beam position (x8,y8). These relationships are give
by

x85x01Sxx1uxy1Txxy, ~1!
32680Õ18„6…Õ3268Õ4Õ$17.00 ©2000 American Vacuum Society
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y85y01Syy1uyx1Tyxy,

where x0 and y0 are the field-shift errors,Sx and Sy are
unitless field-scaling errors,ux and uy are the skew errors
and Tx and Ty are trapezoidal-distortion errors in units
1/length.

To determine the relationship between these errors
the observed moire´ pattern, we begin by approximating th
fiducial-grid signal as a sum of two orthogonal sinusoid
gratings. I grid represents the signal level regardless of
signal type~backscattered electron, secondary electron,
photon!

I grid'Ax cosS 2p

LG
x8D1Ay cosS 2p

LG
y8D1C1N, ~2!

whereA is the amplitude of the modulation,C is the back-
ground level, andLG is the spatial period of each grid, typ
cally 200 nm to 1mm. N is a simplified noise term having
Gaussian distribution with variances2. The noise term ap-
proximates the electron-arrival statistics, scintillator-pho
emission statistics, photomultiplier-tube noise, other el
tronic noise, and stray light in the vacuum chamber. T
SNR is defined as (Ax

21Ay
2)/s2. Neglecting the noise term

and substituting Eq.~1! into Eq. ~2!, we obtain a function
describing the appearance of the fiducial grid within a m
aligned or distorted field.

FIG. 1. Experimental setup for sparse-sampled SPLEBL. Photons prod
in the electron-scintillator interaction are focused onto the photomultip
tube~PMT! by the elliptical mirror. This depiction shows the deflection fie
aligned to a few fiducial grid periods. In practice, the field encompas
about 500 periods in bothX andY.

FIG. 2. ~a! Moiré pattern obtained from 5123512 backscattered electro
samples of a 528mm field with a 1 mm period gold grid.~b! Standard
deviation ofx shift error estimates vs SNR using the grid shown in~a!.
JVST B - Microelectronics and Nanometer Structures
d

l
e
r

n
-

e

-

If we take the Fourier transform of Eq.~2! with respect to
x at arbitraryy, we find that the spatial phase and frequen
of the fundamental Fourier component are given by

fx5
2p

LG
~x01uxy!, ~3!

f x5
1

LG
~Sx1Txy!. ~4!

We see that both phase and frequency are linear function
y, with slopes (2p/LG)ux and Tx /LG and intercepts
(2p/LG)x0 andSx /LG , respectively. When undersamplin
the fiducial grid the phase of the moire´ pattern along an axis
fxm remains identical to that of the fiducial grid, but aliasin
must be taken into account for the moire´ frequency f xm .
Therefore,

fxm5
2p

LG
~x01uxy!, ~5!

f xm5U 1

LG
~Sx1Txy!2

1

LS
U, ~6!

whereLS is the spatial period of the sparse samples.
After acquiring the moire´ pattern via an array of discret

samples, we estimate its phase and frequency with respe
x at severaly positions. This is accomplished using on
dimensional discrete Fourier transforms~DFTs! and a simple
peak-search routine for each row of data. Because the m´
spatial frequency is approximately known before beginn
the analysis, one need only compute the amplitude at a
frequencies to estimate the peak position with high precis
This proves more computationally efficient than a large ze
padded fast-Fourier transform. After performing linear lea
squares fits of the phase and frequency versusy, the field
corrections are given by

x05
LG

2p
fxmU

~y50!

,

ux5
LG

2p

dfxm

dy
,

~7!

Sx5LGS f xmU
y50

1
1

LS
D ,

Tx5LG

d fxm

dy
.

The corresponding field corrections forY can be found in the
same manner.

Variation of the signal-detection efficiency across the d
flection field leads to nonuniformities in the moire´ pattern.
These variations add low-spatial-frequency spectral com
nents that introduce bias in the error estimates descr
above. To reduce this effect we least-squares fit a 2D p
nomial to the signal level across the field. When each field
sampled the signal is divided by this detection efficien
function to reduce the bias errors.
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If the signal acquired from the fiducial grid has a lo
SNR, a single row or column of sample points may not rea
the SNR threshold level for accurate spectral peak iden
cation. In this case several rows may be averaged togeth
increase the SNR before performing the DFTs. This te
nique is also important if the fiducial grid deviates from
simple sum of sinusoids, e.g., an array of metallic do
where certain rows or columns of samples may have no
nal at all. Finally, the averaged data are multiplied by a Ha
~squared cosine! window before Fourier transforming to fur
ther reduce interference from any residual low frequency
nals.

The performance of this algorithm was verified in o
SEBL system, VS2A, by repeatedly locking to a 1mm pe-
riod gold fiducial grid at one position. Adjusting the bea
current allows the variance of the parameter estimates t
measured at several SNRs. Estimation theory indicates
beyond a certain threshold level the variances2 of sinusoid
phase and frequency estimates decreases as SNR21. The
field-correction parameters should change little betw
locking cycles, but any system instability on this time sc
~a few seconds! will be observed as a lower limit on th
variance of parameter estimate values. The variance,s2 of
all field correction parameters, was found to decrease
SNR2160.06 except for field shift. Figure 2~b! shows the
standard deviation of theX-shift estimate versus SNR. Th
shift variance does not decrease uniformly because of fl
tuations introduced by interferometer quantization~5 nm!,
field correction unit quantization~4 nm51/8 beam step!, and
system drift on the time scale of the corrections.

III. FIELD-STITCHING EXPERIMENTS

Field-stitching experiments to verify the approach d
scribed above were conducted on our SEBL system.
system operates at 50 keV, uses 14-bit resolution deflec
fields, and has al/128 laser-interferometer-controlled stag
A scintillating fiducial grid was used for these experiment6

The grid consists of a poly~methylmethacrylate!-based resist
with additional components that scintillate when struck

FIG. 3. Results from field stitching experiment:~a! Moiré pattern used for
locking: 5123512 samples of 280mm field with a 530 nm period scintillat-
ing grid; ~b! backscattered-electron image of stitched gold gratings at a
boundary. The gap was intentionally included to make the location of
boundary clear.
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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electrons. The scintillation can be quenched by exposur
ultraviolet light without exposing the resist. The scintillatin
fiducial grid requires no sacrifice of substrate area and
quenched instead of physically patterned, so the sample
mains completely planar.

Silicon wafers were coated with 400 nm of the scintilla
ing resist, and orthogonal gratings were quenched using
nm light from an Ar ion laser in our interference lithograph
system.7 Interference lithography~IL ! relies on the standing
wave generated when two plane, or spherical, waves in
fere at an angle. The use of IL guarantees the spatial co
ence of the grid, and the period is precisely determined
the wavelength and angle of intersection.

As the electron beam samples the fiducial grid, the lig
from the electron–scintillator interaction is collected with
elliptical mirror and focused onto a photomultiplier tub
~PMT!, as indicated in Fig. 1. The PMT signal is amplifie
and routed to an image acquisition board in the host co
puter. The image processing of the captured moire´ pattern is
carried out using an Alacron AL860MP array process
board.

Figure 3~a! shows a 16316 moirépattern obtained from a
530 nm period scintillating fiducial grid, sampled over a 2
mm field. The SNR was'0.09 for the scintillating grid, as
opposed to'25 for the 1mm gold grid @Fig. 2~a!# when
sampled at the same dwell time and beam current. The SE
tool’s constrained vacuum chamber makes light collect
difficult, thus the low SNR observed for the scintillating gri

In actual pattern-placement experiments, the SNR of
scintillating grid was too low to permit accurate rotatio
scaling, and trapezoidal correction for each field. Trapezo
distortion was corrected using a traditional field-calibrati
routine, and rotation and scale were fixed to their initial v
ues after applying the sparse-sampling routine to one de
tion field. Shift correction was enabled for all fields.

To test stitching and pattern placement, we exposed
array of 280mm e-beam fields with 400 nm period grating
at the field boundaries. An intentional gap was left betwe
the gratings so that the field boundary could be easily id
tified. These gratings were transferred to the substrate
gold evaporation and liftoff, and subsequently imaged
high magnification in the same SEBL system. A backsc

ld
e

FIG. 4. Stitching error histograms for bothX ~a! andY ~b! using the 530 nm
period scintillating grid. 1e-beam-step517 nm,sx517 nm, sy518 nm.
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tered electron image of the stitched gratings is shown in F
3~b!.

The stitching error between fields was measured usin
technique developed by Ferreraet al.2 which determines the
spatial–phase difference between the two gratings.
phase of each grating is measured by taking the Fou
transform of its image and finding the phase at the fun
mental peak. The stitching errorDst is given by

Dst5Lgrat

f22f1

2p
, ~8!

wheref2 andf1 are the spatial phases on each side of
boundary, andLgrat is the spatial period of the patterne
grating. Because of the high magnification and favora
SNR of these images, the stitching error can be measure
s53 nm. Figure 4 shows histograms of the measured sti
ing errors in bothX and Y. The standard deviation of th
stitching errors was 17 and 18 nm forX andY, respectively,
while the mean errors were 31 and 10 nm forX andY. One
beam step in the 280mm deflection field is equal to 17 nm
The large mean values are a direct result of not correc
rotation for each field, and should be greatly reduced with
improvement to the 0.09 SNR of these experiments.

The patterns were written aligned to the fiducial grid,
there is no cumulative error or placement drift across
substrate. As a result, stitching errors translate directly
pattern-placement error with respect to the grid. Given
placement error of spp, stitching error is given by
sst5A2 spp. We find that the pattern placement for the e
periment above issx512 nm andsy513 nm.

IV. CONCLUSION

Spatial-phase-lockede-beam lithography provides a rout
to pattern-placement accuracy beyond that of traditio
e-beam tools. An algorithm has been developed which
JVST B - Microelectronics and Nanometer Structures
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lows alignment of the deflection field to the fiducial gr
using a moire´ pattern obtained by sub-exposure-dose spa
sampling. This mode of SPLEBL provides 2D sub-bea
step pattern placement, even with an extremely poor S
Improvements to the scintillator and the light collection sy
tem will increase SNR and pattern-placement accuracy. F
ther improvements in pattern placement will be obtain
with a finer period fiducial grid.

In the future, sparse sampling will be extended to ras
scan systems using a quasicontinuous feedback mode.
sparse samples will be obtained whenever the beam pa
over a desired sample point. In this way correction para
eters can be updated more frequently. Ultimately, 1 nm p
tern placement could be achieved by continuously samp
the grid throughout the pattern exposure.
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