Nanometer-level repeatable metrology using the Nanoruler
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We report on the measurement of the fringe-to-substrate phase error in our Nanoruler system. This
system utilizes scanning beam interference lithography to pattern and measure large-area,
nanometer-accuracy gratings that are appropriate for semiconductor and integrated opto-electronic
metrology. We present the Nanonruler's metrology system that is based on digital frequency
synthesizers, acousto-optics, and heterodyne phase sensing. It is used to assess the
fringe-to-substrate placement stability and the accuracy of the feedback signals. The metrology
system can perform measurements in real time, on the fly, and at arbitrary locations on the substrate.
Experimental measurements are presented that demonstrate the nanometer-level repeatability of the
system. Dominant error sources are highlighted. 2@03 American Vacuum Society.
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[. INTRODUCTION phy where the fringe phase needs to be controlled. Further-
more, the design meets the associated requirements for pat-

measurement of patterning, replication, and process distof€Ming and metrology. The reading mode of the system, as
tions. However, large gratings that can serve as placemeﬁpposed to the writing mode, is the focus of this article. Here

references suitable for semiconductor metrology do not exif1® Nominal frequencies to acousto-optic modulators AOM1
with the necessary nanometer-level accufacy. and AOM2 are 110 and 90 MHz, respectively. The frequency

We are developing scanning beam interference lithograChoice produces a heterodyne frequency of 20 MHz on the

phy (SBIL) to pattern gratings and grids with nanometer-phase meters. The average offset of 100 MHz is chosen be-

level accuracy. The system uses a scanned interference imaj_\@”se the diffraction efficiency for our AOMs is highest in

to pattern large gratings—up to 300 mm in diameter. Figure''© 10,0 MHz range and a wide separation Of. zero and fi'rst
1 shows the front of the system where some of the majoprder is achieved. The measurement of the fringe-to-grating

subassemblies are visible. This experimental syStbthe ~Motion is calculated from th@M, (phase meter 4signal

“Nanoruler,” employs interference lithography optitsan ~ nd is given by
X-Y air bearing stage, column referencing displacement in- PM,A
terferometry, refractometry, a grating length-scale reference, x,= 4
a beam alignment systetand acousto-optic fringe locking. P
Supporting systems also include an environmental enclosur

a beam steering systefrand vibration isolation with feed- interference signal that is produced by the reflected zero or-

for\_/rvs(red.s stem desighis the result of considering the man der beam and the diffracted minus-one order beam. The vari-
y 9 Y ableA is the grating period ang is the integer number of

error sources in the system. The major sources of errors in- . .
) . . . . . . _phase meter counts per period. Since the beams are com-
clude: thermal expansion, air index nonuniformity, periodic

: . S X gined at the grating interface, the signal is a very accurate
errors, electronic noise, vibration, substrate clamping, an . . . ;
measurement of the fringe-to-grating motion, which occurs

control. The metrology system discussed in this article en- : . ;
. - L at that interface. Electronic errors are essentially the only

hances the understanding of ultraprecision patterning in our . . .

source of inaccuracy for this measurement. The optical paths
system. : . o i !

in reading and writing mode, for practical purposes, are iden-
tical. Therefore the stability and repeatability assessed by
Il. METROLOGY SYSTEM reading gratings is an accurate estimate of the fringe place-

The metrology interferometer system shown in Fig. 2 isment stability and repeatability when writing gratings.

based on digital frequency synthesizers, acousto-optics, and The relative phase measurement between the right and left
heterodyne phase sensing. This “reading mode” configuraarms of the interferometer with respect to the fringe locking
tion is used to assess the fringe-to-grating motion and theptics is the signaPMj. The beam splitters for the phase
unobservable errors in the system. While heterodyne sensirggnsing optics are located on a rigid and thermally stable
of grating phase has been done by other researéhas, “metrology block.” The metrology block interferometer
fringe locking and metrology system used in the Nanoruler iphase, in distance units, is given by

the first heterodyne system suitable for interference lithogra-

Grating-based metrologys an attractive solution for the

: @

SVherePM4 is the digital phase meter reading of the optical

~ PMsA
Xm_ - ’ (2)
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Fic. 1. Front of the Nanoruler showing major subassemblies. Time (s), Timer period=0.1 ms.

Fic. 3. Upper plot is the fringe-to-grating stabilitx,. The raw data
which is the stability of the interference fringes relative to sampled at 10 kHz and the estimated dose phase error is shown. The lower
h trol block opti Thi trol block interf _figure plots the calculated normalized dose amplitude change dug to
the metro ogy ocC _op ICS: IS metrology 0(? nterrerom assumingd/v =20 ms.
eter phase is combined with the stage error signal to control
the fringes. The fringe locking error signal, using distance

units in the writing plane, is lows the fringe-to-substrate displacement to be assessed un-

Xfie=Xm— Xdie - (3) der conditions that very closely approximate the writing
mode condition. The fringe-to-substrate motion contains

This is the error signal that the fringe locking controls t0- iy the fringe locking error and the unobservable error. The
ward zero by shifting the AOM1 frequendy . The displace- ,,ohservable error is obtained by removing any residual

ment interferometer error perpendicular to the fringesiis fringe locking error fromx, and is given by
The fringe locking controller can operate in both reading 4

and writing modes. Locking the fringes in reading mode al-  Xue=Xa % Xfie - (4)

The unobservable error is the inaccuracy in the signals used
to control the fringes. The unobservable error currently limits
the placement stability in our system.

DSP Frequency

System Synthesizer

A=351.1nm . METROLOGY RESULTS

The fringe-to-substrate placement is the fundamental per-
formance metric for SBIL. The upper plot of Fig. 3 shows
AOM1 over 4 s sampled at 10 kHz. The raw data is taken directly
., =110 MHz from the Zygo ZMI 2002 phase meters that were pro-
o grammed to have an internal low pass filter with-8 dB
bandwidth of 15 kHz. The rawderror inX, is 3.9 nm. The
Gaussian filtered data is the dose phase error, which accounts
for the integration of the intensity during the scanned
AN exposurée The Gaussian filtered data uses tfie parameter
/[l of 20 ms, which, for instance, corresponds to a beam diam-
y eter ofd=2 mm and a stage velocity @f=100 mm/s. The
NN 3o error for the Gaussian filtered data is 1.9 nm.
e The exposure dose can be approximated as a dc back-
N // ground dose plus a sinusoidal dds&he reduction in the
< amplitude of the sinusoidal dose component due to the phase
i ,f/@ jitter is plotted in the lower portion of Fig. 3. The normalized
’l:}#uj‘ | X dose amplitude reduction is better than 0.03%. Thus the
Stage Grating fringe jitter is small enough_ to proyide excgllent con'_[rast. In
Control [+* X-Y Stage the x, data, most of the residual fringe locking error is aver-
aged by the Gaussian filter; the unobservable error at the
Fic. 2. System reading mode topology. same time is very nearly the same »sfor the Gaussian

AOM2
f2 =90 MHz
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Fic. 4. Unobservable errof,, over 56 s while the stage is static. Raw data Fic. 6. Top plot is the long term unobservable error with refractometer

bandlimited to 714 Hz and Gaussian filtered data are shown. compensation. The middle plot is the unobservable error without refracto-
meter compensation. The bottom plot is the refractometer data taken at the
same time. The data is bandlimited to 1.4 Hz.

filtered data. The Gaussian filterggl, andx, errors are both

1.9 nm, 3. The unfilteredx, is notably better tham, with by a factor of 6 whend/v=20 ms. The 3 values shown
a 3o of 3.1 nm.

i in the figure were computed by integrating the power spec-
Figure 4 shows,e Over 56 s. The data was downsampled rum of the raw data. The air index nonuniformity and the

se_\;]en ;iﬂej from f%? kHz sampled gata %ndditl_WE_iS ;igere(i)art expansion errors, which occur at low frequencies, limit
%t a dZ Cuf reguen_cy_to pr]?3ulce an d'mb'te Zaia'the performance of the system. Between O and 59.5 Hz the
e rawx, data has a@variation of 3.1 nm and about 2.1, ohservaple error is 2.3 nmg3The periodic error of the

nm, 3 for the Gaussian filtered data. interferometers is also included in the low frequency errors.

. The. (square .rocjt.power .Sp.e"tT“m of tha“‘? data from The periodic errors were separately assessede 1.0 nm,
Fig. 4 is shown in Fig. 5. Distinctive error regions are noted3a and therefore they are not the dominant error source at
in the figure. The fast cutoff in the Gaussian filtered data is[his time

evident. '_I'he significant errors at high fre_quency that are The top plot of Fig. 6 shows the unobservable error over
strongly f!ltered_mclude those due to wbrgtlons _and_ mpst of n hour. The long term stability is 1.4 nme-3or this data
the electrical noise. Even the 60 Hz electrical noise is filtere hat is bandlimited to 1.4 Hz. The refractometer signal shown
in the lower plot was used as a correction. Over the hour the
60 Hz electrical, 30=1.1 i [~y refractivity varied by 0.15 ppm, which leads to about 10 nm
/for 595Hzto60.5Hz | 3022.1 nm, dv=20 ms of error for the uncompensated data in the middle plot. Most
10 — P — , of this refractivity variation is due to pressure changes.
r/~ So18nmior 100 Hzto 74 e, The refractometer is not effective for compensating non-
| Thermal expansion; 0 to ~0.04 Hz. e uniform index variations, which especially includes fluctua-
Alr index nonuniformity, 36=2.3 nm for 0 Hz to 59.5 Hz. , tions faster than about 0.04 Hz as indicated in Fig. 7. The
L - o plot shows thdsquare rogtpower spectrum of the data from
EIETE  FEES SRS 4 5 s Fig. 6 for the compensated and uncompensated unobservable
error as well as the refractometer correction. After 0.04 Hz
the refractometer signal drops off much faster thanxhe
! / i T signals and the compensated data is no longer better than the

(nm/sqrt(Hz))

ue
e

n

10° 4 e : i . uncompensated data. The larggg at high frequency is ex-
R St : ot pected since the velocity of the air in the refractometer beam

Vibrations / ‘ path is believed to be much slower than the air velocity in
: the stage beam paths. Most of the error in the compensated
‘ ‘ ‘ . ‘ ‘ data is attributed to the air index nonuniformity since much
0 100 200 300 400 500 600 700 of the noise occurs over tens-of-seconds-long time scales or

Frequency (Hz), resolution=0.35 Hz faster. Between 0.04 and 1.4 Hz, the Square root power is
Fic. 5. Power spectrum of,,. computed from the data in Fig. 4. The Gauss- 1.3 nm. Below 0'04.HZ’. where the Integrat.ed error is 0.7 nm
ian filtered data shows the very fast cutoff. Dominant error sources in dif-30» thermal expansion is expected to dominate.
ferent frequency bands are indicated. Considering the index sensitivity to temperatdre

Power spectrum of x
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Fic. 7. Power spectra of the compensated and uncompensatedta from
Fig. 6. The power spectrum of the refractometer correction signal is also
shown. The refractometer compensation is effective up to about 0.04 Hz.

X, corrected for grating nonlinearity (nm)

€ —
. . . Constant velocity ; :
(dn/dT) of —0.9 ppb/mK, the total air index nonuniformity 63 o4 08 o8 T Tz T4 185 T8 2

might be entirely explained by the temperature nonunifor- time (s)
mity. The demonstrated temperature stability in our system is _ , , ,
+7 mK gsing thermist.ors. .With 10 s”time constants. Ove{L‘Zns;eg‘lﬂé’féihéwset;‘f ffgjf;ff: §,§3f'('f1d§r/'2%§af32|’om'ys. ir?g] t:gtr:gm
shorter time scales, significant additional instability is €X-piot shows the unobservable error during the scan. During the times when
pected. Also, temperature gradients up to 15 mK per 0.3 nthe stage is moving at constant velocity and after it stops moving there is no
have been measured. noticeable increase in the unobservable error over the static case.

When the stage is scanning, disturbances in addition to
the static ones are present—the static and dynamic distur-
bances linearly superpose. Dynamic errors occur because ditional error during the acceleration is mainly due to deflec-
stage accelerations. The stage must accelerate to reach a ctinhs of the chuck and possibly the Abbe offset error associ-
stant velocity and the stage accelerates in response to distated with the stage yaw. The measured sensitivity to sfage
bance forces, which increase during scanning. Additionahccelerations is 5 nm per 0.1 G.
stage errors occur in both the scan direction and in the per- In a separate analysighe vibration errors of the system
pendicular scan direction. Errors result because the chuckre assessed to be less than 1 A. The smooth stage control,
distorts under its own inertial forces and the metrology blockfeedforward of the stage reaction forces to isolation system
optics displace during payload accelerations. Most of the remotors, and very rigid metrology frames were important fac-
action forces that disturb the payload are compensated bprs in achieving this performance.
feedforward to the isolation system motors but they are never The grating phase across the entire wafer can be mapped
completely canceled. The unobservable errors due to vibrada SBIL. The wafer mapping capability makes the Nan-
tion and deflections will be direct errors. The observable eroruler a placement metrology tool in addition to a grating
rors can be corrected by the fringe locking controller. Atpattering tool. The repeatability of the wafer mapping is plot-
some point, the finite disturbance rejection of the controllerted in Fig. 9. This data is the difference between two wafer
is also an issue. maps taken with a stage scan speed of 1 cm/s, while low pass

The lower plot of Fig. 8 shows e during an 8 cm long filtering with a cutoff frequency of 8.7 Hz. The tool takes
stage scan with 100 mm/s peak velocity and 0.1 G pealabout 10 min to map a 100 mm wafer at this speed. The
acceleration. The vertical lines denote the start and stop akpeatability is 2.9 nm,@ The wafer was not removed from
the stage profile motion. The stage acceleration profile fothe chuck between maps. Since integrating the power spec-
the moving portion is shown in the upper plot of Fig. 8. Thetrum for X in Fig. 5 from 0 to 8.7 Hz produces arrror of
unobservable error shows noticeable response during tHe9 nm and subtracting two data sets should account {@r a
stage accelerations but no obviously worse performance dugreater error, the @ error of 2.7 nm was expected by just
ing the constant velocity portion of the scan or after the stageonsidering the static data. Because the mapping requires
stops. The data while the stage is moving is corrected for angtage motion, the associated thermal gradients and larger
nonlinearity in the grating itself by applying data from a deadpath are expected to cause the slightly larger mapping
much slower scan. Because the SBIL system exposes theror. The average period was measured to be consistent to 6
substrate during the constant velocity portion of the scan, thppb and the rotation angle of the wafer was consistent to 1
additionalx, during acceleration is not a concern. This ad-nrad between maps.
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phase compacting the fringe locking optics and enclosingthexis
difference interferometer in a sliding vacuum containment.

o) el The repeatability demonstrated in this article marks major

progress toward nanometer accurate gratings. Future work
needs to apply the Nanoruler’s wafer mapping capability and
self-calibration techniqués™® to achieve nanometer-level
accuracy.
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