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field of second harnonic interferometry1. I n
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Improving the Signal-to-Noise Ratio of Second Harmonic Interferometers
Field of the Invention

The invention is directed towards the field of second harmonic interferometry. In
particular, the invention is directed towards improving the signal-to-noise ratio of the

second harmonic interferometric measurements.
Background of the Invention

Air turbulence affects the performance of He-Ne interferometers that are used to
control the wafer stage of a stepper or step and scan lithography systems. Typical
magnitudes of the length measurement errors are 10 - 30 nm (30) over a 20 cm path. This
measurement error results in stage positioning errors which affect the achievable
overlay accuracy. By using the dispersion characteristics of air, measurements of the
optical path length at multiple wavelehgths can provide the information required to
remove the effects of the air turbulence on the measured path length. The small optical
path length difference at the two wavelengths is directly proportional to the integrated air
density in the measurement path.

Figure 1 illustrates a prior art device disclosed by Lis in.U.S.P.N. 5,404,222,
“Interferometric Measuring System with Air Turbulence Compensation™, issued April 4,
1995, to make a direct measurement of the path length difference using second harmonic
interferometry. Frequency doubling is applied at both the input and the output of the
interferometer. Input frequency doubling provides two well-separated, phase-locked
wavelengths (532 nm and 266 nm) to characterize the air in the path. The output
frequency doubling allows accurate measurement of the small path length difference
induced by the air by measuring an optical phase difference between the light which
traveled as 532 nm and the light which traveled the path as 266 nm. Collinear
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particuylar, the invention is directed towards inproving the signal-to-noise
rati o of the second harnonic interferonetric neasurenents.

Background of the Invention Air turbulence affects the performance:

of He-Ne interferoneters that are used2o control the wafer stage of a
stepper or step and scan |ithography systens. Typical magnitudes of the
| ength nmeasurenent errors are 10 - 30 nm (3a) over a 20 cmpath. This

neasur enengorgbinglon’ &F3hik beo-WavelbRIR cHBFdnkAtIIN sRSteR Wit te hisGiy HE L Blet t he
achi evabl e, overl ay accuracy. By using the dispersion characteristics of

ai r, measuidsriareraeter used fordpngtic meagyzanent proyides abighly accyate systom) witlyrer can

provide t hﬁmie %&E)g%‘ilﬁ&pforr ity lt'tilrﬁglgncte(.) However, the second harmonic conversion of the
fundamental frequency is inefficient and results in a poor signal-to-noise ratio in the
correction signal.

Attempts to increase the signal-to-noise ratio have included applying more power
to the inpuf of the interferometer. Although the second harmonic conversion efficiency
improves as more fundamental power is applied, the efficiency remains low for any laser
that could be practically used in the system. In addition, the additional power increases
the need for thermal cooling. The fans and the heat sources themselves often aggravate
the air turbulence effect on the wafer stage of stepper or step and scan lithography system.

It would be desirable to improve the signal-to-noise ratio of the correction signal
while reducing the air turbulence effect on the lithography systems. It would be a further

benefit if the second harmonic conversion of the fundamental frequency were improved.
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renmove the effects of the air turbulence on the neasured path Iength. The
smal| optical path length difference at the two wavel engths is directly
proportional to the integrated air density in the nmeasurenent path.
Figure 1 illustrates a prior art device3disclosed by Lis in U S. P.N
5,404,222, "Interferonetric Measuring Systemw th Air Turbul ence
Conpensation", issued April 4, 1995, to nake a direct neasurenent of the
path length difference using second hgy ke interferonmetry. Frequency
doubling is applied at both the input and t'he output of the interferoneter.
| nput frequency doubling provides two wel | -separated, phase-| ocked

wavel engt hs (532_nm ,and 266 n characterize the air in_the path. The
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travel ed t lgarmohic fRgueRES, nslijsﬁ@xhddllﬂ&ﬁroptlcal path. Second, a doubling stage 1s

positioned internal to the correction laser.

An intracavity frequency doubled laser emits a first optical beam at a fundamental
frequency and a second optical beam at the second-harmonic of the fundamental
frequency. The frequency doubled laser is positioned adjacent to a phase modulator. A
first beam splitter is positioned near the phase modulator. A second beam splitter is
positioned between a reference laser, a quarter waveplate, and a face of the first beam
splitter. A stage mirror is positioned proximate to the quarter waveplate. The system is
designed to measure the stage mirror position. An external doubling crystal is positioned
near an opposing face of the first beam splitter. An optical amplifier, tuned to the second
harmonic frequency, is positioned between the external doubling stage and a filter, such
as a dichroic beamsplitter. The filter prevents the transmission of the first optical beam
containing the fundamental frequency. A square law photo detector is positioned near the
filter.



2 conbi nati on of this two-wavel ength conpensati on systemw th the
exi'sting He - Ne interferoneter used for |ength neasurenent provides a
hi ghly accurate systemwi th real- tinme conpensation for air turbul ence.
However, the second harnonic conversiotof the fundanmental frequency is
inefficient and results in a poor signal-to-noise ratio in the correction
si gnal .

Brief Description of the Drawings

Figure 1 illustrates an interferometer of the prior art.

Figure 2 illustrates an interferometer of the present invention,

Figure 3 illustrates an example of a correction laser shown in Figure 2.
Figure 4 illustrates an example of an optical amplifier shown in Figure 2.

Figure 5 illustrates a process flowchart according to the present invention.



Attenpts to increase the signal-to-noise ratio have included applying nore
poiver to the input of the interferoneter. Al though the second harnonic '
conversion efficiency inproves as nore fundanmental power is applied, the
efficiency remains low for any laser tBat could be practically used in the
system In addition, the additional power increases the need for thernal
cooling. The fans and the heat sources thenselves often aggravate the air

turbul ence effect on the wahet: 0f tep and scan
| i t hography system I{)@(%ﬁ%@%g%@}tﬁ%@éa@%gsﬁﬁpr ove the

signal -to-noise ratio of the correction signal while reducing the air
turbul ence effegt on.the IithQ%raphy systens. It would be a further benefit

i f the second HAEWS®iHuLSIey e diteeremetehel the Argasns vantion Ky am sy
| mproved.  gequency doubled laser 12 emits a first optical beam at a fundamental frequency w, and a

second optical beam at the second-harmonic of the fundamental frequency2w,. The
frequency doubled laser 12 is positioned adjacent to a phase modulator 14. The phase
modulator 14 applies a phase modulation to the first and second optical beams. A first
beam splitter 16 is positioned near the phase modulator 14. A second beam combiner 18
is positioned between a reference laser 20, a quarter waveplate 22, and a face of the first
beam splitter 16. A stage mirror 24 is positioned proximate to the quarter waveplate 22.
An external doubling crystal stage 26 is positioned near an opposing face of the first
beam splitter 16. An optical amplifier 28, tuned to the second harmonic fréequency 2w,, is
positioned between the external doubling crystal stage 26 and a filter 30, such as an
output mirror. A second harmonic detector 32 is positioned near the filter 30.

To avoid saturation, only the weak 2w, beam generated at the end of the
-measurement path must pass through fhe optical amplifier 28. This requires at Jeasta
small amount of lateral separation. Displacement of the input beam by the width of the
amplifier gain stripe (typically 50:m) will cause this. As long as the correction beams are
separated by a few mm or less, the turbulence seen along their respective paths is well
correlated and the separation should cause little error.

Figure 3 illustrates an example of the intracavity frequency doubled laser 12
shown in Figure 2. A semiconductor laser 34, such as an InGaAsP laser diode, having an
anti-reflective coating at the output, is positioned near an external field build-up cavity
through an etalon 36. The build-up cavity includes a doubling crystal 38, such as KNBO,
, positioned between two mirrors 40, 42.

Figures 4A and 4B illustrate examples of an optical amplifier 28 shown in Figure
2. In Figure 4A, the semiconductor optical amplifier 28 is made from an optical amplifier

laser 44 having anti-reflective coatings at the input and the output is positioned between



3 ) Summary The

signal -to-noise ratio of the correction signal used for second harnonic
interferonetry is inproved in two ways. First, an optical anplifier, tuned
to the second harnonic frequency, is poBitioned in the optical path.
Second, a doubling stage is positioned internal to the correction | aser.
An intracavity frequency doubled laser emts a first optical beamat a

f undanent altwo collimators 46, 48. One of the two collimators 46, 48 is positioned near a diffraction
grating 50. In operation, the rate of efficiency of the second harmonic conversion is
improved by boosting the amplitude explicitly using the optical amplifier laser. The
diffraction grating 50 filters out the amplified spontaneous emission, i.e. minimizes all
but the second harmonic frequency. Alternatively, an interference filter could be used to
filter the amplified spontaneous emission.

An élternate optical amplifier, shown in Figure 4B, can be formed from a tilted
stripe amplifier 52 having optional reflective coatings 54A, 54B.

Figure S illustrates a process flowchart according to the present invention. In step
100, a first optical beam is generated at the fundamental frequency w,. Instep 110, a
second optical beam is generated at the second harmonic of the fundamental frequency
2w, . Instep 120, the first and second optical beams are emitted at one end of a
measurement air path. In step 130, a third optical beam is generated at the second
harmonic frequency 2w, at the other end of the measurement air path. In step 140, the
third optical beam is amplified. In step 150, the second and third optical beams are
interfered. In step 160, the optical interference is converted into an electrical signal with
a square lens photodetector. In step 170, the electrical signal is used to correct for air
turbulence in the interferometric distance measurements.

Although the present invention has been described with respect to a separate
measurement laser, if the intracavity doubled laser has sufficient frequency stability, the
separate measurement laser can be eliminated and the dual wavelength output of a single

laser can be used both for distance measurement and air turbulence correction.



frequency and a second optical beam at the second-harnonic of the
fundanent al frequency. The frequency doubl ed | aser 'Wt
to a phase nodul ator. A first beamsplitter is p05|t|o near the p
nodul ator. A second beamsplitter is pgsitioned betwee i ﬂgﬂﬂ
a quarter waveplate, and a face of the first beam spli ror
i's positioned proxinmate to the quarter waveplate. The system i s*desi g‘ned to
measure the stage mirror position. AnClimernal doubling crystal is
posi ti oned near an opposing face of the first beamsplitter. An optical
anplifier, tuned to the second harnonic frequency, is positioned between
the externgdaigpubl ing stage and a filter, such as a dichroic beansplitter.
The filter prevents the transm ssion of the first optical beam containing
t he fundanent al 1.f Aequrection. apparsigs eomprising: phot o det ector i s positioned near
he fil :
the titter doubling laser means (12) for generating a first and a second optical beam,
wherein the first optical beam is at a fundamental frequency and the second optical beam
is at a second harmonic frequency;
a phase modulator (14), receiving the first and the second optical beams, being
operative to phase modulate the first and second optical beams;
a beam splitter (16), receiving the modulated first and second optical beams, being
operative to generate a third optical beam at the second barmonic frequency;
a doubling crystal stage (26), positioned near the beam splitter, being operative to
double the frequency of the third optical beam;
an optical amplifier (28), positioned near the doubling crystal stage, being
operative to amplify the amplitude of the third optical beam;
a filter (30), positioned near the optical amplifier, being operative to receive the

first, second, and third optical beams and to transmit the second and third optical beams;

and

a second harmonic detector (32) positioned near the filter.

2. A correction apparatus, as defined in claim 1, the laser doubling means
comprising:

a semiconductor laser (34) having an anti-reflective coated output;
an etalon (36), positioned near the anti-reflective coated output; and
a field build-up section that includes,

two mirrors (40,42), and

a doubling crystal (38) positioned between the two mirrors.



4 . Brief Description of the Dra ure 1
illustrates an interferoneter of the prior art. Fi gur "& fm
interferoneter of the present invention. Figure 3 iII ﬂlﬁle of
a correction |aser shown in Figure 2. 8

3. A correction apparatus, as defined in claim 2, the optical amplifier (28)
comprising:

two collimators (46,48);

a semiconductor laser (44), positioned between the two collimators; and

an optical filter (50), positioned near one of the two collimators.

4, A correction apparatus, as defined in claim 3, wherein the optical filter is a

diffraction grating optimized at the second harmonic frequency signal.

5. A correction apparatus, as defined in claim 3, wherein the optical filter is an

interference filter optimized at the second harmonic frequency signal.

6. A correction apparatus, as defined in claim 3, wherein:

the semiconductor laser of the laser doubling means is an InGaAsP diode laser at
1300 nm; and _

the semiconductor laser of the optical amplifier is an InGaAlP diode laser at 650

7. An apparatus, as defined in claim 1, the optical amplifier comprising:
two collimators (46,48);
a semiconductor laser (44), positioned between the two collimators; and

an optical filter (50), positioned near one of the two collimators.

8. A correction apparatus, as defined in claim 7, wherein the optical filter is a

diffraction grating (50) optimized at the second harmonic frequency signal.



Figure. 4 illustrates an exanple of an optical anplifier gl ' Laure 2.
Figure 5 illustrates a process flowhart according to tlmim,ﬂ{lﬂeﬁlmlﬂn”i'l
I nventi on. PR e
Det ai | ed Description of the Drawings 9

9. A correction apparatus, as defined in claim 7, wherein the optical filter is an

interference filter optimized at the second harmonic frequency signal.

10. A method for correcting air turbulence measurements comprising the steps of;

generating a first optical beam at a fundamental frequency (100);

generating a second optical beam at the second harmonic of the fundamental
frequency (110); and

transmitting the first and the second optical beam at a first end of a measurement
path (120);

generating a third optical beam at the second harmonic of the fundamental
frequency at a second end of the measurement path (130);

amplifying the third optical beam (140);

interfering the second and third optical beams and generating an optical signal
(150); '

converting the optical signal into an electrical signal (160); and

applying the electrical signal té correct for air turbulence along the measurement
path (170).



Figure ;2 illustrates an interferoneter of the present invention 10. An
intracavity frequency doubled laser 12 enmits a first optical beamat a
fundanmental frequency [err] and a second optical beam at the

second- harnmoni ¢ of the fundamental frequency 2[err]. The frequency doubl ed
| aser 12 is positioned adjacent to a phase nodul ator 14. The phase
nodul at or 14 applies a phase nodul ation to the first and second optical
beans. A first beamsplitter 16 is positioned near the phase nodul ator 14.
A second beam conbi ner 18 is positioned between a reference | aser 20, a
guarter waveplate 22, and a face of the first beamsplitter 16. A stage
mrror 24 is positioned proximate to BBRIRgURBIter wavepl ate 22. An external
doubling crystal stage 26 is positioned near an opposing face of the first
beam splitter 16. An optical anplifier 28, tuned to the second harnonic
frequency 2[err], is positioned between the external doubling crystal stage
26 and a filter 30, such as an output mrror. A second harnonic detector 32

is positioned neal, t filter 30.
P aglgnghe-"-'l‘o-l\komse Ra%lo of Second Harmonic Interferometers

The signal-to-noise ratio of the cotrection signal used for second harmonic
interferometry is improved in two ways. First, an optical amplifier, tuned to the second
harmonic frequency, is positioned in the optical path. Second, a doubling stage is

positioned internal to the correction laser.

(Figure 2)



To avoid saturation, only the weak 2[err] beam generated at the end of the.
nmeasur enment path nust pass through the optical anplifier 28. This requires
at least a-small anount of |ateral separation. Displacenent of the input -
beam by the width of the anplifier gain stripe (typically 50:m wll cause
this. As long as the correction beans are separated by a few nmor |ess,
the turbul ence seen along their respegéive paths is well correlated and the
separation should cause little error. Figure 3 illustrates an
exanple of the intracavity frequency doubled | aser 12 shown in Figure 2. A
sem conduct or | aser 3%, such as an I nGaAsP | aser di ode, having an
anti-reflective coatiffg at the output, is posfidi oned near an external field
buil d-up cavity through an etalon 36. The buil¥-up cavity includes a
doubling crystal 38, stuch as KNBJ err]. positi@hed between two mrrors 40,
42. Fi guf §;}& and 4B illustrate exam® es of an optical anplifier

28 shown in Figuyggf In Figure 4A, the sem c@nhductor optical anplifier 28
is made from an opfifdal amplifier d
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| aser 44 héving anti-reflective coatings at the input and the output is

posi ti oned between
two collimators 46, 48. One of the two collimators 46, 48 is positioned

near a diffraction grating 50.
second harnoni c conversion is inproved by boosting the

using the optical anpl§fier laser. T

I n operation,
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diffraction grating 50 filters out the anplified spontaneous enission, i.e.
m ni m Zes all but the second harnonic frequency. Alternatively, an
interference filter could be used to filter the anplified spontaneous

em ssi on. An alternate optical anplifier, shown in Figure 4B, can be
formed froma tilted stripe anplifier 52 having optional reflective

coati ngs 54A, 54B. Figure 5 iléustrates a process flowchart
according to the present invention. { step 100, a first optical beamis.

generated at the fundanental frequency [err]. In step 110, a second optical
beamis generated at the second harnonic of the fundanental frequency
2[err] . In step 120, the first and second optical beans are emtted at one
end of a measurenent air path. In step 130, a third optical beamis
generated at the second harnonic frequency 2[err] at the other end of the
measurenent air path. In step 140, the third optical beamis -anplified. In
step 150, theggecond and third optical beans are interfered. In step 160,
the optical interference is converted into an electrical signal with
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a square lens photodetector. In step 170, the electrical signal is used to
correct for air turbulence in the interferonetric distance neasurenents.

Al t hough the present invention has been described with respect to a
separate measurenent |aser, if the intracavity doubled | aser has sufficient
frequency stability, the separate neasurenent |aser can be elimnated and
the dual wavel ength output of a singlg |aser can be used both for distance
measur enent and air turbul ence correctlon
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Claihé, | claim 1. A correction apparatus conprising:
doubling | aser means (12) for generating a first and a second optical beam
wherein the first optical beamis at a fundanental frequency and the second

optical beamis at a second harnonic frequency; a phase nodul at or
(14), receiving the first and the second optical beans, being operative to
phase nodul ate the first and second/®ptical beans; a beamsplitter

(16), receiving the nodul ated first and second optical beans, being

o
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c.)p'e.ré'tiéve to generate a third optical beam at the second harnonic

freéquency; a doubling crystal stage (26), positioned near the beam
splitter, being operative to double the frequency of the third opti cal
beam an optical anplifier (28), positioned near the doubling
crystal stage, being operative to anplify the anplitude of the third
optical beam a filter (30)§/6positfoned near]the optical anplifier,
bei ng operative to receive the first, seco A5 r d opti cal beans and
to transmt the second and third optical beanms; and ' a second
har.nmoni ¢ detector (32) positioned near thel filter. K i 2. A
correction apparatus, as defined in claim I, The Taser doubling neans
conpri si ng:
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positioned near the anti-reflective coa
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3. A correction apparatus, as defined in claim

(28) conprising: two collimtors (46, 48);

laser (44), positioned between the two colli mat
filter (50), positioned near one of the two col
correction apparatus, as defined in clagm3,

a diffraction grating optim zed at the second
5. A correction apparatus, as defined in claim
filter is an w

24
%
/

\._.-"V\/'\./—'\_—’\

TURBULENT MIRROR

AR PATH

] l\/\/\"\——*-

2, the optical anplifier
a sem conduct or

?)Ir ?rat ors RE?LACEW@HEE‘T

ét@fu@e Fl’ epngﬁllﬁéélggz )

ar noni c
3, whergirnf the opti cal

‘.\4’...

re

Figu.

i
N w (n e
N -/ or L,
b < <7 <
Ow 2] =0 3
b = <= p Q=N
5= Q.r:o/ ™
=ts / g
—t o 5
x ¢ N s
= N ;
w O o LL
= Z5 m
2 &0
L 2=
=z a5 S
O am
L\
[ O
N\ =
[ } Sl
A "og
Z LCL)lZo
L — o~
D:CCK) Z%o m]
W <nw ol o
= 2]
ES =w N of
Qzo QEE
E T 1 fhe Zz0OO
w o (‘_\_l > w O =W
~ = v O+
2 S < << w
N
2 Q CZD
A S I Z
< © A
w — @
o | z 3
=] 0

{e



interference filter optimzed at the second harnonic fr
6. A correction apparatus, as defined in claim3, wherei
sem conductor | aser of the |aser doubling nmeans is an |

at 1300 nm and t he sem conductor |aser of the

an I nGAl P di ode | aser at 650 nm 7 .appa

claim1, the optical amplifier conprisi%g: Su@@unﬁgsﬁg ﬁiﬂ

a sem conductor |aser (44), positioned between the two cbllinators;

40

Figure 3
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an optigal filter (50), positioned near one of the two col WMWSM

8. A cortection apparatus, as defined in claim?7, wherein

filter is a diffraction grating (50) optim zed at the seC)ni har nmoni ¢
frequency signal . 14 Jull 1997
4 Substitute sheet { 1@ June 1997
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9. A correctlon apparatus, as defined in claim7, wherein the optics
filter i's an interference filter optinzed at the second YRaktm MNTe&HEEE
si gnal . 10. A method for correcting air turbul

conprising the steps of: generating a first opti cj

fundanental frequency (100); gemer at i BYLatiRAS INdet S%ggvat
the second harnonic of the fundanental frequency (110); ahd

transmtting the first and the second optical beamat a fl‘rst end of a
measur enent path (120); generating a third opti cal ! M3

second harnonic of the fundanental frequency at a second end of the
nmeasur enment path (130);

548
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anplifying the third optical beam (140); I nterf
t hi;rid.optical beans and generating an optical signal (

converting the optical signal into an electrical signal (1607 and
applying the electrical signal to correct for air turbul e‘-,‘n e @hcm@tﬂ‘wa
nmeasurenment path (170). 6 Substitute sheet - 1‘2 June 1997
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