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Heterodyne interferometric technique for displacement control
at the nanometric scale
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Laboratoire LIRIS, Universitele Versailles, 45 avenue desaEs-Unis, 78035 Versailles, France

Patrick Juncar®
BNM-INM/CNAM, 292 rue Saint-Martin, F 75141 Paris, France

(Received 21 May 2003; accepted 11 August 2003

We propose a method of displacement control that addresses the measurement requirements of the
nanotechnology community and provide a traceability to the definition of theermat the
nanometric scale. The method is based on the use of both a heterodyne Michelson’s interferometer
and a homemade high frequency electronic circuit. The system so established allows us to control
the displacement of a translation stage with a known step of 4.945 nm. Intrinsic relative uncertainty
on the step value is 1:610 °. Controls of the period of repetition of these steps with a
high-stability quartz oscillator permits to impose an uniform speed to the translation stage with the
same accuracy. This property will be used for the watt balance project of the Bureau National de
Meétrologie of France. ©2003 American Institute of Physic§DOI: 10.1063/1.1614858

I. INTRODUCTION results that prove the validity of our method are finally ex-
posed.
Tolerances in the manufacturing processes of high tech-
nologies and nanotechnologies become increasingly restric-
tive and already reach in some fiel@sich as microelectron- 1. PRINCIPLE OF HETERODYNE OPTICAL
ics, micromechanics, geneficthe limit of industrial INTERFEROMETRY
possibilities. Developments in these fields are conditioned by . .
the capability both to make nanometric displacements and to Heterodyne laser interferometry forms the basis of me-

measure and control dimensions with a nanometriéromgy in numerous high-precision displacement measure-

uncertainty: Ultraprecision translation stages know impor- nwtent_apprlllcatlons. I':I'_he i)rlr]rcr:plel of heterodyne m;ce_rferotm-
tant overhangs since the beginning of the century. The pe er IS shown in Fig. L. 1he laser source contains two

formances of platforms given by the ratio travel over resoIu-o.rthogon"le polarized beams with different angular frequen-

tion increase by a factor 5—10 every ten yeapsesently, the C|es:t_(w1,é?2).tyvav<efsts re as_surrf1ed to_ prgpaga:‘;]e ann? the
best platforms can make subnanometric displacement ové)loi't 'xe dlr?jc 'ém to hez aX|sé_o tans p—z (;)r Ecigotna,
some millimeters. Needs consist now to control these dis-9 '+ 1anded, Lartesian coordinate systéiy. 1). Electro-

placements with an accuracy and a repeatability at the Sulgpagnetlc field components of the laser beipfz,t) can be

nanometric range. Displacement measurements at this Scél%presented as

remain a competitiveness factor for these high-tech indus- Es(zt) |Eolexd —i(wat+ ¢os)]
tries. Another problem is the traceability of displacement (Ep(z,t)):<|Eo|eX[{—i(w1t+ dop)1)’ (1)
measurements at this scale. Due to their inherent accuracy, e h litude of the lin-
and their traceability, Michelson’s interferometer have be- ere|Eq|=|E | =|E,| represents the amplitude of the lin

come an attractive tool for the most demanding measuringar' simple harmonic oscillations of the electric-field compo-

applications. We present a method of displacement measur ents along thes and p axes, ¢os and d’.OP represent the

ment and control based on the use of a heterodyne Michel?'t'al p_hases. A neutral density beamsplitter (_j|V|d_es the laser
son’s interferometer. Our system allows to achieve nanome oeam in two pqrts. One part of the beam 'S dlrecf[ed toa
ric displacement with a known step of 4.945 nm. Thecomblnmg polarizer and a detector resulting in an interfer-

newness of our method is its intrinsic relative accuracy ofeon(fe tﬂgn"ﬂ‘ Th'? signal W't”.be used age;ere?cih&gnal f
1.6<10"° on the step value. nly the alternating current is measured due to the use of a

As the method is based on the use of a heterodyne intep"’md'p"’ISS filter, eliminating both the dc component and op-
gtical frequencies. Using the Jones matritesthe electric

ferometer, the principle of this apparatus is first presente . L
Then the description of our method is made. Experiment ield component of the beam on photodiodéD1) is given

dElectronic mail: suat.topcu@ens-phys.uvsq.fr Erer=B(7/4)-N-E_, @

b) ic mail - , . . . .
C)Ellzgggr?:g r’:ﬂ"::l' L“;iﬁ:aszgggsgggz_gﬂﬁ'L‘\‘::g'g where the Jones matrix for a polarizer with its optical axis
9YElectronic mail: alayli@physique.uvsq.fr oriented at 45" relatlvely_ of theandp axes and for a 50/50
®Electronic mail: juncar@cnam.fr neutral density beamsplitter are, respectively,
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s-axis 2as FIG. 2. Sketch of the phase-locked interferometric method for position and
displacement control: An electronic board generates two synchronized sig-

FIG. 1. Principle of the heterodyne interferometer: Two colinear and or-nalss; ands, at the same frequency. Signgl is sent to the laser head
thogonally polarized beams with different angular frequencigs, ¢,) are rather thars, which is sent on a mixer. Phases of both sigrsalands; (the
sent on a polarizing beamsplitter. One of the beams is sent on a stationasfectronic signal at the output of the interferomgtee compared. When a
retroreflector rather than the other which is sent on a movable retroreflectophase shift is made os, or s,, signal errore becomes non-null and a
Due to motion, this last beam is Doppler shifted. Both beams recombine atotion of the mirror via the lock-in electronic is generated to compensate
the back of the polarizing beamsplitter and interference occurs. The result ithe phase shift by Doppler effect. If the phase shifts are quantified then it
a phase shift of the measurement sigfRID2) compared to the reference becomes possible to control the displacement of the translation stage step by
signal (PD1). Displacement of the movable mirror could be deduced from step.
this phase shift.

izing beamsplitter and interference occurs. The result is a
1/1 1 phase shift of the measurement signal compared to the ref-
55(77/4)25(1 1), ©) erence signal. In an ideal heterodyne interferometer,pthe
ands components of the electromagnetic field are perfectly
1 ( 1 0) separated by the PBS. Jones calculations lead to the electric

(4)  field component of the beam on photodiodéPD?2):

2\0 1

. . Emeas:%EO{qu—_i(th'i” ¢Os)]_exq_iA¢1)
After calculation, we obtain

. : , 1
Erer= 7 Eofex —i(wat+ ¢os) 1+ exH —i(wit+ ¢op) 1} Xexd —i(wit+ ¢>op)]}( 1) (8
% 1 _ (55 andso
| meas= 2 €N|Eg|? cog (wy— w)t+ (dos— dop) — Ady].
The time-averaged intensity of the wave can be obtained by meas= 3 €N Eol”cOg (w2~ w2 Pos™ o ¢l](9)

premultiplying their Jones vectdE by their Hermitian ad-

joint ET, respectively. Then The displacement of the movable retroreflector can be de-

duced from the phase difference betwden[Eqg. (7)] and
|=cnRe{E-E", (6)  Imeas|EQ. (9)] using

wherec is the speed of the light in vacuum andhe refrac- NA @,
tive index of air. Because a heterodyne interferometer only At= 4
detects signals with frequency about,(— w,), the dc terms
can be discarded. Hence, the intensity of the reference sign
is found to be

(10

where, represents the wavelength in air. Compared to ho-
modyne Michelson’s interferometers, in heterodyne interfer-
ometers, signal containing displacement information is trans-
—1 2 -

| ref=5 CN|E|” cOg (w,— w1)t+ (dos— dop)]- (7)  lated to a frequench v = w,— w, permitting hence a better

The transmitted beam is once divided by a polarizing beam$i9nal to noise ratio.

splitter (PBS. It reflects one polarization of the incoming
light to a stationary retroreflect¢SR) (reference beajnand
passes the other one to a movable retroreflgdfdr) (mea-
surement beajn The reference beam retraces its path after  Neglecting refractive index of air fluctuations, a dis-
being reflected by the stationary retroreflector. The measurgslacement of a movable mirror given by a one-pass Michel-
ment beam is reflected by the movable retroreflector attachesbn’s interferometer by an amount pf2 corresponds to a

to an electromagnetic driver and moving at constant speeghhase shift equal to2 The method we proposed here con-
As a result the measurement beam is Doppler shifted. Thsists in reversing this property of Michelson’s interferom-
frequency shift is equal to twice the speed of the mirroreters. Consider the sketch in Fig. 2. An electronic board gen-
divided by the wavelength of light. The measurement beanerates two synchronized signatgy and s, at the same
and the reference beam recombine at the back of the polafrequency v. Electronic circuit allows us to make phase

Ill. DESCRIPTION OF THE PHASE-LOCKED
INTERFEROMETRIC METHOD
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jumps of quantified value on either signals. Sigrslsinds, Laser head SM

are, respectively, sent to a mixer and to a laser head which - — PBS
transpose the signal from ultrasonic range to optical fre- B | v, Qwp /-M "
guency range thanks to a Bragg cell. This allows to perform S‘S';gg;ifzfgg‘;:ggrv ﬂh ]t ) t I”
the two optical components of the heterodyne interferometer. t

The optical beam passes through the interferometer. The twc v, QWP
components are recombined at the output of the interferom- 7

eter, resulting on a signa} at the same frequency ef and <~

s,. Signals; contains position information thes is phase Two-pass Micholson
compared withs, and a signal error is sent to a lock-in o Z':imzttﬁ:/

electronic that pilots an actuator supporting the movable mir-

ror. p-axis

A. Position and displacement control Measurement board s-axis z-axis

Suppose the movable mirror moves away or closer to the|c. 3. Description of the commercial heterodyne interferometer: Interfer-
polarizing beamsplitter. Doppler effect on the mirror resultsometer used in our experiment is a ZMI2001 from Zygo. It is composed
in a negative or positive phase shift compared to a phase dhainly by a laser source with two orthogonally polarized beams separated in

. | A Il si | is th t ont frequency by 20 MHz. These two components are generated by an acousto-
Signaiss, ors, . Anon-null signal errok Is then sent onto an i modulator(AOM) and a birefringent prism{BP). The Michelson’s
integrator and the actuator acts upon the mirror to null thisnterferometer is a double-pass one. It is composed by a stationary mirror
signal. We have realized a position looked loop system.  (SM), quarter waveplateédQWP), a polarizing beamsplittefPBS, and a

Suppose now thall ors, undergo a phase shift by an movable mirror(MM). The resolution of the system is 0.31 nm.
amount ofA¢. Here againg becomes non-null and a motion .
of the mirror via the lock-in electronic is generated to com-larized at 45° with respect teandp axes. Both beams pass
pensate the phase shift by Doppler effect until phases dhrough a birefringent prism that divide each of them into
signalss, , s,, ands; become equal. Displacement valye ~ tWo beams polarized alorgandp axes. The main angle of
of the mirror is directly related to the phase shift by thethe prism is designed to make colinear gigolarized beam
equationAx=\A ¢/4=. If the phase shift is quantified and ©Of the zero order wave with tlmpol_arlzed beam of the first
equa' t0A¢: 27 /N whereN is an integer, it becomes pos- order wave at the Output of the pr|§mt the Output of the
sible to control the displacement of the translation stage witaser, the beam contains two monochromatic waves that are
a known step given bap=\/2N=c/2Nv. As the laser fre- orthogonally polarlzed with S|Ight|y different Wavelengths
quencyw (or wavelength in vacuujris one of the frequen- €qual tox;=632.991528 and,=632.991501 nm. The la-
cies recommended by the Comiteternational des Poids et Ser wavelengthk; has been calibrated by beat frequency
Mesures to realize the Ttez, the traceability of the displace- technic using a national reference with a relative uncertainty

ment measurements is assured at the nanometric scale. ©Of 1.6X10"°. Then, optical beam passes through a two-pass
interferometef before entering into an optical fiber pickup.

There it passes through a polarizer that mixes the parallel and
overlapping portions of the beam and a lens that couples the
If the period of repetition of these steps is staftfeanks  light into an optical fiber. The laser head outputs the refer-
to a high-stability quartz oscillathrwe impose an uniform ence signal atAv=wv,— v, via also an optical fiber. The
speed to the displacement of the movable mirror. The uncelelectronics measure the phase difference between both sig-
tainty on the value of the speeicould be as high as the nals and process it to provide position and speed outputs.
uncertainty on step value. This uncertainty is given by The system'’s resolution is limited by the system’s noise and
by the phase measurement method. The phase measurement
Te_ & ) (11  has a dynamic error due to the variation between the time
0 773’2 p’ when the measurement signal transition occurred and when it
is processed synchronously with the system clock. This time
of =1/2 of the system clock’s cycle results in a random po-
sition error, which appears as system noise proportional to
the Doppler shift. The resolution of the system is 0.31 nm

B. Speed control

where 6 is the mean valuey the step numbei; the noise
level on each step, ang the mean value of a step.

IV. EXPERIMENTAL SETUP AND RESULTS (\M2048. This corresponds to a phase resolution of 360°/
A. Description of the commercial heterodyne 512°, or 0.7°, which is 97.7 ps at 20 MHz. This resolution is
interferometer a factor of 2 better than that of any other commercially avail-

A sketch of the commercial heterodyne system is .'c,howrf:abrlf(fa éﬁigs Dc(gﬁgeg ew;:‘)%rrr:jaitr;ongc 08ncern|ng ZMi2001 in-

in Fig. 3. A laser beam coming from a He—Ne frequency
stabilized laser enters into an acousto-optic modulatob
(AOM) which generates two output beams. One of the
beams(zero ordey remains at the initial frequency, rather Experimental setup is detailed in Fig. 4. An optical fiber
than the other(first orde)y is shifted in frequency by an connector on a front panel of the laser head, allows us to
amount ofAv equals to 20 MHz. These two waves are po-synchronize the laser frequency to an external reference os-

. Experimental setup

Downloaded 04 May 2006 to 193.51.41.209. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



Rev. Sci. Instrum., Vol. 74, No. 11, November 2003 Heterodyne interferometer at nm scale 4879

. to PC -10 T T . T r . . .
Weather
v, HWP station PZT 201 4
Zygo Laser l'F ! rul
2 —_
£ 301 4
=
Optical fiber HT "qé;
ZMI data acquisition| S controller g AT 7
board ®
T =3
ifo PC 2
s s a T y
Synthetizer Low-noise divisor 52 F(p)
640 MHz circuit & inhibitor 604 i
aial 1 1 1 L L
I Inhibition rate 0,2 03 0.4 05 06 07
High-stability - Ti
. m
quartz oscillator Synthetizer e
DS345
10 MHz

FIG. 5. Step by step displacement of the target mirror: We can see steps

FIG. 4 E . | The | head of th ial interf corresponding to phase jumps at the mixer level. Noise level on each step is
. 4. Experimental setup: The laser head of the commercial inter €roMa il to 0.22 nfat 1o).

eter is synchronized by an external reference signal coming from a home-

made electronic circuit. At the output of the interferomé?dr), the beam is

divided by a neutral density beamsplitter. One part of the beam is sent to thﬂ’le laser has been calibrated by Zygo and the nominal value

ZMI measurement board. The other part is sent to the PLL to lockin the.

mirror position via an integrator and a high voltage controller. 1S equal toA,=632.991528 nm. Hence, we expect a step
value of 4.945 nm. Relative uncertainty on the laser wave-

cillator. Sianalss. ands. are at freauency both equal to 20 length is 1.6<107°. So intrinsic uncertainty on the step
- 219 ! 2 q y q value is 8< 10 ° nm. This value is the limit on accuracy that

MHz, generated from a homemade synthesizer with an ul- . . .
trastable quartz oscillatow{< 10" ° for 1 s<7<1000 . Ini- can be achieved with our method. Step by step displacement

. . . of the target mirror is depicted in Fig. 5. We can see steps
tially, frequency of the synthesmgr is equal to 64.0.MHZ' Acorresponding to each phase jumps at the mixer. Noise level
TTL signal at 10 MHz frequency issues from a digital syn- on each step is equal to 0.22 rat o). Fluctuations of the
thesizer(DS345, Stanfordis used to synchronize the clock room temperature pressu;e humidity; content, angd G-

of our synthesizer. The DS345 is also used to generate a lo ! or 0 ’

frequency TTL signal which controls the inhibition of one tent are, respectively, 0.1°C, 100 Pal1%, and 60 ppm.

period of the clock at 640 MHz using a command circuit ;’f;”fO,ES [ﬁh?sqgg::gzs’0;Zfsrigtg/iénﬁeélgfcslrrrevciigi“% r::t:)sr
composed by a logical PECL circuit. Each inhibition corre- . P glg :

; . .~ This system of nanodisplacement and nanopositioning is
spond§ toa pha§g Jump ofrn the signal at .640 MHz. Th'.s dedicated to the watt balance project of the Bureau National
signal is then divided by a ratio of 32 using a low noise

2 T . de Marologie (Francg. The aim of this project is to give a
divisor circuit with digitally phase adjustment. Output of the new definition to the mass urif.One parameter to measure

SJ;:LS%rngrzf:Q;itti\;lVg ;Ihg;saelsjubrﬁg]s atTf]S '[\)ASSZ 4f5reiguceonr?t)r/oﬁg%1 this project is thﬁe speed of a moving coil. This speed will
by a PC board using an IEEE conﬁection The signal sent t ¢ equal to 2 rle S and must b.e measured with an uncer-
the laser head is also sent to the ZMIéOOl measuremergl)"f“my of 2 pms~ (at 1o). According to Eq(11), the uncer-

. . “Tainty on the speed of the movable mirror is inversely pro-
board to calculate the displacement of the movable mirror
using Eq.(10).

The beam coming from the laser is sent to a double-pass 0 7 ' T '
Michelson’s interferomete(DPMI, Zygo). Movable mirror I
is mounted on a piezoelectric actuat&£0203, Thorlabs
At the output of the interferometer, the beam is divided by a _
50/50 neutral density beamsplitter. One part of the beam isE
sent to the ZMI2001 data acquisition system to measure theg
displacement value. The other part of the beam is sent to a§
mixer to be compared tg, with quantified phase jumps.
Error signal is sent to a high voltage controller to lock in the A
PZT actuator. Simultaneously, a weather station measures thi .zse0 | .
room temperature, pressure, humidity content, and G- ]
tent. These values allow us to measure the fluctuations of the 3000 - L L L L L
refractive index of air using Edfeequations.

-500 [ 4

-1000 b

-1500 -

-2000 [ 1

Displac:

Time (s)

FIG. 6. Speed control of the target mirror composing the Michelson'’s inter-
V. RESULTS AND DISCUSSION ferometer: The slope of the curve is equal to the speed of the target mirror.

. . This speed is imposed by the period of repetition of the phase j(neps20
_ Each time tth a phase jump ofr32 occurred at the ) as each step is equal to 4.945 nm, the speed is hence equal to 98.904
mixer, movable mirror do a step af128. The wavelength of (1) nms™.
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portional to the number of steps. The displacement range ahent range in watt balance project is planned to be 60 mm.
the PZT actuator used in our experiment is limited to/f®  Such uncertainty could be achieved with our method.
for an applied voltage of 100 V. Note that our method does
not have displacement range limit. The limit is only imposed , ) .
. . . . R. Leach, J. Haycocks, A. Lewis, S. Oldfield, and A. Yacoot, Nanotech-

by the translation stage used. This displacement is repre-;oiogy 12 1 (2009.
sented in Fig. 6. The slope of this curve is equal to the speedH. Mizumoto, M. Yabuka, T. Shimizu, and Y. Kami, Precis. EAg, 57
of the movable mirror. This spedtiis imposed by the period 3(1995-
of repetition of the phase jumps equal to 20 Hz. As each stepR- C- Jones, J. Opt. Soc. A1, 488 (1941.
. . 1 R. C. Jones, J. Opt. Soc. Argl, 500(1941).
|s.equal to 4.945 nmy is egual t0 98.904) nms . Uncer-  sg ¢ jones, J. Opt. Soc. AB2, 486 (1942.
tainty on 6 is calculated with a step numberequal to 565  zygo, ZMI7702 Laser Head OMP-0402E.
and a noise level on each stegy equal to 0.22 nm atd ;ﬁngOYDZMI DPMII\?MP-OSZZ?TE- 91,1024 (198

H H — 3 . C. Demarest, Meas. Sci. Techn8). .
Relative unce_rtamty on the speed already reagti@ °. To 9. P, Birch and M. J. Downs, Metrologia0, 155 (1993,
reach a relative uncertainty of 18, we need to make 3 108 p kipble, J. H. Sanders, and A. H, Wapstkaomic Masses and Fun-
X 10° steps that is to say 1.5 mm of displacement. Displace- damental Constantlenum, New York, 1976 \ol. 5.
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