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1 Introduction matic light from a wavelength-tunable Ti:sapphire laser is

High-resolution noncontact three-dimensional imaging used in our experiments. The collimateq beam is transmit-
techniques are very attractive for many applications. Vari- ted through a rotating ground glass, which generates a spa-
ous methods for 3-D profilometry based on optical interfer- t|elly incoherent qptlcal field to be used in the mterference
ometry have evolved, including confocal imaging Microscope. The mterference microscope has an object arm
technique$ ™ and interference microscopy*?Interference ~ and a reference arm each with a 4-f imaging system.
microscopy can eliminate lateral scanning. In this scheme, The coherence characteristic of a spatially incoherent
the depth information is obtained by measuring the degreesource can be described by the mutual intensity funcfion,
of coherence rather than the phase between correspondingvhich can be calculated by means of the Van Cittert-
pixels in the object and reference planes. It uses the entireZernike theorem. According to this theorem, the coherence
available illumination, and all the transverse points are area is defined such that the light from any two points
measured in parallel. It is capable of the same transversewithin the coherence area will interfere. This also implies
resolution and depth response as a confocal microscope. Ashat light from two different coherence areas will be inco-
a result, different types of architecture based on the Linnik herent. For free space propagation, the size of the coher-
microscopé€, the Mirau correlation microscogg, and the ence area is proportional to the distance between the obser-
Michelson interferomet&r!? have been proposed. In these vation plane and the ground glass, and it is inversely
systems, the object is scanned along the vertical @xis proportional to the size of the light source. Therefore the
axis) by a piezoelectric translation stage. To avoid mechani- optical field in the observation plane can be divided into
cal depth scanning, recently we applied a wavelength-to- small elementary cells called coherence cells, and the size
depth encoding technique to a Linnik-type interferometric of the coherence cell is related to that of the coherence area.
microscope for 3-D imaging’ It achieves longitudinal  wjth this approach, coherence volumes can be further de-
scanning by focusing the light of different wavelengths fined with their height being the coherent length of the
onto different planes of the object. Depth encoding is real- source. With reference to Fig. 1, when the spatially inco-
ized by a diffractive lens combined with wavelength tun- nerent light is separated into two parts by the beamsplitter,
ing. This construction results in a novel_mterferometnc Mi- two sets of coherence cells are created in the two planes
croscope architecture, where diffractive and refractive equidistant from the ground glass. Any coherence cell in

imaging systems are used in the object arm and reference;ne plane will be coherent with one and only one coherent
arm, respectively. Experimental results have been reported.q|| in the other plane. If the two corresponding coherence

in Ref. 13. We focus on analysis of the coherence property ¢q|is are overlapped, inference fringes with high contrast

of th? op;[:]ca_lrr:ields from b?t? a:ms \;Viéh t'?he chalngt;_e Of \ill be observed. The two corresponding cells are defined
wavelength. The experimental value of depth resolution is "5 coperent cell pair.

consistent with the theoretical analysis. We employ a 4-f imaging system consisting of a diffrac-

2 Interference Microscope System with _ tive lens(L1) and an objective lend.2) in the object arm
Wavelength-to-Depth Encoded Scanning to inversely image the coherent cells in the plang; to

A schematic diagram of our interference microscope setupthe object plane, withx,y; being the focal plane of the

is shown in Fig. 1. The linearly polarized quasimonochro- diffractive lens for the center wavelength of our system.
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Fig. 1 Configuration of the interference microscope using wavelength-to-depth encoding. BS is the
beamsplitter; and RGG is the rotating ground glass.

To compensate for the path length difference between thelength, the shorter the focal length. Suppose the object arm
two arms, another 4-f imaging system consisting of a large- is aligned for the center wavelengih=863 nm. The cor-
aperture achromatic refractive lefis3) and an objective  responding focal length of the diffractive lensfisand the
lens (L4) is adopted in the reference arm. The coherent coherent cells in the plane,y, are imaged to the plane

cells in the object plane and the rgference mirror are im- itk an image distancg,, f, being the focal length of the
aged back to the planeys, respectively. The overlapped objective lens. When the operating wavelength is tuned

optical fields are imaged through the lefi) onto the 54y froma, by A\, there will be a corresponding focal
CCD, where the interference patterns are detected and re]ength changeAf of the diffractive lens &, and conse-

corded. . ; :

Before presenting the coherence degree function of thequently, the co_herent_cells " f[he plaxgy, will be '”?aged
system versus wavelength, we briefly discuss the imaging [0 the plane with an image distanég+Az. According to
characteristic of the object arm. For the first-order diffrac- the Gaussian imaging law in geometry optics, the relation
tion, a linear approximation of the focal length of the dif- between the displacementz andAf takes the form

fractive lens at wavelength is given by”®

f5
f(n Az= ——. 2
f(k)=2f(>\d)——()\ d))\, 1) f2/Af+2f¢
d

where Ay and f(A4) are the design wavelength and the In terms of Eq.(1), we have
corresponding focal length, respectively. Under this ap-

imati : i f(Aa)
proximation, the focal length changes linearly with the Af(\)=— AN, (3)

change of the operating wavelength. The larger the wave- Ng
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If fc>Af, Eqg.(2) can be approximated as

k
U (xy)=U; eXF{—JE(XZWZ) =UrQ*(xy.f), ()
2

f
%) Af=—

fol2f(n
Ape|fo o) (Na)
fc

fo] Ag O (4) wheref is the focal length of the lens, and the superscipt
represents a complex conjugate. Therefore, the input distri-
bution is first operated on by a free space propagation op-
erator through a distandg and the wavefield incident on
the diffractive lens is given by

This means that when the focal length increasles oper-
ating wavelength decreagseshe image distance also in-
creases, i.e., the image plane is further from the objective
lens, and vice versa. If we put a reflection mirror in the  _
back focal plane of the objective lens, the optical field in- Uz (X,y)=B1Q(x,y.fc). 8
cident on the mirror will change with the change of the

wavelength. Furthermore, the reflected optical field will be The complex amplitude transmitted by the diffractive lens
imaged back onto or off the planeyys, and hence the is then

optical field incident on the planggys will also change

with the change of the wavelength. To find the coherence U; (X,y)=U; (X,y)Q*(x,y,f)). €)
function of the optical fields coming from the object and

the reference arms, we need to analyze the impulse re-A second free space propagation operatesU:g*”(x,y)

sponses of the two arms at wavelength _through a distancé. + f, and the wave field incident on the
The impulse response can be analyzed by Fourier objective lens may be written as

optics!® Assume the size of the coherence cell in plane
X1Y1 IS small, so that its optical field can be approximated - V) =UT (x V)** [B YV fof 1
by a &-function distribution. For simplicity and without the Us () =U2 ()™ [B2Qxy. fet o)1, (10
loss of generality, consider an on-axis point source first. For x . .
where** represents a convolution operation, and the com-

both the object and the reference arms, the impulse re- | litude leaving the obiective | b
sponse can be obtained in two steps: 1. generate the opticaP'€X a8Mplitude [eaving the objective fens becomes

field distributionU 4(x,y), which is the point spread func- N o .

tion of the first subsystem from plangy; to planex,y,; 2. Us (%) =Us (x,y)p(x,y)Q*(xy,fo), (11)

The complex amplitude of the optical wavek(x,y) in . , ) ) L
planexsys is the ideal geometrical image f,(x,y) con- in WhIC.h pl(x,y) is the_z aperture function of the objective
voluted by the point spread function of the second sub- lens. Finally, with a third free space propagation through a

system from plane,y, to planexsys. In the 4-f imaging distancef,, we obtain the optical field distribution in the
systems, the apertures of the eyepieths diffractive lens ~ Planéxay, as
L1 and the refractive lens L3are large in comparison with
the beam size, whereas the apertures of the two objectiveU, (X,y)=U3 (X,y)** [BaQ(X,Y,fo)]. (12
lenses have spatial limitations on the wavefronts.

In the object arm, from plan&;y; to planex,y,, the Substituting Eqs(8), (9), (10), and(11) into (12), yields the
optical wave totally undergoes two lenses and three free following results
space sections. The resulting wavefield from the free space
propagation through a distandecan be calculated by the  u;(x,,y,)
Fresnel diffraction:

=B1B23B3B\Q(X4,Y4, o)

F " (fr—f)(x*+y?)
Un(X,y)ZJ f Un(X", Y ) hp(X—x",y—y )Ydx'dy’, (5) XF{ p(x,y)exq j R IS e
G TR,
. _ _ _ — CO(Xa.ya fs
whereUp(x',y") is the input field,U,(x,y) is the output QY. To)
field in the observation screen, and the convolutional kernel , (f,— ) (2+y?)
i i i X Fi{p(x,y)exp jk 5 ’
hnn is defined as the free space propagation operator 221y 12t fay—fofe) || 2 v
BRI
(13

=BnnQ(X,Y,dmn), (6)

k
hmn=Bmnexp j == (x*>+y?
mn mn F{J den( y ) WhereC:BlszgB?AB)\,

in which B,n=[exp(Kdm)/jNdmal, K=27/\, dp, is the . 1 1 1
distance between the input and output planes, and Bk:”‘/ (f_c_ KJF fC+f0)’

Q(x,y,d is used to denote the quadratic phase function.

For a thin lens transmission, the complex figl (x,y) F is the Fourier transform operator, agdand » are vari-
across a plane immediately behind a lens is related to theables of spatial frequency. Actually, E¢L3) is the point
complex fieldU,” (x,y) incident on a plane immediately in  spread functiorfh;(x4,y,)] of the first subsystem. When
front of the lens by fo<f.and (f,—f.)<f., Eq. (13 can be simplified as
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h1(X4,Ya)=U, (X4,Ya) source at the plang,y, is imaged backward through the
second subsystem to the plargys, while at the other
(fx—fo) wavelength\, a point source at the plangy, is imaged to
2f§ a plane in front of or behind the plangys. If the obser-
vation plane is fixed at the plangys and we use the
spherical wave converging toward this plane as a reference,

=CQ(X4,Y4,f0)F p(x,y)ex%jk

X (x2+y?) the distance\z between the observation plane and the im-
X 7 age plane ah is Af, as given by Eq(3). For this sub-
Rty TR, system, the entrance pupil is the physical aperture of the
_ objective lens, so the exit pupi,(X,y) is its geometrical
CQ0u, Y4, fo) F{P(XY) image through the diffractive lens. According to the Gauss-
. ian lens law, ai . the distance between the exit pupil and
xexp[jkWa(x,y)]} : (14) the observation planesys is
Xq Ya
&= Xy TTXT, £2
dio==", 18
where 27 f (18)
Wy(X,y) = M(Xzﬂ/z)_ (15) and if the size of the entrance pupil &g, the size of the
f2 exit pupil is found to be
Equation (14) indicates that the optical field across the f
planex,y, is the Fourier transform of a general pupil func- g ¢ (19

=a;—.
tion, multiplied by two phase factors. The general pupil 2T,
function is the physical exit pupil multiplied by a quadratic

phase function exXgkWi(xy)]. This quadratic phase func-  gypstitutingA f and Eq.(18) into Eq. (16), we obtain the
tion can be considered as a wave aberration, which is due to,5ve aperration function

defocusing when the operating wavelength ishabther

than the central wavelengity,. At \., the quadratic phase

factor disappears, and the spherical wavefront leaving the 2

[0}
exit pupil is converging toward the focus xgy,. However, ~ Wa(X.y)=—— (P+y?). (20
. : 2f
at the operating wavelength, the spherical wavefront ¢
leaving the exit pupil is converging toward the focus in
front of or behindx,y,. In this case, the distanc®z be- Then the general pupil function takes the form

tween the imaging plane and the observing plane is given

by Eq.(4). If we treat the wavefront emitting from the exit (207

pupil at \. as the reference sphere and define the wave KW, _ ik -2 242
aberration as the optical path length along a ray between P2 XY EXHIKWo(X.Y)]=pa(X,y)exp | 214 Y9,
the reference sphere and the actual wavefront, then the (21
wave aberration can be approximated by

A and the point spread function of the second subsystem is
W _8Z el\2 16 given by
()= 2508+, (16)
i

h ,ys)=U ,
where d; is the distance between the exit pupil and the 2(X5,¥5) =Us(Xs.Ys)

observation plane. In this casg=f,. Substituting Eq(4) f2Af

into Eq. (16), we can obtain the same result as Ebp). =CQ(Xs,ys5,di2)F{ p2AX,y)expg jk—;

With this concept, we can greatly simplify the analysis of 2f¢

the point spread function of the second subsystem from

planex,y, to planexsys. X (X2+y?) ] (22)
If the reflection coefficient of the mirror at the plane X Y

XaY4 is R, the reflected optical field is then X, 7T,

Uz (X4,Y4)=RU; (X4,Y4a), 17) Finally, the impulse response of the object arm is the ideal
o _ geometrical image o), (X4,y,) at the planexsys convo-

which is the input for the subsystem from plargy, to luted by the point spread function of the second subsystem,

planexsys. e.g., Eq.(22). Taking into account of the property of in-
The planexsys is located at the focal plane of the dif- verse imaging of the second subsystem, we can write the

fractive lens at the central wavelength. Sozat a point impulse response function as
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1 . X
h(Xs,Y5):MU4 BVE

M
X CQ(X,y,di2)F{ paAX,y)
f2Af
xexp jk—— (x2+y?) N o
2fC _ X _ Yy
£5xd, 77X\d,
(23

where U; (—x/M,—y/M) is the ideal geometric image,
andM is the magnification factor defined iy =f./f,.

1 ;'( ;/ *%
h'(xs,ys)=—U,'| ——, ——| C’
(Xs5,Ys) M’4( M’ M’
XQUY. R FIpa(x T =
R, TR
(27)

whereUI’(—i/M’,—}/M ") is the ideal geometric image
andM’ is the magnification factor of the second subsystem
given byM'="f,/f,.

Based on this analysis, we can obtain the coherence
function of the system versus wavelength for the two wave-
fields atxsys, which are originated from the same point

The impulse response of the reference arm can be anasource atx;y;. When the two fields are overlapped, the

lyzed similarly. In this arm, if the chromatic aberration can

resulting intensity consists of a bias term and a correlation

be neglected, when the operating wavelength is changedierm. Here we are only concerned with the correlation term.

the point source in the plane,y; can still be correctly

Generally speaking, the correlation signal is sinusoidal with

imaged onto the reference mirror and then imaged back toa fairly constant frequency modulated by another envelope

the planexsys. Assume the focal length of the refractive
lens L3 and the objective lens L4 afg and f, respec-
tively, p1(x,y) is the aperture function of the objective lens
L4, then the point spread function of the first subsystem
(from planex,y, to x;y,47) is expressed by

h1(x4,¥2)=C'Q(x;,Y4.f)F[p1(X,Y)]1|  «x!

&= —,
Mo

Yy
n=7
Y

(29)

where C'=B1,B,B3,B;, By=j\(f3+f)). The reflected
optical field from the reflection mirror at plangy, is

Us ' (X4,¥4)=RU; " (x},y4) =Rhi(x},y4). (25)

For the second subsystem from pla¢jg, to planexsys, as

in the object arm, the entrance pupil is the physical aperture
of the objective lens, and the exit pupif(x,y) is its geo-
metrical image through the lens L3. The point spread func-
tion of the second subsystem takes the form

h5(Xs,y5)=C'Q(Xs,Ys,di5) F[pa(X,y)]

%5 Ys
R
(26)

whered;, is the distance between the exit pupil and plane
XsYs, given byd/,=f3/f., aj is the size of the exit pupil
of the second subsystem given By=a;f;/f, (a; is the
size of the objective lens D4Finally, the impulse response
of the reference arm can be written as

function. This envelope function represents the coherence
between the two signals from the object and reference
arms. Assume that the maximum optical path difference
between the two waves is much smaller than the coherence
length of the laser, the correlation function between the two
waves can be represented by the mutual intensity, and the
coherence degree factor can be expressed by the modus of
the mutual intensity. Then at the ideal image position of the
original point source, we have

(V) =3 =|<h(xs,y5)h"* (X5.Y5)>llx;-0y5-0

=HJC’Q(Xé,yé,fé)F[pi(x,y)] X, v,
g:_

T
)\fo

X y -~ -
X8| xp+ —,y,+—|C'Q(—x,—y,d
4 vE Ya M’ Q( y.di,)
XFlpa(x, )1 5 dxdy
RPN T 7Y

x[ff{CQ<x4,y4,f0>F{p(x,y>

Xexg jkKWi(x,y) 1} «,
=X, 1

Ya
N

(o]

X y

>< 5 X4+ M,y4+ M

X CQ(=X,—Y,dip) F{pa(x,y)

oWyl 5yl @9
sf:m;, 7= Xd,,

For an interference microscope, the depth discrimination is

determined by the FWHM{full-width half-maximun) of
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Fig. 2 Theoretical modeling of the correlation intensity envelope
function of the system versus wavelength (dashed line). The solid
line is the correlation intensity envelope function obtained with the
experimental values described in the next section.

the correlation intensity envelope function, i.e., the squared
amplitude envelope of. It is directly comparable to the
output of a confocal microscope. As an example, we em-
ploy the parameters to be used in the experiment for simu-
lation. Assumef;=f.=125 mm, f,=f;=2.5 mm, a,
=a;=4.5 mm,\c=863 nm, and\ f/A\ =1.05x 1C°. Fig-

ure 2 shows the theoretical normalized correlation intensity
envelope function versus wavelengttashed ling The
FWHM is about 16.0 nm in wavelength, which corresponds
to 0.68um in geometrical distance. It is seen that the maxi-
mum coherence degree factor occurs at the wavelength
when the mirror is placed at the image plane of the point
source. If the mirror is moved a little away, the maximum
coherence factor will occur at the other wavelength. This
achieves a wavelength-to-depth encoding. If the encoding
is calibrated, this technique can be used to 3-D profilom-
etry. Like the other interference microscopes, our system
also has the same transverse resolution as the confocal mi
croscope. The high lateral resolution results from reduced
crosstalk between laterally adjacent cells. The correlation
term will be zero unless the overlapped fields are from the
same coherence pair.

If a 3-D object is placed around the focal plane of the
objective lens at a fixed operating wavelength, all the object
points exactly in the corresponding image plane of the
source will be correctly imaged back to the plaggs. The
optical fields from these points will interfere with the cor-

wavelength-to-depth . . .

sponding to the axial position of this point, the output in-
tensity can be recorded. As is described in the following
section, the correlogram, obtained by removing the bias
intensity, can be demodulated to find the peak amplitude of
the envelope and the corresponding wavelength. According
to the calibrated wavelength-to-depth coding, a 3-D image
of the object can be obtained.

3 Experimental Results

The wavelength of the laser is tuned by an electronic step
motor under microcomputer control and monitored via 50%
beamsplitter BS1 using a wavemeter of the laser with a
sensitivity of £0.02 nm. A power meter via beam splitter
BS2 is used to monitor the power in real time. The laser
beam is then introduced into a spatial filter and collimated.
Both of the two 10& objective lens from Leitz Wetzlar
have a numerical apertuf®A) of 0.9.

To calibrate the wavelength-to-depth encoding, we used
a flat mirror as the object. This mirror is driven along the
longitudinal axis by a piezoelectric transdud@&ZT). In
each step, the PZT moves Quin, and the whole measure-
ment takes 64 steps. At a given wavelength, e.g= 830
nm, the interference fringes at one poirty) are recorded
as the object mirror is scanned in tlzedirection. The
fringes are demodulated to find the center of the mass of
the envelope and the correspondmigcationz;(x,y). De-
modulation can be done by the following steps:

1. Carry out the Fourier transform of all the intensity
values recorded in each step. The result includes
three separated parts: a package of positive frequency
components, a package of negative frequency com-
ponents, and the bias component.

2. Disregard the package of negative frequency compo-
nents and the bias component, and use a high band-
pass filter to choose the positive frequency compo-
nents.

3. Center the package of positive frequency components
and take the inverse Fourier transform to obtain the
envelope function.

When the envelope function is obtained, a center-of-
mass technique is used to determine the depth position.
This location is the focal point position of the point,{) at
\1. Then increase the wavelength Xg, repeat the opera-
tion, and get the-locationz,(x,y) of the focal point with
the same transverse positionNgt, and so on. In our case,

responding coherence cells from the reference arm with thethe wavelength is tuned from 830 to 894 nm with an incre-
maximum coherence degree factor and high-contrast ment of 2 nm. Figure 3 is the calibration plot of the longi-
fringes being formed at these points. The interference pat-tudinal focal position of one pixel with response to the
terns are then imaged onto the CCD. Meanwhile, the opti- wavelength (the depth position was measured from the
cal waves illuminating all object points that are located at right side of the object planeBy linear curve fitting the
the other depth positions are defocused. When they areresult, the slope of the curve is found to be 0.042if/
transmitted back txsys, the coherence degree factor be- nm. Due to the aberrations existing in the imaging lenses,
tween these fields and those from the reference mirror will there may be very small variations among the slopes ob-
decrease, resulting in lower contrast interference fringes ortained at different pixels. By averaging the values of the
even no fringes on the CCD. On the other hand, for a fixed slope for pixels in a certain area, the factor for wavelength-
point on the object, when the wavelength is tuned over a to-depth encoding wadz/AX=0.04249um/nm. Accord-
range within which there is one certain wavelength corre- ing to Eq.(4), the sensitivity of the system depends on the
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Fig. 3 Calibration for the wavelength-to-depth encoding.
Fig. 4 Experimental depth-response envelope of the interference
microscope with wavelength-to-depth scanning.

demagnification powef(f,/f.)?] of the 4-f imaging sys-

tem and the dispersion strendth(\4)/\4] of the diffrac- been performed® A comparison of profile measurements

tive lens. was made between a Dektak profilometer and an interfer-
To measure the depth discrimination with the ence microscope with two types of scanning techniques. It

wavelength-to-depth encoding, we fixed the object mirror is seen that the results obtained from the wavelength-to-

and tuned the wavelength from 830 to 893 nm with an depth encoding technique are comparable with those ob-

interval of 0.25 nm. At each wavelength, the output power tained from the other two techniques.

of the laser was monitored and the interference fringes

were recorded. The intensity of the interference fringes was4 Conclusion

normalized according to the power of the laser and the A new interference microscope based on a wavelength-to-
spectral response of the CCD detector. The intensity valuesdepth encoding technique has been analyzed. It is shown
are demodulated in the same way as previously describedthat the experimental result of the depth resolution mea-
The normalized intensity envelope function is shown in surement is in good agreement with the theoretical analysis.
Fig. 2(solid ling). The FWHM value is approximately 16.7  The technique also offers comparable depth resolution as a
nm. According to the wavelength-to-depth calibration, this traditional mechanical scanning technique. With the rapid
wavelength width corresponds to 0.7dm in depth. The  development of wavelength-tunable lasErthis technique
experimental result is basically consistent with the theoret- js promising for fast, noncontact, and high-resolution 3-D
ical simulation. |mag|ng

For comparison, we also measured the depth discrimina-
tion capability of our system with mechanic scanning. To Acknowledgment
measure the depth response with mechanic scanning, w
still put a flat mirror in the object plane. The movement of
the object driven by the PZT is the same as that in the ; ; : -
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at 863 nm. The intensity patterns of one poirty) are
recorded as the object mirror is moved in the vertical direc- peferences
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