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Phase Retrieval with One Interferogram by Reflecting Off-Axis
Microscopic Interferometry
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Abstract A technique called off-axis microscopic interferometry is developed to measure the surface profile of
microstructures. This technique involves the use of a modified Mach—Zehnder microscopic interferometer with a
tilted reference wave. The technique uses a CCD camera to record the off—axis microscopic interferogram and
performs filtering in the Fourier plane via the Fourier transform method for phase retrieval. In contrast to classical
microscopic interferometry, the carrier frequency of the off—axis microscopic interferogram is sufficiently high to
facilitate acquisition of the phase from only one interferogram. As a result, measurements using this technique are
vibration—-immune and efficient. The experimental results obtained for a step height standard as well as a micro—
hole array are consistent with measurements taken using a stylus profilometer. Further, the results of a comparative
experiment conducted using a Mirau interferometric microscope show that the carrier frequency added to the
classical microscopic interferogram cannot be as high as that of off-axis microscopic interferogram. Therefore,
it will lead to incorrect phase retrieval with one interferogram.
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1 Introduction

Optical interferometry is utilized extensively in surface profile measurement because of advantages such as non-
invasiveness, high precision, and full field—of-view. Optical interferometry includes techniques such as classical
interferometry', holographic interferometry™, electronic speckle pattern interferometry™, and Moire interferometry'.

Among these techniques, classical interferometry is used in Mirau, Michelson, and Linnik interferometers to test
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microstructures; for microscopic systems, microscopic interferometry is the most frequently used technique because of

its good performance and simplicity™”. Microscopic interferometry primarily includes phase shifting interferometry™ and
. . . . 9-10] e . .
white— light scanning 1nterfer0metry[ " Phase shifting interferometry extracts phase from at least three inter—

11-13] . . . . . .
e White—light scanning interferometry continually scans the surface of the sample. However, the techniques

ferograms
cited above have disadvantages such as necessity for several interferograms, sensitivity to vibration, and need for an
expensive scanner or phase shifter with nanometer resolution. Further, the experimental configuration of an interferometer
microscope requires a very high degree of precision"”. Quantitative phase microscopy is widely utilized in the
measurement of living cell movement because the phase of the samples can be retrieved using one interferogram.
However, an extra microscope objective is needed in the reference arm to correct aberrations. In addition, in quantitative
phase microscopy, the samples tested are rarely calibrated'”™"". Theoretically, a combination of microscopic interferometry
with the Fourier transform method would only require one interferogram. In the classical microscopic interferometry setup,
this is practically achieved by tilting the tested sample to increase the carrier frequency* ™. However, because the carrier
frequency is insufficient, phase reversal may occur because of the overlapped frequency spectrum. Consequently, an
additional interferogram with a known shifted phase is usually required to correct the reversed phase™. Digital
holographic microscopy reconstructs the wavefront of the object beam with one hologram. However, this method typically
has issues such as high frequency and phase fluctuations at the edge of the reconstructed images” ™, low efficiency
resulting from the complex Fresnel diffraction—based algorithms utilized™ ™, as well as enlargement of noise levels due
to diffraction calculation.

In this paper, we propose a technique based on off-axis microscopic interferometry. The approach increases the carrier
frequency of the interferogram with a tilted reference beam to avoid phase reversals and corrects phase distortions. This
facilitates surface profile measurement by phase retrieval from one interferogram using the filtering method in the Fourier
plane via the Fourier transform method. To verify the feasibility of the proposed approach, an experimental setup that
is quite similar to off-axis digital holographic microscope, only with the difference that the sample is focused by
microscope objective (MO), is used. In the experiments conducted, the surface profiles of some microstructures, such
as step height standard and micro—hole array, are measured to prove that the technique is feasible. Further, the results
of a test conducted on the increased carrier frequency of a classical microscopic interferogram (specifically using a Mirau
microscopic interferometer) by tilting the sample are presented to show that the carrier frequency is not high enough to

retrieve the correct phase from one interferogram.

2 Experimental setup and principle

The experimental setup used to verify the feasibility of off-axis microscopic interferometry is shown in Fig. 1. The
source was a diode pumped laser with A =640 nm (Crystalaser, CLL640-050-S). The object wave O containing the
information about the sample was collected by MO (Mitutoyo, M Plan Apo SL, NA=0.42, magnification is 50 X ). The
sample was illuminated with an approximately collimated beam by applying an object lens (OL in Fig. 1) located at the
back focal plane of the MO. The reference wave R was tilted by adjusting mirror M2 to increase the carrier frequencys,
reducing the overlapping effect of the frequency spectrum. Like the object wave, the reference wave was also a spherical
wave with the aid of the reference lens (RL in Fig. 1). The tilted angle 6, specifically the off-axis angle, is the angle
between the central axis of the object and reference beams. A CCD camera (Imperx, PX-2M30-L, M X N=1008 x 1028,
square pixel view of 7.4 wm , 33 frame/s) was used to record the interferogram.

The intensity distribution of the interferogram can be written as

i(,7) = al,7) + b, y)coslb, (5,5) ~ by (5.1)] = alw, ) + e(wy) + ¢ (5,5) (1)

where (x,y) is the coordinate of the interferogram, a(x,y) is the background intensity (which varies slowly), b(x,y)

is related to the local contrast of the pattern, ¢ (x,y) is the phase of object beam at pixel (x,y), and ¢,(x,y) is the

0908006-2



A I S
phase of the reference beam. The phase of ¢(x,y) is given by
d),,»(x»}’):Cbn(x»}’)—d)n(xa}’)- (2)

The frequency spectrum of a(x,y) is centralized in the adjacent domain of the origin, and the frequency spectra of

c(x,y) and ¢'(x,y) are symmetrical to the origin. ¢(x,y) can be achieved with separation from a(x,y) by adjusting mirror
M2 (Fig. 1) in the off-axis setup (Fig. 1) to create a small off-axis angle 6. The angle 6 is related to the spatial
frequency of the interference fringes. Thus, the angle 6 is evaluated as follows.
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Fig.1 Off-axis microscopic interferometry in reflection configuration. NF: neutral filter; M: mirror; BE: beam expander;

OL: object lens; RL: reference lens; BS: beam splitter; MO: microscope objective

The MO can be simplified as a lens. Fig. 2 shows the imaging principle of this lens.
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Fig.2 Imaging principle of lens

The complex amplitude distribution in the image plane is
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where (x,,y,) is the coordinate of the object plane, U,(x,,y,) is the object’s wavefront, (x,,y,) is the image plane’s
coordinate, k is the wavenumber, k=2m/A. A is the wavelength of the laser source, and d, and d, are the object
distance and image distance, respectively. (£,m) is the coordinate of the lens plane, M is the imaging

magnification. c(x,y)=O(x,y)R (x,y) , hence, the phase of c(x,y) is
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where (x,,y,) is the center of the spherical reference beam, and d' is the distance from the center to the CCD camera.

¢ (x,y)= —g(fx +ny)+

Thus the spatial frequency of the fringes in the x and y directions is
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The spatial frequency should not only be large enough to separate c(x,y) and ¢ (x,y) from a(x,y), but also less

than the cut—off frequency of the CCD camera according to the Nyquist sampling theory. Therefore,

MX
(f; min)()]{* = (f;mdx)\mz =

Ad,
MY
Frundone = Frndor = 5
B (6)
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where X and Y are, respectively, the size of the sample in the x and y directions. Ax and Ay are the sampling
intervals in the image plane, specifically, the pixel size of the CCD camera.

The off-axis angle 0 is

Jan +y)

Hztan(?:T, (7)

where d is the vertical distance between mirror M2 in Fig. 1 and the center of the spherical reference beam. According
to equations (6) and (7) and the parameters of the selected components in our setup, € is evaluated in the range of 1.18°~
1.53°. Thus, it is set to approximately 1.5°.

Consequently, ¢(x,y) is obtained by frequency—domain filtering of the interferogram:

cle,y)= F{DE W (& nF[I(x.y)]} . 8)

where F and F™' denote Fourier transform and inverse Fourier transform, respectively. W,(£€,7) is the window function
for frequency filtering and D(€,m) is the shifting function to shift the filtered frequency spectrum to the center. The
window function is chosen to be a circular one, with center located at the most powerful point in the frequency spectrum
and radius set to include as much of the frequency spectrum as possible while avoiding the central part.

The phase distortions caused by the position error between the centers of the two interfering spherical waves can
be viewed as system error because they are relatively fixed if the setup is kept stationary. It is calculated by phase
correction of computation related to optical aberration parameters. The phase of the reference wave and the surface

profile can be calculated using equations (9) and (10), respectively.

Im[e(x,y) X exp(=¢,,)]
ample (X)) = arctan s 9
G222 {Re[cu,y)xexp(—m)]} ®)
. b (ny)xA .
T 4n (10)

where ¢, is the phase of the system error and h is the height of the tested sample.

3 Results and analysis

To evaluate the feasibility of off-axis microscopic interferometry, the surface profiles of a nanometer step height

standard [VLSI, SHS-440-QC, (43.2+0.6) nm] and a micro-hole array (853 nm in depth) were measured and
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analyzed. The results were compared to those obtained using a stylus profilometer (KLA-Tencor, P-16+/P—-6) with a

mass of 2 mg, which confirmed that the system error was effectively corrected. To evaluate whether the carrier
frequency was high enough to extract phase from one interferogram in order to measure the surface profile of the
complicated microstructure, the micro—hole array was also tested using a classical Mirau microscopic interferometer
combined with the Fourier transform method.

Fig. 3(a) depicts one interferogram of the step height standard. The magnified section of the interferogram shows
the interference fringes with high carrier frequency. Fig. 3(b) is the fast Fourier transform (FFT) frequency spectrum
of the interferogram, which indicates that ¢(x,y) can be obtained via simple window filtering and inverse FFT. Fig. 3
(c) is the measured original surface profile of the step height standard, which is incorrect because of the system
error. The correct surface profile of the step height standard is obtained and shown in Fig. 3(d). The obvious noise
revealed in the height figure is primarily caused by dirty spots on the sample. Fig. 3(e) is the profile line plotted
along line 100 in Fig. 3(d) with a stylus profilometer and the off-axis microscopic interferometer. Following low—

pass filtering of the height image to reduce the effect of noise, the flatness was calculated as 0.98 nm, which shows
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Fig.3 Experimental results of the step height standard. (a) Interferogram of the step height standard—the figure in the yellow
rectangular frame is the magnified part; (b) frequency spectrum of the interferogram; (¢) measured original surface profile of the step
height standard without error correction; (d) correct surface profile of the step height standard; (e) profile line plotted along line 100 in
Fig. 3(d) with the stylus profilometer (red line) and the off-axis microscopic interferometer (green line); (f) difference between the data

obtained from the stylus profilometer and the off-axis microscopic interferometer
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that the phase distortions were effectively corrected. The step height measured was (42.6 £0.7) nm. This is in

reasonable agreement with the standard value. Fig. 3(f) shows the difference between the data obtained from the
stylus profilometer and the off-axis microscopic interferometry setup. The difference is controlled in the range of -
4.2~ 5.4 nm. The effective area of the field of view is approximately 149 umXx152 pm with the 50 X MO.

The results for the micro—hole array specimen are illustrated in Fig. 4. Fig. 4(a) is the interferogram of the micro—hole
array. Fig. 4(b) is the correct surface profile of the sample. Fig. 4(c) shows the profile lines of the black line in Fig. 4(b),
obtained by the off-axis microscopic interferometer and the stylus profilometer, which are in good agreement. The depth

of the micro—hole array after multiple measurements is (850.3+3.2) nm.
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Fig.4 Experimental results for the micro=hole array. (a) Interferogram of the micro—hole array; (b) surface profile of the corrected
micro—hole array; (c) profiles of the black line in Fig. 4(b) with the stylus profilometer (dashed dotted line) and the off-axis microscopic
interferometer (solid line)

In classical microscopic interferometry, the carrier frequency can be increased by tilting the specimen. However, the
phase extracted from such an interferogram is actually incorrect because of spectrum aliasing. The micro—hole array was
also tested using a Mirau microscopic interferometer combined with Fourier transform. The sample was placed at a small
angle to the horizontal plane, which resulted in a slight off-axis effect being achieved. The results obtained are shown
in Fig. 5.

In Fig. 5(a), the spacing between the interference fringes is much larger than that shown in Fig. 3(a) and Fig. 4(a),
which means that the carrier frequency is lower. Fig. 5(b) reveals that the virtual image and real image parts are
mixed with the zero—order diffraction term. Thus, the surface profile shown in Fig. 5(c) is incorrect. Fig. 5(d) shows
the interferogram with a slightly tilted angle of 10° between the plane of the sample and the horizontal plane. The
smaller spacing between the interference fringes in Fig. 5(d) shows that the carrier frequency has increased. The
real image or virtual image term is separated from the zero— order diffraction term in frequency spectrum after
filtering, as described in section 2. The phase is shown in Fig. 5(f). However, the surface profile obtained is
incorrect because the frequency spectrum is still overlapped, which results in the information after filtering being
incomplete. Furthermore, the area tested is too small. In contrast, the effective area of the field of view of the off-
axis microscopic interferometry can be full field.

The above results validate the feasibility of off—axis microscopic interferometry. It is clear that the off-axis microscopic
interferometry can be applied to microstructures with more complicated surface profiles than those to which classical

microscopic interferometry combined with the Fourier transform method is applicable.

4 Conclusions

This paper proposed a technique for realization of phase retrieval from only one interferogram using off- axis
microscopic interferometry. Compared to classical microscopic interferometry, the interferogram obtained has a
sufficiently high carrier frequency to assure correct filtering in the Fourier plane via the Fourier transform method.
The experimental results obtained for the step height standard and micro-hole array are in good agreement with

those obtained using a stylus profilometer, indicating that the technique is valid. A comparative test conducted with
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Fig.5 Experimental results obtained using classical microscopic interferometer. (a) Interferogram of micro—hole array (without tilting)
for a Mirau microscopic interferometer; (b) frequency spectrum of Fig. 5(a); (c) three=dimensional height distribution of the filtered
interferogram shown in Fig. 5(a); (d) interferogram of micro—hole array with a slightly tilted angle of 10°; (e) frequency spectrum of Fig. 5
(d); (f) phase extracted from the filtered interferogram shown in Fig. 5(d); (g) effective part of Fig. 5(f); (h) three=dimensional height
distribution of Fig. 5(g)

a Mirau interferometric microscope shows that the carrier frequency can be increased by tilting the specimen in classical
microscopic interferometry. However, the phase extracted from such an interferogram is incorrect because of spectrum
aliasing. Thus, off-axis microscopic interferometry can be applied to microstructures with more complicated surface
profiles than those to which classical microscopic interferometry combined with the Fourier transform method is
applicable. Because only one interferogram is needed, off-axis microscopic interferometry has the advantage of high
efficiency, full field-of-view, and vibration—immunity for measurements. Further, its microscopic objective maintains

long working distance. This method also facilitates observation and measurement of dynamic processes.
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