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Fig. 1. (color online) Scheme of the dual rotating-

compensator Mueller matrix imaging ellipsometer:
Xe, light source; L; and Lg, focusing lenses; M,
monochromator; F, fiber; L3, collimating lens; P, po-
larizer; Cp1, the 1st rotating compensator (rotating
compensator in the arm of the polarization state gen-
erator); Cyo, the 2nd rotating compensator (rotating
compensator in the arm of the polarization state ana-
lyzer); A, analyzer; L4, imaging lens; CMOS, CMOS
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Fig. 2. Scheme of a light beam incidence upon a one-

dimensional grating structure.
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Fig. 3. (color online) (a) The photograph of the Si grating

template; (b) the magnified image of the grating region;
(c) the cross-sectional SEM micrograph and the geometri-

cal model of the grating structure.
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Fig. 4. (color online) The imaging Mueller matrix (normalized to m11, which is not shown) of the Si grating template

measured at the wavelength of A = 500 nm. The central rectangular region corresponds to the grating region of the

Si grating template.
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Fig. 5. (color online) Three-dimensional microscopic maps of geometrical parameters p;—p3 as well as their uncertainties

u(p1)—u(p3) (with 95% confidence limits) of the Si grating structure. The coordinate system is consistent with that

shown in Fig. 3(b). The three “+” symbols respectively correspond to the positions of the three pixels in Table 1.
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1 ) Mueller 7 B AR M AT 5, &5 W5
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7 BITARIR) xR S AR I R, RS
HLBE L K A% 48 Mueller R B A4 i 45 I & 45 2R 3£ AT
HLE.

#1 EEICHHER MMIE £4 RN EL5 R 5 SEM Al MME JIl 845 ) 2 L

Table 1.

Comparison of the MMIE, SEM and MME measurements.

The MMIE-measured results are

extracted from Mueller matrix spectra collected by a single pixel of the camera.

_ ‘ ‘ MMIE Jll &4 1 2
(Rl SEM 453 MME 3l & 45 5
BFEHL BF 2 BF 3
p1/nm 350 346.7 £1.17 351.8 £1.22 351.0+1.34 351.5+1.35
p2/nm 472 470.9 +£1.03 470.1+1.18 470.0£1.29 469.8 £1.24
p3/(°) 88 86.84+0.15 87.5+0.16 87.4+0.17 87.440.18

TE: @ A Mueller FE R UG SOHBL L BAMGEI

S PR HR B D S S

O EEHE

et

400 500 600 700 400 500 600 700 400 500 600 700 400 500 600 700
Pk /nm Pk /nm 1 /nm
6  Mueller £ B BAG M i COHBL E BEAME R (WP REFR 1 SR 3R 5 2) A9 & Mueller A5 BE % 1% & A0l &0k 1%
MEsLaGrh, BT 400—700 nm, K5 HERHN 10 nm, NEHFAFIT A58 0 = 60° 1 ¢ = 0°
Fig. 6. Fitting results of the calculated best-fit Mueller matrix spectra and the measured spectra collected
by a single pixel (corresponds to pixel 2 in Table 1) of the MMIE camera. The wavelengths are varied from
400 to 700 nm with increments of 10 nm. The incidence and azimuthal angles are fixed at § = 60° and

¢ = 0°, respectively.
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Abstract

In order to achieve effective process control, the fast, inexpensive, nondestructive and accurate nanoscale feature
measurements are extremely useful in high-volume nanomanufacturing. The optical scatterometry has currently be-
come one of the important approaches for in-line metrology of geometrical parameters of nanostructures in high-volume
nanomanufacturing due to its high throughput, low cost, and minimal sample damage. Conventional scatterometry
techniques can only obtain the mean geometrical parameter values located in the illumination spot, but cannot ac-
quire the microscopic variation of geometrical parameters less than the illumination region. In addition, conventional
scatterometry techniques can only perform monospot test. Therefore, the sample stage must be scanned spot by spot
in order to obtain the distribution of geometrical parameters in a large area. Consequently, the final test efficiency
will be greatly reduced. Accordingly, in this paper, we combine conventional scatterometry with imaging techniques
and adopt the Mueller matrix imaging ellipsometry (MMIE) for fast, large-scale and accurate nanostructure metrology.
A spectroscopic Mueller matrix imaging ellipsometer is developed in our laboratory by substituting a complementary
metal oxide semiconductor camera for the spectrometer in a previously developed dual rotating-compensator Mueller
matrix ellipsometer and by placing a telecentric lens as an imaging lens in the polarization state analyzer arm of the
ellipsometer. The light wavelengths in the developed imaging ellipsometer are scanned in a range of 400-700 nm by
using a monochromator. The spectroscopic Mueller matrix imaging ellipsometer is then used for measuring a typical Si
grating template used in nanoimprint lithography. The measurement results indicate that the developed instrument has
a measurement accuracy of better than 0.05 for all the Mueller matrix elements in both the whole image and the whole
spectral range. The three-dimensional microscopic maps of geometrical parameters of the Si grating template over a
large area with pixel-sized lateral resolution are then reconstructed from the collected spectral imaging Mueller matrices
by solving an inverse diffraction problem. The MMIE-measured results that are extracted from Mueller matrix spectra
collected by a single pixel of the camera are in good agreement with those measured by a scanning electron microscope
and the conventional Mueller matrix ellipsometer. The MMIE that combines the great power of conventional Mueller
matrix ellipsometry with the high spatial resolution of optical microscopy is thus expected to be a powerful tool for

large-scale nanostructure metrology in future high-volume nanomanufacturing.

Keywords: nanostructure, nanometrology, optical scatterometry, Mueller matrix imaging ellipsometry
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