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The authors apply Mueller matrix ellipsometry to characterize the curved surface layers, by

utilizing the noticeable anisotropy observed from the measured data. The authors demonstrate that

this anisotropy is introduced by the curved surface shape as well as the misalignment between the

illumination spot and the surface vertex. An optical model is proposed to expound the anisotropy,

and is applied to evaluate the curved thin thermal oxide layer on a silicon sphere crown. After

incorporating the proposed optical model in the parameter extraction, the experimental results

show that not only will the accuracy of the oxide layer thickness measurement at an arbitrary

location on the surface be improved, the curvature radius as well as the position of detection can

also be determined directly. VC 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4943952]

I. INTRODUCTION

The Avogadro constant (NA) is a fundamental physical

constant that links the atomic and the macroscopic properties

of matter,1 and becomes a promising candidate that can be

related to the new atomic definition of the kilogram.2

Currently, a single crystal silicon sphere is used to determine

NA, which can be generally described by four parameters, i.e.,

the mole mass, the macroscopic density of the crystal, the vol-

ume of the unit cell, and the number of atoms per unit cell.

Among these four parameters, the density is one of the great-

est obstacles to accurate measurement.3,4 For density determi-

nation, the volume of the single crystal silicon sphere should

be measured accurately, and the oxide layer on its surface

needs to be taken into account. Among the approaches to sur-

face layer measurement, spectroscopic ellipsometry (SE) is

considered as the most useful tool for such a thin film charac-

terization.5–7 Although ellipsometry is a powerful metrology

tool,8–10 the basic principle of conventional ellipsometry is

based on the assumption that the film or structure studied is

on a planar surface.11 In other words, conventional ellipsome-

try works best on a flat surface. When the studied surface is

tilted or curved, the measurement accuracy will be signifi-

cantly degraded. It is therefore important to develop a method

to deal with the cases when the surface for characterization is

tilted or curved.

There has been a few recent interest in characterizing the

tilted or curved surface by ellipsometry. Johs and He consid-

ered the substrate wobbling in the in situ SE measurement

that would tilt the sample, and proposed a return path SE con-

figuration to compensate the wobbling effects.12 Zhang et al.
took a mixed polarization theory to explain the measurement

error caused by the incident beam divergent effect after reflec-

tion by the curved surface.13 They proposed an aperture-

filtering method by placing an aperture in front of the detector

to eliminate the error. Chao et al. employed a three-intensity

measurement technique based on a polarizer–sample–ana-

lyzer ellipsometry in the curved surface measurement.14,15

They found that the deviation of the curved surface normal

would lead to an azimuth deviation of the polarizer, and uti-

lized this relationship to measure the surface topography of a

lens. The reported methods show some potential to deal with

curved or tilted surface. However, the return path SE configu-

ration proposed by Johs and He would lead to a drift of

detected position on the sample. Although the method pro-

posed by Zhang et al. gave an access to reduce the error

caused by the mix polarization effect due to the curved sur-

face, they ignored the influence when the illumination spot

deviated from the vertex of the curved surface. Chao et al.
considered the azimuth deviation of the polarizer due to the

change of the curved surface normal direction, but they

neglected the effect induced by the incident plane deviation,

which would lead to an accuracy loss. The Kirchhoff

approach is a general method to calculate the polarization

properties of a particular surface. However, due to the integral
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calculations, it is more suitable to deal with the complex

surfaces, such as a rough surface16 and a two-dimensional

rough surface.17,18 As for the tilted or curved surface, the inte-

gral calculation is time consuming. Krepelka quantitatively

examined the effect of curved surface including the noncolli-

mated beam on the ellipsometric measurement accuracy, and

proposed three methods to decrease the error.19 However, the

integral approximation over the curved surface introduced in

the proposed averaging methods is also time consuming.

In this letter, we introduce the method to characterize the

curved surface layer using Mueller matrix ellipsometry

(MME). Measurements of conventional ellipsometry (Psi

and Delta) and MME (Mueller matrix elements) can be

expressed by the Jones and Mueller matrix formalisms,

respectively. The Jones matrix provides an elegant method

for describing polarized light, but it does not describe par-

tially polarized or unpolarized light. In contrast, the Mueller

matrix describes fully polarized, partially polarized, and

depolarized light. Compared with the conventional ellipsom-

etry, which only obtains two ellipsometric angles, the MME

can provide up to 16 quantities of a 4 � 4 Mueller matrix,

and consequently can acquire much more useful informa-

tion20 about the curved surface and thereby shows great

potential in the curved surface metrology. We perform a set

of measurements on a single crystal silicon sphere crown

with a thermal oxidation silicon dioxide layer on the surface

using a dual-rotating compensator (DRC) MME. A focus

probe accessory is used in the MME to achieve a sufficiently

small spot on the curved surface so that the area of the spher-

ical surface illuminated by the incident beam can be

regarded as a plane. The deviation between the illumination

spot and the spherical surface vertex will introduce a struc-

tural anisotropy in the measured Mueller matrix. Since the

single crystal silicon and the silicon oxide are optical iso-

tropic, this observed anisotropy can be used to characterize

the curved surface. In particular, an optical model of the

spherical layer is proposed by considering the deviation and

the curvature of the silicon sphere crown. With the proposed

model, the deviation angle as well as the surface layer thick-

ness can be extracted from the measured Mueller matrix

spectrum, and then the curvature radius of the sphere crown

can be determined. Experiments performed on a silicon

sphere crown show that not only can the accuracy of the

thickness measurement be improved, but the curvature ra-

dius as well as the position of detection can also be deter-

mined directly.

The remainder of this letter is organized as follows.

Section II details an optical model that can fully expound the

structural anisotropy induced in the curved surface, and then

presents a weighted least-squares regression analysis method

based on the Levenberg–Marquardt algorithm21 for curved

surface parameters reconstruction. Section III introduces the

experimental setup, including the investigated silicon sphere

crown sample and the employed Mueller matrix ellipsome-

ter. Section IV provides a series of experimental results to

verify the proposed method. Finally, we draw some conclu-

sions in Sec. V.

II. THEORY

According to the Bedeaux–Vlieger model,22 the quasi-

static approximation is made and the cross-polarized reflec-

tion is not allowed for a perfectly flat isotropic sample.23

Thus, the theoretical Mueller matrix of a flat isotropic sam-

ple will be block-diagonal and can be expressed as24

M ¼

1 �N 0 0

�N 1 0 0

0 0 C S

0 0 �S C

2
66664

3
77775; (1)

where N, C, and S are defined in terms of the traditional

ellipsometric parameters W and D, where N ¼ cos 2W,

C ¼ sin 2W cos D, and S ¼ sin 2W sin D. The NCS parame-

ters can be calculated by an optical model for the sample and

are functions of the angle of incidence (AOI), wavelength of

light, layer thicknesses, and optical constants of the substrate

and layers.

As shown in Fig. 1(a), while the sample is tilted from the

horizontal plane about the x axis by the angle ax, the surface

normal will be tilted from the original z axis by ax.

Moreover, the AOI will be affected by the tilted angle ax

with the relationship as: AOI¼AOI0þ ax. Here AOI0 stands

for the original incident angle before the sample is tilted.

Since the NCS parameters are a function of the AOI, the

Mueller matrix of the flat isotropic sample tilted from the x

axis is also the function of the tilted angle ax and can be

expressed as

Mx ¼

1 �NðaxÞ 0 0

�NðaxÞ 1 0 0

0 0 CðaxÞ SðaxÞ
0 0 �SðaxÞ CðaxÞ

2
66664

3
77775: (2)

FIG. 1. Schematic configuration of the flat sample tilted from the horizontal

plane (a) about the x axis by ax and (b) about the y axis by ay.
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While the sample is tilted from the horizontal plane about the y axis by ay, as shown in Fig. 1(b), the incident plane will be

tilted from the original Oyz plane by ay. Thus, the Mueller matrix of the tilted surface will be transformed by the Mueller rotat-

ing transformation matrix R(ay) as25

My ¼ Rð�ayÞMRðayÞ ¼

1 �N cos 2ay N sin 2ay 0

�N cos 2ay cos2 2ay þ C sin2 2ay ð1� CÞ sin 2ay cos 2ay �S sin 2ay

N sin 2ay ð1� CÞ sin 2ay cos 2ay sin2 2ay þ C cos2 2ay S cos 2ay

0 S sin 2ay �S cos 2ay C

2
666664

3
777775; (3)

where the matrix R(ay) is expressed by

RðayÞ ¼

1 0 0 0

0 cos 2ay sin 2ay 0

0 �sin 2ay cos 2ay 0

0 0 0 1

2
66664

3
77775: (4)

As mentioned above, if the sample surface has curvature,

structural anisotropy will be observed when the illumination

spot is not exactly on the spherical surface vertex. Since the

focus probe accessory is able to achieve a sufficiently small

spot, the illumination area on the spherical surface can be

approximately regarded as a tilted plane. Figure 2 schemati-

cally shows the side view of the spherical curved silicon

sphere crown in case the illumination spot deviates from the

surface vertex. As illustrated in Fig. 2(a), while the illumina-

tion spot is on the Oyz plane but deviates from the surface

vertex V as A1, the illumination area on the spherical surface

can be regarded as a flat surface tilted from the horizontal

plane about the x axis by a1. According to Eq. (2), the angle

a1 will induce the incident angle changes and finally affect

the Mueller matrix of the sample. When the illumination

spot is on the Oxz plane but deviates from the surface vertex

V as A2, the illumination area on the spherical surface can

be regarded as a flat surface tilted from the horizontal plane

about the y axis by a2. Thus, the incident plane will be tilted

from the original Oyz plane by a2, and the Mueller matrix

can be calculated by Eq. (3).

As shown in Fig. 2(b), while the illumination spot in a

measurement arbitrarily deviates from the surface vertex V

as D, the tilted angle a, which denotes the polar angle in the

spherical coordinate system, is proportional to the distance

between the illumination spot and the surface vertex. By

projecting the illumination spot D on the Oxz and Oyz

planes, the angle a can be decomposed into h and u compo-

nents, where h and u are the angle projections of a on the

Oyz and Oxz planes, respectively. The relationship of these

three angles is

tan2 a ¼ tan2 hþ tan2 u: (5)

The component h, which is defined as the y-direction tilt angle,

will only contribute to the incident angle variation. And the

component u, which is defined as the x-direction tilt angle,

indicates that the surface deviates from the horizontal plane

about the y axis. According to Eqs. (2) and (3), the Mueller

matrix of the studied curved surface will be expressed as

M0 ¼ Rð�uÞMRðuÞ ¼

1 �NðhÞ cos 2u NðhÞ sin 2u 0

�NðhÞ cos 2u cos2 2uþ CðhÞ sin2 2u ½1� CðhÞ� sin 2u cos 2u �SðhÞ sin 2u

NðhÞ sin 2u ½1� CðhÞ� sin 2u cos 2u sin2 2uþ CðhÞ cos2 2u SðhÞ cos 2u

0 SðhÞ sin 2u �SðhÞ cos 2u CðhÞ

2
66664

3
77775: (6)

As schematically shown in Fig. 2(b), since the rotation

axis of the sample stage in the MME is the normal of the

stage across the illumination spot, when rotating the sample

stage to vary the azimuthal angle of the silicon sphere crown,

the deviation angle a stays the same. Thus, the components h
and u can be determined by the azimuthal angle c with the

expressions as

tan h ¼ tan a cos c; (7a)

and

tan u ¼ tan a sin c: (7b)

As shown in Eq. (6), the Mueller matrix elements m14 and

m41 are 0, and the other elements (except m11), are the func-

tions of h and u that depend on the azimuthal angle c, which

indicates that the optical response of the curved surface is

anisotropic. This anisotropy is essentially a structural anisot-

ropy caused by the misalignment of the illumination spot
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and the spherical surface vertex, and therefore can be used to

characterize the curved surface.

In order to reconstruct the parameters, a weighted least-

squares regression analysis method (Levenberg–Marquardt

algorithm21) is performed. According to Eq. (6), the theoreti-

cal Mueller matrix data is a function of the layer thickness as

well as the position information, namely the x-direction

angle u and the y-direction angle h. These parameters can be

extracted by varying the parameters until the theoretical

Mueller matrix spectrum calculated by the proposed optical

model matches the one measured by MME. This is done by

minimizing a mean square error function v2 defined by

v2 ¼ 1

15N � P

XN

k¼1

X4

i;j¼1

mm
ij;k � mc

ij;k

r mij;kð Þ

" #2

; (8)

where k indicates the k-th spectral point from the total num-

ber N, indices i and j show all the Mueller matrix elements

except m11, P is the total number of the parameters, mm
ij;k and

mc
ij;k denote the measured and calculated Mueller matrix ele-

ments, respectively, and r(mij,k) is the estimated standard

deviation associated with mij,k.

III. EXPERIMENTAL SETUP

We used a dual rotating-compensator Mueller matrix el-

lipsometer (ME-L ellipsometer, Wuhan Eoptics Technology

Co., Wuhan, China)26,27 to collect the ellipsometric data of

the single crystal silicon sphere crown. The layout of the

MME in order of light propagation is PCr1SCr2A, where P

and A stand for the polarizer and analyzer, Cr1 and Cr2 refer

to the first and second rotating compensators, and S stands

for the sample. With this dual rotating-compensator configu-

ration, the full Mueller matrix elements can be obtained in a

single measurement. The spectral range is from 200 to

1000 nm. The beam diameter is about 200 lm with the focus-

ing lens. The two arms of the instrument and the sample

stage can be rotated to change the incidence angle and azi-

muthal angle in the experiments.

The single crystal silicon sphere crown, which is a seg-

ment cut from a silicon sphere with a curvature radius of

51 mm, was manufactured by Edmund Optics Co. Thermal

treatment was then performed on the silicon sphere crown to

achieve an oxide layer with a thickness of about 10 nm. In

the data analysis, the optical constants of the Si substrate

were taken from the literature.28 The optical properties of

the silicon oxide film were modeled using the Cauchy dis-

persion formula (n¼AþB/k2þC/k4, where A, B, and C are

constant, and k is the wavelength in micrometers),29 whose

parameters were determined from an oxide layer obtained by

the same thermal treatment on a flat Si substrate, as

A¼ 1.454, B¼ 0.00325, and C¼ 3.0466� 10�5.

IV. RESULTS AND DISCUSSION

We use the DRC-MME to measure the silicon sphere

crown placed on the stage. Four experiments have been per-

formed for demonstration. (1) The structural anisotropy

observed in the measured spectrum is shown in the

measurement of a spherical thin film. (2) A series of meas-

urements starting from the sphere vertex have been carried

out to show the capability of the proposed method. (3) We

measure an arbitrary position on the sphere crown as an

example to demonstrate the generality of the proposed

method. In these experiments, the wavelength is

200–800 nm by 1 nm, and the incident angle is set to be 65�.

A. Experiment 1

In this experiment, the sphere crown is arbitrarily placed

on the sample stage of MME to make sure that the sphere

crown vertex significantly deviates from the illumination

spot. In MME, the rotating axis of the sample stage is the

normal of the stage across the illumination spot. By rotating

the stage, the angle a stays the same, and the azimuthal angle

c will be varied from 0� to 360�. According to Eq. (7), the

components h and u will also be varied with the azimuthal

angle c. Figure 3 shows the measured Mueller matrix spec-

trum of the silicon sphere crown with the azimuthal angle

ranging from 0� to 360� in 5� increments. As expected, the

Mueller matrix elements m14 and m41 are approximated to 0,

which agrees with the theoretical value shown in Eq. (6).

Other off-diagonal Mueller matrix elements, which are theo-

retically 0 for an isotropic sample, obviously deviate from 0,

and are significantly varied along with the azimuthal angle

of the silicon sphere crown, which shows an apparent

FIG. 2. (Color online) Schematic configuration of the single crystal silicon

sphere crown. (a) The illumination spot deviates from the surface vertex but

still on the Oyz plane or Oxz plane. (b) The illumination spot arbitrarily

deviates from the surface vertex.
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structural anisotropy. It is therefore demonstrated that the

structural anisotropy will be observed in the measurement of

such an isotropic sample due to the surface curvature and the

deviation between the illumination spot and the surface

vertex.

B. Experiment 2

In the second experiment, we utilize the proposed optical

model expressed in Eq. (6), which can fully expound the

structural anisotropy induced by the curvature, to recharac-

terize the curved surface. In order to demonstrate the capa-

bility and performance of the proposed optical model for the

curved or tilted surface characterization, multimeasurements

have been performed on the silicon sphere crown with MME

for different distances between the illumination spot and the

sphere crown vertex along the x-direction.

The first step is to locate the sphere crown vertex. As pre-

viously mentioned, the x- and y-direction misalignments

between the vertex and the illumination spot contribute to a

deviation from zero for the off-diagonal Mueller matrix ele-

ments m13, m23, m24, m31, m32, and m42, and the incident

angle variation, respectively. The distance between the ver-

tex and the illumination spot along the x-direction can be

aligned by moving the sphere crown along the x-direction to

minimize the deviations of the off-diagonal Mueller matrix

elements. The y-direction can be positioned by minimizing

the incidence angle variation from the angle of incidence

corresponding to a standard flat film, i.e., 100 nm silicon

dioxide film. Then, multimeasurements have been performed

by moving the sample stage along the x-direction manually.

Figure 4 shows the measured Mueller matrix spectrum of the

silicon sphere crown with a distance of 0–6 mm with the step

size of 2 mm along the x-direction.

At this point, we can extract the layer thickness and the

position information from the measured Mueller matrix data

with the proposed method introduced in Sec. II. The fitting

Mueller matrix spectrum is shown in Fig. 4, and the extracted

surface oxide layer thickness as well as the x-direction angle

u are presented in Table I. As expected, the calculated

Mueller matrices show a great agreement with the measured

ones, especially for the off-diagonal Mueller matrix ele-

ments, which are theoretically zero for an isotropic sample.

It is thus demonstrated that the proposed optical model is

capable to characterize the curved or tilted surface. As a

contrast, the extracted surface oxide layer thicknesses using

the simple isotropic model are also listed in Table I. It can

be observed that the measurements obtained using the pro-

posed model are consistent when the detecting spot is mov-

ing, while the measured values using isotropic model

significantly show a descending trend with much larger

MSEs when the distances between the illumination spot and

the vertex become larger. Therefore, we can conclude that

the proposed method gives an access to higher accuracy in

the curved or tilted surface measurement.

As seen in Eq. (6), with the proposed optical model, both

the surface oxide layer thickness of the silicon sphere crown

and the y-direction tilted angle u can be extracted from the

measured Mueller matrix spectrum. Since the illumination

FIG. 3. (Color online) Polar diagram of the Mueller matrix spectrum of the single crystal silicon sphere crown measured by the DRC-MME. The Mueller ma-

trix elements are normalized to m11, which is not shown. The polar axis denotes the wavelengths, varying from 200 to 800 nm, and the polar angle, varying

from 0� to 360�, denotes the azimuthal angle in the Mueller matrix measurement.
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spot and the surface vertex were aligned before moving the

sample stage in the x-direction, and the y-direction tilted

angle h is always zero in the experiment, the x-direction tilted

angle u is equal to the tilted angle a. Figure 5 shows the

extracted tilted angle a when the stage is moving along the x

axis. For the sphere crown sample, the relationship between

the tilted angle a and the x axis shift x is expressed as

r ¼ x

sin a
; (9)

where r denotes the curvature radius of the sphere crown. By

assuming sin a¼ a in the calculation, Eq. (9) will be simpli-

fied as: r¼ x/a. As shown in Fig. 5, the tilted angle a and the

x axis shift x shows a good linear relationship as: a¼ 0.0195x

FIG. 4. (Color online) Fitting results of the calculated and measured Mueller matrix spectrum with different misalignment error between the detect spot and the

sphere vertex.

TABLE I. Surface oxide layer thickness and x-direction angle u extracted by the proposed optical model and by the simple isotropic model with different mis-

alignments between the illumination spot and the surface vertex along the x axis.

x axis (mm)

Proposed model Isotropy model

Thickness deviation (nm)Thickness (nm) u (deg.) MSE Thickness (nm) MSE

0 10.516 0.035 2.1 10.515 2.2 0.001

2 10.543 2.266 2.2 10.469 51.4 0.074

4 10.482 4.504 2.7 10.253 101.9 0.229

6 10.561 6.731 3.5 10.070 151.1 0.491

FIG. 5. Tilted angle a vs x axis shift of the sample.
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with the coefficient of determination R2¼ 0.999. Therefore,

we can calculate the radius of the sphere crown as r¼ x/a
¼ 51.3403 mm, which is comparable with the nominal value

provided by the manufacturer of 51 mm with a deviation of

about 0.67%.

C. Experiment 3

In this experiment, the sphere crown is arbitrarily placed

on the sample stage and the Mueller matrix spectrum is

acquired by the MME. The proposed weighted least-squares

regression analysis shown in Sec. II is performed to extract

the surface oxide layer thickness and position information of

the illumination area. Figure 6 shows the measured spectrum

and fitting data calculated with the proposed optical model.

The extracted surface layer thickness at the detected position

on the sphere crown is 10.508 nm, and the position informa-

tion of the illumination area on the sphere crown surface is

u ¼ �1:709� and h ¼ 0:507�. According to experiment 2,

since the curvature radius has a linear relationship with tilted

angle a, the curvature radius can also be determined by

measuring two positions on the curved surface.

V. CONCLUSIONS

In summary, we have proposed a method to characterize

the curved surface layer with MME by utilizing the noticeable

structural anisotropy observed from the measured data, and

performed a set of measurements on a single crystal silicon

sphere crown with a thermal oxidation silicon dioxide layer

on its surface for demonstration. We show that the structural

anisotropy is observed in the measurement of sample made of

isotropic material due to the curvature and the deviation

between the illumination spot and the surface vertex. An opti-

cal model that fully expounds this anisotropy to process the

curved surface has also been proposed. With the proposed

model, the deviation angle a as well as the surface layer thick-

ness is extracted from the measured Mueller matrix spectrum

accurately, and then, the curvature radius of the sphere crown

as well as the position being measured are obtained simultane-

ously. It is worth mentioning that the application of the pro-

posed method is not limited to characterizing the spherical

surface, and it is also capable of being used to characterize

other nonspherical curved surfaces, such as the lens coating

layers, etc. Moreover, the thin film for characterization is not

limited to the silicon dioxide, and the proposed model is capa-

ble of dealing with any isotropic materials. As for anisotropic

materials, the structural anisotropy caused by the curvature

may be coupled with the optical anisotropy of the material.

The proposed method cannot be used for the anisotropic thin

films metrology directly unless more prior knowledge is

known.
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2P. Becker, P. D. Bièvre, K. Fujii, M. Gl€aser, B. Inglis, H. Luebbig, and G.

Mana, Metrologia 44, 1 (2007).
3P. Becker et al., Metrologia 40, 271 (2003).
4R. A. Nicolaus and K. Fujii, Meas. Sci. Technol. 17, 2527 (2006).
5J. Zhang, Y. Li, X. Wu, Z. Luo, and H. Wei, Opt. Express 18, 7331

(2010).
6I. Busch, H. U. Danzebrink, M. Krumrey, M. Borys, and H. Bettin, IEEE

Trans. Instrum. Meas. 58, 891 (2009).

FIG. 6. (Color online) Fitting result of the calculated and measured Mueller matrix spectrum at an arbitrary place on the curved surface.

020602-7 Li et al.: Characterization of curved surface layer 020602-7

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  211.69.194.101 On: Thu, 31 Mar 2016 06:49:41

http://dx.doi.org/10.1088/0034-4885/64/12/206
http://dx.doi.org/10.1088/0026-1394/44/1/001
http://dx.doi.org/10.1088/0026-1394/40/5/010
http://dx.doi.org/10.1088/0957-0233/17/10/001
http://dx.doi.org/10.1364/OE.18.007331
http://dx.doi.org/10.1109/TIM.2008.2007037
http://dx.doi.org/10.1109/TIM.2008.2007037


7R. A. Nicolaus et al., IEEE Trans. Instrum. Meas. 62, 1499 (2013).
8D. E. Aspnes, Thin Solid Films 571, 334 (2014).
9C. Chen, I. An, and R. W. Collins, Phys. Rev. Lett. 90, 217402 (2003).

10M. Stchakovsky, C. Caillaud, M. Foldyna, R. Ossikovski, and E. Garcia-

Caurel, Thin Solid Films 516, 1414 (2008).
11R. M. A. Azzam and N. M. Bashara, Ellipsometry and Polarized Light

(North-Holland, Amsterdam, 1977).
12B. Johs and P. He, J. Vac. Sci. Technol., B 29, 03C111 (2011).
13J. Zhang, X. Wu, and Y. Li, Chin. Phys. B 21, 010701 (2012).
14K. Lee and Y. Chao, Jpn. J. Appl. Phys., Part 2 44, L1015 (2005).
15C. Han, Z. Lee, and Y. Chao, Appl. Opt. 48, 3139 (2009).
16N. C. Bruce, A. J. Sant, and J. C. Dainty, Opt. Commun. 88, 471 (1992).
17N. C. Bruce, Waves Random Media 8, 15 (1998).
18P. A. Letnes, A. A. Maradudin, T. Nordam, and I. Simonsen, Phys. Rev. A

86, 031803(R) (2012).
19J. Krepelka, e-print arXiv:1109.0892 [physics.optics].
20D. Dixit et al., J. Micro/Nanolithogr., MEMS MOEMS 14, 031208

(2015).

21W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,

Numerical Recipes: The Art of Scientific Computing, 3rd ed. (Cambridge

University, Cambridge, 2007).
22D. Bedeaux and J. Vlieger, Optical Properties of Surface, 2nd ed.

(Imperial College, London, 2004).
23T. Brakstad, M. Kildemo, Z. Ghadyani, and I. Simonsen, Opt. Express 23,

22800 (2015).
24H. Fujiwara, Spectroscopic Ellipsometry: Principles and Applications

(Wiley, New York, 2007).
25H. G. Tompkins and E. A. Irene, Handbook of Ellipsometry (William

Andrew, Norwich, 2005).
26X. Chen, S. Liu, C. Zhang, H. Jiang, Z. Ma, T. Sun, and Z. Xu, Opt.

Express 22, 15165 (2014).
27S. Liu, X. Chen, and C. Zhang, Thin Solid Films 584, 176 (2015).
28C. H. Herzinger, B. Johs, W. A. McGahan, J. W. Woollam, and W.

Paulson, J. Appl. Phys. 83, 3323 (1998).
29S. Kasap and P. Capper, Springer Handbook of Electronic and Photonic

Materials (Springer, Berlin, 2007).

020602-8 Li et al.: Characterization of curved surface layer 020602-8

J. Vac. Sci. Technol. B, Vol. 34, No. 2, Mar/Apr 2016

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  211.69.194.101 On: Thu, 31 Mar 2016 06:49:41

http://dx.doi.org/10.1109/TIM.2013.2242633
http://dx.doi.org/10.1016/j.tsf.2014.03.056
http://dx.doi.org/10.1103/PhysRevLett.90.217402
http://dx.doi.org/10.1016/j.tsf.2007.03.169
http://dx.doi.org/10.1116/1.3555332
http://dx.doi.org/10.1088/1674-1056/21/1/010701
http://dx.doi.org/10.1143/JJAP.44.L1015
http://dx.doi.org/10.1364/AO.48.003139
http://dx.doi.org/10.1016/0030-4018(92)90076-4
http://dx.doi.org/10.1080/13616679809409826
http://dx.doi.org/10.1103/PhysRevA.86.031803
http://arxiv.org/abs/1109.0892
http://dx.doi.org/10.1117/1.JMM.14.3.031208
http://dx.doi.org/10.1364/OE.23.022800
http://dx.doi.org/10.1364/OE.22.015165
http://dx.doi.org/10.1364/OE.22.015165
http://dx.doi.org/10.1016/j.tsf.2015.02.006
http://dx.doi.org/10.1063/1.367101

