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1 INTRODUCTION

In conventional incoherent optical scatterometry (IOS), light
from an incoherent source interacts with the scatterer and the
diffracted far field intensity map is recorded [1, 2]. The energy
distribution in the diffracted far field depends on the mate-
rial composition and the geometrical properties of the scat-
terer that one wants to reconstruct. In the lithography indus-
try, smallest details of the scatterer (grating) are smaller than
the wavelength used for inspection. Therefore imaging the
structure is not an option. Forward modeling in scatterometry
can be rigorously solved. The inverse problems in scatterome-
try belongs to the family of ill-posed problems in electromag-
netism, but by using a-priori information about the scatterer,
reconstruction of the grating is possible to a certain extent. IOS
is an established method of lithographic process inspection
[3]–[5], but with continuing shrinkage of the features written
by lithographic machines, a more sensitive, repeatable and ro-
bust method for semiconductor metrology is desirable.

Coherent Fourier Scatterometry (CFS) is very useful in appli-
cations where there are overlapping orders present in the far
field. The applications include overlay metrology, target align-
ment etc. In the last few years, we have investigated and im-
plemented CFS, using a focused spot from a coherent source
of light as illumination [6]–[8]. This focused spot is scanned
over the grating such that there is an overlap between the
consecutive scan positions. In contrast to IOS, where only the
field intensities are accessible and there is no phase informa-

tion present, in CFS it is possible to retrieve phase information
from the intensity measurements. There are techniques avail-
able to transform the intensity information into phase such
as interferometry [9]–[12], but they are either technically de-
manding or time consuming for the real time implementation
in the semiconductor industry.

In this paper, we show how the phase difference between
overlapping diffracted orders of the grating for two orthog-
onal states of polarization can be retrieved. The setup resem-
bles a common path interferometer and therefore the phase re-
trieval by our method is robust [13]. In our case, the zeroth or-
der diffracted beam acts as the reference beam and the higher
diffracted order acts as the object beam. Phase shift between
the zeroth and the higher diffracted order is achieved by trans-
lating the grating. We derive an analytic phase relationship
between the diffracted orders of the reflected far field in terms
of intensities acquired for different scan positions within a sin-
gle period of the grating. The situation is similar to Tempo-
ral Phase Shifting Interferometry (TPSI) [14, 15]. TPSI requires
capturing multiple interference patterns, generated at differ-
ent times by shifting the phase of one of the interfering beams
by a predetermined phase shift. In our case, the zeroth order
diffracted beam acts as the reference beam and the phase shift
between the zeroth and the higher diffracted order is achieved
by translating the grating.
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The content of the paper is as follows: In Section 2, we present
the mathematical formulation of the method. In Section 3, the
experimental setup is described and experimental and simu-
lations results are given. Section 4 contains the conclusions.

2 PHASE ANALYSIS

In Figure 1(a), a periodic grating illuminated by a focused
light beam is shown. The shape of the grating is defined by the
period, midCD, height and side wall angles (SWA) as shown
in Figure 1(b). An additional quantity called ’bias’ is defined
as the position of the grating relative to the optical axis of the
focusing system. The bias=0 position can be chosen arbitrary,
but usually we define it as the position when the optical axis
bi-sects the MidCD as indicated by the dotted vertical line in
Figure 1(b). Throughout the paper, we use a right-handed co-
ordinate system xyz as shown in Figure 1(a(. The x-axis and
y-axis are parallel and perpendicular to the spatial frequency
vector~g of the grating, respectively. The z-axis is parallel to the
optical axis of the focusing system with z increasing parallel to
the direction of the incident field. A positive or negative bias
value means that the grating is displaced parallel to the x-axis
over a distance specified by the bias value. MidCD, height,
SWA and bias are collectively the grating parameters that we
want to retrieve from the reflected data (see Figure 1(b)). In

(a)

(b)

FIG. 1 (a) Scheme of the grating illumination. (b) Cross-section in the (x-z) plane of

one period of the grating, showing the grating parameters.

addition to the (x, y, z) system, we introduce the coordinate
system (ξ, η) in the pupil of the focusing lens, where ξ is par-
allel to the x and η is parallel to y.

Let
(
ξ i, ηi) be a point in the entrance pupil of the lens and let

~Ei
lens
(
ξ i, ηi) be the real electric field in the entrance pupil that

is focused by the lens :

~Ei
lens(ξ

i, ηi) = <
[
~ai
(

ξ i, ηi
)

exp (−iωt)
]
=

<
{[

ai
ξ

(
ξ i, ηi

)
ξ̂ + ai

η

(
ξ i, ηi

)
η̂
]

exp (−iωt)
}

, (1)

where ~ai(ξ i, ηi) is the complex incident field in the entrance
pupil. The field in Eq. (1) is written as the sum of fields that
are linearly polarized parallel to the ξ̂ and η̂ directions. We can
also write the incident field ~ai (ξ i, ηi) as the sum of radially
and azimuthally polarized fields:

~ai(ξ i, ηi) = ai
ρ

(
ξ i, ηi

)
ρ̂ + ai

ϕ

(
ξ i, ηi

)
ϕ̂. (2)

where, ρ and ϕ are polar coordinates and

ρ̂ = cos ϕξ̂ + sin ϕη̂,

ϕ̂ = − sin ϕξ̂ + cos ϕη̂,

ξ i = ρi cos ϕi, ηi = ρi sin ϕi.

The relation between the amplitude in the cylindrical and
cartesian coordinates is given by(

ai
ξ

ai
η

)
=

(
cos ϕi − sin ϕi

sin ϕi cos ϕi

)(
ai

ρ

ai
ϕ

)
≡

Ω (ϕi)

(
ai

ρ

ai
ϕ

)
. (3)

To a given point
(
ξ i, ηi) in the entrance pupil of the lens, there

corresponds an incident plane wave with wavevector~ki in the
angular spectrum of the focused spot, which is given by

~ki = ki
x x̂ + ki

y ŷ + ki
z ẑ, (4)

with:

ki
x = −k0n

ξ i

f
,

ki
y = −k0n

ηi

f
,

ki
z =

√
k2

0n2 − ki
x

2 − ki
y

2,

where k0 is the wavenumber in vacuum, f is the focal length of
the focusing lens and n is the refractive index of the medium
between lens and the grating (in our case n = 1). Assuming
an aplanatic lens, it follows from the theory of Ignatowski [16]
and Richards & Wolf [17] that the radial and azimuthal com-
ponents in the entrance pupil are transferred by the lens into
S and P polarized electric field vectors, respectively. In fact, let
(θ, ϕ) be spherical coordinates, such that

ki
x = k0n cos ϕi sin θi,

ki
y = k0n sin ϕi sin θi,

ki
z = k0n cos θi.
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Then, the electric field of the plane wave k̂i is

~Ei(ki
x, ki

y) =
√

cos θi
[

ai
ρ

(
ξ i, ηi

)
θ̂ + ai

ϕ

(
ξ i, ηi

)
ϕ̂
]

. (5)

The factor
√

cos θi is due to the conservation of energy
flux [18].

In the remainder of this paper, we assume that the state of
polarization, the amplitude and the phase of the incident field
have been determined. This means that~ai

ξ(ξ
i, ηi) and~ai

η(ξ
i, ηi)

are known complex functions of position (ξ i, ηi) in the pupil
(except for an overall constant phase). The incident plane
wave is partially reflected by the grating giving rise to the re-
flected propagating orders with wave vectors

~ks,m = ks,m
x x̂ + ks,m

y ŷ− ks,m
z ẑ =(

ki
x +

2πm
Λ

)
x̂ + ki

y ŷ− ks,m
z ẑ. (6)

Where the superscript s indicates the scattered direction, Λ
is the pitch of the grating, m is an integer representing the
diffracted order such that(

ki
x +

2πm
Λ

)2
+ ki

y
2 ≤ (k0n)2 , (7)

and ks,m
z =

√
k2

0n2 −
(
ki

x +
2πm

Λ
)2 −

(
ki

y

)2
. The electric field of

the mth diffracted order is written as

~Es,m
(

ks,m
x , ks,m

y

)
= rm

(
ki

x, ki
y

)
~Ei
(

ki
x, ki

y

)
. (8)

Where, rm(k
i
x, ki

y) is a (2× 2) matrix on the (θ̂, ϕ̂) bases that
relates the incident and the mth reflected wave vector. We can
also write

ks,m
x = k0n cos ϕs,m sin θs,m,

ks,m
y = k0n sin ϕs,m sin θs,m,

ks,m
z = −k0n cos θs,m.

The information about the grating is contained in the matrices
rm(k

i
x, ki

y), and hence it is important to retrieve as much infor-
mation as possible (amplitude and phase) from these matrices
to reconstruct the grating parameters. The reflected orders are
collected back by the same focusing objective and the far field
is captured by the CCD. By inverting Eq. (5), we obtain the
electric field~as,m of the mth reflected order in the exit pupil of
the collimator:

~as,m (ξs,m, ηs,m) =

1√
cos θs,m

[
~Es,m

θ

(
ks,m

x , ks,m
y

)
ρ̂ + ~Es,m

ϕ

(
ks,m

x , ks,m
y

)
ϕ̂
]

. (9)

Where

ξs,m = − ks,m
x

k0n
f , ηs,m = −

ks,m
y

k0n
f .

Using Eq. (5), (8) and (9) we find that the (ξ, η)-components of
the reflected and the incident fields in the pupil are related as

follows:(
as,m

ξ (ξs,m, ηs,m)

as,m
η (ξs,m, ηs,m)

)
=√

cos θi

cos θs,m Ω (ϕs,m) rm

(
ki

x, ki
y

)
Ω
(

ϕi
)−1

(
ai

ξ(ξ
i, ηi)

ai
η(ξ

i, ηi)

)
=

r̃m

(
ki

x, ki
y

)( ai
ξ(ξ

i, ηi)

ai
η(ξ

i, ηi)

)
. (10)

Where

r̃m

(
ki

x, ki
y

)
=√

cos θi

cos Ωs,m Ω (ϕs,m) rm

(
ki

x, ki
y

)
Ω
(

ϕi
)−1

. (11)

Here r̃m(k
i
x, ki

y) is the reflection matrix that relates the field of
the mth reflected order in the pupil of the objective to the inci-
dent field in the pupil.

Let us now look at a fixed scattering direction given by the
wave vector ~ks = ks

x x̂ + ks
y ŷ − ks

z ẑ. The corresponding point
(ξs, ηs) in the pupil is

ξs =
−ks

x
k0n

f , ηs =
−ks

y

k0n
f .

It has been shown that in the reflected field, when there is no
overlap between diffracted orders, CFS and IOS are equiv-
alent [6]. When there is an overlap in the diffracted orders,
CFS gives better sensitivity and more accurate reconstruction
of the grating parameters provided scanning is applied [6, 7].
The number of overlapping orders is determined by the value
of the so called overlap parameter:

F =
λ

Λ · NA
. (12)

The smaller the value of F, the more orders overlap. In par-
ticular, when 1 ≤ F ≤ 2 then only the zeroth and first or-
ders overlap in part of the lens pupil while the first and minus
first diffracted orders do not overlap and all higher diffracted
orders are either evanescent or not captured by the lens. For
simplicity, in the remainder of this paper we assume that
1 ≤ F ≤ 2 but, the analysis can be extended to other values of
F when more orders overlap.

2.1 Pupil points with no overlapping
orders

For a particular point (ξs, ηs) in a region without overlap-
ping orders, only the specular reflected wave contributes to
the measured intensity. Hence the total field is given by(

as,0
ξ (ξs, ηs)

as,0
η (ξs, ηs)

)
= r̃0

(
ki

x, ki
y

)( ai
ξ(ξ

i, ηi)

ai
η(ξ

i, ηi)

)
. (13)

We write the complex matrix r̃0 on the (ξ, η) basis as

r̃0 =

(
r̃0,ξξ

r̃0,ηξ

r̃0,ξη
r̃0,ηη

)
. (14)
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The subscripts ξξ, ξη, ηξ and ηη correspond to the set of input
and output states of polarization. In order to retrieve the am-
plitudes of all four elements of the matrix r̃0 and their phase
differences, two polarizers are used in the setup. In this way
the complex specular reflection matrix in the direction of a
pupil point in a region without overlap can be completely re-
trieved except for an ambiguous common constant phase. We
explain the procedure here briefly.

First, we use a linear polarizer in the incident beam just before
the pupil and a linear polarizer in the reflected beam at the de-
tector. By setting these polarizers alternatively parallel to the
ξ and η axis and measuring the intensity, the moduli |r̃0,µ,ν|,
(µ, ν = ξ, η) of all four elements of the reflection matrix are
found.

Then the phase difference between the elements of the reflec-
tion matrix are determined in the following way: we choose
the polarizer in the incident beam parallel to the ξ axis and η

axis alternatively and the polarizer in the reflected beam at 45◦

to the ξ and η axis and measure the intensity. From this, the
phase difference between r̃0,ξξ

, r̃0,ξη
and r̃0,ηξ

, r̃0,ηη
are found.

Then we put the input polarizer at 45◦ w.r.t ξ axis and the
reflected intensity is measured with the polarizer parallel to
ξ and η axis respectively at the detector. From this measure-
ment the phase differences between r̃0,ξξ

, r̃0,ηξ
and r̃0,ξη

, r̃0,ηη

are found. In this way, the complex reflection matrix r̃0 is de-
termined except for an overall constant phase.

2.2 Pupil points where ref lected orders
overlap

Let (ξs, ηs) now be a point of the lens pupil where two re-
flected orders overlap (since we have assumed that 1 < F < 2,
no more than two orders overlap). To be specific, let (ξs, ηs)

be in the region of overlap of the 0th reflected order (i.e.
the specular reflected wave) and the 1st reflected order. In
this case, there is an incident wave with wave vector ~ki,0 =

ki,0
x x̂ + ki,0

y ŷ + ki,0
z ẑ, such that

∣∣∣~ki,0
∣∣∣ = ∣∣∣~ks

∣∣∣ and the correspond-

ing pupil point
(
ξ i,0, ηi,0) = (−ξs,−ηs), of which the specular

reflected order is in the direction of ~ks. Furthermore there is
an incident wave vector ~ki,1 = ki,1

x x̂ + ki,1
y ŷ + ki,1

z ẑ with cor-

responding pupil point
(
ξ i,1, ηi,1) =

(
− f

k0n ki,1
x ,− f

k0n ki,1
y

)
of

which the 1st reflected order is in the direction of ~ks. There
holds:

~ki,1 =~ks +
2π

Λ
x̂. (15)

The total reflected electric field in point (ξs, ηs) of the exit
pupil is the coherent sum of the field of the zeroth reflected
order of incident wave vector~ki,0 and the 1st reflected order of
the incident wave vector~ki,1. Hence :

~as (ξs, ηs) = r̃0

(
ξ i,0, ηi,0

)
~ai
(

ξ i,0, ηi,0
)

+ r̃1

(
ξ i,1, ηi,1

)
~ai
(

ξ i,1, ηi,1
)

. (16)

This relation is valid for zero bias. When the grating is trans-
lated over the distance ∆x with respect to the zero bias posi-
tion, the phases of the reflection matrices change and then r̃1

gets an additional phase of

∆Φ =
2π∆x

Λ
, (17)

with respect to r̃0. The total reflected field in point (ξs, ηs) is
then

~as,∆x (ξs, ηs) = r̃0

(
ξ i,0, ηi,0

)
~ai
(

ξ i,0, ηi,0
)

+ r̃1

(
ξ i,1, ηi,1

)
~ai
(

ξ i,1, ηi,1
)

exp
(

i2π∆x
Λ

)
. (18)

We use again two polarizers in the setup: one in the incident
beam immediately before the entrance pupil and the other in
the reflected beam. First, suppose that both polarizers are par-
allel to ξ-direction. The measured reflected intensity for bias
∆x is given by

I∆x
ξξ (ξ

s, ηs) =
∣∣∣~as,∆x(ξs, ηs)

∣∣∣2 =
∣∣∣r̃0,ξξ

(ξ i,0, ηi,0)~ai
ξ(ξ

i,0, ηi,0)
∣∣∣2

+
∣∣∣r̃1,ξξ

(ξ i,1, ηi,1~ai
ξ(ξ

i,1, ηi,1)
∣∣∣2

+ 2<
[
r̃0,ξξ

(ξ i,0, ηi,0)~ai
ξ(ξ

i,0, ηi,0) ·

r̃1,ξξ
(ξ i,1, ηi,1)∗~ai

ξ(ξ
i,1, ηi,1)∗ exp

(
−i2π∆x

Λ

)]
, (19)

where the subscript ξξ correponds to ξ input and ξ output po-
larization respectively. Because the incident field is assumed
to be known, the unknown absolute values |r̃0,ξξ

|, |r̃1,ξξ
| and

the phase difference of r̃0,ξξ
and r̃1,ξξ

can be determined from

measuring I∆x
ξξ for (at least) three scan positions ∆x. By setting

the linear polarizers alternatively parallel to the ξ- and η-axis
we obtain the moduli and phase differences of all elements of
the two reflection matrices in the same row and column, i.e.,
of all r̃0,µν

and r̃1,µν
for µ, ν = ξ, η.

Note that when ∆x is such that the corresponding phase
change ∆Φ is in steps of π/2, we can implement the bucket
algorithm for phase retrieval [15]. The 0th and 1st diffracted
orders act as the reference and the object beam respectively in
the shear interferometer. The phase retrieval is thus very sim-
ilar to TPSI, where one of the interfering beam is shifted by a
phase difference of π/2 (Appendix A).

Generalizing the proceeding scanning method to the case of
more than two overlapping orders is straightforward. Due to
a translation over ∆x, the reflection matrix of the mth reflected
order obtains a relative phase change with respect to the re-
flection matrix of the specular (i.e. 0th) order matrix given by:

∆Φm =
2πm∆x

Λ
. (20)

When there are in total M overlapping orders contributing to
the total reflected field in a particular point of the lens pupil,
we need at least (2M + 1) scan positions to retrieve all ampli-
tudes and phase differences of the reflection matrices.

By the described scanning procedure we have retrieved the
absolute values of all elements in the same row and col-
umn of the contributing reflection matrices r̃0 and r̃1 and the
phase differences between them. Next, we want to determine
the phase differences between elements in different rows and
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columns. This is done as described previously. By setting the
polarizer in the incident beam parallel to the ξ axis and that in
the outgoing beam under 45◦ to the ξ axis, we can retrieve the
phase difference between the total field components

r̃0,ξξ
(ξ i,0, ηi,0)ai

ξ(ξ
i,0, ηi,0) + r̃1,ξξ

(ξ i,1, ηi,1)ai
ξ(ξ

i,1, ηi,1), (21)

and

r̃0,ηξ
(ξ i,0, ηi,0)ai

ξ(ξ
i,0, ηi,0) + r̃1,ηξ

(ξ i,1, ηi,1)ai
ξ(ξ

i,1, ηi,1), (22)

since the complex incident field~ai is assumed known and the
amplitudes and phase difference of r̃0,µξ

and r̃1,µξ
have al-

ready been determined for µ = ξ, η, we can retrieve the phase
differences of all four reflection coefficients.

By repeating this procedure for a linear polarizer parallel to
the η axis in the incident beam, we retrieve similarly the phase
differences between r̃0,µη

and r̃0,µη
for µ = ξ, η. Hence the

phase differences between all elements of the reflection ma-
trices r̃0 and r̃1 that are in different rows but the same column
are retrieved.

Finally, we insert a polarizer in the reflected beam and subse-
quently use in the incident beam a polarizer at 45◦ to obtain
the phase differences between the elements of the two reflec-
tion matrices that are in different columns but the same row.
We conclude that the complex reflection matrices r̃0 and r̃1 can
be retrieved except for a common constant phase.

2.3 Summary

In summary, for points in the region of the pupil without over-
lapping of reflected orders, only the specular reflected field
contributes. Hence only the reflection matrix r̃0 influences the
measurements. By the procedure using linear polarizers and a
half wave plate as described above, the complex elements of
this reflection matrix are retrieved except for a common con-
stant phase.

For points in the pupil for which several orders overlap, a
number of reflection matrices r̃j, j = 1, . . . , M contribute. By
using 2M + 1 scan positions and using the procedure with the
linear polarizers and the half wave plate in the incident and
reflected beams, we can retrieve all contributing complex re-
flection matrices except for a common constant phase.

In case F > 2, for all points of the pupil of the lens, only the
specular reflected wave contributes. Hence when F > 2 there
is no region of overlap of reflected orders inside the pupil and
scanning of the spot is superfluous.

3 EXPERIMENT AND SIMULATIONS

In this section we apply the theory derived in Section 2. The
proof of principle of the phase retrieval between the scattered
orders from the far field intensity data is shown. Additionally
a simulation study is performed for polarization dependent
phase sensitivity of the grating parameters.

(a)

(b)

FIG. 2 (a) Schematic of the experimental set-up, (b) Measured normalized incident

amplitude (top) and phase (bottom) in units of the wavelength of illumination above

the microscope objective.

3.1 Experimental setup

Figure 2(a) shows the experimental setup. Linearly polarized
light from a He-Ne laser (S1) is coupled to a fiber beam splitter
(FC). The two output channels from the fiber coupler are indi-
cated in the Figure 2 as SMF1 and SMF2. SMF1 is the illumina-
tion arm and SMF2 is the alignment arm in the setup. The po-
larizer (P1) selects the incident polarization of the collimated
beam from SMF1. The polarized beam is then focused on the
grating with a microscope objective (MO) of numerical aper-
ture 0.4 (Leica: N PLAN L 20x/0.40). The radius of the focused
spot is ≈ 0.95 µm. The grating is placed on a piezo-controlled
translation stage that is used to scan the bias positions. After
interaction, the scattered light is collected by the same micro-
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FIG. 3 Comparison between experiments and simulation result (for NA 0.4). The top row shows the experimental far fields corresponding to five scan positions within a single

period of the grating and the phasemap computed from the far fields, in the bottom row is the corresponding simulated data.

Grating Parameters Nominal values

Period 1 µm
MidCD 425 nm
Height 155 nm
SWA 90◦

TABLE 1 Nominal grating parameters used in experiment and simulation.

scope objective. The far field is registered at the CCD plane af-
ter passing through the telescopic lens system L4 and L5. The
telescopic system demagnifies the beam and also relays the
far field at back focal plane of the MO to the CCD. The output
polarization of the reflected wave is selected by polarizer (P2)
placed before the CCD. A collimated beam from SMF2 is used
for alignment of L4 of the telescopic system. Focal point of L4
is aligned to the back focal plane of the microscope objective.
L5 is aligned by measuring the collimation after the telescopic
system, when the collimated beam from SMF1 is focused on
the plane of the Si wafer acting as the mirror. The present tele-
scopic system is a demagnifier of 2.5 X. L6 can also be used for
imaging the wafer with SMF2 illumination, and it is removed
in the process of data acquistion. The grating parameters used
in the simulations and experiment are given in Table 1. The
far field intensity maps registered at the CCD are compared to
the simulated data.

To compare theory and experiment we compute the reflected
field with Rigorous Coupled Wave Analysis (RCWA). The am-
plitude and phase of the incident beam is measured with a
Shack-Hartmann sensor as shown in Figure 2(b). Far field in-
tensity maps for all polarizations are simulated using an input
field of measured wavefront. The experimental results shown
in Figure 3 are restricted to the case of the ξ polarisation com-
ponent of the reflected field for ξ polarized input field.

In the top row of Figure 3, we show the measured far field in-
tensity corresponding to the five scan positions within a single
period of the grating and the phase map computed analyti-
cally from the far field intensity maps. In the bottom row the
simulated data is shown. The separation between two adja-

cent scanning positions is Λ/4, hence the fifth and the first far
field are the same. Based on simulation studies, it is observed
that the phase map is robust to the noise of the system. We
assume that the intensity is normally distributed with stan-
dard deviations given by σ = 2.7× 10−3 from the measured
data. Experimental and the simulated far fields correspond to
a fixed bias value of the grating.

As one can see, most features predicted in simulations are ob-
served in the experiment. The phase map on the right side of
the Figure 3 are obtained by the analysis given in Appendix A.
We also see that the information content of the phase map is
limited to the overlap regions of the diffracted orders as ex-
pected.

3.2 Phase sensit ivity to grating
parameters

Figure 4 summarizes the polarization dependent sensitivity
of the grating parameters for the computed phase. We define
the nominal values of grating parameters as given in Table 1,
and we look for the changes in the computed phase map for
change in grating parameters from their nominal values. On
the horizontal axis of Figure 4, one of the grating parame-
ters are allowed to vary between ±5% (±10% in bias) from
its nominal value while other parameters remain fixed at their
nominal values. Phase map is computed for the nominal and
non-nominal values of the grating parameters for all sets of
input and output polarization of the incident and diffracted
beam, respectively. The effect of change in parameter value is
characterized by the corresponding peak to valley (PV) differ-
ence in phase maps of nominal and non-nominal parameters.
This PV is shown on the vertical axis of Figure 4.

We observe that the grating parameters MidCD and height
are most sensitive for ξinξout (ξ incident and ξ output) polar-
ization, while SWA sensitivity is maximum for crossed polar-
ization namely ηinξout. Position dependency i.e., bias shows
identical sensitivity to all sets of incident and output polariza-
tions, as expected.
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FIG. 4 Polarization dependent phase sensitivity for grating parameters MidCD, Height, SWA and Bias for different set of input and output polarizations. The legend for all the

graphs are identical to the graph in top left of the figure.

4 ANALYSIS AND CONCLUSIONS

The distribution in phase map is dependent upon the geomet-
rical parameters of the grating and the bias. The phase de-
pendency on the geometrical parameters can be used in grat-
ing reconstruction in addition to the intensity data. The com-
bined effect of intensity and phase map can be used to more
robust grating reconstruction. Also the bias dependency on
the phase map can be utilized for very accurate positioning of
the gratings in for example, alignment, overlay metrology and
nano-patterning. Intensity data with phase between scattered
orders is the maximum information that can be extracted in
CFS, as we have the amplitude and phase of all the four com-
ponents of the scattering matrix except a constant phase. This
constant phase can be retrieved with CFS in combination with,
for example interferometry. The accuracy of the technique de-
scribed in the present work mainly depends on the noise of
the system which, in turn, accounts for the noise of the detec-
tor, quality of the optical components and mechanical stability.
Other parameters which affect the sensitivity are the quality
(and knowledge) of the polarization state of the incident light
and the stability of piezo-controlled scanning stage. Finally,
the method requires a proper characterization of the field in
the entrance pupil of the system, both in terms of phase and
amplitude for each of the two orthogonal polarization states.
In case of a perfect optical system, then the ultimate sensitivity
is exclusively determined by the noise level of the detector.

In conclusion, the applicability of Temporal Phase Shifting In-
terferometry in Coherent Fourier Scatterometry with a scan-
ning spot is presented. An analytical relation is derived and
illustrated for the phase difference between two overlapping
orders in the exit pupil. An experimental setup was built to
demonstrate the principle and the results were compared with

rigourous simulations. The polarization dependent phase sen-
sitivity of the grating parameters is presented. The importance
of phase information in inverse problem of grating reconstruc-
tion is highlighted and the maximum information content of
the CFS with a scanning spot is discussed.
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A BUCKET ALGORITHM FOR ANALYTICAL
RECONSTRUCTION OF THE PHASE
DIFFERENCE OF OVERLAPPING
ORDERS

Let 1 < F < 2, and let the input and output polarizations be
denoted by index µ and ν, respectively, where µ = ξ, η; ν =

ξ, η. Then for a translation ∆x of the grating, the total reflected
field in a point of the exit pupil where the 0 and 1th reflected
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orders overlap is given by:

I∆x
µν =

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣2 + ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣2
+ 2

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣ ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣ cos
(

∆Φ(0,1)
µν + 2π

∆x
Λ

)
(23)

where the superscripts 0 and 1 of the incident field are
to indicate that the incident field has to be evaluated in
the pupil points corresponding to the 0th and 1st reflected
orders. If the grating is scanned within one period such
that 2π∆x/Λ = π/2, π, 3π/2 and 2π, the measured intensi-
ties are

Ix0
µν =

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣2 + ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣2
+ 2

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣ ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣ cos
(

∆Φ(0,1)
µν

)
(24)

Ix1
µν =

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣2 + ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣2
− 2

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣ ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣ sin
(

∆Φ(0,1)
µν

)
(25)

Ix2
µν =

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣2 + ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣2
− 2

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣ ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣ cos
(

∆Φ(0,1)
µν

)
(26)

Ix3
µν =

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣2 + ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣2
+ 2

∣∣∣r̃0,µν
~ai,0

µ

∣∣∣ ∣∣∣r̃1,µν
~ai,1

µ

∣∣∣ sin
(

∆Φ(0,1)
µν

)
(27)

Rearranging the above equations, we can retrieve the phase
difference of the contributing reflected orders for the chosen
polarizations as:

∆Φ(0,1)
µν = arctan

Ix3
µν − Ix1

µν

Ix2
µν − Ix0

µν
(28)
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