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UNX (Lensless Imaging of 3D Nanostructures with Soft X-Rays)
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UNX (Lensless Imaging of 3D Nanostructures with Soft X-Rays)

Focusing EUV beam onto sample
(Grazing Incidence Ellipsoidal Mirror]

Harmonic Selection
(A =18 nm, FWHM 0.6 nm] | Semiconductor-like Sample

High Power Femtosecond Fiber Laser High Harmonic Generation [Five DOF sample stage}
[\ = 1030 nm, 600 kHz, 300 fs, 100 W] [Pressurized Argon 10 bar] Full-Vacuum EUV CCD

Non-linear compression IR Rejection [PI-MTE3, 2048x2048]
[A = 1030 nm, 600 kHz, 28 fs, 68 W] [Brewster plates, Al 200 nm]




UNX (Lensless Imaging of 3D Nanostructures with Soft X-Rays)
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The Inverse (Optical) Scattering Problem

Input Output camera

p detector
Parameters Simulation Model Predictions
Y — Forward P .
X f(8; x)=y y
J L scattered
object
incident
light field

Gradients ) Loss
dL/de 4 Backward = Liy.y) ]
Xx: incident field T

y: scattered field intensity

0: permittivity distribution y

Measurements ]

scattering
light field
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—orward Computation

Light-Structure Interaction scattered field incident field

Esca |Jo£o Einc

Incident Field satisfies

. . camera detector
Maxwell Equations in domain 0>
homogeneous medium

scattering object

domain Q1
Total Field satisfies
Maxwell Equations in
homogeneous medium
VXEinc = —lwpoHinc

VXEot = —lwpgHot

VX HtOt = i(l)EO EEtOt
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—orward Computation
Light-Structure Interaction

Incident Field satisfies
Maxwell Equations in
homogeneous medium

Total Field satisfies
Maxwell Equations in
homogeneous medium
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camera detector
domain Q2

scattered field incident field

Esca |Jo£o Einc

scattering object
domain Q1

VXEijnc = —iwpoHjnc

V><[Einc + Esca] = _iwﬂo [Hinc + Hsca]
V><[Hinc + Hsca] = iweoe[Einc + Esca]



—orward Computation
Light-Structure Interaction

= Incident Field satisfies

Maxwell Equations in
homogeneous medium

= Total Field satisfies
Maxwell Equations in
homogeneous medium
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scattered field incident field

Esca |Jo£o Einc

camera detector
domain Q2

scattering object
domain Q1

VXEijne = —iwpgHinc

V><[Einc + Esca] = _iw.uo [Hinc + Hsca]
V><[Hinc + Hsca] = iweo [Einc + Esca] + i(‘)EO (E — 1) [Einc + Esca]



—orward Computation
Light-Structure Interaction

= Incident Field satisfies

Maxwell Equations in
homogeneous medium

= Total Field satisfies
Maxwell Equations in
homogeneous medium
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scattered field incident field

Esca |Jo£o Einc

camera detector
domain Q2

scattering object
domain Q1

VXEijne = —iwpgHinc

VX[BC + Egcal = —iouo B + Hycal
VX [Boe + Hyeal = iw€o[Bc + Egcal + iweg(€ — 1)[Eine + Egcal



—orward Computation

Light-Structure Interaction scattered field incident field

Esca |Jo£o Einc

Incident Field satisfies
camera detector

Maxwell Equations in domain 0> : :
homogeneous medium Sca;t;:']’;?nﬁied
Total Field satisfies
Maxwell Equations in
homogeneous medium
VXEjnc = —iwpoHin,

Scattered Field satisfies
Maxwell Equations in VXHiy = iwegEipe
homogeneous medium

but driven by effective source )
! VXEgcq = —lwpgHge,

VXHgey, = iwegEgey +)

J = lweg (E - 1) [Einc + Esca]
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—orward Computation
Light-Structure Interaction

Scattered Field satisfies
Maxwell Equations in
homogeneous medium

but driven by effective source

Scattered Field computed
using Green’s Function
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camera detector
domain Q2

scattered field incident field

Esca |Jo£o Einc

scattering object
domain Q1

Esca (1) = fjjﬂ (f(lh ](ll%) d°r,

Green’s  Effective
Function Source



—orward Computation

Light-Structure Interaction scattered field incident field

Esca |Jo£o Einc

Scattered Field satisfies
Maxwell Equations in

camera detector

domain (22 . i
homogeneous medium scattering object
but driven by effective source domain Q1
Scattered Field computed
using Green’s Function:

Lippmann-Schwinger Equation
(r) — EO[ (r) — 1] Esca(rz) = G(I‘1 - rz)X(rl)[Esca(rl) + Einc(rl)]d3r1
Q4
Other methods: I I
RCWA, FEM, etc...
unknown unknown
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Backward Computation

Solving Inverse Problem scattered field incident field

Esca |Jo£o Einc

. Llppriann-Schwmger Equation camera Jetector
(r) = e[ (r)—1] domain ()2 ; .
scattering object

= Compare the difference domain Q1
between meas and pred
on the camera detector

L= fjﬂ [|F:slca(rz)| By () P21

meas pred
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Backward Computation

Solving Inverse Problem scattered field incident field

Esca |Jo£o Einc

Lippmann-Schwinger Equation
) =&l ()~ 1]

scattering object
Compare the difference domain Q1

between meas and pred
on the camera detector

The chain of gradient derivation 0L 5
cannot be completed. 0L = OE + 0Egca (1)d T,
Q, sca(rz)

Cannot derive the derivative of
Esc, With respect to

0L OE¢..(r)
5L =]f === Sx(ry) d?r
Q> aEsca(rz) aX(rl) X( 1) ’

an fCal
ex ion
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~eclorocity [neorem

Derived from the Maxwell Equations

« Applies to linear, isotropic materials,

and time-harmoic sources and fields
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domain Q2 domain Q1

_UQ J, () - E{(r))d3r, = ﬂglll(rl) CE,(r,)d3r,



Backward Computation

Solving Inverse Problem using
Reciprocity Theorem

. . camera detector
|dentify the source and the field domain Q>

in the expression of 6L

Find the source that generates
the field 8Eg,

Find the field that is generated by
the source 0L/0E,.,
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scattered field incident field

Esca |Jo£o Einc

scattering object
domain Q1

aESC:’:I (r2)

Source Field

0L
5L = f j BB (r)d2r
Qzl




Backward Computation

Find the source that generates scattered field - cident field

the fleld SESCEI Esca Einc

Mo&o

. e camera detector
The total field E, satisfies domain Q2

the Maxwell Equation with scattering object
W domain Q1
permittivity eqge

The new total field E';,; satisfies .
the Maxwell Equation with VXEiot = —iwpoHyor

new permittivity eqe’ VXHot = iwey€E ot
(0) (0)

! ] !
VXE (ot = —lwpgH ¢

VX H’tOt = inOE’E,tOt
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Backward Computation

Find the source that generates
the field 8E,

The total field E;; satisfies
the Maxwell Equation with
permittivity eqe

The new total field E';,; satisfies
the Maxwell Equation with
new permittivity ey€’

SESCEI
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camera detector
domain Q2

scattered field incident field

Esca |Jo£o Einc

scattering object
domain Q1

VXEtot = —iwpoHor

VXHior = lw€GEE ot

VX(Eot + 6Egcn) = —iwpg(Hyor + 6Hgey)
VX (Hor + 0Hgen) = iweg(€ + 6€)(Eor + 6Egcy)



Backward Computation

Find the source that generates
the field 8E,

The total field E;; satisfies
the Maxwell Equation with
permittivity eqe

The new total field E';,; satisfies
the Maxwell Equation with
new permittivity €€’

SESCEI
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scattered field incident field

Esca |Jo£o Einc

camera detector
domain Q2

scattering object
domain Q1

VXEtot = —lwpoHot

VXH;or = lw€GEE ot

V><xot + 6Escq) = —iwyg Mot + 6Hgc,)

VX (Mot + 8Hgen) = iweg ot + 8Esca) + iwerSe(Eror + 9%eca)
negligible



Backward Computation

Find the source that generates scattered field - cident field

the fleld SESCEI Esca Einc

Mo&o

. e camera detector
The total field E, satisfies domain Q2

the Maxwell Equation with scattering object
W domain Q1
permittivity eqge

The new total field E';,; satisfies .
the Maxwell Equation with VXEiot = —iwpoHyor

new permittivity eqe’ VXHot = iwey€E ot
(0) (0)

S © OEgcq
VX8Esca = —iwpo6Hsc,

VXO0Hg., = iwey€e0Eg., + 6]

8] = iweyO€Eot
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Backward Computation

Solving Inverse Problem using
Reciprocity Theorem

. . camera detector
|dentify the source and the field domain Q>

in the expression of 6L

Find the source that generates
the field 8Eg,

Find the field that is generated by
the source 0L/0E,.,
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scattered field incident field

Esca |Jo£o Einc

scattering object
domain Q1

source field
oL ﬁ oL SE¢c,(1)d?
= : r r
O, aEsca(rz) seat s ’

I

|
5L = jjjﬂ Eqre(r) - 8)(ry) d2r,

field source




Backward Computation

Solvmg Inverse Problem USing scattered field incident field
Reciprocity Theorem Esca ot Einc

. . camera detector
= The variation 6L proportional to domain Q2

the variation

scattering object
domain Q1

Dot Product

If a=<a.a,,a,> and b =<b,,b,.b, >

then the dot product is
a = ab +ab, ab, 6L = Jjj Esrc(rl) ) 8](r1)d2r1 = — fjj |Esrc(r1)|2d2r1
931 04

If @ is the angle between @ and b then
aeb = allb|cosd

ae b are orthogonal (perpendicular)
if and only if 7eb =0




Backward Computation

Solving Inverse Problem using
Reciprocity Theorem

. : camera detector
The variation 6L proportional to domain Q2

the variation  through

The minimum value of 6L
attained when E.. and §J are
parallel but in opposite directions.

The steepest descent direction of
L with respect to is derived.
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scattered field incident field

Esca |Jo£o Einc

scattering object
domain Q1

8J(r;) = iwegde(r) ) Eoe (1) = —Eg (1))

Esrc (r1)
iwegEior(17)

oe(ry) = —



summary

Solving Inverse Problem using
Reciprocity Theorem

Perform 2-times computation of
Light-Structure Interaction.

Update permittivity distribution
at all locations together.

Compute:

1. Scattered field: Eq,
Loss function: L(Eg.;)
Effective source: 0L/0Eg,
Effective field: Eg,.

Update function of :

1
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loss function
L(Esca)

camera detector
domain Q2

effective source
OL/0Esca

camera detector
domain Q2

scattered field
Esca

effective field
Esrc

FORWARD

Mo&o

scattering object
domain Q1

BACKWARD

Mo€o

scattering object
domain Q1

incident field
Einc




Concolusion

FORWARD
loss function
L(Esca)
scattered field incident field . . . .. .
Esca Einc » Avoid gradient computation in inverse (optical)
scattering problem using Reciprocity Theorem
camera detector
domain 02
scattering object . .
domain O « Requires ONLY two propagations to be able
to update permittivity distribution at all locations
BACKWARD simultaneously.

OL/OEsca

effective field
ESI’C

camera detector

domain Q2 " .
scattering object

domain Q1
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Thank you for your attention

Name
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