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R&D projects

FP6 SOCOT — development and validation of an optimal
methodology for overlay control in semiconductor industry, for

the 32 nm technology node and beyond.

FP6 CHISMACOMB - development, modelling, and
applications of chiral materials — EM validation of mixing rules

Eureka E! 2602 MICRODEFROST MODEL - innovative
software-based product development tool for simulating and
optimising heating and defrosting processes in microwave ovens

FP7 HIRF SE (High Intensity Radiated Field
Synthetic Environment) - numerical modelling
framework for aeronautic industry

R

Eureka FOODWASTE — developing new microwave treatment
system for high water content waste

ERA-NET MNT NACOPAN - applications and modelling of
nano-conductive polymer composites

NGAM2 — designing an industrial device for thermal bonding
of bituminous surfaces with the aid of microwave heating

MMAMA (Microwave Microscopy for Advanced and Efficient
Materials Analysis and Production) — accelerating the
development of high efficiency solar cells through application
and enhancement of material measurement techniques
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My message for today (sorry if sounds trivial!)

Modelling & measurements are not two separate worlds.
Exploring synergies is where QWED sees the future.

Modelling

(EM, MW, multiphysics,...)

 waves in free space is "easy" Maxwellian
 wave interaction with matter is "complicated"...

accurate material
parameters
(constitutive relations)
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ﬂn‘pElectromagnetic modelling and design —antennas & feed systems

QuickWave-3D:

world's recognised 3D EM simulation tool

QuickWave BOR:

unique on the market & ultrafast tool for axisymmetrical structures
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Aperture-coupled patch antenna
on uniplanar photonic bandgap substrate
& its radiation pattern at 12 GHz.

" I‘ QuickWave 3D results at NRAO, see:
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Pyramidal horn antenna for military surveillance
measured (courtesy prof.B.Stec)
& simulated patterns
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Pioneering background:

W.Gwarek, IEEE Trans. MTT: vol.33 Oct.1985; vol.36 Feb.& Apr. 1988.

Key developments:

M.Celuch & W.Gwarek, IEEE Trans. MTT, vol.43 Sep.1995, vol.41 May1993,
vol.45 May1997, vol.51 Aug.2003; EuMC 1991-1997; IEEE IMS 2001-2004.
Reviews: IEEE Microwave Mag., Dec.2008 & Apr.2010; [/MPEE vol.41 2007.



ﬂ"‘pEIectromagnetic modelling & design —high MW power applications

Modelling of MW heating effects in domestic oven Free-fall waste High power applicator for MW treatment
Full-wave EM simulation & heat transfer & load dynamics processing on ships of bituminous surfaces (road repair, NGAM project)
Load rotation & arbitrary movement during heating (Eureka FOODWASTE) o 3

Source frequency tuning — regime for solid state sources
Temperature dependence of material parameters
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and leakage preventing chokes: designed, manufactured, tested
B.Salski et al., IEEE MTT Trans., vol.65, Sep.2017.
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Outline

* Electromagnetic modelling as a basis for precise material measurements
* Split-post dielectric resonator (SPDR): why it has become a standard
e Other types of dielectric resonators
 SPDR measurements of larger surfaces & resolution enhancement
* "Transfer of technology" from other application & the applications themselves:
o "near field imaging" from MW heating
o multiphysics modelling of MW heating
o common CAD interfaces
o sub-cellular models in FDTD (hints)
o "near field imaging" in antenna design
 Modelling of SMM tips for material measurements at nano-scale
o unconventional (but constructive) definitions of impedance and S-matrix
* Conclusions

Orlando, FL, 23 January 2020 I ! |‘p
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Dielectric resonator methods for material measurements

SUT of &=¢/-j s inserted into DR: Most popular example: Split-Post Dielectric Resonator
resonant frequency changes from f, to f;

Q-factor changes from Q, to Q..

2
3

Lo P o) 1 o

/. s
gt

field assumed invariant in z-direction field variation in z
Sis called the DR’s head calibration field changes due to SUT
sign = reflects field patern changes caused by SUT  (only once, upon manufacturing!) manufactruing tolerances
minimises efects of:
Orlando, FL, 23 January 2020 EMA 2020 S12 8



Fields in SPDR E-field H-field
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resonant mode with EM fields mostly confined in and between those ceramic posts - minimial losses in metal enclosure
H-field is only vertical at the side wall of the enclosure = only circumferential currents in side wall - no radiation through slot
E-field tangential to SUT = air slots between SUT and posts have negligible effect

easy SUT insertion through slot, no dismatling, NDT method

all EM energy injected through the coupling loops in contained within in the SPDR “head” (inside the enclosure)

an estimated 95% of energy confined in and between the ceramic posts

calibration only once, at manufacturing
Orlando, FL, 23 January 2020 EMA 2020 S12 9



Accuracy of SPDR measurements

QWED SPDRs for: 1.1, 1.9, 2.5, 5, 10, 15 GHz
[

- metal enclosure
- dielectric resonator

auxiliary dielectrics

- measured sample

-

axis of symmetry

accuracy for € typically 0.3%
measurable losses tand ~6 10>

- European Standard: IEC 61189-2-721:2015

Limitations (which we are currently addressing...):
e SUT thickness - slot size 0.6..6 mm

e SUT lateral min size ("absolute" EM constraint) - 14..120 mm

e spatial resolution 14..120 mm

* SUT lateral max size (mechanical construction) — 40..150 mm
EMA 2020 S12

Orlando, FL, 23 January 2020

Ae/e=£(0.0015 + Ah/h)
Atand=+2*10" or +0.03*tand whichever is higher

Conductivity
[1/(Qm)]

Resistivity [Q cm]

Surface resistivity [/sq]

Range od SPDR
applications

from 102 to 1

from 102to 104

from 5 103 to 106

Range of SiPDR from 1 to 107 | from 10 to 102 from 2 10+ to 5 103
applications
Sapphire =5 106

10




Other types of dielectric resonators (TE016)

single-post cavity sapphire liquids & powders
resistive sheets resonating SUT metal SUTs can also heat
ultra-low-loss SUTs

Orlando, FL, 23 January 2020 EMA 2020 S12 11



Surface scanning with SPDR

Obviating the limitations:

e SUT thickness - slot size 0.6..6 mm —> increase by decreasing frequency

* SUT lateral min size ("absolute" EM constraint) - 14..120 mm ->» scanning & postprocessing

e spatial resolution 14..120 mm - scanning & postprocessing

e SUT lateral max size —40..150 mm -» increase by change of mechanical construction

automatic scanner
semiconductor wafers, composites, organic
samples

manual scanner for large panes of glass
(MW oven window)

\ . ~A |
._ 7 |

-

E
Orlando, FL, 23 January 2020 EMA 2020 S12 12



Automatic surface scanning with SPDR

RAD EU H2020 Project

o MMAMA

crowave Microsco

'°f Advanced and Efﬂc‘l)zm
Materials Analysis and Production

samples from MateriaNova
quartz substrate & deposited organic materia

ot e g e o e e B

2D imaging of material properties

0 )% %)

40

i
35 :

30

25

20

Dielectric resonators tec

o ot
» s

working with FieldFox
(Keysight hand-held VNA)

scanning step 1Imm

but resolution ~16mm !

- seek modelling-based

resolution enhancement
13

P - R/

working with QWED Q-Meter
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Resolution enhancement for SPDR imaging

- Parameters are "averaged" within DR head
but we know the field pattern ”| blue E
. red E2
E-field in our 10 GHz SPDR as simulated in QuickWave ol
and tranferred onto the scanning grid: "
18 18 0.1 W
16 16 T
14 14 e
12 12 Az
10 10 L
20
8 8
15
6 6
10
4 4 20
2 2 S 10
5 10 15 5 10 15 0 o

Orlando, FL, 23 January 2020

QuickWave results SPDR10_v1.de3
widthfactor=1 rshift=0
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Resolution enhancement for SPDR imaging

Consider the head meshed into (2K +1) x (2L+1) cells whose center with E£,(0,0) is placed at cell (m,n) the scan.
For clarity, assume that the mesh is equidistant of raster a (a = 1mm in Fig. 1).
The measured energy change due to the SUT is:

2 K L
AW, =2 & > Y e (m+kn+l)-1]EL(k,I)

M
2 i

Arranging the 2D array of AW, into a 1D vector W of elements AW,, i=(n-1)*M+m, i=1,..,M*N,
and similarly the 2D array of permittivities p, ,,.=(¢,-1),,, into vector P:

[W]=1T]P]

Matrix T is generated in such a way that element ¢, in row r and column s is equal to :
- |EAk, I)|? for s= r+k+M | for k=-K..+K and /=-L...+L)

- 0 for s not obeying the above condition. Space-domain
)

_ -1 . .
[P] =111~ /7] not Fourier - domain
Matrix T is large, M*N x M*N, but sparse and has a banded structure.

Orlando, FL, 23 January 2020 EMA 2020 S12 15



MATLAB experiments with virtual scans:
matrix inversion of exact data & with noise

Sample 5O'uflrlual meas. 0%

Matrix inversion
50

40

30

20

10

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

, Test line y=15

4
3 3 3
2 2 2
1 1 1
0

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Test line x=21

4 4
3 3 3
2 2 2
1 1 1
0

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
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Sample

10 20 30 40 50

. Test line y=15

;{I]Irtual meas. 0.02%

40
30
20

10

10 20 30 40 50

Filter 3

Matrix inversion
50 cpzdammaan La e eLtT

10 20 30 40 5

10 20 30 40 50

4 4
3 3 WU 3
2 2 2
1 1 1

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Test line x=21

4 4 4
3 3 3
2 2 2
1 1 1

10 20 30 40 50

EMA 2020 S12
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Singular Value Decomposition m
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Eigenvalues of matrix T

scan area 41x41mm
=> matrix 1681x1681 (step 1mm)
SUT laminate Rogers R4003 h=20mils (0.508 mm)

SUT size 15x15 mm
scan saved in format
4.0
_"KNEE"
thin blue: suppressing smallest eigenvalues
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thin red: searching for balance between stability & accuracy
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MW

MATLAB experiments with laboratory scans:
erimenting with SVD parameters

exp

Lab measurements
40

SVD 20%

Filter 3

10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Test line y=21
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1
0 0 0
10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Test line x=21
5 5 5
4 4 4
3 g 3
2 2 2
1 1 1
10 20 30 40 0 10 20 30 40 ¢ 10 20 30 40 0 10 20 30 40
sample
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-

Filter 3
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40
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?
-> application of "near field imaging" in QuickWave

Search Help &

Sign In e
ile 3D Mode Sketch Annotate Inspect Tools Manage View Environments Get Started uickWave =
- s - s
m A wm i F ®’ & ®e K [l
Circuit Basic Heating  Template Absorbing NTF Box Monitor Global Borders Mesh Subregions Generate Inspect Postprocessing Energy Options Run About
Module Port Wall = Settings Bo: Now QW-AddI
Insert Mesh i

Pan the current view (click to cancel) 1 g 2

10 GHz SPDR model in QW-AddIn for Autodesk® Inventor® Software
(common environment for modelling & manufacturing)
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?
-> application of "near field imaging" in QuickWave
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?

-> application of "near field imaging" in QuickWave
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View Info...
Type
Components
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Preferences...
Refresh Settings...

N GEH

Load Structure...

Toolbars and Docks

Template Disconnect...

Ins
Ctrl+O
Shift+R

Efeqn(376.73...) [vimm]
1 4B5E01 e-02

0.000000e-+30
Start at=3008265/ 859 Plane: XY Layer=22(-7.36449 mm)/47 Name: spdr5_3d_vl.ta3 .

Calculate Components Subtraction...
Calculate Components Addition...
Calculate Components Division...

Calculate Components Multiplication by value...

Curently field subtraction performed on saved fields.
Parallel running of 2 scenarios under development.
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Modelling validation of SPDR method assumptions

How much is the E-field pattern influenced by SUT?
-> application of "near field imaging" in QuickWave

@ Saved Volume Envelope Average Fields from: TAQwed\2019_05_10_modele rezcmat...El@

@ Saved Volume Envelope Fields from: TAQwed\2019_05_10_modele rezonatorow S... E@
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Advanced near-field imaging functionality

Separation of incident and diffracted fields (option implemented per request of P.O.Risman, Malardalen Univesity)

—

Detection of inhomogenities in tissues

| AustinMan model*
| converted to

. QuickWave EM

| software for

| Mélardalen

| University, Sweden

| J

E-field in an empR/ cavity i

E-field in a loaded cavity
Scattered near-filed in cavity

haemorrhages detection

Total field Diffracted field reveals v' Optimisation of
Focusing by the load cause of focusing: multiantenna
»exploding egg effect” circumferential resonance tomographic systems
Orlando, FL, 23 January 2020 EMA 2020 512 23

* https://sites.utexas.edu/austinmanaustinwomanmodels/



Accurate modelling of coupled electromagnetic-thermal problems

Application to microwave processing of materials

Simple microwave heating benchmarks Design & analysis of real-life microwave oven cavities, incl.
& microwave heating phenomena studies* complicated cavity shapes and advanced feeding system*

HFSS v11 \

*  heat transfer & load dynamics
Load rotation & arbitrary
movement during heating

Source parameters tuning — regime
for solid state sources

Thermal dependence of materials
Fluid Flow

4 )
Freezing to file
the state of the < ; e
1 . . | §
simulation Courtesy of Whirlpool Inc. — Whirlpool MAX oven
08 - J )
. . )
_ 06 { 1 0.8
04 De-freezing on s
arbitrary computer = With QuickWave EM
0.2 : . 0.4 computation as fast as
:gg;;i%m & at convenient 1 min 18s on a low-cost
0 time 02 video card — supporting
235 2.39 2.43 247 2.51 255 | all graphic cards with
Frequency (GHz) 0 W OpenCL
* Considered by M.Celuch, P.Kopyt & M. Olszewska-Placha in eds. M. Lorence, P. S. Pesheck, U. Erle, 2 22 F?;uency (G:j 28 ’

Development of packaging and products for use in microwave ovens, 2nd Ed. Elsevier in print.



Multiphysics modelling: temperature-dependent materials

v
SOUFCG tuning FDTD sinusoidal aq
excitation
‘l’ er 50
Material parameters update Average dissipated power x4 Bl
2%y, = 5[ T(v,2)] calculation
from .pmo file Pavg (% ¥, 2)
F 0
v X . [‘.(‘l &0 80 0o ) 0 X0 t;.l [J m;l
> o
Enthalpy update
Heat transfer H (X, Y, 2) += Poyy (%, Y, 2) dTas / 4V (x, ¥, 2) I
Temperature update 2
Load movement / rotation Txv,2z)=T[H(XY,2)] Er Er ‘ [s(?..)
0 from .pmo file =] I>

0 7 w 0 X0 &0 &0
T PCl H [Jiemd]

7 thermal steps

QW-BHM module of QuickWave:

» automatic system

» each cell heated individually

> no need to define 1000s of "media"

-20 deg. +20 deg.

» bilateral coupling EM - thermal

varying materials 25




Multiphysics modelling: Collect Data in Grid Search

Collect Data of S11 and dissipated power density in potato heated in MW oven, as text files and GUI

Type Mame Status
4 H: Results
5-Parameters Results Window
S-Parameters Cumulative Results Cumulative Window

4 4" Radiation Pattern

Radiation Pattern Results Window

3D Radiation Pattern Results Window
4 55 Fields

Fields Window

Fields Window
4 ,ﬂ Monitor

Monitor Window

Open Windows at first run - suspend simulation at:  last iteration

Delete

Add ~ | | Configure...

g€, changing
from 10 to 80

Nurber of Ojectives: 1
E S-Parameters Results ] = Nbjecave L: Colect, Windowshb 3
-3.70453 Vindow 1: Melds, Telds”
E S-Parameters Cumulative Results ‘Q"M‘_R Vedow: Feldy, Faich"
Wk 2D Radiation Pattern Results 952586 Y \\ 1\\ Pl T
«" 3D Radiation Pattern Results -15.3472 \ % "ﬁﬁ' :m:;: m; :mg
5 Fields -21.1685 -”':‘f zmm:i :m),: oS
M Monitor "'1. £ / :Mil ::‘ ME :M'”
269838 13 i Sewrch=T: ‘arisbie(s): eps_potat=70
32.3112 ¥id Searchw8!
§ 9 10 11 12 13
F Lol Note: automatic multiple switching from pulse to sine excitation
e es-n e aaomies  implemented in QuickWave for matching source to load.
—o— [511] {(G5=2) F= 8.0000 [GHz]
Orlando, FL, 23 January 2020 i |S11] (G5=3) F= 8.0000 [GHz] EMA 2020 S12 26
——J—— [511](65=4) F= 8.0000 [GHz]



Unusual QuickWave applications

High power applicator for pW treatment of bituminous surfaces aiming at road repair

» o Mo 2917 A o uickWare i ] - N
i;:‘ R 'j.;"'._;“", “:“‘,7 siadive s sl vis Simulated & measured reflection coefficient
. o, 0 Below standardized limits
0.7
5 . a
- i | ver2
'10i ‘.\ P E
—_ R 0.5
m -15 Y i o hor2
= -20 ]“\ AN g~ \ “/ 204 0
= VN i VAR
W 25 A 503
30 i iy 0.2
"" :' g o 1 ‘
-35 ' = V. H
2 212223242526272829 3 2445 2450 2455 2460 2465 2470 2475
Frequency (GHz) Frequency (MHz)
L On a side
Measured temperature distribution 0.25
E verl
> 02 g
ko)
20.15 horl
Qo
B 0.1
(0]
30.05
=
0 posh b
. . . 2445 2450 2455 2460 2465 2470 2475
High power applicator with a system of Frequency (MHz)
chokes preventing uW energy leakage In front

hallen
Challenges High dissipation of uW
' power in road surface

— Safety issues — prevention

Exposure levels @ 0.5m from applicator of EM energy leakage

System of three MW power applicators with feeding system
and leakage preventing chokes: designed, manufactured,
tested

B. Salski, M. Olszewska-Placha, T. Karpisz, J. Rudnicki, W. Gwarek, M. Maliszewski, A. Zofka, J. Skulski, “Microwave applicator for thermal treatment of bituminous surfaces”, IEEE MTT Trans., vol. 65, no. 99, pp. 1-9, 2017

Orlando, FL, 23 January 2020
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Advanced optimisation and parameters sweep workflows

-5

‘ Internal optimisation -10 .

-15
MEENPN VAN
Optimisation with external

-25 A AT &
tools — commercial and in- |:> 30 /
house

S, | (dB)

-35
-40
Typical, software predefined 22122 %ﬁ”egu‘;ﬁf;,z(g,fj 2829 3
s optimization objectives, e.g. S- 0 —Radiation Envelope
‘ parameters, Radiation patterns ~—Antenna Radiation Pattern

1
=
(7]

(incl. fit under user-defined
radiation envelope), etc.

W
o

!

Relative gain (dB)
Ih 1
(]

All simulation available objectives,
e.g. power dissipated, shielding ] T
effectiveness, radiation efficiency,

etc., through external data-extraction

a
o

~
4]

¥
o
o

30 6 120 150 180

0 290
Theta (deg)

application & 0
A=)
@ -10
Simulation results saved to file o
S -20
=
. : External application — Optimiser — g 30
Microwave applicator for thermal biect tracti ‘ 't | . | T 49
. . objective extraction internal or externa o "
treatment of bituminous surfaces Jech 2 SN N Y
from file S 50 — —
B.Salski et al., [EEE MTT Trans., vol.65, Sep.2017. %

-60,
Orlando, FL, 23 January 2020 EMA 2020 S12 2 212223242526272829 3

Frequency (GHz)



Dedicated user interfaces for parametrised project creation

QW- Edltor

T  QuickWave Editor (v2018 =08
- MM - Fle Panmetss UDO BHM UOPots Mesh Postprocessings Configue Tools Windows Hep
X £ vome A/ Mo L smubton
EMNS S 2E 2 3 0D %%

New | Open Seve Crost Units BWM, Medis | Lirary | Editor | Phase, ONF | SAT | 1O | Transmission Line, Pont,
- LRl e e e e e o s e e e i e
sject ket L ] Edit *IN METAL* - O3

7 Meda

#s Ports

5 Plone ieve qn‘u‘&g OO0 #eiil » ) 2, - o e er

& Boundary Conditions ‘ ] i ~

B resprocesing EArer IO) P IS .

3 - Style ~

& Environment i i Circuit Basic Heating ~ Template ~ Absorbing NTFBox Monitor ~ Global Borders Mesh Subregions Generate lﬂSDKl it Postprocessing Energy Options |4m] QW-Modeller 2017 x64 for QuickWave [in metal] - O

9. Projoct Rerms Mastre Fort Wl Setings Bax B ~fv M8 Fle Edit View Tools Macro Geometry Sketcher Model BHM Mesh Postprocessings Simulation Windows Help EEE ® e

Settings Insert Mesh Simulation
& 4 & Fe &) vew |@ Geomery |9 Sketcher Ay Model | R mam | By smu:
W Model ~ - [ >
< aN..&axgto-% “2FMBHE S 6
8 hew [l % " | U oras| v oo | Teren Plane Wre | ABC,| NTF | Monitor | Snap., Borders Setings Vil
in
: F | Monitor
i
&8 Lumped Impedances
U=453.09 V=-26.07 dU=89.29 dV=-7448 2=15 Hel2 MAD”MK

o oy axXi w View *IN METAL* -colEN ® View Awr
Exput dane oo ey 13 13,4857 2019 et~ : B Monors
E::tmmummmxmm 13134 Fr. 8 thesh
Expat o drecory: £/ MOBOOKS PESHECK O Qﬁ\ﬁ B OO Milf| «i¥)»' 8% Subregions

QOGO GO R @ XY -Z 4

ectons: Ho
Sooes Sty A o
”umvmmqsmrnu

SPaameters: Yes
Export done Mon May 13 13:49:16 2019 expart
Export oK

Loscing project £ MO/BOCKS PESHECK_BOOKK
Prlectbeded from & MO/BCOK PES-ECK £

In-house, script based CEERRNTE - - I

Ready

Import/export to *.sat & *.dxf Based on advanced professional CAD tool

iy

>

Import/export to e.g. *.sat & *.step s foocs i1 |

Preselected: potato_3_MO.Box Facef (11.334530,138.55376,188.000000) 443,96 x 318.00 mm “."

CAD tool - FreeCAD based

Free of charge, No licences, No time
restrictions,

Curiosity: export of CAD files from "old" QW-Editor
for further manufacturing is reported by our user.

Orlando, FL, 23 January 2020 EMA 2020 S12 Import/export to e.g. *.step, *.iges& *.dxf



Conclusions

With this talk | seek collaborations:

on the development of: on behalf of:
* material measurement test-fixtures, e QWED team,
* applicators for processing of materials, * our European projects MMAMA, NanoBat,
* software models & workflows * members of broader EU initiatives, e.g.
for material modelling. European Materials Modelling Council.

THANK YOU!
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