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What is SMM?

— SMM: Atomic force microscope (AFM)
interfaced with a Performance Network
Analyzer (PNA)

SMM = PNA + AFM

— PNA Network analysis for microwave
frequencies (1-20 GHz)

— PNA: stimulus-response instrument,
Measuring magnitude and phase
characteristics of a sample

Consider:
- High Frequency allows to measure also non-conductive samples (eg DC STM only on conductive samples)
- GHz Frequency results in better sensitivity (eg compared to MHz impedance AFM)

- Microwaves have good sample penetration capabilities



The Scanning Microwave Microscope
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The Scanning Microwave Microscope
5600LS AFM

Conductive Tip RF Connection
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SMM Contrast Mechanism: also on non-conductive samples

Regions “A” and “B” present different impedances
and material properties of the two regions.
Examples:

* complex permittivity (¢’ +1¢”)
« complex permeability (1 +1 u”) & magnetic prop.

* conductivity (o)

* carrier concentration / dopant (n)

: ~100 MHz
I "_’
Over Region “A”
=
2
Over Region “B”
Ope;ating Frequency Sketched by Mitch Wallis, NIST Boulder
Frequency
KEYSIGHT Optimization of SMM imaging parameters: CNR-Rome

TECHNOLOGIES Sardi, Marcelli et al, APL 107 (2015), 033107



ADS model and Smith Chart analysis

ADS-EMPro
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Dopant profiling on the nano-scale with a new calibration sample

Callbratlon plane
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Dopant profiling application to SRAM

Topography nm Dopant density
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High voltage lateral diffused MOS transistor LDMOS

a) SEM image
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High voltage lateral diffused MOS transistor LDMOS

Topography dc/dv dc/dv
a) b) ‘ Calibration sample
-55 mV p-type n-type -
142 mV l [
1015 1020 10’0 1013
d) Doping concentration TCAD modelling

n well region n well region

Brinciotti et al., submitted Aug 2016,
Keysight Labs, AMS Austria, TU Vienna

Quantitative dopant calibration
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High voltage lateral diffused MOS transistor LDMOS

Brinciotti et al., submitted Aug 2016, un']
Keysight Labs, AMS Austria, TU Vienna
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Quantitative dopant calibrati‘on
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Dopant profiling on the nano-scale
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Complex impedance calibration: new method

g Et.f:p — E?"e’.‘f
. . = EH +Erf'f
Workflow and calibration S e
Sum = €00+ 1 —enSn
Network
Impendance Analyzer
1 C matching

network '
Complex S,;-parameter

3 e-parameter
calibration

-> NO calibration sample required

(therefore no stray capacitance issues, only for non-lossy samples

KEYSIGHT like semiconductors, dielectrics and oxides; not for water)
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Complex impedance calibration: new method

Nanoscale model of tip- \ / L \ / \
Transmission Line S,; — measurement

sample impedance
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Gramse et al., Nanotechnology 25 (2014)
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Application I: Complex impedance of doped silicon

3 mm / Topography

Dxlde Metal Apex

-> resistance of doped silicon Gramse et al., Nanotechnology 25 (2014)
KEYSIGHT
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Application II: complex impedance & subsurface imaging

Sketch Topography PNA phase

a A/2 Coaxial resonator
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(9 pages)
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KEYSIGHT Gramse & Brinciotti et al., Nanotechnology (ZF) 2015, 35701
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Application II: complex impedance & subsurface imaging

Cover story April 2015

ISSN 0957-4484

B e
NANOTECHNOLOGY [eoogeery, — Phaphase

VoLume 26  Numser 13 7 Apmi 2015

iopscience.org/nano
Featured article

Quantitative sub-surface and non-contact imaging using
scanning microwave microscopy
G Gramse, E Brinciotti, A Lucibello, S B Patil, M Kasper,
C Rankl, R Giridharagopal, P Hinterdorfer, R Marcelli
and F Kienberger

IOP Publishing Gramse & Brinciotti et al., Nanotechnology
(26) 2015, 35701 (9 pages). Cover
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Application IlI: subsurface imaging appplication for
fallure analysis labs (backwafer imaging)
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KEYSIGHT Gramse & Brinciotti et al., Nanotechnology (26) 2015, 35701 (9 pages)
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SMM pI‘OjeCt in EMPro:

PRO=2TBA08ABO\

Numerical results
Include E-field and
complex impedance

SMM project included in EMPro
KEYSIGHT
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EMPro Modeling and SMM direct comparison

EMPro 3D file

Kasper et al., Keysight AppNote 2013, 5991-2907
Oladipo et al., APL 103 (2013) 213106
Oladipo et al., APL 105 (2014) 133112

I ———
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Application lll: Resistivity from resistance

Capacitance

Resistance

10aF The SMM calibrated resistance R,, is converted into
. resistivity p using an analytical model:
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Brinciotti et al, Nanoscale Oct 2015

KEYSIGHT

TECHNOLOGIES

1020

At 19GHz the depletion width ranges from 4 nm (heavily doped) to 574 nm (low
doped), and the skin depth from 10 um to 0.7 mm, respectively.

-> changing the SMM frequency modulates the values of the skin depth
allowing to adjust the SMM vertical resolution fTr sub-surface inging.
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Application IV:
Accurate dielectric
guantification

C= e*A/d

(a) Infinite Element Domain
~ L - Domain
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Application to single layer graphene:

Graphene layer
iIncluded

Graphene layer not
Included

Simulated Frequency
10 GHz

Graphene model

- 5-Parameters -0.022 dB
Re(S11) 09779
o Imi(511)  -0.1968
511 0.9975
- Phase( 5. -11.381°

Pl

Non Graphene model

S_—Parameters -0.011 dB
- Re(S11) 0.9933
- Im(511) -0.1039

sl 0.9987
" Phase(511)  -5.969°

L

KEYSIGHT Keysight Labs Linz, unpublished
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Application to nanoparticle/QD:

(Alumina, £, = 9.8)

| “ )+ 5-Parameters -0.011 dB
. Re(SH) 09933
Nanopart|C|e EM pro Simulated Frequency: 10 GHz Eﬁl] 01036
_ Phase(Sl1) -5955°

Meshing

KEYSIGHT Keysight Labs Linz, unpublished
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Software implementation in PicoView & script:

EFM-based calibration of an EFM/SMM approach curve on Si substrate
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(i . o
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®
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EFM- based calibration, described in Gramse G. et

al, "Calibrated complex impedance and permittivity
measurements with SMM," Nanotechnology, 2014,
vol. 25,no. 14, pp. 8 5
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Multi-modal Keysight solutions: from products to solutions

Source meter unit SMU B2900 ECal unit for advanced SMM
for advanced voltage spectroscopy impedance calibration in air and liquid

e Y P

EMPro/ADS Modeling

Dielectric probe kit for liquid measurements
& complex permittivity at GHz

(€) 1: SMM EMPro E-Field with tip on gold



http://cp.home.agilent.com/agilent7/s7viewers/flash/genericzoom.swf?logo2=false&serverUrl=/agilent7/is/image/&contentRoot=/agilent7/skins/&locale=en&config=Agilent/AGILENT-IMGSET&image=Agilent/PROD-304506-IS

1. SMM+Ecal: advanced impedance calibration using

time-gating, network analysis and de-embedding
Applications for advanced RF/electrical engineer labs

+j1.0

VNA
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) [ r B
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€ ------ W
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' ]
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Kasper et al, May 2016 at IEEE IMS, San F
4 page paper conference proceeding
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2. SMM + SMU for advanced voltage spectroscopy

Applications on electronic devices (eg MOS capacitors) and eg varactors from
STMicroelectronics France

Measurement schematics (left) and SMM results (right)

Sll-plane, 18 GHz

Yector Network Analyzer ' 0.0355 i
-BY
Ty ' .
2E o 0.036
y
18GHz 3 ®
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e ) H
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I::return-( j ?_-J- 0.0365— A
Source Meter Unit —]-- gold pad E
W0k =~ b}
(R — 4
=
sileon 0.037
metallic sample holder
0.0375
0.0095 0.01 0.0105 0.011 0.0115

Re(S11)
Kasper et al., JAP 2014, 116, 184301 (8 pages)




3. Transmission SMM: ADS and EMPro Modeling

(@  ADS model

o —— — — — — — — — — —  ——  — {—— t— — — i — —

Shunt
Resistor

~ Sample Holder

(b)

SMA connector

S21
transmission
shown in
Fernandez
et al, EuMW
2015

Keysight Labs Linz, Silviu Tuca & Giulio Campagnaro et al,
KEYSIGHT Microscopy & Analysis July 2015, Issue 19, pp 9-12
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Transmission S21 imaging: sample plate

S21 sample plate integrated in 5600 SMM Prototype sample plate CNR-IMM

ar

e e

*Collaboration with CNR-IMM Rome, Romolo Marcelli et al,

IT(EEFYN%IL?GITIEI Review Scientific Instruments, April 2016, 12 pages



4. SMM for magnetic measurements R ome

CNR-IMR Rome
Applications for magnetic integrated circuits, MRAM'’s, ferromagnetic resonance FMR,
and multi-ferroic samples

A —— 0 (i
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= B = ——
e T
T e i A
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— 250 h
I!.d'I1 ' L) | ' n ol | (R 1]
. . . Magnetic Field (D)
Fig. 1. Schematic of the expernimental setup 15756 18758 18960 18767 18764
Frequency (GHz)
) i Zoial _ Zy Fig. 3. The measured Sy, for the RF sputtered YIG with respect to different
Sii=— ——=— (1) external magnetic fields. Inset shows the hysterasis behavior of the sample.
Ziotal + £y

Zioeal = Zpesonaror T Zsampie- Here. Zpgonagr 15 the impedance of the )
A/2 coaxial line resonator. Zsgnpg 15 a bi-layer system with YIG R oz
film and GGG substrate, defined as:

g‘: Tepography - Trace - Man nm
7 :

F250
§
. 2 2
7 =7 z-::-(?-::- - TZr.'\-:; mn(knﬁrm:;) (f_}} 7:: o
Sawpie G ] = 1

z?‘rr? + eriﬂt) mn(knﬁrm;) 109 102

2 <0

A0 50

Magnetic EMPro modeling results

Journal o

Magnetism and rgagnetic Materials,
6

1.0001711+j*0.9998 1.246-j*1308812.375 727.38 2016, 420, 62-69
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5. SMM for quantum electronic Qubits

Research collaboration with UC London (Prof Neil Curson) and London quantum
technology hub

SMM for silicon QuBits

dc,,/dz «l Lock-in

Amp

[

Photo- | Fesir

diode Laser
s

 150nm 100nm  70nm  30nm
-—

1
1
i > - = -
| § Dopant Depth Extraction
s
; § . Calibr FEM
] Q
L= SE— :
! siiicon nm| & eees S
| SlSss | 1 e . .
! 0000 P O
l..‘....i | Distance
ili Bstrat ........‘SI 511 *AC, 46 Rsheet [
silicon substrate image image Depth ]
......... Sonner . 1 2. ) 0 :g »:.,.,J k ‘de.a 8

X Scan (um)

- Characterizing buried nanostructures and electrical properties of atomic thick delta
dopant layers used for quantum processes.
- Talk at silicon quantum electronic workshop in June 2016.

- Gramse et al, 2018
KEYSIGHT
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7500 Bio-SMM in air: E. Coli bacteria over highly doped Si with

Tapping AAC mode 5102 pillars
Topography Microwave Amplitude Capamtance

Microwave Amplitude

KEYSIGHT Keysight Labs Linz and JKU Linz, Tuca et al,
TECHNOLOGIES Microscopy & Analysis July 2015, Issue 19, pp 9-12



CHO cells in humid air (=20 GHz)

EMPro of tip-sample mashing
—

Single £-coli bacteria imaged at 20 | §
GHz frequency using the scanning
microwave microscope (SMM) N

Silviu-Sorin Tuca?!, Georg Gramse?, Manuel Kasper?, Enrico Brinciotti?, Yoo-Jin Oh!, Giulio Maria
Campagnaro?, Giorgio Badino? Peter Hinterdorfer?, Ferry Kienberger?

1 Johannes Kepler University of Linz Institute of Biophysics. Gruberstrasse 40, A-4020, Linz, Austria
2 Keysight Technologies Austria GmbH, Measurement Research Lab, Gruberstrasse 40, A-4020, Linz, Austria

Topography msm CaAPacitance s Conductance 455048

0.00 nm

KEYSIGHT Contact & tapping mode
TECHNOLOGIES  Tyc3 et al, Nanotechnology 2016, 27, 135702 (9p)



Bio-measurements in liquid using the 7500 SMM

Topography Topography 109 um

1.31 ym

PNA Phase 5108 deg

0.00 deg 0.00 deg

IT(EEI—X\ISO!_(O;GITIIEI Keysight Labs Linz, Microscopy&Analysis AppNote March 2016



Application to cells in liquid: meshing, E-fields and
complex impedance values

()

|Total E|: (dB) Reference value: 3e+7 V/m

-100 -45 +5

IT(EEI\,%IL?GITIEI Tuca et al, Nanotechnology 2016, 27, 135702 (9p)
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A 17 GHz molecular rectifier

a 1 , 1 o : 1,2
DC HF (1-18 GH) J. Trasobares', D. Vuillaume', D. Theron' & N. Clément

Pt SMM tip
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Data interpretation using ADS Smith chart analysis and EMPro
modeling

ADS

Q) 1

Resonator Coax A ERE IS Ad 28 Coax Resonator | R_sample % C_sample
- Source ¥ R_shunt R=6.5 MOhm L C=17 fF
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Reflection R -
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Smith Chart
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o \
+05 | 20
X _— b
2.2 GHz. 3 \ 7
i 1 vs frequency — \
/ %, sweep | [ X
w2/ / d LYl M +5.0
0.2 / / ‘ , 5.
// s / B \ \\\
;/ / \/\ \;«.‘\ \ r \
[ / k / G 3 Ry 3 Y
v - ot

g 3 /
[ ~ w0/ </ | N
00 | o} sl (\x_ o o/
1 4 4 /
“‘ bW
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Tuca et al, Nanotechnology 2016, 27, 135702 (9p)
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3. SMM + dielectric probe kit for complex permittivity

KEYSIGHT
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Complex Permittivity

~~HBSS

5 10 15
Frequency, GHz

Tuca et al, Nanotechnology 2016, 27, 135702 (9p)
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A
Agenda

* Qverview & SMM Introduction

» Dopant profiling (dC/dV) for semiconductors
« Complex impedance for materials science

» Calibration

» Subsurface imaging

» Resistivity from resistance

» Dielectric quantification

» 2D materials (graphene)
* Multi-modal SMM solutions

» Augmented SMM (SMM plus add-ons)

» New modes: transmission, magnetic, and QuBits
* Bio-SMM & liquid imaging

s Summary
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Summary general:

Ability to do broadband measurements, at frequencies from 1 GHz up to
20 GHz,

- of calibrated complex impedance in materials science,
- of calibrated dopant profiles in semicon,

- of C-V curve spectra,

- of cells and electrochemistry in liquid,

and to compare the data from all these measurements with
semiquantitave 3D models implemented in EMPro.
For all of this we offer integrated solutions based on several of our

products: PNA-AFM, SMU, Ecal, dielectric probe kit, EMPro/ADS, ...

Various workflows have been implemented showing different use cases.
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Summary details: Differentiators

e Calibrated complex impedance

* Capacitance and resistance: 0.5 aF sensitivity, differences of 20 Ohm can be
measured up to 20 kOhm

* Materials properties can be determined.:

* From capacitance the complex permittivity/dielectric constant (~10%
accuracy)

* From resistance the resistivity (aka SSRM)

* Calibrated dopant density for both silicon and compound semiconductors, as well as
other electronic materials, large dynamic range for dopant density

e All info in one scan (topo, impedance, dopant) with high spatial resolution: ~ 10 nm

* Broadband frequencies (1-20 GHz) allowing for variable depth subsurface
Imaging and frequency selective dopant profiling

* The 7500 bio-SMM works in liquid

* Technology synergy with other Keysight products: EMPro; source-meter unit SMU;

Ecal calibration unit; dielectric probe kit for permittivity
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Thanks for your interest and
your attention.

ferry_kienberger@keysight.com
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