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* Overview of Chemical
Characterization Techniques

» Time of Flight Secondary lon Mass
Spectrometry (ToF-SIMS)

« X-ray Photoelectron Spectroscopy
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Chemical Characterization Techniques

Analytical Resolution
vs. Detection

Limit

Detection Range

Atoms/cm?

5E22

1E22

1E21

1E20

1E19

1E18

1E17

1E16

1E15

1E14

1E13

1E12

Imaging Techniques

100 at%
Auger SEM/ Ram:

EDS 10 at%
1at%
01at%
100 ppm

TOF-SIMS
10 ppm
1ppm
100 ppb
M Chemical bonding/ 0, 10 ppb
molecular information %
B Elemental information Dynamic SIMS
B imaging information 1ppb
I Thickness and density information only
(no composition information)
[ § Physical properties 100 ppt
Copyright ©2016 EAG, Inc. M-006916
10 ppt
01nm 1nm 10 nm 100 nm 1um 10 ym 100 pm 1mm 1cm

Analytical Spot Size

ICP techniques

Q
(7]
<
5
3
8

Bulk
Techniques

Source: EAG

2= Fermilab



Chemical Characterization Techniques

+1800.366.3867

WEKNOW  Typical Analysis Depths for Techniques EAG.COM

EAG How

LABORATORIES

TOF- LA- SEM- TEM/
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T T R R R AR R REERER DB
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Thin Film

100 nm

Thick Film I I I I
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Typical Profile Depth Sampling Volume SIMS Depth Profile
l (typical data point)

Source: EAG
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Chemical Characterization Techniques
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Chemical Characterization Techniques - EDS

ectron Beam .. Displaced

Elxtetrnal 2timulation > Electron
N

:"” M

- ':' L
Secondary X-rays
O K
electrons ¢
Backscattered AN L. 1%
electrons ”
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Chemical Characterization Techniques - EELS

Electron source
1 Light 8ot
S (CL) . . .
= g Bonding and oxidation state
ger (EDS)
ai=—3 — TEM sample i {;f . .
a (density of unoccupied states)
== Round lens Elastic scattering
== (Diffraction)
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m — Viewing chamber
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near edge
fine structure
3000 \

low loss

distribution extended
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EELS system 2000
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ionization
edge
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100
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ToF-SIMS

detector

electron flood gun

/
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ToF-SIMS: Basics

 Very sensitive surface
analytical technique

* Provides elemental &
molecular information

« 3D analysis

* Detection of low
atomic number

elements

9 8/13/23 Akshay Murthy — SQMS Center

Analytical Resolution
vs. Detection

Limit

Detection Range

Atoms/cm®
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ToF-SIMS: Surface Bombardment

KSurface is bombarded by 30 \
keV primary ions
* Primary ion energy transferred
to surface atoms and
molecular compounds through
atomic collisions
—> secondary ions overcome

\ surface binding energy /
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ToF-SIMS

. analysis gun dual sputter gun
 Analysis gun
* Dual sputter gun o
 Electron flood gun
detector
* Detector
o

electron flood gun
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ToF-SIMS: Analysis Gun - Source

18
analysis gun dual sputter gun Periodic Table of the Elements
13 14 15 16 17

Number
Symbol
. Name
detector . s s . s W i i
2, 23 24 26 27 8 29 30
Ti \ Cr [Mn Fe Co Ni Cu 2Zn
e wmer e DSEES G @ AW @m0 d%

49 a a2 a3 a4 a5 a5 a7 a8

Zr Nb Mo Tc Ru Rh Pd A cd

Zuoum  Nobm | Wobbdem  Tednefum | Ruhem | fhodum  Galadum i cadmim
Siz2i  Sza05 9585 98807 10107 102805 10647 1078 zaw
| 7 74 75 76 7 78
electron flood gun F Tra W ke Bs | i ; g
Watoum | Tam | g feom | owm | dn et e
) '7as  Tabsas  wass w207 80z ieaaw  1ssoss Y
03 | 108 105 108 107 108 109 o m m
Rf Db Sg Bh Hs Mt Ds R% Cn
Radium Rhgrodom  gbnigm Sexpolfm  Bovom | Wassom o adtum  Roen Copaicum
223010 )| 22605 it} szl [t T e (M ) ado) faes]
- [ ‘ NI 54 67 68 69 70 n
“"‘;,';,:' m || S Sm Eu Tb Ho || Er | Tm | Yb || Lu
uuuuuuu o) um mn. etiom (| Thotum || v || sursiom
vioms | (" aods sade )| Sevmes )| e )| isesm )| Mmoo | ewsso )| werass || wesss ) | Wosr || Vaser

Actinide
Series

— e tens10n

Capilary

Needle —| TOF-SIMS

e « Beam Energy: ~ 10-30keV o
metal * Probe Size: <1um
gallium .

Information Depth: ~ 1-2 nm mm—

Extractor electrode Metal ions
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ToF-SIMS: Analysis Gun - Source
dul sputter gun

@

detector

Capilary . \ I |
/ \ TOF-SIMS

Needle ———  High tension * Pulsedion beam >

ABCDE*
Eiguid —— v reduce damage to It Zéw
metal sample surface \
gallium ABCDE

* Pulse length ~ 500 ps )
Extractor electrode Metal ions k .
25 Fermilab

electron flood gun
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ToF-SIMS: Analysis Gun - Optics

Suppressor and LMIS M
Extractor Cap
Acceptance Aperture
(AA)
Lens1 —— <>
Mechanically Variable —M —— oo o<
Aperture (MVA)
Buncher 1
Lens 2 Steering Quadrupole 1]
Blanker/Pulser Plates —] [~
Chicane Blanker —— B _:
Lens2 —— O
Scanning Octupole \: ;/
and Stigmation [
PHI TRIFT 1l
schematic Specimen  —
15 8/13/23 Akshay Murthy — SQMS Center

P
Extractor: Accelerating voltage used to extract ions
\from source and generate ion beam

~

J

>
Suppressor: Voltage used to improve distribution
\Of extracted ions

J

>
Lens 1 (Condenser Lens): Parallelizes ion beam to
Kform an ion probe

J
N

>
Mechanically Variable Aperture: Defines ion current
— array of apertures used to set probe size

-

J
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ToF-SIMS: Analysis Gun - Optics

Suppressor and LMIS

Extractor Cap

.

Acceptance Aperture

Mechanically Variable —M —— oo o<

Aperture (MVA)
Buncher :
Lens 2 Steering Quadrupole 1]
Blanker/Pulser Plates

Chicane Blanker ——

Lens 2 — O
Scanning Octupole \: ;/
and Stigmation [

PHI TRIFT 1l
schematic Specimen

———
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Ksurface damage

P
Blanker/Pulser Plates: Pulses ion beam to reduce

sample
L P

>
Lens 2 (Objective Lens): Focuses ion beam onto

AN

_across region of interest

>
Scanning Octupole: Allows for rastering ion beam

AN

AN

Kastigmatism in ion beam

>
Stigmation: Applies weak electric field to reduce
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ToF-SIMS: Analysis Gun — Different Modes

Operation HCBU BA Collimated CBA
mode
Lens Source | ~3150V ~3300 V ~3900 V ~3750 V
Lens Mag | ~14.8kV oV oV 12-13 kV
DC-current ~15nA 0.4-0.7 nA 50 pA 70-100 pA
Crossovers 2 1 0 1
Lateral 2-10pm | ~250nm | ~100nm | ~100nm
resolution
Mass ~11,000 ~200 ~200 ~200
resolution

Kubicek M, et al. Appl Surf Sci. 2014 Jan 15;289(100):407-416. doi:
10.1016/j.apsusc.2013.10.177. PMID: 24748701; PMCID: PMC3990430.
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HCBU BA

Coll.

CBA

Lens

_Lens
Target
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ToF-SIMS: Sputter Gun - Source

analysis gun dual sputter gun

@

detector

electron flood gun

\ y

Cesium Source —~ \— - - - Duoplasmatron Anode

Frit / \' - — Extractor
Control /

Electrode /

4 s
Extractor” 4 /
’ &

Condenser 1-~
Steering 7 s

Condenser1--~/// PHlTRlFTl”
’ schematic

| | - - = - Condenser Steering 1

H - - Condenser 1

® - = - - Gate Valve

Gate Valve - — 7

B 3 104 105 106 107 108 109 no m nz
Ra Rf Db Sg Bh Hs Mt Ds Rﬂ Cn
oo i | s || e || ommnen || i || ot | st | i | copmmis
226.025 [281] [262] [266] [264] [269] [278) [261] [280] [285]

Number

8
Periodic Table of the Elements
N

3 4 5 6 7 8 9 10 n
2 22 . 23 24 25 26 27 28 o 29
Sc Ti V Cr Mn Fe Co Ni Cu
39 40 a1 a2 43 a4 45 46 47
Y ‘Zr Nb Mo t¢ Ru Rh Pd A
| 57-n ] 72 73 74 75 76 7 78 79
‘ Hf Ta ‘W Re ©s Ir Pt 'Au

Waloum  Tamalm  Tungsten  Rhenlum Osmium. Indiom Platinum Gold
178.49 180948 18388 186.207 19023 192217 195,085 196.967

- 58 59 || s0 ] 62 Ol 54 67 68 69 |[ 70 n
Taride La Ce Nd Pm || Sm || Eu Tb Ho || Er || Tm | Yb | Lu
Ganthanu || coriom ‘ mium promettiom || Somacum | | europum s.wmw voman || eiom || ot || vewbom || et
“asos | |_tdoms | "aosos ) | “eazas ) | "asars vsq,:s ( Semes | “emas™ )| sesm || Wesoo ) | teasso S| ienass )| weesss )| aoss | aser

puontun || Anricum
244064 |_243.081

— 89 90
il Ac Th NP
Amnwm mﬂu !nlizl\nlum L ol

TOF-SIMS

ABCDE*

Beam Energy: ~ 0.5-2keV | ,.
Probe Size: >1um
Depth Resolution: ~ 2-5 nm

AB*E*

ABSDE
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ToF-SIMS: Sputter Gun - Optics

Cesium Source —/ N\— - - - Duoplasmatron Anode
F”t / \' - — Extractor
o _/ /\ | |- - = - Condenser Steering 1
Control // \ - - Condenser 1
Electrod
eetrode . ® - = - - Gate Valve
Extractor” L’ / ® o
Condenser 1- '
Steering P ! ESA's
s / 14 ’ . |
Condenser 1 - - L -4
Gate Valve - — # I I - = —Condenser 2 Steering
Variable Slit Aperture - - o — — —
44— - -Condenser2
: : - = Buncher
| | ----Blanker2(1.4°Bend)
Variable Blanking- - ———— — —
Aperture I - = — - Faraday Cup Deflector
Faraday Cup - - - — -
| | - - - — Objective Steering
I I - = = = Scanning Octupole &
Objective — - — — — — - ¢ > Stigmation
PHI TRIFT Il Target — — — - L
schematic
19 8/13/23 Akshay Murthy — SQMS Center

Similar to analysis gun
optics
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ToF-SIMS: Electron Flood Gun

[ Beam Energy: 0-5eV }

. .e* _electron flood gun

+  _a e g €
e € &

€ e A ee;‘l" g_;i' /
e & & €
' Insulator
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ToF-SIMS: Mass Spectrometer — Flight Path

lon Mirror
ESA 3 ESA 2
vy

/S

? Post- | &
7 specrometer
Blanker

Siit o Gw\
2%

2
Pulsing §
Zepes, @

Spectrum
# ‘ Detector
VS. Focusing / 7 i
o 1 o \ Transport Optics
g - N
£ Contrast ESA 1 Raster Extractor
wm
Diaphragm
Detector

-‘- Electron Flood Gun
Target

Secondary ions directed using an extractor
* 2 main options in terms of flight paths:

e (Circular vs Linear

21
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ToF-SIMS: Detector — Mass Spectrometer

| - Nb2*
O (NbH)2
el N .
DDDDD
O (Hy)*
S = :2 li NbC
o+ & - e = v
LIJ ms N;CH
H2 NboH2
| HE NbNH
40 50 80 70 80 90 100 110 120 B2 nb2+
Mass-to-Charge-State Ratio (Da) @8 NbOH
IS NbO2
{ Detector measures m/z ratio }
2& Fermilab
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Highlight: Quantifying Impurities in Nb Qubit Films

0~ /Nb~ . H~/Nb~ , C~/Nb~
@ R oemmlo) [ [ mewm o) TEEmm
‘ | « TOF-SIMS applied for the first time ever to
7 2D qubits reveal levels of contamination
S R\ S S A A Vo e in the Nb pads
Approximate Depth (nm) Approximate Depth (nm) Approximate Depth (nm) . . . . .
Depth Profiles of impurities in Nb film * thhogrgphy steps. durmg _qult .fabncat_lon
" o ) c lead to incorporation of impurity species
a - b - = M . . _ _ — - -
§ e | i v including O, H-, C", CI, F~, Na*, Mg, and
£ e Ca*
(el . . .
5 » Evaluating possible effects of the film
-] . . . . .
e purity on the microwave dissipation
2
5
5
5
= : +,<Min
3D representation of impurity concentrations Appl. Phys. Lett. 120 (4), 044002 (2022)

2F Fermilab
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X-Ray Photoelectron Spectroscopy electron

analyzer

@ sputter gun

l.ﬂ‘
= L
| - electron
—_— =y multiplier
v E detector
: . X-ray source electron flood gun
[ y 7

2= Fermilab
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XPS Basics

TOF- H H
XPS AFM OP  SIMS  Auge TXRF  SEM Analytlcal Resolution
Physical M {f 2
S — AR Top surfoce vs. Detection
5 \ 10 7m Limit
hV e Thin Film
100 at%
(x-ray) (Photoelectron) 100 am 5622 .
Thick Film %
1,000 nm 1E22 10 at% E
g
o
Bulk Substrate 1E21 ot 3]
>2,000 nm O
-0
| Typical Profile Depth [I Sampling Volume 1 SIMS Depth Profile 1E20 01at% 2
\ | (typical data point) 8
\_ / 3
€19 100 ppm 2
& s 10 ppm
sE
1 o)
[ ] 2 E |17 1ppm
s
0 3 <
9 ke 100 ppb
L]
* Provides elemental & )
molecular information %
B Elemental information Bulk
. . . 14 | B imaging information 1ppb Techniques
b O n d I n I n fo r m at I O n i
(no composition information)
1E13 B Physical properties 100 ppt
Ce right ©2016 EAG, Inc. M-006916
e [P = 10 ppt
10 um 1em

e Detection of low
atomic number
\ elements

2& Fermilab
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XPS Components electron

analyzer

« Sputter gun
 Electron flood gun

eIectron.
 Electron detector por

multiplier

detector

X-ray source electron flood gun

4

2& Fermilab
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XPS: X-Ray Source

Electron

50
Source\‘7
" 30
< 2
Al Ka 1486.6 2 w0
Electron 2
Beam —— = X-ray Beam Ag La 2984 3 § 5
. =
3
Cr Ka 5414.8 2 ik erme, Mo and uclor Arlytal thods:
Techniques, 2007.
1
R Ga Ka 9251.7 10 20 50 100 200 500 1000 2000
Flectran Fnergy (eV)
Surface
5 nm
15 nm
 Probe Size: ~500 um 25nm
« Information Depth: ~ 5-15 nm Cr Ka
Ga Ka
Escape
Depth

2& Fermilab
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XPS: X-Ray Monochromator

Quartz crystal

~ Quartz crystal

Normalised Data

Monochromated (\ MgKa X-ray
X-ray radiation || radiation

‘ |
|
[ 1
l‘i !
[ ] Peak broading
| | | dueto X-ray
| | radiation
Higher background I l ‘

| I\
due to bremsstrahlung /| I \

= Jim] I X-ray satellite
radiation [ | | \

) /| [ peaks
nAd = 2d sin(0) e s P Wi
AnOde 384 382 380 378 376 374 372 370 368 366 364 362 360
Samp[e Binding Energy (eV)
Source: Thermofisher

Intensity

2& Fermilab
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XPS: Photoelectric Effect

Photo-
eIectron.
Vacuum level =====—cccmmmeeet A
Conduction Band Sample
e work function (Dg)
\’2‘9 X
/50 * Valence Band
. Binding
zp “.‘.‘.‘.‘. Energy
2s 90—
ls —@—O—

How does BE relate to @, hv,
and KE of photoelectron?

29 8/13/23 Akshay Murthy — SQMS Center
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XPS: Binding Energy

Sample Spectrometer
Photo- @ 3+ Kinetic
electron pmmmmm——————— Y Energy
_--~" Vacuum level
Vacuum level =========mceeuua -~ Spectrometer
Conduction Band work function (@)
%S f F
’50 * Valence Band

2p 9-0-0-0-0-@ | Bindine
25 ¢ 00— — Energy BE = hV — KE — CI)F
1ls —@—CO—"

Sample is grounded to spectrometer

30 8/13/23 Akshay Murthy — SQMS Center
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XPS: Local Changes to Binding Energy

Electron-
electron

‘ repulsion

Electron-
nucleus
attraction

31 8/13/23 Akshay Murthy — SQMS Center

. E|:
Binding Energy

>

Electron-Nucleus
Separation
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XPS: Local Changes to Binding Energy

| ! | T | |

4 Si 2p

PEEG6

96

32

08 100 102 104 06
Binding Energy [eV]

8/13/23 Akshay Murthy — SQMS Center

Photoelectron

Vacuum ________________, ‘
level Sample
Conduction Band work
Ef cmmmmmmmmm - Y function
«K,.e
A, Valence Band Binding
Energy
2 9-0-0-0-0-9
2s —@—@——
1s —@—@—
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Highlight: Quantifying Impurities in Nb Qubit Films

33

3/30/2023

Nb 3d
Take off angle 0 ° Ta 4f
0° (90°)
:
g, ~
7 3
ol c
£ £
214 212 210 208 206 204 200 42 20 28 26 A
Binding Energy/ eV Binding Energy/ eV
angle 0° (90)
angle 0° (90) Species BE/eV ABE/eV FWHM/eV Q
Species BE/eV ABE/eV FWHM/ eV Q Tao 2046  1.92 0.7 4.93
NbO 201.83 2.7 1.1 22.06 TaOyq)  20.96 1.92 0.7 6.51
NbO 202.73 2.72 1.1 6.53 TaOy2 23.86 1.92 0.8 1.66
NbO, 20529 2.7 1.3 2.7 TaOy3 2502 1.92 0.9 0.9
Nb,Os  207.03 276 1.3 68.7 Ta,05 2594 192 1.3 85.99
ABE/ ev;_n 5.2 ABE/ eV5_0 5.48

A. Cano | Surface oxide thickness by ARXPS
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XPS: Electron Analyzer + Detector

|| |
multi-channel
detector plate |

electron
optics hemispherical
energy analyzer

variable aperture
(defines analysis area)
-y e o

X-ray source

2= Fermilab
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Related Topics: UV Photoelectron Spectroscopy

dual sputter gun
uv

\ W

detector

electron flood gun

/

Photo-

electron

Vacuum level

Conduction

Valence Band

Sample
work function (®y)

A

\ @ = hv-(cutoff-E;)

XPS UPS \
\
\
A"
\ Valence Band
He | 21.2 et \ }
............ ol i
He II 40'8 20 18 6 “ _12. 10 8 6 4 2
Lowie SRmassea ) Fermilevel
cutoff E;
Source: Thermofisher
25 Fermilab
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analysis gun dual sputter gun
Summary
o
° TO F_SIMS detector
« Very sensitive surface analytical technique &
» Allows detection of low Z elements ~ electronflood gun
« Useful for probing impurities in quantum /
devices
electron
¢ XPS analyzer
- Surface analytical technique sensitive to ry  spmeren
atom% |
. . . electron
» Allows detection of changes in bonding multiplier
enVironment X-ray source oy electron flood gun
» Useful for characterizing surface 5.7
stoichiometry in quantum devices /
2& Fermilab
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Appendix
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Inelastic Scattering

Origin of variations in XPS peak-background shape

Emitted energy
spectrum

Photoelectrons lose

energy for each
/—\/ distance A travelled
\

Inelastically \ ; VA
scattered electrons Unscattered I = I - exp(— i)
\ electrons
\\/ A
increasing electron — 7

energy

Energy spectrum
excited at the atoms

o ™o

(—)(—)(:)(—)

N Sven Tougaard; Practical guide to the use of backgrounds in quantitative
XPS. Journal of Vacuum Science & Technology A 1 January 2021; 39 (1):
011201. https://doi.org/10.1116/6.0000661

2F Fermilab
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