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Chemical Characterization Techniques of Qubits



• Overview of Chemical 
Characterization Techniques

• Time of Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS)

• X-ray Photoelectron Spectroscopy 
(XPS)
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Chemical Characterization Techniques - EDS
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Chemical Characterization Techniques - EELS
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Bonding and oxidation state 
(density of unoccupied states)

Source: Gatan



ToF-SIMS
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ToF-SIMS: Basics
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• Very sensitive surface 
analytical technique

• Provides elemental & 
molecular information

• 3D analysis
• Detection of low 

atomic number 
elements
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• Surface is bombarded by 30 
keV primary ions

• Primary ion energy transferred 
to surface atoms and 
molecular compounds through 
atomic collisions

 à secondary ions overcome 
surface binding energy

ToF-SIMS: Surface Bombardment

Source:  Max Planck Institute



ToF-SIMS
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• Analysis gun
• Dual sputter gun
• Electron flood gun
• Detector
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ToF-SIMS: Analysis Gun - Source
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• Beam Energy: ~ 10-30keV
• Probe Size: <1um
• Information Depth: ~ 1-2 nm



ToF-SIMS: Analysis Gun - Source
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• Pulsed ion beam à 
reduce damage to 
sample surface

• Pulse length ~ 500 ps
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ToF-SIMS: Analysis Gun - Optics
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Extractor: Accelerating voltage used to extract ions 
from source and generate ion beam 

Suppressor: Voltage used to improve distribution 
of extracted ions

PHI TRIFT III 
schematic

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

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



ToF-SIMS: Analysis Gun - Optics
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Blanker/Pulser Plates: Pulses ion beam to reduce 
surface damage

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

PHI TRIFT III 
schematic

Scanning Octupole: Allows for rastering ion beam 
across region of interest

Stigmation: Applies weak electric field to reduce 
astigmatism in ion beam



ToF-SIMS: Analysis Gun – Different Modes
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Operation 
mode HCBU BA Collimated CBA

Lens Source ∼3150 V ∼3300 V ∼3900 V ∼3750 V

Lens Mag ∼14.8 kV 0 V 0 V 12–13 kV
DC-current ∼15 nA 0.4–0.7 nA 50 pA 70–100 pA
Crossovers 2 1 0 1

Lateral 
resolution 2–10 μm ∼250 nm ∼100 nm ~100 nm

Mass 
resolution ∼11,000 ∼200 ∼200 ∼200

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.



ToF-SIMS: Sputter Gun - Source
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• Beam Energy: ~ 0.5-2 keV
• Probe Size: >1um
• Depth Resolution: ~ 2-5 nmPHI TRIFT III 

schematic



ToF-SIMS: Sputter Gun - Optics
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Similar to analysis gun 
optics

PHI TRIFT III 
schematic



ToF-SIMS: Electron Flood Gun
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electron flood gun

Beam Energy: 0-5eV
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ToF-SIMS: Mass Spectrometer – Flight Path
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• Secondary ions directed using an extractor
• 2 main options in terms of flight paths:

• Circular vs Linear

vs.



ToF-SIMS: Detector – Mass Spectrometer
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Detector measures m/z ratio

p=mv

F=q(v x B)

mass

charge
mass/charge
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3D representation of impurity concentrations 

Depth Profiles of impurities in Nb film

Appl. Phys. Lett. 120 (4), 044002 (2022)

• TOF-SIMS applied for the first time ever to 
2D qubits reveal levels of contamination 
in the Nb pads

• Lithography steps during qubit fabrication 
lead to incorporation  of  impurity species 
including O−, H−, C−, Cl−, F−, Na+, Mg+, and 
Ca+

• Evaluating possible effects of the film 
purity on the microwave dissipation

Highlight: Quantifying Impurities in Nb Qubit Films



X-Ray Photoelectron Spectroscopy
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XPS Basics
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• Sensitive to atom%
• Provides elemental & 

bonding information
• Detection of low 

atomic number 
elements



XPS Components
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• X-Ray Source
• Sputter gun
• Electron flood gun
• Electron detector



XPS: X-Ray Source
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• Probe Size: ~500 um
• Information Depth: ~ 5-15 nm

X-Ray 
Source

Energy (eV)

Al K⍺ 1486.6
Ag L⍺ 2984.3
Cr K⍺ 5414.8
Ga K⍺ 9251.7

5 nm
15 nm

Al K⍺
Ag L⍺

Cr K⍺
Ga K⍺

H. R. Verma, Atomic and Nuclear Analytical Methods: 
XRF, Mössbauer, XPS, NAA and Ion-Beam Spectroscopic 
Techniques, 2007.

25 nm

Escape 
Depth

Surface



XPS: X-Ray Monochromator
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Source: Thermofisher



XPS: Photoelectric Effect
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How does BE relate to ΦF, hν,
and KE of photoelectron?



XPS: Binding Energy
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XPS: Local Changes to Binding Energy
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XPS: Local Changes to Binding Energy
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angle 0° (90)
Species BE/ eV ΔBE/ eV FWHM/ eV Q 
Nb0 201.83 2.7 1.1 22.06
NbO 202.73 2.72 1.1 6.53
NbO2 205.29 2.7 1.3 2.7
Nb2O5 207.03 2.76 1.3 68.7

ΔBE/ eV5-0 5.2

Highlight: Quantifying Impurities in Nb Qubit Films

angle 0° (90)
Species BE/ eV ΔBE/ eV FWHM/ eV Q 
Ta0 20.46 1.92 0.7 4.93

TaxOy(1) 20.96 1.92 0.7 6.51
TaxOy(2) 23.86 1.92 0.8 1.66
TaxOy(3) 25.02 1.92 0.9 0.9
Ta2O5 25.94 1.92 1.3 85.99

ΔBE/ eV5-0 5.48



XPS: Electron Analyzer + Detector
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Related Topics: UV Photoelectron Spectroscopy
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UV 
Source

Energy 
(eV)

He I 21.2
He II 40.8
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• ToF-SIMS
• Very sensitive surface analytical technique
• Allows detection of low Z elements
• Useful for probing impurities in quantum 

devices
• XPS

• Surface analytical technique sensitive to 
atom%

• Allows detection of changes in bonding 
environment

• Useful for characterizing surface 
stoichiometry in quantum devices

Summary

8/13/23 Akshay Murthy – SQMS Center36

electron flood gun

sputter gun

x-ray source

electron 
multiplier 
detector

electron 
analyzer

electron flood gun

dual sputter gunanalysis gun

detector



Appendix
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Inelastic Scattering
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increasing electron 
energy

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


