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What is Atomic Layer Deposition (ALD)?

Images from the Internet

Ideally, ALD:
• Gives reproducible results
• Is based on self-terminating half-

reactions
• Shows limited side reactions and 

secondary reactions, e.g., parasitic CVD



ALD in Long Capillaries

Images from the Internet

• Wanted to coat insides of 5 and 
12 m capillaries (0.53 mm inner 
diameter)
• High aspect ratio
• Can we use conventional ALD?

Image from restek.com



AP-ALD in Long Capillaries

Patel, Major, Jacobsen, Shah, Strohmeier, Shollenberger, Bell, Argyle, Linford. "Flow 
Through Atmospheric Pressure – Atomic Layer Deposition  (AP-ALD) Reactor for Thin 

Film Deposition in Capillary Columns." Anal. Chem. 2022, 94, 7483–7491.



X-ray Photoelectron Spectroscopy (XPS)

Figure from: Gupta, V.; Ganegoda, H.; Engelhard, M.H.; Terry, J.; Linford, M.R. ‘Assigning Oxidation States to Organic Compounds via Predictions from X-ray 
Photoelectron Spectroscopy: A Discussion of Approaches and Recommended Improvements.’ J. Chem. Educ. 2014, 91(2), 232–238. DOI: 10.1021/ed400401c.

• Sensitive to outermost 5 – 10 
nm of samples
• Quantitative
• Detects all elements except H 

and He
• Provides chemical state 

information
• Imaging possible
• Depth profiling possible hν = BEF +Φspec +KEspec



Spectroscopic ellipsometry (SE)

https://www.jawoollam.com/resources/ellipsometry-tutorial/ellipsometry-measurements

SE has an ‘inverse’ problem



ALD of Alumina Monitored by SE and TEM

A 5 m capillary was between the 
chambers in these SE and XPS 

experiments.

Conclusion: Basically the same 
thickness in the capillary and on 

the witness shards



Characterization 
by XPSAl 2p

Al 2s

O 2s
VB

A 5 m capillary was 
between the 

chambers in these 
SE and XPS 
experiments.
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Glass Surface Chemistry: The Silanol

• The most important functional group on 
the glass surface is the silanol (Si-OH)

• Different types of surface silanols
• The surface density of silanols affects:
• Particulate adhesion
• Surface contamination rate
• Charge buildup and discharge
• Surface conductivity
• Surface reactivity
• Chemical durability
• Water adsorption
• Thin film adhesion

OH OH OH OH OH OH OH OH

Figure 1. Schematic showing difference types Si-OH  at the surface.

L.T. Zhuravlev/Colloids and Surfaces A: Physicochem. Eng. Aspects 173 (2000) 1 – 38 



Glass Surface Chemistry: The Silanol

• A fully hydroxylated amorphous fused 
silica (SiO2) surface has a silanol 
density of 4.6 OH/nm2 (least squares 
average)
• Results from a combination of 

techniques (FTIR, XPS, ToF-SIMS, 
TGA, TPD-MS, BET) in different 
publications led to this number

OH OH OH OH OH OH OH OH

Figure 1. Schematic showing difference types Si-OH  at the surface.

L.T. Zhuravlev/Colloids and Surfaces A: Physicochem. Eng. Aspects 173 (2000) 1 – 38 



Glass Surface Chemistry: The Silanol

• People have quantified surface silanols by
• Single-bounce FTIR
• XPS
• ToF- Secondary Ion Mass Spectrometry (ToF-

SIMS)
• Problems:
• Not completely sensitive to the outermost 

atomic layer of a material
• Challenging to quantify results

• Possible Solution:
• Tag SiOH groups to increase our sensitivity to 

them
• How about with ALD?

OH OH OH OH OH OH OH OH

Figure 1. Schematic showing difference types Si-OH  at the surface.

L.T. Zhuravlev/Colloids and Surfaces A: Physicochem. Eng. Aspects 173 (2000) 1 – 38 



Dehydration and Dehydroxylation on SiO2

Figure 2. Schematic showing difference between Si-OH surface fully hydroxylated and after heat treatment
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200 ° C
+ 2 H2O
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> 800 ° C, no rehydroxylation

+ 3 H2O

OH OH OH OHO O

< 400° C, 
rehydroxylation 
reversible

+ 2 H2O

Michael L. Hall, Journal 
of Non-Crystalline Solids 

19 (1975) 299-309 400 – 800 ° C increasingly hard 
to rehydroxylate surface

Upshot: Control SiOH density with temperature



First Attempt: Tagging SiOH Groups 
with TMA – Single Layer ALD of Al
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• XPS results challenging to 
quantify

• What about LEIS? 
• See next slide.



Low Energy Ion Scattering (LEIS) vs. ISS
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• LEIS is sensitive to, and gives signal 
from, the outermost atomic layer of 
surfaces!

• Probes the surface with noble gas ions
• The energy of noble gas ions is 

typically 1 to 10 keV
• Detects the same backscattered ions
• LEIS is a game changer for surface 

studies
• Advantages of modern LEIS vs. ISS
• But hard to differentiate between Si 

and Al in LEIS. Another tag?

• Cushman, Brüner, Zakel, Dahlquist, Sturgell, Grehl, Lunt, Banerjee, Smith, 
Linford “Low Energy Ion ScaCering (LEIS) of As-Formed and Chemically 

Modified Display Glass: Significant Differences between Surface and Bulk 
ComposiOons as Revealed by LEIS Peak FiSng of the Al/Si Envelope” 

Applied Surface Science 2018, 455, 18 - 31.
• Cushman, Brüner, Zakel, Major, Lunt, Grehl, Smith, Linford “Low Energy Ion 

ScaCering (LEIS). A PracOcal IntroducOon to its Theory, InstrumentaOon, 
and ApplicaOons.” AnalyOcal Methods, 2016, 8, 3419 – 3439. 



Tag and Count Approach

Tagging with ALD
Counting with LEIS

OH OH OH OH

Substrate

O O O O

Zn Zn

Substrate

OH OHOH

Zn

1. Zn(Et)2 or Zn(Me)2
2. H2O

Gives a lower limit 
to the number of 
surface silanols

Avval, Průša, Cushman, Hodges, Fearn, Kim, Čechal, Vaníčková, 
Bábík, Šikola, Brongersma, Linford. “A Tag-and-Count Approach for 

Quantifying Surface Silanol Densities on Fused Silica Based on Atomic 
Layer Deposition and High-Sensitivity Low-Energy Ion Scattering.” 

Applied Surface Science 2023, 607, 154551.



LEIS of Zn-Tagged Silica Surfaces

LEIS spectra of fused silica surfaces treated with single doses of (a) DMZ and water and (b) DEZ and water. (c) 
Comparison of the zinc signals for the fused silica samples treated at 200 °C in (a) and (b) and tagged with DMZ or 
DEZ. All the samples were cleaned with AO, and then heated to 270 °C prior to measurement with 3 keV He.



Quantifying the Number of Surface 
Silanols

SiOH/nm2	= !"!
!""#$

∗ 𝜎!"#(
$%&'
"'% )

• ( !""
!"#$%

)  the surface coverage

• 𝜎!"#	: 10.9 ZnO units/nm2

• Based on literature value for the 
density of ZnO: 5.61 g/cm3



Quantifying the Number of Surface 
Silanols

• Actual quantitation!
• Results from both precursors 

within band in Zhuravlev review!
• Significant contrast for samples 

treated at different temperatures
• Consistent small differences 

between the two precursors
• Isn’t based on knowing the right 

answer to start with

L.T. Zhuravlev/Colloids and Surfaces A: Physicochem. Eng. Aspects 173 (2000) 1 – 38 
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XPS is Growing, but Being Used Less 
by Experts

• Web of Science search on titles, abstracts, 
and keywords for ‘XPS’ by year. 

• 13 established surface journals 
• Journal of Vacuum Science and 

Technology A
• Journal of Vacuum Science and 

Technology B
• Surface Science Spectra
• Langmuir
• Surface and Interface Analysis
• Journal of Physical Chemistry C
• Surface Science
• Applied Surface Science
• Surface and Coatings Technology
• Thin Solid Films
• Colloids and Surfaces B
• Surface Review and Letters
• Progress in Surface Science 

In Press JVSTA

• The literature is increasingly filled with bad XPS 
peak fitting

• Let’s look at some examples



Examples of 
Bad XPS Peak 
Fitting in the 
Literature or in 
Presentations

In Press JVSTA

• Concept of 
spin-orbit 
splitting

• s orbitals show 
one peak

• p, d, f orbitals 
show 2 peaks

• 2:1,3:2,4:3 
area ratios
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• Fe 2p region
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Quantifying the problem
ca. 400 papers in 3 high-quality journals during 2019

METHODOLOGY:
George H. Major, Tahereh G. Avval, Behnam Moeini, Gabriele Pinto, Dhruv Shah, Varun Jain, Victoria Carver, William 
Skinner, Thomas R. Gengenbach, Christopher D. Easton, Alberto Herrera-Gomez, Tim S. Nunney, Donald R. Baer, Matthew 
R. Linford ‘An Assessment of the Frequency and Nature of Erroneous X-ray Photoelectron Spectroscopy (XPS) Analyses in the 
Scientific Literature’. J. Vac. Sci. Technol. A 2020, 38, 061204. DOI: 10.1116/6.0000685.



Quantifying the problem
ca. 400 papers in 3 high-quality journals during 2019

METHODOLOGY:
George H. Major, Tahereh G. Avval, Behnam Moeini, Gabriele Pinto, Dhruv Shah, Varun Jain, Victoria Carver, William 
Skinner, Thomas R. Gengenbach, Christopher D. Easton, Alberto Herrera-Gomez, Tim S. Nunney, Donald R. Baer, MaJhew 
R. Linford ‘An Assessment of the Frequency and Nature of Erroneous X-ray Photoelectron Spectroscopy (XPS) Analyses in the 
Sciendfic Literature’. J. Vac. Sci. Technol. A 2020, 38, 061204. DOI: 10.1116/6.0000685.



Quantifying the problem
ca. 400 papers in 3 high-quality journals during 2019

METHODOLOGY:
George H. Major, Tahereh G. Avval, Behnam Moeini, Gabriele Pinto, Dhruv Shah, Varun Jain, Victoria Carver, William 
Skinner, Thomas R. Gengenbach, Christopher D. Easton, Alberto Herrera-Gomez, Tim S. Nunney, Donald R. Baer, Matthew 
R. Linford ‘An Assessment of the Frequency and Nature of Erroneous X-ray Photoelectron Spectroscopy (XPS) Analyses in the 
Scientific Literature’. J. Vac. Sci. Technol. A 2020, 38, 061204. DOI: 10.1116/6.0000685.



Other results 
from this study 
– elements 
from which 
elements are 
most often fit?



Other results 
from this study 
– elements 
from which 
elements are 
most often fit?



Guide to Peak 
Fitting C 1s 
Spectra

Google Scholar: 
138 Citations
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Uniqueness 
Plots

• Peak fitting is widely used in XPS 
data analysis

• Need methods for 
determining/estimating the 
statistical quality of the fits

• Uniqueness plots are widely used in 
spectroscopic ellipsometry

• Consistently change a part of the fit 
and see how the MSE changes

• Moved the ‘C2’ component here

• Does the fit have the ability to 
compensate for your changes?

• If it does, it isn’t ‘unique’. There is 
fit parameter correlation.

• Look for a ‘U’ or ‘V’ shape. An 
absence of fit parameter 
correlation.

Bhupinder Singh, Anubhav Diwan, Varun Jain, Alberto Herrera-Gomez, Jeff Terry, Matthew R. Linford “Uniqueness Plots. A Simple 
Graphical Tool for Identifying Poor Peak Fits in X-ray Photoelectron Spectroscopy.” Applied Surface Science, 2016, 387, 155 – 162.



Uniqueness 
Plots

• Uniqueness plot of the 10-
component fit with no 
constraints on the fitting 
parameters

• Moved the ‘C4’ 
component here

Bhupinder Singh, Anubhav Diwan, Varun Jain, Alberto Herrera-Gomez, Jeff Terry, Matthew R. Linford “Uniqueness Plots. A Simple 
Graphical Tool for Identifying Poor Peak Fits in X-ray Photoelectron Spectroscopy.” Applied Surface Science, 2016, 387, 155 – 162.



Uniqueness 
Plots

• Uniqueness plot of the 10-
component fit 

• The only constraint was 
that the nine peaks 
modeling the main peak 
envelope had the same 
widths

• Moved the ‘C4’ 
component here

Bhupinder Singh, Anubhav Diwan, Varun Jain, Alberto Herrera-Gomez, Jeff Terry, Matthew R. Linford “Uniqueness Plots. A Simple 
Graphical Tool for Identifying Poor Peak Fits in X-ray Photoelectron Spectroscopy.” Applied Surface Science, 2016, 387, 155 – 162.



Uniqueness 
Plots

• Uniqueness plot of the 10-
component fit 

• The peaks were fixed at their 
initial positions, and the nine 
peaks describing the main 
peak envelope were 
constrained to have the same 
widths

• Moved the ‘C4’ component 
here

• Unique fit

Bhupinder Singh, Anubhav Diwan, Varun Jain, Alberto Herrera-Gomez, Jeff Terry, Matthew R. Linford “Uniqueness Plots. A Simple 
Graphical Tool for Identifying Poor Peak Fits in X-ray Photoelectron Spectroscopy.” Applied Surface Science, 2016, 387, 155 – 162.



Uniqueness 
Plots

• Q. Does a bad uniqueness 
plot mean you have a bad 
fit?

• A. Probably. At the least, it 
calls it into question.

• Q. Does a good uniqueness 
plot prove you have a good 
fit?

• A. Not necessarily. It really 
only means you don’t have 
fit parameter correlation.

• It is easier to know what is 
wrong that what is right in 
XPS peak fitting.

Bhupinder Singh, Anubhav Diwan, Varun Jain, Alberto Herrera-Gomez, Jeff Terry, Matthew R. Linford “Uniqueness Plots. A Simple 
Graphical Tool for Identifying Poor Peak Fits in X-ray Photoelectron Spectroscopy.” Applied Surface Science, 2016, 387, 155 – 162.
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A reporting study: how we got our data

• A reporting study
• What are people reporting or not reporting about XPS?
• The information for this study was obtained from papers published in 

three high-quality journals over a six-month period in 2019 and 
throughout 2021. 
• Ca. 400 and 850 papers in each year

Submitted to JVSTA



Lack of 
Reporting 
about the 
Spectrometer

Submitted to JVSTA



Lack of 
Reporting 
about the X-
ray Source, 
Pass Energy, 
and Spot Size

Submijed to JVSTA



Peak Fitting in 2021

Submitted to JVSTA
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Five Projects
1. Atomic layer deposition in long capillaries
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Spectroscopic ellipsometry (SE)

https://www.jawoollam.com/resources/ellipsometry-tutorial/ellipsometry-data-analysis



ALD of ZnO with DMZ/DEZ and H2O
In situ monitoring by ellipsometry

• Difference in thickness attributed to 
less steric hindrance of DMZ



General guide 
to Peak Fitting 
XPS Spectra

Google Scholar: 
200 Citations



Figure(s) from paper George sent



Width Functions












