
ISBN 978-82-326-6760-4 (printed ver.) 
ISBN 978-82-326-6524-2 (electronic ver.) 

ISSN 1503-8181 (printed ver.) 
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2021:232

Gagan Paudel

Exploring glow discharge mass 
spectrometry applications in 
materials characterizationD

oc
to

ra
l t

he
si

s

D
octoral theses at N

TN
U

, 2021:232
G

agan Paudel

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f N
at

ur
al

 S
ci

en
ce

s
D

ep
ar

tm
en

t o
f M

at
er

ia
ls

 S
ci

en
ce

 a
nd

 E
ng

in
ee

rin
g





Thesis for the Degree of Philosophiae Doctor

Trondheim, June 2021

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering

Gagan Paudel

Exploring glow discharge mass
spectrometry applications in
materials characterization



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Natural Sciences
Department of Materials Science and Engineering

© Gagan Paudel

ISBN 978-82-326-6760-4 (printed ver.)
ISBN 978-82-326-6524-2 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2021:232

Printed by NTNU Grafisk senter



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to 

 

‘that’ which grows and evolves 

‘that’ ever changing, yet ever present 

…………….. 

 

 

 

 

 





 

i 
 

Preface 

 

The thesis is submitted to Norwegian University of Science and Technology (NTNU) 

as a partial fulfilment for the requirements of the degree, Degree of Philosophiae 

Doctor. The main part of the work was performed during period August 2017 to 

February 2021 at Department of Materials Science and Engineering, NTNU. During 

August 2018-July 2019, the candidate also supported researchers at the department 

by preparing samples for inductively coupled plasma mass spectrometry (ICP-MS) 

characterization. The PhD project was funded by Department of Materials science and 

Engineering, where Professor Marisa Di Sabatino and Professor Hans Jørgen Roven 

were the candidate’s main supervisor and co-supervisor, respectively.  

 

The PhD education involved training of the candidate during period 24 – 26 October 

2018 at Evans Analytical Group (EAG) Laboratories, Syracuse, USA. The sample 

preparation and characterization of non-conductive and powder samples were 

covered during the training.  

 

The thesis consists of two sections and is presented in the form of papers collection. 

The first part of the thesis consists of the theory, literature review, applications of the 

direct-current glow discharge mass spectrometry, introduction to Astrum GDMS, and 

summary of papers. The second part of the thesis consists of published articles and 

the manuscript under a peer-review process.  

 

In addition, during the PhD work, the candidate was involved in two projects where 

manuscripts are in preparation and therefore not presented in this dissertation. The 

work involved determination of relative sensitivity factor for aluminum certified 

reference materials and utilization of silicon masks for analysis of non-conductive 

samples such as alumina and sapphire.  

 

 

Trondheim, April 2021 

Gagan Paudel 
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Abstract 

  

Glow discharge mass spectrometry (GDMS) relying on continuous direct current 

discharge source coupled to sector field mass analyzer (SF-GDMS) is popular for its 

ability to detect impurities in sub-ppb level. Astrum GDMS is one of the recent 

instruments introduced of this category. Despite of its introduction in 2010, there are 

only a few articles available presenting Astrum’s application and theory. Moreover, no 

systematic approach for determining the mode of Astrum operation, figures of merit, 

relative sensitivity factors (RSFs), or depth profiling are available. Therefore, the PhD 

thesis is focused on these limitations. Hence, broadly two applications are 

investigated, i.e., bulk analysis and depth profiling. To achieve this, different materials 

were studied, such as tantalum, silicon powder, and steel-aluminum bi-layered 

material.  

 

Understanding the effect of glow discharge parameters is important as they affect 

quantification and, in turn, accuracy and reproducibility. Further, measurement of 

relative sensitivity factors (RSFs) is important to determine accurate results. Hence, 

firstly influence of glow discharge parameters on variation of elemental concentration 

was studied using a homogenous tantalum pin (˃99.5% Ta) sample using a range of 

current and voltage settings (0.5 – 5 mA at 1 kV and 0.6 – 1.5 kV at 3 mA). The 

variation in concentration change was related to unequal change of absolute intensity 

of elemental impurities as compared to that of tantalum. Hence, RSFs vary with glow 

discharge parameters. Interestingly, this work hinted that measurement of discharge 

gas and other gaseous elements can contribute to optimization of discharge 

parameters before determining RSFs.  

 

This followed analysis of silicon powder after pressing against high purity indium 

sheets. Various impurity elements were analysed using glow discharge current and 

voltage settings of 1 – 3.5 mA and 1 – 1.4 kV, respectively. Further, argon was 

quantified using current and voltage settings of 1– 5 mA and 1.2 – 1.6 kV, respectively. 

Remarkably the concentration of most of the impurity elements and quantification of 
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argon is found to vary less in range of 2 – 3 mA and 1.2 – 1.4 kV. This observation is 

consistent with argon and oxygen quantification using flat silicon and nitrogen 

quantification using aluminum flat samples. Further, gaseous elements such as 

carbon, oxygen, nitrogen and argon present in tantalum pin and nitrogen present in 

aluminum pin followed the same pattern. Hence, measurement of gaseous elements 

and discharge gas can contribute to RSFs determination in other matrices also. 

Finally, relative sensitivity factors of 16 impurity elements valuable for solar cell silicon 

application are determined using certified silicon standard.   

 

For depth profiling application, the glow discharge settings leading to optimum crater 

shapes are determined using tantalum flat samples. The results of the study indicate 

that current to voltage ratio in range of 0.2 – 0.35 kV/mA results into flat craters in 

tantalum. Hence, five different combinations of current and voltage are found given 

as, (i) 2 mA, 0.6 kV; (ii) 2.3 mA, 0.7 kV; (iii) 3 mA, 0.8 kV; (iv) 4 mA, 0.9 kV and (v) 5 

mA, 1 kV. Further, sputtering rate increases with increasing current and voltage 

setting. Sputtering of tantalum of small and large grains indicated that differential 

sputtering of grains of different crystal orientation generated crater bottom roughness.  

 

This followed analysis of steel-aluminum bi-layered material where firstly crater shape 

optimization using base aluminum material was carried out using similar approach as 

with tantalum flat sample. The depth profiling of chromium and nickel is carried out in 

non-heated and heat treated (at 400 °C for 30 min) steel-aluminum bi-layered joints. 

The analysis was performed using glow discharge current and voltage of 5 mA and 

0.75 kV, respectively. Using Astrum GDMS, the diffusion behavior of trace alloying 

elements such as chromium and nickel at the aluminum-steel interface was 

investigated. The results of the work indicate enrichment of both impurity elements for 

both set of samples at the steel-aluminum interface. The heat-treated sample 

demonstrated higher content of chromium and nickel at the interface as well as 

formation of thin intermetallic layer. Further, chromium precipitates along with iron 

were found in the aluminum layer correlating with high chromium content in the 

aluminum layer.   
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CHAPTER 1 

Introduction  
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1. Introduction  

1.1 Motivation and scope 

 

Glow discharge mass spectrometry (GDMS) is one of the popular techniques for 

analysis of materials for elemental characterization and determination of isotopic 

ratios. It is known for direct analysis of solid specimens which require minimal sample 

preparation. No need for ultra-high vacuum conditions in the ionization chamber, short 

analysis time as well as flexibility of using non-matrix matched standards for 

quantification makes it popular for industrial applications where high sample 

throughput is required. Further, depending upon the GDMS type, it offers good 

precision, reproducibility, robustness and offers high dynamic range of concentration. 

Therefore, GDMS is a well-established analytical technique for quality control 

applications. Among various glow discharge mass spectrometry systems, direct 

current glow discharge ion source coupled with sector field mass analyzer is among 

the most popular GDMS instruments. The low detection limit makes this type of 

instrument ideal for bulk application of high purity materials. Astrum GDMS is one of 

such instruments introduced in 2010 by Nu Instruments in UK. Currently, there are 

about 60 Astrum instruments installed worldwide. Although it is more than a decade 

since its introduction, not much information is available in the open literature regarding 

its applications. In addition, the Department of Materials Science and Engineering at 

NTNU received such an instrument at the end of 2016. Therefore, the motivation of 

this PhD work has been to explore the application possibilities of this new and powerful 

instrument. Following objectives are set for the PhD project:  

 

1. Understanding the influence of glow discharge parameters in absolute intensity 

of matrix and impurity elements and how it impacts variation in elemental 

concentration. 

2. Estimating possibility of using glow discharge gas and other gaseous elements 

for optimizing discharge condition for RSFs determination. 

3. Designing analytical workflow for determining relative sensitivity factors (RSFs) 

using silicon powders. 

4. Determining glow discharge parameters for obtaining optimum crater profiles 

and influence on sputtering rate. 
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5. Understanding the influence of differential sputtering on crater bottom 

roughness. 

6. Application of depth profiling for understanding heat induced diffusion in iron-

aluminum joints.  

 

 

1.2 Outline  

 

The dissertation is presented as a collection of peer-reviewed articles preceded by 

several introductory chapters. Firstly, fundamentals of glow discharge plasma and 

sputtering is presented. In the chapter 3, ‘‘Glow discharge mass spectrometry’’, a 

literature review about GDMS instruments and its applications in material 

characterization is discussed. Likewise, a short chapter dedicated to Astrum GDMS is 

also presented. Additionally, the main findings of the PhD work are presented. Here, 

results of the published articles, the article in a peer-review process, and some 

unpublished work are summarized. Furthermore, the main conclusions from the PhD 

work are presented. Moreover, the limitations of the work are pointed out. For further 

improvement of applications of Astrum GDMS, lastly, outlook and recommendations 

are presented.   

 

 

 

  



 

3 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

Fundamentals of glow discharge plasma 
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2.1 Electrical discharges and the glow discharge  

 

In general, gas is a poor electrical conductor. However, if gas at a low pressure is 

placed between two electrodes and voltage is applied between them, then the 

resistivity of the gas decreases. With further increase of voltage at a certain point, the 

gas starts to break down, forming electron-ion pairs and hence generation of an 

electric field. This leads to the current flow through the gaseous medium as positively 

and negatively charged species are accelerated towards the cathode and the anode, 

respectively. This phenomenon is referred to as ‘electrical discharge’. The potential at 

which electrical discharge occurs is known as the breakdown voltage (Vb) (Figure 2-

1). The breakdown voltage can be influenced by several factors for instance, the type 

of discharge gas used1-3, distance between electrodes and gas pressure4, 

physiochemical properties of cathode such as electrical conductivity, heat of 

sublimation5, and secondary electron emission.6-8 The gas conductivity can also be 

increased by other means, e.g., by heating at very high temperatures or subjecting 

gas with other sources such as ultraviolet rays. The electron-ion pairs generated by 

this means generate very low currents (approx. 10-12 A) and are not self-sustaining. 

The first region among various types of electrical discharges as a function of current-

voltage behavior is the Townsend discharge (as shown in Figure 2-1), which typically 

does not extinguish.  

 

Figure 2-1: Current-voltage (i-V) characteristics of electrical discharges (reprinted with 

permission from9, Copyright © 2003 John Wiley & Sons, Ltd). 
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After the Townsend discharge, a transition range follows where the further increase of 

current does not require an increase in voltage. In fact, at the operating voltage, Vn, 

which is lower than that of breakdown voltage, Vb, it is still possible to sustain the 

electrical discharge. This is a characteristic of a self-sustained discharge which occurs 

due to continuous electron-ion production from initially produced electrons.  

 

The transition range is followed by a normal glow discharge. The term glow discharge 

was coined after a luminous glow that forms between the electrodes, due to 

excitation/de-excitation process of atoms in the discharge. The color of luminous glow 

is observed to be dependent on the type of discharge gas used, for instance, argon 

discharge has a bluish violet color.10 In normal glow discharge, the cathode surface is 

not entirely covered by the discharge. Increase in current is achieved as more of the 

cathode surface is proportionally covered by the glow discharge (as shown in Figure 

2-2). Hence, the voltage remains constant. However, at some point when current is 

increased further, the cathode surface is fully covered and increase in current density 

leads to further increase in voltage. This electrical discharge is referred to as an 

abnormal glow discharge (Figure 2-1 and 2-2). The analytical glow discharge such as 

glow discharge mass spectrometry operates in this mode with reduced inert gas 

pressure of (0.1 – 10 Torr) at power less than 100 W.9, 11 With careful selection of 

current and voltage in the flat sample setup, glow discharge can be regulated in such 

a way that the cathode surface is evenly covered to ensure uniform sputtering. This 

allows depth-profiling application using analytical glow discharge mass spectrometry.  

 

Figure 2-2: Transition between normal to abnormal glow discharge (reprinted from 11, 

Copyright © 1993 Springer). 
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The further increase of current leads to maximum rise in potential followed by fall of 

potential to a low value. This mode is known as arc discharge where current density 

is very high leading to heating and vaporization of the cathode material. Thermionic 

electron emission becomes the prominent electron carrying mechanism at high current 

values in the range of 10 – 1000 A.9, 11 At higher fields, especially for samples with a 

pointed tip, electrons tunnel out of the cathode surface.12-14 This process, however, is 

of negligible significance to glow discharge spectrometry as ultrathin samples or 

substantially higher voltages are not used.  
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2.2 Regions in the glow discharge plasma  

 

The glow discharge plasma is a weakly ionized gas which is electrically neutral and 

has a degree of ionization in the order of 0.01 %.15  Hence, the plasma mostly consists 

of neutrals atoms. Other species that could be present in the plasma are molecular 

clusters, free radicals, photons, excited species, etc. Depending on the degree of 

excitation/de-excitation process, glow discharge plasma comprises of series of several 

dark or light (glowing) regions. The dark regions are dominated by processes other 

than excitation/de-excitation transitions, for example ionization collisions.15 

 

As depicted in Figure 2-3, glow discharge plasma consists of as many as eight regions 

depending on the tube length and pressure. Modern mass spectrometers utilize the 

abnormal glow discharge, where inter-electrode distance is relatively small with only 

three prominent regions15, 16, i.e., the cathode dark space, the negative glow and the 

anode dark space.  

 

 

Figure 2-3: Different regions in glow discharge plasma and how distribution of 

luminous intensity, potential, electric field, space charge density, and current density 

varies (left), distribution of potential and prominent regions in analytical glow discharge 

plasma (right), reprinted with permission from15 Copyright © 1980, John Wiley and 

Sons (left) and (right)16 Copyright © 1998 Published by Elsevier B.V respectively. 
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2.2.1 The cathode dark space 

The cathode dark space is considered as the most important part of glow discharge 

as it is responsible for sustaining the glow discharge plasma. There is a characteristic 

voltage drop in this region referred to as the cathode fall (VC). The large potential 

difference over a small distance gives rise to a high electric field in front of the cathode. 

This field is responsible for acceleration of emitted electrons which eventually leads to 

ionization collisions in the plasma. The ions formed accelerate towards the cathode 

generating more secondary electrons leading to more ionization collisions. As an 

output, these processes contribute to the sustenance of the glow discharge plasma.   

 

Due to the electric field, the number of positive ions will be higher closer to the cathode 

as compared to electrons. Moreover, the argon ions are the current carrier in the 

cathode dark space, while density of electrons increases further away from the 

cathode. 

 

2.2.2 The negative glow 

The negative glow is a luminous region of the glow discharge plasma, which is more 

or less equipotential and field-free. The electrons lose their energy due to numerous 

collisions which contribute to excitation/de-excitation transitions emitting bright light. 

In this region, the positive and negative charge are nearly equal leading to charge 

neutrality.  

 

2.2.3 The anode zone 

Due to the shorter interelectrode distance in analytical glow discharge, all remaining 

parts of the plasma are compressed to form the anode dark space. This region is 

similar to the cathode dark space where voltage falls only slightly as compared to the 

cathode dark space and therefore does not contribute as much to acceleration or 

deceleration of charged species.  

 

2.3 Processes occurring in the glow discharge plasma 

 

At this point, it is appropriate to introduce some of the relevant collisional processes 

occurring in the glow discharge plasma, which are important to understand some of 
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the findings of the PhD work. As argon has been used as discharge gas throughout 

the PhD work, the processes discussed here are specific to this. It is also common to 

use other inert gases such as helium,17 neon,18 or in combination with argon.19-21 

Furthermore, there are studies where non-inert gases such as hydrogen18, 22, 

oxygen23, 24 or nitrogen25 are added to inert gases. Such experiments have led to 

generation of new sets of emission lines from excited atoms19, enhancement in signal 

intensity of impurity ions20, change in sputtering rate of cathode24 or change in 

ionization/excitation patterns.21, 26, 27 Hence, these investigations open new 

possibilities of glow discharge applications.   

 

2.3.1 Ionization and excitation of argon 

A. Electron impact ionization and excitation 

 

Ar0 + eꟷ               Ar+ +  2eꟷ                                                         (2-1) 

Ar0 + eꟷ               Arm
*+  eꟷ                                                           (2-2) 

 Arm
*+  eꟷ                     Ar+ +  2eꟷ                                                       (2-3)  

 

The fast electrons generated close to the cathode dark space of sufficient energy can 

knock off an electron from an argon atom (Ar0) generating the argon ion (Ar+). The 

minimum electron energy required for this reaction to occur is the first ionization 

potential of argon, i.e., 15.76 eV. This ionization process is referred to as direct 

electron impact ionization (equation 2-1). The process contributes to the sustenance 

of plasma as it leads to electron multiplication thereby generating more argon ions that 

lead to more sputtering. 

 

The electron impact ionization can occur either in a single step, i.e., direct electron 

impact ionization or in two steps, i.e., two-step electron impact ionization.16 The latter 

process at first involves the generation of metastable argon (Arm
*) of 11.55 eV or 11.72 

eV, i.e., excitation of argon atoms at higher energy level (as shown in equation 2-2). 

The two-step electron impact ionization requires additional electron energy of 4.21 eV 

for its ionization (equation 2-3).   
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The collision of species in plasma depends on the mean free path, i.e., the average 

distance travelled by one species before colliding with other species. The mean free 

path decreases with higher pressure and depends on atom size and volume of the 

glow discharge cell.15 A more versatile term collisional cross section is used to indicate 

the probability or uncertainty of collision, where collisional cross section area (σ) is 

plotted against the function of electron velocity or energy. The higher energy means 

decrease in interaction time. The collision cross section area is dependent on the mass 

of colliding species, radius and polarizability.15 

 

The cross sections for direct and two-step electron impact ionization have maximum 

values in the range of  3x10-16 cm2 and 8x10-16 cm2 at about 80 and 10 eV, 

respectively.16 Beyond these values the residence time of electron around argon is 

reported to decrease, hence leading to decline in efficient ionization. Likewise, electron 

impact excitation reaches maximum of 1.6x10-16 cm2 at about 20 eV for lower excitation 

level of 11.55 eV.16  

 

B. Photoionization and excitation  

 

Similar to the electron impact ionization/excitation, other sufficient energy inputs like 

thermal or photon activation can also ionize or excite argon atoms. The glow discharge 

plasma is considered as a cold plasma, i.e., temperature of ions and neutrals is about 

300 K. Therefore, the ionization and excitation due to heat transfer is negligible. The 

photoionization cross section for argon is reported to have a threshold value of about 

15.8 eV, which corresponds to wavelength of about 800 Å.16 The cross section is 

maximum at about 3.7x10-17 cm2 and then decreases at higher energy.16   

 

C. Ionization and excitation of argon atoms due to fast argon species 

 

Ar0 + Arf
+                Arm

*+ Arf
+                                       (2-4) 

Ar0 + Arf
+                Ar+ + Arf

+ + eꟷ                                        (2-5) 

Ar0 + Arf
0                Arm

*+ Arf
0                                         (2-6) 

Ar0 + Arf
0                Ar+ + Arf

0 + eꟷ                                           (2-7) 
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As previously stated, the electric field near the cathode strongly repels electrons in 

front of cathode while strongly attracts fast argon ions towards the cathode. Such 

energetic argon ions (Arf
+) are responsible for excitation (as shown in equation 2-4) 

and ionization of other argon atoms (as shown in equation 2-5). This is also true in 

case of neutral fast argon atoms, Arf
0 (as shown in equation 2-6 and 2-7). For this 

process to come into existence, the voltage across the electrodes should be about 

100 volts.16 Furthermore, the importance of this process is believed to increase at 

voltage beyond 1000 volts where cross sectional values are maximum in the order of 

10-16 cm2.16 

 

D. Symmetric charge transfer 

 

Arf
+  +   Ars

0                Arf
0    +   Ars

+                           (2-8) 

 

The fast argon ions (Arf
+) can also collide to slow argon atoms (Ars

0) forming slow 

argon ions, Ars
+ (as shown in equation 2-8). Such ions are responsible for the 

sputtering of the cathode. During this process the number of electrons or ions does 

not increase. The kinetic energy of colliding species does not change.    

 

2.3.2 Ionization and excitation of sputtered atoms 

A. Electron impact ionization and excitation 

 

M0 + eꟷ               M+ +  2eꟷ                                                           (2-9) 

 

Similar to electron impact ionization of argon, sputtered atoms (M0) can also be ionized 

by the same process (as shown in equation 2-9). This requires bombardment of atoms 

with electrons with energy of at least first ionization potential of these atoms. The 

ionization cross section for all elements are reported to possess similar curves and 

hence considered to be a non-selective ionization process.16  
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B. Penning ionization 

 

M0 + Arm
*                M+ +  Ar0  + eꟷ                                      (2-10) 

 

Upon collision of sputtered atom with metastable argon, the energy transfer can lead 

to ionization of analyte atoms if the ionization potential of analyte atom is lower than 

the metastable energy of argon (equation 2-10). This process is considered to be 

dominant in low pressure discharge such as glow discharge mass spectrometry.16 

Except for a few elements in the periodic table most of the elements can be ionized 

by this process.16  

 

C. Asymmetric charge transfer 

 

M0 + Ar+                M+ +  Ar0                                                      (2-11) 

 

This is a very specific type of ionization process, which involves transfer of electron 

from the analyte atom to the argon ion (shown in equation 2-11). For this to happen, 

the energy difference between the argon ion ground state or metastable level and the 

energy level of resulting analyte ion should be sufficiently small, generally in the range 

of 0.02 ꟷ1 eV above or below the argon levels respectively.28 The efficiency of this 

process decreases at higher energy differences, although some work in the literature 

suggests this process to occur at higher energy differences close to 2 eV while is most 

effective in range of 0.1 ꟷ 0.4 eV.28 Steers and coworkers have demonstrated 

occurrence of asymmetric charge transfer between Ar+ and Cu29, Ar+ and Fe30, and 

between Ar+ and Ti.31 Recent work by Mushtaq et al. has demonstrated that addition 

of gases, such as oxygen and hydrogen, is found to be involved in asymmetric charge 

transfer.23, 27  

 

D. Charge transfer and ionization: formation of doubly charged ions 

 

Doubly charged ions occur in glow discharge plasma. However, population of double 

charge ions is more common for plasma gas with higher metastable energy, i.e., more 

common in neon plasma than in argon plasma.32 Mushtaq et al. found that elements 
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with the double ionization energy lower than that of first ionization energy of discharge 

gas are more likely to occur in doubly charged states due to charge transfer and 

ionization.32 Further, specifically for argon plasma, it is stated that it is only barium and 

radium doubly charged ions that can be produced by charge transfer and ionization.32 

 

2.3.3 Recombination in glow discharge plasma 

 

Ionization is the process by which ions are formed from neutral atoms, while 

recombination is the process by which positive ions reverses back to neutral atoms by 

coalescing with electrons. This process of recombination increases with increase in 

gas pressure. 

 

A. Three body collision 

 

X + Z  ⇌  XZ*                                                         (2-12a) 

XZ* + Y  ⇌ XZ + Y                                                 (2-12b) 

 

Law of conservation of momentum and energy does not support the two-body 

collision.15, 16 A third body is required to satisfy these laws where the wall of a glow 

discharge cell or any another particle in the plasma can be a third body. The third 

particle (Y) takes away the excess energy to satisfy the conservation laws. A general 

equation representing three-body collision is shown in equation 2-12a and 2-12b.33 

The rate constants of this process indicate that an electron is most efficient third body 

while a heavy particle such as gas atom slows down the process.16  

 

B. Two stage recombination  

 

 X0 + eꟷ                 Xꟷ                                                                      (2-13) 

Xꟷ +  X+                 X0 + X0                                                              (2-14) 

 

Firstly, an electron is captured by a neutral atom forming a negative ion (as shown in 

equation 2-13). As a last step, positive and negative ion collide with each other such 

that the electron is transferred from the negative atom to positive atoms thereby 
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forming two neutrals (as shown in equation 2-14). However, the likelihood of this type 

of recombination is negligible. The limiting factor is lack of sufficiently high affinity of 

an atom to the electron (equation 2-13). As argon does not easily participate in such 

reaction, the probability of formation of negative ion is negligible.16  

 

C. Dissociation  

 

A molecular ion can dissociate into products with certain kinetic and potential energy. 

This is a common process in glow discharge plasma as association of atoms lead to 

formation of molecular species. If such molecular species are close to the mass to 

charge ratio of analyte ion of interest, then it leads to challenges in identification of the 

analyte ion due to interference. Hence, dissociation in this case is helpful to reduce 

interference. 

 

2.3.4 Relaxation 

 

Relaxation is the inverse process to excitation. The excited states are unstable and 

return to ground state in one or several transitions where lifetime varies from 

nanoseconds to seconds. Each transition is associated with emission of a photon of 

certain energy which is generally in the visible range of 410 – 720 nm.16  
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2.4 Sputtering 

 

Sputtering is an atomization process during which sample atoms are ejected out of the 

cathode surface by bombardment of discharge gas ions or atoms with energy greater 

than 30 eV.11  The energy and momentum transfer by the impinging projectiles can 

spread in random directions among which some propagate back to the cathode 

surface and eventually lead to ejection of atoms. This may happen if the impact 

created by collision cascade is greater than the surface binding energy of an atom. It 

is understood that besides gas ions, gas atoms or matrix ions near the cathode dark 

space can also participate in the sputtering process. The atomization process is 

followed by subsequent excitation and/or ionization in plasma.   

 

2.4.1 Sputtering yield 

 

Sputtering yield denotes the sputtering efficiency and is defined as the number of 

atoms sputtered per incident projectile. For argon glow discharge, it is approximately 

0.1, which means for each ten argon ions hitting the sample surface, one atom of 

cathode is ejected.11 The sputtering yield is represented by equation 2-15.34 

 

𝑆

1+𝛾
=

0.0965∗𝑄

𝑀
                                 (2-15) 

 

Where S is sputtering yield, 𝛾 is number of secondary electrons released and Q is 

sputtering rate in µgs-1 and M is atomic mass of cathode. There are some factors that 

influence the sputtering yield, which are mentioned below. 

 

2.4.2 Factors affecting sputtering 

A. Discharge gas and mass of impinging ions 

 

The fact that mostly noble gases are used as discharge gas leads to higher sputtering 

yields as they do not react with the cathode. Further, discharge gases are also 

available in high purity. The sputtering yield is higher for materials with atomic mass 

close to that of the impinging projectile.11 
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B. Angle of incidence of impinging ions 

 

The sputtering yield continuously increases with angle of incidence and has highest 

values at about 60°- 80° relative to the cathode surface beyond which it drops.11 The 

rationale behind this is increase in probability of collision cascade to propagate 

towards cathode surface at angles below 90°. At higher angles, impinging ions are 

more likely to be reflected off the surface.  

 

C. Energy of impinging ions 

 

There is no sputtering until a certain energy of impinging ions, which is referred to as 

the threshold energy. Beyond this, sputtering yield is linearly dependent to the energy 

of impinging ions. The threshold energy required for sputtering to take place varies 

from one material to another, as surface binding energy should be exceeded which is 

material specific. Some literature suggest that a good estimate of surface binding 

energy depends on heat of sublimation and secondary electron yield.5 At very high 

energies such as several keV, the sputtering yield reaches a plateau which can be 

attributed to ion implantation.11  

 

D. Cathode material  

 

Besides heat of sublimation, the electrical conductivity of a material is important for 

the sputtering to occur. For direct current glow discharge mass spectrometry, 

insulators are not sputtered without use of secondary cathode. For transition elements, 

the sputtering yield is found to be correlated with d-orbital filling, where elements with 

filled d-shell sputter higher as compared to less filled elements.11 The d-shell filling is 

associated with decrease in atomic radii hence contributing to higher atomic density. 

The energy and momentum transfer to denser elements is expected to be slightly 

higher as compared to less dense atoms. Therefore, differential sputtering is likely for 

multi-elemental samples.11, 35  
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E. Temperature of the cathode   

 

The sample heating during glow discharge mass spectrometry operation can influence 

sputtering yield. The increase in sample temperature during the sputtering process 

can anneal the loosely bound atoms, thereby increasing the surface binding energy.11 

Likewise, volatile elements with lower heat of sublimation may evaporate out of the 

sample surface.36 Such elements can have variable sputtering rates.37 Furthermore, 

elements with low melting points, such as gallium, cannot be analysed without 

cryocooling due to heat generation during the sputtering process. Some GD 

instruments such as Astrum or VG9000 allow cryocooling possibility.38 The 

introduction of a new microsecond pulse GD supply of Element GD allows 

measurement of gallium without use of cryocooling.39 Lastly, elements with higher 

diffusion coefficient may enrich into the surface during sputtering due to elevated 

temperature.40  

 

2.4.3 Sputtering rate 

 

Sputtering rate describes the amount of sample material removed per unit time and 

hence reflects the sputtering yield at a particular set of conditions. Boumans34, 41 

described sputtering rate using equation 2-16.  

 

𝑄 = 𝐶𝑄 . 𝑖𝑔. (𝑉𝑔 − 𝑉0)                                                             (2-16) 

 

Where Q is sputtering rate, ig and Vg are discharge current and voltage, respectively. 

CQ is a material dependent sputtering constant with unit of µgW-1s-1 while V0 is 

threshold voltage below which there is no sputtering. The threshold voltage, V0 is 

described by equation 2-17. 

 

𝑉0 =
(𝑀1+𝑀2)2

4𝑀1𝑀2
𝑈0                                                   (2-17) 

 

Where M1 and M2 are the masses of impinging ion and cathode material, respectively, 

while U0 is the heat of sublimation.  
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For practical purpose, sputtering rate (Q) is related to sputtering yield (S) by following 

equation (2-18).34 

 

𝑆 =
10−6𝑄𝑁𝑒

𝑀
                                                   (2-18) 

 

Where N, e and M are Avogadro’s constant, electronic charge, and atomic mass of 

cathode respectively. 

 

GDMS operates in the abnormal discharge mode where, at a constant pressure, the 

increase in current leads to increase in voltage (Figure 2-1). The opposite, i.e., 

increase in voltage leads to increase in current, is also true. The non-linear behaviour 

of current-voltage curve as shown in Figure 2-4 is understood to be associated with 

sample heating in Element GD, which is normally observed at higher discharge gas 

pressures (Figure 2-4, left).42 Further, it may also be challenging to reproduce the 

same current-voltage behaviour, which may alter the sputtering rates.  

 

 

Figure 2-4: Current - Voltage relationship curve for continuous  dc-GDMS42 (left) and 

pulsed-dc-GDMS (right).43, reprinted form IOP publishing Copyright © 2008 and 

Efimova, V. PhD dissertation Copyright © 2011 Technische Universität Dresden with 

some modification respectively.  

 

Efimova et al. suggested that heat generation during sputtering process can be 

reduced by use of pulsed mode instead of continuous direct current.43 Although non-

linear behaviour is also seen with pulsed-dc-GDMS at higher discharge gas 
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pressure43, the degree of non-linearity is less with pulsed mode (Figure 2-4, right). 

Further, use of pulsed mode transmitted greater instantaneous power increasing the 

detection sensitivity.43 It is worth pointing out that slow-flow instruments (Astrum, 

VG9000) operate at much lower power (˂5 W) as compared to fast-flow instruments, 

which uses 30 ꟷ 50 W. The terms fast-flow and slow-flow are used after the discharge 

gas flow rates. The flow rates are in range of 300 ꟷ 500 ml/min for fast-flow instrument 

while it is about 3-order less for slow-flow instruments.  

 

Bogaerts et al. suggested that use of higher gas flow rates contributes to gas heating 

in Element GD as compared to VG9000.44 Kasik carried out voltage-current 

characteristics using VG9000, which is a slow flow instrument with cryocooling 

possibility.45 Although variation in voltage-current characteristics was observed with 

slow flow instruments, it is claimed that it is stable after some time as a result of liquid 

nitrogen cooling.45 Hence, there are two possible ways to reduce sample heating or 

any possibility of elemental evaporation or non-uniform sample sputtering, i.e., either 

by using pulsed operation mode at lower duty cycles or using instruments with 

cryocooling possibility.  

 

Besides sample heating, there are other factors that influence the sputtering rate. 

Further, Ferreira et al. demonstrated that there is redeposition of sputtered atoms 

where there is an equilibrium between sputtering and redeposition events.46 This 

determines the shape of the sputtered crater. Placement of masks with diameter less 

than that of tantalum front plate anode can reduce material redeposition in the 

circumference of the sputtered crater.47 Besides, an equipotential exists in front of the 

cathode which is influenced by glow discharge parameters. This equipotential can be 

changed by changing discharge conditions. Hence if voltage is continuously increased 

while keeping current constant, the crater shape changes from U-shape to W-shape 

(shown in Figure 2-5).48 Hence, it is possible to empirically determine the discharge 

conditions where homogenous sputtering can be attained. Pisonero et al. performed 

such experiments for Element GD49, and Bogaerts for VG9000.50  

 



 

20 
 

  

Figure 2-5: Evolution of crater profiles from U-shape to W-shape with change in 

voltage at fixed current (left panel) and change in current at fixed voltage (right panel), 

reprinted with permission from48 Copyright © 2004 Elsevier B.V.   
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CHAPTER 3 

Glow discharge mass spectrometry 
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Glow discharge mass spectrometry (GDMS) utilizes glow discharge plasma for 

cathodic sputtering and ionization of atoms in the plasma. Subsequently, ions 

are analysed based on their mass to charge ratio leading to multi-elemental 

characterization of the specimen under investigation. A typical mass 

spectrometer consists of an ionization source, mass analyzers and detectors. 

In addition, supporting systems such as sampler interface, ion optics, and 

pumping systems support the characterization of the ions (as shown in Table 3-

1). In this section, a brief overview is given about glow discharge mass 

spectrometry and its applications. 

 

Table 3-1: Different parts of a glow discharge mass spectrometer with their role 

(reprinted with modifications from39 Royal Society of Chemistry © 2015). 

Events 
Components of glow discharge mass 
spectrometer  

Solid sample introduction Sample introducing probe 

Atoms sputtered from sample surface 

Glow discharge plasma Ionization of sputtered atoms in GD-
plasma 

Sampling of ions from reduced pressure 
into higher vacuum 

Interface (sampler)/skimmer cones 

 

Acceleration, focusing and transmission of 
ions 

Lens system  

Mass to charge separation, directional and 
energy focusing 

Electrostatic and magnetic sector field 
analyzers 

 

Detection of ions Detectors  

 

3.1 Glow discharge operation modes 

 

The glow discharge sources can be operated in either direct current (dc), radio 

frequency (RF) or pulsed mode of either dc or RF. The dc mode is the simplest and 

most common mode of operation yielding stable ion population in plasma; particularly 
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slow-flow/low-power sector field glow discharge mass spectrometry (SF-GDMS) is 

known to be a robust tool with good reproducibility51. Table 3-2 presents a list of 

commercially available GDMS instruments with their features. The dc mode has 

current, voltage and pressure (or discharge gas flow rate) as discharge parameters. 

The main drawback of this mode of operation is the inability to measure non-

conductive samples directly as positive charge build-up due to arriving ions on the 

sample surface has no means to be neutralized by the flow of electrons.  

 

Table 3-2: Overview of the commercially available GDMS instruments with some of 

their features (reprinted from52 Copyright © 2019 ASM International®). 

Instrument Samples Power supply 
Mass 

analyzer 

Element GD Pin and flat 
Direct current and micro- 
pulsed direct current 

Sector field 

Autoconcept GD 90 Pin and flat 
Direct current and radio 
frequency 

Sector field 

Astrum Pin and flat Direct current Sector field 

Plasma profiling 
TOFMS 

Flat 
Radio frequency and pulsed 
radio frequency 

Time of 
flight 

Lumas 30 
Combined hollow 
cathode 

Pulsed direct current 
Time of 
flight 

 

On the contrary, RF mode can be used for direct analysis of non-conductive samples. 

RF mode uses alternating current typically at a frequency of 13.56 MHz. Hence, during 

each half cycle positive ions and electrons bombard the cathode surface alternatively. 

During negative half cycle, the positive charge build-up during positive half cycle is 

neutralized. In fact, higher mobility of the electrons as compared to positive ions yields 

negative self-bias over time allowing continuous sputtering53. Besides direct analysis 

of non-conductors, RF mode also generates molecular ions, hence allowing possibility 

to analyse polymers and organic materials54-56. The use of pulsed mode adds further 

variability in addition to classical discharge parameters (current, voltage and 

pressure). The pulse width and frequency are two additional parameters in pulsed 

mode43. This mode utilizes pulse duration generally applied in either millisecond or 

microsecond duration. The pulse mode generates higher voltage and current for the 

same average power as compared to continuous discharge, hence leading to higher 
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sputtering and intensity57-59. Further, the sample heating is reduced. Another 

advantage is the possibility of time-gated detection60, 61, allowing improved signal to 

noise ratio and reduction of interferences62.  

 

 

3.2 Glow discharge geometries 

 

For the generation of glow discharge, cathode and anode electrodes are required. The 

sample under investigation itself acts as the cathode. The property of the cathode 

influences the glow discharge plasma and sputtering. It is worth mentioning that the 

shape of the anode plays a key role in determining equipotential and influences the 

crater shape63. Moreover, the GD geometry determines and limits the form of sample 

that can be analysed. Further, the relative sensitivity factors are known to be glow 

discharge cell specific51, 64. The most common geometries65, 66 are presented in Figure 

3-1. The coaxial cathode geometry (Figure 3-1a) is a common geometry in commercial 

GDMS instruments allowing analysis of pin samples. This generally requires drilling or 

machining of samples into pin form. Further, this geometry does not allow depth 

profiling. The planar geometry (Figure 3-1b) is the simplest geometry for analysis of 

flat samples or disc samples. The Grimm-type cell geometry is a popular design 

available in commercial instruments. It was first invented by Grimm in 1967.67 In this 

geometry, the distance between cathode and anode is reduced, which leads to 

generation of confined (restricted) discharge due to cylindrical hollow anode (Figure 

3-1c). This configuration has a pumping system close to the sample, thereby reducing 

the redeposition of sputtered atoms. The virtue of the pumping system is the possibility 

to operate instruments using Grimm-type at higher pressures. Further, this feature 

allows homogenous sputtering under specific discharge conditions and, therefore, 

suited for depth profile analysis.68 There has been attempts to improve the crater 

shape, depth resolution and analytical sensitivity by modifying the original Grimm 

geometry.69-71  

 

Another popular GD geometry is the hollow-cathode, which consists of three planar 

cathodes placed close to each other such that the negative glow regions coalesce into 

a single negative glow.65, 66 In this way, the sputtering and ionization processes 

become more effective. Alternatively, the sample can be machined to follow a hollow 
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cathode (Figure 3-1d). The cylindrical hollow-cathode design (Figure 3-1e) is the most 

popular geometry among various hollow cathode designs. Here, the sample is placed 

towards the end of cylindrical cathodes. The hollow cathode plume (Figure 3-1f) allows 

sample placement at the end of a cylindrical tube with a small opening in the middle 

of the sample, thus allowing plasma being pushed through the orifice.65, 66 In recent 

years, studies have combined the Grimm cell and hollow cathode design, where the 

reconstructed geometry is termed as combined hollow cathode (CHC). The 

reconstructed geometry resulted into enhanced sensitivity for dielectric materials.72 A 

review article73 for the hollow cathode geometry and other original research articles 

using the commercially available instrument Lumas 30 (Table 3-2) are available.74, 75  

 

 

 

Figure 3-1: Diagrammatic representations of the various GD source configurations: 

(a) coaxial cathode, (b) planar diode, (c) Grimm-type source, (d) hollow-cathode lamp, 

(e) cylindrical hollow-cathode design, and (f) hollow-cathode plume (reprinted with 

modification from65 © 2017 Elsevier Ltd. All rights reserved). Blue spark in each figure 

represents glow discharge plasma.  
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3.3 Mass analyzers  

 

There is a wide range of analyzers, among which sector field mass analyzer and time 

of flight mass analyzer are available on current commercial instruments. In this 

section, sector field mass analyzers are presented. For other mass analyzers, readers 

are recommended to check the reference, Marcus and Broekaert et al.9 

 

3.3.1 Magnetic sector and double-focusing mass analyzers 

 

A magnetic sector analyzer utilizes magnetic field to disperse ions with different mass 

to charge ratio (m/z) across a focal plane. At first, the ions extracted from the ion 

source are accelerated into the magnetic sector by applying an acceleration voltage, 

V. The loss of potential energy for accelerating ions is equal to the gain in kinetic 

energy (KE) described by equation 3-1.  

 

𝐾𝐸 = z e V =
m 𝑣2

2
                                                                 (3-1)  

 

Here ‘‘z’’ is the charge number of an ion with mass ‘‘m’’ moving with a velocity ‘‘v’’. 

 

As the ions enter the sector, two forces act on them, a centripetal force, FM as a result 

of magnetic field that pulls the ion inward, while a centrifugal force, FC as a result of 

the acceleration voltage that pushes the ions outward (as shown in equation 3-2 and 

3-3 respectively).  

 

FM = B z e 𝑣                                                                  (3-2) 

 

F𝐶 =
m 𝑣2

r
                                                                                     (3-3)         

 

Here ‘‘B’’ and ‘‘r’’ are the magnetic field strength and the radius of the magnetic sector, 

respectively.  
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For any ion to pass through the magnetic sector (shown schematically in Figure 3-2), 

centripetal and centrifugal forces must be equal leading to following equation 3-4. 

 

 

𝐵 𝑧 𝑒 𝑣 =
𝑚𝑣2

𝑟
                                                               (3-4) 

 

 

Figure 3-2: Single focusing magnetic sector analyzer (reprinted with permission from9 

Copyright © 2003 John Wiley & Sons, Ltd). 

 

The equations 3-1 and 3-4 are rearranged after canceling out velocity to express it in 

terms of m/z as equation 3-5. Hence, mass spectrum with different m/z can be 

achieved by modifying one parameter while keeping other two variables constant. 

 

𝑚

𝑧
 = 

𝐵2 𝑟2 𝑒

2𝑉
                                                                      (3-5) 

 

It is worth mentioning that the magnetic sector does not correct for the velocity 

distribution prior to acceleration of ions. Hence, ions with same mass but different 

velocity will have different ‘‘r’’. This leads to the broadening of peaks and poor 

resolution. Hence a double focusing mass analyzer with electrostatic sector prior to 

the magnetic sector is needed to correct for the velocity spread. A schematic view of 

the double focusing analyzer i.e., electrostatic analyzer and magnetic sector analyzer 

are shown in Figure 3-3.  
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Figure 3-3: Double focusing analyzer- electrostatic analyzer and magnetic sector 

analyzer coupled in Neir-Johnson geometry (reprinted with permission from9 Copyright 

© 2003 John Wiley & Sons, Ltd). 

 

An ion entering an electrostatic field of strength E can pass through an electrostatic 

sector of radius r if the electrostatic force is equal to the centrifugal force expressed 

as equation 3-6. 

 

𝑚 𝑣2

𝑟
= 𝑒 𝑧 𝐸                                                                     (3-6) 

 

Here, the ions are focused for their energy regardless of their velocity and then the 

magnetic sector focuses ions in terms of m/z ratio, thereby leading to better resolved 

peaks.  
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3.4 Quantification approaches in GDMS 

There are either semi-quantitative or quantitative approaches in GDMS. The 

merits and drawbacks of these approaches are introduced shortly. 

 

3.4.1 Ion beam ratio 

The ion beam ratio is a semi-quantitative approach, which considers the ratio of 

the abundance corrected analyte intensity with respect to abundance corrected 

matrix intensity (equation 3-7). This is referred to as the abundance corrected 

ion beam ratio (IBRX/M). Here, CX/M is the mass fraction of element/isotope x 

present in matrix M, while Ixi, Axi and IMi, AMi represent the intensity and natural 

abundance of analyte and matrix, respectively. This approach of quantification 

does not consider the matrix effect and processes occurring in the plasma. 

Therefore, this approach results into high uncertainty76 and is less used. 

 

𝐶𝑋/𝑀 =
𝐼𝑋𝑖

𝐼𝑀𝑖
×

𝐴𝑀𝑖

𝐴𝑋𝑖
= 𝐼𝐵𝑅𝑋/𝑀                                           (3-7) 

 

3.4.2 Calibrated materials and relative sensitivity factors 

 

To reduce the uncertainty caused by the variation due to sputtering, diffusion, 

ionization, transmission, and detection of ion species, use of standards is 

necessary.77 As discharge condition is one of the fundamental factors affecting 

each of these processes, same operating conditions should be used. Further, 

discharge gas, the GD ion source and similar matrix composition of standards 

should be considered. Thus, a correction factor termed as relative sensitivity 

factor (RSF) is multiplied to the abundance corrected ion beam ratio considering 

all the events explained above as incorporated into equation 3-8. 

 

𝐶𝑋/𝑀 =
𝐼𝑋𝑖

𝐼𝑀𝑖
×

𝐴𝑀𝑖

𝐴𝑋𝑖
× 𝑅𝑆𝐹𝑋/𝑀 = 𝐼𝐵𝑅𝑋/𝑀 × 𝑅𝑆𝐹𝑋/𝑀            (3-8) 

RSFX/M represents the relative sensitivity factor of a specific analyte x present in 

a specific matrix M. RSFs are estimated mathematically as inverse of the slope 

of calibration curve IBRX′/M′ versus mass fraction CX′/M′ (equation 3-9). The ion 
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beam ratio IBRX′/M′ is generated by measurement of calibrated reference 

material (CRM), reference material (RM) or synthetic standards by GDMS. CX′/M′ 

is the reported value in the certificate of CRM during its procurement and is 

usually certified by a range of different analytical techniques. Most of the values 

in RM are determined by measurements based on other complimentary 

analytical techniques, which in turn are calibrated by other certified materials. 

 

𝑅𝑆𝐹𝑋/𝑀 =
𝐶𝑋′/𝑀′

𝐼𝐵𝑅𝑋′/𝑀′
                                                        (3-9) 

It is important to emphasize that multiple calibrated materials are recommended 

to determine RSFs. However, alternatively, on limited availability of calibrated 

materials, RSFs are calculated based on single calibrated material with origin 

(zero intercept) as a second point.78 The latter approach can be used as high 

resolution GDMS instrument usually generates low blank values due to virtually 

no detector background and minimal memory effects (except for gaseous 

elements). There could be deviations from this as linear calibration curve using 

multiple synthetic standards result into an intercept.79 Nevertheless, due to 

limited availability of CRM and RM, particularly in µg/kg level, and unsuitability 

of preparing synthetic standards, a linear curve passing through origin is widely 

expected/assumed. 

 

3.4.3 Standard relative sensitivity factors 

 

To compensate the problem of limited availability of CRM, RM or synthetic 

standards, semi-quantitative approach of quantifying with standard RSF 

(stdRSFX) can also be adopted (equation 3-10). The standard RSF values 

represent a set of universal RSFs values derived from measurements of CRM 

and RM of various matrices. The standard RSF values are normalized to iron. 

Iron is used as a reference point as it is certified in almost all CRMs and RMs. 

Certified materials are known to contain iron as a major, minor or trace impurity 

element. The uncertainty associated with this approach is less as compared to 

that of the ion beam ratio approach.76 
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𝑠𝑡𝑑𝑅𝑆𝐹𝑋 =
𝑅𝑆𝐹𝑋/𝑀

𝑅𝑆𝐹𝐹𝑒/𝑀
=

𝐼𝐹𝑒

𝐼𝑋
×

𝐶𝑋′/𝑀′

𝐶𝐹𝑒′/𝑀′
                                (3-10) 

 

where stdRSFX is a standard RSF of an element/isotope x. RSFX/M and RSFFe/M 

represent RSF of element/isotope x and Fe in matrix M, respectively. IFe and IX 

refer to the abundance corrected intensity of iron and isotope of interest 

respectively. CX′/M′ and CFe′/M′ represent the mass fraction of a trace 

element/isotope x and iron present in matrix M, respectively.  
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3.5 Applications 

In general, glow discharge mass spectrometry offers two major applications, bulk 

analysis and depth profiling. Both applications are presented below.  

 

3.5.1 Bulk analysis 

 

The prerequisite for bulk analysis is sufficiently homogenous sample material with 

evenly distributed impurities. Besides homogeneity, signal stability is also important. 

Prior to data acquisition, it is usually recommended to test homogeneity and signal 

stability. Further, cleaning of the sample surface by use of etchants and pre-sputtering 

is a common practice for removal of surface contamination. After this is assured, bulk 

data analysis is acquired. Literature review of bulk analysis of metals, semiconductors, 

powders, non-conductive samples are briefly mentioned.  

 

A. Metals 

 

Sector field glow discharge mass spectrometry provides wide dynamic range with 

detection limits down to sub-ppb levels and provides possibility of accurate 

quantification after RSFs are used. This makes it suitable for industrial quality control 

applications of high purity metals and reference materials where multielement 

characterization is desired.80, 81 Likewise, GDMS is also used for characterization of 

precious metals.82, 83  

 

For accurate quantification, relative sensitivity factors are available for aluminum and 

magnesium84, copper85-87, zinc76, 85. Moreover, considering limited availability of CRMs 

and RMs, matrix independent calibration approaches are also investigated.88-90 

Therefore, GDMS can be a method of choice where finding appropriate reference 

material is a problem, e.g. in LA-ICPMS or SIMS analysis.91 Further round-robin 

analysis are available for some metals, for instance aluminum51 and copper.64 

Likewise, comparison of copper analysis with several other techniques such as ICP-

OES, ICP-MS, spark source etc. is available.92   
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B. Bulk analysis for solar cell silicon applications 

 

GDMS bulk analysis is widely used for photovoltaic applications. There are several 

publications reporting the decrease of solar cell efficiency in the presence of impurity 

elements in the range of few ppb to several ppb.93-95 The ability of sector field GDMS 

to detect impurities in this range allows quality control of feedstock material, crucible, 

and coating materials used for making silicon ingots. Di Sabatino et al. have measured 

limits of detection96 for solar cell silicon application and RSF determination for flat 

shaped samples using Element GD.78 This was performed for p- and n- type doped 

silicon ingots. Further, Zhang et al. determined RSF using a different approach.97 For 

this silicon powders with various impurity content were used to generate silicon tablets, 

which were analysed by Element GD.  

 

C. Powders 

 

Powders as such cannot be analysed directly. It should be processed into a different 

form that can be accommodated into the GDMS, i.e., pin83, 98 or discs.99, 100 

Alternatively, it could be pressed or placed onto a mechanical support such as metal 

sheets101, 102 or comb/spoon, respectively. If the amount of sample powder is not 

sufficient for processing into a measurable sample form, then pure powder can be 

used in different proportions as filler material.9 However, use of filler material 

introduces other analytical variables which could influence the mechanical stability or 

effectiveness of final material analysis. For instance, different ratios of analyte to host 

powder mixture can lead to changes in sputtering rate.9 For analysis of powders where 

limit of detection is critical, cleaner filler material is the obvious choice. Recently in 

2019, Dong et al. developed a porous cage carrier method for analysis of soil samples 

in pin geometry.103 The authors used tantalum sheets of 5N purity to make a carrier 

with a circular cross-sectional area in the range from 20 to 38 mm2, length from 15 to 

17 mm and diameter of hole size from 1.5 mm to 2.0 mm.  

 

D. Non-conductive samples 

 

Non-conductive samples should be analysed by either RF-GDMS or their conductivity 

should be sufficiently increased so that the charge build-up during sputtering process 
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is neutralized. Milton and Hutton developed the secondary cathode approach, where 

a conductive mask is placed over the sample material to be analysed.104 In this 

approach during the sputtering process, a conductive film is produced above the non-

conductive sample which then sustains the sputtering process.104 This approach is 

successfully applied for analysis of nuclear samples.105, 106 Qian et al. demonstrated 

that coating at the sample surface is also a suitable approach to analyse non-

conductive sample.107  

 

3.5.2 Depth profiling 

 

Depth profiling allows measuring the change in concentration as function of the sample 

depth. It is an approach particularly recommend for inhomogeneous or layered 

materials. For obtaining an optimum depth profile, the shape of the crater is important. 

This should be preferably with flat bottom and steep walls perpendicular to the surface. 

Crater shape is demonstrated to be related with operational parameters such as 

current, voltage and pressure, which can be changed empirically to obtain optimum 

crater with flat bottom.48, 50 These parameters are understood to influence the 

equipotential in front of the sample material being sputtered which can be changed by 

changing the discharge parameters.48  

 

For obtaining optimum depth resolution, besides the crater shape, the crater 

roughness at the bottom plays a crucial role. Roughness can depend on several 

parameters such as indentations due to impinging ions108, differences in sputtering 

yield of one element compared to other.11  

 

It is generally agreed that RF-TOF-GDMS is better than sector field GDMS for depth 

profiling if low detection limits are not required. The major reason is that SF-GDMS 

uses sequential detection which is slow.  TOF analyzers which are fast allow acquiring 

a full spectrum quasi-simultaneously. PP-TOF-GDMS introduced by Horiba Scientific 

in 2014 allows RF- and pulsed mode. There are several works reported for analysis of 

thin (10-100 nm) and ultrathin (˂10 nm) layers, as reported in references given 

here.109, 110 Likewise, in 2020, using µs-pulsed dc-combined hollow cathode GD 

geometry coupled with TOF mass analyzer, Gubal et al. profiled impurity content in 
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both dielectric and conductive samples.111 Despite all of its advantages, a major 

limitation is that GDMS instruments relying on TOF analyzers provide detection limit 

in ppm level as compared to sector field instruments which can detect up to sub-ppb 

levels. There are in-house GDMS instruments using quadrupole as mass analyzer 

which is also regarded as fast analyzer as compared to sector field. Depth profiling 

using quadrupole based instruments is performed for ion implanted sample112 and 

hard coatings.113  

 

Despite of the limitations of slow data acquisition, sector field GDMS is still preferred 

for applications such as solar cell research, where sub-ppb levels of impurity detection 

is desired. Di Sabatino et al. used Element GD for profiling impurities present in silicon 

analysing several trace impurities at ppb-levels.114 Further, using the same instrument 

copper diffusion in silicon substrate was profiled.40 Other relevant works using sector 

field GDMS include profiling of elements in nickel-based superalloys115 and profiling 

of aluminide coatings.116, 117  
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3.6 Glow discharge mass spectrometry as compared to other 

techniques 

 

Solid sampling analytical techniques allow direct measurement of solid samples. Such 

techniques have clear advantages over other techniques, which require dissolving of 

solid samples into liquid form for instance, inductively coupled plasma mass 

spectrometry (ICP-MS). The sample dissolution may lead to analyte loss and may be 

a source of undesired contamination. Based on excitation source, in general solid 

sampling techniques can be classified as electron probe, X-ray probe, laser probe, ion 

probe, and plasma-based methods.9  

 

The electron probe methods such as Auger electron spectroscopy (AES) and electron 

probe micro analyzer (EPMA) use high-energy electrons of tens of kilovolts for 

analysing samples. The impinging of electrons into sample surface results in 

generation of Auger electrons and characteristic X-rays, respectively. AES offers the 

advantage of excellent lateral and spatial resolution (~ 10 nm), provides high-

resolution elemental maps, and can be used for depth profiling of top layers (˂10 nm). 

The major drawback is that the detection limits are in order of percent. EPMA can 

measure elements up to several ppm but is essentially a bulk analytical technique.118 

 

An X-ray probe method, which is complimentary to AES, is X-ray photoelectron 

spectroscopy (XPS). XPS has less sample charging issue, generates better signal to 

noise ratio and can analyse insulating materials and does less damage to the sample 

surface as compared to AES.119 It can provide chemical bonding information and has 

comparable detection limit as AES. In terms of detection limits, X-ray fluorescence 

spectrometry can detect in order of 10-50 ppm.   

 

In terms of detection limits, the instruments that can come close to GDMS are laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and secondary 

ion mass spectrometry (SIMS). LA-ICP-MS uses short pulse high power laser beam 

to evaporate a sample in an inert gas at atmospheric pressure. Generated aerosol is 

flushed by carrier gas into the ICP-MS where it is vaporized, atomized and ionized. 

The fact that atomization and ionization are separated in space and time makes it 
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possible to use matrix independent calibration approach for quantification. SIMS 

utilizes a focused ion beam to sputter the sample. Due to complex physical processes 

of ionization and sputtering, generally SIMS requires use of matrix matched  standards 

in contrary to GDMS where  non-matrix matched standards is much more 

established.90 Another technique is sputtered neutral mass spectrometry (SNMS), 

which uses laser or electron induced ionization of sputtered atoms. Hence, this 

technique suffers less problem as compared to SIMS for producing specific matrix 

matched standards close to sample composition. The other major drawback of SIMS 

is the need of ultra-high vacuum as the probing ions are often scattered. Therefore, 

poor vacuum conditions lead to reduced signal to noise ratio and also requires longer 

analysis time. The virtue of SIMS is excellent lateral and depth resolution. LA-ICP-MS 

also provides good lateral and depth resolution, however, suffers problem with 

accuracy and precision. The reason being the aerosol generation and transport is not 

fully reproducible. Further, generation and transport of aerosol is dependent on 

aerosol particle size hence contributing to strong matrix effects.91  The major drawback 

of GDMS as compared to LA-ICP-MS and SIMS is poor lateral resolution. Further, 

both LA-ICP-MS and SIMS/SNMS are also popular for analysing complex matrices 

such as biological samples.120-123  A comparison of the various characteristics of 

GDMS, LA-ICP-MS and SIMS/SNMS are presented in Table 3-3. 

 

The other plasma-based technique besides GDMS is glow discharge optical emission 

spectroscopy (GDOES), which is an established depth profiling technique with wide 

applications but it can only detect down to ppm level.9 The spark and arc based glow 

discharge are sensitive techniques mainly used for bulk analysis but are understood 

to be erratic in terms of reproducibility.9 
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Table 3-3 Comparison of various features of GDMS, LA-ICP-MS and SIMS/SNMS 

(reprinted with permission from91 © The Royal Society of Chemistry 2009). 
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CHAPTER 4 

Astrum GDMS 
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4.1 Introduction   

 

Astrum glow discharge mass spectrometer was first introduced in 2010. It has low 

pressure ion source similar to VG9000 and offers cryocooling possibility. The mass 

spectrometer has double focusing mass analyzers, i.e., electrostatic analyzer and 

magnetic analyzer coupled in Neir-Johnson geometry (schematically shown in Figure 

4-1). The dual detection system with Faraday cup and electron multiplier covers wide 

dynamic range from percentage down to sup-ppb level of concentration. The 

instrument has operator definable, software driven variable source and collector slit 

assembly that offers resolving power in range of 300 to 10,000.124 There are two valves 

among which first valve separates sample loading and glow discharge chamber. The 

second valve separates glow discharge chamber from the transfer region of the mass 

spectrometer. A rotary pump evacuates the sample-loading chamber while turbo-

molecular pumps backed up by rotary pump evacuate the glow discharge chamber 

and transfer region. The sample exchange is an efficient process requiring about 2-3 

minutes including the venting and pumping of sample loading chamber. 

 

 

Figure 4-1: Schematic view of Astrum GDMS (reprinted from124 © Nu Instruments UK, 

System Manual, Issue 1.1.1).  
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4.2 Operation of glow discharge 

 

Astrum GDMS is powered by continuous direct current. For this type of instrument 

glow discharge current, voltage and discharge gas flow rate are the operating 

parameters. Astrum GDMS allows current, and voltage input up to 8 mA and 2 kV, 

respectively. The rate of discharge gas flow depends on the type of geometry used, 

glow discharge current and voltage setting desired as well as on the material property, 

e.g., the electrical conductivity of the sample. The typical flow rates fall within the range 

of 0.2 – 0.8 ml/min for standard operating conditions of 2 mA,1 kV with pin geometry 

requiring slightly higher flow rate as compared to flat geometry.  

 

Among three GD parameters (current, voltage and discharge gas flow) only 

combination of two can be controlled independently, i.e., current and discharge gas 

flow or voltage and discharge gas flow. The third parameter (voltage or current 

respectively) are dependent. Once two independent parameters are setup into the 

glow discharge software setting, the dependent parameter results as a readback 

value. However, the upper limit of the dependent parameter (third parameter) should 

also be defined in the software setting, which may slightly fluctuate, i.e., voltage in 

constant current mode (current and discharge gas flow independent) and current in 

constant voltage mode (voltage and discharge gas flow independent). The ions 

generated in the proximity of the cell exit orifice are extracted and consequently 

accelerated by voltage of about 6 kV towards the mass analyzer.  
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4.3 Tuning of the Astrum GDMS 

 

The ion trajectories and beam shape are not well defined after extraction from the glow 

discharge cell. A series of ion optics lenses referred to as source lens stack (source 

V1 and source H1) and transfer lens stack (transfer H1 and H2, transfer V1 and V2, 

transfer horizontal and vertical lenses) are placed (shown in Figure 4-2) to focus and 

shape the ion beam at various stages of the mass spectrometer. The series of 

horizontal and vertical lenses orient the ion beam horizontally and vertically, where the 

aim is to supply optimum ion beam shape with maximum transmission onto the source 

slit. A rectangular beam is preferred over circular beam for maximum transmission.124 

The input values to the lenses are user defined through software. After the adjustable 

source slit, the ion beam is shaped by ion optic element Ent H1 before entering the 

electrostatic analyzer.  

 

Figure 4-2: Schematic representation of beam path of Astrum GDMS (reprinted with 

modifications from124 © Nu Instruments UK, System Manual, Issue 1.1.1). 

 

The electrostatic analyzer section consists of an electrostatic analyzer (ESA) and fixed 

apertures. A flight tube section between the ESA and the magnet consists of an 

octupole. The magnet section consists of two quadrupoles referred to as Quad 1 and 

Quad 2 before and after the magnetic sector and the lenses deflector 1 and deflector 

2 after each quadrupole. The collector chamber consists of adjustable collector slit 

and finally the detector chamber consisting of a Faraday cup, electron multiplier, 

deflector lenses, retardation filter and lens assembly.  
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The ion peak shape is important for the resolution. The ESA corrects for the ion energy 

spread particularly by removing low energy ions that appears at low mass side of a 

peak hence allowing only a narrow range of ions to pass through the ESA. Additionally, 

through the software it is possible to correct for the ion beam curvature and rotation in 

the octupole setting. The magnet is calibrated for various masses, i.e., 12C+, (40Ar)2+, 

36Ar+, (40Ar)2
+, (40Ar)3

+, 181Ta+, 181Ta+ 40Ar+ using tantalum matrix where each of these 

species can be adjusted for their specific quadrupole 2 (Quad 2) value. In general, 

both Quad 1 and Quad 2 values determine the final peak shape. However, in practice 

Quad 1 is kept fixed and is instrument specific while Quad 2 is adjusted for ion peak 

shape.  

 

The ion beam enters the magnetic sector where ions are separated based on their 

mass to charge ratio. The ion with lighter m/z has larger deflection. The ion with 

specific mass to charge ratio are selected by the magnetic field. This follows diversion 

of ion towards the detectors after exiting the magnetic sector. This feature of magnetic 

sector makes it a sequential analyzer. The magnet can work in the range of 1 to 300 

m/z.  

 

The deflector lens setting directs the ion beam either to the Faraday cup or to the 

secondary electron multiplier where values are observed to be about + 3 V and -162 

V, respectively. The electron multiplier measures intensities less than 2 x 106 counts 

per second (cps) or 3.2 x 10-13 A as 1 cps is equivalent to 1.6 x 10-19 A. Hence, Faraday 

cup is used for ions with intensity above 3.2 x 10-13 A. Both detectors, the Faraday cup 

and the electron multiplier, must be cross calibrated. The ion count efficiency (ICE) is 

calculated based on signal of 180Ta+ and 181Ta+, which are detected by electron 

multiplier and Faraday cup, respectively. This ratio of intensities is typically observed 

to be over 75%, which is inserted to the instrument method and is automatically taken 

into consideration during concentration determination of impurity elements. The ICE 

has to be measured regularly as its value may reduce over time due to degradation of 

electron multiplier. The voltage of Multiplier HT in the instrument setting is increased 

to compensate for the decline in ICE. 
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Besides, the retardation filter and lens assembly have voltages below 6 kV and 4.6 

kV, respectively. These values are acceleration and extraction potential respectively. 

This assembly corrects for the abundance sensitivity which affects accuracy and 

precision of low intensity peaks for instance in the mass range of high intensity peak 

or matrix signal. There are also settings (IC-Disc) for reducing the instrument noise so 

that the detection sensitivity can be improved.  

 

 

4.4 Glow discharge cell and sample holder 

 

Astrum uses slow-flow/low-power glow discharge cell similar to VG9000. Two different 

geometries of GD cell each for flat and pin sample analysis are presented in Figure 4-

3. Powder samples can also be analysed by Astrum either by pressing it against a 

high purity metal sheet to be analysed in flat geometry or by producing pins and thus 

to be analysed in pin geometry.  

 

Figure 4-3: Images of flat (left) and pin (right) glow discharge cell geometry of Astrum 

GDMS, respectively. 

 

The sample holder for analysis of flat and pin samples are presented as Figure 4-4. 

The main body of the discharge cell that is exposed to plasma is made up of tantalum. 

Insulator alumina ceramics are placed to separate cathode and anode part of the glow 

discharge cell. For analysis of different matrices, it is recommended to use different 
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sets of GD cell and the sample holders. The tantalum parts of the GD cell and sample 

holders can be etch cleaned firstly with hydrogen fluoride followed by heating up of 

tantalum parts at 80 °C in aqua-regia (1:3 ratio of nitric acid to hydrochloric acid) and 

rinsing with deionized water.  

 

 

Figure 4-4: Images of flat (left) and pin (right) sample holders for of Astrum GDMS, 

respectively. 

 

Similarly, for trace elemental analysis it is recommended to clean etch tantalum parts 

of source lens stack. The tantalum parts are presented in Figure 4-5.  

 

 

Figure 4-5: Schematic view of source lens stack (left) and image of tantalum parts of 

source lens stack that can be etched (right), respectively (reprinted from124, © Nu 

Instruments UK, System Manual, Issue 1.1.1).  
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5.1 Paper I: Tantalum pin analysis 

 

Astrum GDMS is a new instrument with only few works published.32, 125 Further, until 

results from this PhD thesis were published there were no data presenting relative 

sensitivity factors or approaches to measure them in a systematic way using Astrum 

GDMS. This work allowed to set up a necessary foundation for measurement of RSFs 

for other matrices presented in this thesis.  

 

Relative sensitivity factors depend on several variables, for instance glow discharge 

cell geometry, shape of anode, boundary conditions such as sample holder and 

diameter of anode front plate, and matrix composition. Further, RSFs are strongly 

influenced by glow discharge parameters, referred to as glow discharge current,             

-voltage and -gas flow. Given the limited data regarding glow discharge operational 

parameters for Astrum GDMS, it was important to study the influence of discharge 

parameters for change in concentration of impurities, while keeping all other 

parameters described above constant. Further, a novel approach of relating change 

in concentration of elements to their absolute intensity and that of discharge gas as a 

function of change in discharge parameters is discussed. Therefore, an experimental 

setup was designed where a sufficiently homogenous tantalum pin sample of ˃ 99.95% 

purity was chosen. The sample was screened for the entire periodic table for signal 

stability based on which sodium, silicon, phosphorous, niobium, tantalum, oxygen and 

argon were found to be stable and, hence, suitable for further analysis. To ensure that 

the change in concentration and absolute intensity of impurity elements are solely due 

to influence of discharge parameters, the stability of the same set of elements was 

tested again. The stable signal confirms that the change in concentration/absolute 

intensity is due to influence of change in discharge parameters.  

 

The results of the study indicate that the changes in concentration of impurity elements 

depend on unequal changes in absolute intensity of impurity elements to that of matrix 

ion (tantalum) signal. Remarkably, the concentration and absolute intensity changes 

of silicon and phosphorus in the range of 0.5 – 5 mA at 1 kV and 3 mA at 0.6 – 1.5 kV 

demonstrated similar trend to that of oxygen in similar current and voltage setting. This 
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indicates the likelihood of phosphorus and silicon being predominantly ionized by 

electron impact as oxygen can only be ionized by electron impact. This can be 

explained through the relatively high first ionization energy of silicon (8.15 eV) and 

phosphorous (10.49 eV). The change of the absolute intensity of argon is also 

consistent with this finding. The change in ion beam ratio of argon, carbon and nitrogen 

agrees with the quantification changes of oxygen.  

 

The concentration changes of sodium and niobium do not exhibit the same trend as 

for silicon and phosphorous. Sodium is negatively correlated to argon and oxygen at 

changing current, while niobium is negatively correlated to argon and has low positive 

correlation with oxygen. Hence, the ionization pattern of these two elements (Na and 

Nb) is likely to be different. The low first ionization energy of sodium (5.14 eV) might 

indicate the dominance of Penning ionization over electron impact. Niobium and 

tantalum share similar first ionization energy and its negative correlation with argon 

and oxygen seems to indicate that niobium and tantalum might ionize by similar 

ionization mechanism, predominantly Penning ionization. A similar study, published 

around the same time using Element GD, suggested that the change in concentration 

of elements with change in discharge condition can be linked to differences in atomic 

masses of ions.88 Nevertheless, it is clear from the study that measuring of absolute 

intensity of elements and matrix ion as well as plotting of intensity of discharge gas 

can provide useful hints on ionization mechanisms of some elements. Interestingly, 

the correlation study indicates that changing the voltage do not influence signal of 

elements as compared to changing current, as all elements have high correlation value 

of ˃ 0.8. Hence, keeping constant current is most likely the best approach for this type 

of analysis.   

 

The internal reproducibility as a result of repetitive measurements in a single analysis 

was about ~5%. The external reproducibility as a result of sample exchange was           

˂ 10% for most discharge settings. Further, at low discharge gas flow close to 0.2 

ml/min, particularly for phosphorus, the external reproducibility was higher than 10%.  
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5.2 Paper II: Silicon powder analysis 

 

Paper II builds-up on the findings of paper I and is an extension of the work using a 

different sample form (powder) and matrix (silicon) analysed in a flat cell geometry. In 

this work, RSFs are calculated, and this is crucial for accurate measurement of 

impurities in silicon powders. 

 

Before the measurements were done, stability of most of elements were ensured using 

indium sheet for mechanical support of silicon powders. Relevant impurity elements 

for solar cell silicon application were selected for optimization of discharge condition 

before RSFs were determined. For this, elements such as boron, phosphorous, cobalt, 

aluminum, iron, chromium, and copper were subjected to a much wider range of 

current and voltage setting (1 – 3.5 mA, 1 – 1.4 kV) using similar concept as in Paper 

I to study the change in concentration and intensity of impurity elements. The 

concentration of elements varies as a function of change in discharge setting, 

however, is largely unchanged for most of the elements in the range of 2 – 3 mA, 1.2 

– 1.4 kV.  Change in quantification and intensity of argon and oxygen is carried out in 

glow discharge current and voltage range of 1 – 5 mA and 1.2 – 1.6 kV to study if 

plotting of discharge parameters could be helpful for selecting optimum discharge 

condition for measuring RSFs.  

 

The results demonstrate that the change in argon quantification is more or less 

unchanged in discharge setting of 2 – 3 mA and 1.2 – 1.4 kV. Further, beyond 3 mA 

in the range of 1.2 – 1.6 kV, argon quantification steadily increases while up to 2 mA 

in the same voltage range it is slightly decreasing. As concentration of impurity 

elements or argon is calculated in reference to silicon (matrix element), it is likely that 

in 2 – 3 mA and 1.2 – 1.4 kV all of the elements are ionized in a similar manner. As 

argon has much higher first ionization as compared to other elements, increase in 

power at higher discharge condition is a plausible explanation to the increase in 

quantification beyond 3 mA in 1.2 – 1.6 kV range. The slight decrease in argon 

quantification until 2 mA can possibly be related to increase in sputtering rate, thereby 

increasing the population of silicon ions. In addition, to check if this observation is 

consistent, a silicon sample was analysed in same geometry as was used for silicon 
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powder, i.e., flat geometry. Indeed, both oxygen and argon show the same trend. 

Therefore, at least for silicon matrix, it would be reasonable to state that measuring 

quantification of discharge gas or other elements that ionizes by electron impact can 

assist to determine the optimum discharge condition where concentration remains 

more or less unchanged. Similar work on other matrices should be carried to 

generalize this finding. Further, the discharge condition (2.3 mA, 0.7 kV) for obtaining 

optimum crater in silicon flat sample was considered before selecting optimum 

discharge condition for RSFs. Hence, 2.3 mA, 1.2 kV was selected to determine RSFs, 

which lies within discharge condition of 2 – 3 mA, 1.2 – 1.4 kV. 

 

The RSFs were determined for 16 elements using silicon 57b certified powder and 

verified using certified values of 195 silicon powder both procured from National 

Institute of Standards and Technology (NIST, Maryland, USA). A maximum error of 

about 20 % (except calcium) was obtained for RSFs determination. Inductively 

coupled plasma mass spectrometry (ICP-MS) was carried out to validate the RSFs. 

Sample weight of 25 – 35 mg was used for ICP-MS analysis. The ICP-MS result 

suggested that the calcium value is 3-fold less than what is reported for silicon 57b 

powder in NIST certificate. When the reference value of calcium determined by ICP-

MS is used the uncertainty value drop from ~80 % to ~10%. The reproducibility of 

RSFs was determined in a period of about nine months and was comparable for all 

elements, except phosphorous, niobium and tungsten. The differences in argon flow 

rates when measured second time, as well as variation in diffusion of heavy elements 

(Nb, W) could potentially be the reason for such variation in RSFs. 

 

The measurement of indium to silicon ratio suggested that the sputtering rate of indium 

increases linearly with the discharge condition. This indicates that covering of indium 

sheet as much as possible with silicon powder would help to supress the indium signal. 

However, it should be noted that the increase of amount of powder can lead to 

problems in the plasma sustenance due to powder sliding in between ceramics and 

tantalum front plate.  
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5.3 Paper III: Tantalum flat sample sputtering and roughness 

 

Paper I dealt with designing experimental setup for optimization of glow discharge 

condition. In Paper II, this knowledge was used for finding optimum glow discharge 

condition for RSFs determination for silicon powder. Hence, the first two papers 

contributed to bulk analysis application of Astrum GDMS. Paper III presents the 

groundwork required prior to performing depth profile analysis, which is another 

application of GDMS besides bulk analysis.  

 

The prerequisite for depth profiling is to obtain flat craters with low roughness. While 

the approach for obtaining flat craters using other types of dc-GDMS, such as Element 

GD or VG9000, is readily available, there was no published literature for optimization 

of crater shapes using Astrum GDMS. Hence, this work provides as many as 5 

discharge conditions leading to generation of flat craters in tantalum samples: (i) 2 mA, 

0.6 kV; (ii) 2.3 mA, 0.7 kV; (iii) 3 mA, 0.8 kV; (iv) 4 mA, 0.9 kV and (v) 5 mA, 1 kV. 

Further, voltage to current ratio in the range of 0.2 - 0.35 kV/mA is found to result into 

flat craters in tantalum. Hence, this work provides a good method for obtaining flat 

craters also for other matrices.  

 

Another important finding of Paper III is the explanation for the common roughness 

observed by GDMS users after sputtering. For this, two types of tantalum material 

were selected. One with several small grains of micrometer size while another with 

few large grains of millimeter size. The sputtered control sample with many grains lead 

to roughness generation. When the number of grains were reduced, the roughness 

also reduced. There is a clear observation of differential sputtering of grains with 

different crystal orientation. This was confirmed by combination of crater profile 

obtained from mechanical profilometer as well as electron backscattered diffraction 

and scanning electron microscopy images. Therefore, it is reasonable to state that 

differential sputtering of grains is likely to contribute to the roughness at the crater 

bottom. 
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5.4 Paper IV: Steel-Aluminum joint depth profiling 

 

Paper IV builds-up on Paper III where a similar approach of altering glow discharge 

condition for crater shape optimization is utilized. This led to determination of glow 

discharge condition (5 mA, 0.75 kV) for optimum crater shape for a base aluminum 

material.   

Paper IV presents the diffusion of trace alloying elements such as chromium and nickel 

at the steel-aluminum bi-layered material produced by cold rolling process. Post rolling 

heat-treatment of 400 °C for 30 minutes was applied to the rolled material. The result 

of the study indicates diffusion of both chromium and nickel at the interface for both 

materials, i.e., non-heated and heat-treated material. One plausible explanation to this 

observation is diffusion of impurity elements already during the rolling process. 

However, slightly high content of both trace elements was found at the interface for 

heat-treated specimen. This can be attributed to the post rolling heat treatment. The 

scanning electron microscopy images demonstrated intermetallic layer formation for 

heat-treated material. The depth profile result demonstrated surprisingly high content 

of chromium in the aluminum layer for both materials. This observation was further 

verified through results of complimentary techniques such as electron probe micro-

analyzer (EPMA) and energy dispersive X-ray spectroscopy (EDS). Higher diffusion 

of chromium to aluminum layer forming chromium-iron precipitates is expected to 

prevent further migration of iron into aluminum.  

This manuscript presents short heat treatment experimental design using trace 

amount of impurity elements. The findings of the work can be helpful for designing 

optimum manufacturing of steel-aluminum joints in relation to material composition 

and heat treatment post rolling. Further, this work shows that slow-flow/low-power dc-

GDMS is suitable for depth profile analysis of this type of sample although this is not 

a common application of SF-GDMS due to the slow data acquisition. The total sample 

analysis time for non-heated and heat-treated sample was about ~16 h and ~8.5 h, 

respectively. Nonetheless, with production of slow-flow/low-power GDMS like VG9000 

discontinued since 2005, the depth profiling application of currently commercially 

available instruments such as Astrum and Auto concept GD 90 is necessary. Such 

applications are largely unexplored until this point of time.  
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5.5 Other interesting data  

 

For tantalum pin study, quantification for carbon, nitrogen, and argon (shown in Figure 

5-1) were found to follow the same trend as for oxygen presented in paper I, i.e., 

decrease in concentration with increase in current at a fixed voltage. Hence, the trend 

of elements ionized predominantly by electron impact using Astrum is established. 

This result is also consistent with nitrogen content in aluminum pin sample (shown in 

Figure 5-2, left).  

 

 

Figure 5-1: Quantification for carbon (left), nitrogen (middle), and argon (right) 

respectively, after analysis of tantalum pin sample at discharge condition of 0.5 – 5 

mA at 1 kV. 

  

One of the conclusions, after comparing the results from Paper I and II, is that the 

variation in concentration of elements is higher in pin geometry as compared to flat 

geometry. However, these results were for different matrices. Hence, pin and flat 

sample of the same matrix, i.e., aluminum, is analysed to study the influence of 

discharge parameters on the variation in quantification of nitrogen. The comparison is 

shown in Figure 5-2.  

 

 

Figure 5-2: Mass fraction of nitrogen for pin (left) and flat (right) aluminum at discharge 

condition of 1 – 5 mA and 1.2 – 1.4 kV, respectively. 
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Interestingly, for a range of discharge current and voltage, the flat geometry 

demonstrated less variation in range of 1.5 ꟷ 3 mA for 1.2 ꟷ 1.4 kV, which is not the 

case for the pin geometry. This might be the explanation to why Astrum users observe 

more variation of relative sensitivity factors in pin geometry as compared to flat. 

Bogaerts and Gijbels126 using VG9000 (similar to Astrum in terms of ion source and 

discharge parameters) has modelled argon ion to metastable argon ratio (Ar+/Ar*) near 

the exit orifice from where ions are extracted.126 The results suggest that the ratio is 

ten times higher in the flat geometry than for pin.126 This indicates that the ratio of 

electron impact ionization to that of Penning ionization is higher in the flat geometry. 

More practical works in different matrices are needed to support this conclusion.  

 

The current-voltage characteristics of Astrum using tantalum pin is presented in Figure 

5-3. A non-linear behaviour is observed for low flow rates, while it becomes more linear 

at higher flow rates. This finding suggests that higher flow rates (˃0.25 sccm) can give 

better reproducibility.  

 

 

Figure 5-3: Current-voltage characteristics at different argon flow rate using tantalum 

pin for Astrum GDMS. 
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CHAPTER 6 

Conclusions and Recommendations 
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6.1 Conclusions 

 

The following conclusions can be drawn from this PhD work.  

 

1. The absolute intensity of matrix ion, impurity elements, and discharge gas 

increases with increase in current to a certain point, and then decrease for all 

voltage settings, i.e., follow more or less similar trend.  

2. The change in absolute intensity of matrix and impurity elements, although 

follows the same trend, is unequal from one discharge setting to another, hence 

contributing to change in RSFs.  

3. Measuring the absolute intensity and quantification of gaseous elements that 

are ionized only or predominantly by electron impact such as carbon, nitrogen, 

oxygen and argon can help to optimize the discharge parameters before 

determining RSFs.  

4. Measurement of gaseous elements can help to determine ionization 

mechanism of some impurity elements.  

5. It is likely that RSFs vary more in pin geometry as compared to flat geometry. 

However, more work is required to support this conclusion.  

6. The sputtering rate can be changed by changing the discharge parameters and 

multiple combinations of discharge settings can lead to optimum crater shape. 

7. The sputtering rate is consistent with Boumans’ equation (2-16). 

8. Sample roughness observed at crater bottom for polycrystalline materials is 

mainly due to differential sputtering of grains with different crystal orientation. 

9. Preliminary studies of depth profiling indicate that Astrum GDMS can be used 

for diffusion studies for material science applications. 
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6.2 Limitations of the PhD work 

 

The thesis work explored the capabilities of Astrum, which can analyse pin, flat and 

powder samples of different electrical conductivities. In Paper I only a few elements 

were selected for studying the effect of discharge parameters on concentration 

variation. This is the main limitation of the study. This limitation is tried to be 

compensated by studying more elements in Paper II. However, in Paper II only two 

powders were used to generate relative sensitivity factors. Based on literature, the 

calibration curve does not always pass-through origin, as there is involvement of the 

intercept. Therefore, various CRMs, RMs or synthetic standards with wide 

concentration range need to be analysed wherever possible to better estimate the 

RSFs and related uncertainty. The option of relying in on one or two standards should 

be minimized as much as possible. Although in Paper III it is clearly demonstrated that 

roughness arises as a result of differential sputtering, it was not possible to quantify 

the roughness as it is very challenging to perform electron backscattered diffraction 

(EBSD) on the entire GDMS crater. Further, continuous change of roughness during 

sputtering is another limitation to provide quantitative values of roughness 

measurement. Paper IV describes the GDMS capability on studying diffusion effect of 

a steel-aluminum joined sample using the cold rolling process. In order to reduce the 

thickness of the steel layer, the sample was polished which unfortunately could not be 

reproduced. Further, a long sputtering time of over 16 and 8 hours was required for 

the analysis of untreated and heat-treated samples, respectively. The main reason for 

this was the too thick steel layer on top of aluminum.  
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6.3 Recommendations and outlook 

 

Two planned projects, i.e., determining RSFs for flat silicon samples and measuring 

the Astrum`s limits of detection, could not be completed during the PhD work. 

Therefore, I would recommend performing the RSFs study using multiple sets of 

silicon samples. In addition, it would be worth comparing impurity concentration of 

boron and phosphorus in silicon ingots based on resistivity measurements to that 

measured by GDMS. 

 

Further, the volume of discharge gas inside the glow discharge chamber depends on 

how tightly the sample holder probe is placed against the glow discharge cell. The 

placement of sample holder into the GDMS chamber is a manual process. This can 

lead to variation in argon flow during sample exchange. Hence to study the 

reproducibility of concentration for a long term, it would be worth also to regularly 

measure the argon flow values for the corresponding current and voltage setting. 

Moreover, there is limited information available about round robin analysis using the 

Astrum instruments, which would be interesting and important to carry out.  

 

Based on a very limited study of depth profiling, it is clear that the glow discharge 

parameters have a good temporal stability and Astrum offers excellent signal stability. 

To further improve on depth profiling capabilities, layered or coated sample of 

thickness in the order of few microns on top of a substrate could be a good starting 

point for a continuation of the work performed in this thesis. Further, crater shape 

optimization should be done on actual sample rather than base material to generate 

the best possible crater shape. This is possibly the reason behind a non-ideal crater 

for the steel-aluminum joints investigated here.  

  



 

59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 7 

References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

60 
 

References 

[1] Rapp, D., and Englander‐Golden, P. (1965) Total Cross Sections for Ionization and Attachment in 
Gases by Electron Impact. I. Positive Ionization, The Journal of Chemical Physics 43, 1464-1479. 

[2] Schram, B. L., De Heer, F. J., van der Wiel, M. J., and Kistemaker, J. (1965) Ionization cross sections 
for electrons (0.6–20 keV) in noble and diatomic gases, Physica 31, 94-112. 

[3] Smith, P. T. (1930) The Ionization of Helium, Neon, and Argon by Electron Impact, Physical Review 
36, 1293-1302. 

[4] Paschen, F. (1889) Ueber die zum Funkenübergang in Luft, Wasserstoff und Kohlensäure bei 
verschiedenen Drucken erforderliche Potentialdifferenz, Annalen der Physik 273, 69-96. 

[5] Mahan, J. E. (2000) Physical vapor deposition of thin films, Wiley-Interscience, New York. 
[6] Hagstrum, H. D. (1956) Effect of Monolayer Adsorption on the Ejection of Electrons from Metals 

by Ions, Physical Review 104, 1516-1527. 
[7] Hagstrum, H. D. (1956) Auger Ejection of Electrons from Tungsten by Noble Gas Ions, Physical 

Review 104, 317-318. 
[8] Hagstrum, H. D. (1956) Auger Ejection of Electrons from Molybdenum by Noble Gas Ions, Physical 

Review 104, 672-683. 
[9] Marcus, R. K., and Broekaert A. C., J. (2003) Glow Discharge Plasmas in Analytical Spectroscopy 

John Wiley & Sons Ltd. 
[10] Schubert, G., Basner, R., Kersten, H., and Fehske, H. (2011) Determination of sheath parameters 

by test particles upon local electrode bias and plasma switching, The European Physical 
Journal D 63, 431-440. 

[11] Marcus, R. K. (1991) Glow Discharge Spectroscopies, Springer Science. 
[12] Murphy, E. L., and Good, R. H. (1956) Thermionic Emission, Field Emission, and the Transition 

Region, Physical Review 102, 1464-1473. 
[13] Fowler, R. H., Nordheim, L. (1928) Electron emission in intense electric fields, Proc. R. Soc. Lond. 

A 119, 173–181. 
[14] Trucchi, D. M., and Melosh, N. A. (2017) Electron-emission materials: Advances, applications, and 

models, MRS Bulletin 42, 488-492. 
[15] Chapman, B. N. (1980) Glow discharge processes : sputtering and plasma etching Wiley, New York. 
[16] Bogaerts, A., and Gijbels, R. (1998) Fundamental aspects and applications of glow discharge 

spectrometric techniques, Spectrochimica Acta Part B: Atomic Spectroscopy 53, 1-42. 
[17] Andrade, F. J., Wetzel, W. C., Chan, G. C. Y., Webb, M. R., Gamez, G., Ray, S. J., and Hieftje, G. M. 

(2006) A new, versatile, direct-current helium atmospheric-pressure glow discharge, Journal 
of Analytical Atomic Spectrometry 21, 1175-1184. 

[18] Weiss, Z., Steers, E. B. M., Pickering, J. C., and Mushtaq, S. (2014) Excitation and transition rate 
diagrams of singly ionized iron in analytical glow discharges in argon, neon and an argon–
hydrogen mixture, Journal of Analytical Atomic Spectrometry 29, 2078-2090. 

[19] Wagatsuma, K., and Hirokawa, K. (1988) Effects of helium addition to an argon glow discharge 
plasma on emission lines of sputtered particles, Analytical Chemistry 60, 702-705. 

[20] Lange, B., Matschat, R., and Kipphardt, H. (2007) Enhancement of intensities in glow discharge 
mass spectrometry by using mixtures of argon and helium as plasma gases, Analytical and 
Bioanalytical Chemistry 389, 2287-2296. 

[21] Mushtaq, S., Steers, E. B. M., Pickering, J. C., and Putyera, K. (2014) Selective and non-selective 
excitation/ionization processes in analytical glow discharges: excitation of the ionic spectra in 
argon/helium mixed plasmas, Journal of Analytical Atomic Spectrometry 29, 681-695. 

[22] Smithwick, R. W., Lynch, D. W., and Franklin, J. C. (1993) Relative ion yields measured with a high-
resolution glow discharge mass spectrometer operated with an argon/hydrogen mixture, 
Journal of the American Society for Mass Spectrometry 4, 278-285. 

[23] Mushtaq, S., Steers, E. B. M., Pickering, J. C., and Weinstein, V. (2012) Asymmetric charge transfer 
involving the ions of added gases (oxygen or hydrogen) in Grimm-type glow discharges in 
argon or neon, Journal of Analytical Atomic Spectrometry 27, 1264-1273. 



 

61 
 

[24] Mushtaq, S., Steers, E. B. M., Pickering, J. C., and Weinstein, V. (2014) Effect of small quantities of 
oxygen in a neon glow discharge, Journal of Analytical Atomic Spectrometry 29, 2027-2041. 

[25] Flores, O., Castillo, F., Martinez, H., Villa, M., Villalobos, S., and Reyes, P. G. (2014) 
Characterization of direct current He-N2 mixture plasma using optical emission spectroscopy 
and mass spectrometry, Physics of Plasmas 21, 053502. 

[26] Mushtaq, S., Steers, E. B. M., Pickering, J. C., and Šmid, P. (2014) Enhancement of analyte atomic 
lines with excitation energies of about 5 eV in the presence of molecular gases in analytical 
glow discharges, Journal of Analytical Atomic Spectrometry 29, 2022-2026. 

[27] Mushtaq, S., Steers, E. B. M., Hoffmann, V., Weiss, Z., and Pickering, J. C. (2016) Evidence for 
charge transfer from hydrogen molecular ions to copper atoms in a neon–hydrogen analytical 
glow discharge, Journal of Analytical Atomic Spectrometry 31, 2175-2181. 

[28] Bogaerts, A., and Gijbels, R. (1996) Relative sensitivity factors in glow discharge mass 
spectrometry: The role of charge transfer ionization, Journal of Analytical Atomic 
Spectrometry 11, 841-847. 

[29] Steers, E. B. M., and Fielding, R. J. (1987) Charge-transfer excitation processes in the Grimm lamp, 
Journal of Analytical Atomic Spectrometry 2, 239-244. 

[30] Steers, E. B. M., and Thorne, A. P. (1993) Application of high-resolution Fourier transform 
spectrometry to the study of glow discharge sources. Part 1. Excitation of iron and chromium 
spectra in a microwave boosted glow discharge source, Journal of Analytical Atomic 
Spectrometry 8, 309-315. 

[31] Danzmann, K., and Kock, M. (1981) Population densities in a titanium hollow cathode, Journal of 
Physics B: Atomic and Molecular Physics 14, 2989-2993. 

[32] Mushtaq, S., Steers, E. B. M., Barnhart, D., Churchill, G., Kasik, M., Richter, S., Pfeifer, J., and 
Putyera, K. (2017) The production of doubly charged sample ions by “charge transfer and 
ionization” (CTI) in analytical GD-MS, Journal of Analytical Atomic Spectrometry 32, 1721-
1729. 

[33] Pack, R. T., Walker, R. B., and Kendrick, B. K. (1998) Three-body collision contributions to 
recombination and collision-induced dissociation. I. Cross sections, The Journal of Chemical 
Physics 109, 6701-6713. 

[34] Boumans, P. W. J. M. (1972) Sputtering in a glow discharge for spectrochemical analysis, Analytical 
Chemistry 44, 1219-1228. 

[35] Storey, A. P., Ray, S. J., Hoffmann, V., Voronov, M., Engelhard, C., Buscher, W., and Hieftje, G. M. 
(2016) Emergence and consequences of lateral sample heterogeneity in glow discharge 
spectrometry, Spectrochimica Acta Part B: Atomic Spectroscopy 126, 37-43. 

[36] Hagelaar, G. J. M., and Pitchford, L. C. (2002) Estimated mass loss due to evaporation for zinc 
cathodes in analytical glow discharges, Journal of Analytical Atomic Spectrometry 17, 1408-
1410. 

[37] Weiss, Z., and Šmíd, P. (2000) Zinc-based reference materials for glow discharge optical emission 
spectrometry: sputter factors and emission yields, Journal of Analytical Atomic Spectrometry 
15, 1485-1492. 

[38] Kudermann, G., and Blaufuß, K.-H. (1987) Characterization of high purity gallium, Microchimica 
Acta 91, 269-274. 

[39] Venzago, C., and Pisonero, J. (2015) CHAPTER 13 Glow Discharge Mass Spectrometry, In Sector 
Field Mass Spectrometry for Elemental and Isotopic Analysis, pp 319-380, The Royal Society of 
Chemistry. 

[40] Modanese, C., Gaspar, G., Arnberg, L., and Di Sabatino, M. (2014) On copper diffusion in silicon 
measured by glow discharge mass spectrometry, Analytical and Bioanalytical Chemistry 406, 
7455-7462. 

[41] Payling, R. (1994) Boumans' equation revisited. Part I: Characteristics of the glow discharge lamp, 
Surface and Interface Analysis 21, 785-790. 



 

62 
 

[42] Hoffmann, V., Efimova, V. V., Voronov, M. V., Šmíd, P., Steers, E. B. M., and Eckert, J. (2008) 
Measurement of voltage and current in continuous and pulsed rf and dc glow discharges, 
Journal of Physics: Conference Series 133, 012017. 

[43] Efimova, V. (2011) Study in analytical glow discharge spectrometry and its application in materials 
science, In Fakultät für Maschinenwesen, Institut für Werkstoffwissenschaft TECHNISCHE 
UNIVERSITÄT DRESDEN. 

[44] Bogaerts, A., Gijbels, R., and Serikov, V. V. (2000) Calculation of gas heating in direct current argon 
glow discharges, J Appl Phys 87, 8334-8344. 

[45] Kasik, M., Michellon, C., and Pitchford, L. C. (2002) Effects of cathode heating in a GDMS system, 
Journal of Analytical Atomic Spectrometry 17, 1398-1399. 

[46] Ferreira, N. P., and Büger, P. A. (1978) Redeposition of Sputtered Material in a Glow-Discharge 
Lamp Measured by Means of an Ion Microprobe Mass Analyser, In Zeitschrift für 
Naturforschung A, p 141, National Physical Research Laboratory, Pretoria, South Africa. 

[47] Raith, A., Hutton, R. C., and Huneke, J. C. (1993) Optimization of quantitative depth profiling with 
glow discharge mass spectrometry. Part 1. Optimization studies on crater shape and time–
depth conversion, Journal of Analytical Atomic Spectrometry 8, 867-873. 

[48] Bogaerts, A., Verscharen, W., and Steers, E. (2004) Computer simulations of crater profiles in glow 
discharge optical emission spectrometry: comparison with experiments and investigation of 
the underlying mechanisms, Spectrochimica Acta Part B: Atomic Spectroscopy 59, 1403-1411. 

[49] Pisonero, J., Feldmann, I., Bordel, N., Sanz-Medel, A., and Jakubowski, N. (2005) Depth profiling 
with modified dc-Grimm and rf-Grimm-type glow discharges operated with high gas flow rates 
and coupled to a high-resolution mass spectrometer, Analytical and Bioanalytical Chemistry 
382, 1965-1974. 

[50] Bogaerts, A., and Gijbels, R. (1997) Calculation of crater profiles on a flat cathode in a direct 
current glow discharge, Spectrochimica Acta Part B: Atomic Spectroscopy 52, 765-777. 

[51] Venzago, C., Ohanessian-pierrard, L., Kasik, M., Collisi, U., and Baude, S. (1998) Round robin 
analysis of aluminium using glow discharge mass spectrometry, Journal of Analytical Atomic 
Spectrometry 13, 189-193. 

[52] Gonzalez-Gago, C., Bordel, N., and Pisonero, J. (2019) Glow Discharge Mass Spectrometry, In 
Materials Characterization, p 0, ASM International. 

[53] Winchester, M. R., and Payling, R. (2004) Radio-frequency glow discharge spectrometry:: A critical 
review, Spectrochimica Acta Part B: Atomic Spectroscopy 59, 607-666. 

[54] Kenneth Marcus, R. (2000) Direct polymer analysis by radio frequency glow discharge 
spectrometry. Invited Lecture, Journal of Analytical Atomic Spectrometry 15, 1271-1277. 

[55] Gibeau, T. E., Hartenstein, M. L., and Marcus, R. K. (1997) Cryogenically cooled sample holder for 
polymer sample analysis by radiofrequency glow discharge mass spectrometry, Journal of the 
American Society for Mass Spectrometry 8, 1214-1219. 

[56] Lobo, L., Tuccitto, N., Bordel, N., Pereiro, R., Pisonero, J., Licciardello, A., Tempez, A., Chapon, P., 
and Sanz-Medel, A. (2010) Polymer screening by radiofrequency glow discharge time-of-flight 
mass spectrometry, Analytical and Bioanalytical Chemistry 396, 2863-2869. 

[57] Klinger, J. A., Savickas, P. J., and Harrison, W. W. (1990) The pulsed glow discharge as an elemental 
ion source, Journal of the American Society for Mass Spectrometry 1, 138-143. 

[58] Muñiz, A. C., Pisonero, J., Lobo, L., Gonzalez, C., Bordel, N., Pereiro, R., Tempez, A., Chapon, P., 
Tuccitto, N., Licciardello, A., and Sanz-Medel, A. (2008) Pulsed radiofrequency glow discharge 
time of flight mass spectrometer for the direct analysis of bulk and thin coated glasses, Journal 
of Analytical Atomic Spectrometry 23, 1239-1246. 

[59] Harrison, W. W., and Hang, W. (1996) Powering the analytical glow discharge, Fresenius' Journal 
of Analytical Chemistry 355, 803-807. 

[60] Lewis, C. L., Oxley, E. S., Pan, C. K., Steiner, R. E., and King, F. L. (1999) Determination of 40Ca+ in 
the Presence of 40Ar+:  An Illustration of the Utility of Time-Gated Detection in Pulsed Glow 
Discharge Mass Spectrometry, Analytical Chemistry 71, 230-234. 



 

63 
 

[61] Li, L., Millay, J. T., Turner, J. P., and King, F. L. (2004) Millisecond pulsed radio frequency glow 
discharge time of flight mass spectrometry: temporal and spatial variations in molecular 
energetics, J Am Soc Mass Spectrom 15, 87-102. 

[62] Oxley, E., Yang, C., Liu, J., and Harrison, W. W. (2003) Ion Transport Diagnostics in a Microsecond 
Pulsed Grimm-Type Glow Discharge Time-of-Flight Mass Spectrometer, Analytical Chemistry 
75, 6478-6484. 

[63] Demény, D., Szücs, L., and Adamik, M. (1992) Influence of anode geometry on electric field 
distribution and crater profile using a glow discharge lamp, Journal of Analytical Atomic 
Spectrometry 7, 707-710. 

[64] Kasik, M., Venzago, C., and Dorka, R. (2003) Quantification in trace and ultratrace analyses using 
glow discharge techniques: round robin test on pure copper materials, Journal of Analytical 
Atomic Spectrometry 18, 603-611. 

[65] Quarles, C. D., Castro, J., and Marcus, R. K. (2017) Glow Discharge Mass Spectrometry, In 
Encyclopedia of Spectroscopy and Spectrometry (Third Edition) (Lindon, J. C., Tranter, G. E., 
and Koppenaal, D. W., Eds.), pp 30-36, Academic Press, Oxford. 

[66] Bogaerts, A. (1999) Glow Discharge Mass Spectrometry, Methods, In Encyclopedia of 
Spectroscopy and Spectrometry (Lindon, J. C., Ed.), pp 669-676, Elsevier, Oxford. 

[67] Grimm, W. (1968) Eine neue glimmentladungslampe für die optische emissionsspektralanalyse, 
Spectrochimica Acta Part B: Atomic Spectroscopy 23, 443-454. 

[68] Bengtson, A., and Danielsson, L. (1985) Depth profiling of thin films using a Grimm-type glow 
discharge lamp, Thin Solid Films 124, 231-236. 

[69] Banks, P. R., and Blades, M. W. (1991) Power, flow rate, and pressure effects in a jet-assisted glow 
discharge source, Spectrochimica Acta Part B: Atomic Spectroscopy 46, 501-515. 

[70] Kruger, R. A., Bombelka, R. M., and Laqua, K. (1980) Application of the Grimm magnetic field glow-
discharge source to the analysis of mild and alloyed steel, Spectrochimica Acta Part B: Atomic 
Spectroscopy 35, 589-599. 

[71] Ko, J. B. (1984) New designs of glow discharge lamps for the analysis of metals by atomic emission 
spectroscopy, Spectrochimica Acta Part B: Atomic Spectroscopy 39, 1405-1423. 

[72] Gubal, A., Ganeev, A., Hoffmann, V., Voronov, M., Brackmann, V., and Oswald, S. (2017) Combined 
hollow cathode vs. Grimm cell: semiconductive and nonconductive samples, Journal of 
Analytical Atomic Spectrometry 32, 354-366. 

[73] Ganeev, A. A., Drobyshev, A. I., Gubal, A. R., Solovyev, N. D., Chuchina, V. A., Ivanenko, N. B., 
Kononov, A. S., Titova, A. D., and Gorbunov, I. S. (2019) Hollow Cathode and New Related 
Analytical Methods, Journal of Analytical Chemistry 74, 975-981. 

[74] Ganeev, A. A., Kuz’menkov, M. A., Lyubimtsev, V. A., Potapov, S. V., Drobyshev, A. I., Potemin, S. 
S., and Voronov, M. V. (2007) Pulsed discharge in a hollow cathode with the detection of ions 
in a time-of-flight mass spectrometer: Analytical capabilities in the analysis of solid samples, 
Journal of Analytical Chemistry 62, 444-453. 

[75] Ganeev, A. A., Gubal’, A. R., Mosichev, V. I., Pershin, N. V., Petrov, S. N., Potapov, S. V., and Uskov, 
K. N. (2011) Lumas-30 time-of-flight mass spectrometer with pulsed glow discharge for direct 
determination of nitrogen in steel, Journal of Analytical Chemistry 66, 1411-1416. 

[76] Gusarova, T., Hofmann, T., Kipphardt, H., Venzago, C., Matschat, R., and Panne, U. (2010) 
Comparison of different calibration strategies for the analysis of zinc and other pure metals 
by using the GD-MS instruments VG 9000 and Element GD, Journal of Analytical Atomic 
Spectrometry 25, 314-321. 

[77] Vieth, W., and Huneke, J. C. (1991) Relative sensitivity factors in glow discharge mass 
spectrometry, Spectrochimica Acta Part B: Atomic Spectroscopy 46, 137-153. 

[78] Di Sabatino, M., Dons, A. L., Hinrichs, J., and Arnberg, L. (2011) Determination of relative 
sensitivity factors for trace element analysis of solar cell silicon by fast-flow glow discharge 
mass spectrometry, Spectrochimica Acta Part B: Atomic Spectroscopy 66, 144-148. 



 

64 
 

[79] Matschat, R., Hinrichs, J., and Kipphardt, H. (2006) Application of glow discharge mass 
spectrometry to multielement ultra-trace determination in ultrahigh-purity copper and iron: 
a calibration approach achieving quantification and traceability, Journal of Analytical Atomic 
Spectrometry 386, 125-141. 

[80] Rudtsch, S., Fahr, M., Fischer, J., Gusarova, T., Kipphardt, H., and Matschat, R. (2008) High-Purity 
Fixed Points of the ITS-90 with Traceable Analysis of Impurity Contents, International Journal 
of Thermophysics 29, 139-150. 

[81] Kipphardt, H., Matschat, R., Vogl, J., Gusarova, T., Czerwensky, M., Heinrich, H.-J., Hioki, A., 
Konopelko, L. A., Methven, B., Miura, T., Petersen, O., Riebe, G., Sturgeon, R., Turk, G. C., and 
Yu, L. L. (2010) Purity determination as needed for the realisation of primary standards for 
elemental determination: status of international comparability, Accreditation and Quality 
Assurance 15, 29-37. 

[82] M. Wayne, D. (1997) Direct Determination of Trace Noble Metals (Palladium, Platinum and 
Rhodium) in Automobile Catalysts by Glow Discharge Mass Spectrometry, Journal of Analytical 
Atomic Spectrometry 12, 1195-1202. 

[83] van Straaten, M., Swenters, K., Gijbels, R., Verlinden, J., and Adriaenssens, E. (1994) Analysis of 
platinum powder by glow discharge mass spectrometry, Journal of Analytical Atomic 
Spectrometry 9, 1389-1397. 

[84] Yamada, K., and Uemoto, M. (2018) Evaluation of Relative Sensitivity Factors for Elemental 
Analysis of Aluminum and Magnesium Using Glow Discharge Mass Spectrometry with a Fast-
Flow Grimm-type Ion Source, Anal Sci 34, 743-746. 

[85] Gusarova, T., Methven, B., Kipphardt, H., Sturgeon, R., Matschat, R., and Panne, U. (2011) 
Calibration of double focusing Glow Discharge Mass Spectrometry instruments with pin-
shaped synthetic standards, J Spectrochimica Acta Part B: Atomic Spectroscopy 66, 847-854. 

[86] Zhang, J., Zhou, T., Cui, Y., Tang, Y., and Wu, B. (2020) Determination of relative sensitivity factors 
of elements in a copper matrix by using microsecond-pulsed and continuous direct current 
glow discharge mass spectrometry, Journal of Analytical Atomic Spectrometry 35, 2712-2722. 

[87] Zhang, J., Zhou, T., Tang, Y., Cui, Y., and Li, J. (2016) Determination of relative sensitivity factors 
of elements in high purity copper by doping-melting and doping-pressed methods using glow 
discharge mass spectrometry, Journal of Analytical Atomic Spectrometry 31, 2182-2191. 

[88] Gonzalez-Gago, C., Šmíd, P., Hofmann, T., Venzago, C., Hoffmann, V., Gruner, W., Pfeifer, J., 
Richter, S., and Kipphardt, H. (2019) Investigations of matrix independent calibration 
approaches in fast flow glow discharge mass spectrometry, Journal of Analytical Atomic 
Spectrometry 34, 1109-1125. 

[89] McClenathan, D. M., and Hieftje, G. M. (2005) Absolute methods of quantitation in glow discharge 
mass spectrometry with a time-of-flight mass analyzer, Journal of Analytical Atomic 
Spectrometry 20, 1326-1331. 

[90] Wei, X., Qin, Z., Xiong, P., Wang, L., Zhang, H., Deng, D., and Liao, J. (2019) The direct quantification 
by glow discharge mass spectrometry with the universal relative sensitivity factors without 
matrix-matched standards, Spectrochimica Acta Part B: Atomic Spectroscopy 154, 43-49. 

[91] Pisonero, J., Fernández, B., and Günther, D. (2009) Critical revision of GD-MS, LA-ICP-MS and SIMS 
as inorganic mass spectrometric techniques for direct solid analysis, Journal of Analytical 
Atomic Spectrometry 24, 1145-1160. 

[92] Lange, B., Recknagel, S., Czerwensky, M., Matschat, R., Michaelis, M., Peplinski, B., and Panne, U. 
(2008) Analysis of pure copper – a comparison of analytical methods, Microchimica Acta 160, 
97-107. 

[93] Coletti, G. (2013) Sensitivity of state-of-the-art and high efficiency crystalline silicon solar cells to 
metal impurities, Progress in Photovoltaics: Research and Applications 21, 1163-1170. 

[94] Hystad, M., Modanese, C., Di Sabatino, M., and Arnberg, L. (2012) Distribution and impact of 
chromium in compensated solar grade silicon, Solar Energy Materials and Solar Cells 103, 140-
146. 



 

65 
 

[95] Modanese, C., Di Sabatino, M., Søiland, A.-K., Peter, K., and Arnberg, L. (2011) Investigation of 
bulk and solar cell properties of ingots cast from compensated solar grade silicon, Progress in 
Photovoltaics: Research and Applications 19, 45-53. 

[96] Di Sabatino, M. (2014) Detection limits for glow discharge mass spectrometry (GDMS) analyses of 
impurities in solar cell silicon, Measurement 50, 135-140. 

[97] Zhang, J., Zhou, T., Tang, Y., Cui, Y., and Song, D. (2018) Rapid and quantitative analysis of 
impurities in silicon powders by glow discharge mass spectrometry, Analytical and 
Bioanalytical Chemistry 410, 7195-7201. 

[98] Duckworth, D. C., Barshick, C. M., and Smith, D. H. (1993) Analysis of soils by glow discharge mass 
spectrometry, Journal of Analytical Atomic Spectrometry 8, 875-879. 

[99] Woo, J. C., Jakubowski, N., and Stuewer, D. (1993) Analysis of aluminium oxide powder by glow 
discharge mass spectrometry with low mass resolution, Journal of Analytical Atomic 
Spectrometry 8, 881-889. 

[100] Tong, S. L., and Harrison, W. W. (1993) Glow discharge mass spectrometric analysis of non-
conducting materials, Spectrochimica Acta Part B: Atomic Spectroscopy 48, 1237-1245. 

[101] Inoue, M., and Saka, T. (1999) Elemental analysis of powders by glow discharge mass 
spectrometry, Analytica Chimica Acta 395, 165-171. 

[102] Schelles, W., Maes, K. J. R., De Gendt, S., and Van Grieken, R. E. (1996) Glow Discharge Mass 
Spectrometric Analysis of Atmospheric Particulate Matter, Analytical Chemistry 68, 1136-
1142. 

[103] Dong, J., Qian, R., Zhuo, S., Yu, P., Chen, Q., and Li, Z. (2019) Development and application of a 
porous cage carrier method for detecting trace elements in soils by direct current glow 
discharge mass spectrometry, Journal of Analytical Atomic Spectrometry 34, 2244-2251. 

[104] Milton, D. M. P., and Hutton, R. C. (1993) Investigations into the suitability of using a secondary 
cathode to analyse glass using glow discharge mass spectrometry, Spectrochimica Acta Part 
B: Atomic Spectroscopy 48, 39-52. 

[105] Aldave de las Heras, L., Hrnecek, E., Bildstein, O., and Betti, M. (2002) Neptunium determination 
by dc glow discharge mass spectrometry (dc-GDMS) in Irish Sea sediment samples, Journal of 
Analytical Atomic Spectrometry 17, 1011-1014. 

[106] Betti, M. (1996) Use of a direct current glow discharge mass spectrometer for the chemical 
characterization of samples of nuclear concern, Journal of Analytical Atomic Spectrometry 11, 
855-860. 

[107] Qian, R., Zhuo, S., Wang, Z., and Robinson, P. K. (2013) Direct current glow discharge mass 
spectrometric analysis of non-conducting materials using a surface coating method, Journal 
of Analytical Atomic Spectrometry 28, 1061-1067. 

[108] Moreno, D., and Eliezer, D. (1994) Sputtering and roughness of the (0 01), (01 1) and (111) copper 
single-crystal planes, Journal of Materials Science Letters 13, 1591-1593. 

[109] Pisonero, J., Fernández, B., Pereiro, R., Bordel, N., and Sanz-Medel, A. (2006) Glow-discharge 
spectrometry for direct analysis of thin and ultra-thin solid films, TrAC Trends in Analytical 
Chemistry 25, 11-18. 

[110] Pisonero, J., Valledor, R., Licciardello, A., Quirós, C., Martín, J. I., Sanz-Medel, A., and Bordel, N. 
(2012) Pulsed rf-GD-TOFMS for depth profile analysis of ultrathin layers using the analyte 
prepeak region, Analytical and Bioanalytical Chemistry 403, 2437-2448. 

[111] Gubal, A., Chuchina, V., Lyalkin, Y., Mikhailovskii, V., Yakobson, V., Solovyev, N., and Ganeev, A. 
(2020) Depth profiling by pulsed glow discharge time-of-flight mass spectrometry with a 
combined hollow cathode cell, Journal of Analytical Atomic Spectrometry 35, 1587-1596. 

[112] Konarski, P., Kaczorek, K., Kaliński, D., Chmielewski, M., Pietrzak, K., and Barlak, M. (2013) Ion 
implanted inconel alloy – SIMS and GDMS depth profile analysis, Surface and Interface 
Analysis 45, 494-497. 

[113] Konarski, P., Kaczorek, K., Ćwil, M., and Marks, J. (2008) SIMS and GDMS depth profile analysis 
of hard coatings, Vacuum 82, 1133-1136. 



 

66 
 

[114] Di Sabatino, M., Modanese, C., and Arnberg, L. (2014) Depth profile analysis of solar cell silicon 
by GD-MS, Journal of Analytical Atomic Spectrometry 29, 2072-2077. 

[115] Su, K., Wang, X., and Putyera, K. (2010) Depth Resolved Trace Element Analysis of Ni-base 
Superalloys using Fast Flow- Glow Discharge Mass Spectrometry (FF-GDMS), Yejin 
Fenxi/Metallurgical Analysis Vol 30 Suppl.1, 165. 

[116] He, L. M., Meyer, J. D., Lee, W. Y., Putyera, K., and Walker, L. R. (2002) Depth profiling of Hf-
doped aluminide coating by glow-discharge mass spectrometry, Metallurgical and Materials 
Transactions A 33, 3578-3582. 

[117] Spitsberg, I. T., and Putyera, K. (2001) Depth profile and quantitative trace element analysis of 
diffusion aluminided type layers on Ni-base superalloys using high-resolution glow-discharge 
mass spectrometry, Surface and Coatings Technology 139, 35-43. 

[118] Batanova, V. G., Sobolev, A. V., and Magnin, V. (2018) Trace element analysis by EPMA in 
geosciences: detection limit, precision and accuracy, IOP Conference Series: Materials Science 
and Engineering 304, 012001. 

[119] Sykes, D. (2017) Surface Chemical Analysis, In Springer Handbook of Electronic and Photonic 
Materials (Kasap, S., and Capper, P., Eds.), pp 1-1, Springer International Publishing, Cham. 

[120] Agüi-Gonzalez, P., Jähne, S., and Phan, N. T. N. (2019) SIMS imaging in neurobiology and cell 
biology, Journal of Analytical Atomic Spectrometry 34, 1355-1368. 

[121] Grovenor, C. R. M., Smart, K. E., Kilburn, M. R., Shore, B., Dilworth, J. R., Martin, B., Hawes, C., 
and Rickaby, R. E. M. (2006) Specimen preparation for NanoSIMS analysis of biological 
materials, Applied Surface Science 252, 6917-6924. 

[122] Martinez, M., and Baudelet, M. (2020) Calibration strategies for elemental analysis of biological 
samples by LA-ICP-MS and LIBS – A review, Analytical and Bioanalytical Chemistry 412, 27-36. 

[123] Yoon, S., and Lee, T. G. (2018) Biological tissue sample preparation for time-of-flight secondary 
ion mass spectrometry (ToF–SIMS) imaging, Nano Convergence 5, 24. 

[124] Instruments, N. Astrum System Manual Iss1.1.1, Nu Instruments Ltd. 
[125] Mushtaq, S., Steers, E. B. M., Churchill, G., Barnhart, D., Hoffmann, V., Pickering, J. C., and 

Putyera, K. (2016) Does asymmetric charge transfer play an important role as an ionization 
mode in low power–low pressure glow discharge mass spectrometry?, Spectrochimica Acta 
Part B: Atomic Spectroscopy 118, 56-61. 

[126] Bogaerts, A., and Gijbels, R. (1997) Modeling of Glow Discharge Sources with Flat and Pin 
Cathodes and Implications for Mass Spectrometric Analysis, Journal of the American Society 
for Mass Spectrometry 8, 1021-1029. 

 

 

 

 

 

 

 

 

 

 



 

67 
 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 8 

Paper collection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 

Paper I: Tantalum pin analysis 

Paudel, G., Kasik, M., and Di Sabatino, M. (2019) Investigation of the intensity 

dependence of glow discharge mass spectrometry quantification on the discharge 

parameters, Journal of Analytical Atomic Spectrometry 34, 1829-1837. 

Reproduced by permission of The Royal Society of Chemistry
 



 

69 
 

 

 



 

70 
 

 

 



 

71 
 

 

 



 

72 
 

 



 

73 
 

 



 

74 
 

 



 

75 
 

 



 

76 
 

 



 

77 
 

 

 



 

78 
 

 



 

79 
 

 

 

 



80 

Paper II: Silicon powder analysis 

Paudel, G., and Di Sabatino, M. (2020) Quantification of discharge gas to optimize 

discharge parameters for relative sensitivity factors (RSFs) determination by slow-flow 

glow discharge mass spectrometry (GDMS), Journal of Analytical Atomic 

Spectrometry 35, 2748-2757. 

Reproduced by permission of The Royal Society of Chemistry
 



 

81 
 

 

 



 

82 
 

 



 

83 
 

 

 



 

84 
 

 

 



 

85 
 

 

 



 

86 
 

 

 



 

87 
 

 

 



 

88 
 

 

 



 

89 
 

 

 



 

90 
 

 

 



 

91 
 

 



 

92 
 

 



 

93 
 

 



 

94 
 

 

 

 



95 

Paper III: Tantalum flat sputtering and roughness 

Paudel, G., Khromov, S., Kasik, M., Roven, H. J., and Di Sabatino, M. (2020) Influence 

of polycrystalline material on crater shape optimization and roughness using low-

power/low-pressure direct-current glow discharge mass spectrometry, Journal of 

Analytical Atomic Spectrometry 35, 1450-1457. 

Reproduced by permission of The Royal Society of Chemistry
 



 

96 
 

 

 



 

97 
 

 

 



 

98 
 

 

 



 

99 
 

 

 



 

100 
 

 

 

 



 

101 
 

 



 

102 
 

 

 



 

103 
 

 



 

104 
 

 



 

105 
 

 

 

 



106 

Paper IV: Steel-Aluminum joint depth profiling 

Paudel, G., Langelandsvik, G., Khromov, S., Arbo S.M., Westermann, I., Roven, H.J., 

and Di Sabatino, M. Depth profiling at a steel-aluminum interface using slow-flow direct 

current glow discharge mass spectrometry, in a peer review process of Journal of 

Analytical and Bioanalytical Chemistry 

This paper is awaiting publication and is not included in NTNU Open



 

121 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 9 

Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

122 
 

Appendix 1: Ionization energy of various elements 

 

The first ionization energy of various elements along with the isotope used for GDMS 

analysis in the PhD work. ‘None’ indicates there are no energy levels within about 2 

eV of argon ion. ‘Many’ indicates there are several levels lying within about 0.02 eV 

above and about 1 eV below argon ion ground state and metastable levels (15.76 and 

15.937 eV respectively), i.e., within range of about 14.7ꟷ16.0 eV for analyte elements. 

For number in parenthesis, the level gives charge transfer with argon ion metastable 

state (ref. 28). 

 

Elements 
Isotope 

used 
Symbol 

Ionization 
energy (eV) 

Number of levels 
suitable for ACT 

Boron B11 B 8.30 None 

Carbon C12 C 11.26 None 

Nitrogen N14 N 14.53  - 

Oxygen O16 O 13.62  - 

Sodium Na23 Na 5.14 None 

Aluminum Al27 Al 5.99 None 

Silicon Si28 Si 8.15 1 (far) 

Phosphorous P31 P 10.49 None 

Argon Ar40 Ar 15.76  - 

Calcium Ca44 Ca 6.11 Many  

Titanium Ti48 Ti 6.83 Many  

Vanadium V51 V 6.75 Many  

Chromium Cr52 Cr 6.77 Many  

Manganese Mn55 Mn 7.43 Many  

Iron Fe56 Fe 7.90 Many  

Cobalt Co59 Co 7.88 Many  

Nickel Ni60 Ni 7.64 Many  

Copper Cu63 Cu 7.73 1 

Zirconium Zr90 Zr 6.63 Many  

Niobium Nb93 Nb 6.76   

Molybdenum Mo98 Mo 7.09 Many  

Tantalum Ta181 Ta 7.89   

Tungsten  W184 W 7.98 Many  
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Appendix 2: Sputtering rate of tantalum, small graineda and large grainedb at different 

glow discharge conditions. The depth represents the bottom layer as sputtering is 

associated with some roughness. 

 

Discharge condition 
Time 
(min) 

Depth, bottom layer 
(nm) 

Sputtering rate 
(nm/min) 

2 mA, 0.6 kV 90a 4000 44.4 

2.3 mA, 0.7 kV 90a 7000 77.8 

3 mA, 0.8 kV 120b 12130 101.1 

4 mA, 0.9 kV 90a 19000 211.1 

5 mA, 1 kV 90a 26410 293.4 

 

 

 

 



ISBN 978-82-326-6760-4 (printed ver.) 
ISBN 978-82-326-6524-2 (electronic ver.) 

ISSN 1503-8181 (printed ver.) 
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2021:232

Gagan Paudel

Exploring glow discharge mass 
spectrometry applications in 
materials characterizationD

oc
to

ra
l t

he
si

s

D
octoral theses at N

TN
U

, 2021:232
G

agan Paudel

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f N
at

ur
al

 S
ci

en
ce

s
D

ep
ar

tm
en

t o
f M

at
er

ia
ls

 S
ci

en
ce

 a
nd

 E
ng

in
ee

rin
g


	Blank Page
	Blank Page
	Blank Page



