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Hiden Analytical have been designing and developing the highest quality 
quadrupole mass spectrometer based systems for over 40 years. We have built a 
reputation for delivering instruments with superior sensitivity, accuracy and 
reproducibility together with a first class global service and applications support 
network.

Low pressure plasma is used in a wide range of research, development and 
manufacturing settings for the purpose of, amongst other things: surface 
modification, cleaning, etching and coating. Each of these processes require careful 
selection and control of various plasma properties.

Our range of plasma sampling mass spectrometers and Langmuir probe systems 
allow real time monitoring of key plasma characteristics such as: Ion, neutral and 
radical concentrations, ion and electron energy distributions and plasma potentials. 
Signal gating further expands these capabilities to the pulsed regime.

Our products combine high performance and ease of use with unparalleled 
flexibility. Hiden can provide customisation for specific research needs or process 
monitoring requirements, ensuring optimised performance tailored to your 
application.
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Titanium Nitride Deposition using 
High Power Impulse Magnetron 
Sputtering (HiPIMS)

TITANIUM NITRIDE COATINGS

Ultra-hard materials such as titanium nitride, TiN, can be 
deposited using the HiPIMS technique, to give engineered 
components increased hardness, and wear resistance 
over the bulk material. Surface conformity is also 
maintained, allowing use in applications for dimensionally 
sensitive components such as fasteners, cutting devices 
and gears.

HiPIMS is a sputtering technique that is based upon 
conventional magnetron sputtering. In magnetron 
sputtering, the increased plasma density created near the 
target increase the sputtering rate beyond that of 
traditional diode technology. The plasma density could be 
increased further with a higher rate of power applied to the 
cathode; however, the heat generated from these 
processes can limit any practical use.

In HiPIMS, a sequence of short, intense, pulses are delivered 
to the cathode, with a peak power in the range of kW to MW. 
This creates and extremely dense plasma locally to the 
cathode. Pulses are applied with a low duty cycle, typically in 
the region of 10-100 µs, keeping heat, as well as average 
operating power relatively low compared to a DC process. 
HiPIMS plasmas are highly ionised, and the high proportion 
of plasma generated ions give increases in surface density, 
lower friction and reduce substrate temperature.

MASS RESOLVED ION SPECTRA

The Hiden EQP mass and energy analyser system allows 
for plasma species to analysed both in terms of mass and 
energy. In TiN deposition plasmas, direct analyses of 
positive and negative ions as well as neutral and radical 
species can be carried out. For a TiN plasma, a typical 
positive ion spectrum shows nitrogen, titanium and argon 
isotopes and compounds. Isotopic and molecular species 
can also be analysed, with Ti compounds showing the five 
characteristic isotopes of titanium. The mass spectral data 
allows direct monitoring of the deposition plasma, 
allowing the effects of changes in parameters such as 
pressure, gas composition, plasma power and duty cycle 
to be directly correlated with the resultant film properties.  
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Time averaged mass spectrum from a titanium nitride HiPIMS plasma.
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Magnetron sputtering is a deposition technology 
involving a plasma which is generated and confined to a 
space containing the target material to be deposited 
onto the substrate. The surface of the target is eroded 
by high-energy ions from the plasma, and the liberated 
neutrals and radicals are deposited onto the substrate 
to form a thin film.

A magnetron sputtering source uses very strong 
magnets to confine the electrons in the plasma at or 
near the surface of the target.  Confining the electrons 
not only leads to a higher density plasma and increased 
deposition rates, but also prevents damage which 
would be caused by direct impact of these electrons 
with the substrate or growing film.

Typical applications for DC magnetron sputtering are 
wear resistant coatings, corrosion resistant films, dry 
film lubricants, optical and decorative films.

Ion energy distribution of argon ions with respect to time after the onset of 
a plasma pulse. 

Typical magnetron sputtering arrangement.

MAGNETRON SPUTTERING ENERGY RESOLVED SPECTRA FROM HIPIMS 
DEPOSITION PLASMAS

Analysing the transient events in HiPIMS plasmas can be a 
challenge using conventional mass spectrometry 
techniques due to the speed at which these events occur. 
The Hiden EQP can be equipped with an integral 
multichannel scaler (MCS) detector, allowing mass and 
energy spectra to be measured with time resolution to 50 
ns. The MCS detector can be synchronised with the plasma 
pulse, allowing plasma ignition, extinction and afterglow 
events to be measured. A typical dataset can be found 
below, where the ion energy distribution of argon ions is 
measured with respect to the start of the plasma pulse. 
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DLC coated automotive cam shaft.

Deposition of 
Diamond Like Carbon 
(DLC) Layers

DLC layers are typically 2-4 µm thick, and applied by plasma deposition techniques, such as RF, capacitively coupled plasma 
(CCP), expanding thermal plasma and inductively coupled plasma (ICP). With modification to the plasma chemistry, power 
and pressure, the coatings properties are able to be tailored for the desired application. The Hiden EQP system allows for 
plasma species to be directly analysed, allowing researchers to understand the conditions required to produce DLC films 
optimised for specific application requirements.

Diamond like Carbon (DLC) is a super hard material that can be applied as a coating to a variety of substrates. 
Spherical, amorphous carbon structures are deposited onto surfaces, giving increased hardness 
and wear resistance as well as reductions in surface friction. These improvements 
lead to more frequent use in high performance applications, 
such as cylinder liners and cam shafts for automotive 
use and turbine blade coatings and hydraulic 
actuators for aerospace applications. 
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DLC COATINGS FROM ACETYLENE-ARGON 
PLASMAS

Amorphous carbon coatings can be deposited using radio 
frequency (RF) capacitively coupled (CCP) plasma systems. 
Acetylene (C2H2) was used as the precursor in an argon 
plasma and the resulting film properties were investigated 
using electron microscopy, AFM and micro hardness tests. 
The Hiden EQP and ESPion systems were used to 
determine the plasma composition with variations in the 
gas composition and substrate bias. 

DLC deposition plasmas were found to be rich in acetylene 
and the C2H radical, a number of different mechanisms 
were suggested for their production in the plasma, these 
can be found in the table below.

Mass spectra of the ionic and neutral species, showed 
the DLC plasma to be high in the desired C2H radical as 
well as C2H2, C3Hx, C4Hx as well as argon species from the 
plasma gas. With this information, the mechanisms for the 
nucleation and growth of the DLC films can be postulated 
and interdependencies of parameters can be investigated. 

Reactions
e + Ar  Ar+ + 2e
e + Ar  Arm + e
e + Arm  Ar+ + 2e
e + C2H2  C2H2

+ + 2e
e + C2H2  C2H + H + e

Ionisation, metastable and 
dissociation products in a 
C2H2:Ar+ DLC deposition 
plasma 

Neutral and ion mass spectra normalised with respect to argon in a CCP at 
6 mTorr with 2:1 C2H2:Ar ratio. 

Plasma Sources Sci. Technol. 20 (2011) 015003 A Baby et al

Figure 2. Normalized count rate of neutral species in C2H2 : Ar
(flow ratio 2 : 1) CCP versus pressure at Vdc = 450 V and
f = 13.56 MHz. The ratios with respect to the argon value are
shown in parentheses. (a) Species with little variation with pressure.
(b) Species which fall with pressure. Count rates for plasma-off
conditions are shown as Vdc = 0 V in figure 5.

3.2. CCP positive ions

Positive ion count rates were obtained in IM mode with
the spectrometer attached to the grounded chamber wall and
scanned over the mass range 0–60 amu at an IE of 30 eV,
chosen so as to prevent count saturation. Figure 3 shows a
typical contribution of positive ions to the mass flux for a
fixed pressure (6 mTorr), C2H2 : Ar mixture (flow ratio 2 : 1)
and 450 V substrate bias. The dominant ion species are
C2H+

2 , followed by Ar+, C4H+
2 and C4H+

3 . Other significant
species include C2H+, H+

2 , H+
3 , C+

2, C2H+
3 and C2H+

4 . Among
the heavier mass ions, C4H+, C4H+

4 and C4H+
5 are also

abundant.
Since direct quantitative comparison of neutral and ion

count rates is not possible due to the different sensitivities
in NM and IM modes, we compare relative fluxes by first
normalizing them to their respective argon count rate, figure 4.
For some species the normalized neutral count is greater than
that of its ion: OH, H2O, Ar2+, C2H4, C3 and CO2. For others
the converse is the case: H+, H+

2 , C2H+
2 , C2H+

3 , C3H+, C3H+
3 ,

ArH+, C4H+, C4H+
2 , C4H+

3 , C4H+
4 , C4H+

5 . Similar normalized

Figure 3. IM spectrum rate in the CCP: 6 mTorr C2H2 : Ar (flow
ratio 2 : 1) at Vdc = 450 V and f = 13.56 MHz. The IE was set at
30 eV to avoid saturation.

Figure 4. Neutral and IM spectra normalized with respect to argon
in the CCP: 6 mTorr C2H2 : Ar (flow ratio 2 : 1) at Vdc = 450 V and
f = 13.56 MHz. The IE was set at 30 eV to avoid saturation.

ion and neutral counts are observed for C, CH, C2 and C2H.
Acetylene ions are the only species which shows a ratio >1.

The effect of varying plasma power and thus Vdc on neutral
count rates is shown in figure 5. The initial pressure with
no plasma (Vdc = 0 V) was 8.6 mTorr; this dropped almost
linearly with increasing bias to 6.2 mTorr at Vdc = 475 V. The
numbers in parenthesis after the species legends are the ratios
of counts at a Vdc of 475 V, normalized to that of argon. The
bias value chosen represents optimum bias condition for film
deposition.

The neutral species can be divided into three sets. Group I
consists of the carbon atom and some carbon bearing radicals
(C, C2, C2H, C2H3 and CH) which directly follow the
exponential reduction of C2H2 with increasing Vdc, figure 5(a).
This reduction in count rate with bias is about 3 times greater
than the drop in pressure noted above. In figure 5(b) group II
comprises Ar, H and CH3, which are almost bias independent.
Group III (also figure 5(b)) consists of other molecules (H2O,
CO2, C4H2) and radicals (ArH, OH C4H4, C2H4) which
display more complex behaviour with bias. For example, C4H2

4
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Pulsed Laser 
Deposition (PLD) 
Coatings

The Hiden EQP is used by many researchers in this 
field to provide direct monitoring of the resultant 
plasma plume. Ionic, neutral and radical species 
can be measured and the mechanisms for film 
nucleation and growth can be determined using 
the data gained. 

Pulsed Laser Deposition is a deposition technique that utilises a high-power pulsed laser to ionise a target material creating a 
plasma plume, which is used to deposit species onto the surface of a substate in close proximity to the plasma. 

The laser beam parameters and target properties affect laser
ablation. The physics of the laser ablation process involves laser–target
interactions, plasma formation and evolution. Plasma expansion,
electron-impact excitation/ionization, recombination, and energy
transfer processes result in complicated plasma kinetics [10,11].
Although the plasma should be fully characterized in terms of tempera-
tures, densities, yields, charge state, and so on [12], a special interest for
LIP is the KEDs of the beams of ionized species and their spatial distribu-
tions. Due to the high detectability of ions, measurements of ion species
and their velocity distributions are often conducted because ions can
be used as markers to understand plume expansion and laser–target
interactions.

Basically, a shifted Maxwell–Boltzmann–Coulomb (MBC) distribu-
tion fits well to the overall ion KEDs of a LIP in vacuum [7,12–22]. The
shifted energy distributions of ion species prove that the charge separa-
tion in the non-equilibrium plasma leads to an accelerating voltage
[12,17,19,21–26]. The ablated particles subsequently obtain a certain
velocity that preferentially peaks along the direction perpendicular
to the target [27]. The anisotropic distribution of the ablated species
as well as the unexpected enormous KEs are related to thermal
effects (inverse bremsstrahlung absorption, target/plasma heating),
supersonic-like adiabatic expansion, and Coulomb effects (ion repulsion,
ion-electron attraction, and ion acceleration via charge separation) [21,
27]. Of these effects, the charge separation is the dominant acceleration
process for the ultrashort pulse laser regime [28,29]. Typically, an ion KE
reaches the order of several keV under a moderate laser power density
[30,31], while it extends up to several MeV at an irradiance greater than
1015 W/cm2 [32,33].

The ions emitted from a LIP with a certain charge state, KE, and an-
gular distribution are highly related to the parameters of the employed
laser (e.g., laser fluence, laser wavelength, and pulse duration), the
ambient surrounding, and the irradiated target material. It is important
to evaluate the above factors as well as to determine the underlying
mechanisms to make the application viable. In Section 2, a theoretical
study of ion KEDs will be presented. Ion KED investigation methods
will be briefly classified as time-of-flight (TOF) profile measurements
or energy analyzer measurements in Section 3. The dependences of
ion KEDs on the laser beam properties, ambient surroundings, and
target material will be discussed in Sections 4, 5, and 6, respectively. A
conclusion will be drawn in the last section.

2. Theoretical study of ion KEDs

2.1. Mechanism of charge separation and ion acceleration

It is rather instructive to provide basic insight into the physical
phenomena involved in the laser–target interactions during irradiation
in vacuum. This section mainly focused on the ion acceleration mecha-
nism underlying the dependence on the laser pulse duration.

For irradiation with a longer laser pulse (~nanosecond, ns), the ion
ejection during the early stage of the laser pulse preferentially occurs
in a direction perpendicular to the target surface and is driven by
the pressure gradients [34–36]. The ion velocity distributions become
a full-range Maxwell–Boltzmann (MB) distribution with a shifted
center-of-mass velocity due to the extensive collisions within the
Knudsen layer [10,11,37]. When the laser irradiation terminates, the
plume undergoes an unsteady adiabatic expansion and peaks sharply
in the forward direction. Typically, experiments have shown that ionic
components fit to Anisimov's model, which is based on hydrodynamic
motion regardless of electrostatic interaction [38,39]. However, a com-
plete description of the observed ion KEDs is not sufficient because
the ion KE is larger than the KE of neutral species and the average
energy is substantially higher than the thermal energy [25,40,41]. A
series of results have suggested that the ion acceleration process occurs
in the LIP [42–47]. In addition, the linear dependence between
the charge state and the center-of-mass velocity reveals that both

hydrodynamic and electrostatic forces contribute to the expansion
velocity of the plasma [48,49]. According to the electrostatic model
[41,45,50], electrons that are heated by inverse bremsstrahlung (IB) ab-
sorption transfer the absorbed laser energy to ions through ion-electron
collisions in the expanding plasma. The scale of the electron-ion ther-
malization time (10−10–10−11 s) is much shorter than the laser pulse
duration [51]. Thus, ions and electrons reach the same thermal temper-
atures during the early portion of the laser pulse. Because electrons are
the lightest species in the plasma, they obtain the highest thermal veloc-
ities and escape from the plasma. The space charge separation between
the energetic electrons and the ions that lag behind prevents the elec-
trons from completely escaping the plasma. Because electrons are
confined at the leading edge of the plume, a self-electrostatic field is
formed, which accounts for the proportionality between the ion peak
KE and the charge state. The initially formed ns LIP displays a thermal
nature. As the electrons absorb photon energy by an IB process, the plas-
ma reheats at a fixed distance from the target surface, and this reheating
sustains the acceleration process [52]. The expression for the final
ion KE in the Z charge state is given by the following equation [41]:
Ekin = (nZ + 1)kT. In this equation, the temperatures of the electron
and ion are assumed to be equal to T (Te≈ Ti≈ T); n is the average num-
ber of times that the ion accelerates in the self-electrostaticfield, and k is
the Boltzmann constant. The laser pulse duration is much longer than
time for the transfer of energy from the electrons to the ions [51];
thus, this equation indicates that the high kinetic energies gained via
electrostatic acceleration dominate over those from the relatively low
thermal energy [41,53]. The electrons that preferentially eject along
the target normal are driven bypressure gradients. The resulting plasma
potential is larger in the normal direction and decreases as the angle
relative to the target normal increases [27]. The overall processes are
illustrated in Fig. 1. A substantial fraction of the final ion KE is gained
via the ion acceleration process caused by the charge separation. The
difference in the spatial distribution of the acceleration potential leads
to the reduction of the average ion KE (Eave) as a function of angle.

Ablation dynamics studies consider the ambipolar electric field
(or double layer) effect to be another version of the electrostatic

Fig. 1. Schematic representation of the vital regimes for laser-surface interactions in a
vacuum for the ns laser case at an irradiance greater than the ablation threshold for the
ion acceleration and the anisotropic distribution.

102 X. Wang et al. / Spectrochimica Acta Part B 99 (2014) 101–114

Schematic representation of the vital regimes for laser-surface interations in a 
vacuum for the ns laser case at an irradiance greater than the ablation threshold 
for the ion acceleration and the anisotropic distribution.
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Plasma Etching
and Atomic Layer 
Deposition

Atomic Layer Etching (ALE) is a two-step process which 
allows for reliable single atomic layer precision of the etch. 
The first step is to form a reactive layer on the substrate. 
The second step then removes this layer, and the 
underlying substrate layer, in a self-limiting manner. For 
the second step to be self-limited it is critical that the ion 
energy is higher than the sputtering threshold of the 
reactive layer but below that of the substrate layer. 

Radical and ion fluxes are also important for the formation 
of the reactive layer. The Hiden PSM or EQP can be used 
to monitor both the fluxes of radicals and ions and their 
energies in real time.

FC radical densities measured using a QMS during one cycle of ALE at 100 W 
and 300 W of (a) CF, (b) CF2, (c) CF3, (d) C2F4, and (e) F.

IEDs as a function of pressure in 1000 W Ar. 

During plasma processing it is important to maintain the optimum plasma conditions for the process. Plasma diagnostics are 
critical in determining and maintaining this process window.



DC Magnetron Deposition
of Silicoboron-carbonitride 
(SiBCN) Films for 
Microelectronics Applications

PLASMA DEPOSITION 

Plasma deposition is a surface technique that involves 
using a plasma to deposit species onto the surface of a 
material with the goal of enhancing specific properties of 
the material. Enhancements in hardness, chemical 
resistance, adhesion and corrosion resistance are 
common benefits to the bulk material. 

avoid a probable overestimation of the hardness values mea-
sured at lower maximum loads due to high elasticity of the
films.55 The successive exchange of carbon for silicon in the
films does not cause substantial changes in the values of
hardness �24–27 GPa�, effective Young’s modulus
�170–180 GPa�, and elastic recovery �72–73%� for
Ub=−500 V and Ts=350 °C. However, it results in a strong
increase in hardness �from 17 to 33 GPa with a maximum
load of 30 mN� and effective Young’s modulus �from
135 to 216 GPa� at a slower rise in elastic recovery �from
65 to 73%� for the Us=Uf =−15 to −38 V and Ts

=180–190 °C condition. As can be seen in Fig. 5�a�, ion
bombardment effects and thermal desorption lead to an en-
hanced hardness of the films with the highest carbon content
�see ion-induced and thermal desorption of volatile C–N
compounds from the growing film surface30�, while they
cause a lower hardness of the films with the highest silicon
content as the ion kinetic energy is too high to form an op-
timized superhard densified structure of the deposited mate-
rial with strong B�sp3�-N and C�sp3�-N bonds.1,56,57

B. Effect of the gas mixture composition

The effect of the N2–Ar gas mixture composition on dis-
charge and deposition characteristics �Fig. 6�, and on charac-
teristics of the Si–B–C–N films �Figs. 8–10� is presented for
a fixed 60% Si+20% B+20% C target erosion area,
Ts=350 °C and two different values of Ub=−100 and
−500 V to show the influence of ion bombardment. Figure 7
provides information on composition of the respective total
ion fluxes onto the substrate at a switched-off rf discharge.

1. Discharge and deposition characteristics

Figure 6�a� shows that an increasing argon fraction in the
gas mixture leads to a rise in the Pdc power �as a conse-
quence of the increased Udc voltage keeping constant the
target current Im=1 A� at a weakly dependent Prf power for a
fixed negative substrate bias Ub=−500 V and at very low Prf

values rising from approximately 5 to 8 W for Ub=−100 V.
This can be explained by an increasing plasma impedance.32

As is seen, the rising Pdc values and enhanced physical sput-
tering of silicon from the composed target �see Figs. 7 and
8�a�� with the argon fraction in the discharge gas result in a
progressive increase in the deposition rate of films. Taking
into account the practically constant Prf power at
Ub=−500 V and its very low increasing values at Ub=
−100 V it is possible to elucidate a rapid decrease in the
�i /�p flux ratio and in the ion energy per deposited atom,
Eia, atUb=−500 V and their low values of �i /�p�0.2 and
Eia�20 eV at Ub=−100 V in Fig. 6�b�. Let us recall that the
values of �i /�p�1.1 applied in our work �see also Fig. 2�b��
are very low compared with Ref. 1 reporting on a use of
intense ion bombardment with the �i /�p flux ratio up to 66
in magnetron sputtering of superhard materials �such as cu-
bic boron nitride, tetrahedral amorphous carbon, boron car-
bide, and cubic silicon carbide� with a high compressive
stress �occasionally higher than 10 GPa�.

Figure 7 helps us to understand a big difference between
sputtering of carbon, silicon and boron from a composed
target in nitrogen-argon discharges. It provides information
on a relative abundance of the identified ions �and hence the
corresponding neutral species� in the deposition zone at a
switched-off rf discharge. For correct interpretation of the
results obtained it is important to consider that the contribu-

FIG. 6. Deposition rate and respective dc and rf power levels, Pdc and Prf,
absorbed in the plasma �a�, and ion-to-film-forming particles flux-ratio,
�i /�p, and ion energy per deposited atom, Eia �b� for films prepared at
various argon fractions in the gas mixture, a fixed 60% Si+20%
B+20% C target erosion area and Ts=350 °C for Ub=−500 V �full sym-
bols� and Ub=−100 V �empty symbols�.

FIG. 7. Normalized integral fluxes of individual positive ionic species onto a
grounded electrode of the mass spectrometer placed at the position of a
substrate in nitrogen-argon discharges with 0% Ar �a�; 50% Ar �b�; and
100% Ar �c� for a fixed 60% Si+20% B+20% C target erosion area at a
total pressure p=0.5 Pa and a dc power Pdc=500 W.

1518 Vlček et al.: Reactive magnetron sputtering of hard Si–B–C–N films 1518
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Positive ion spectrum of a silicoboron-carbonitride plasma.

Plasma deposition chamber

Silicoboron-carbonitride films have a unique combination of 
properties, such as extremely high temperature stability and 
oxidation resistance, low thermal coefficient of expansion, low 
thermal conductivity, high hardness, high creep resistance 
even at elevated temperatures, reduced film stresses, and 
good substrate adhesion. Films deposited with magnetron 
sputtering also offer enhanced electronic capabilities.

The Hiden EQP was used to investigate the composition of the 
plasma, allowing the properties of the resultant films to be 
correlated to plasma conditions. 

The Hiden EQP system was placed directly into the plasma 
plume, and the species present were directly analysed using 
the integrated tuneable ion optics. The affects of gas 
composition, power and substrate temperature were 
optimised. The resultant films were found to have an 
amorphous structure, with high hardness, low surface 
roughness and excellent oxidation resistance at elevated 
temperatures up to the substrate limit of 1350°.

10 | Low Pressure Plasma Applications
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Hiden’s quadrupole mass spectrometer systems address 
a broad application range in:

GAS ANALYSIS

dynamic measurement of reaction gas streams
catalysis and thermal analysis
molecular beam studies
dissolved species probes
fermentation, environmental and ecological studies

SURFACE ANALYSIS

UHV TPD
ToF qSIMS and SIMS analysers
end point detection in ion beam etch
elemental imaging – 3D mapping

PLASMA DIAGNOSTICS

plasma source characterisation
etch and deposition process reaction kinetic studies
analysis of neutral and radical species

VACUUM ANALYSIS

partial pressure measurement and control of process gases
reactive sputter process control
vacuum diagnostics
vacuum coating process monitoring

analysis of neutral and radical species

Hiden’s quadrupole mass spectrometer systems address 

dynamic measurement of reaction gas streams

fermentation, environmental and ecological studies

elemental imaging – 3D mapping

etch and deposition process reaction kinetic studies
analysis of neutral and radical species

VACUUM ANALYSIS

SURFACE ANALYSIS

UHV TPD
ToF qSIMS and SIMS analysers
end point detection in ion beam etch
elemental imaging – 3D mapping
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