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Abstract
In this paper, the indirect monitoring of plasma-induced defect formation within fused silica via plasma emission spectroscopy 
is presented. It is shown that low-pressure plasma treatment with hydrogen as process gas leads to a decrease in UV 
transmission of fused silica. This decrease can be directly attributed to oxygen vacancy-related defects and the presence of 
hydrogen within the silicon dioxide glass network. By the analysis of the plasma composition, it was observed that the amount 
of oxygen within the plasma increases with increasing treatment duration. Hence, oxygen was continuously released from 
glass network in the course of the plasma treatment. It was further observed that this release is strongly dependent on the 
applied plasma power where the lowest process efficiency occurs at the highest plasma power. It is shown that an increase in 
plasma power leads to a remarkable increase in light emission from the working gas, hydrogen. This observation indicates 
that the higher the degree of excitation and ionisation of the plasma, the lower the efficiency of plasma-induced formation 
of oxygen deficiency-related defects. This finding is of mentionable relevance for a better understanding of plasma-induced 
surface modification and coating processes.

Keywords  Fused silica · Optical properties · Oxygen deficiency · Glass defects · Plasma treatment · Plasma emission 
spectroscopy

1  Introduction

In the last decades, the understanding of oxygen deficiency 
centres (ODC), hydrogen centres and other oxygen 
deficiency-related defects such as E′-centres in glasses 
has gained in importance due to the growing number 
of optical and opto-electrical devices and systems used 

in telecommunication, medical technology, laser-based 
manufacturing, etc. It is well known that oxygen deficiency 
leads to intrinsic point defects in glasses [1] that may 
decrease transmission—a mechanism which is of essential 
relevance in optical fibres and fibre networks [2]. In addition 
to an increase in absorption in the ultraviolet wavelength 
range [3], the presence of oxygen deficiency centres can 
also give rise to disturbing (and partially long-term) 
phosphorescence after irradiation by any light source [4]. 
Against this background, the actual formation as well as 
the prediction of oxygen deficiencies via modelling was 
investigated intensively in the past [5].

However, in contrast to the above-mentioned disturbing 
and unwanted effects, an oxygen deficiency-related increase 
in absorption is of certain interest for laser structuring of 
optical glasses and particularly fused silica [6–8]. It was 
shown in previous work that for this purpose, oxygen 
deficiency centres and the accompanying increase in 
absorption can be generated selectively by plasma-induced 
chemical reduction of glass-forming oxides [9, 10]. Hence, 
the dependency of a plasma-induced decrease in transmission 
of fused silica and the accompanying enrichment of the 
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plasma volume with oxygen from the silicon dioxide glass 
matrix on the plasma power and treatment duration were 
investigated in the present work. One has to consider that 
the latter approach, i.e. plasma emission spectroscopy, 
represents an indirect and rather qualitative measurement of 
oxygen vacancies in contrast to the established detection of 
UV absorption [11], photoluminescence [11–13] and other 
methods, e.g. the measurement of laser induced photocurrent 
[14]. However, the applied in situ plasma diagnostics stands 
out due to its high potential in time-critical applications, 
especially for real-time and inline measurements and process 
monitoring on industrial scale.

2 � Basic considerations

Synthetic amorphous quartz glass, so-called fused silica, 
has established as one of the most important materials 
in optics, photonics and electronics. In contrast to the 
idealised description, fused silica does not purely consist 
of silicon dioxide (SiO2) with a network given by perfect 
SiO4 tetrahedrons where each oxygen atom appertains to two 
silicon (Si) atoms. In reality, further tetrahedrons of different 
chemical composition (SixOy, where 0 ≤ y ≤ 4) can occur in 
silicon oxide networks. Systems of that kind are referred to 
as silicon suboxide (SiOx). Four different models currently 
describe the distribution of the involved tetrahedrons within 
this substoichiometric phase: according to the random 
bonding model (RBM) as suggested by Philipp, silicon 
suboxide consists of randomly composed and binominally 
distributed SixOy tetrahedrons [15]. The random mixture 
model (RMM) as introduced by Temkin describes silicon 
suboxide as a mixed phase made up of clearly separated and 
homogeneous clusters of silicon (Si) and SiO2 [16]. Another 
model, the matrix model (MM) was suggested by Hinds 
et al. assuming silicon suboxide to be given by clusters of Si 
embedded in a matrix of SiO2 or clusters of SiO2 embedded 
in a matrix of Si, respectively [17]. The interface cluster 
mixture model (ICMM) was presented by Hohl et al. and 
represents a combination of both the RBM and the RMM. 
According to this model, homogeneous Si and SiO2 clusters 
are embedded into (and thus separated by) a boundary layer 
consisting of silicon suboxide and silicon monoxide [18].

Those four models thus indirectly describe the 
deficiency or vacancy of oxygen within silicon oxygen 
networks. In practice, such oxygen vacancy and further 
accompanying defects can be induced by chemical 
reduction and the mechanism of hydrolytic scission, i.e. 
the hydrogen-induced formation of fractures within SiO2 
networks. This mechanism is a well-known and common 
effect in glass melting where a certain amount of hydrogen 
ions (H+) is provided by the ambient atmosphere and 

water vapour inside the melting furnace [19]. In this case, 
bridging oxygen is attacked by hydrogen ions, resulting 
in an intermediate,

and a subsequent hydrolysis of this intermediate according 
to

In solid glasses, gamma irradiation can induce further 
hydrogen-related defects [20] where the defect formation 
is based on a reaction of SiO2 and molecular hydrogen, 
H2, according to

As a result, both hydrogen and hydroxyl groups are 
implanted into the glass bulk material as shown by Boksay 
and Bouquet [21] and Charles [22, 23]. In addition to the 
formation of oxygen vacancies, given by several different 
types of oxygen deficiency centres (ODC), silicon oxide 
networks can thus feature a number of further defects. This 
involves the above-described implantation of hydrogen 
and the accompanying formation of H(I) centres and the 
formation of so-called E′ centres, i.e. generally speaking 
an unpaired free electron of a silicon atom as listed in 
Table 1.

It can be seen that the oxygen deficiency-related defects 
listed here are optically active and feature considerable 
absorption in the ultraviolet wavelength range, roughly 
between 160 and 400 nm. Apart from different mechanisms 
as for example irradiation with ultraviolet light [2] or 
gamma irradiation [13] such defects can also be induced 
by the use of chemically reductive plasmas. This approach 
was applied in the present work.

(1)≡ Si − O − Si ≡ +H+
↔ (≡ Si − OH − Si ≡)

+
,

(2)(≡ Si − OH − Si ≡)
+ + H2O ↔ 2(≡ Si − OH) + H

+
.

(3)≡ Si − O − Si ≡ +H2 ↔≡ Si − OH H − Si ≡ .

Table 1   Selection of optically active defects such as oxygen 
deficiency centres (ODC) in silicon dioxide related to oxygen 
deficiency including the corresponding absorption peaks (table 
adapted from [3])

Defect acronym Absorption peak in nm References

Oxygen deficiency centres I 
(ODC I)

163.14 [24–30]

E′—(surface) 196.80–206.64 [31]
ODC II—oxygen vacancy 177.12–182.33 [27, 32]
ODC II—oxygen divacancy 229.60–243.11 [33]
ODC II—dicoordinated silicon 393.60 [34]
E′-centres (bulk) 213.77–217.52 [35–37]
H(I)-centres 206.64–258.30 [38–40]
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3 � Experimental setup and experimentation

In this work, experiments were performed on commercially 
available drawn glass plates made of synthetic and 
amorphous fused silica. The samples were plasma-treated 
in a homemade plasma generator. This generator consists 
of a plasma source given by two opposite electrodes with 
an electrode distance, i.e. a discharge gap of 120 mm. The 
source was driven by a direct current (DC) electrical power 
supply. It was operated at three different voltages U and 
corresponding currents I, resulting in three different powers 
P dissipated in the plasma as calculated by the product of 
the voltage and the current (P = U·I) and listed in Table 2.

The actual plasma generator is embedded in a cylindrical 
vacuum chamber made of stainless steel equipped with a 
pump periphery for low-pressure or vacuum generation. In 
order to initiate a chemical reduction of the glass-forming 
silicon dioxides, pure hydrogen was used as process gas 
where the gas pressure within the chamber was kept constant 
at 70 Pa during plasma treatment.

In the course of the treatment, the composition of the 
plasma within the chamber was measured via emission 
spectroscopy using an UV/VIS-spectrometer (USB 2000 

from Ocean Optics, Inc.). Emission spectra were taken at the 
beginning of the plasma treatment process (i.e., the reference 
spectrum) and in steps of 10 min up to an overall treatment 
duration of 30 min where special attention was paid to the 
detected emission peaks related to oxygen and hydrogen. In 
addition to such plasma diagnostics, the transmission of the 
samples was measured prior to and after plasma treatment 
using a further UV/VIS-spectrometer (Lambda 1050 from 
PerkinElmer, Inc.) in order to verify the formation of oxygen 
deficiencies leading to an increase in UV absorption.

4 � Results and discussion

4.1 � Transmission

As shown in Fig. 1, the plasma treatment as described above 
leads to a decrease in transmission, corresponding to an 
increase in absorption of the treated fused silica samples. 
This behaviour can generally be observed for all applied 
plasma powers but turns out to be most significant in the 
case of the lowest power, i.e. 3.84 W.

Such effect of plasma-induced decrease in transmission 
due to the application of hydrogenous plasma is generally 
well known and was already reported in previous work [9, 
10]. However, the observed impact of plasma power on this 
process has not yet been extensively investigated and is thus 
discussed in more detail in Sect. 4.2. The observed decrease 
in transmission is preferably found in the UV wavelength 
range, i.e. from the lowest measured wavelength, 200 nm, 
up to approximately 400 nm. It can thus be attributed to a 
plasma-induced and hydrogen-driven formation of optically 
active defects as introduced in Sect. 2, namely oxygen (di)

Table 2   Voltage and current applied for plasma treatment of fused 
silica including the accompanying power dissipated in the plasma

Voltage U in V Current I in A Dissipated 
power P 
in W

320 0.012 3.84
420 0.024 10.08
520 0.037 19.24
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Fig. 1   Impact of plasma treatment at different plasma powers on the spectral transmission of fused silica samples
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vacancies, H(I) centres and E′-bulk centres, within the fused 
silica bulk material [3].

This mechanism is also visualised by the time-dependent 
change in transmission of the particular absorption peaks 
or peak ranges of these defects as shown in Fig. 2. It can 
be seen that transmission continuously decreases with 
increasing plasma treatment duration.

All the three defects considered in Fig. 2 result from the 
removal of oxygen from the glass network. As an example, 
this can be initiated by neutral hydrogen, which occurs 
within the plasma due to electron-impact dissociation of H2 
molecules according to

where volatile gaseous water is formed as a by-product. 
At the same time hydrogen is implanted and attached to 
oxygen deficiency centres, finally forming H(I) centres. 
Such plasma-induced implantation of hydrogen as well 
as the chemical reduction and the accompanying decrease 
in oxygen content in the near-surface glass material is 
described in more detail in [9, 41] where both effects were 
verified via secondary ion mass spectroscopic (SIMS) 
measurements on plasma-treated fused silica. In the present 
work, the removal of oxygen from the glass network was 
indirectly detected by measuring the composition of the 
plasma as discussed in more detail in the following section.

4.2 � Plasma diagnostics

The use of a low-pressure plasma discharge within a housed 
vacuum chamber allows an easy and reliable analysis of the 
composition of the plasma via emission spectroscopy since 
any impact of the surrounding medium, air, on the measured 

(4)SiO2 + 2H ↔ SiO + H2O

signal is obviated. As shown by the difference spectrum 
in Fig. 3, an obvious increase in intensity of six different 
discrete emission lines can be observed in the course of the 
plasma treatment process. The presented difference spectrum 
was calculated from the emission spectra detected at the end 
(tmax = 30 min) and the beginning (t0 = 0 min) of a plasma 
treatment process at a power of 3.84 W. It thus visualises the 
change in plasma composition that occurred in a period of 
30 min, i.e. the overall treatment time.

All of the increased emission lines in Fig.  3 can be 
attributed to oxygen. The five observed lines at 366.25 nm, 
376.25 nm, 486.49 nm, 648.39 nm and 657.11 nm relate 
to different transitions of singly ionised oxygen, OII [42]. 
Moreover, the line with the most significant change at 
745.54 nm corresponds to doubly ionised oxygen, OIII [43]. 
When taking a closer look on the time-dependency of the 
particular line intensities, it further turns out that the amount 
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of oxygen within the chamber is continuously increasing in 
the course of the plasma treatment; see Fig. 4.

This increase is inversely proportional to the decrease in 
transmission shown in Fig. 2 and thus indicates a release of 
oxygen from the fused silica network and the accompanying 
formation of oxygen (di)vacancies by the hydrogenous 
plasma, for example, according to Eq. (4), and an additional 
implantation of hydrogen into the glass. It further turns 
out that the observed increase in line intensity as well as 
the above-presented decrease in transmission is strongly 
dependent on plasma power: The higher the power, the 
lower the process efficiency in terms of inducing optically 
active defects related to oxygen deficiencies. This point is 
of particular interest for a potential application of plasma-
induced increase in absorption, for example, for subsequent 
laser processing of transparent media.

There are different approaches for explaining the 
decrease in plasma process efficiency with increasing 
plasma power [44]. For instance, increasing the plasma 
power may result in a decrease in available plasma 
species required for initiating the formation of oxygen 
deficiency centres in glass. Apparently, one important 
species is atomic hydrogen that is formed in the plasma 
due to electron-impact-based dissociation of the working 
gas, molecular hydrogen. According to Eq. (4) and due to 
its extremely high chemical reactivity [45], such atomic 
hydrogen could form volatile, gaseous water after reacting 
with oxygen from silicon dioxide. The water molecule 
is based on a covalent binding, a.k.a. atomic bond; the 
involved atoms, i.e. hydrogen and water, thus share the 
electrons. The formation of this type of bond could be 
hindered when increasing the plasma power since as a 
result, the plasma’s degree of ionisation is increased as 
well. Consequently, the amount of the required atomic 

(and electrically neutral, i.e. neither excited nor ionised) 
hydrogen within the plasma volume is reduced.

This assumption is supported by the emission 
spectroscopic measurements performed in the present 
work. As shown in Fig. 5, an increase in plasma power 
comes along with an increase in line intensity of 
characteristic Balmer lines, namely Hα (656.45  nm), 
Hβ (486.14 nm), Hγ (434.05 nm) and Hδ (410.17 nm), 
corresponding to an increased emission of photons by 
electrons in excited states.

It can thus be stated that increasing the plasma power 
directly leads to an increase in excited—and thus light-
emitting—hydrogen atoms. Since the total amount of 
hydrogen atoms was kept constant as managed via the 
constant process pressure of 70 Pa, the number of available 
neutral hydrogen atoms is consequently decreased when 
increasing the plasma power.

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30 35

.u.a ni ytisnetni enil ni esaercnI

Plasma treatment duration in min.

O II at 366.25 nm

3.84 W

10.08 W

19.24 W

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30 35
Plasma treatment duration in min.

O II at 376.25 nm

0

2000

4000

6000

8000

10000

0 5 10 15 20 25 30 35
Plasma treatment duration in min.

O III at 745.54 nmOII 366.25 nm OII 376.25 nm OIII 745.54 nm(a) (b) (c)

Fig. 4   Increase in line intensity of three selected emission lines of oxygen at 366.25 nm (a), 376.25 nm (b) and 745.54 nm (c) of the plasma 
versus plasma treatment duration. Please note the different scalings of the y axes

0

20000

40000

60000

80000

0 5 10 15 20 25

L
in

e 
in

te
ns

tit
y 

in
 a

.u
.

Plasma power in W

Hα
Hβ
Hγ
Hδ

Fig. 5   Line intensity of the first four Balmer lines of electron 
transition in hydrogen atoms at a plasma treatment duration of 30 min 
versus plasma power



	 C. Gerhard et al.

1 3

  165   Page 6 of 7

5 � Conclusions

The presented results show that the applied plasma affects 
the chemical composition and thus the optical properties of 
silicon dioxide-based glass surfaces. This fact might be of 
interest for the development of novel plasma-based techniques 
as for example a controlled refraction index matching prior 
to or during coating processes. It is also of practical interest 
for existing plasma methods for glass or silicon dioxide 
treatment using hydrogenous process gases, e.g. cleaning [46, 
47] or chemical vapour deposition [48, 49]. In the latter case, 
discrepancies between a theoretical, calculated layer design 
and the actual, real properties could be due to an alteration 
of the glass substrate during the coating process. The indirect 
inline monitoring of the formation of glass defects via the 
observation of the plasma as suggested in the present work 
could allow for a reduction of such discrepancies and the 
accompanying improvement of high precision coatings. The 
approach of plasma diagnostic could further be enhanced 
by an additional application of infrared spectroscopy for the 
detection of molecules such as gaseous water. Since this action 
would significantly improve inline detection processes, it will 
be investigated in future work. Another work to be performed 
is a further decrease in plasma power in order to identify the 
optimum plasma parameters for the target application, i.e. 
defect formation in fused silica.
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