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Formation mechanisms of alkali-free and high-proton concentration surfaces were investigated for

a soda lime glass using a corona discharge treatment under an atmospheric pressure. Protons

produced by high DC voltage around an anode needle electrode were incorporated into a sodium

ion site in the anode side glass. The sodium ion was swept away to the cathode side as a charge

carrier. Then it was discharged. The precipitated sodium was transformed to a Na2CO3 powder

when the surface contacted with air. The sodium ion in the glass surface layer of the anode side

was replaced completely by protons. The concentration of OH groups in the layer was balanced

with the amount of excluded sodium ions. The substitution reaction of sodium ions with protons

tends to be saturated according to a square root function of time. The alkali depletion layer

formation rate was affected by the large difference in mobility between sodium ions and protons in

the glass. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817760]

I. INTRODUCTION

Several modification techniques have been developed

for glass surfaces, such as ion implantation method,1 ion-

exchange using a molten salt,2 and heat-treatment in an

active gas.3 An externally applied DC voltage also attracts

great interest as a modification method. For example, ther-

mal poling, which applies high voltage across the electro-

des to a glass with heat treatment, generates an alkali

depletion area, including structural defects in the glass,

leading to second harmonic generation, and the electro-

optical effect.4–10 Recently, electro-field imprint proces-

sing, which is an imprint technique assisted by DC voltage

applied between the molds,11–14 has been studied for the

fabrication of plasmonic microstructures on the surface of a

metal–glass composite material. Corona discharge has been

identified as a useful non-contact surface modification

method for several materials.15–21 The corona is a non-

disruptive electrical discharge created by application of a

high DC voltage between an anode and a cathode. For

example, a material surface on the plate cathode electrode

is charged with ions generated around the anode needle

electrode, leading to the generation of a large electric field

on the material surface. Considerable effort has been

devoted to corona discharge treatment for the surface modi-

fication of dielectric polymers.15,16,21

We previously recorded a hologram on the soda lime

glass surface using the corona discharge treatment.22–26

Surface-relief gratings of an azobenzene polymer, which

were fabricated on the glass surface using two-beam interfer-

ence, were transferred onto the glass surface after the corona

discharge treatment. The treatment conditions strongly

affected the diffraction efficiency of the grating formed on

the glass surface. However, the formation mechanism of

such holographic grating remains ambiguous. This study was

undertaken to elucidate the surface modification phenomena

of soda lime glasses caused by the corona discharge

treatment.

II. EXPERIMENTAL

A schematic set up of the corona discharge treatment is

shown in Figure 1. A steel needle coated with Pt was used

with a flat carbon plate, respectively, as anode and cathode

electrodes. The anode electrode was connected to a DC

power supply. The cathode electrode was grounded. The cur-

rent in the circuit was monitored using a data logger (midi

Logger GL220; Graphtec Corp.). Commercially available

soda lime glass (AS; Asahi Glass Co. Ltd.) was used for the

experiment. The sodium and calcium oxide contents were,

respectively, 13 mol. % and 9 mol. %. The glass was pol-

ished using a colloidal silica compound to suppress the alkali

dissolution from its surface during polishing. The glass plate

of 25 mm� 25 mm� 1 mm was placed on the cathode plate.

The distance between the needle and the glass surface was

5 mm. The corona discharge treatment was performed at

temperatures between 100 �C and 400 �C in an atmosphere
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of 5 vol. % H2 and 95 vol. % N2. The applied voltage, which

was controlled below the arc discharge level, was less than

7 kV for our setup. After treatment, the glass was cooled

gradually to room temperature in the furnace.

Infrared (IR) absorption spectra of the treated glass were

examined using a Fourier transform infrared absorption spec-

trometer (FT-IR, Affinity-1; Shimadzu Corp.). White com-

pounds precipitated on the cathode side glass surface were

dissolved in distilled water and were analyzed using induc-

tive coupled plasma atomic emission spectroscopy (ICP-

AES; ICPE-9000; Shimadzu Corp.). The depth profile of the

glass composition was analyzed using energy dispersive

X-ray spectroscopy (EDS; JED-2300; JEOL Ltd.).

III. RESULTS

Voltage–current (V–I) characteristics found during the

corona discharge treatment at 100 �C are shown in Figure 2.

At voltages above the threshold of 3.8 kV, the corona

discharge occurred with the ionization of the gas molecules

around the anode needle, leading to the current flow, which

increased gradually with the applied voltage. When the

applied voltage was too high, the corona discharge was trans-

formed to the arc discharge, resulting in fatal surface sputter-

ing damage. Figure 3 presents the time dependence of

current during the treatment, which increased to 16 lA with

the voltage. It subsequently decreased gradually to 9 lA af-

ter treatment for 720 min. The white precipitates confirmed

on the anode side glass surface were identified as Na2CO3

using ICP-AES and Raman spectroscopy, which should be

formed by the chemical reaction of the discharged sodium

metal with air including CO2 gas. The amount of the precipi-

tate that had formed after treatment at 100 �C was higher

than those that formed at 200, 300, and 400 �C.

Figure 4 shows the time dependence of the sodium pre-

cipitated after the corona discharge treatment at 100 �C and

the applied voltage of 5.7 kV. The amount of sodium

increased with the treatment time, although no change was

found in the precipitated area against the treatment time: it

was 16 mm diameter. Figure 5 shows a cross-section optical

view of the glass treated at 100 �C with 5.7 kV for 720 min.

An approximately 3 lm thick layer was observed at the

FIG. 1. Corona discharge setup for glass surface treatment. Anode and cath-

ode electrodes are, respectively, a steel needle and a carbon plate. The nee-

dle size in the scheme is exaggerated.

FIG. 2. Relation between applied voltage and current during corona dis-

charge treatment on the soda lime glass surface at 100 �C in a nitrogen

atmosphere containing 5 vol. % H2.

FIG. 3. Time dependence of current during corona discharge treatment on

the soda lime glass at 100 �C.

FIG. 4. Relation between corona discharge treatment time and precipitated

sodium converted from the amount of Na2CO3 analyzed using ICP-AES.
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anode side glass surface. In contrast, no modified layer was

found at the cathode side glass surface. The thin layer com-

position was analyzed using EDS. Figure 6 presents depth

profiles of representative metals in the glass matrix. A step-

like sodium depletion layer was confirmed at the anode side

surface. The calculated amount of sodium ions in this layer

agreed well with the precipitated sodium results obtained

using ICP-AES analysis. These results demonstrate that the

sodium ions in the glass drifted from the anode side to the

cathode side as charge carriers; then they were discharged.

The IR absorption spectra of the glasses were measured

before and after the corona discharge treatment. Significant

differences were recognized in the wavelength range of

2500–3700 cm�1. Figure 7 portrays spectra after the corona

discharge treatment for 60–720 min. Broad peaks were as-

signable to OH groups.27 These peak intensities increased

with the treatment time. The OH group depth profiles were

evaluated through careful polishing of the anode side sur-

face. Figure 8 depicts the IR absorption spectra before and

after eliminating the surface layer by approximately 10 lm.

The peak intensities after polishing are apparently reduced to

the same level as that of the untreated glass. Therefore, the

OH groups that increased after the corona discharge treat-

ment were located only at the sodium depletion layer.

IV. DISCUSSION

A. Substitution reaction of sodium ion with proton

The corona discharge treatment, respectively, induced

the sodium depletion layer and the precipitation of Na2CO3

at the anode and cathode side surfaces. Furthermore, OH

groups were formed in the sodium depletion layer.

Therefore, it is evident that the charge carrier during the

treatment was sodium ions and that the protons were intro-

duced to the sodium depletion layer as the charge compensa-

tor. All of these electrochemical phenomena are explained

stoichiometrically as shown in Figure 9, which presents the

time dependence of the electrical charges and the amount of

precipitated sodium and incorporated OH groups by the co-

rona discharge treatment at 100 �C. Each value was obtained

using the following methods. (a) The electrical charges were

estimated by the time integration of the current during co-

rona discharge treatment using the Faraday constant of

96 485 C mol�1. Here, the carrier is assumed to be only so-

dium ion. (b) The amount of the precipitated sodium was an-

alyzed using the ICP-AES (see Figure 4). (c) The OH groups

introduced by the corona discharge treatment were estimated

from the IR absorption intensities in Figure 7 using the two-

band method reported by Scholze.27,28 It is possible to calcu-

late the amount of OH groups from the peaks at 2800 cm�1

and 3500 cm�1 in the IR absorption spectrum of a glass:

OHtotal ¼
V

d

a3500

e3500

þ 4

3
� a2800

e2800

� �
: (1)

In that equation, d stands for the thickness, V is the volume,

and a2800 and a3500, respectively, represent the absorption

coefficients at 2800 cm�1 and 3500 cm�1. The absorption

coefficients of 164 l mol�1 cm�1 and 76 l mol�1 cm�1 are

used, respectively, for a2800 and a3500. The thickness d is

1 mm. Volume V is determined from the glass thickness and

the corona discharged circle area of 16 mm diameter. As pre-

sented in Figure 9, the total electrical charges, the amounts

of precipitated sodium and the total concentration of OH

groups are increased linearly against the square root of the

treatment time with a similar slope. Consequently, the

FIG. 5. Cross-sectional glass surface

views after corona discharge treatment

under applied voltage of 5.7 kV at

100 �C for 720 min: (a) anode side and

(b) cathode side.

FIG. 6. Depth profile of representative

cations for the specimen shown in

Figure 5: (a) anode side and (b) cath-

ode side.
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chemical reactions caused in the soda lime glass by the co-

rona discharge treatment can be expressed as shown below:

Anode electrode; H2 ! 2Hþ; (2)

Anode side glass surface; Si� O�Naþ þ Hþ

! Si� OH þ Naþ;
(3)

Cathode side glass surface; Naþ þ e� ! Na: (4)

Reactions (2), (3), and (4), respectively, show the ionization

of the H2 gas molecule caused by the large electric field at

the anode needle electrode, the substitution of sodium ions

with protons in the glass network, and the discharge of so-

dium ions to sodium atoms at the cathode side. The corona

discharge in the hydrogen atmosphere generates not only

Hþ, but also H3
þ and H5

þ.29 In addition, if a small amount

of H2O exists in the ambient atmosphere, then (H2O)nHþ or

other radical species are generated.30 However, our results

revealed that the one-on-one exchange of sodium ion to pro-

ton proceeded because the sodium ions were swept away

completely from the hydrogen injected layer and the total

charge measured during the treatment agreed with the so-

dium ion concentration in the depletion layer. Therefore,

the predominant ionization of gases can be written as H2

! 2 Hþ: the reaction (2).

B. Formation mechanism of sodium depletion layer

Figure 10 presents the time dependence of the sodium

depletion layer thickness by the corona discharge treatment

obtained from the amount of the precipitated sodium (Figure

4). The sodium depletion layer thickness was fitted by the

theoretical model developed by Prieto and Linares to analyze

the ion exchange process assisted by a DC electric field for

an optical waveguide fabrication.31 The time dependence of

the sodium depletion layer thickness lðtÞ is expressed as

follows:31

FIG. 9. Time dependence of (a) total electrical charge, (b) total precipitated

sodium, and (c) OH concentration increased by the corona discharge treat-

ment at 5.7 kV, 100 �C. These three amounts were estimated, respectively,

from the measured current during the treatment, ICP-AES measurement and

IR absorption spectra.

FIG. 7. IR absorption spectra of the soda lime glass after corona discharge

treatment at 100 �C.

FIG. 8. IR absorption spectra (a) before and (b) after corona discharge treat-

ment at 5.7 kV, 100 �C for 720 min. Spectrum (c) was obtained after elimi-

nating the anode side surface of 10 lm by polishing.

FIG. 10. Time dependence of the sodium depletion layer thickness by the

corona discharge treatment at 5.7 kV, 100 �C. The closed square symbol was

obtained using the amount of precipitated sodium (Figure 4) and solid line

was obtained using Eq. (5).
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lðtÞ ¼ 1

aNH
� 1

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2aNHlHV

ð1� aNHÞ2
tþ L2

s
� L

2
4

3
5: (5)

In that equation, L stands for the glass thickness, V signifies

the voltage across the glass, a ¼ 1þ lH=lNa represents the

ion-mismatched parameter, and lH and lNa, respectively,

denote the mobilities of protons and sodium ions.

NH ¼ CH=C0
Na, which is the ratio of proton concentration CH

to the intrinsic sodium ion concentration C0
Na, is assumed to

be 1 because the sodium ions in the sodium depletion layer

were exchanged completely to the protons. The values used

for the calculation are presented in Table I. The calculated

result agreed well with our experimentally obtained result.

The sodium depletion layer thickness increased against the

square root of time and the voltage across the glass V was

calculated to 0.2 kV using Eq. (5). Considering that the total

applied voltage was 5.7 kV in the corona discharge treat-

ment, then presumably, 5.5 kV was consumed in the atmos-

phere to generate the protons that drifted onto the glass

surface. As the results showed, we estimated the voltage

Vsurf and the electric field Esurf across the sodium depletion

layer using the following equations, which can be derived

from the equations in an earlier report:31

Vsurf ðtÞ ¼
V

a
1� Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2alHV

ð1�aÞ2 tþ L2
q

0
@

1
A; (6)

Esurf ðtÞ ¼
V

ð1� aÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2alHV

ð1�aÞ2 tþ L2
q : (7)

Figure 11 shows the calculated value for the voltage and the

electric field across the sodium depletion layer during the co-

rona discharge treatment using Eqs. (6) and (7). Results

show that the large electric field was generated in the sodium

depletion layer during the corona discharge treatment, which

means that the electrical conductivity of the layer decreased

significantly by the substitution of sodium ions with proton.

Consequently, the voltage was concentrated in the thin layer.

According to results of an earlier study,5 the conductivity of

sodium depletion layer in a soda lime glass is comparable to

that of a fused silica glass. Indeed, the mobility ratio

(lNa=lH) of sodium ion (lNa) and proton (lH) in a soda lime

glass was reported as of the order of 103.32–34 Results sug-

gest that formation of the sodium depletion layer resulted

from the large difference of the mobilities between sodium

ion and proton.

Studies on the thermal poling to a soda lime glass

reported the formation of the alkali depletion layer on the an-

ode side surface under the condition of several kilovolts at

around 200 �C in air.32,35 However, the substitution of so-

dium ion with proton by this method proceeds only slightly,

which is a discriminate point from the corona discharge

treatment. Krieger and Lanford investigated the transport

phenomena of ions (sodium, calcium ions, and proton) in a

soda lime glass with application of DC voltage using

Rutherford backscattering technique.36 They used a

“blocking electrode” to prevent the penetration of any ions,

including proton to the glass from ambient air or the elec-

trode. The results indicated that the sodium depletion layer

thickness was about 300 nm after the treatment at 300 V and

150 �C over 60 h. In contrast, our results indicate thickness

of 3 lm at 100 �C and 200 V (estimated voltage across the

glass using Eq. (5)) for 12 h was reached. According to the

previous study about thermal poling of the soda lime glass,32

the growth rate of the sodium depletion layer depends on the

mobility of mobile ions, which are proton or oxygen ions, to

compensate the sodium ion. The proton mobility is much

greater than oxygen ion mobility. Therefore, the sodium

depletion layer growth rate was increased by penetration of

the proton from ambient atmosphere. During the corona dis-

charge treatment, protons were introduced from the ambient

atmosphere. Consequently the concentration of protons as

OH groups in the sodium depletion layer reached the level of

approximately 13 mol. %, which was comparable to the con-

centration of intrinsic sodium. Therefore, corona discharge

treatment is expected to be useful for the non-contact substi-

tution processing of alkali ion with protons for glasses and

ceramics of several kinds.

V. CONCLUSION

Corona discharge was applied to soda lime glass at

100 �C in an atmosphere of 5 vol. % H2 and 95 vol. % N2.

The substitution of sodium ions with protons proceeded at

the anode side surface during the treatment. The sodium

depletion layer thickness increased as a function of the

square root of time. The theoretical model predicts that a

large electric field should be applied on the anode side glass

surface during the treatment. The layer thickness was
FIG. 11. Time dependence of voltage and electric field across the sodium

depletion layer calculated, respectively, using Eqs. (6) and (7).

TABLE I. Properties of a soda lime glass and experimental condition used

for the calculation.

Glass

thickness,

L (mm)

Sodium

concentration

CNa (mol m�3)

Hþ mobility lH

(m2 V�1 s�1)a,32

Naþ mobility lNa

(m2 V�1 s�1)37

1 1.0� 104 7� 10�19 7� 10�16

aThe Naþ mobility is 1000 times as high as the Hþ mobility.
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restricted by the mobility ratio of sodium ion and proton,

which is in the order of 103 in the soda lime glasses. The

non-contact corona discharge treatment is expected to be

useful for the formation of alkali-free and high-proton con-

centration surface on glasses and ceramics under a low tem-

perature with atmospheric pressure.
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