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Abstract 

Radiative states of N2/<5% H2 and N2/<50/00 CH4 HF(microwave) flowing afterglows of microwave 

plasmas at reduced gas pressures (4-20 Torr) have been analyzed by emission spectroscopy. The N2 1st 

pos (580 nm), 2nd pos (316 nm), N2
+ 1st neg (391.4 nm), NH (336 nm) and CN (386 nm) bands in the 

pink (early) and the late afterglows were measured and the NO titration was used to determine the 

concentrations of N-atoms, O-atoms in impurity, N2(X,v>13) and N2(A) metastable molecules, N2
+ 

ions. Introduction of small percentages of H2 (or CH4) into N2 lead to a size reduction of the early 

afterglow region which was followed by a late afterglow zone where the N + N recombination is the 

dominant process. In addition, it also gave an effect of reducing the densities of N atoms (as well as the 

N2 excited states) in the afterglow regions. At the same time, it introduced other active species such as 

H (or C) atoms, of which the densities strongly vary depending on the percentage of H2 (or CH4) in the 

mixture. Such changes in the densities of active species such as N and C atoms in the afterglow region 

had a strong influence on the incorporation reaction rates of N atoms into the surface of TiO2 films 

introduced into the afterglow region. These results deliver an important meaning in devising process 

conditions especially for selective nitrogen or carbon doping into a skin-depth layers of oxide 

materials, which is desired in the case of preparing functional films for photoelectric and 

photocatalytic applications. 

 

Key words microwave  afterglows; emission spectroscopy; N and C-atoms densities; 

TiO2 ; surface nitriding 

  

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169433220331056
Manuscript_0c5b2bdf102e63d166379c68a070780d

https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0169433220331056


2 

 

1. Introduction 

N2 and N2/H2 flowing microwave (2.45 GHz) afterglows have been intensively studied in the 

past by emission spectroscopy [1-3], which gives information on the type and the densities of 

excited states of molecules and ions in the afterglows. By studying the emission spectra of the 

early and late afterglows, the detailed reaction kinetics of the N atoms, the N2(X,v) 

vibrationally excited ground state, the N2(A and a′) metastable molecules and the N2
+ ions 

have been studied intensively in pure N2 and are now well-understood as described in the 

previous literatures [4-6]. 

For the determination of the N-atom density in the afterglows, a simple method such as NO 

titration has been successfully employed as described elsewhere [1, 2]. Then, the 

concentrations of other active species such as N2(A), N2(X,v>13) metastable molecules, N2
+ 

ions and O-atoms (possibly from microleaks or impurities in the gas tank) are determined 

from the well-established method of band-ratio intensities [1, 2]. This method has been 

successfully employed in determining the densities of various active species not only in pure 

N2 afterglows, but also in the mixtures of N2-H2 [7, 8].  

Such an information on the densities of active species in the afterglows may be used in 

evaluating and understanding nitridation processes, especially when a mild treatment 

condition in the post-discharge (afterglow) region is desired as in the case of surface-selective 

modification of skin-depth layer of oxide materials such as TiO2 for controlling catalytic and 

photocatalytic activities [9, 10]. Interesting results have been observed recently from the 

studies on nitridation of TiO2 in the N2 and N2-H2 afterglows [7, 8, 11]. Controlling the type 

of active species such as oxygen impurities and N2
+ ions in the N2 afterglows was found to be 

responsible for the introduction of different types of surface N bonding states on TiO2 [8]. 

High concentration of N atoms over that of N2
+ ions as in the late afterglows was found to be 

effective in enhancing surface nitridation performances [11]. The presence of H atoms as in 

the N2/H2 afterglows of microwave discharges may reduce the surface nitridation performance 

at room temperature due to the surface passivation by H atoms [11], but leads to enhanced N 

incorporation rate at elevated temperatures since the reaction of H atoms may deplete the 

surface oxygen atoms for further incorporation of N atoms followed by subsequent diffusion 

into the subsurface [7]. In this way, the addition of H2 into N2 enhances the N incorporation 

rate into the subsurface, thus the nitriding of TiO2 can be performed at lower substrate 

temperatures. 

The interest on the N2/CH4 plasma and afterglows has been also established for various 

applications such as nitrocarburizing iron surfaces [12], the formation of nanostructured 

carbon films [13] and the C,N-co-doping of TiO2 for enhanced photocatalyst applications 

[14]. The condition with the maximum densities of N and C atoms in the afterglows can be 

chosen by monitoring the emission spectra. Iron metals exposed to the afterglows at an 

elevated temperature were found to have a surface nitride layer with a few percent of C 

incorporated. A similar treatment of TiO2 in the N2/CH4 afterglows may be also useful in 
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preparing oxynitride layers of a well-defined thickness on TiO2 possibly with a few percent 

carbon incorporated for enhanced photocatalytic performances [15-17]. 

In the present study, active species produced in N2/<5% H2 and N2/<50/00 CH4 afterglows are 

optimized by varying the discharge conditions and their densities are thoroughly examined for 

use in surface nitriding of TiO2. Absolute concentrations of N-atoms, O-atoms in impurity, 

N2(X,v>13) and N2(A) metastable molecules and N2
+ ions are monitored in N2/<5% H2 HF 

afterglows, using band intensity ratios [1, 2, 8, 18]. The method allows the determination of 

absolute C-atoms densities in N2/<50/00 CH4 afterglows. The ratios of H2 (or CH4) in the 

mixture examined in this study are those that can generate high concentrations of active 

species in the afterglow region as determined in the previous studies [8, 12, 18]. The detailed 

experimental conditions of generating the HF afterglows are also presented. The comparison 

shows again that the small amount of H2 (or CH4) induces a large perturbation in the densities 

of active species in the afterglows. A rapid evaluation of nitriding performances of TiO2 also 

shows an interesting variation in the nitriding rate depending on the type of active species in 

the afterglows. 

2. Experimental setup 

 

 

Fig. 1. Photo and scheme of the microwave flowing afterglow experimental setup. The 

sample can be heated in the 5 litre reactor or in the 18 mm i.d. tube for surface treatment in 

the afterglow region. 
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The experimental set-up of the microwave afterglow is reproduced in Fig. 1. The N2 and 

other gas (H2 or CH4) flows are introduced into the discharge quartz tube with the internal 

diameter (i.d.) of 5 mm, which goes through a surfatron cavity.  

The microwave plasma is generated by the surfatron when a microwave (2.45 GHz) power 

of 100 W is applied. The discharge tube extends further after the surfatron by about 12 cm 

and is connected to a 50 cm-long bent quartz tube of 18 mm i.d., which is connected to a 5 

liters Pyrex chamber.  

A sample can be introduced into the chamber and can be heated up to 600 K  (see Fig.1) 

inside the reactor or in the 18 mm i.d. tube, at a distance z = 38 cm from the bent tube inlet. 

The position at z = 38 cm corresponds to an afterglow time of 10-1s and is the sample position 

used in this study for the surface treatment of TiO2 films. 

Optical emission spectroscopy is performed by means of an optical fiber connected to an 

Acton Spectra Pro 2500i spectrometer (grating 600 gr/mm) equipped with a Pixis 256E CCD 

detector (front illuminated 1024 x 256 pixels). The plasma and afterglows spectra are 

characterized by the emission of the N2 1
st pos system and CN-red bands in the red part of the 

spectrum between 500 and 1100 nm and by the emissions of the N2 2
nd pos, N2

+ 1st neg ,NOβ 

(320 nm), NH (336 nm) and CN (388 and 385 nm) in the UV-blue part between 300 and 400 

nm. 

The discharge in the surfatron is followed by afterglows which appear usually in the quartz 

tube at the downstream. A pink afterglow is observed in the bent part of the 18 mm i.d. tube at 

z = 15 cm (27 cm from the surfatron) with a N2 flow rate of 0.5 slpm, a pressure p = 5 Torr 

and a microwave power of 100 W. After the pink afterglow, the late afterglow follows and 

appears in the quartz tube after the bent region. NO titration can be performed for absolute N-

atom density calibration in the late afterglow region by introducing an Ar-1.5%NO flow (see 

Fig.1). 

3. N2 pink and late afterglows 

A pink afterglow was detected in the shoulder of the 18 mm i.d. tube at z = 15 cm (5 10-2s). 

Table 1 summarizes absolute active species densities obtained from band intensity ratios [1, 2, 

8, 18], shown versus the distance  from z = 13 cm (5 10-2s) to 38 cm (10-1s) at 8 Torr, 0.5 

slpm and 100 W. 

In this Table, the aN+N factor indicates the proportion of the N2 1st pos intensity (I580) 

emitted at 580 nm (N2(B,v’=11) → N2(A,v’’=7) vibrational transition) due to the three body 

recombination N + N + N2 → N2(B,v’=11) + N2 : aN+N = 0 for a pure pink afterglow and aN+N 

= 1 for a pure late afterglow. 

It is found that the densities of the N-atoms and of the N2(X,v>13) metastable molecules 

(sum of the N2(X) vibrational levels higher than v=13) remain at (1-2) 1015cm-3 for N–atoms 
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and (0.6-1.0) 1014cm-3 for N2(X,v>13) molecules from z = 13 cm to 38 cm. However, the 

concentrations of the N2(A) metastable molecules and the N2
+ ions decrease as the gas flows 

from the pink (z = 15 cm) to the late afterglow region (z = 38 cm). The O-atom density slowly 

increases from 3 to 9 1013cm-3, corresponding to a [O]/[N2] ratio varying between 0.1 and 0.3 

10-3. 

In the 5 liters reactor, a maximum of the N-atom density is obtained at 5 Torr, 0.5 slm and 

100 W, where it is measured [N] = 5 1014cm-3 and [O] = 3.5 1013cm-3, by assuming an 

homogenous N-atom spatial distribution, which is about half the values measured in the 18 

mm i.d. tube at z = 38 cm (10-1s). 

z (cm) 13 15 17 19 38 

aN+N 0.2 0.3 0.45 
0.6-

0.7 

1.0         

[N] (1015cm-3) 0.9 1.0 1.2 
1.4-

1.8 

2.0              

[O] (1013cm-3) 3.3 4.0 4.0 
4.0-

7.0 

9.0 

[N2(A)] (1011cm-3) 
2.3-

4.0 
2.4 1.7 

1.3-

1.6 

- 

[N2(X,v>13)] (1014cm-

3) 

0.6-

1.0 
0.7 0.7 

0.6-

0.7 

- 

[N2
+] (1010cm-3) 20.0 2.0 0.5 

0.4-

0.5 

- 

 

Table 1. N2 active species densities in the afterglow at 8 Torr, 0.5 slpm, 100 W. 

4. N2/<5%H2 plasma and early afterglow 

For comparison with that of pure N2, the discharge condition has been chosen to be 

N2/2%H2, 5 Torr, 0.5 slpm, 100 W. Active species densities were measured in the afterglow at 

3 different positions along the 18 mm i.d. tube at z = 5, 13 and 38 cm and inside the 5 litres 

reactor. 

The results are reported in Table 2. The N2(A) density is below the measurement limit (< 

1011cm-3 in the 5 litres reactor. As for the N2(X,v>13) metastable and N2
+ ion concentrations , 
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they cannot be obtained at  z = 38 cm and in the 5 litres reactor as the aN+N factor was found to 

be equal to 1 (pure late afterglow). 

The role of 2% H2 added to N2 here can be clearly identified from the changes of the N-

atom density in the afterglow region. It decreased by a factor of 3-4 when going from z = 38 

cm to the 5 litre reactor that is more than in pure N2 where it was observed a decrease by a 

factor of about 2. Thus, the decrease in the N atom density along the gas flow in the afterglow 

region is even more in the N2/2%H2 case than in the pure N2 case. 

z (cm) 5 13 38 reactor 

aN+N 0.40 0.50 1.00 1.00 

[N] (1014cm-3) 8.0 9.0 11.0 3.0 

[O] (1013cm-3) 2.0 1.4 0.4 0.2 

[N2(A)] (1011cm-3) 5.0 2.0 0.7 - 

[N2(X,v>13)] 

(1013cm-3) 
1.3 3.0 - - 

[N2
+] (1010cm-3) 4.5 0.4 - - 

 

Table 2. N2/2%H2 active species densities determined at 5 Torr, 0.5 slpm, 100 W for 

different z positions. 

The O-atom density is found to strongly decrease in the reactor by adding 2%H2 to N2, from 

3.5 1013 to 0.2 1013 cm-3. At z = 13 cm, the density of the N2
+ ions is reduced by one order of 

magnitude, compared with the one determined in the N2 pink afterglow. Such a decrease is the 

result of the efficient charge transfer reaction : N2
++ H2→N2H

++ H with a rate constant of  2 

10-9cm3s-1 [3, 19]. 

 Afterall, the introduction of 2% H2 into the N2 flow has an effect of reducing the densities 

of N atoms (down to a half) and other excited N2 and N2
+ states (down to a detection limit). 

The presence of NH and H species (as detected in the emission spectra [7]) provides a 

reducing environment which suppresses the density of O atoms (from O2 impurity) as well. 

Such a change in the type and the densities of active species in the afterglow region has 

shown to have a huge impact on the overall nitridation performance of TiO2 films exposed to 

the afterglow [7]. 

5.  N2/<50/00CH4 HF afterglow 
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The N2/<50/00CH4 HF afterglows are specifically studied with application in post-

treatments of the oxide films such as TiO2 in mind. 

In the plasma, the CH4 molecules are in part dissociated by electron collisions in C and H 

atoms. In addition in the afterglow, the C-atoms are produced by the following reactions :  

N + CHx → CN + xH                                                        (a) 

  with ka= (1-2) 10-10cm3s-1  for  x = 3 [20], followed by the efficient reaction: 

N+CN→C+N2     with kb =10-10 cm3s-1                                         (b)  

As indicated in [12], the C-atom density can be deduced in the late afterglow region from 

the CN(B,7-X,7) band intensity at 385 nm shown in Fig. S1, as the CN(B,7) level is 

essentially produced by the following reaction : 

C + N + N2 → CN(B,7) + N2        (c) 

with kc = 9 10-33 cm6s-1 [20]. 

The I385 intensity is given from reaction (c) by : 

I385 = k1 [C] [N]          (1) 

with k� =  
����	


��	
A��,�
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where c(385) is the spectral response of the spectrometer in arbitrary units for the wavelength 

λ = 385 nm, A��,�


��,�

 is the probability of the CN(B,7-X,7) transition, kc is the rate coefficient 

for reaction (c), ν����,�

�  and k����,�


 
 are the radiative frequency of the CN(B,7) state and its 

quenching rate coefficient by the N2 molecule, respectively [20]. 

The absolute N-atom density in eq. (1) is determined by NO titration. The I580 intensity 

reduced by aN+N (see part 3) is as follows [1, 2]:  
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where kd is the rate coefficient of the 3-body N + N + N2 → N2 (B,11) + N2 recombination 

reaction [1, 2]. 

The C-atom density is then deduced from the N-atom density by the following intensity ratio : 

a��� .
*+,- 

*.,+ 
=

��
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[�]

[�]
          (3) 
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To investigate into the active species densities of the N2/CH4 HF afterglows, the following 

parameters were chosen: N2/x%CH4 with x varying from 0.04 to 0.3, P = 9-13 Torr, Q = 0.5 

slpm and PHF = 100 W. 

Spectra of the N2/0.04%CH4 afterglow recorded in the 5 litres reactor at 9 Torr, 0.5 slpm 

and 100 W are reproduced in the 300-400 nm (Fig. S1a) and 520-620nm (Fig. S1b) range. 

The CN(B,7-X,7) band at 385 nm (Fig. S1a) is produced by reaction (c). It superimposes 

with the CN(B,0-X,0) and CN(B,1-X,1) bands at 388 and 387 nm, respectively. 

 The origin of the I385 intensity was measured at the middle of the CN(1-1) rotational band 

extension. The CN(0-0) band emission could be the result of the following reaction : 

N2(X,v>12) + CN → CN(B,0) + N2       (d) 

with the rate coefficient kb= 1.7 10-11 cm3s-1 [21]. 

Other reactions are found in previous works to produce the CN(B,0) excited state such as: 

N+ CHx→ CN(B,0) + xH  and CNH2
++ e → CN(B,0) + H2/2H [22]. 

The N2(B,11-A,7) band at 580 nm (Fig. S1b) is clearly identified, mixed with the CN(A,v’) 

→ CN(X,v”) red bands at 575 nm (5-1), 588 nm (6-2) and 601 nm (7-3). To avoid the 

perturbation caused by the CN emission at 588 nm, the aN+N factor in eqs. (2) and (3) was 

obtained using the I580/I585 band intensity ratio from N2(B,11) to N2(B,10) instead of the 

I580/I590 ratio from N2(B,11) to N2(B,9) as indicated in [1, 2]. 

Under the given condition, the afterglow inside the 5 litre reactor is observed to be clearly 

inhomogeneous. It has been observed that the N and C atom densities are, respectively, 2 and 

3 times lower at the reactor bottom than in the center.  
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Fig. 2   Variations of I385 , I580 intensities and of the I385/I580 intensity ratio  in the N2/xCH4 

mixtures with x<0.3% for p = 13 Torr, z = 38 cm, Q = 0.5 slpm and PHF = 100 W. 

At z = 38 cm, the HF afterglow is a homogenous late afterglow (aN+N =1). The densities of 

C and N atoms at the late afterglow region are deduced from the analysis of emission lines at 

385 and 580 nm. In Fig. 2, the emission intensities of I385 and I580 as well as the I385/I580 

intensity ratio are shown against the %CH4 in the N2-CH4 mixture. The I580 intensity which is 

proportional to [N]2 (eq. 2) sharply decreases with increasing %CH4 as a result of reaction (a). 

The I385 intensity which follows [C][N] (eq. 1) is related to C production by CN collisions 

though reaction (b). It increases up to about 0.03 %CH4 then decreases. Considering the 

kinetics behind the I385 and I580 intensities discussed above (eqs. 1 and 2), the I385/I580 ratio is 

proportional to the [C]/[N] ratio (eq. 3) and is found to show a maximum at about 0.05 % CH4 

(see Fig. 2). 

With k2/k1 = 1.2 10-2 in eq. (3), the [C]/[N] density ratio is directly deduced from the 

I385/I580 intensity ratio in Fig. 2. The [C]/[N] value at the maximum I385/I580 is calculated to be 

5 %. As N atom density quickly decreases with the %CH4, the increase of C atoms at 

<0.05%CH4 appears to be the result of a quick CN production in part by reaction (a). At 

higher CH4 percentages (>0.05%), the N-atom density being stabilized, the decrease of C 

atom density is the result of rapid exothermic reactions between C and CHx (e.g., C + CH4 → 

H + C2H3) [23]. 

 

The discharge condition can be adjusted to maximize the N and C atom densities in the 

afterglow since high densities of N and C atoms in the afterglow are expected to be 

advantageous for surface nitriding of TiO2 with co-doped C. 

 

Fig. 3. Variation of the [C]/[N] ratio for different N2/x%CH4 mixtures (a) and variation of 

[C] and [N] densities for the N2/0.04%CH4 mixture (b) plotted against pressure measured at 

the conditions of z = 38 cm, Q = 0.5 slpm and PHF = 100 W. 
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Fig. 3 shows pressure-dependent changes in the [C]/[N] ratio (a) as well as in the absolute 

densities of C and N atoms (b) at the late afterglow (z = 38 cm). Fig. 3a indicates that the 

[C]/[N] ratio increases monotonously as the gas pressure increases from 6 and 14 Torr. At 

higher pressures, the ratio approaches to a saturation value. Similar pressure-dependent trend 

is observed when the CH4 ratio is varied between 0.03 to 0.05 % in the N2/(0.03-0.05)%CH4 

mixtures, but is maximized at the CH4 ratio of 0.04 % (in the N2/0.04%CH4 mixture). 

Nevertheless, since the C–atom density reaches a maximum between 10 and 16 Torr in this 

mixture (Fig. 3b), 13 Torr was chosen for comparison. At this pressure, both the [C]/[N] ratio 

and the [C] absolute concentration are determined to be at 5 % and about 5 1013 cm-3, 

respectively, at the position z = 38 cm.  

In Table 3, it is compared the N and C-atoms densities at z = 38 cm and inside the 5 litres 

reactor for the N2/4 10-4CH4 gas mixture. It is observed as for the N2-2%H2 (Table 2) a 

density decrease in the reactor by a factor 3-4 . 

 

z (cm) 38 reactor 

aN+N 0.6-1.0* 1.0 

[N] (1015cm-3) 1- 1* 0.35 

[C] (1013cm-3) 3- 5* 0.7 

 

Table 3. N2/4 10-4CH4 active species densities determined at 9 Torr, 0.5 slpm, 100 W for z 

= 38 cm and inside the reactor.* results at 13 Torr 

Active species production in the afterglows was compared in N2-H2 mixtures and in Ar-N2-

H2 mixtures with dominant Ar gas in earlier studies [1, 2]. In the present paper, the production 

of N and C atoms was similarly analyzed as is done in Ar-N2-CH4 gas mixtures for 

comparison with those in the N2-CH4 case. To compare with the results presented in Fig.3b 

for N2/x%CH4 afterglows, it is chosen the Ar/4%N2/0.04%CH4 gas mixture. At 13 Torr, 0.5 

slpm, 100 W, z = 38 cm, it is measured aN+N = 0.4, [N] = 6 1014 cm-3 and [C] = 4 1012  cm-3. 

By comparison, the results were reported for the same conditions (*) in Table 3. When the Ar-

N2-H2 gas mixture is used, the late afterglow fraction (aN+N) at z = 38 cm decreases from 

100% to 60%. The [N]/[N2] ratio increased from 0.2% to 3.5%, corresponding to about 20 

fold increase while the [C]/[N2] ratio only increased from a factor 2, varying from 1 to 2 10-4. 

The introduction of Ar as a dominant gas was thus more beneficial to the [N]/[N2] ratio than 

to the [C]/[N2] ratio. However, the absolute densities of N and C-atoms are lower for the Ar-

N2-H2 gas mixture by a factor of about 2 and 10, respectively, than for the N2-H2 gas mixture. 
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Thus, it is concluded that high densities of N and C atoms in the afterglows for efficient 

nitriding of TiO2 can be achieved more easily without Ar dilution in the N2/CH4 case.  

6. TiO2/Si substrate treatments  

Finally, the TiO2 films (anatase, about 100 nm) grown on Si substrates are exposed to three 

different microwave  afterglows of N2, N2/2%H2 and N2/0.04%CH4, respectively to 

understand the effect of the varying active species densities in the afterglow region on 

nitridation performances of the TiO2 films. For the surface treatment, the sample was 

positioned at z = 38 cm in the quartz tube and the substrate was resistively heated up to 300 

°C for 30 min (see Fig.1). Under the given discharge conditions (Qtot = 0.5 slpm, PHF = 100 

W), the N and C atom densities are determined as follows:  

N2 only at 5 Torr : [N] = 5 1014cm-3, [O] = 5 1014cm-3 

N2/2%H2 at 5 Torr : [N] = 1 1015cm-3, [O] = 4 1012cm-3, [N2(A)] = 7 1010cm-3 

N2/0.04%CH4 at 13 Torr : [N] = 1 1015cm-3, [C] = 5 1013cm-3, [O] = 4 1012cm-3, [N2(A)] = 7 

1010cm-3 

The density of O-atoms in impurity was strongly decreasing by about two orders of 

magnitude when 2%H2 was added to N2.  

After the exposure to the full late afterglows (aN+N=1), the bonding states and the 

distribution of N species incorporated into the TiO2 film were examined by taking X-ray 

photoelectron spectroscopy (XPS) spectra with successive removal of skin-depth surface 

layers by a stepwise sputtering with Ar2500
+ ion beam (depth profile analysis). XPS 

measurements were performed in a PHI5000 Versa Probe II (Ulvac-PHI) system using a 

monochromatic Al Kα source. In this experimental setup, the X-ray beam diameter can be set 

to 200 μm and a dual charge neutralizer is used to minimize an undesirable charging effect. 

For the depth profile analysis, Ar gas cluster ion beam (Ar-GCIB, ULVAC-PHI) operating 

with Ar2500
+ at 7 keV (sample current = 14 nA) was used to obtain a fairly uniform non-

selective sputtering rate of about 0.1 – 0.3 nm/min. Furthermore, Zalar rotation of sample 

holder during Ar-GCIB sputtering was performed to minimize surface roughness and reduce 

cone formation. 

Under the sputtering condition, the preferential sputtering effect of conventional Ar+ ion 

sputtering is significantly suppressed and the chemical states and stoichiometry of Ti and O 

within the TiO2 film are found to remain at mostly Ti4+ and O2–. This provides an additional 

benefit in tracking down the chemical bonding states of N within the TiO2 film during the 

sputter analysis. As a result of that, in the present study, the substitutional and interstitial N 

species are successfully resolved during the depth profile analysis.  
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All representative core level spectra of Ti 2p, N 1s, C 1s and O 1s core levels from the TiO2 

film treated in the N2 afterglow (Fig. S2) show characteristic features of TiO2 film. Ti 2p3/2 at 

459 eV and O 1s at 530 eV represent Ti4+ and O2– states of bulk TiO2. N 1s features at 400 – 

402 eV and 396 eV (Fig. S2) explain that interstitial (~ 400 eV) and substitutional (~ 396 eV) 

N species are incorporated into the film after the treatment in the afterglow [14, 24]. The C 1s 

feature at 284.8 eV comes from the ubiquitous hydrocarbon from the air. After the sputtering 

for a few minutes (< 1 nm), the dominant C feature disappears confirming that it originates 

from the airborne contaminant. The N 1s features are also reduced, but remain down to a few 

nm, suggesting that the subsurface incorporation of N into the bulk of TiO2 has been achieved 

during the afterglow treatment. The sputtering also removes surface OH and chemisorbed 

H2O species (532~ 533 eV) from O 1s spectra and leaves only the bulk oxide peak at 530 eV 

[11]. Sputtering does give a slight change in the Ti 2p3/2 feature toward lower binding 

energies due to a preferential sputtering of oxygen, but, this time, is quite suppressed due to 

the beneficial role of the Ar cluster ion beams, as discussed above. The commonly observed 

preferential sputtering effect of conventional Ar+ ion sputtering has been significantly 

suppressed by using the optimized Ar cluster ion beam sputtering condition. Other than that, 

no significant changes in the Ti 2p and O 1s core level features are observed in the course of 

the Ar sputtering down to a few tens nm. 

 

Fig. 4 XPS spectra of N 1s core level from TiO2/Si after being exposed to the (a) N2/H2 and 

(b) N2/CH4 afterglows respectively at 300 °C for 30 min (Qtot = 0.5slpm, PHF = 100 W), which 

were taken after successive Ar+ sputterings (sputter rate = 0.3 nm/min). 
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Since the dominant changes in the XPS spectra after the nitridation are associated with N 1s 

core level, those after being exposed to the N2/H2 and N2/CH4 afterglows are shown for 

comparison in Fig. 4. The TiO2 film treated in the N2/H2 afterglow (Fig. 4a) shows similar N 

1s core level features to that treated in the N2 afterglow (Fig. S2). That is, surface N species 

introduced by N2 and N2/H2 afterglows are characterized by two distinct N species of 

interstitial N (~ 400 eV)  and substitutional N (~ 396 eV) species [8]. The role of H in 

nitridation of TiO2 is related to surface reactions of surface N and O species with H to form 

volatile H2O or NH3 under the elevated temperature, which can affect the nitridation rate at 

the surface [7, 11].  

For the case of N2/CH4, interstitial N species are more pronounced than substitutional N 

species. The N 1s peak at around 399 eV can be associated with the N species with direct N-C 

bonds. The N 1s binding energy of such N species shifts toward 400 eV with increasing 

number of direct N-C bonds (e.g. N-C3). In addition, NO3
– species at 407 eV is also observed 

[8, 25, 26]. But, it disappears right after a few min sputtering, suggesting that NO3
– species 

are only present at the surface.  

After the sputtering of a few nm, the films expose those N species incorporated into the 

sublayers of TiO2. Here, there seems to be a distinct difference between those treated with N2 

(or N2/H2,) and that treated with N2/CH4.  For the cases of N2 and N2/H2 (see Fig. S2 and Fig. 

4a), substitutional N species dominate with a minor contribution of interstitial N species. 

However, for the case of N2/CH4, the N 1s peak appears to be broad over 396 – 400 eV, 

suggesting various kinds of N species (in bonding states close to interstitial N) are introduced 

into the bulk [27-32]. This may be due to the effect of the co-incorporation of C atoms within 

the TiO2 lattice. But, the exact concentration and bonding states of C atoms incorporated into 

the lattice are rather difficult to be defined since the surface C contaminant features always 

dominate in the C 1s spectra. Remnant C 1s feature at 284 eV after the removal of surface 

contaminant carbon is still quite similar to that of initial contaminant carbon in the XPS 

spectra (Fig. S2); only the intensity decreases. Thus, it is more likely to be that of remnant 

surface carbon contaminant. Even though the amount of C content is small, the trace of C 1s 

features at around 289 eV indicates the presence of C with direct C-O or C-N bonds (Fig. S2), 

which can be formed by a replacement of Ti by C [33]. No other C-related feature such as Ti-

C bonding states at lower binding energies is resolved [34-36]. Even though there is no 

resolved C 1s feature that can be assigned to that from the reactions of C atoms in the N2/CH4 

afterglows, we assume that the newly introduced C species are possibly present below the 

detection limit of XPS.  

Quantification of carbon incorporation into the bulk during the treatment in the N2/CH4 

afterglow is a difficult task since C 1s is always dominated by the contaminant carbon. 

Nonetheless, the quantitative analysis on the depth distribution of C atoms is also shown in 

Fig. S3. For all the films, C concentration decreases down to a negligible level after removing 

surface layers of 2 nm or so (Fig. S3), showing that most of the C content, even though not 

all, is due to the surface contaminant. For the case of the TiO2 film treated in the N2 afterglow 
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(Fig. S3), the C content extending down to 2 nm can be mostly assigned to those that originate 

from airborne contaminant. For the case of N2/CH4, however, the the carbon content seems to 

be a little bit higher than that of the N2 only case. Despite the fact that the difference is within 

the measurement uncertainty, it may be due to additional carbon atoms incorporated into the 

bulk, even though the net amount is within the detection limit of XPS. For the case of N2/H2, 

absolute amount of the surface contaminant C is much lower than the other two cases and the 

sputtering readily suppress the C content below detection limit within a nm or so. A possible 

explanation is that reactions of TiO2 surfaces with H atoms in the afterglow can modify the 

surface less vulnerable to hydrocarbon contaminant in the air when the samples are stored and 

handled in the ambient condition. 

 

Fig. 5 Nitrogen depth profile analysis of TiO2 films on Si after being exposed to the N2, 

N2/H2 and N2/CH4 afterglows at 300 °C for 30 min (Qtot = 0.5slpm, PHF = 100 W) : 

 

The quantitative analysis on the depth distribution of N species within the TiO2 films is 

given in Fig. 5. It can be seen that the N species are incorporated down to about 10 nm after 

the treatments in the afterglows, but the exact depth varies strongly for the three cases. It 

increases from 5 nm for the N2/H2 case to 13 nm for the N2/CH4 case. For the N2 only, the 

depth lies at 8 nm. The corresponding maximum N-atom density down to 13 nm however is 

quite limited to about 0.4 %, which corresponds to the [N]/[Ti] of about 1.2 %.  

The incorporation of N atoms into the sublayer requires thermal activation of lattice 

diffusion process, which are most likely to be influenced by the substrate temperature and the 

process time [9, 24]. Since the treatment temperature and the time are fixed to 300 °C and 30 

min for the three cases, the difference in the depth distribution must be the result of the 

differences in the following two processes; one is the nitriding rate at the surface under the 

given discharge conditions and the other is the diffusion rate of N species within the bulk. The 
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nitriding rate at the surface is determined by the interaction between the active species in the 

gas phase and the reactive sites at the surface. The substrate temperature also determines the 

reaction rate and the subsequent pathways of reaction products. For example, the reaction 

products such as H2O and NH3 readily desorb from the TiO2 surface leaving vacancies at 

elevated temperatures [7, 37, 38]. Also, the diffusion rate of N species within the bulk can be 

influenced by the type of bonding states of N within the bulk as well as other impurities and 

crystallinity within the bulk. Thus, the difference in the depth distribution of N within TiO2 

needs to be explained not only from the surface reactions of TiO2 with the active species in 

the afterglows, but also with the thermally driven processes within the bulk as well as at the 

surface involving all incorporated species during the treatment. 

Co-doped C atoms may facilitate formation of interstitial N at the surface and subsequent 

diffusion into the sublayers since carbon atoms at the surface can facilitate the formation of 

surface oxygen vacancies at the TiO2 surface for subsequent nitridation [39]. Especially, the 

co-doped carbon can facilitate the incorporation of N via the formation of C-N bonds [14, 40].  

Even though no Ti-C related feature around 282 eV from C 1s core level (Fig. S2) is detected 

within the detection limit of XPS (which is assumed to be about 1 % ), a trace of C 1s features 

with C-O or C-N bonds is detected (Fig. S2), which is also supported by the observation of N 

1s features around 399 eV (instead of 396 eV) in Fig. 4. Incorporated carbon may replace Ti 

sites to make C species with direct C-O or C-N bonds. Interestingly, the formation of such C-

N bonds in C,N-co-doped TiO2 is suggested to be favored and promotes co-doping, which 

may lead to the extended graphitic nitride structure at high doping levels [40]. Thus, the 

maximum N-inclusion depth observed for the N2/CH4 case can be related to the high C-atoms 

density: [C] = 5 1013cm-3 with a [C]/[N] ratio of 5% as well as the reduced O-atoms impurity 

(one order more than O atoms). 

H atoms in the N2/H2 afterglows was suggested to be more efficient in introducing 

substitutional N species at the surface [7]. The origin for the introduction of substitutional N 

in the N2/H2 case is interpreted to be the result of the chemistry of H atoms reacting with 

lattice oxygen atoms which leads to the removal and replacement of the O atoms by incoming 

N atoms to induce the formation of substitutional N. The difference in the bonding states of 

nitrogen at the surface can lead to such a difference in the depth distribution observed in Fig. 

5.  

In our previous study, diffusion into the sublayer was observed to be limited to a skin-depth 

layer of a few nm [7]. One of the reason is due to the fact that the sample position for the 

treatment in the afterglow is different between the two case studies; it is 38 cm in the quartz 

tube in this study, while it is in the reactor in our previous study [7]. Different densities of 

active species in the 18 mm quartz tube than in the reactor under the steady flowing condition 

are also expected to be one of the origin for such a different nitriding performance. Although 

the detailed origin for such a difference is believed to be an important issue for extensive 

future studies, it can be argued that the efficiency of nitriding in the afterglows can be 

controlled by choosing a proper sample position (or a tube diameter) for the treatment. 
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7. Conclusions 

Active species densities of the N2, N2/H2 and N2/CH4 microwave afterglows have been 

examined using emission spectroscopy for the use in surface nitriding of oxide materials such 

as TiO2 in mind. By optimizing the flow (5 Torr, 0.5 slpm) and discharge (100 W) condition 

of the microwave N2 plasma, we obtain a pink afterglow in a tube of 18 mm followed by a 

late afterglow.  

The pink afterglow is reduced as 2% of H2 is introduced into N2. In the late afterglows of 

N2/<2%H2 mixtures at 5 Torr and of N2/(0.04-0.3)%CH4 mixtures at 9-13 Torr, the O-atoms 

from air impurity decreased strongly in density from 3.5 to 0.2 1013   cm-3 (0.5 slpm and 100 

W). The flow and the discharge conditions can be optimized to maximize the active species 

densities such as N atoms and H (or C) atoms in the late afterglow region (z = 38 cm in the 

quartz tube (10-1s) by monitoring the emission spectroscopy. 

TiO2 samples treated in the late afterglow for 30 min at a temperature of 300 °C are found 

to have a few nm thick (5 – 13 nm) oxynitride layers at the surface. However, the exact 

bonding nature and the thickness of the oxynitride layers are strongly determined by the type 

and densities of active species in the afterglow. The introduction of C atoms in the afterglows 

facilitates the formation of interstitial N atoms and subsequent incorporation of them into the 

lattice of TiO2. The largest N-atom inclusion depth (13 nm) inside the TiO2 target was 

obtained with the N2/0.04%CH4 late afterglow in the 18 mm i.d. tube at z = 38 cm, 13 Torr, 

0.5 slpm and 100 W. On the other hand, H atoms in the afterglows favor the formation and 

incorporation of substitutional N atoms into the bulk. Thus, our results suggest that controlled 

introduction of H (or C) atoms in the N atom-dominated afterglows can have a strong 

influence on the type of N bonding states incorporated into the oxide materials such as TiO2 

for the preparation of nanometer-thick oxynitride layers. This approach can be quite useful 

when oxynitride layers of a finite thickness on TiO2 is desired as in photoelectric and 

photocatalytic applications. 
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