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Abstract  Passivation of surface defects by the formation of chemically inert structure at the surface of TiO2

nanocrystals can be potentially useful in enhancing their photocatalytic activity. In this regard, we have studied the

surface chemical states of TiO2 surfaces prepared by a treatment in the afterglow of N2 microwave plasma using X-

ray photoemission spectroscopy (XPS). We find that nitrogen is incorporated into the surface after the treatment up to

a few atomic percent. Interestingly, the surface oxynitride layer is found to be chemically stable when it’s in contact

with water at room temperature (RT). The surface nitrogen species were also found to be thermally stable upon

annealing up to 150oC in the atmospheric pressure. Thus, we conclude that the treatment of oxide materials such as

TiO2 in the afterglow of N2 plasma can be effective way to passivate the surface with nitrogen species.
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I. Introduction

As a chemically stable, nontoxic material, TiO2 has been

studied for various applications including photocatalysis

[1], photovoltaics [2] and sensors [3]. In such diverse

applications, the functionality of TiO2, the ultimate

performance of TiO2 is largely determined by the surface

chemical structure as can be seen from the enhanced

photocatalytic activity of surface-modified TiO2-based

photocatalysts [4,5].

As a means of controlling the surface chemical structure,

plasma treatments have been shown to be quite effective in

engineering the photoresponse of TiO2 [6,7]. Especially, N2

plasmas may induce the formation of chemically modified

structures such as the reduced phases (e.g., TiO2-x) [7] and

the nitride phases [8,9] for enhanced absorption of visible

light. However, the facile diffusion of nitrogen species into

the bulk of TiO2 under typical treatment conditions at

elevated temperatures may pose a technological limit in

‘surface-selective’ modification. Here, we developed a new

method of surface modification of TiO2 nanocrystals in the

afterglow or the remote plasma of N2 microwave discharges,

which is the post-discharge region of N2 plasmas with

relative low density of ionic species and low gas

temperatures. In the N2 afterglows, the substrate temperature

rise is limited to about 350 K and the formation of nitride

layers is limited to the surface due to the suppression of

thermal diffusion into the bulk. 

In addition, the active nitrogen species in the N2 plasmas

and their afterglows can be controlled by changing the

process parameters such as pressure, flow rate and the applied

power [10-17]. Various excited states of neutral N2, N2
+ ions

and atomic N species are generated in the N2 plasmas and in

their afterglows under moderate operating conditions

[10,11,15,16,18] and their widely different lifetimes make

the densities of the excited species in the afterglow region

change along the downstream of the gas flow. In general,

neutral species such as N atoms, N2(X,v > 13) and N2(A) are

more populated over ionic N2
+ species as the gas flows away

from the discharge region in the afterglows [11,16,19]. Such

high densities of neutral active species in the afterglows can

be potentially advantageous in a damage-free selective

surface chemical modification with nitrogen.

In this study, we performed a surface modification of

TiO2 nanocrystals in the afterglows of N2 microwave

plasma for a potential application in photocatalysis in

mind. After the surface treatment in the afterglow, we find

that the nitrogen species left on the surface of TiO2 are

chemically inert and stable under thermal treatment. It was

unexpected since the surface nitrogen species could be

labile toward desorption by formation of volatile species

such as NO and NH3 in the ambient condition with

molecular oxygen and moisture. To the contrary, we find

chemically inert nitrogen species on the surface are present

even after several months in the air. By analyzing N 1s

core level spectra, we identified the chemical bonding
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states of the nitrogen species at the surface. 

II. Experimental Details

Anatase TiO2 nanocrystals have been synthesized by a

hydrothermal method starting from tetrabutyl titanate as a

precursor and HF as a shape-controlling agent as described

elsewhere [5]. The as-synthesized TiO2 powder is then

dispersed in a solution of deionized water and ethanol for

a spin-coating on a clean Si substrate. The SEM image of

the film of the TiO2 nanocrystals on Si shown in the SEM

image of Fig. 1(a) indicates that the film is made of

aggregates of thin square-shaped TiO2 nanocrystals

(nanosheets) randomly dispersed on the Si substrate up to

about 10 μm. 

Fig. 1(b) shows a schematic drawing of our experimental

setup for the surface treatment of TiO2 in the afterglow of

N2 microwave plasmas. A discharge quartz tube with an

inner diameter (ID) of 5 mm is inserted to the surfatron

cavity for the microwave (2.45 GHz) plasma generation.

Then the discharge tube is connected to a quartz tube with

a larger ID of 18 mm for the generation of N2 afterglows

[20]. With a rotary pumping and a control of gas flow (0.5

-2.0 slm or standard liter per minute) using a mass flow

controller (MFC), a steady flow of pure N2 gas through the

tube is generated with a constant pressure in the range of

1-15 Torr. For the present set of experiment, the N2 plasma

was generated at the N2 flow of 1.8 slm, the steady

operating pressure of 8 Torr and the microwave power of

150 W. At this operating condition, the active species in the

surface treatment region are characterized by a rather high

N2
+ density (1.3 × 1011 cm−3) as characterized by the

emission of 391 nm (N2
+ 1st neg.) [21] in addition to N

atoms (~1 × 1015 cm−3). During the surface treatment (for

about 8 hours), the substrate temperature was raised up to

350 K.

The X-ray photoelectron spectroscopy (XPS) meas-

urements were carried out with a PHI5000 Versa Probe II

(Ulvac-PHI) using a monochromatic Al Kα source

operating at a base pressure below 4 × 10-10 Torr. The

instrument is well calibrated with the peak positions of Au

4f7/2, Ag 3d5/2 and Cu 2p3/2 core levels of sputter-cleaned

Au, Ag and Cu films and provides a small X-ray beam

diameter (200 μm) for a space-resolved analysis. A dual

type charge neutralizer is used to minimize an undesirable

charging effect. The binding energy is calibrated by

referring the C 1s peak from ubiquitous hydrocarbon

contamination to 284.8 eV. 

III. Results and Discussion

After the surface treatment in the post-discharge region,

the sample was stored in the air prior to be introduced into

the UHV chamber for the XPS analysis. Here we describe

our XPS analysis on the chemical bonding structures of the

nitrogen species generated by the treatment. 

Fig. 2 shows N 1s core level spectra taken from the

plasma-treated TiO2 sample for 8 hours. One can easily

observe characteristic N 1s features (N1-N3) located

around 400 eV from the as-prepared TiO2 which is treated

in the afterglow of the N2 microwave plasma. Detailed

fitting analysis reveals that the peak at 400 eV (N2) can be

resolved into additional N components at 402 eV (N1) and

398.2 eV (N3); the presence of N1 and N3 is evident from

the spectral shape of the raw spectra. In addition, we can

find another peak at 396 eV which is assigned to

substitutional N species (Ns) which is N incorporated into

the lattice oxygen sites by displacing the oxygen atom [22-

24]. Despite the diffusion of N into the bulk is suppressed by

the limited temperature rise under our exposure conditions,

surface N species may be incorporated into the subsurface

lattice during the prolonged exposure in the afterglows. 

Interestingly enough, all the N species present at or near

the surface of our surface-modified TiO2 seem to be stable

under the subsequent post treatments such as rinsing with

deionized water and annealing up to 150oC. We find a little

change in the spectral shape in the N 1s core level spectra

after the treatments. Only the intensity at 400 eV decreases

Figure. 1. (a) A SEM image of anatase TiO2 nanocrystals spin-
coated on a Si wafer and (b) the experimental scheme used in
the present study for the surface treatment of TiO2. In the
pictures of our sample before and after the plasma treatment,
we also find a color change after the treatment for a few
hours.
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after the rinsing in water, but the decrease in intensity is

only about 20% or less. The change in intensity after the

annealing is even small (~10%). Ns is even more stable and

its intensity seems to be enhanced after the annealing.

In Fig. 2, a mild Ar+ sputtering is shown to induce a

removal of nearly all the N 1s features from the sample.

The trace amount of remanent N 1s features is attributed to

the inherent morphology of the film which is composed of

aggregates of TiO2 nanocrystals. This observation again

corroborates the fact that all the N species induced by the

plasma treatment are suggested to be present at or near the

surface.

The atomic percentage of nitrogen species is estimated to

be about 2.5 at%. Compared to the atomic percentage of

Ti, the N/Ti ratio is obtained to be 0.04. Thus, the net

concentration of N species is low. The low N content at the

surface can be in part due to the aging effect in the air

which may eliminate any labile surface nitrogen species. 

The surface oxynitride layer with a few N atomic

percentage in the N2 afterglows is proposed to be formed

by the following processes. The most dominant active

species in the afterglow is the atomic nitrogen (~x1015/

cm2). The collision of N atoms with the TiO2 surface

induce the formation of a direct N-O bond with the surface

oxygen. Then, the surface-bound NO may desorb from the

surface under the reaction condition at RT due to the low

binding energies of NO on TiO2 surface [25-27].

Desorption of NO leaves oxygen vacancy at the surface,

which then accepts another N atom from the gas phase to

form a direct Ti-N bond. This surface N species may

further react at the surface to transform into stable bonding

configurations to produce N species at around 400 eV (N1

-N3) in the photoemission spectra in Fig. 2. The bonding

structures of N1-N3 are generally assigned to bonding

configurations such as O-Ti-N linkages [28,29], Ti-O-N-O

and Ti-O-N-N [30]. We suggest that such bonding species

can be formed at or near the surface of TiO2 due to the low

substrate temperature (~350 K) of our treatment condition.

Fig. 3 shows our XPS spectra of Ti 2p and O 1s core

levels from our TiO2 samples. A stoichiometric TiO2 is

usually characterized by the Ti 2p3/2 peak at 459 eV and the

O 1s peak at 530 eV. Our as-treated TiO2 sample also

shows the same spectral shape of the Ti 2p3/2 peak at

459 eV, indicating that bulk Ti4+ of TiO2 remains to be the

main component of the Ti 2p core level even after the

surface modification in the afterglows. It can be attributed

to the fact that only the surface or subsurface layer is

chemically modified with nitrogen without any significant

reduction of the bulk TiO2 under the treatment in the

afterglows. O 1s core level is also characterized by a single

O 1s peak at 530 eV. It represents a bulk oxygen component

of TiO2. The peak usually shows an asymmetric shape due

to a tail toward higher binding energies that are typically

assigned to the surface oxygenates such as OH and H2O

which are readily formed on oxide surfaces under the

ambient condition. All such characteristic features of Ti 2p

and O 1s core levels show negligible changes upon the

post-treatments of the rinsing in water and the annealing.

Even after the mild Ar+ sputtering, we cannot find any

noticeable change in the spectral shape and intensity of Ti

2p and O 1s core levels, which confirms again that the

sputtering condition is mild enough not to induce any

reduction of bulk Ti. This fact in turn infers that the surface

Figure. 2. N 1s core level spectra taken from the surface-
modified TiO2 sample. Compared to the as-prepared TiO2, the
spectral shape and the intensity of the N 1s core level features
remain to be affected little by the post-treatments such as
rinsing in water at RT and annealing up to 150oC, but are
significantly changed after a mild Ar+ sputtering. 

Figure 3. O 1s and Ti 2p core level spectra taken from the
surface-.modified TiO2 nanocrystals before and after the post-
treatments such as rinsing in water at RT, annealing up to
150oC and a mild Ar+ sputtering for 2 minutes. 
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oxynitride layer is confined to the surface or the subsurface

layer of TiO2. 

IV. Conclusions

As a means of surface passivation technology, a surface

treatment of TiO2 nanocrystals in the afterglow of N2

microwave plasmas has been performed and the surface

chemical states are carefully examined by XPS. We find

that nitrogen is incorporated into the surface or the

subsurface of TiO2 after the treatment up to a few atomic

percent, suggesting that the treatments of oxide materials in

the afterglows are promising in preparing selective

oxynitride layers only at the surface. Even though the

atomic percentage of nitrogen is low, the surface oxynitride

layer is found to be chemically stable even in the water at

room temperature (RT) and is thermally stable upon

annealing up to 150oC in the atmospheric pressure. Thus,

we conclude that the afterglows of N2 plasmas are very

effective in selective surface passivation of oxide materials

with nitrogen species.
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