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In order to narrow the band gap of TiO2, nitrogen doping by combining thermal atomic layer

deposition (TALD) of TiO2 and plasma enhanced atomic layer deposition (PEALD) of TiN has been

implemented. By altering the ratio between TALD TiO2 and PEALD TiN, the as synthesized TiOxNy

films showed different band gaps (from 1.91 eV to 3.14 eV). In situ x-ray diffraction characterization

showed that the crystallization behavior of these films changed after nitrogen doping. After annealing

in helium, nitrogen doped TiO2 films crystallized into rutile phase while for the samples annealed in

air a preferential growth of the anatase TiO2 along (001) orientation was observed. Photocatalytic

tests of the degradation of stearic acid were done to evaluate the effect of N doping on the

photocatalytic activity.VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4847976]

I. INTRODUCTION

As a popular photocatalyst, TiO2 has been widely used in

pollutant degradation1 or water splitting2 in recent decades.

However, its large band gap (3.2 eV) prevents TiO2 to make

efficient use of natural sunlight, since a large fraction of the

photons in sunlight have a lower energy content than 3.2 eV.

Nitrogen doping has been widely considered as an effective

way to tune the band gap of TiO2.
3 Several methods have

been studied to introduce nitrogen into the lattice, such as

annealing TiO2 films in ammonia ambient,4 ammonia

plasma post treatment after TiO2 synthesis,
5 applying ammo-

nia plasma during chemical vapor deposition,6 and so on. In

virtue of its characteristic of self-limited growth, atomic

layer deposition (ALD)7–9 has demonstrated its merit of con-

trollable synthesis of metal oxide nanolaminates and doped

metal oxide layers such as Al doped ZnO.10–12 Recently, two

methods of incorporating nitrogen into TiO2 by ALD have

been demonstrated. Pore et al.13 added nitrogen into a TiO2

film by using thermal TiO2 and TiN ALD processes. For

example, after every five cycles of TiO2, one cycle of TiN

was inserted. Chen et al.14 incorporated nitrogen into a TiO2

film by using an ammonia solution as a reactant during

the ALD process. Here we introduce a new method for

controllable nitrogen doping by combing thermal ALD

(TALD) and plasma enhanced ALD (PEALD).

II. EXPERIMENT

The nitrogen doped TiO2 (N-TiO2) films were grown on

Si (100) substrates at 150 �C in a homemade ALD system

with base pressure below 10�6 mbar.15 In the ALD process,

tetrakis dimethylamido titanium (TDMAT) (Sigma Aldrich,

99.99%) was used as Ti source while water and ammonia

plasma were employed as oxygen and nitrogen sources,

respectively. A duration of 5 s was used for each pulse. The

pulse pressures of TDMAT and water were about 5*10�3

mbar. The ammonia plasma pulse of 7*10�3 mbar was gen-

erated by a 300W remote RF plasma generator. In order to

introduce different amounts of nitrogen doping in TiO2,

TALD TiO2 and PEALD TiN cycles were alternated. Every

2, 5, or 9 cycles of TALD TiO2, one PEALD TiN cycle was

inserted. For every deposition, TALD TiO2 was the very first

cycle. The total numbers of ALD cycles for these samples

were 167 � (2 þ 1), 83 � (5 þ 1), and 50 � (9 þ 1), respec-

tively. So, in total, �500 ALD cycles were applied. We will

further denote these samples as N-TiO2-2:1, N-TiO2-5:1,

and N-TiO2-9:1. Five hundred cycles pure TiO2 and TiN

were also deposited as references. To determine the band

gaps by UV-VIS transmission measurements, the N-TiO2
a)Electronic mail: Christophe.Detavernier@ugent.be
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films were deposited on quartz substrates. X-ray photoelec-

tron spectroscopy (XPS) was performed using Al Ka x-rays.

XPS spectra were measured for each element by accumulat-

ing 30 scans in 0.1 eV steps with 0.1 s collection time per

step, and calibrated using the C1s peak at 284.6 eV which is

attributed to the adventitious carbon on the surface of the

sample. The passing energy was 10 eV for each element

being investigated. X-ray reflectivity (XRR) was measured

using a Bruker D8 Discover system. In situ x-ray diffraction

(XRD) was carried out in a home modified Bruker D8

Discover system with copper Ka source to investigate the

crystallization behavior of the films during annealing in air

and He ambients.16 Atomic force microscopy (AFM) charac-

terization was carried out using a Bruker Dimension Edge

system. A 5 lm by 5lm area of the sample was measured in

order to calculate the root mean square (RMS) roughness.

After annealing at 550 �C in air and 650 �C in He ambient

for 3 h, respectively, the photocatalytic activities of the

annealed N-TiO2 films toward the degradation of a solid

layer of stearic acid (SA) were measured. All samples were

spin coated with 100 lL of a 0.25wt. % SA solution in chlo-

roform at 1000 rpm for 1min. After spin coating, all samples

were dried in a furnace at 70 �C for 10min and finally left

open to the ambient for at least 1 h to establish equilibrium

with the test environment before the actual photocatalytic

measurement. The efficiency of the samples was measured

under UV (385 nm LEDs) as well as visible light (420 nm

LEDs) illumination. The disappearance of SA during illumi-

nation was measured by taking Fourier transform infrared

spectroscopy absorbance spectra of the solid film, and plot-

ting the integrated area of the IR band between 2800 and

3000 cm�1, which are ascribed to three different C-H vibra-

tions of SA.17,18

III. RESULTS AND DISCUSSION

The optical picture in Fig. 1 demonstrates a color change

of the different samples, giving the first indication that the N

doping affects the optical properties of the films.

Transmission measurements on these as deposited N-TiO2

films [Fig. 2(a)] show that the absorption edge gradually

shifts from �350 nm for pure TiO2 to �500 nm for

N-TiO2-2:1. The band gaps of the as deposited N-TiO2 films

can be extracted from a Tauc plot by plotting ðahvÞ1=2

against the photon energy hv [Fig. 2(b)].19 The gradually

decreasing band gaps from 3.14 eV to 1.91 eV of the as

deposited films confirm the controllable nitrogen doping into

the as deposited film. It is worth to mention that a sample of

N-TiO2-2:1 prepared by combining TALD TiO2 and TALD

TiN was also tested and no band gap narrowing was

observed. This result which is not in agreement with the pre-

vious work by Pore et al.,13 could be due to the difference in

Ti precursors and/or the design of the ALD tool.

Physical characterization of the nitrogen doped films was

performed by XPS, XRR, XRD, and AFM. After slightly ar-

gon milling the top surface, XPS characterization on the as

deposited N-TiO2-2:1 sample further confirms the successful

doping of nitrogen into the as deposited films (Fig. 3). Two

peaks located at 396.3 eV and 397.2 eV were fitted to the

N1s spectrum by using a Shirley background. The nitrogen

in the film consisted of substitutional N bonded with Ti4þ

and N bonded to Ti3þ as TiNx. Figures 3(b) and 3(c) show

the XPS spectra of O1s and Ti2p. The broad peak in the

spectrum of Ti2p2/3 confirms that Ti atoms in the sample

have both 4þ and 3þ sates. The fitted peak located at

530.7 eV in the O1s spectrum indicates oxygen vacancies

FIG. 1. (Color online) Optical image of N-TiO2 samples.

FIG. 2. (Color online) (a) Transmission measurement on as deposited

N-TiO2 films. (b) Tauc plotting of the transmission data for the as deposited

N-TiO2 films. The fitted band gaps (BG) are indicated in the legend.
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and/or absorbed hydroxyl and carboxyl species. The peaks

located at 457.4 and 456.2 eV in the Ti2p spectrum could be

assigned to oxynitride species, in agreement with previous

observations.5

Table I summarizes the results of XPS, XRR, and AFM

measurements. As the ratio between PEALD and TALD

increases from 0 to 1:2, the nitrogen content gradually

increases from 0.8 at. % to 9.4 at. %, resulting in a narrowing

of the band gap from 3.14 eV to 1.91 eV. The nitrogen con-

tent in the pure TiO2 might be due to the nitrogen from the

TDMAT precursor, which might not be completely removed

during the deposition. The thicknesses of the as deposited

N-TiO2 films vary from 21.5 nm to 34.8 nm, which is caused

by a difference in growth rates. For TALD TiO2 process and

PEALD TiN process at 150 �C, the growth rates are �0.4 Å

per cycle and �0.7 Å per cycle, respectively.20 The RMS

roughness of the as deposited samples in Table I indicates

that nitrogen doping slightly increases the roughness when

compared to the reference samples of pure TiO2 and TiN. Ex

situ XRD characterization on the films (Fig. 4) indicates that

for pure TiO2 and low doped N-TiO2, the as deposited films

are not crystalline. Highly doped N-TiO2-2:1 shows two

minor diffraction peaks from TiN (111) and TiN (200).

For photocatalytic applications, TiO2 needs to be crystal-

line.21 Therefore, it is important to investigate the crystalli-

zation behavior of these as deposited N-TiO2 films. In situ

XRD characterization was employed to investigate the crys-

tallization behavior of N-TiO2 films during annealing in He

and air ambient. Figure 5 shows the evolution of the x-ray

diffraction as a function of annealing temperature over a two

theta range of 20�. The diffracted intensity is plotted as a

gray scale, with black as the background. As shown in Fig.

5(a), when N-TiO2 films are annealed in He from 20 �C to

900 �C at a rate of 5 �C/min, all the N-TiO2 films crystallize

into the rutile phase, as evidenced by the appearance of rutile

(110) and (101) diffraction peaks. Only the pure TiO2 film

crystallizes into the anatase phase in He ambient, as evi-

denced by the anatase (101) peak. The crystallization tem-

perature of N-TiO2 also shifts from 520 �C to 630 �C as the

nitrogen contents increases. When N-TiO2 samples are

FIG. 3. (Color online) XPS spectra of (a) N1s, (b) O1s, and (c) Ti2p of as

deposited N-TiO2-2:1 sample.

FIG. 4. (Color online) XRD patterns of the as deposited N-TiO2 films.

TABLE I. Nitrogen content measured by XPS, thicknesses measured by XRR

and the roughnesses determined by AFM of the as deposited TiO2, TiN, and

N-TiO2 films.

Sample Nitrogen content (at. %) Thickness RMS roughness (nm)

TiN 46.4 34.8 0.17

N-TiO2-2:1 9.4 25.1 0.33

N-TiO2-5:1 4.7 22.2 0.27

N-TiO2-9:1 3.3 21.9 0.32

TiO2 0.8 21.5 0.26

01A123-3 Deng et al.: Controllable nitrogen doping in as deposited TiO2 film 01A123-3
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annealed in air [Fig. 5(b)], they all crystallize into anatase at

460 �C, compared to 340 �C for pure TiO2 and 510 �C for

TiN. Interestingly, in Fig. 5(b), sample N-TiO2-2:1 and 5:1

only show the (004) diffraction peak of anatase before the

rutile phase appears at higher temperature. For pure TiO2

and N-TiO2-9:1, both diffraction peaks of anatase (101) and

(004) are observed simultaneously at 340 �C and 460 �C,

respectively.

Based on the in situ XRD measurement, we decided to

further investigate the crystallinity of samples that were

annealed for 3 h at 650 �C in He ambient and at 550 �C in air

ambient, respectively. Ex situ Bragg-Brentano XRD charac-

terization in Fig. 6 illustrates the different crystallization

behaviors. An offset of 5� was taken during the measurement

to avoid the diffraction peak from the silicon substrate. As

can be seen in Fig. 6(a), all N-TiO2 films crystallize into the

rutile phase. As the amount of nitrogen decreases, the inten-

sity of the rutile (110) diffraction peak slightly decreases. In

Fig. 6(b), N-TiO2-2:1 and 5:1 only show a strong diffraction

peak of anatase (004) and a minor peak of (105) when

annealed in air. As the nitrogen content decreases, the (004)

peak weakens and the (101) peak appears in sample

N-TiO2-9:1. This indicates a textured growth of TiO2 with

preferential (001) orientation for heavily N doped samples.

This preferential orientation may be due to the difference

between relaxed and unrelaxed TiO2 films.22,23 For the

relaxed pure TiO2 film, the (101) plane has the lowest sur-

face energy. However, for N-TiO2, the incorporation of

nitrogen introduces strain in the lattice and results in the

lowest surface energy on the (001) plane. A similar

dopant-induced texturing effect was previously observed by

Ali et al.24 in neodymium doped TiO2 film. The different

phases that the N-TiO2 films transform to also imply that the

annealing ambient strongly affects the crystallization pro-

cess. The lack of oxygen in the He annealing process results

in the formation of rutile phase while the oxygen-rich ambi-

ent results in the formation of a textured anatase phase.

Optical transmission measurements on the N-TiO2 sam-

ples after annealing in Fig. 7 show that the annealing process

eliminates the effect of nitrogen doping on the band gap.

The absorption edges for all the N-TiO2 films shift back to

�350 nm. In Fig. 8, XPS characterization on N-TiO2-2:1

samples annealed in air and He proves the loss of nitrogen

from the samples. For the N-TiO2-2:1 annealed in air, no N

1 s peak could be observed on the surface of the film. The

nitrogen content inside the film detected by XPS after argon

milling was about 1.2 at. %, which is inadequate to narrow

the band gap significantly. For the sample annealed in He

ambient, a minor nitrogen peak around 399–403 eV could

still be observed. This minor peak could be assigned to inter-

stitial nitrogen in the film, which is also observed in the pure

TiO2 and other N-TiO2 films.5 The nitrogen content after

FIG. 5. (a) In situ XRD characterizations of N-TiO2 films during annealing

in He ambient from 20 �C to 900 �C. (b) In situ XRD characterizations of

N-TiO2 films during annealing in air ambient from 20 �C to 900 �C. A-TiO2

and R-TiO2 stand for anatase and rutile TiO2, respectively.

FIG. 6. (Color online) (a) Ex situ XRD patterns of N-TiO2 films annealed in

He at 650 �C for 3 h. (b) Ex situ XRD patterns of N-TiO2 films annealed in

air at 550 �C for 3 h.

01A123-4 Deng et al.: Controllable nitrogen doping in as deposited TiO2 film 01A123-4

J. Vac. Sci. Technol. A, Vol. 32, No. 1, Jan/Feb 2014

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  134.58.253.57 On: Mon, 10 Mar 2014 13:00:41



annealing in He is lower than 1 at. % and not enough to

effectively narrow the band gap. The elimination of nitrogen

implies that nitrogen is not very stable at the elevated tem-

peratures required to crystallize the as deposited films. After

annealing, the roughness of the annealed nitrogen doped

samples and TiN sample increased compared to the as de-

posited samples. Figures 9(a) and 9(b) show the AFM

images of the N-TiO2-2:1 sample before and after annealing

in air. The RMS roughnesses of the N-TiO2-9:1, N-TiO2-5:1,

N-TiO2-2:1, and TiN samples increased to 0.58, 0.57, 0.86,

and 0.68 nm after annealing in air, while the RMS roughness

of the reference TiO2 sample remained about the same after

the annealing. After annealing in He, the surface roughness

of N-TiO2 increased dramatically [Fig. 9(c)]. The surface

roughness of N-TiO2-9:1, N-TiO2-5:1, and N-TiO2-2:1was

0.46 nm, 2.97 nm, and 10.9 nm, respectively. The roughness

of reference TiO2 and TiN samples was 0.32 nm and

3.08 nm, respectively. The higher surface roughness of the

samples than annealed in He can be related to the higher

annealing temperature. Second, for the N-TiO2 samples, the

less nitrogen content in the film, the smoother the surface af-

ter annealing in He. This suggests that the removal of the N

also plays an important role in the final surface roughness.

In order to evaluate the effect of nitrogen doping on the

photocatalytic activity, the photocatalytic degradation of a

solid layer of SA was investigated under UV and visible

light illumination. The formal quantum efficiency (FQE) is

used to evaluate the activities of the annealed N-TiO2 layers.

FQE is defined as the rate of SA degradation in mole-

cules/cm2/s over the rate of incident light in photons/cm2/s.

Figure 10(a) shows that the FQEs of annealed N-TiO2 sam-

ples under UV light are slightly higher than that of pure

TiO2, irrespective of the annealing conditions (air or He).

The air annealed pure TiN film shows the highest activity,

which is 55% higher compared to N-TiO2-2:1 and 127%

higher compared to pure TiO2, despite the fact that the latter

consists of anatase, which is commonly regarded as the most

photoactive form of TiO2. A possible explanation for this ob-

servation could be that the roughness of the TiN film after

the annealing is significantly higher than that of the TiO2

film. Also, the thickness of the film plays an important

role.25 To investigate the effect of film thickness, a TiN sam-

ple with a similar thickness (300 ALD cycles, �19.5 nm) as

that of TiO2 film was prepared and annealed in both He and

air. The photocatalytic test result of this film shows that the

photoactivity of the thinner TiN film after annealing only

amounts to one third of the activity of the TiO2 film under

UV illumination, which evidences the high FQE of the origi-

nal annealed TiN sample. The FQEs under visible light

FIG. 7. (Color online) Transmission measurements on (a) N-TiO2 films

annealed in He at 650 �C for 3 h and (b) N-TiO2 films annealed in air at

550 �C for 3 h.

FIG. 8. (Color online) N 1s XPS spectra of (a) N-TiO2 films annealed in He

at 650 �C for 3 hours and (b) N-TiO2 films annealed in air at 550 �C for

3 hours.
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illumination (420 nm LEDs) are shown in Fig. 10(b) and are

approximately one order of magnitude lower than those

obtained under UV light, leading to the conclusion that the

loss of nitrogen during annealing limits the photocatalytic

activity under visible light. This is supported by the observa-

tion that nitrogen doped TiO2 films are unstable when

annealed at higher temperature as required for crystalliza-

tion. This could be potentially solved by directly depositing

crystallized TiO2 films, e.g., by using a Ti precursor with a

higher decomposition temperature such as TiCl4. For the

TDMAT precursor used in our case, the highest deposition

temperature is limited to 150 �C, which results in an amor-

phous as deposited film.

IV. CONCLUSIONS

To conclude, a new method combing TALD TiO2 and

PEALD TiN was proposed for the incorporation of nitrogen

into TiO2 films. The controllable nitrogen doping strategy

resulted in a tunable band gap narrowing for the as deposited

film. The investigation of the post deposition annealing step

revealed that nitrogen doped TiO2 could be crystallized into

the rutile phase when annealed in He ambient while an anatase

(001) textured growth was observed when annealed in air. The

photocatalytic measurements showed that even though

annealed N-TiO2 samples lost most of the doped nitrogen and

showed no significant activities under visible light, the N-TiO2

samples still showed higher activity than a pure TiO2 film

under UV light, which was probably due to the increased sur-

face roughness after annealing and the larger film thickness.
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