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Abstract

Titanium dioxide (TiQ) is recognized as the most efficient photocatalytic material, but due to its large band gap energy it can only be
excited by UV irradiation. Doping Ti@with nitrogen is a promising modification method for the utilization of visible light in photocatalysis.
In this work, nitrogen-doped TigXilms were grown by atomic layer deposition (ALD) using TiONH; and water as precursors. All growth
experiments were done at 50D. The films were characterized by XRD, XPS, SEM and UV-vis spectrometry. The influence of nitrogen
doping on the photocatalytic activity of the films in the UV and visible light was evaluated by the degradation of a thin layer of stearic acid
and by linear sweep voltammetry. Light-induced superhydrophilicity of the films was also studied. It was found that the films could be excited
by visible light, but they also suffered from increased recombination.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Doping with nitrogen is one of the most promising ways
of achieving visible light activity in Ti@ and good results
Since the discovery of the photocatalytic properties of have been obtained by several research gr¢8d—17]
titanium dioxide (TiQ) in the 70s, there has been a tremen- Preparative routes for nitrogen-doped Fi@wders include
dous amount of scientific interest on the subjddt More oxidative annealing of TiNL8], annealing of TiQ in gaseous
recently, many commercial products based on photocatal-ammonid8,12]and various solution-based meth¢ti3-15]
ysis have been appearing on the market and hundreds of-or thin films, sputtering8,19—-21]and pulsed laser deposi-
patent applications are filed every year. Even though anatasdion[17] in No-containing atmosphere and annealing Ji®
TiOy is recognized as the most efficient photocatalytic mate- gaseous ammon[a6] have been used.
rial, it has one significant limitation. Due to its large band Atomic layer deposition (ALD) is a gas-phase thin film
gap energy of 3.2eV, it requires UV light for the photocat- deposition method based on alternate saturative surface reac-
alytic reactions to happen. For better utilization of indoor and tions [22,23] The precursor vapours are pulsed into the
outdoor lighting, several modifications of Tithave been  reactor one at a time and separated by purging with an

attempted. These include oxygen deficient Fi@], com- inert gas. During each precursor pulse, the surface becomes
posite materials with a smaller band gap semicondu8tdf saturated with the precursor in question. This results in a
and cation-doped Ti®[5—7] or anion-doped Ti@ [8-11]. self-limiting film growth mechanism proceeding in a step-

wise manner which has many advantages. These include
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thickness and composition. In an ideal ALD process the film using peak areas and relative sensitivity factors to give sur-
thickness depends solely on the number of deposition cyclesface concentrations in atomic percent. Transmittance spectra

and the composition can be controlled by varying the puls-

were measured with a Hitachi U-2000 spectrophotometer in

ing sequence of the desired precursors. These characteristia wavelength range of 190-1100 nm. Film thicknesses and
features of ALD are all very practical in designing and prepar- refractive indices were determined by fittif88] transmit-

ing photocatalytic thin films. The excellent film conformality

tance spectra in a wavelength range of 400—1100 nm. Band

enables one to deposit a film of equal thickness on very high gap values were estimated according to SwandpdglFilm
aspect ratio and large-surface area substrates. Even porousrystallinity was examined with a Bruker D8 Advance X-ray

powders have been coated by AllP4]. Also, the accurate
control of film composition should make ALD a powerful tool

diffractometer at grazing incidence mode with an incident
angle of  using Cu kx radiation.6—29 scans were per-

in preparing different kinds of doped and composite photo- formed with a Philips MPD 1880 powder X-ray diffractome-

catalyst thin films.

ter. Film morphology was examined with a Hitachi S4800

Several studies have been published about the deposifield emission scanning electron microscope using an accel-

tion of TiO; films by ALD [25-29] Titanium alkoxides and
halides are typically used as titanium precursors ag@d &hd
H2>0, as oxygen sources. The deposition of TiN films from
titanium halides and Nglhas also been describ§D—-31]

In this work, nitrogen-doped Ti®films were deposited by
combining the TiN and TiQ ALD processes with TiGl as
the titanium precursd@5,30]. The deposition sequence con-
sisted of two repeating cycles. During the first cycle a thin
layer of TiN was grown from TiG] and NHs. In the second
cycle TiO, was deposited from TiGland HO. During this

eration voltage of 1.0kV.

Photocatalytic degradation measurements were per-
formed on a solid layer of stearic acid (gt€H2)16CO2H,
Aldrich, 95%). UV illumination was done with an 18-W
Sylvania Blacklight Blue UV lamp that emits at wave-
lengths 340—410 nm with a peak maximum at 365 nm. The
UV irradiance on the film surface was measured to be
1.1 mW/cnt (HD9021 radiometer, Delta Ohm). An 18-W
fluorescent lamp (Airam, warm white) with a 405-nm cut-
off filter (Edmund Optics, T39-427) was used as the vis-

second cycle the TiN layer underneath was also oxidized toible light source. Before stearic acid coating all the sam-
TiO2. This oxidation was not complete however, and some ples were held under UV light for 3h to photocatalyti-

nitrogen was left in the films leading to THO.N,. By vary-
ing the relative amounts of TiN and TiQleposition cycles,
TiO2>_,N, films with different nitrogen concentrations were
produced.

2. Experimental

The films were deposited onto 5cxb cm borosilicate

cally clean the surface of any organic contaminants that
might have been adsorbed from the atmosphere. Immedi-
ately after this, the stearic acid layer was dispersed on the
TiO, surface by spin coating (P6204 Spin Coater, Specialty
Coating Systems). Stearic acid was dissolved into methanol
(8.8x 1073 M) and 200Qul of this solution was dropped on
the central part of the sample, followed by 2 min rotation
with a speed of 1000 rpm. The change in stearic acid layer
thickness was monitored by measuring infrared absorption

glass and indium tin oxide (ITO)-coated glass substrates in spectrum in a transmission mode by Perkin-Elmer Spectrum

a flow-type F-120 ALD reactor (ASM Microchemistry Oy,
Helsinki, Finland)[32]. The reactor was operated under a

GX FTIR instrument. The absorbance of the asymmetric
C—H stretching mode of the CGHyroup at the peak wavenum-

pressure of about 10 mbar using nitrogen (made on site byber 2917 cm?® was converted into a thickness on the basis

a Nitrox UHPN 3000 generator, rated purity of 99.9995%)
as a carrier and purging gas. TiGB9.9%, Aldrich), NH;
(99.999%, Oy Aga Ab) and O were used as the precursors.

of an earlier observation that an absorbance of 0.01 corre-
sponds to a thickness of 12.5jB85]. Water contact angles
were measured by the sessile drop method (CAM 100, KSV

TiCl, was evaporated from an external reservoir thermostatedinstruments).

to 21°C and pulsed with solenoid valves;® and NH; were

Photoelectrochemical measurements were performed

in external reservoirs at room temperature and led into theon an Autolab PGSTAT20 potentiostat using a three-

reactor through needle and solenoid valves.
Film compositions were obtained by X-ray photoelectron

electrode setup. The reference and counter electrodes were
Ag/AgCI/3M KCI and platinum, respectively. A nitrogen-

spectroscopy (XPS) using a Physical Electronics Quantumdoped TiG film grown on an ITO substrate was used as the

2000 instrument equipped with a monochromatic Al K-

working electrode with an active area 20 cn?. Seventy

ray source. Operating power was 25 W and the spot diametemilliliters of 0.1 M KCI aqueous solution was used as the

100um. An electron flood gun and a low energy ion gun were

electrolyte. The sample was irradiated through the substrate

used for charge compensation. The detector position was atwith chopped (7 s on/7 s off) visible light and the current

an angle of 45in relation to the sample surface. XPS depth
profiling was carried out with Arion sputtering. Focused
beam with a current of 5QA, raster area of 2mm 2 mm

density as a function of applied voltage was measured. The
scanning speed was 5 mV/s. In all photoelectrochemical mea-
surements, a 50-W halogen lamp (Philips) with a 435nm

and an acceleration voltage of 4 kV were employed. Surface cut-off filter (Edmund Optics, GG 435) was used as the visi-
concentrations were determined with MultiPak 6.0 software ble light source.
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3. Results and discussion
3.1. Film growth

Before the preparation of nitrogen-doped samples, pure
TiO2 and TiN films were grown from TiGland HO and
TiCl4 and NH, respectively. The Ti@film consisted of a
mixture of anatase and rutile phases and the TiN film was
determined to be cubic TiN by XRD analyses. The nitrogen-
doped TiQ films were deposited by combining these two
processeslable 1describes the deposition sequences used.
The film thicknesses and growth rates are also shown. In all
depositions the pulse/purge lengths were 0.4/0.5 s fors TiCl
and HBO and 0.5/0.3 s for NEl The difference between films
Al1-A4 and A5 is that films A1-A4 were grown by alternat-
ing TiN and TiQ deposition cycles, whereas film A5 was
deposited by growing a thin layer of TiN followed by oxi-
dation with water. Because TiN has a much lower growth
rate than TiQ, the growth rate of the nitrogen-doped films
decreased as the relative amount of TiN pulses increased.

In an attempt to improve charge separation a two-layered
film (sample B) was also deposited, where a film prepared
in the same way as sample A4 was covered by a thin layer
(~25nm) of undoped Ti@ In addition, a nitrogen-doped
film with a graded composition was grown (sample C). The
film was deposited with a sequence where the TiN>0Is-
ing ratio was varied gradually during deposition from 10:1 to
1:10. A thin undoped layer of Ti@was grown on top of this
sample also.

For reference, two nitrogen-doped Bi@ims were also
prepared by annealing TiN films in air at 500 for Land 5 h
(samples TiN1h and TiN5h). According to Morikays3],
the oxidative annealing of TiN produces rutile BiQN,.

Table 1
Deposition sequences, optically determined film thicknesses and growth
rates of all the films studied

Sample  Deposition Film thickness Growth

sequenceé (nm) ratef
(,&/cycle)

Al 600x (X +5Y) 160 0.44

A2 1000x (X +3Y) 170 0.43

A3 2500x (X+Y) 176 0.35

A4 1500x% (3X+7) 215 0.36

A5 800x (5X +H,O/purge) 121 0.30

B 1400x (3X + ¥) + 400 ¥ 225 0.38

C 5000 cycles from (10+Y) 184 0.37
to (X +10Y)P +220x Y

TiO, 2000x Y 90 0.45

TiN 6000x X 102 (calculated)  0.1[80]

TiN1lh TiN annealed in air at -
500°C for 1h

TiN5h TiN annealed in air at -

500°C for5h

a X = (TiCla4/purge/NH/purge),Y = (TiCl4/purge/HO/purge).

b X:v ratio decreased linearly from 10:1 to 1:10. The overall amoupt of
andY cycles was 5000.

¢ Growth rates were calculated by dividing the thicknesses by the total
number of TiCl pulses. For TiN, a literature value was used.
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Table 2
Nitrogen concentrations measured by XPS and estimated band gap energies
of the nitrogen-doped Ti@films

Sample Nitrogen Band gap
concentration (at.%) energy (eV)
Al 0.9 3.3
0.7 3.3
0.8 34
A4 3.8 3.1
A5 8.1 2.9

3.2. Characterization

The nitrogen concentrations of samples A1-A5 were
determined by XPS and are listedTable 2 The N 1s XPS
spectra revealed that nitrogen in samples Al and A2 was
completely in the form of molecularly chemisorbegd (geak
at 401 eV)[36]. This indicates that in these samples virtu-
ally all TiN was oxidized to TiQ during growth. In samples
A4 and A5 the binding energy of nitrogen was significantly
lower (peak at 395 eV) indicating the presence of Ti—-N bond-
ing. In these films nitrogen was thus located at substitutional
sites which resulted from incomplete oxidation of TiN during
growth. Sample A3 had approximately an equal amount of
both of these types of nitrogen present. The atomic formula
of sample A3 would thus be Tiyhgd\No 012 if only the N 1s
peak at 395 eV was used. This is quite close to other reported
visible light active TiQ_,N, photocatalyst§3,12].

XPS depth profiling was performed on samples B and
C (Fig. 1. Preferential sputtering of oxygen during depth
profiling distorted the atomic concentrations slightly but the
location of nitrogen can still be seen clearly. Sample B had a
200-nm layer with a nitrogen concentration of about 4 at.%
which decreased to below 1 at.% in th&5 nm thick surface
layer. Sample C had a graded composition near the sub-
strate of approximately 60 nm in thickness where the nitrogen
concentration changed from 10 to 1 at.%. The nitrogen con-
centration in the upper120 nm thick layer was less than
1at.%.

The grazing incidence X-ray diffractograms of samples
A1-A5 and C are shown iRig. 2 It can be seen that films
Al and A2 consisted of a mixture of anatase and rutile phases,
while the others were pure anatase. In samples Al and A2,
the formation of TiQ occurred mainly through the reaction
between TiC] and KO, which caused the growth of both
anatase and rutile phases. When the oxidation of TiN con-
tributed more to the formation of Tig&during deposition,
anatase phase was favoured. It should also be noted that rutile
phase existed only in the samples where Ti—-N bonding was
not detected by XPS (samples Al and A2). The films A1-A4
also seemed to be slightly (00 1) textured. This can be seen
most clearly in the case of film A3. Normally, the (101)
reflection is the most intense one in anatase structure but this
is not the case here. The unique film growth process, where
TiN and TiG, deposition pulses alternate, is apparently some-
how responsible for this texturing effect. The (00 1) texture
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Fig. 1. XPS depth profiles of films (a) B and (b) C.

Fig. 2. Grazing incidence XRD patterns of films A1-A5 and C: A, anatase;

R, rutile.
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Fig. 3. Scanning electron micrographs of (a) an undoped Til® and (b)
film A3.

of the films was also seen in the29 scans in which the effect
was even more pronounced. The diffractogram of sample B
is not shown irFig. 2but it was very similar to that of sample
A4.

The effect of nitrogen doping on film morphology can be
seen from the scanning electron micrographBim 3. The
films look dense and the crystallites are easily seen. The aver-
age grain size appears smaller in the nitrogen-doped sample
A3 (Fig. 3) as compared to the undoped oRegy( 3a). Also,
the aforementioned texturing of sample A3 can be seen with
some of the rectangular (00 1) crystal faces clearly visible.

The grazing incidence X-ray diffractograms of the as-
deposited and air-annealed TiN films are showrFig. 4.

It can be seen that 1-h annealing at 5G0s not enough to
complete the phase conversion from TiN to Fiait results in

a mixture of these. Complete phase conversion was achieved
in 5h. Itis interesting that at atmospheric pressure the oxida-
tion of TiN produced rutile TiQ, whereas at reduced pressure

in the ALD reactor {10 mbar) anatase phase was formed
(Fig. 2.

The transmittance spectra of the nitrogen-doped,TiO
films are shown irFig. 5. Films A1 and A2, which contained
a mixture of anatase and rutile phases, had their absorption
edges at a slightly longer wavelength than film A3. This can
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Fig. 4. Grazing incidence XRD patterns of as-deposited and air-annealed Fig. 6. Decrease of stearic acid layer thickness after 1 h of UV irradiation
TiN films: R, rutile. on TiO, and TiG_,N, films.

be explained by the absorption of rutile which has a smaller

band gap than anatase. Nitrogen doping concentration in the3.3. Photocatalytic activity

anatase film A3 was not enough to cause a clear increase

in visible light absorption. Films A4 and A5, on the other The results of the stearic acid degradation tests under UV
hand, absorbed significantly more visible light. This result light illumination are shown irFig. 6. The activities of the

is expected from the increased amount of nitrogen in the nitrogen-doped samples A1-A5 are all weak as compared
films. The band gap energies of films A1-A5 were estimated to undoped TiQ. With samples A2—A5 the photocatalytic
[34] by plotting @hv)Y2 versusk (inset ofFig. 5) and are activity decreases with increasing nitrogen concentration.
listed in Table 2 The band gap energies of films A1-A3 Nitrogen doping by the present method can thus be regarded
are higher than the bulk value (3.2 eV) of anatase which is as detrimental to photocatalytic activity.

probably the result of quantum size effects. The band gap Samples B and C had much better activities under UV light
energies of films A4 and A5 seem to have decreased as ahan the other nitrogen-doped samples. Both of these films
result of nitrogen doping through the mixing of N 2p and had undoped Ti@surface layers which is clearly the reason
O 2p states. At smaller nitrogen concentrations the mixing for the better activity. It is also possible that in these two sam-
does not supposedly occur but nitrogen instead forms iso- ples there was enhanced charge separation because of their
lated states just above the valence bfiR]. These are the  layered and graded structures. Possible impurity states below
states that have been recognized as the origin of visible lightthe conduction band edge of nitrogen-dopedzTitght have
activity in nitrogen-doped Ti@[12,16,37,38] They do not, acted as traps for electrons photogenerated in the topmost
however, affect the band gap estimation and cannot be seemundoped TiQ layer[37]. The photogenerated holes would
clearly from the transmittance spectra because of the smallthus have had a longer lifetime and an increased probability
thickness and large interference fringes of the films. to reach the surface before recombination. The stearic acid
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Fig. 5. Transmittance spectra of films A1-A5. Inset: band gap estimation of film A5.
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irradiation on TiQ and TiG_.N, films. Fig. 8. Change of water contact angle under UV irradiation onpTi®,

films.
degradation rate of more than 10 nm/h of sample B is quite . _ _
high, considering that the thickness of the undoped layer of TiO2—.N; also[8]. The wetting properties of the films were

this sample is only~25 nm. An undoped Ti@film of 25 nm studied by measuring their contact angles with water as
thickness was found to degrade stearic acid at a rate of 5 nm/h@ function of UV or visible light irradiation. None of the
under UV light. samples became superhydrophilic (contact angle beléyv 10
The photocatalytic activities under UV light of the When visible light was used for irradiation. However, when
TiOo_,N, films prepared by annealing TiN in air at 500 UV light was used some samples did show superhydrophilic

are also shown iffrig. 6. These samples had low activities, Pehaviour Eig. 8). Only 20 min of irradiation was needed
probably because the crystal structure of Ji@these films ~ for samples B and C to turn superhydrophilic whereas sam-
was rutile Fig. 4), which is generally known to be photocat- Ples A1-A3required a much longertime. Samples A4 and A5
alytically much less active than anatase. Sample TiN1h mostdid not turn superhydrophilic during the 1080 min irradiation
likely consisted of a layer of TiN with a Ti© N, layer on time although their contact angles did decrease. From these
top [36]. Sample TiN5h, on the other hand, consisted of a results it is obvious that nitrogen in the films seriously weak-
single TiG_N, layer. The oxide thickness in sample TiN1h ened their photoinduced superhydrophilicity. Samples B and
seemed to be already sufficient, because the activities of thes& turned superhydrophilic rapidly because their surface lay-
two samples were almost equal. ers consisted of undoped TiOr'he reason for the detrimental
The results of the degradation tests under visible light €ffect of nitrogen to photoinduced superhydrophilicity is
are shown inFig. 7. Only the sample which was prepared Unknown but the results correlate reasonably well with the
by annealing TiN in air at 500C for 5h was able to  results of the photocatalytic activity tests.
degrade stearic acid under visible light. The other samples
did not function under visible light even though they showed 3.5. Photoelectrochemical measurements
a 0.5-1.0nm change in stearic acid thickness. This small
change is not related to photocatalytic degradation, because A series of linear sweep voltammograms were measured
the same change was detected when stearic acid-coated glasgith undoped and nitrogen-doped Bi@ms grown on ITO
slides were irradiated with visible light. Instead, the observed substratesFig. 9 shows the current density—voltage plots
change is somehow related to the test setup. The results, howmeasured under chopped visible light irradiation in 0.1 M
ever, are not affected much because all the samples were&Cl aqueous solution. It can be seen that there was a clear
subjected to the same conditions and the observed change imesponse to visible light irradiation in the nitrogen-doped
stearic acid thickness was always between 0.5 and 1.0 nm. samples. The appearance of a photocurrent under visible light
The effect of post annealing to photocatalytic activity was with films prepared similar to samples A2 and A3 suggests
studied on samples A1-A4. The films were annealed in air atthat there are isolated nitrogen-induced states in the band
500°C for 1 h after which their photocatalytic activities under gap because the band gap energies of these samples were
UV and visible light were examined. The annealing did not 3.3 and 3.4 eV, respectively. The largest photocurrent was
cause any noticeable change in the photocatalytic activities. observed with a film prepared similar to sample A&y o).
There are, however, features in the voltammograms which
3.4. Photoinduced superhydrophilicity indicate that increased recombination is taking place in the
TiO2_,N, films. The appearance of sharp transient spikes
Photoinduced superhydrophilicity is an important prop- when the lamp is switched on and off is one of these, as
erty of TiO, and good results have been reported for reported by Lindquist et a]19,37] Also, the steady increase
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of photocurrent when going to more positive potentials is a fill in nitrogen-doped TiQ and would have required a higher
sign of high recombination raf&9]. A more detailed photo-  temperature.

electrochemical investigation of ALD grown THO, N, films Holes created in the nitrogen-induced states above the
will be published elsewhere (M. Heiki&i] V. Pore, M. Ritala, valence band by visible light irradiation have smaller mobil-
M. LeskeR, unpublished results). ities than valence band holes created by UV Iifft8,37]

It has been reported that nitrogen doping can causeThis effect combined with a high recombination rate is
unwanted energy states in the band gap ofzTiiOaddition probably the reason why stearic acid was not decomposed
to those above the valence band efRjf. These unwanted  under visible light by samples A1-A5. The origin of the
states can act as recombination centres for photogeneratetiigh recombination is still unclear but it must be somehow
electron—hole pairs. The recombination centres can be in therelated to the doping process. One possible explanation for
form of oxygen vacancies, which create states in the bandthe increased recombination might be the (00 1) texture of
gap at 0.75-1.18 eV below the conduction band ddéé the films, although, to our knowledge, such an effect has
It is known that oxygen vacancies are easily created in wide never been reported. Samples B and C had surface layers
band gap materials by nitrogen doping due to ionic charge of undoped TiQ which made them active in UV but not
compensatiofi39,40] The vacuum in the ALD reactor and in visible light. Sample TiN5h, on the other hand, was able
the reducing nature of N¢gdgas might have also increased to decompose stearic acid under visible light. Presumably
the amount of oxygen vacancig®,29] Earlier studies have  the oxidation of TiN to nitrogen-doped Tireated fewer
shown that annealing ALD grown TiJilms at 500°C in air recombination centres and degradation of stearic acid under
fills a major part of the oxygen vacancig®]. The fact that visible light was possible. Visible light active T, N, films
air annealing did not have any effect on the photocatalytic can thus be prepared by ALD of TiN and subsequent anneal
activities of samples A1-A4 suggests that the oxygen vacan-in an oxygen containing atmosphere. Higher activities are
cies do not play a major role in the activity of these samples. to be expected by optimising the TiN growth and annealing
Another possibility is that the oxygen vacancies are harder to conditions.
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[12] H. Irie, Y. Watanabe, K. Hashimoto, J. Phys. Chem. B 107 (2003)
5483.

This study shows that ALD can be used in the preparation [13] C. Burda, Y. Lou, X. Chen, A.C.S. Samia, J. Stout, J.L. Gole, Nano

of nitrogen-doped Ti@ films which are excited by visible
light. However, the films prepared in this work using TiClI
NH3 and water as precursors suffered from high recom-
bination which lowered the photocatalytic activity under
UV light substantially and destroyed the visible light activ-
ity completely. Photoinduced superhydrophilicity was also
weakened by nitrogen doping. Only the referencesLidN,
sample which was prepared by annealing ALD grown TiN

in air was able to decompose stearic acid under visible light.
S[19] T. Lindgren, J.M. Mwabora, E. Avenda, J. Jonsson, A. Hoel, C.-G.

The use of different film deposition parameters or precursor

could lead to lower recombination and better photocatalytic

activities in the as-deposited films and is currently under
investigation.
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