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a  b  s  t  r  a  c  t

Plasma-assisted  atomic  layer  deposition  (PA-ALD)  was  adopted  to  deposit  TiO2-xNx ultrathin  layers  on Si
wafers, calcined  Ti foils  and  nanotubular  TiO2 arrays.  A  range  of  N content  and  chemical  bond  configura-
tions  were  obtained  by  varying  the background  gas  (O2 or N2)  during  the  Ti  precursor  exposure,  while  the
N2/H2-fed  inductively  coupled  plasma  exposure  time  was  varied  between  2 and  20  s. On calcined  Ti foils,
a  positive  effect  from  N  doping  on  photocurrent  density  was  observed  when  O2 was  the  background  gas
with a short  plasma  exposure  time  (5 and  10 s).  This  correlates  with  the  presence  of  interstitial  N  states
in  the  TiO2 with  a binding  energy  of  400  eV  (Ninterst) as  measured  by X-ray  photoelectron  spectroscopy.
A longer  plasma  time  or the  use  of N2 as  background  gas  results  in  formation  of N state  with  a  binding

3+

itania
anotubes

 doping
lasma-assisted atomic layer deposition

energy of 396  eV  (Nsubst) and  very  low  photocurrents.  These  Nsubst are linked  to  the presence  of  Ti ,  which
act  as  detrimental  recombination  center  for photo-generated  electron-hole  pairs.  On  contrary,  PA-ALD
treated  nanotubular  TiO2 arrays  show  no variation  of  photocurrent  density  (with  respect  to  the  pristine
nanotubes)  upon  different  plasma  exposure  times  and  when  the O2 recipe  was  adopted.  This  is attributed
to  constant  N content  in the  PA-ALD  TiO2-xNx, regardless  of  the  adopted  recipe.
. Introduction

Titania (TiO2) has attracted enormous attention in recent
ecades as a potential material for photocatalytic applications,
ecause it is inexpensive, safe and exhibits high chemical stabil-

ty [1]. The photocatalytic efficiency of TiO2 is limited by its large
and gap (3.2 eV for the anatase form of TiO2). One strategy towards

mprovement of visible light absorption of TiO2 is the introduction
f energy states in the band gap, for instance by cation [2–5] or
nion doping [2,6–8]. The former involves doping transition metal
ons into the TiO2 lattice. The metal dopants provide new energy
evels as electron donors or acceptors [2]. Typically, anion doping of

iO2 is preferred over cation doping, because of the introduction of
ecombination centers in the former case [6]. Anion doping involves
ntroduction of elements such as C, N, S, P or F in the lattice to modify
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© 2015  Elsevier  B.V.  All  rights  reserved.

the valence band position [2,6–8]. N is the preferred element,
because the atomic radii of N and O are very similar so that N atoms
can easily substitute O in the TiO2 crystal structure [6]. Asahi et al.
reported that TiO2-xNx films can absorb photons with wavelengths
longer than 400 nm.  These authors also found that the TiO2-xNx

powder has a higher photocatalytic activity towards acetaldehyde
decomposition than pure TiO2 upon visible light excitation [6].
Sato et al. synthesized N-doped TiO2 by calcination of commer-
cial titanium hydroxide and the resulting material showed higher
photocatalytic activity towards oxidation of CO and ethane under
visible light than conventional TiO2 [9]. Livraghi et al. combined
experimental and theoretical approaches to investigate the role of
N in TiO2 and reported that the N impurities are responsible for
visible light absorption with promotion of charge separation [10].

Compared to bulk films, nanostructured TiO2 facilitates light
harvesting, therefore promoting charge carrier generation as well
as their collection at the liquid/solid junction because of the higher
surface area [11]. However, the efficiency of three-dimensional

nanostructured materials is limited by the relatively poor elec-
tron transport through the titania network [12]. One-dimensional
nanostructured materials such as nanotubular architectures have
been proposed to offer excellent electrons percolation pathways for
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ectorial charge transfer between interfaces so that the mobility of
ree electrons is enhanced [13–15].

The influence of N doping on the enhancement of photocatalytic
ctivity was attributed by Asahi et al. to N 2p-states, which con-
ribute to the band gap narrowing by mixing with O 2p states [6].

any protocols have been developed for N doping of powdered
nd nanotubular TiO2, for instance by using N compounds in aque-
us solutions containing an appropriate Ti precursor [9,10,16–21],
itridation of TiO2 in an NH3 atmosphere, i.e. NH3 treatment
6,22–29], and by combining oxidation and nitridation approaches
30]. In a very recent study, we also investigated nanotubular TiO2
rrays prepared by anodization and subsequent gaseous NH3 ther-
al  treatment [28]. It was found that nitridation had a positive

ffect on the photocurrent density, related to the introduction of
nterstitial N in the surface. The effect was optimum upon intro-
uction of a very small amount of N, typically 0.4 at%, which was
chieved at a NH3 nitridation temperature of 500 ◦C. It should be
entioned, however, that it is difficult to control the N content

y thermal NH3 treatment and, typically, only interstitial N can
e introduced on the TiO2 surface. When the temperature of NH3
reatment is too high, the film becomes fully covered with TiN,
esulting in loss of the photocatalytic performance. Also, it has
een observed that high temperature nitridation resulted in unde-
ired morphological and textural changes of the nanostructured
ubstrate [28,29]. To minimize such effects, modification of the sur-
ace of nanotubular arrays surface with N under milder conditions
eading to a tunable content of N are sought.

In order to prepare ultra-thin TiO2-xNx layers in a more con-
rolled manner in terms of thickness and N content, several groups
ave employed gas-phase deposition techniques such as chemical
apor deposition (CVD) [31–33], radio-frequency reactive mag-
etron sputtering [34–36], pulsed laser deposition [37], and, very
ecently, atomic layer deposition (ALD) [38–40]. In this work,
lasma-assisted ALD (PA-ALD) has been explored because it is pos-
ible to control the chemical composition, as well as other (e.g.
pto-electrical, crystallographic and mechanical) properties of the
eposited layer [41–43] by tuning the composition of the gas feed-

ng the plasma. Other parameters which contribute to control the
roperties of the layers are the plasma power, the plasma exposure
ime and the applied bias at the substrate where deposition occurs
44–49]. As an example, Profijt et al. have shown that the crystal
tructure of TiO2 can be tuned from anatase to rutile by varying the
ias applied on the substrate holder [45]. Besides, Deng et al. tuned
he N content in TiO2 films by alternating thermal ALD and PA-ALD
f TiN [50].

To the best of our knowledge, the deposition of thin TiO2-xNx

ayers by PA-ALD on calcined Ti foil and nanotubular TiO2 arrays
as not been reported in literature. In the present study, PA-ALD

s applied to develop ultra-thin TiO2-xNx layers on planar and
anotubular TiO2 substrates. A systematic study was undertaken
o optimize the parameters of the PA-ALD process. For this pur-
ose, the process has been initially investigated on crystalline Si
ubstrates. The nature of the dopant N species and the resulting
hoto-electrochemical properties of deposited TiO2-xNx/substrate
ystems are investigated in detail. As a comparison to PA-ALD,
H3 treatment was also reported on planar TiO2 substrates. Opti-
ized PA-ALD procedures were then applied to nanotubular TiO2

ubstrates and its effect on the photocatalytic properties were
nvestigated.

. Experimental methods
.1. Substrates and nanotubular TiO2 synthesis

Si wafers (CZ Prime, Si(1 0 0) orientation) with diameters of 100
nd 200 mm and a 2 nm thick native oxide were purchased from
Fig. 1. Flowchart of the PA-ALD process.

Siegert Wafer. The wafers were washed by isopropanol before fur-
ther use. Ti metal foils were purchased from Advent (>99.6% purity,
thickness 0.25 mm).  The foils were cut into pieces of 2 cm × 1 cm
and then ultrasonically cleaned in acetone, ethanol and distilled
water. To develop thin titania films on these foils, they were cal-
cined in a flow oven, under heating with a rate of 5 ◦C/min to 450 ◦C
and subsequent dwelling for 3 h in artificial air (80/20 v/v ratio of
He/O2). Besides PA-ALD, also thermal nitridation by exposure to
NH3 gas was  carried out on these samples. For this purpose, NH3
gas (NH3 99.8%, Linde) was  led with a flow rate of 200 cm3/min
over the sample, which was  placed in a quartz tube in a pipe fur-
nace (Carbolite Type 3508). The nitridation temperature was 500
or 600 ◦C. The heating rate was 5 ◦C/min followed by an isothermal
dwell of 3 h.

Nanotubular TiO2 arrays were prepared via electrochemical
anodization of a cleaned Ti foil. The Ti foil was immersed in an
electrolyte solution containing NH4F (Merck, >98%) 0.27 M with a
volumetric ratio 1:1 of glycerol (Sigma–Aldrich, ≥99.0%) to deion-
ized water at 20 V for 3 h [51]. The as-anodized nanotubular arrays
were calcined using the similar procedure as the one discussed for
the Ti foil procedure.

2.2. PA-ALD processing

All depositions were carried out in an Oxford Instruments
FlexALTM reactor, which is a load locked remote plasma system with
an inductively coupled plasma (ICP) source, placed 31 cm above the
substrate holder. The reactor consists of a stainless-steel reaction
chamber, which is continuously pumped by a turbo pump for main-
taining a base pressure of 10−6 mbar. The plasma was generated by
a radiofrequency (13.56 MHz) generator with a maximum power
of 600 W.  The substrate holder with a size of 200 mm was located
in the centre of the deposition chamber. The substrate holder could
be heated up to 400 ◦C. For the nitridation procedure as employed
here, the used temperatures were 250 ◦C for the O2 recipe and
350 ◦C for the N2 recipe.

The two ALD half cycles are the exposure of the above-
mentioned samples to the Ti precursor, i.e. methylcyclopentadiene
titanium tris(dimethylamine) [Ti(CpMe) (NMe2)3] (SAFC Hitech Ltd)
[43] and a reactive N2/H2-fed ICP generated at a constant power
of 400 W.  Before deposition, the reactor chamber was pumped to
a pressure of 10−6 mbar. Fig. 1 reports the O2 and N2 recipes for
the PA-ALD process. The O2 recipe started with bubbling Ar for 1 s
through the precursor delivery system to enhance the Ti precursor
delivery, followed by 3 s exposure of the substrate to the precursor,

in a background of O2 gas injected through the ICP dosing line (gas
was injected in the ICP dosing line during the Ti precursor expo-
sure to keep the gas line flushed and prevent any contamination
from the outside): the pressure in this first half cycle is constant at
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Table  1
Operational parameters for the PA-ALD process.

Recipe Gas feed (cm3/min) Plasma time (s) Background gases (cm3/min) No. cycles Pressure (mbar)

N2 H2 O2 N2 Ar

O2 8 60 2,5,10,15,20 50 – 100 250 7 × 10−2

N2 8 60 5,15 – 10 100 500
Combined 8 60 10 50– –10 100100 60a30a
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a N2 + O2 cycles repeated for 5 times.

.13 mbar. This step was followed by a purge with Ar for 4 s. The
eactor chamber was preconditioned for 3 s with the gas feed of
2 and N2 at a pressure of 7 × 10−2 mbar. Next, the substrate was
xposed to the plasma for times ranging from 2 to 20 s. This step
as followed by purging the reactor for 3 s. For the N2 and com-

ined recipes, all process parameters were the same except for the
ackground gases and the number of total cycles (see Table 1).

.3. Characterization

The morphology of the samples was investigated by Scanning
lectron Microscope (SEM, Quanta 3D FEG, FEI) and Transmis-
ion Electron Microscopy (TEM, JEM ARM 200). Cross-sectional
EM samples were prepared using Focused Ion Beam (FIB) lift-
ut preparation. UV–vis absorption spectra were recorded by a
himadzu UV-2401 PC spectrophotometer in diffusion reflectance
ode with BaSO4 as a reference. X-ray diffraction (XRD) patterns
ere recorded by a Bruker D4 Endeavor diffractometer using Cu
� radiation. The thickness and refractive index of the samples
ere determined by means of a Woollam Inc. M2000U Spectro-

copic Ellipsometer (SE), ex situ on a goniometric stage as well as
n situ during the PA-ALD process. The Si wafer with its SiO2 native
xide layer were measured by SE before TiO2-xNx layer deposition
o provide a good base for fitting. For the fitting of the SE data of
A-ALD on Si wafer, an optical model (Complete-EASE software)
onsisting of the Si substrate, the SiO2 native oxide layer (ca. 2 nm)
nd the deposited TiO2-xNx layer was used. Both SiO2 layer and
he deposited TiO2-xNx layer were modelled with the Cauchy dis-
ersion formula. The surface composition and oxidation states of
he constituent elements were determined by X-ray Photoelectron
pectroscopy (XPS). XP spectra were taken using a Thermo Sci-
ntific K-Alpha spectrometer with monochromatic Al K� sources.
pectra were recorded at normal emission background pressure
f 1 × 10−8 mbar and all the binding energies were corrected with
espect to the reference peak, i.e. the C 1s peak at 284.5 eV of adven-
itious carbon. Depth profiling was carried out by applying an Ar
on beam sputtering with ion energy of 500 eV. For the Si wafer,
he surface was sputtered 15 times, with a constant sputter time of
0 s. For the Ti foils and nanotubular TiO2 arrays, 4 short sputtering
ycles of 30 s each were employed followed by 20 longer sputtering
ycles of 180 s.

Photoelectrochemical activity measurements were performed
n a 3-electrode cell using 0.1 M Na2SO4 as the electrolyte solu-
ion with a Pt ring counter electrode, a saturated calomel electrode
SCE) as the reference electrode and the (surface modified) TiO2 as
he working electrode. A Xe arc lamp (Oriel Instruments) was  used
s the light source with a power supply of 200–500 W.  The irradia-
ion power in this study was set at 300 W.  The photocurrents were
eported after subtraction of the dark current.

. Results and discussion
.1. PA-ALD on Si wafers

The layer characterization was first carried out on crystalline Si
ubstrates. As an example, Fig. 2 shows the XPS depth profiles for
the PA-ALD deposited layer using the O2 and N2 recipes with differ-
ent plasma exposure times as a function of the sputtering time. The
thickness of the deposited layer, the composition at the surface and
the composition averaged for the whole layer thickness for the O2,
N2 and combined recipes are collected in Table 2. For the O2 recipe,
the O/Ti ratio at the surface is close to 2 and remains constant as a
function of the depth up to a sputtering time of 200 s, corresponding
to the depth at which the TiO2/Si interface is reached. The thickness
of the deposited TiO2-xNx layer as determined by SE is 17.3 ± 1.6 nm.
The growth per cycle (GPC) is 0.07 nm/cycle, in agreement with the
value reported by Profijt et al. [41]. The N content remains <1 at% at
the surface and in the bulk, suggesting that the source of N in the
layer is only the N in the precursor molecule. Table 2 shows that
the surface N content in TiO2-xNx layer increases with increasing
the plasma exposure time.

Using the N2 recipe, a TiO2-xNx layer is deposited with higher
N content. This can be primarily attributed to the presence of
adsorbed N2 on the walls of the ICP tube, upon N2 flushing of
the ICP dosing line and subsequent plasma ignition. The average
N content with a plasma exposure time of 5 s is approximately
10 at% at the surface. The thickness of this layer measured with
SE is 17.0 ± 3.0 nm,  which is similar to the layer thickness obtained
using the O2 recipe. The GPC is 0.034 nm/cycle, a factor two lower
than found for the O2 recipe. From the sputtering profile (Fig. 2 (c)),
it follows that for the TiO2-xNx layer with higher N content a shorter
etching time was  required to reach the interface between PA-ALD
layer and substrate than the one with low N content (prepared by
the O2 recipe). As the thicknesses of the two layers are similar, this
suggests that the material density of TiO2-xNx layer with higher
N content is lower than that of the one with low N content pre-
pared by the O2 recipe. The combined recipe results in an average
N content of 9 at%. The N content at the surface is around 5 at%.
Table 2 also shows that films developed under N2 and combined
recipes contain carbon in the bulk, which most likely derives from
incomplete combustion of the organic fragments originating from
the organometallic Ti precursor. Fig. 2 shows that the C content at
the surface region is typically higher than in the bulk, in agreement
with the presence of surface contamination.

Fig. 3 shows the N 1s XP spectra of the films deposited by various
recipes. For the films deposited using the O2 recipe the N content
is low for all plasma exposure times. The N content increases with
the plasma exposure time as evidenced by the increasing inten-
sity of the weak feature around 400 eV. A plasma exposure time of
20 s leads to appearance of an additional feature at lower binding
energy. For the TiO2-xNx layer deposited with the N2 recipe, the fea-
ture around 396 eV is the dominant one in the XP spectrum and a
shoulder at 400 eV is also visible. The peak at 396 eV is also visible
in the XP spectrum of the film deposited by the combined recipe,
albeit with lower intensity.

Results of the deconvolution of these XP spectra are given in
Table 3. The N 1s feature with a binding energy around 400 eV can

be assigned to chemisorbed molecules as N2 [6,24,26,52], nitrogen
oxides such as NOx [18,32,53] or interstitial N. As discussed earlier
[28], the most likely origin of this N feature is that of interstitial
N, denoted here as Ninterst. Theoretical calculations [54] examined
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Fig. 2. Concentration profiles of the TiO2-xNx thin layer prepared by PA-ALD on Si wafers using (a) the O2 recipe with plasma time of 5 s, (b) the N2 recipe with plasma time
of  5 s and (c) the combined recipe with plasma time of 10 s.

Table 2
Surface and bulk composition of PA-ALD TiO2-xNx layers on various substrates.

Substrate Recipe Plasma exposure
time (s)

Layer thickness
(nm)

Film composition (at%)

Ti O Si N C

Si wafer O2 2
5
10
15
20

15.2
17.0
17.8
17.8
18.5

31a (27)b

31 (25)
29 (25)
30 (24)
30 (25)

61 (61)
60 (58)
64 (60)
63 (58)
63 (60)

1.5 (0)
2.5 (0.6)
0 (0)
1.2 (0)
1.5 (0)

0.3 (0.3)
0.2 (0.3)
0.2 (0.6)
0.6 (0.7)
1.1 (1.1)

5.9 (12)
5.6 (16)
5.7 (14)
5.7 (17)
4.7 (14)

N2 5
15

14.8
18.3

27 (18)
27 (19)

34 (38)
33 (37)

2.0 (0)
0.8 (0)

18 (11)
22 (13)

19 (33)
16 (31)

Combined 10 17.2 32 (26) 50 (48) 0 (0) 9.3 (5.4) 8.1 (21)

TiO2/
Ti foil

O2 pristine
2
5
10
20

–
18
–

29 (20)
28 (19)
– (25)
25 (18)
34 (25)

63 (60)
61 (55)
– (58)
68 (67)
62 (61)

–
–
–
–

0.8 (0.7)
0.7 (0.8)
– (1.3)
0.8 (1.1)
0.6 (1.1)

7.2 (19)
9.8 (25)
– (14)
6.0 (14)
3.5 (13)

N2 5
15

16
–

27 (11)
– (26)

36 (33)
– (44)

–
–

5.3 (7.4)
– (13)

31 (49)
– (17)

Combined 10 18 31 (22) 51 (49) – 3.0 (4.6) 15 (24)

TiO2

Nanotubes
O2 Pristine

2
5
10
20

– 27 (23)
27 (23)
28 (24)
33 (30)
27 (23)

62 (56)
62 (57)
64 (60)
61 (59)
61 (56)

–
–
–
–
–

0.5 (0.8)
0.3 (0.6)
0.5 (0.9)
0.5 (0.7)
0.4 (0.4)

11 (20)
10 (19)
18 (15)
5.4 (9.9)
12 (21)

N2 5 – 25 (20) 41 (43) – 14 (7.4) 20 (29)

Combined 10 – 27 (19) 52 (54) – 5.4 (4.6) 16 (22)

a Value before brackets is the average bulk composition between the etching time of 0 and 270 s.
b Value between brackets is composition at surface.

Table 3
Analysis of N 1s XP spectra of Si substrate before and after PA-ALD of TiOxN2-x layers.

Recipe Plasma exposure time (s) Fraction (%) Ninterst Fraction (%) Nsubst Total N surface content (at%)

– – – – 0.0
O2 2 100 – 0.3

5  100 – 0.3
15  100 – 0.7
20  80 20 1.1

N2 5 50 50 11
Combined 10 95 5 5.4
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Fig. 4. Surface N 1s XP spectra of (a) pristine calcined Ti foil and TiO2-xNx thin layers

ig. 3. Surface N 1s XP spectra of (a) pristine Si wafer and TiO2-xNx thin layer pre-
ared by PA-ALD on Si wafers using the O2 recipe with plasma times of (b) 5 s, (c)
0  s, and (d) the N2 recipe with plasma time of 5 s.

ossible locations for the N atom in the interstices of TiO2 and found
ts most stable site to be in coordination to one lattice O anion. The
pecies with N 1s binding energy of 396 eV is usually ascribed to
ubstitutional N (Nsubst). It implies the formation of Ti–N bonds
ith a covalent character, which is usually argued to be accompa-
ied by reduction of Ti4+ to Ti3+ [22,53].

.2. PA-ALD on calcined Ti foils

As the films are very thin, XRD patterns of the calcined Ti foil
rior and after the PA-ALD process only show diffraction peaks of Ti
etal (Fig. S1 in Supplementary Information). From XPS depth pro-

ling the thickness of the TiO2 layer of the calcined starting foil was
stimated to be 36 nm.  Table 2 contains the thickness of the layer
eposited on the starting foils by PA-ALD and their composition
btained by XPS depth profiling. The corresponding depth profiles
re given in Fig. S2. It is seen that the calcined Ti foil already contains

 small amount of N. The thickness of the PA-ALD layer deposited
y the O2 recipe is estimated to be 18 nm on the basis of the etching
ime and assuming that the density of this PA-ALD layer is similar
o the one deposited for the TiO2 layer on the Si wafer. In the same
ay, the thickness of the layers deposited by the N2 and combined

ecipes are 16 and 18 nm,  respectively.
Fig. 4 shows N 1s XP spectra of the various foils prior and after

he PA-ALD treatment. The results of the deconvolution of the N 1s
eak are collected in Table 4. It is observed that for deposition using
he O2 recipe with plasma times between 2 and 10 s, only Ninterst is
resent. When the plasma exposure time increased to 20 s, a small
dditional small feature of Nsubst is observed in the XP spectrum.
his trend is consistent with the PA-ALD series for the Si substrate.
or the N2 and combined recipes, the Nsubst feature dominates the

 1s XP spectra. For the N2 recipe, the surface N content is seen
o increase with increasing plasma exposure time (7.4 at% for 5 s
nd 12.8 at% for 15 s), showing that the N content can be tuned
y varying the plasma exposure time in N2 atmosphere. The sur-
ace N content is higher than that found for the layers obtained by
he O2 recipe. Consistent with the results for the Si substrate, the
ombined recipe gives intermediate N content, again with predom-
nantly Nsubst at the surface. Thus, the trends in the N content for
he various PA-ALD recipes are qualitatively similar for the Si wafer

nd the calcined Ti foil, although careful comparison shows that for
he N2 and mixed recipes less N is incorporated for the Ti foil and,
lso, lower Ninterst/Ntotal ratios are found when compared to the Si
afer.
prepared by PA-ALD on calcined Ti foils using the O2 recipe with different plasma
time of (b) 5 s, (e) 20 s, and (d) the N2 recipe with plasma time of 5 s.

Fig. 5 and Table 5 report specific information on the composition
of the layer as a function of the thickness/etching time for sev-
eral recipes. For the pristine calcined Ti foil and the O2 recipe with
plasma time of 10 s the N content remains below 1 at% throughout
the film. It is seen that the dominant N species at the surface is
of the interstitial type while deeper into the film a small amount
of Nsubst appears. For the N2 (plasma time 5 s) and the combined
recipe (plasma time 10 s) the N content below the surface decreases
stronger and similar to the above observations there is less Ninterst
and more Nsubst. It is also seen that there is carbon in all the layers,
decreasing in amount deeper into the film.

Photocurrent densities of these Ti foil derived materials are
shown in Fig. S3. The stable photocurrents under visible light illu-
mination are given in Table 4. The photocurrent of the calcined Ti
foil is 9 �A/cm2. Deposition of a thin layer using the O2 recipe with
a plasma exposure time of 2 s does not result in an increase of the
photocurrent, consistent with the nearly similar amount of Ninterst.
Increasing plasma exposure time to 5 and 10 s results in a signif-
icant increase of the photocurrent density to 15 and 18 �A/cm2,
respectively. This increase correlates well with the increase in the
amount of Ninterst. A plasma exposure time of 20 s results in a strong
decrease of the photocurrent density to 5 �A/cm2. Table 4 shows
that the N content is similar to the one in the layers prepared at
plasma exposure times of 5 and 10 s. The longer exposure time has
led to the formation of Nsubst, which has before been reported as
detrimental to current evolution [28]. Consistent with this, Table 4
shows that the much higher amounts of Nsubst in the films prepared
by PA-ALD with the N2 and combined recipes results in very low
photocurrent densities.

According to earlier studies [23,28,31,55], Ninterst contributes
to formation of impurity levels above the valence band of TiO2
by hybridization of O 2p state. Therefore, the photo-induced
excitation of electrons from these impurity levels towards the
conduction band of TiO2 becomes favourable. Thus, the presence
of Ninterst improves the photocurrent. On the other hand, the
presence of Nsubst causes a decrease of the photocurrent, because
substitution of an O atom by an N atom produces a Ti3+, which
can act as electron-hole recombination center. Therefore, we
conclude that the influence of the titania film composition in terms
of Ninterst and Nsubst content in PA-ALD TiO2-xNx/TiO2/Ti foil on

the photocurrent density is qualitatively similar to what we have
discussed earlier [28]. Chen et al. have reported that N2 plasma
treatment of TiO2 results in N doping and increased photocatalytic
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Table  4
Nitrogen content and configuration and photocurrent density of ultra-thin TiO2-xNx layers on the calcined Ti foil substrate by PA-ALD.

Recipe Plasma exposure time (s) Fraction (%) Ninterst Fraction (%) Nsubst Total N surface content (at%) Photocurrent density (�A/cm2)

– – 100 0 0.7 ± 0.2 9 ± 2
O2 2 100 0 0.8 ± 0.2 9 ± 1

5  100 0 1.3 ± 0.7 15 ± 6
10  100 0 1.1 ± 0.4 18 ± 4
20  76 24 1.1 ± 0.2 5 ± 1

N2 5 39 61 7.4 ± 0.5 2 ± 1
15  27 73 13 ± 0.6 1 ± 1

Combined 10 29 71 4.6 ± 1.1 1 ± 1
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ig. 5. N 1s XP spectra as a function of depth of (a) pristine calcined Ti foil and (b–d
lasma time of 10 s, (c) N2 recipe with plasma time of 5 s, and (d) the combined rec

ctivity towards isopropyl alcohol decomposition [56], although
hese authors did not provide clear evidence about the nature of
he N species that affect photocatalytic activity. Romero-Gomez
t al. prepared N-containing TiO2 thin films by plasma enhanced
PE)-CVD and reported about formation of Ninterst species with a
inding energy around 400 eV (assigned as Ti–NO species) for low

 content and Ti–N (Nsubst) for high N content [57]. They reported
hat Nsubst species contribute to band gap narrowing, whereas the
interst species have no effect on the band gap. Also in the study of
omero-Gomez et al., no photocatalytic activities were determined.
In view of our earlier results on nitridation by thermal treatment
n NH3, the calcined Ti foils were also treated by NH3 at 500 and
00 ◦C, respectively. The N 1s XP spectra of the pristine and NH3-
reated foils are shown in Fig. S4. The N content of the calcined Ti

able 5
itrogen content and configuration as a function of depth of ultra-thin TiO2-xNx layers on

Recipe Plasma exposure time (s) Etching time (s) 

Ti 

Pristine – 0
270
991
1712

20
31
48

O2 10 0
270
991
1712

18
32
35
49

N2 5 0
270
991
1712

11
32
36
54

Combined 10 0
270
991
1712

22
–
34
40
xNx thin layers prepared by PA-ALD on calcined Ti foils using the (b) O2 recipe with
th plasma time of 10 s.

foil is 0.5 at%. It increases to 3.2 and 15.1 at% after calcination in
NH3 at 500 and 600 ◦C, respectively. The N 1s spectra show that the
calcined foil only contains Ninterst, whereas the films were found
to contain also Nsubst after NH3 treatment. The N 1s peak at 398 eV
is ascribed to N–Ti–O species [58]. Such state was also observed
in NH3-treated TiO2 nanotubes after nitridation above 525 ◦C [28].
The fraction of Nsubst increases from ca. 11 at% after NH3 treatment
at 500 ◦C to 48 at% after NH3 treatment at 600 ◦C. Together with the
increase of the Nsubst content the Ti 2p3/2 feature is seen to shift to
lower binding energy, indicative of the formation of Ti3+ [28,52].

2
Compared to the calcined foil (9 �A/cm ), the photocurrent densi-
ties of the films are 1 and ∼0 �A/cm2 after NH3 treatment at 500
and 600 ◦C, respectively. This is caused by the high Nsubst content
and the presence of associated Ti3+ centers, which are known to act

 the calcined Ti foil substrate by PA-ALD.

Film composition (at%)

O N C

60
61
43

0.7
1.1
0.6

19
6.5
–
8.5

67
66
61
43

1.1
0.7
0.8
0.8

14
1.4
3.2
7.1

33
62
59
37

7.4
3.0
1.0
0.8

49
3.1
3.9
8.0

49
–
61
50

4.6
–
1.5
1.2

24
–
3.5
8.7
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s recombination centers [22,53]. Earlier, we have established that
H3 treatment of nanotubular TiO2 arrays at 500 ◦C only resulted in
interst and increased the photocurrent density as compared to the
ristine nanotubes. These results indicate that the surface chemi-
al properties of the nanotubular TiO2 arrays and the TiO2 on the
alcined Ti foil are different.

.3. PA-ALD on nanotubular TiO2 arrays

XRD patterns of the nanotubular TiO2 arrays prior and after PA-
LD are shown in Fig. S5. The pristine nanotubular TiO2 arrays have

he anatase structure. The PA-ALD treatment has no effect on this
tructure. The SEM images in Fig. 6 show the vertically aligned
anotubular TiO2 arrays with their open tip and closed bottom

tructures. Fig. 6 (a) specifically shows the top of the surface of
he arrays. It allows estimating the inner and outer diameters of
he nanotubes to be 85 and 100 nm,  respectively. The inset in Fig. 6
a) shows that the length of the pristine nanotubular TiO2 arrays is

ig. 6. SEM (a, c and e) and TEM images (b, d and f): (a and b) pristine nanotubular TiO2

rrays using the O2 recipe with short plasma time (plasma time of 10 s) and (e and f) long
ience 330 (2015) 476–486

longer than 1 �m.  The surface view by SEM nanotubular TiO2 arrays
after PA-ALD using the O2 recipe with plasma exposure time of 10 s
is given in Fig. 6 (c). It shows that a layer has been deposited on its
surface as the inner and outer diameters are 35 and 120 nm,  respec-
tively. It is difficult to estimate the length of the tubes from these
images, as they seem to be broken in the middle (see insert Fig. 6
(c)). Fig. 6 (e) shows the inner and outer diameters of nanotubular
TiO2 arrays after PA-ALD using the O2 recipe with longer plasma
exposure time (20 s). The morphology of this sample is very sim-
ilar to the sample obtained using a plasma exposure time of 10 s.
The SEM images clearly demonstrate that the surface morphology
is affected by the PA-ALD processing. The deposition of a layer has
resulted in much smaller pores of the nanotubes. It is expected that
the plasma exposure time hardly affects the nanotube wall thick-

ness, as this latter is controlled by the number of the ALD cycles.
With the same number of PA-ALD cycles, the GPC of TiO2-xNx thin
layer on the open part of the nanotubular TiO2 arrays is similar to
the one of the calcined Ti foil, based on the deposited thickness

arrays, and (c and d) TiO2-xNx thin layer prepared by PA-ALD on nanotubular TiO2

er plasma time (plasma time of 20 s).
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equipment used for anodization and calcination, especially the use
of different lamps for the photoelectrochemical characterization
(a Xe lamp was  used in earlier work [28] vs. the Hg + Xe lamp
in the present study) is expected to contribute to the different
ig. 7. Material density of pristine nanotubular TiO2 arrays and TiO2-xNx thin layer
repared by PA-ALD on nanotubular TiO2 arrays using O2 recipe with short plasma
ime (plasma time of 10 s) and longer plasma time (plasma time of 20 s).

n the outer wall of the NTs. It should be noticed that the GPC
ill be influenced by the roughness of the nanotube wall, which is

xpected to vary for individual nanotube samples.
The bright field TEM images in Fig. 6 (b), (d) and (f) show corre-

ponding cross-sectional views of the three samples shown in Fig. 6
a), (b) and (c), respectively. The white areas represent porosity in
etween the nanotubes. The TEM sample thickness is of the same
rder of magnitude as the distance between the tubes. The TEM
mage is a projection of all features within the slice of material,
mplying overlap of features. As a result, not all pores appear clearly
n the image. The contrast in these images has several contributions,
amely (i) diffraction contrast, in this case TiOx crystals present

n strongly diffracting orientations will look black in the image,
ii) materials density contrast, providing different grey scales for
he different materials, and (iii) reduction in brightness if more

aterial is present, i.e. in case a pore is partly filled. The latter can
e observed by the variation in average grey-level in the vertical
irection. The darker grey ‘layer’ close to the surface points to the
eposition of the TiO2-xNx thin layer in the upper part of the nan-
tubular arrays. The lighter part beneath it represents areas with a
hinner PA-ALD TiO2-xNx layer. Fig. 7 visualizes the brightness pro-
les in the TEM images along the nanotube length. It clearly shows
educed brightness close to the surface of the plasma-treated sam-
les, pointing out the deposition effect of the ALD processes. The

ength of pristine nanotubular TiO2 is 1.2–2 �m,  consistent with the
ata shown in Fig. 6 (a). The shorter length of the pristine nanotubu-

ar TiO2 arrays as compared to the treated samples is a consequence
f the difficulty in reproducing nanotubular arrays of similar length.

Fig. 8 shows the N 1s XP spectra of the nanotubular TiO2 arrays
efore and after PA-ALD. After PA-ALD with the O2 recipe, a small
eature around 400 eV due to Ninterst is observed. The surface N
ontent is not higher than that in the pristine material. It is also
een that the N content and the N configuration do not change with
ariation in plasma exposure time. In contrast, after PA-ALD with
he N2 and combined recipes, substantial amounts of Ninterst and
subst are seen in the XP spectra. The composition of the surface
f the TiO2-xNx layers deposited on nanotubular TiO2 arrays using

ifferent recipes and plasma exposure times are listed in Table 6.

The photocurrent densities of these films are reported in Table 6
nd Fig. 9. Several important observations can be made. The pho-
ocurrent density of the pristine nanotubular TiO2 arrays is much
Fig. 8. Surface N 1s XP spectra of (a) pristine and TiO2-xNx thin layers prepared by
PA-ALD on nanotubular TiO2 arrays using the O2 recipe with plasma time of (b) 2 s,
(c)  20 s, and using the N2 recipe with plasma time of (d) 5 s.

higher than that of the thin conformal layers deposited on calcined
Ti foil substrates. As mentioned earlier, nanotubular arrays possess
higher surface area and facilitate charge transfer at the solid/liquid
junction [17,18]. Furthermore, the photocurrent density does not
depend strongly on the plasma exposure time for the O2 recipe
as compared to its influence determined for the TiO2 calcined foil.
The N content does not increase with respect to the pristine NT
composition and stays below 1 at%. These appear to be the main rea-
sons for the nearly constant and comparable to the pristine sample
photocurrent density. Furthermore, in agreement with the earlier
observation on the effect of substantial amounts of Nsubst in the
layer using the N2 and combined recipes, we  confirm that Nsubst
results in a strong decrease of the photocurrent.

We should also point out that the photocurrent densities of the
pristine TiO2 nanotubular arrays in the present study differ from
the one reported in our earlier publication [28]. Besides variations
from batch to batch in nanotube synthesis, the slightly different
Fig. 9. Photocurrent density under visible light irradiation of pristine and TiO2-xNx

thin layers prepared by PA-ALD on nanotubular TiO2 arrays using the O2 recipe with
plasma time of 2–20 s, the N2 recipe with plasma time of 5 s, and the combined recipe
with plasma time of 10 s.
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Table  6
Nitrogen content and configuration from XPS and photocurrent density of TiO2-xNx layers deposited on the nanotubular TiO2 arrays by PA-ALD.

Recipe Plasma exposure time (s) Fraction Ninterst (%) Fraction Nsubst (%) Total N surface content (at%) Photocurrent density (�A/cm2)

– – 100 0 0.8 ± 0.5 190 ± 14
O2 2 100 0 0.6 ± 0.2 180 ± 4

5  100 0 0.9 ± 0.5 200 ± 30
10  100 0 0.7 ± 0.4 150 ± 14
20  100 0 0.4 ± 0.3 180 ± 30

N2 5 39 61 7.4 ± 0.5 10
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Combined 10 29 71 

hotocurrent densities. Although in all measurements the output
ower of the lamp was set to 300 W,  the irradiation energy density
elow 500 nm was found to be very different. The energy in the
20–630 nm wavelength range of the Hg + Xe lamp is much higher
han that of the Xe lamp. This is the main reason why  the photo-
urrent densities in our present work are substantially higher than
hose in our previous work.

. General discussion

The present study focuses on the impact of thin TiO2-xNx lay-
rs in terms of N content, N oxidation state and homogeneity in
A-ALD treatment, when deposited on calcined Ti foil and NT TiO2,
ith the final aim of improving their photocatalytic performance.
s our previous study [28] as well as other literature studies [22]
ointed out the beneficial role of Ninterst on the photocurrent, the
xtent of N-doping and the N state in the PA-ALD layers have been
haracterized. Initially, layers deposited on Si wafer reference sub-
trates were characterized. By varying the background gas injected
hrough the ICP dosing line and the plasma exposure time, it is
ossible to control to some extent the N content in the deposited
iO2-xNx thin layer. The use of O2 as background gas results in
ery low N content in the deposited film (1.1 at% for 20 s plasma
xposure). The use of N2 results in TiO2-xNx layers with N content
bove 11 at%. Intermediate N content can be achieved by alternat-
ng cycles using O2 and N2 gases. It is noticed that the N2 recipe
eads to TiO2-xNx instead of TiN because of sample oxidation upon
xposure to the ambient.

Next to the relative N content, this study has focused on the oxi-
ation state of N. Typically, two N 1s states are observed. The one
ith a binding energy around 400 eV is attributed to Ninterst and

he other one with binding energy around 396 eV corresponds to
subst. For the O2 recipe, it is found that the N content has always
n interstitial character up to a plasma exposure time of 10 s, while
or longer plasma times as well as in the case of the N2 and com-
ined recipes, a contribution of Nsubst appears in the XP spectra (see
able 3).

The three deposition recipes were then first employed to deposit
 conformal TiO2-xNx layer on a planar TiO2 substrate, i.e. a calcined
i foil. The composition of the deposited layers is found very similar
o the one of the layers deposited on Si substrate. Note an initial N
ontent of 0.8 at% (0.7 at% at the surface) was detected in the pris-
ine calcined Ti foil. The TiO2-xNx/TiO2/Ti substrates were evaluated
or their photoelectrochemical response using visible light. Intro-
uction of Ninterst using the O2 recipe improved the photocurrent
ensity. The increase in photocurrent density correlated with the
mount of Ninterst, i.e. an improvement from 9 to 18 �A/cm2 was
bserved for a plasma exposure time of 10 s corresponding to
.1 at% N content. These results are consistent with parallel litera-
ure studies, where PA-ALD and thermal ALD of N-doped TiO2 were

nvestigated: a concentration of N around 1 at% exhibiting a major
ontribution of 400 eV is responsible for more efficient degrada-
ion of methylene blue [59,60]; a higher N concentration inevitably
eads to a high defect concentration decreasing the photo-activity
4.6 ± 1.1 6

[61]. Consistent with our previous work [28], the photocurrent den-
sity strongly decreased when Nsubst was  present. Accordingly, all
substrates prepared by PA-ALD using the N2 or combined recipe
exhibited negligible photoresponse.

The same PA-ALD recipes were applied for the deposition of
TiO2-xNx layers on nanotubular TiO2 arrays. All PA-ALD processes
result in an inhomogeneous layer along the length of the NTs. SEM
images point out based on the changes of the NT outer diam-
eter, a growth per cycle similar to the cases of Si and calcined
Ti foil substrates. TEM analysis of cross-sections perpendicular to
the nanotube length axes reveals that the deposition has mainly
occurred along the top part of the nanotubes; the bottom of the
tubes appears hardly affected. There are several reasons for a lack
of homogeneity in the PA-ALD process. One of them is the mass
transfer limitation of the bulk Ti precursor along the length of the NT
[62,63]. Adsorption processes are also of key importance of a con-
formal film growth: the Ti precursor adopted in this study has been
subject of investigation of DFT calculations summarized in [64],
demonstrating that its adsorption at the surface is favourable only
when occurring from the side of the amino-ligands, due to their
polarity (with respect to the Cp ligand) and therefore affinity with
OH-terminated surfaces. Furthermore, the same calculations have
shown that, differently from the classical scheme of ALD surface
reactions, there is lack of full condensation reaction between the Ti
precursor and the OH-terminated surface, i.e. no direct bond occurs
with the surface O accompanied by loss of one or more Me2NH
molecules, due to steric crowding and reduced electrophilicity
imposed by the Cp ligand on the Ti centre. This is also the main
reason why  this precursor does not lead to TiO2 deposition when a
thermal ALD process is setup (i.e. in the presence of H2O) but only
when plasma is applied. Therefore, we conclude that if the surface
of the internal and external walls of the NTs is not homogeneous
in terms of OH-termination, this would lead to a heterogeneous
deposition process. Furthermore, plasma activation is essential in
promoting film growth because it induces surface reactivity in the
form of carbon removal and insertion of OH groups for the subse-
quent Ti precursor exposure and adsorption. However, the radicals
produced in a H2/N2-fed plasma (e.g. N, H, NH, NH2) exhibit a high
reactivity in terms of functionalization of the surface as well as
carbon removal in the form of HCN [65] and such reactivity is not
compatible with a long radical diffusion path/long life time along
the NT length necessary to deliver a conformal deposition.

In terms of film composition, similar observations to the cases
of Si and calcined Ti foil substrates can be drawn: the N content
is found to be the lowest for the O2 recipe and highest for the N2
recipe. Also, the incorporated N is always present in the interstitial
state and substitutional N develops only for the N2 and combined
recipes. However, the N content of the layers deposited by the
O2 recipe hardly varies with the plasma exposure time and it is
always below 1 at%. Furthermore, also the N2 and combined recipes

deliver lower N concentration when compared to the depositions
on Si and calcined Ti foil. Finally, the N content in the pristine TiO2
NTs is higher than in the other pristine substrates, i.e. 0.8 at%. As
already pointed out during the discussion on the NH3 treatment,
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he nitridation process on calcined TiO2 and TiO2 NTs had led to
ifferent results in terms of N content and N oxidation state. This
as attributed to the different surface properties of the two  sub-

trates, which can definitely apply also to the case of the PA-ALD
rocess here under investigation. As earlier mentioned, the sur-
ace properties of substrate seriously affect the adsorption of the Ti
recursor.

The photocurrent density of the pristine TiO2 NTs is about 20
imes higher than the one of calcined TiO2, which is due to its higher
urface area. Given the absorption coefficient of titania [66], light
bsorption will take place at the top 1 �m along the length axis of
he nanotubes. After PA-ALD processing with the O2 recipe, there is
o noticeable change in the photocurrent density, which we  relate
o the fact that, under the O2 recipe, no additional N-doping takes
lace, given the relatively high N concentration present already in
he pristine NTs. The detrimental effect of Nsubst is once again expe-
ienced, as in the case of the NTs treated according to the N2 or
he combined recipe, where a strong decrease in photocurrent is
bserved, from 190 down to 10 �A/cm2. It is worthy of note that,
lthough the relative N content as well as of Nsubst content are sim-
lar in both N2 and combined recipes carried out on bulk TiO2 and
iO2 NTs, only the latter are characterized by a massive reduc-
ion of current density, while the current density for the former
ecreases just of a factor 4. This is to be attributed to the increased
urface area in the case of the NTs. This result further suggests
hat, although the PA-ALD process does not lead to a homogeneous
rowth along the whole length of the NT, the extent of the treat-
ent along the length of the NT (i.e. approx. 1/3 of the length of the
T) is sufficient to experience the detrimental effect of the incor-
oration of Nsubst on the photocurrent. In comparison, literature
as shown that it is possible to develop a uniform and conformal
ltra-thin N-containing carbon layer on the walls of TiO2 NTs by
eans of molecular layer deposition (MLD) of PMDA/EDA, leading

o an increase in photocurrent density of factor 5 with respect to
he pristine NTs [67].

. Conclusions

To develop a PA-ALD procedure for N doping on calcined TiO2
nd nanotubular TiO2 arrays, TiO2-xNx layers were first deposited
nd characterized in terms of N content and oxidation state on
i wafers. Two characteristic N 1s peaks are observed at 400
nd 396 eV, which are ascribed to interstitial and substitutional N
oping (Ninterst and Nsubst). The Ninterst doping is dominant when
2 flow is used as background gas (lower N content) and Nsubst is
ominant when the N2 recipe is used, combined recipe as well as
sing O2 recipe with longer plasma time (20 s). In the case of the
2 recipe, the photocurrent density of the calcined Ti foil upon PA-
LD treatment increases of a factor 2 with respect to the pristine

oil, for a plasma exposure time up to 5–10 s. When the N2 recipe
s used, the photocurrent density decreases. The enhancement in
hotocurrent density of calcined Ti foil after PA-ALD is ascribed to
interst which develop when the O2 recipe is adopted. In the case of

he N2 recipe, an increased N content leads to the development of
subst, detrimental to the photocurrent density.

The nanotubular TiO2 arrays exhibit a photocurrent density
bout 20 times higher than the one of calcined TiO2, due to the
ncreased surface area. When modified by a PA-ALD deposited
iO2-xNx thin layer no improvement in terms of photocurrent den-
ity is observed, regardless the plasma exposure time under the O2
ecipe condition. This is attributed to the fact that no additional

-doping occurs, given the relatively high N concentration present
lready in the pristine NTs. TEM analysis of cross-sections perpen-
icular to the nanotube length axes reveals that the deposition has
ainly occurred along the top part of the nanotubes. The bottom of

[

[

ience 330 (2015) 476–486 485

the tubes appears hardly affected. The detrimental effect of Nsubst
is once again experienced, as in the case of the NTs treated accord-
ing to the N2 or the combined recipe, where a massive decrease in
photocurrent is observed, from 190 down to 10 �A/cm2. This result
further suggests that, although the PA-ALD process does not lead
to an homogeneous growth along the whole length of the NT, the
extent of the treatment along the length of the NT (i.e. approx. 1/3
of the length of the NT) is sufficient to experience any beneficial
or detrimental effect of the PA-ALD treatment, e.g. in this case the
effect of the incorporation of Nsubst on the photocurrent.
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