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Abstract: \We employ, for the first time, a unique combinatorial chemical vapor deposition (CVD) technique
to isolate a previously unreported transition-metal mixed-anion phase. The new oxynitride phase, Tiz—s04N
(where 0.06 < 6 < 0.25), is the first example of a complex titanium oxynitride and was synthesized within
composition graduated films formed from atmospheric pressure CVD of TiCls, NHs, and ethyl acetate.
Characterization was performed by X-ray diffraction, X-ray photoelectron spectroscopy, UV—visible spectra,
and SQUID magnetometry. The material crystallizes in the Cmcm space group, with the ordered nitrogen
ions stabilizing the orthorhombic analogue of the monoclinic anosovite structure, 5-TisOs. The lattice
parameters are sensitive to composition, but were determined to be a = 3.8040(1) A, b = 9.6486(6) A,
and ¢ = 9.8688(5) A for Ti,gs2)04N. Powder samples were prepared through delamination of the thin films
for synchrotron X-ray diffraction and magnetic measurements. It is the first example of a new phase to be
synthesized using such a combinatorial CVD approach and clearly demonstrates how such techniques
can provide access to new materials. This metastable phase with unusual nitrogen geometry has proved
to be elusive to conventional solid-state chemistry techniques and highlights the value of the surface growth
mechanism present in CVD. Furthermore, the ease and speed of the synthesis technique, combined with
rapid routes to characterization, allow for large areas of phase space to be probed effectively. These results
may have major implications in the search for new complex mixed-anion phases in the future.

The tendency of nitrides to decompose more readily than salt structure and empirical formula Ti®,,” where the sum
oxides as well as to oxidize under atmospheric conditions hasof x andy is approximately 2. Materials where the sum of
historically made synthesis of new nitrides far more difficult andy is significantly different to 1 have also been reported.
than oxides, and consequently they have received much lessHowever, in all cases the compound maintains the rock salt
attention! Despite this relative neglect, nitride phases constitute Structure and accommodates the nonstoichiometry through
a significant number of technologically important materials, for Vacancies on the sublattice sités:! These TiQN, phases can
example GalnN in blue lasers and LEDShe relatively high be considered as a solid solution of titanium(lll) nitride, TiN,
occurrence of useful nitride materials has inspired researchers2Nd the cubic titanium(ll) oxide, TiO, with the CUb'C, lattice
more recently to refocus on complex ternary and quaternary pa}ra_met(;g otf)a given -IF—IIQ(NYI be'nfgifzuznffzfv_?gl\?gd sé_aw
nitride and oxynitride phasés.Among these nitrides, there has r_ej\ftllo7n25Al|cf> ?P.’éeglt eva Eet@ ft't ror T .t"?‘g i
been particular interest in titanium containing phases, motivated, or 119~ A seconad type ot titanium oxynitride has

o ) - been extensively reported: the doping of Fi®ith nitrogen.
by their importance and wide use as wear resistant and solar . e
control coatings, barrier layers in silicon electrorficand in Research on these materials has been conducted principally to

h f titani itrid d . ld-colored coAii change the band gap of titania and alter its hydrophilic and
the case of titanium nitride as a decorative gold-colored coating. photocatalytic properties. The extent of this doping is extremely

Previous investigations into titanium oxynitrides have un- small however, typically less than 0.5 atom % of nitrogen, and
covered a series of cubic titanium compounds with the rock
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as such are best considered as nitrogen doped materials rathezontent$® causes a phase change to fheolymorph at room

than as true titanium oxynitridé4.16

In contrast to the close-packed cubic TN) materials ¢ ~
5.8 g/cn?) the new titanium oxynitride presented here is based
on nitrogen substitution into the less densex{ 4.3 g/cn?)
orthorhombica-TizOs structure, representing what we believe

temperature. An increase of the dopant metal content-@%4

or highet® destabilizes the monoclinic polymorph completely
and the structure converts to the orthorhombiform at room
temperature. This has been demonstrated with an extensive range
of metal ions including S¢, Cr*, Lit, Fe*, Mg?*, AI3 and

is the first time that anionic substitution has been shown to occur V3+.23-27 This phase transition to the orthorhombic polymorph

in this material.

The mineral Anosovite was first identified as magnesium-
doped T#Os, an orthorhombic pseudo-brookite phase with lattice
parameters = 3.747 A b = 9.465 A, andc = 9.715 A, by
Rusakov and Zhdanov in 1951 Pure single-crystal studies of
Ti3Os have found that at room temperature the structure is
actually a related monoclinic cell with lattice parameters
9.752 A,b = 3.802 A,c = 9.442 A, and3 = 91.55,18 which
is known as3-TizOs. On being heated above room temperature

on cation doping is caused by the destruction of the charge
ordered state present in3Us that creates the monoclinjé
modification?3 It can be observed that it is the change in valance
that has the principal effect on phase transition by comparing
the doping of M@" and Li* into MyTiz—xOs. The transition
between thes’ anda structures occurs with different amounts
of substitution for each ionx = 0.15 for Li andx = 0.3 for

Mg. The titanium oxidation state, however, is the same in both
compounds at-3.47, that is, this is the threshold value above

[-TisOs undergoes a phase transition between 450 and 460 Kwhich insufficient titanium d-electrons remain to stabilize the

(depending on the direction of the transition) to a high-
temperature monoclinic phases’) followed by a further
transition above 500 K to the orthorhombic Anosovite structure
proposed by Rusakov and Zhdan8veferred to as-TizOs.
Additionally two more structures are known to be present in
the phase diagram below room temperature, known asd
5_20

The room-temperature monoclinfeTizOs is a semiconductor
in which there are three distinct crystallographic titanium sites,
each at the center of a distorted Fi©ctahedron but with
evidence of electron localization and metatetal bonding,
similar to the Verwey transition first identified in g@,2* Bond
valance calculations derive valances of these sitels3as-3Y/3
and +3%3.18 The localization of the electron density onto the
d® Ti3* ions allows metat metal bonds to form between them,
such that the Pi* ions form “dimers” within the structure with
a bond distance of 2.61 A. The other two crystallographic sites
also form a closely associated metatetal group, a zigzag
tetramer of the form Ti3"s—Ti+t3:—Ti+¥:—Ti*+3%: with metal-
metal distances of 2.82 A, 2.77 A, and 2.828%2Each group
of four titanium ions has two delocalized electrons, which may
contribute to a degree of metaetal bonding within the
tetramer:8 The transformation to the high-temperatardisOs,
removes this inequivalency, disrupts the metaktal bonds,

monoclinic structure.

In this paper, we describe the synthesig JOsN (where 0.06
< 0 < 0.25) as a thin film using combinatorial atmospheric
chemical vapor depositidhiwith a triple source of precursors:
TiCl4 (metal source), ethyl acetate (oxygen source), and NH
(nitrogen source). A number of films were synthesized and the
relative ratio of oxygen source to nitrogen source was varied
between them to produce films of sTjO4N with differing
compositions. The films were investigated by powder X-ray
diffraction, X-ray photoelectron spectroscopy, and this
spectroscopy. Delamination of the films provided sufficient
powder sample for magnetic measurements as well as Rietveld
refinement against synchrotron X-ray diffraction data.

Titanium oxynitrides have been thoroughly investigated by
conventional techniques for many years without any indication
of this or any other complex (nonrock salt-type) structure. Its
identification by combinatorial chemical vapor deposition
(CVD)?8 highlights the ability of nonconventional techniques
to produce phases that are not accessible by traditional solid-
state methods. The possibilities for isolating new complex
phases, particularly with mixed-anions, are extensive.

Experimental Section

Film Synthesis.Thin films were synthesized by atmospheric pressure

and delocalizes the electrons formerly used in this bonding. The chemical vapor deposition using a cold-walled reactor with the sample
number of distinct titanium crystallographic sites is reduced to being deposited onto standard float glass slides of dimensions 89 mm
two, and metallic behavior is observed showing that the x 225 mmx 3.2 mm (width, length, thickness). The glass slides were

electrons, no longer used for direct metaietal bonds, become
fully delocalized?? Bond valance calculations also derive the
expected average value ©8Y; for both sites'® and the shortest
Ti—Ti distance increases from 2.61 A, found fATiz0s, to
2.89 A

It has been found that cationic substitution inteQg with
small amounts of metal ions (as little as-8% of the metal
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coated on the top surface with a barrier layer of Si@prevent ions

in the glass from migrating into the synthesized film. The CVD reactants
were first vaporized in heated bubblers and transported to the reactor
by N, gas streams. These gas streams entered the reactor through a
pair of mixing chambers and a divided baffle manifold that kept the
reagents from each mixing chamber separate until the laminar gas flows
were inside the reactor. The two separate mixing chambers and reactor
entry points are the central design features developed on this apparatus
to facilitate combinatorial CVD; using this approach the composition

of the reactants is controlled across the film, allowing potential access
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Figure 1. Schematic diagram of the APCVD apparatus, with top down
view of the reactor. Of particular importance are the two mixing chambers,
with two separate entry points to the reactor, mixing chamber A (on the
right) and mixing chamber B (on the left). Left and right in this context are
orientated with the forward direction being through the reactor toward the
exhaust.

to approximately 1000 products. A schematic diagram of the apparatus
is given in Figure 1.

Previous atmospheric pressure CVD work has successfully synthe-
sized TiN phases from TigP and NH;.2%3In the work presented here,
the Ti-O—N system was formed by addition of ethyl acetate as an
oxygen source. In the previous work on titanium nitride it was found
that TiCl, and NH; react rapidly in the gas phase to form solid adducts,
the most stable of which is TiGRNHs;3 these can be detrimental to
deposition and cause blockages if the vapors are combined too early.
The problem of blockage was avoided in this work by introducing fTiCl
and NH; into the reactor separately, one through each of the two mixing

formed as the dominant phase. Of particular interest among these films,
therefore, are those formed with ethyl acetate flow rates of 0.048 and
0.078 mol min?, where Ti-sO4N was formed without TiN or TiQas

identifiable impurities. In these two reactions the nitrogen/oxygen ratios
in the respective precursors were approximately 2:1 and 1:1.
Analytical Methods. X-ray diffraction was carried out on the thin

films using a micro-focus Bruker GADDS powder X-ray diffractometer,
with a monochromated Cu /£, source, and a CCD area X-ray
detector, capable of 0.0Xesolution in &. The instrument was used

in the glancing incident angle geometry that is best suited to the
investigation of thin films; af; value of 5 was used. The powder
sample formed was measured on the ID11 powder diffractometer
instrument of the ESRF synchrotron facility using X-ray radiation of

wavelength 0.5340 A, mounted in a glass capillary of 0.5 mm diameter.

The recorded diffraction data were modeled using either Le Bail fiting
or Rietveld Refinement} both carried out using the GSASand
EXPGUEPS software suite.

UV —visible transmission and reflection spectroscopy was conducted
using a Helios double beam instrument built for compatibility with
samples of thin-films on glass substrates. Measurements were standard-
ized relative to a rhodium mirror (reflectance) and blank glass slides
(transmission). Absorption, transmission, and reflection spectra were
recorded in the range 362500 nm.

X-ray photoelectron spectroscopy was conducted using an Escalab
220i-XL instrument with Al Ko radiation. Survey scans were recorded
in the range 6-1100 eV (binding energy), and then smaller range,
higher resolution scans were recorded of the principal peaks of Ti (2p),
O (1s), N (1s), C (1s), and Si (2p). The peaks were modeled using the
CasaXPS software system to determine their area, adjusted using
sensitivity factors; thus allowing the film composition to be calculated.

Magnetometry measurements were carried out using a Quantum
Design MPMS SQUID magnetometer on a 16.3 mg sample of powdered

chambers. The third reagent, ethyl acetate, was introduced through thed€laminated film, mounted in a gelatin capsule. The magnetization of

same mixing chamber as Tiflso one mixing chamber (the right-
hand one) introduced the TiCAnd ethyl acetate reagents, and the other
mixing chamber (the left-hand one) introduced Néithe reactor. TiGl
(Aldrich 99.9%) and ethyl acetate (BDH, GPR grade) were volatized
in heated bubblers, then transported to the mixing chamber BBOIC,
oxygen free) carrier gas where the TjGInd ethlyl acetate streams
were combined with each other and a plain line efdd makeup gas.
NH; (BOC, anhydrous) was transported under its own vapor pressure
and also combined in the left-hand mixing chamber with a plain line
of N,. This produced the conditions for the combinatorial aspect of
this work, as the oxygen and nitrogen sources entered from opposite
sides of the reactor, creating a gradient in the O:N ratio present in the
precursor mix horizontally across the substrate and thus a range of
deposition conditions in a single experiment.

The use of three precursors provided us with a large number of
experimental parameters: temperaturezlbiv rate, ethyl acetate flow
rate, and TiCJ flow rate among others; so for simplicity, in the work

the sample in different measuring fields was recorded from®T at
298 K. Additionally measurements of the susceptibility against tem-
perature in the range-8300 K, with the sample cooled both in a field
(field cooled, FC) and without a field (zero-field cooled, ZFC) were
conducted, using a measuring fieldl®T and then repeated using a
measuring field of 4 T. The gradient between the two was used to
determine the change in magnetic susceptibility with temperature.
SEM imaging was conducted using a JEOL 6301 field emission
instrument, using secondary electron imaging. Samples were mounted
side-on and top-down for thickness and morphology investigation,
respectively.

Results and Discussion

Films of Tiz—sO4Nwere successfully synthesized from TiClI
ethyl acetate, and NHprecursors. All of the reactant flow
parameters were kept constant between experiments, except for
the ethyl acetate flow rate which was varied to alter the oxygen

reported here, all of these parameters were kept at fixed values, andig nitrogen precursor ratio. In the two films considered in detail

only the ethyl acetate flow rate was varied (Table 1). The J&id
NH; flow rates used were kept at approximately 0.1 mol Thimvhile
the oxygen source (ethyl acetate) flow rate was varied from 0 to 0.0196
mol min~*. Film synthesis was carried out using a deposition time of
60 s, with a substrate temperature of 680

The novel Ti-sO4N phase was discovered to form under these
conditions with an ethyl acetate flow rate of between 0.0015 and 0.0196
mol min~%, although TiQ was noted as a side product at flow of 0.0196
mol min~* of ethyl acetate. In the experiments conducted with an ethyl
acetate flow rate of less than 0.0015 mol nfircubic TiON, was

(29) Newport, A.; Carmalt, C. J.; Parkin, I. P.; O'Neill, S. A. Mater. Chem.
2002 12, 1906-1909.

(30) Huang, H. H.; Hon, M. HThin Solid Films2002 416, 54—61.

(31) Kurtz, S. R.; Gordon, R. GFhin Solid Films1986 140, 277—90.

(32) Hojo, J.; Kato, AYogyo Kyokaishil981, 89, 277-9.

here, the ethyl acetate (oxygen source) flow rate was set such
that the N:O ratio in the respective precursors was either 2:1 or
1:1.

Film Formed Using Nitrogen to Oxygen Precursor Ratio
of 2:1. The film covered the whole of the substrate but was
divided into two sections of different color in transmission: one
brown and the other green. The division between these two

(33) Lebail, A.; Duroy, H.; Fourquet, J. IMater. Res. Bull1988 23, 447—
452.

(34) Rietveld, H. M.J. Appl. Crystallogr.1969 2, 65—71.

(35) Larson, A. C.; Von Dreele, R. B.os Alamos Natl. Lab. Re200Q 86—
748.

(36) Toby, B. H.J. Appl. Crystallogr.2001, 34, 210-213.

(37) Wagner, C. D.; Davis, L. E.; Zeller, M. V.; Taylor, J. A.; Raymond, R. H.;
Gale, L. H.Surf. Interface Anal198], 3, 211-225.
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Table 1. Details of Reaction Conditions Used to Form Films to Investigate the Ti—O—N System
ethyl acetate ethyl acetate ethyl acetate
TiCl, molar flow NH; molar flow bubbler temp carrier gas flow flow rate composition

mol min—* mol min—* K L min~* mol min~* of the film

0.012 0.018 N/A 0 0 TiN

0.012 0.018 29 0.2 0.0015 TiN andsTjOsN

0.012 0.018 34 0.5 0.0048 FisOaN

0.012 0.018 30 1.0 0.0078 FsOaN

0.012 0.018 30 25 0.0196 Ti@nd Tg-s04N

Figure 2. Photograph of the film formed using 0.0048 mol mirf ethyl
acetate, showing the two colored regions, one green and one brown.

sections ran diagonally across the substrate such that each
colored section was approximately a right angled triangle, with
the brown section having its base along the inlet-edge, nearest
to the NH; inlet. A photograph of this is shown in Figure 2.
All of the films produced were adhesive and stable in air with Tum
time.

The colors of the two sections of the film were confirmed Figure_3. SEM ima_lge show_ing the unusual “fused platelet” morphology
by UV—vis spectroscopy, whereby two areas of each of the ound in all of the films of Ts-s0aN.
colored sections of the film were analyzed (these spectra canTable 2. Values for the Binding Energies of the Ti 2p3/2, O 1s,
be seen in the supplementary data). All the spectra show a singleand N 1s Peaks Found in the X-ray Photoelectron Spectra of the

. . . Green and Brown Sections of the First Film, with an N:O

very broad asymmetric peak, with a sharp rise at the shorter g.ocrsor Ratio of 2:12
wavelengths, peaking, and then a trailing edge running into the
longer wavelengths. The two spectra recorded from spots of

peak position in binding energy

the green section have ama ~ 540 nm, while the brown compound Ti 2932 (eV) O1s(ev) N1s(ev)
sections have afnax~ 615 nm and a longer tail of transmission green section of film 458.0 530.0 395.8
at longer wavelengths. Significantly the spectra taken from ?Egvzv" section of film 4451-';58?6.39 5%%(.)61 hﬁis.g
within the same colored sections of the film, despite coming  TiN 455.1 N/A 397.1
from different points on the film, have identical spectra. The  TiOxNy 456.5 unknown 396.0

spectra of the green and brown sections were converted into
the L.a.b. color coordinate systeth which found that in
transmission the green section heab coordinates of-24.4,
26.43 and the brown section has coordinates-©f93, 76.75. eV, values consistent with the database values foradd N~

The side on SEM measurements conducted on a range ofions bound to titanium of 530.0 eV for Tiand 397.1 eV for
spots in both the green and brown colored sections found thatTiN. Compounds with nitrogen in oxidation state 0 or higher
the film thickness was reasonably consistent across the substrat@ave values of over 400 eV, so the value of 395.9 eV observed
measured as 1300 nm in the green section, and 1000 nm in thestrongly suggests anionic nitrogen is present. A single titanium
brown section, for this deposition of 1 min. The top-down SEM  2p3/2 peak was found at 457.9 eV, again consistent with the
images revealed a similarly consistent morphology for both determination of the compound as titanium oxynitride, being
colored sections of the film, reminiscent of fused platelets. intermediate for the values found for Ti(458.6 eV) and TiN
Figure 3 shows an example SEM image of the film morphology. (455.1 eV). The titanium peak has been reported at 456.5 eV

To determine the composition of the film XPS analysis was in cubic titanium oxynitridé?® In the green section of the film
conducted on two sections of the film, one from the brown similar peak positions were found: 395.8 eV for N 1s, 530.0
section and one from the green section (Table 2). Peak positionseV for O 1s, and 458.0 eV for Ti 2p3/2. The peak positions
were calibrated relative to an adventitious trace surface carbonthen are all consistent with the hypothesis that all three elements
impurity taken to be at 284.6 eV. This found that both sections are present in the same phase, a titanium oxynitride. Compo-
of the film contained Ti, O, and N. In the brown section of the sitional analysis from the XPS found the brown section to be
film the O 1s peak was found at 530.1 eV and the N 1s at 395.9 composed of 37.1 atom % Ti, 50.5 atom % O, and 12.4 atom

a8The values found in Ti@ TiN, and TiOQN, are also given, for
comparison.

(38) Palgrave, R. G.; Parkin, I. B. Am. Chem. So@006 128 1587-1597. (39) Lu, F. H.; Chen, H. YThin Solid Films1999 356, 374-379.
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Figure 4. Diffraction pattern of thin film of T—sO4N recorded on GADDS
diffractometer. The broad feature present in the background is caused by

diffraction from the amorphous glass substrate.

10 20

% N. The green section located on the diagonal strip further
from the NH; inlet contained 36.0 atom % Ti, 51.2 atom % O,
and 12.8 atom % N. Inspection of the survey scansil(f00
eV) taken of both sections of the slide found only peaks that
could be identified as belonging to C, Ti, O, or N. No other
peaks, and hence no other elements, could be identified. An
attempt was made to perform an additional quantitative analysis
on the sample using wavelength dispersive X-ray analysis on
an SEM instrument. This confirmed that the only detectable
elements present were Ti, O, and N, but a quantitative analysis
was not possible owing to the overlap of the Ti and N peaks.
X-ray diffraction patterns recorded on both the green and
brown sections of film could not be exactly matched to any
known titanium containing phase. The closest match to the
diffraction pattern of a titanium compound that could be made
was to that of the high-temperature, orthorhombic phase of
a-Ti3Os, but with a peak mismatch between the database and
recorded pattern, suggestive of a shift in the lattice parameters.
The diffraction pattern is shown in Figure 4. Indexing the peaks
in the Cmcmspace group ofi-TizOs gave a model that fits all
of the observed peaks but with a significant number of the

predicted peaks absent in the recorded pattern because of"!

preferred orientation, a common observation in thin fiftht
Because of these limitations Le Bail fittifigwas used to
determine the lattice parameters that best fitted the observe
diffraction peaks, conducted in th€mcm space group of
Anosovite. This refinement found that the parameters of the
green section wera = 3.781(1) A,b = 9.697(1) A, anct =
9.901(1) A, with a unit cell volume of 363.1(1) Awhile the
brown section had parametesis= 3.804(1) A,b = 9.705(2)

A, andc = 9.903(1) A, with a unit cell volume of 365.5(1) A.
These cell volumes compare to 35¢ found in the pure
monoclinic TgOs. Similarly high unit cell volume values of
365—-370 A3 are, however, found in the cationically substituted
MgxTiz—«Os (0.3 < x < 0.9¥F7 and LiTiz—xOs (0.05< x < 0.5)23
Inadvertent metal doping, however, cannot explain the properties
observed in the films prepared in this work as the XPS and
WDX study has revealed that no metal ions other than titanium
are present, within the 0.1 atom % detection limit, in the

necessary amounts (ca. 7 atom %) to stabilize the orthorhombic

phase.

(40) Blackman, C. S.; Parkin, I. Ehem. Mater2005 17, 1583-1590.
(41) Hyett, G.; Blackman, C. S.; Parkin, |. Paraday Discuss2007, 136, 329~
343.

The results of the diffraction strongly suggest that a new phase
has been synthesized, with a structure analogous to high-
temperature orthorhombiz-TizOs (TiO1 67), but with nitrogen
insertion, as determined by the presence of nitrogen peaks in
the XPS, with a binding energy associated with titanium nitrides
and oxynitrides and the change in lattice parameters observed
from the indexing of the diffraction patterns. The XPS com-
positional results gave anion/metal ratios of 1.70 and 1.78 for
the brown and green sections, respectively, compared to the
expected 1.67 based on thigXs model, so there is an excess
of anions. This can be interpreted as extra-anion intercalation
with a fully occupied metal sublattice, or as a normally occupied
anionic sublattice, with vacancies on the metal sublattice
accounting for the higher ratio. The lack of suitable sites in the
structure for anion intercalation, and indeed further evidence
from X-ray diffraction (that will be discussed later, in regard
to the powder samples of oxy-nitride), effectively precluded the
occupation of intercalation sites. Such titanium sublattice
vacancies have previously been observed in cationic-doped
Mgo.24Ti266052° and also in the nitride Pid\,*2 so it is
reasonable to suggest that a similar titanium deficiency occurs
in Ti3_004N. This er|dS a formula of -Ei_9404_od\]1_oo for the
brown section and Fisi04.00N1.00 fOr the green section, with
OI/N ratios of 4:1 in both sections. The variation in titanium
content gives the two different sections different titanium
oxidation states of-3.7 for the brown section and &f3.9 for
the green section. These values are above the threshold oxidation
state of+3.47 for stability of the monoclinic Os structure
and explain why the orthorhombic structure is observed.

The sheet conductivity of the films was measured, and the
experiments found that the green sections of film had sheet
resistivity of 306-500 ohms/square, while the brown sections
had values of 50006000 ohms/square. This is a significant
difference in the sheet resistance between the two sections,
which may be due to fundamental differences in conductivity
between them, but sheet resistance is not simply dependent on
the electronic properties of the material but also heavily
fluenced by such factors as film thickness and surface
morphology. Given the similarities in structure and oxidation
state, as implied from the diffraction and XPS measurements,

dit seems likely that the increased thickness of the green section

(1300 nm vs 1000 nm) leads to a relative reduction in its
resistance. Differences in morphology may also be playing a
critical role.

Film Formed Using a Nitrogen to Oxygen Precursor Ratio
of 1:1. In a second set of films the ethyl acetate reactant flow
was increased to 0.0078 mol miy while the NH; and TiCk
flow rates were maintained at the same levels as in the previous
film, thus giving a O:N precursor ratio of 1:1. Visual inspection
of the film formed under these conditions found that it was green
in color across the whole substrate, with no brown section. A
UV —vis spectrum recorded on this film shows that it was
identical to that recorded on the green section of the first film.
Side-on SEM imaging again gave a thickness of 1300 nm, grown
in 1 min.

The X-ray diffraction pattern recorded on the film synthesized
with the higher ethyl acetate content could also be indexed using
a similar cell as the patterns recorded on the two-colored film;
a Le Bail fitting in theCmcmgroup gave lattice parameters of

(42) Christensen, A. NActa Chem. Scand., Ser.1875 29, 563-564.
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Table 3. Analysis of the Films’ Composition Based on XPS
Results
composition
atom %
ethyl acetate flow g
rate used in =
synthesis O:N g
mol min—* color Ti (0] N formula ratio E
0.0048 green 360 51.2 12.8 ;BiOsofNioo 4.0 >
0.0048 brown 37.0 505 124 d9Os0MN-000 4.1 g
0.0078 green 354 53.0 11.6 2FiOs1dNoso 4.58 £
a = 3.813(1) A, b = 9.651(1) A,c = 9.917(1) A, and a L
corresponding unit cell volume of 364.8(1)3APreferred s :
orientation was also observed in the pattern of this second film 1 | 1 1 |
preventing structural refinement being conducted. 10 20 30 40 50

. g ; Two theta / degrees
The XPS analysis conducted on this second film gave the _ ) ) -
Figure 5. Rietveld refinement of the Anosivit€mcmstructural model

composition, asfsummg anionic substitution, a§7-5®4-1d\|0-90 against diffraction data recorded on powdered delaminate sample of
(35.4 atom % Ti, 53.0 atom % O, and 11.6 atom % N), with an Ti, N, recorded on ID11 at the ESRF synchrotron facility. Data is shown
O/N ratio of 4.58. This composition has a slightly higher O:N in red, model in green, and difference plot in purple. The black tick marks
ratio than the green section of the previously discussed film, as Under the pattern indicate the position of indexed peaks diDiN. Inset
. . . .~ shows an enlarged image of the pattern from 8050° 26.

would be expected given the change in precursor ratio, but this
change in O:N ratio does not seem to have a significant effect The nitrogen was initially inserted into the structural model
on either the lattice parameters or the Y¥is spectroscopic  onto the same sites as the oxygen atoms. The atomic occupation
properties. Instead the film color seems to be dependent on thefactors were set such that each anion site was 20% nitrogen
oxidation state of the titanium ion, which in the green sections and 80% oxygen, matching the O/N ratio determined from the
lies betweent3.91 and+3.96, while the brown section of the  XPS analysis. The isotropic displacement parameters of the
first film has a lower oxidation state af3.7. The XPS results  anions were also all constrained to be equal to each other.
from all the analyzed sections of both films are summarized in Additionally it was found that the displacement parameters of
Table 3. the two titanium ion sites had to be fixed at 0.003, # prevent

Analysis of the Powder Sampleln terms of the materials  them becoming unphysical. Further examination of the diffrac-
structure, the recurrent problem in both of the discussed films tion pattern also identified the presence of a weak extra peak at
was that effective structural refinement could not be carried out approximately 14.620. The position of the peak was within
using the diffraction data recorded on them, owing to the the range available to the principal peak of the cubic, N
presence of a large degree of preferred orientation. This problemphasesd = 4.172-4.244 A), and given the nature of the sample
was overcome by a further experiment using the higher ethyl it seems most likely that this is the origin of the peak. However,
acetate precursor conditions (0.0078 mol M)n but with an as the peak is very weak and observed only as a barely
increased deposition time of 120 s. Under these conditions thedetectable shoulder, and as no other peaks could found to
film delaminated, and the flakes of this delaminated film were confirm the phase identification, the shoulder was excluded from
collected and ground, yielding ca. 15 mg of polycrystalline the refinement. This nitrogen containing model significantly
powder. Diffraction data were recorded of the powder on the improved the fit achieved with the goodness of fit parameters
high-intensity ID11 X-ray powder diffractometer at the ESRF dropping toy? = 1.100, wR, = 3.73%, and & = 4.05%.
synchrotron facility. An additional analysis was then undertaken whereby the

The initial model used in the Rietveld refinement using the relative O/N ratio of each anion site was allowed to vary. These
diffraction data recorded on the powder was that of the high- additional degrees of freedom strongly shifted the ratio of the
temperaturex-TisOs!’ but with the lattice parameters changed two 8f sites to favor oxygen, and the 4o favor nitrogen. On
to match those determined from the previous Le Bail refinement the basis of this a second model was derived such that the 8-fold
of the thin-film samples of &i.;O4N giving a cell volume of sites were solely occupied by oxygen, whereby the 4-fold site
approximately 365 Acompared to approximately 3453%The contained nitrogen exclusively, which maintains the overall 4:1
atomic position, lattice, peak profile, and background parametersratio of oxygen to nitrogen observed from XPS. Additionally a
of this pseudax-TizOs model were then allowed to refine, but model was derived using only oxygen on the anion sites, for
the atomic displacement parameters of all of the atoms were comparative purposes. The random anion occupancy model gave
fixed at 0.005 A2 This first approximation of the structural ay2= 1.100, compared with the ordered nitrogen mode}®f
model provided a reasonably good fit to the data, with agreement= 0.9454. The oxygen only model gave a valug/df= 1.146.
factors of y> = 2.43, wR = 5.1%, and R? = 6.4%. This From these results it is clear that the nitrogen is ordered onto
evidence supports the supposition that the nitrogen in the the4csite. Figure 5 shows the diffraction pattern, and the refined
structure is located on the oxygen sites of the Anosovite structuremodel pattern fitted to it; Figure 6 shows the unit cell of the
and not entering new intercalation sties. If this were the case it structural model.
is unlikely that such a good fit would be found between the  The full structural details of the model are given in Table 4,
Anosovite derived model and the data; excess electron densitythe derived structural formula is Jds2OsN and the titanium
off the oxygen sites would lead to a significantly different oxidation state is-3.86. The volume of approximately 3623 A
pattern. is significantly larger than the undoped monoclifidizOs with
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1.9567(9)
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1.947(5)
2.095(4)
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Figure 6. Representation of the unit cell of the,E§OsN model. Grey
atoms are titanium, red is oxygen, and blue is nitrogen: (a) view of the (d) (e)
001 face; (b) view of the 100 face.

c

1.861(4)

1.947(5)
Table 4. Structural Parameters of the Tiz.gs52)O4sN Model?

Wyckoff fractional / 6
atomsite  positon  x y z Usso (A% occupancy 20269(3)
Til 4c 0 0.6956(2) 0.25 0.001 0.933(6)
Ti2 8f 0 0.6392(1) 0.5663(1) 0.001 0.958(5) Figure 7. Representation of the coordination environment of the ions in
01 g 0 0.1861(4) 0.5715(4) 0.005(1) 1.0 the structure, with bond lengths marked in A: (a) Ti2, (b) Ti1, (c) O1, (d)
02 g 0 0.5470(5) 0.3825(3) 0.005(1) 1.0 N3, and (e) O2.
N3 4 0 0.7341(6) 0.75 0.005(1) 1.0 ) ) o
Table 5. Ti—O and Ti—N Bond Lengths for Each of the Titanium
aCmcmspace group withe = 3.8040(1) A,b = 9.6486(6) A,c = Environments Found in the Structure of Tiz 504N
9.8688(5) A and volume= 362.21(2) &; 52 = 0.9454, wR = 3.21%, and Til environment bond length ()
Re2 = 3.9% for 49 variables recorded at 295 K. -
Til—01 (x2) 1.9567(9)
. . . Til—01 2.159(4
a unit cell volume of 349.7 & The expansion of the unit cell Til—02 2-0268
caused by the nitrogen doping cannot be explained on the basis Ti1-02 1.861(4)
of changes in the titaniumanion bond length, as the average TIL=N3 2.0269(3)
bond Iength in bOth@-TigOs and Tiz_85(2p4N is 202(1) A Ti2 environment bond length (A)
Instead_ the_ prlnqpk_a reason for the expansion is the breaking Ti2—01 (x2) 2.095(4)
of the titanium-titanium bonds present if-TizOs, where the Ti2—02 (x2) 1.947(5)
shortest metatmetal distance is 2.61 A. In TisOsN the Ti2—N3 (x2) 2.021(2)

shortest metatmetal distance has been increased to 2.99 A;
the presence of nitrogen increases the formal oxidation state ofto titanium in distorted tetrahedral environments, while the O2
the Ti to near+3.86, above the threshold 6f3.47 where the site is in three coordination. These environments are also shown

metal-metal bonding that stabilizes the monoclinic form is in Figure 7.

disrupted. Comparison with the tiand Mg* metal-doped ~ The magnetic properties of a sample ob g5>OsN were

TisOs with similarly high-titanium oxidation states, those of ki investigated using SQUID magnetometry on a 16.3 mg sample
Ti».£0s and MgTpOs, also show this increase in cell volume Of the powder by measuring the magnetization against both field
compared to the undopgiiform with values of 367.3 Aand and temperature. Inspection of the magnetization against field

measurements found that the response was linear above 1.5 T
(where small ferromagnetic impurities had been saturated). The
variation in the magnetic susceptibility with temperature was
found by taking the gradient of the magnetization between
measuring fields of 3T and 4T and is plotted in Figure 8. This
) T ) ) S shows that the sample has an extremely small susceptibility,
In Tiz 524N both titanium sites are in 6-fold coordination  ¢gnsistent with the small number of d-electrons available per
to the anions, in distorted octahedra. Til has a coordination tjianium ion (0.14 & per Ti), and no features in the variation
sphere of five oxygen ions and one nitrogen ion, while the Ti2 of temperature indicative of either ferromagnetic or antiferro-
site has four oxygen ions and two nitrogen ions. The coordina- magnetic behavior. A plot of the inverse susceptibility against
tion environment of each Ti site is shown in Figure 7, where temperature gives a nonlinear plot (also Figure 8), showing that
the extent of this distortion can be observed with individual in this temperature range the material is not in the Ctiviteiss
Ti—N or Ti—O bond lengths varying from 1.861(4) to 2.159- regime.
(4) A (Table 5). The range of anion environments within the It is interesting to note that over 1000 papers have been
structure is even greater. The O1 and N3 sites are four coordinatepublished on the cubic titanium oxynitride, over 300 on the

364.73 B, respectively. These are slightly larger than the
increase found for Bigs20sN as the metal-doped examples have
the disruption of the metalmetal bonds and additionally the
presence of the larger tiand Mg" ions to increase the unit
cell dimensions further.
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the structure of thé = 0.15 phase, Bigs20sN, was determined
from Rietveld refinement against powder X-ray diffraction data
recorded using a synchrotron source. The compound was made
using a combinatorial approach to CVD and shows how this
approach may be a fruitful method for new phase synthesis.
The novel oxynitride is isostructural to the high-temperature
phase of TiOs, a preference for thi€mcmstructure at room
temperature similar to that frequently observed by cationic
doping of TgOs, and caused in both cases by the removal of
titanium d-electrons that are used in the room-temperature
undoped T4Os to form the metatmetal bonds that stabilize
the monoclinic structure. The structural analysis ofg§j>OsN
shows that the nitrogen present substitutes for oxygen on a single
0 i i : i i o crystallographicic site. To our knowledge this is the first time
0 50 100 150 200 250 300 350 that anionic doping has been carried out in thgOFistructure
Temperature / K and provides an interesting comparison to the extensive cationic
Figure 8. Plot of Ti.gs04sN mass susceptibility against temperature (red doping stu_dles C"_Jlme_d out O_n the Strucwrej Previous to thls study
plot, empty circlesy-axis to left) and of the inverse mass susceptibility ~the only binary titanium oxides known to incorporate nitrogen
(blue plot, filled circlesy-axis to the right). to form an oxynitride was the rock-salt TiO, and the very low
levels of inclusion found in nitrogen-doped titania. This
nitrogen doping of TiQ (based on a search of the chemical discovery of Ti_sO4N based on HOs opens up the possibility

abstracts of titanium oxynitride and nitrogen-doped FiO  of forming many oxynitrides based on the range of binary oxides
respectively). So the titaniuroxygen-nitrogen systemis one  known for titanium.

that has been extensively investigated over a number of years.
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Supporting Information Available: UV —visible transmission
spectra of the different colored sections of the films discussed;
a full list of bond angles from the Rietveld refinement of
Conclusions Tis—sO4N. This material is available free of charge via the

In this paper a new ternary oxynitride sTiO4N, with a range Internet at http://pubs.acs.org.

of titanium ion vacancy) = 0.06-0.27 has been described. JA073355S
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