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Form Titanium Arsenide Thin Films
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Titanium arsenide thin films were deposited by the atmo-
spheric-pressure chemical vapour deposition (APCVD) of
TiCl; and tBuAsH, at substrate temperatures between 450
and 550 °C. The deposited films are typically silver in ap-
pearance, demonstrate good adherence and were identified
by X-ray powder diffraction as crystalline TiAs. X-ray photo-
electron spectroscopy (XPS) and Raman microscopy support

the formation of TiAs. The TiAs films have an approximate
1:1 ratio of Ti:As, as identified by wavelength dispersive
analysis of X-rays (WDX), and the films grow by an island
growth mechanism with deposition rates of ca. 0.1 pmmin.
The films display borderline metallic/semiconductor conduc-
tivity and those deposited at 550 °C possess high hardness.

Introduction

Thin films of early transition metal nitrides have received
great interest due to their associated hardness and semicon-
ductor properties. Titanium nitride is one such example,
which, due to its hardness, chemical resistivity and attract-
ive gold appearance, now finds commercial applications
within the protective coatings of tools and machinery, along
with decorative coatings.!=3 Titanium nitride (TiN) thin
films have been successfully deposited by atmospheric pres-
sure (AP) and low pressure (LP) chemical vapour deposi-
tion (CVD) using both dual- (e.g. TiCl/NH3) and single-
source precursors, such as amido and imido titanium(IV)
compounds.[* 71 Additionally, we have used silylamines and
azides as precursors, which resulted in high quality TiN
films,-1%1 and this methodology can be extended to other
transition metal nitrides.''! As the understanding of the
roles of the precursor have developed, more user-friendly
(i.e. safer and easier to handle) precursors have been intro-
duced that have proved capable of not only depositing at
much lower deposition temperatures, but also in producing
high quality deposits.

In addition to metal nitrides, past research of phos-
phorus- and arsenic-containing thin films, namely the I1I/V
semiconductors, has involved using PH; and AsHj for their
deposition. Although these group 15 hydrides allowed rela-
tively clean CVD reactions, alternatives were sought due to
problems associated with toxicity, storage and handling.
For example, substitution of PH; with isobutylphopshane
or tert-butylphosphane (1BuPH,), resulted in the successful
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deposition of InP epitaxial layers by the metal-organic vap-
our phase epitaxy reaction with trimethylindium. The de-
posited films were of high quality and comparable to those
synthesised using PH;.['?! Indeed, group 15 organoprecur-
sors have demonstrated themselves as successful alternatives
to the group 15 hydrides in the deposition of a variety of
phosphorus compounds.['3] Recently we reported the first
dual-source deposition of TiP films on glass substrates by
the APCVD reaction of TiCly with BuPH,,['¥ from the
reaction of TiCl, with a variety of primary phosphanes
(RPH, where R = Ph, Bu and Cy")['*l and from the reac-
tion of [Ti(NMe,)y] with Cy"*PH,.['®) Thereafter, we ex-
tended the methodology to deposit GeP using both primary
and secondary phosphanes|!7!81 and also to deposit
NbP,!? TaP,2% CrP2 MoP??! and VP thin films.[*3! In
addition, SnP films have also been deposited using organo-
phosphane alternatives to PH; 4]

Apart from CoAs,>> MnAs,?®! and the key I11/V materi-
als (AlAs, GaAs and InAs), knowledge of metal arsenide
thin film remains limited./?”! However, metal arsenides have
been studied in their solid forms, where traditionally they
have been formed by solid state metathesis reactions.[83%
Following the previous results observed with the replace-
ment of PH; by rBuPH,,['?] similar studies were carried out
to seek potential AsHj alternatives. GaAs films were suc-
cessfully deposited by metal-organic (MO)CVD methods
using BuAsH,, with the deposited films comparable in
both quality and surface morphology to those previously
achieved using AsH;.['3-31 Therefore, utilising organoars-
enic precursors for the deposition of transition metal ars-
enides was expected to result in the successful formation of
metal arsenide films.

In this paper we report the formation of TiAs thin films
on glass substrates by the APCVD reaction of TiCl, and
tBuAsH, at substrate temperatures between 450 and

@WILEY g

ONLINE LIBRARY 5629



FULL PAPER

T. Thomas, C. S. Blackman, 1. P. Parkin, C. J. Carmalt

550 °C. The properties of the resulting films are compared
with those previously reported for TiN and TiP thin films.
Although some TiAs-like species were observed at the inter-
face between GaAs and SrTiOj; layers,? to the best of our
knowledge this is the first formation of a TiAs thin film by
a vapour deposition method (CVD or PVD).

Results and Discussion

The dual-source APCVD of TiCl,; and tBuAsH, on to
glass substrates was studied between 450-550 °C, using
three different deposition times (Table 1). Below 450 °C no
film was observed, however at 450 and 500 °C silver films
were deposited and blue films were deposited with a gold
appearance on the leading edge at 550 °C. All regions of
the films, irrespective of colour, provide the same analytical
results. A thickness gradient is observed moving along the
film from the end nearest the precursor inlet (thickest); we
therefore conclude that the different colours relate not to
regions of different composition, but to regions of different
thickness. Indeed, these blue and gold films are consistent
with those previously reported on the leading edge of silver
TiP films,['>] with both TiAs and TiP thin films different in
visual appearance to metallic gold/purple thin films of
TiN.®1 The films were highly reflective and did not show
any changes in visual appearance after approximately one
year’s storage in air.

All films passed the Scotch-tape test, excluding the TiAs
film deposited at 500 °C for 120 seconds which demon-
strated areas of delamination. The blue TiAs film deposited
at 550 °C was the only film to pass the steel stylus scratch
test, indicating that these films are of comparable hardness
to TiPI3! Measurement of film resistivity showed that all
films had resistivities in the range 10-50 mQ cm, which is
similar to that of TiP films,['”) and indicative of metallic- or
semiconductor-like conductivity (10-1 X 10°% Qcm for met-
als and 10*-1073 Qcm for semiconductors).[*31 Measure-
ment of reflectance and transmittance spectra showed that
the thickest films (i.e. the 120 second deposits) exhibited
0% transmittance, whereas the thinnest films were partially
transparent in the visible region (40% transmission) with
approximately equal percentage transmittance over the
wavelengths 300-2000 nm. All films demonstrated less re-
flectivity within the IR region. This is contrary to pre-
viously deposited TiP and TiN thin films which demon-
strated an increased reflectivity within this region, and

hence TiAs, unlike TiN and TiP, would not be suitable for
use as a heat mirror.[®13]

The TiAs films deposited at 450 °C and 550 °C using a
deposition time of 120 seconds displayed water droplet con-
tact angles of 45-60°, with a higher contact angle range
of 70-90° observed at 500 °C. These values are typical of
hydrophobic films and are in agreement with that pre-
viously reported for TiP thin films, which were similarly
hydrophobic.!'3]

The films were characterized by a range of techniques.
Compositional analysis of the films was determined by
WDX analysis, which showed that the films had variable
titanium to arsenic ratios. However, for films deposited at
500 °C with a deposition time of 60 seconds or greater (mix-
ing chamber temperature below 140 °C), this ratio was close
to 1:1 with approximately 5 at.-% incorporation of chlorine
within all deposited films. This chlorine incorporation is
higher than observed for analogous TiP deposits, where
chlorine incorporation was considered negligible.'>) It
should be noted that in these previous studies the phos-
phane was in a 4:1 excess, whereas the arsine:TiCly ratio
in the present work was only 2:1. Subsequent experiments
carried out with a 4:1 ratio of tBuAsH,/TiCl, reduced chlo-
rine contamination in the TiAs films to 1 at.-% or less.
However, the molar flow of arsine is high under these con-
ditions, and safety concerns regarding abatement of unre-
acted arsenic species meant that more extensive experiments
were not performed under these conditions. Typically all
silver and blue TiAs thin films demonstrated good substrate
coverage, with the observation of more uniform films upon
an increase in deposition time. Scanning electron micro-
scopy (SEM) showed spherical regions on all films where
material had failed to nucleate and deposit (Figure 1). To
investigate the mechanism of the TiAs thin film deposition,
comparative image analysis was conducted on films de-
posited at 500 °C using deposition times of 30, 60 and 120
seconds (consequently depositing films of varying thick-
ness) (Figure 2, a—c). SEM showed that the TiAs films were
made up of roughly spherical agglomerates of approxi-
mately 0.15, 0.2 and 0.4 pm depending upon the deposition
time. The sequence of images as shown in Figure 2 illus-
trates the gradual build up of the particles into agglomer-
ates to form thicker and more continuous films; these
images show an island growth mechanism, which is consis-
tent with previously reported TiP films.'Sl In addition,
SEM analysis was conducted on three TiAs films deposited

Table 1. Experimental conditions and resultant film compositions as determined by WDX analysis, for films deposited by the APCVD
of TiCly and tBuAsH,.

Substrate N, flow rate through N, flow rate through  Plain line flow, Deposition ~ WDX analysis Film

Temp. [°C] TiCl, bubbler, tBuAsH, bubbler, [L min!']; mixing time [s] colour
Lmin'; (molmin') Lmin'; (molmin') chamber; temp. [°C]

450 0.18; (0.00066) 0.1; (0.00128) 4; 130 120 TiAso.74 silver

500 0.18; (0.00066) 0.1; (0.00128) 4; 135 120 TiAs; silver

550 0.18; (0.00066) 0.1; (0.00128) 4; 130 120 TiAso.72 deep blue

500 0.18; (0.00066) 0.1; (0.00128) 4; 140 30 TiAs 3 silver

500 0.18; (0.00066) 0.1; (0.00128) 4; 130 60 TiAsg .96 silver

500 0.18; (0.00066) 0.2; (0.00257) 4; 140 120 TiAsg.7» silver
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using the same deposition time (120 seconds) but at dif-
ferent substrate temperatures (Figure 2, d—f). Increased sub-
strate temperature resulted in increased film growth, which
resulted in more continuous films.

Figure 1. Scanning electron micrograph (at X 3,700) displaying an
unnucleated area within the deposition of TiAs by the APCVD of
TiCl, and rBuAsH, at 500 °C for 120 seconds.

Figure 2. (a—c) Scanning electron micrographs (at X 10,000) of
TiAs films deposited by the APCVD of TiCly and rBuAsH, at
500 °C with deposition times of 30 (a), 60 (b), and 120 seconds (c).
(d-f) Scanning electron micrographs (at X 10,000) of TiAs films
deposited via the APCVD of TiCl, and tBuAsH, with a deposition
time of 120 seconds and substrate temperatures of 450 (d), 500 (e)
and 550 °C ().

Film thickness for the films deposited at 120 seconds,
determined using side-on SEM, increased with increasing
temperature from approximately 190 nm at 450 °C to ap-
proximately 270 nm at 550 °C. Due to difficulties in ob-
taining an image for the film deposited at 500 °C for 120
seconds, a side-on SEM image for a TiAs film deposited at
500 °C for 60 seconds was obtained, which gave an approxi-
mate film thickness of 110 nm. Assuming a linear rate of
deposition, this would lead to a film thickness of ca. 220 nm
after 120 seconds. The deposition rates were therefore ca.
95 nm, 110 nm and 135 nmmin! at substrate temperatures
of 450, 500 and 550 °C, respectively. Assuming that TiCly
is the rate limiting reagent, the deposition rates of the TiAs
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films at 550 °C [200 ummin 'mol (TiCl,)'] are approxi-
mately half of those of TiP films deposited using tBuPH,
at 550 °C [540 ummin~! mol (TiCl,)'].l"3!

X-ray powder diffraction confirmed the silver and blue
deposits as crystalline TiAs (Figure 3),134 with strong peaks
observed along the (102) and (110) planes, suggesting pre-
ferred orientation with the weakly diffracting (103) planes
near-perpendicular to the scattering vector. TiAs is known
to adopt the TiP structural type, where two nonequivalent
phosphorus atoms occupy octahedral or trigonal prismatic
holes, with a difference of 0.11 A between the two Ti-P
bond lengths.*3 The TiP and TiAs systems are different in
structure to TiN, which adopts the NaCl rock-salt struc-
ture.?®! In addition to the TiAs peaks, the X-ray powder
diffractogram showed a broad peak at approximately 22°
which can be attributed to the underlying glass substrate.
From line broadening studies an approximate crystal size
of 0.09 pm was obtained.

g
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Figure 3. X-ray powder diffraction pattern of TiAs film deposited
by the APCVD of TiCl, and tBuAsH, at 500 °C, with comparison
to a reference TiAs diffractogram.4]

XPS analysis of a TiAs film deposited at 500 °C showed
that a variety of Ti 2ps, and As 3ds, environments were
present at the surface. The surface Ti 2ps/, ionisation dis-
played one principal environment at 458.5 eV which is as-
signed as TiO,,?1 and two minor environments at
454.0 and 456.5 eV. The As 3ds, ionisation showed two en-
vironments centred on 40.0 and 40.9eV. The peak at
40.0 eV is assigned to the formation of TiAs, in agreement
with other metal arsenides,*”! and this corresponds to the
Ti 2ps, ionisation at 454.0 eV, consistent with the observed
1:1 ratio for the normalised peak areas, with a similar Ti
2ps» ionisation observed for TiP.*® The remaining unas-
signed ionisations were those of Ti 2ps,» at 456.5¢eV, As
3ds, at 40.9 eV and O 2p at 535.4 ¢V; these may relate to a
titanium arsenic oxygen species [such as Ti3(AsQOy),], how-
ever, no literature data is available and the binding energies
are at the extremes of the normal range for each of the
elements. Upon etching the film, the peaks attributed to the
titanium arsenic oxygen species are rapidly reduced to be-
low the detection level of the technique. Thus, the depth
profile indicates the three peaks are linked but due to their
positions we were unable to assign them to any known spe-
cies. The formation of elemental arsenic was discounted be-
5631
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cause, if this resulted from precursor decomposition, we
would expect arsenic to be present throughout the material
and not simply segregated at the surface and the Ti and O
ionisations would not be expected to decrease at an iden-
tical rate. The ionisations associated with TiO, also de-
creased dramatically with etching, with TiO, contributing
to approximately 70% of the titanium species at the surface,
with reduction to approximately 20% within the bulk, indi-
cating that an oxidised overlayer is present; this finding is
identical to our previous findings for TiP.'>! The formation
of the surface limited oxide species is therefore ascribed to
oxidation occurring after the CVD process, i.e. on exposure
to atmospheric conditions. After approximately one year of
storage in air, WDX analysis was repeated on the TiAs film
deposited at 500 °C for 120 seconds. The oxygen content
was found to be consistent with that first reported for the
film supporting this conclusion.

Raman microscopy was conducted on all of the TiAs
films. The Raman patterns were virtually identical at all
points along the glass and were consistent for films de-
posited at different substrate temperatures. Comparison of
the Raman patterns obtained at 500 °C using three different
deposition times (30, 60 and 120 seconds) showed that all
three patterns display consistent bands (Figure 4); two rela-
tively intense sharp peaks at 193 and 244 cm™!, and two
weak broad peaks at 420 and 600 cm!. Comparison with
the Raman spectrum of TiP, which exhibits two main peaks
at 320 and 248 cm!,['3] shows that the spectra appear to be
consistent with the two main TiAs peaks appearing at lower
energies as expected for substitution of the lighter P atom
for the heavier As atom in the crystal structure.

Intensity

T T T T T T

100 200 300 400 500 600 700 800

Wavenumber/ cm™

Figure 4. Raman spectra for a TiAs film deposited by the APCVD
of TiCl, and rBuAsH, at 500 °C for 120 seconds.

200 nm

AFM was conducted on three TiAs films formed using
a deposition time of 120 seconds, and substrate tempera-
tures of 450, 500 and 550 °C. Visible differences between
the films were observed between the AFM images (Fig-
ure 5). At the lower temperature of 450 °C, the TiAs film
exhibits the highest roughness with an RMS value of
44.9 nm. As the temperature is increased to 500 °C, the sur-
face roughness decreased to 21.3nm and at 550 °C to
20.2 nm. This is consistent with the SEM images shown in
Figure 2 which show more isolated island deposits at lower
deposition temperatures, contributing to the increased sur-
face roughness.

The mechanism for the deposition of TiAs from TiCly
and rBuAsH, from APCVD was not investigated in this
study. The deposition of TiAs films worked best at substrate
temperatures of 500 °C and films were not deposited below
450 °C. These results suggest that temperatures in excess of
450 °C are required for the precursors to react completely
and form a film. If excess arsine is employed the chlorine
contamination in the resulting films is low (< 1 at.-%), de-
spite the use of TiCl,, which indicates that a clean decom-
position pathway is available. Previous calculations have
shown that rtBuAsH, decomposes through the loss of H, to
give tBuAs, which, in turn, decomposes by f-H abstraction
to form 2-methylpropene and AsH.3% It is possible that this
occurs during the APCVD reaction of TiCly and tBuAsH,,
allowing a clean decomposition pathway. However, we have
previously reported the reaction of TiCl,; with a range of
arsines, including rBuAsH,.M% In this study it was found
that TiCly forms 1:1 adducts with organoarsines, such as
tBuAsH,. Thus, it is possible that the APCVD reaction pro-
ceeds through the formation of gas phase adducts, for ex-
ample [TiCl4(1BuAsH,)]. Further studies into the reaction
chemistry are required in order to obtain a more definite
mechanism for the APCVD reaction.

Conclusions

The APCVD of TiCly; and tBuAsH, at 500 °C with
deposition times of 60-120 seconds successfully results
in the deposition of titanium arsenide thin films by an
island growth mechanism, with deposition rates of ca.
100 nmmin~!. The titanium arsenide thin films are typically
silver in appearance, exhibit good adherence and demon-
strate regions of blue and gold deposits upon an increase in

Figure 5. Atomic force micrographs of TiAs deposited by the APCVD of TiCl, and tBuAsH, at 450, 500 and 550 °C (left to right), with
a deposition time of 120 seconds; micrographs represent a 5 pm X 5 um region.
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substrate temperature. The films exhibit an approximate 1:1
ratio of Ti:As, in addition to a 5 at.-% chlorine incorpora-
tion. Increasing the arsane:TiCly ratio significantly reduces
the chlorine incorporation. The films are electronically con-
ductive, hydrophobic and optically transparent when suffi-
ciently thin. Films deposited at 450 and 550 °C are typically
arsenic-deficient which is attributed to surface oxidation.

Experimental Section

Caution! It should be noted that the use of tBuAsH, could produce
AsHs which is highly toxic. All the experiments were conducted in a
fume cupboard, with the gas from the CVD process treated with
bleach to destroy possible AsHj.

Chemical Vapour Deposition: Depositions were conducted on
90 mm X 45 mm X4 mm SiCO float-glass supplied by Pilkington.
Substrates were cleaned using petroleum ether (60-80 °C) and 2-
propanol and allowed to air dry prior to use. All experiments were
conducted using a horizontal cold wall APCVD reactor, compris-
ing a graphite heating block containing a Watlow cartridge heater,
with temperature control achieved using a Pt-Rh thermocouple.
All APCVD equipment, parameters and methodology used were
identical to that previously reported.['™ Deposition times varied
between 30 and 120 seconds. Exact flows, temperatures and deposi-
tion times used during experiments are shown in Table 1. Upon
deposition completion, the CVD chamber and substrate were al-
lowed to cool to room temperature under a flow of nitrogen, before
extraction of the substrate plus deposit, which were subsequently
stored in air.

Titanium(IV) chloride (99.9%, Sigma Aldrich) (used as supplied
without further purification) was placed in a stainless-steel bubbler,
which was fitted with a heating jacket set to 60 °C in all instances.
Redirection of hot gas flow into the bubbler introduced TiCl, into
the flow system. tBuAsH, (SAFC Hitech Ltd.) (used as supplied
without further purification) was used at room temperature, with
the redirection of hot gas flow into the bubbler, resulting in /Bu-
AsH, introduction into the flow system.

Film Analysis: X-ray powder diffraction patterns were obtained
with a Bruker AXS D8 discover machine using monochromatic
Cu-K, radiation. WDX analysis was performed with a Philips
XL30ESEM machine. High resolution X-ray photoemission spec-
tra were recorded with a Kratos Axis Ultra DLD spectrometer at
the University of Nottingham, using a monochromated Al-K,, (hv
= 1486.6 eV) X-ray source. A standard wide scan with high resolu-
tion large areas (ca. 300 X 700 microns) with pass energies of 80
and 20 were used, respectively. The photoelectrons were detected
using a hemispherical analyzer with channelplates and Delay line
detector. The etch was performed using 4 keV Argon ions, using a
Kratos minibeam III, rastered over an approximate area of 0.7 cm
with an approximate etch rate of 6 Amin~'. The binding energies
were referenced to an adventitious C 1s peak at 284.9 eV. Raman
spectra were acquired with a Renishaw Raman system 1000, using
a helium/neon laser of wavelength 632.8 nm. The Raman system
was calibrated against the emission lines of neon. SEM was con-
ducted using a JSM-6301F scanning field emission machine. AFM
was conducted with a Dimension 3100 AFM under ambient condi-
tions. Reflectance and transmission spectra were recorded between
300 and 2500 nm using a Perkin—-Elmer lambda 950 photospec-
trometer. Measurements were standardized relative to a spectralab
standard mirror (reflectance) and air (transmission). Water contact
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angle measurements were conducted by measuring the spread of a
10 uL drop of water and applying an appropriate calculation.

Supporting Information (see also the footnote on the first page of
this article): Side-on SEM, depth-profile XPS and Raman spectra.
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