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Synthesis of titanium phosphide by thermal ALD
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Herein, we present for the first time the synthesis of titanium phosphide (Ti,P,) by thermal ALD based on
the use of in-house synthesized Tris(trimethyltin)phosphide (TMTzP) combined with titanium tetrachloride
(TiCly) as the P- and Ti-precursor, respectively. The deposition process demonstrated followed ALD prin-
ciples and revealed an ALD window between 175 °C and 225 °C. The Ti,P, thin films grown on substrates
of different nature were characterized by several techniques, showing granular surfaces and electrical
resistivities of the order of hundreds of Ohms. The effects of different ALD parameters such as deposition
temperature, dosing time of both precursors, and the type of substrate on the chemical composition
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were extensively assessed by X-ray photoelectron spectroscopy (XPS). Interestingly, the results yielded the
deposition of P-rich titanium phosphide and showed that its chemical composition depends on the
deposition temperature and the type of substrate. Based on XPS results, a tentative description of the

rsc.li/nanoscale TixP, growth as a function of the number of ALD cycles was provided.
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Introduction

In the last few years, the interest attracted by transition metal
phosphides (TMPs) in different research fields has increased
significantly. The slight electronegativity difference between P
(X ~ 2.1) and most transition metals (X ~ 1.3-2.5) implies a
moderately strong P-M bond with a ionic/covalent nature,
which brings about outstanding physicochemical properties
including high chemical and thermal stability, electrical con-
ductivity and mechanical hardness. Two main metal phos-
phide groups have been distinguished as a function of the
composition: phosphorus-rich and metal-rich phosphides, the
latter displaying high metallic electrical conductivity and
remarkable catalytic properties." Due to these properties along
with their low-cost, low-toxicity and abundance, TMPs have
gained significant attention and have been demonstrated as
functional and efficient materials in a wide number of appli-
cations including energy storage (batteries and supercapacitors),>™
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sensing,® hydrogenation catalysis,” electrocatalysis®'® and
photocatalysis.’""* Nowadays the advances experienced by the
nanofabrication technologies allow the manufacturing of one-
dimensional, two-dimensional or three-dimensional structures
at the nanometer scale such as porous materials, hierarchical
designs and high aspect ratio structures, which exhibit far
superior chemical, physical, and electrical properties com-
pared to their bulk counterparts. Thus, the aforementioned
applications take the advantages and benefits of functional
nanostructured materials for attaining superior performance.
However, complex nanostructured geometries can be highly
demanding in terms of achieving uniform and conformal
(ultra)thin films of secondary materials. To date, Atomic Layer
Deposition (ALD) is the only deposition technique that can
fulfill the requirements of uniform and conformal deposition
regardless of the geometry of the substrate."*'*

ALD is a well-established thin film deposition technique
based on gas phase chemical precursors exposed separately to
the surface of the substrate followed by a purging step.
Accordingly, the precursors react alternatively with the active
sites of the surface by self-limiting gas-surface (precursor-sub-
strate) reactions resulting in a layer-by-layer growth, while
during the purging step the excess precursor and reaction
byproducts are removed from the chamber. The conformality
and the unparalleled sub-nanometer thickness control lie in
the self-limiting nature of the chemical surface reactions,
caused by the limited number of active surface sites (available
to react with the gas phase precursor), restricting the growth

This journal is © The Royal Society of Chemistry 2025
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process to one layer per cycle under ideal conditions. Thus,
the ALD cycle is repeated until the desired sheet thickness is
achieved.

These appealing features have attracted a great interest
from both academy and industry, and have led to a noteworthy
increase in the type and number of materials deposited by
ALD, including oxides, sulfides, nitrides and metals. However,
it has been observed that at the early stage, the ALD process
can deviate from the ideal layer-by-layer growth exhibiting a
delay in the thin film nucleation, generally illustrated by
island growth mode and before a steady growth per cycle
(GPC) is attained.'® The nucleation delay can be related to
thermochemistry and activation barriers of the reactions
involved in the ALD process,'® a lack/low density of suitable
functional groups (essentially chemisorption sites) on the sub-
strate surface,'® a steric hindrance caused by ligands of the
precursor blocking active sites,'” or large differences in the
surface energy between the substrate and the material to be de-
posited, as usually observed in ALD processes of high surface
energy metals on lower surface energy substrates."®

Regarding P-based materials, ALD has been the deposition
method of choice for the P doping of Al,O; and p-type ZnO
thin films using P,05 and trimethylphosphite as P precursors,
respectively.'®*° However, in the last few years the main
research interest has been devoted toward the design and
development of ALD processes for the synthesis of different
metal phosphates, as recently reviewed by L. Henderick et al.
in a comprehensive work.”’ In particular, important efforts
have been devoted to the search of suitable P precursors to
replace those originally used like PCl; and P,0Os, principally
due to corrosive/toxic byproducts formed, high deposition
temperature and/or its low vapor pressure. Accordingly, based
on novel P precursors, mainly trimethyl phosphate (TMP) and
derivatives, a large number of metal phosphates have been syn-
thesized by thermal ALD, including Al,>***® Ti,>*** and Fe,*®
among others. Nevertheless, the methoxy functional groups
(-OCHj3;) of TMP exhibited a limited reactivity toward hydroxyl
groups and organometallic compounds, which resulted in a
poor growth rate. In order to enhance the reactivity of TMP,
T. Dobbelaere et al. developed a plasma ALD approach for the
synthesis of Al phosphate achieving a significantly higher
growth rate.”® Subsequently, such a plasma ALD strategy was
also successfully applied for the synthesis of zinc,”” iron,*® tita-
nium,?® vanadium,*® nickel®' and cobalt*! phosphates. The
ALD of P-based materials has been used in the synthesis of
several metal phosphorus oxynitrides, such as LiPON,*
NaPON,** MgPON** and TiPON,** which have been mainly
explored as solid-electrolytes and electrode coatings in the
field of Li-ion batteries.

In contrast to metal phosphates, the deposition of tran-
sition metal phosphides by ALD is in its very early infancy and
needs to be developed. Until now, only a few processes for the
deposition of metal phosphides by ALD have been reported.
Based on Ni phosphate deposited by plasma ALD,
L. Henderick et al. reported the synthesis of crystalline Ni,P
upon post-annealing treatment under a H, atmosphere at
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950 °C.*' Regarding direct ALD synthesis, CoP and GaP thin
films were deposited by combining phosphine (PHj;) as the P
precursor with bis(N-tbutyl-N'-ethylpropanimidamidato)cobalt
and trimethylgallium, respectively.’®*” However, PH; is
difficult to handle and it is rather unreactive, what limits its
application to plasma ALD. In parallel, other P precursors
used have been tertiarybutylphosphine (tBuPH,) and tris(di-
methylamino) phosphine [P(NMe,);] for the deposition of
InP*® and GaP*® thin films, yet at the expense of temperatures
above 320 °C to promote the reaction. Typical P precursors
used for the synthesis of metal phosphides in CVD, which
could represent potential ALD precursors, including PCl; and
derivatives (e.g., cyclohexylphosphine), demand harsh con-
ditions to form metal phosphides, which are not viable for
application in ALD.**™*?

The search for a viable way towards deposition of metal
phosphides by ALD starts with a suitable phosphorus ALD pre-
cursor, which is principally related to other pnictogenides,
namely As and Sb. Tris(trialkylsilyl)As/Sb were reported as
useful ALD precursors used for the synthesis of GaAs,*
elemental Sb,**™*® and metal antimonides such as GaSb, GeSb,
and AlSb.***” Structurally related Tris(trimethylsilyl)phosphide
(TMS;P) turned out to be a suitable P-precursor for the syn-
thesis of Co,P thin films.*® The reactivity of phosphides might
be further extended and compared to that of nitrogen, where
analogous Tris(trimethylsilyl)Jamine (TMS;N) and its deriva-
tives were examined as Lewis bases.” The Lewis basicity of
nitrogen atoms in (RsM);N increases in the order: M = Si < Ge
< Sn (R = alkyl), which implies that TMT;N (Tris(trimethyltin)
amine) is more reactive than TMS;N. This was confirmed by
the preparation of InN quantum dots, where TMT;N reacted
with Me,InCl affording InN nanocrystals at 200-350 °C.*° In
contrast, TMS;N showed diminished reactivity yielding only a
very limited amount of low-quality InN quantum dots.>!
Inspired by these findings, two P compounds, known TMS;P
and novel Tris(trimethyltin)phosphide (TMT;P), were syn-
thesized and examined as potential P-precursors in the depo-
sition of titanium phosphide (Ti,P,) by thermal ALD.

Experimental section
Differential scanning calorimetry (DSC)

The thermal properties of target molecules were measured by
differential scanning calorimetry (DSC) with a Mettler-Toledo
STARe System DSC 2/700 equipped with an FRS 6 ceramic
sensor and cooling system HUBER TC100-MT RC 23. DSC ther-
mograms of the target compounds were measured in alumina
crucibles with a small hole in the lid under a N, inert atmo-
sphere. DSC curves were obtained with a scan rate of 5 °C
min~" within the range —50 °C to +400 °C.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed with a
Mettler-Toledo STARe System TGA 2 equipped with a horizon-
tal furnace LF (400 W, 1100 °C), balance XP5 (resolution 1 mg)
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and cooling system HUBER Minichiller 600. TG curves were
measured in an open ceramic crucible with a scan rate of 5 °C
min~" under an inert N, atmosphere within the range 25 °C to
400 °C.

TiO, nanotube layer fabrication

Self-organized TiO, nanotube layers (TNT layers) were fabri-
cated via electrochemical anodization of Ti foils as described
in our previous work.>> The as-prepared amorphous 5 pm-
thick TNT layers turned into the anatase phase after annealing
in a muffle oven at 400 °C for 1 h.>?

Atomic layer deposition of Ti,P,

The synthesis of Ti,P, thin films by thermal ALD (Beneq-TFS
200) was assessed within a temperature range from 150 to
250 °C with a base pressure of approximately 2 mbar using in-
house synthesized TMS;P and TMT;P as the P precursors, and
TiCl, (99.99+%, STREM) as a Ti precursor. The precursors
TMS;P and TMT;P were heated up to increase the vapor
pressure to 50 and 90 °C, respectively. N, (99.9999%) was used
as a carrier gas applying a flow rate of 500 standard cubic
centimeters per minute (sccm) in a continuous flow process.
One ALD cycle was composed of the sequence: TiCl, pulse
(500 ms)—N, purge (5 s)—P precursor pulse (1000 ms)—N,
purge (10 s).

Post-annealing treatment

The as-deposited samples underwent a post-annealing treat-
ment in the ALD chamber at 450 °C under vacuum (2 mbar)
for 2 hours and 50 scem of N, flow, applying 330 pulses of Ar
(1.5 s) and 20 s of purging time. The heating rate applied was
2.6 °C min~" and the samples were cooled down naturally.

Characterization techniques

The evaluation of the morphology and the thickness of the
Ti P, thin films on the different substrates was conducted
using a field-emission scanning electron microscope (FE-SEM)
JEOL JSM 7500F. SEM characterization was carried out apply-
ing an accelerating voltage of 5 kV, a beam current of 20 mA
and a probe current of 30 pA. r-Filter was applied to combine
signals (1: 1) from secondary and backscattered electrons. The
thickness of the Ti,P, thin films was measured and statistically
evaluated using proprietary Nanomeasure software.

X-ray diffraction (XRD) analysis was performed using
Panalytical Empyrean with a Cu tube and a Pixcel3D detector.
Grazing incidence X-ray diffraction was performed to obtain
the diffraction spectra of the as-deposited and post-annealed
Ti,P) thin films. The incident angle was 1 degree. The patterns
were recorded in the range of 5-65°, the step size was 0.026
degrees, and the time per step was 11 s.

X-Ray reflectivity (XRR) analysis was performed using on
the incidence side a focusing mirror with a 1/32° divergence
slit, a 1/16° antiscatter slit, a 0.04 rad Soller slit and a 4 mm
mask. The sample was placed on the chi-phi-z cradle. On the
diffraction side, a parallel plate collimator with a 0.18° slit was
used together with a programmable attenuator and a Pixcel*”
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detector. X’pert reflectivity software was used to evaluate the
data and run the fitting of the experimental data in order to
estimate the thickness, density and roughness of the
Ti,P, thin films.

The roughness and morphology of the Ti,P, thin films were
determined by atomic force microscopy (AFM) in air using the
NTEGRA (NT-MDT) system and applying tapping mode with a
HA-HR tip (ScenSans) and a step of 8 nm. The roughness value
was obtained as the mean value of 3 measurements of a
scanned area of 1 x 1 pm”.

X-ray photoelectron spectroscopy (XPS) (ESCA2SR, Scienta-
Omicron) was employed to evaluate the chemical surface com-
position of TiP, thin films using a monochromatic AlKa
(1486.7 eV) X-ray source operated at 200 W. The binding energy
scale correction was carried out using the adventitious carbon
C 1s at 284.8 eV. The survey and high-resolution (HR) spectra
were recorded at a pass energy of 150 and 30 eV, respectively.
Data analysis was performed with the CasaXPS program
(Casasoftware Ltd). The Ti 2p spectra were fitted using a
Shirley-type background with asymmetric Lorentzian function
LA (1.2, 2.5, 120) for the Ti-P species and mixed Gaussian-
Lorentzian functions GL (60) for the other Ti oxidation states.
Also, the area ratio and the binding energy distance con-
straints between the spin-orbit splitting (Ti 2ps,, and Ti 2p,,),
2:1, and 6.0 eV (for Ti-P) and 5.7 eV (for other Ti oxidation
states), respectively, were considered. The P 2p spectra were
fitted using a Shirley-type background with asymmetric
Lorentzian function LA (1.2, 2.5, 120) for the Ti-P and P-P
species and mixed Gaussian-Lorentzian functions GL (30) for
the P-O species. Also, the area ratio and the binding energy
distance constraints between the spin-orbit splitting (P 2ps/,
and P 2p,5,), 2:1, and 0.84 eV, respectively, were considered.
Last, but not least, it is worth noting that, to our knowledge,
this is the first time that TiP, thin films have been fully
characterized and analyzed (peak fitted) using XPS.
Quantitative analysis was performed using the elemental sensi-
tivity factors provided by the manufacturer.

The four-probe electrical characterization was performed
on a custom-made box equipped with a head containing 4
probes arranged in line with 1 mm spacing in combination
with a Keithley 4200A-SCS parameter analyzer. A standard
method was employed when outer probes were determined for
current bias, while the inner probes measured the voltage
difference. The optimal measuring current of 30 mA was
experimentally determined for all samples according to
current sweeping in the range from 0 to 100 mA with a step of
5 mA. Five measurements were done on each sample at
different places to obtain data for the calculation of the mean
value and standard deviation.

Results and discussion

TMT;P was prepared by treating TMS;P with Me;SnCl accord-
ing to a previously reported method®*>® with some further
modifications. In our case, the reaction was carried out in

This journal is © The Royal Society of Chemistry 2025
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DME (1,2-dimethoxyethane), while the original syntheses used
neat reactants; see the ESI} for further details. TMS;P was pre-
pared from (Na/K);P and Me;SiCl in 45% yield.”® Syntheses are
shown in Scheme 1 with details including NMR and GC/MS
characterization described in the ESI (see Fig. S1-S127).
TMT;P is a colourless liquid well-soluble in a variety of organic
solvents (e.g. hexane, toluene, benzene, THF, etc.). Unlike
TMS;P, TMT;P is not pyrophoric when exposed to air,
although careful treatment and precaution are recommended.
Both TMS;P and TMT;P are air-sensitive substances and,
therefore, must be stored under an inert atmosphere in a dry
and cool place. When properly stored, the chemical stability
lasts for several months. However, exposing C¢Dg solution of
TMT;P to air for a few days resulted in a mixture of TMT,PH,,
and PH;, as observed from the *'P-NMR spectrum. However,
the decomposition pathway was not investigated in detail.

The boiling point of TMT;P at 0.5 torr is 120 °C as deter-
mined by distillation, while DSC estimates 250 °C at the
atmospheric pressure (Fig. 1). The boiling is not accompanied
by any decomposition process and no visible residue is left in
the measuring crucible, which was further confirmed by TG
analysis revealing smooth and gradual evaporation with zero
residue. The synthesis of Ti.P, thin films by thermal ALD
(described in detail in the Experimental section) was explored
within a temperature range from 150 to 250 °C using both

Me3SiCl SipSI{
DME, 60 °C, 16 h S
/l\

TMS,P (45%)

naphthalene

(Na/K)sP
DME, 80 °C, 16 h

Na +K+ Pred

<l
Me;SnCl _Snsn”
DME, 80 °C, 16 h Sh

/‘\

TMT4P (85%)

Scheme 1 The reaction pathway towards TMSzP and TMT3P.
Aso
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TMS;P and TMT;P as the P-precursors, and TiCl, as a Ti pre-
cursor. In order to determine the ALD window and the effect
of the deposition temperature on the Ti.P, growth rate, ALD
processes were conducted applying 500 ALD cycles at different
deposition temperatures: 150, 175, 200, 225 and 250 °C. The
effect of the substrates on the ALD growth of Ti,P) thin films
was addressed by the use of substrates of different nature such
as Si/SiO, wafers, soda lime glass and 5 pm-thick TiO, nano-
tube (TNT) layers. Using TMS;P as the P-precursor, the ALD
processes at 150 and 250 °C did not yield any deposition. An
additional ALD process carried out at 300 °C to rule out the
reaction between precursors was thermally limited in the
range of deposition temperatures explored. The result at
300 °C was identical, i.e., no deposition was found. In contrast,
when using TMT;P as the P precursor the deposition of silver-
colored films was observed. Thus, the results obtained using
TMT;P as the P precursor evaluating the growth rate as a func-
tion of the deposition temperature are shown in Fig. 2a.
Therein, an ALD window was identified in a temperature range
between 150 °C and 225 °C with a GPC value of ~0.05 nm per
cycle applying TMT;P and TiCl, doses of 1000 and 500 ms,
respectively. The thicknesses of the Ti,Py films deposited were
measured from cross-sectional scanning electron microscopy
(SEM) images of the Si/SiO, substrates (see Fig. 2b and
Fig. S131). Importantly, the self-saturated nature of the ALD
process was assessed by varying one precursor pulse length,
while keeping the rest of the parameters of the process fixed.
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Fig. 1 DSC curve (top) and TG record (bottom) of TMT3P.
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Fig. 2 (a) Thickness dependence of the Ti,P, thin on the deposition
temperature after 500 ALD cycles on Si/SiO, wafer using TMT3zP as the P
precursor. ALD window was identified between 175 and 225 °C. (b)
Representative cross-sectional SEM image of a Ti,P, thin film with a
thickness of ~25 nm on a Si/SiO, wafer after 500 cycles at a temperature
of 200 °C, where the Ti,P, film is indicated by dashed lines. Ti.P, growth
rate on Si/SiO, wafers at 200 °C after applying 500 ALD cycles as a func-
tion of (c) the TMTzP precursor dose and (d) TiCl,; dose (each inset
showing the corresponding thickness). Saturation regime was observed
for all the TiCl, dose values and for P precursor dose value above
150 ms.
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Thus, a set of ALD processes was performed at 200 °C applying
500 ALD cycles on Si/SiO, wafers. The doses applied for the P
precursor were 150, 300 and 1000 ms (keeping the TiCl, dose
constant at 500 ms), while the doses for TiCl, were 100, 250
and 500 ms (keeping the P precursor TMT;P constant at
1000 ms). The thickness of the resulting TiP, thin films
measured from cross-sectional SEM images (see Fig. S141) and
the corresponding GPC shown in Fig. 2c and d verified that
the reaction between TMT;P and TiCl, follows the ALD prin-
ciple for all the TiCl, pulse durations and for a TMT;P pulse
duration >150 ms, exhibiting a growth rate value of ~0.05 nm
per cycle. To further confirm the ALD nature of the reaction,
ALD processes applying different numbers of cycles, namely,
250, 375, 500, 750 and 1000, were performed using Si/SiO,
wafers and TNT layers. Cross-sectional SEM images allowed us
to determine the thicknesses of the Ti,P, thin films on Si/SiO,
wafers and TNT layers (see Fig. S157). The plot of the thin film
thickness as a function of the number of ALD cycles shown in
Fig. S167 verified the ALD nature of the reaction (i.e. the linear
relationship between the thickness and the number of ALD
cycles) on both Si/SiO, wafers and TNT layers with an esti-
mated GPC of 0.051 nm per cycle and 0.043 nm per cycle,
respectively. A nucleation delay, estimated from the fitting
line, was observed for the Si/SiO, wafers (~20 ALD cycles) and
the TNT layers (~50 ALD cycles). The nucleation delay is dis-
cussed ahead in detail. X-Ray reflectivity (XRR) measurements
were performed (see the Experimental section for details) to
provide complementary information on the thin film thickness
measurements and estimate the density and roughness of the
Ti,P, thin films deposited on Si/SiO, wafers as shown in
Fig. S17.17 The estimated thin film thicknesses were in good
agreement with those obtained from cross-sectional SEM
images (see Table S1t). The density of the Ti,P, thin films was
within the nominal value range (x3.95-4.1 g cm™?) for the
thickest films, while it was slightly lower for the thinner ones
(3.5-3.6 g cm ™). Regarding the surface roughness, it increased
along with the thickness of the thin film.

X-ray diffraction (XRD) analyses of the as-deposited Ti,P,
thin films on Si/SiO, wafers showed no apparent crystalline
nature (see Fig. S181) even at the highest deposition tempera-
ture, i.e., 250 °C. Nevertheless, crystalline titanium phosphide
films were prepared by a post-annealing process carried out
using Si/SiO, wafers coated with 250 and 500 ALD cycles at
450 °C for 2 h (see details in the Experimental section). The
XRD pattern shown in Fig. S181 exhibited a set of diffraction
peaks indicating a hexagonal structure.”” The diffraction peaks
and the corresponding lattice planes observed were 29.5°
(010), 30.5° (011), 33.4° (012), 37.7° (013), 43.1° (014), 49.3°
(015) and 52.4° (110). Additional peaks denoted with a
diamond and an asterisk corresponded to metallic tin (orig-
inating from incomplete ligand exchange reaction as described
ahead) and the substrate, respectively. XRR measurements
were performed to evaluate the potential impact of the post-
annealing process on the density of the Ti,P, thin films. The
results revealed, as compared to those obtained from the as-
deposited samples, a slight increase of the density values,
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3.87 g em™ and 4.0 g ecm ™, for the samples coated with 250
and 500 ALD cycles, respectively.

The morphology and roughness of the as-deposited Ti,P,
were characterized by scanning electron microscopy (SEM) and
atomic force microscopy (AFM). Fig. S19f shows the SEM
surface topography of the Ti,P) thin film deposited on a Si/
SiO, wafer with a well-defined granular shape. Fig. S20a-ef
show the AFM images of Ti,P, thin films deposited after 500
ALD cycles on Si/SiO, wafers at different temperatures. The
results showed how higher deposition temperatures induced
an increase of the Ti,P) thin film roughness, as indicated by
the root-mean-square roughness values (Ry; see Fig. S20fT).

The surface chemical composition of the Ti,P), thin films
was extensively characterized by X-ray photoelectron spec-
troscopy (XPS) as a function of different ALD parameters such
as deposition temperature, dosing time of TMT;P and TiCly,
and the type of substrate. Fig. S211 shows the XPS survey
spectra of Ti,P, obtained after 500 ALD cycles on Si/SiO,
wafers at different deposition temperatures (150, 175, 200, 225
and 250 °C) revealing the presence of Ti, P, C, O, and traces of
Cl and Sn. The presence of a residual content of Cl and Sn
indicates that the ligand exchange reaction between both P
and Ti precursors is not always complete. The elemental com-
position of the TiP, deposited at different temperatures
obtained from XPS analysis is shown in Table S2.{ Regarding
the O content, the samples were exposed to O-free precursors
so that the content of O could be ascribed to the oxidation due
to exposure to air before XPS analysis. The deconvoluted HR P
2p and Ti 2p XPS spectra obtained from the Ti,P, thin films
deposited at different temperatures on Si/SiO, wafers after 500
ALD cycles shown in Fig. 3 demonstrated the deposition of
Ti,P,. The peak fitting of the HR Ti 2p XPS spectra with its
characteristic spin-orbit splitting of Ti 2ps, and Ti 2p.
revealed the presence of different species of Ti. Thus, the
content of Ti,P, was verified by the peaks at ~454.2 and
~460.2 eV. In addition, the coexistence of Ti,P, with different
oxidation states of Ti, namely Ti*", Ti*" and Ti**, was indicated
by the peaks at ~455.4 and =~461.1 eV (Ti**), ~457.0 and
~462.7 eV (Ti*"), and ~458.7 and ~464.4 eV (Ti'"). The pres-
ence of Ti"" was related to the minor content of titanium phos-
phate and unreacted Ti precursor, while the action of TMT;P
as a reducing agent (due to the content of P*>7) over Ti** would
be behind the presence of Ti*" and Ti*". Regarding the peak
fitting of the HR P 2p XPS spectra with its characteristic spin-
orbit splitting of P 2p;, and P 2py,, it allowed the identifi-
cation of the presence of 3 different species of P. The peaks at
~128.9 and ~129.1 eV verified the presence of titanium phos-
phide (Ti-P), while the peaks at ~129.4 and =130.3 eV
accounted for elemental P (P-P). The latter suggested the ALD
growth of P-rich Ti,P, with the existence of extensive P-P
bonding motifs where the Ti cation(s) are embedded. The
minor content of titanium phosphate (P-O) was confirmed by
the peaks at ~#132.8 and ~133.6 eV. Thus, XPS results showed
the presence of Ti,P, along with other Ti and P species. The
atomic concentration of the different P species is shown in
Table 1. It suggests the coexistence of the ligand exchange

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 High-resolution XPS spectra of P 2p and Ti 2p obtained from
TP, thin films after 500 ALD cycles at different deposition
temperatures.

reactions to form Ti,P), along with redox reactions that occur
concurrently. The redox reaction mechanism leading to the
formation of elemental P and a wide variety of Ti oxidation
states is described in detail later. The obtained results indicate

This journal is © The Royal Society of Chemistry 2025
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Table 1 Atomic concentration of the different P-based species from
the HR deconvoluted P 2p XPS spectral peak obtained from Ti.P, thin
films deposited on Si/SiO, wafers after 500 ALD cycles at different
temperatures using a TMTzP dose of 1000 ms and a TiCly dose of
500 ms

P atomic concentration [%]

Deposition Phosphide Elemental Phosphate
temperature (°C) P) phosphorus (P-P) (P-0)
150 40.37 46.43 13.20
175 72.01 19.23 8.76
200 75.50 16.04 8.46
225 54.40 34.27 11.33
250 51.61 30.10 18.29

the deposition temperatures 175 and 200 °C as the optimal
ones, allowing us to attain thin films with the lowest/highest
content of titanium phosphate/Ti,P,, respectively. In fact, the
Ti,P), thin films deposited at those temperatures have lower
values of the Ti/P ratio indicating P-enriched thin films (see
Table S27). These results demonstrated the effect of the depo-
sition temperature on the chemical composition of the Ti,P,
thin films. Thus, at a low deposition temperature (150 °C) the
reaction can be thermally limited, while a deposition tempera-
ture of 250 °C could induce a partial decomposition of the P
precursor and/or desorption of the material.

XPS also characterized the effects of different doses of both
precursors (TMT;P and TiCl,) during the ALD process on the
chemical composition of the Ti,P), thin films on Si/SiO, wafers
as shown in Fig. S22 and S23.7 The XPS analysis was carried
out characterizing Ti,P, thin films deposited after 500 ALD
cycles at 200 °C and whose elemental composition, shown in
Table S3, indicated that the effects of different doses of both
precursors on the chemical composition were not significant.
Thus, similar contents of the different elements as well as
slight differences of the Ti/P ratios were observed. Likewise,
the contents of the different P and Ti species evaluated by the
peak fitted HR P 2p and Ti 2p XPS spectra did not differ sub-
stantially showing principally a content of phosphide and Ti
exhibiting different oxidation states (see Tables S4 and S5,f
respectively). These results indicated that the different doses
of both precursors used, TMT;P and TiCly, did not have any
significant impact on the chemical composition of the Ti,P,
thin films deposited. Similarly, the effect of the substrate on
the chemical composition was evaluated by XPS using Ti.P,
thin films deposited after 500 ALD cycles at 200 °C applying a
1000 ms dose of TMTs;P and a 500 ms dose of TiCl, (see
Fig. S24}). The substrates studied were Si/SiO, wafers, soda
lime glass and TNT layers. Although the elemental compo-
sition shown in Table S61 was found to be similar in all the
cases, the atomic concentrations of the different P species
revealed a significant finding. As compared to the Ti,P, thin
films deposited on soda lime glass and Si/SiO, wafers, those
films deposited on TNT layers (see Table S7%) contained
higher atomic percentage phosphate and elemental P (at the
expense of the content of phosphide), and Ti** (see Table S87).
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Initially, this outcome could be ascribed to either a depen-
dence of the chemical composition of the Ti,P, thin films on
the type of substrate or to a thinner Ti,P, thin film deposited
on TNT layers (due to the lower growth mentioned earlier on
such a substrate). In order to determine the origin of this
result, TNT layers coated at 200 °C with different numbers of
Ti,P, ALD cycles, namely 25, 125, 250 and 500, were character-
ized by XPS (see Fig. 4). The results indicated that the content
of T*" exhibited a constantly dropping value (see Table S97),
and the content of phosphate also decreased after 250 ALD
cycles (see Table S10f) down to a certain value (x20%). Yet it
did not further decrease for a growing number of ALD cycles
(500 cycles). This suggested a dependence of the chemical
composition of the Ti,P, thin films on the type of substrate as

]
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Fig. 4 Peak fitted high-resolution XPS of Ti 2p (left) and P 2p (right)
from Ti,P, thin films at 200 °C obtained after different number of ALD
cycles (25, 125, 250 and 500) on TNT layers.
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Si/Si0, wafer and soda lime glass exhibited a lower content of
phosphate at around 10%.

Here, it is worthy to note that the XPS results obtained from
the initial stage of the ALD process provided unique infor-
mation to gain a deeper insight into the origin of the nuclea-
tion delay, the evolution of the chemical composition of the
surface and the growing process of the Ti,P, thin films, as
demonstrated in previous works.’®”° Peak fitted HR P 2p and
Ti 2p XPS spectra shown in Fig. 4 illustrated how at an early
stage of the ALD process (25 cycles) the dominant reactions at
the interface with the substrate are the formation of phosphate
(peaks at ~133.0 and ~133.8 eV) and titanium oxide (peaks at
~458.8 and ~464.5 eV). The main feature observed in the evol-
ution of the chemical composition after 125 ALD cycles was
the emergence of elemental P as indicated by the XPS peaks
observed in the fitted HR P 2p XPS spectrum at ~129.5 and
~130.4 eV. Concurrently, the Ti 2p XPS spectrum revealed the
presence of reduced species of Ti, ie, Ti** and Ti*"
Significantly, the growth of Ti,P, was observed only after 250
ALD cycles as indicated by both the peak fitted HR Ti 2p XPS
spectra exhibiting peaks at ~#454.2 and ~460.2 eV, and the peak
fitted HR P 2p XPS spectra at =x128.4 and =~129.2 eV.
Interestingly, the results also revealed the coexistence of a higher
content of reduced species of Ti (Ti** and Ti**) and elemental P
as compared to that with 125 ALD cycles. At the same time, with
an increasing number of ALD cycles (250 and 500) a strong
intensity fading of the phosphate peaks was observed, indicating
that the formation of P-O species was mainly constrained to the
substrate interface. In the case of the presence of P-O species
also observed for a higher number of cycles, it was ascribed as
mentioned above to oxidation processes due to exposure of the
samples to air before XPS analysis, and/or residual H,O or O,
content in the ALD reactor during the ALD process.

Based on these XPS results, a tentative description of the
origin of the nucleation delay as well as the conditions needed
for the growth of Ti,P, is provided as follows. Considering that
the oxidation states of P and Ti in Ti,P, are P~° and Ti*', it
means that the Ti*" from the Ti precursor (TiCl,) must be
reduced to Ti**. The only reducing agent involved in the ALD
reactions is TMT;P which oxidized to P° at the expense of
forming reduced Ti species. This redox reaction describes the
formation of the elemental P and the reduced Ti species, Ti**
and Ti**. This implies that during the early stage of the ALD
process no Ti,P, grows, but the elemental P and reduced
species of Ti are formed as indicated by XPS results shown in
Fig. 4 and Tables S9 and S10.T However, after certain numbers
of ALD cycles, the elemental P loading is high enough to start
acting as a reducing agent allowing the P precursor to react
with the reduced Ti species and trigger the growth of Ti,P, as
observed in this work after 250 ALD cycles. Thus, the elemen-
tal P can act as a “seeding” layer prompting the growth of Ti,P,
by playing a dual role: (i) avoiding the oxidation of P*~ from
TMT;P and (ii) promoting the reduction of Ti*" to Ti**.
Therefore, the nucleation delay would be related to the
number of ALD cycles required to reach the critical elemental
P loading that enables the growth of Ti,P,. Scheme 2 illustrates

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 (Top) Illustrative description of the expected ALD mechanism for the growth of Ti.P,. (Bottom) Plausible ALD mechanism proposed to

describe the growth of Ti,P, based on experimental data.

the initially expected ALD mechanism and the tentative
description of the growth of Ti,P, based on the experimental
data as described above.

Regarding the electrical resistance of the P-rich Ti.P, thin
films, it was evaluated by 4-probe measurements as described
in the Experimental section, using the TiP, thin films de-
posited on soda lime glass after 500 ALD cycles at different
temperatures, that is electrical resistance was of the order of
hundreds of Ohms (Fig. S251) which was in line with previous
works reporting the electrical resistance of diverse P-rich metal
phosphides. For instance, relatively low electrical resistance
values in the range of 10-300 Q were reported for FeP,, CoP;
and NiP, pellet samples.®® The limited electrical conductivity of
P-rich metal phosphides accounted for the decrease in metal-
metal bonds making most P-rich phosphides semiconductors.®*

Conclusions

Overall, herein the synthesis of titanium phosphide (Ti,P,) by
thermal ALD is demonstrated for the first time using a new in-
house P precursor - Tris(trimethyltin)phosphide (TMT;P) - com-
bined with TiCl,. The chemical reaction proved to follow the
ALD principle and exhibited an ALD window between 175 °C
and 225 °C. The as-deposited Ti,P, thin films were characterized
by different techniques showing a granular surface and electrical
resistance of the order of hundreds of Ohms. Post-annealing
treatment produced crystalline Ti,P, films exhibiting a hexagonal
structure. Extensive XPS analyses were carried out to assess the

This journal is © The Royal Society of Chemistry 2025

effect on the chemical composition with different ALD para-
meters such as deposition temperature, dosing time of TMT;P
and TiCl,, and the type of substrate. The results revealed the
deposition of P-rich titanium phosphide with a chemical compo-
sition dependence on the deposition temperature and the type
of substrate. Based on XPS results, a tentative description of the
Ti,P, growth as a function of the number of ALD cycles was pro-
vided. This work opens new paths through novel in-house P pre-
cursors to the synthesis of metal phosphides by ALD and all the
benefits this technique provides.
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