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The metallurgical properties of the Ti/InP system meet a great interest for its use as a contact in the
scope of various applications such as the Si Photonics. The investigations conducted on this system
highlight the initiation of a reaction between the Ti and the InP substrate during the deposition
process conducted at 100 °C. The simultaneous formation of two binary phases, namely, TiIns and
TiP, is attributed to the compositional gradient induced in the InP by the wet surface preparation
and enhanced by the subsequent in situ Ar' preclean. Once formed, the TiP layer acts as a
diffusion barrier inhibiting further reaction up to 450 °C in spite of the presence of an important Ti
reservoir. At higher temperature, however, i.e., from 550 °C, the reaction is enabled either by the
enhancement of the species diffusion through the TiP layer or by its agglomeration. This reaction
gives rise to the total consumption of the Ti,Ins and Ti while the TiP and In phases are promoted.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990427]

I. INTRODUCTION

Allowing data rates beyond what electronic components
can offer, photonics have been identified as one promising
paradigm. However, while silicon is of huge interest for the
making of most components, its indirect band gap prevents it
from being an efficient light emitter. For addressing this
issue, III-V semiconductor compounds have been introduced
as potential candidates. Among them, n-InP substrates and
the corresponding metal interfaces have been extensively
studied for improving the performances of such devices.
Among others, Ti is one of the most widely used metals in
the classical Ti/Pt/Au contacts, where it provides the primary
role of improved metallization adhesion.! In these stacks, the
Ti being directly in contact with the semiconductor mainly
rules the electrical properties of the integrated contacts.
Therefore, in the scope of forming noble material-free con-
tacts, the study of alloyed Ti-based metallizations is of par-
ticular interest.

In order to make such contacts, the main process flow
consists of a surface preparation (wet and/or plasma treat-
ments), one or several metal layer depositions and a heat
treatment. These processes aim to control the intermetallic
compound(s) formation, thereby modifying the contact resis-
tivity. Each phase arising from the solid state reactions offers
various electrical properties (resistivity, work function,
Schottky barrier height, interface and gap defects...) and
thermokinetic properties (dopant and/or element distribution,
growth kinetics, thermal stability, texture...). As a
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consequence, it is necessary to identify the phase formation
sequence along with the range of existence of each
compound.

Most studies present in the literature report the initiation
of a reaction between the Ti and the InP during the deposi-
tion process, without any critical minimum coverage.”®
Some In release is featured and associated with the formation
of intermixed Ti-P layer;>® only one study does not report
the formation of intermixed compound during the deposition
process but identifies the first signs of reaction at 325°C.” At
higher temperatures, however, i.e., from 300°C to 350°C
depending on the studies, all authors found out that the inter-
mixed layer is converted into stable crystalline binary Ti-P
intermetallic compounds. The composition of the latter is not
ascertained but might comprise some TiP and/or Ti4Ps.
However, even if both phases coexist, the TiP appears to be
predominant. The formation of these compounds is associ-
ated with some In out diffusion and with an incomplete con-
sumption of the Ti. As a consequence, the authors conclude
that the TiP phase acts as a diffusion barrier thereby inhibit-
ing further reaction between the Ti and the InP even at
temperatures as high as 600 °C.

In this paper, we investigate the phase sequence obtained
on the Ti (20nm or 50 nm)/InP systems under rapid thermal
processes (RTP) and identify the mechanisms responsible for
the appearance of the various observed phases.

Il. EXPERIMENTAL PROCEDURE

The metallurgical studies were carried out on semi-
insulating (001) InP substrates on top of which a 300 nm InP

Published by AIP Publishing.
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epitaxial layer was grown. The substrate cleaning procedure
includes a 30s wet etching in dilute HCI:H,O (1:2) solution
followed by a direct Ar" plasma etching (RF1: 130 W; RF2:
310 W) prior to the metal deposition process. The 20 and
50 nm-thick titanium films were deposited by physical vapor
deposition (magnetron sputtering in DC mode) at 100 °C and
capped by 7 nm thick TiN films deposited at the same temper-
ature. This kind of encapsulation protects the Ti film from
any atmospheric contamination and/or oxidation, which could
alter the reactions taking place at the Ti/InP interface. The
Ar™" preclean and the deposition of the metal layers were per-
formed in the same equipment, thereby avoiding air breaks.
Then, RTP processes were conducted under NH, ambient for
60 s at temperatures ranging from 250 °C to 550 °C.

Both, the as deposited and the reacted films were charac-
terized by Auger Electron Spectroscopy (AES) and cross
sectional Transmission Electron Microscopy (TEM).
Samples dedicated to the TEM analysis were prepared by
focused Ga'-ion beam (FIB) and Ar*-ion milling. All sam-
ples were also characterized thanks to X-Ray Diffraction
(XRD) detexturation. Detexturation consists in acquiring
0/20 diffractograms at several y angles (8 scans from O to
70° by steps of 10°—see Appendix A for the description of
the various angles of a four-circle diffractometer). The sum
of all these diffractograms gives access to a higher number
of diffraction lines, as well as higher peak intensity. This
kind of XRD is well optimized for thin films because they
are often textured, and their diffracting volume is small,
especially, in the early stages of their formation.

lll. RESULTS
A. As deposited systems

The Ti being known as a very reactive metal on InP, the
composition of the Ti/InP system right after deposition was
determined thanks to the XRD detexturation. For doing so,
several Ti thicknesses ranging from 20 to 50 nm were probed
as displayed in Fig. 1.

In accordance with most results reported in literature, the
XRD patterns highlight the initiation of the reaction between
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FIG. 1. XRD detexturation patterns of the as deposited TiN (7 nm)/Ti (20,
35, and 50 nm)/InP samples.
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Ti and InP during the deposition process.”® This reaction
appears to be incomplete as several peaks corresponding to
the Ti are still observed, even when only 20 nm of metal were
initially deposited. The XRD patterns highlight the formation
of at least two binary and crystalline phases, the hexagonal
TiP, and the tetragonal Ti,Ins. While the formation of the first
phase is largely reported in literature, the second has not been
observed yet. It is important to note that some In might also
be present in these systems as one peak might be attributed to
this phase (20 =33°). However, this assumption could hardly
be affirmed, thanks solely to the XRD, as this peak could also
be attributed to TiP. Therefore, in order to identify more pre-
cisely the nature and the repartition of the various phases,
additional TEM combined with AES characterizations were
conducted on the TiN (7 nm)/Ti (20 nm)/InP and TiN (7 nm)/
Ti(50 nm)/InP systems (Figs. 2 and 3).

The low magnification TEM images highlight the homo-
geneity and the continuity of the layers present on the InP
[Fig. 2(a)]. Increasing the magnification reveals the presence
of two different layers underneath the Ti whose grains are
about 40nm wide [Fig. 2(b)]. Although both layers’ thick-
nesses are not perfectly homogeneous within each system,
they are independent of the initially deposited Ti thickness:

* The thickness of layer-1 ranges from 3 nm to 8 nm within
each sample;

 The thickness of layer-2 ranges from 7 nm to 15 nm within
each sample.

Selected Area Electron Diffraction (SAED) pattern and
its indexation are shown in Fig. 2(c). When a diffraction spot
can be attributed to more than one phase, the most probable
is given in first. Even if SAED technique does not probe the
same interreticular planes than XRD, it exhibits the presence
of the same phases Ti, TiN, TiP, and Ti,Ins. Additionally,
the TEM cross section features an important contrast in
terms of composition between the two layers. Taking into
account the atomic masses of Ti (47.87 gmol_l), In
(114.82gm01*1), and P (30.97 gmolfl), and the results
obtained on the XRD characterization, one must reasonably
assume that the observed stack is composed of TiN/Ti/
Ti,Ins/TiP/InP. Additional AES characterizations were con-
ducted in order to confirm or deny this conclusion. Because
they are very similar, Fig. 3 displays solely the results corre-
sponding to the system TiN (7 nm)/Ti (20 nm)/InP.

As supported by the AES depth profile, the two layers
present very different compositions. The AES depth profiles
are smeared due to the roughness of the corresponding
layers. While the layer in contact with the Ti (layer-2) is
composed of a mixture of Ti and In, the layer in contact with
the InP (layer-1) consists of Ti and P. As a consequence, the
various characterizations indicate the fact that the Ti reacts
with the InP during the deposition process conducted at
100 °C to form the layered structure: TiN (7 nm)/Ti/Ti,Ins (7
to 15 nm)/TiP (3 to 8 nm)/InP.

B. Annealed samples

In order to determine the evolution of the structure iden-
tified after deposition, additional characterizations were
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conducted on samples annealed thanks to RTP processes at
temperatures ranging from 250 to 550 °C. The XRD detextu-
ration patterns corresponding to these samples are presented
in Figs. 4 and 5, for initial Ti thicknesses of 20 and 50 nm,
respectively.

When only 20nm of Ti are initially deposited, the dif-
fractograms highlight the coexistence of the three phases
already observed, i.e., Ti, Ti,Ins, and TiP, at temperatures up
to 450°C (Fig. 4). Furthermore, the intensity of every dif-
fraction peak is constant throughout the annealing tempera-
tures, and thus, do not indicate the evolution of the phases
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FIG. 3. AES depth profile corresponding to the as deposited TiN (7 nm)/Ti
(20 nm)/InP system.

O 1.34 A —Tins (631) / Ti (103)

1.52 A - Ti,In5 (200) / TiP (441)

FIG. 2. Bright field TEM cross section
of (a) the TiN (7 nm)/Ti (20 nm)/InP as
deposited sample in low magnification,
(b) the TiN (7 nm)/Ti (50 nm)/InP as
deposited sample in high magnification
and (c) the corresponding SAED pat-
tern highlighting the presence of four
different layers in the system.

from 250 to 450 °C. However, increase in the initial Ti thick-
ness to 50 nm leads to a modification of the behavior of the
diffraction peak (Fig. 5). Indeed, peaks corresponding to the
TiyIns and the TiP are not present in all the samples, and
most importantly, seem to disappear at some temperature.
For example, one of the most intense TiP peak (20 = 30.3°)
is absent at 250 °C, while the XRD analyses conducted after
deposition and at higher temperatures indicate the presence
of this compound in the corresponding systems. Similarly,
all the peaks corresponding to the Ti,Ins at angles ranging
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FIG. 4. XRD detexturation patterns of the TiN (7 nm)/Ti (20 nm)/InP samples

annealed at 250, 350, 450, and 550 °C for 60s (RTP). A 2° offset on the inci-

dent beam was applied in order to minimize the InP substrate contribution.
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FIG. 5. XRD detexturation patterns of the TiN (7 nm)/Ti (50 nm)/InP sam-
ples annealed at 250, 350, 450, and 550 °C for 60 s (RTP). A 2° offset on the
incident beam was applied in order to minimize the InP substrate
contribution.

from 45° to 65° are absent in the patterns acquired after
annealing treatments conducted at 250 °C and 450 °C while
they are present at 350 °C. Therefore, the extinction of some
peaks seems to be uncorrelated with the actual composition
of the systems and may be attributed to the combined effect
of the measurement geometry and the crystallographic tex-
ture of these compounds. Indeed, even though diffractograms
were acquired at several y angles to give rise to the summed
patterns presented in Figs. 4 and 5, no rotation was per-
formed around the ¢ angle in this configuration (A schematic
representation of the different angles of a four-circle diffrac-
tometer is shown in Fig. 11 in Appendix A). Therefore, some
orientations might be extinct depending on the initial posi-
tioning of the sample/wafer with respect to the X-Ray beam.
In order to confirm or deny this hypothesis, TEM and AES
characterizations were conducted on the system presenting
an initial Ti thickness of 50 nm annealed at 450 °C (Fig. 6).
The TEM cross section along with the AES depth profile
feature the presence of four distinct layers, which are very
similar to the ones observed after deposition in terms of mor-
phology and thicknesses. The layer 1 in contact with the InP
substrate and composed of Ti and P is still about 3-8 nm
thick, while the thickness of the layer 2 composed of Ti and
In, still ranges from 7 to 15 nm. Note that the roughness pre-
sent in this system results in transitions that are less net on
the corresponding AES depth profile. As a consequence, the
layer’s thicknesses are somewhat overestimated in this profile
compared to the ones actually measured in the corresponding
TEM cross sections and presented here. However, although
the roughness seems to be increased by this thermal treat-
ment, the various compounds are still arranged in the layered
structure already observed after deposition: TiN (7 nm)/Ti/
TisIns (7 to 15nm)/TiP (3 to 8 nm)/InP. As a consequence,
the modification of the diffractograms from 250 °C to 450°C
is most likely linked to a texture of the observed compounds
rather than to an actual modification of the systems’ composi-
tion. For initially deposited Ti thickness ranging from 20 to
50nm, the TiP and the Ti,Ins are formed during the

J. Appl. Phys. 121, 245311 (2017)
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FIG. 6. (a) TEM cross section of the TiN (7nm)/Ti (50 nm)/InP system
annealed at 450 °C and (b) corresponding AES depth profile.

deposition process and are stable in terms of composition and
thicknesses at temperatures as high as 450 °C.

However, contrary to the observations made in this
range of temperature, a drastic change of composition is
brought by an increase in the temperature to 550 °C. At this
point, a complete redistribution of the species present in the
sample leads to the total consumption of the Ti and Ti,Ins.
The latter are replaced by the already observed TiP phase.
The stoichiometry conservation leads to some In release as
confirmed by the corresponding XRD patterns.

IV. DISCUSSION

In Sec. III, thanks to the combined results emanating
from XRD, TEM, and AES, the composition of Ti (20 to
50 nm)/InP systems was determined from deposition temper-
ature to 550°C. It was found that a layered structure com-
posed of Ti, TiyIns and TiP is formed during the deposition
process conducted at 100°C and is stable up to 450°C.
However, further increasing the temperature up to 550°C
leads to a consumption of the Ti and the Ti,Ins to promote
the TiP and In.

The initial appearance of Ti-In phases along with Ti-P
phases has not been reported yet in this kind of systems.
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Because it might modify their electrical properties or their ther-
mal stability, the phenomena responsible for the appearance of
the TiyIns are worth identifying. Similar discrepancies were
observed on other systems and attributed to the different data
treatment used by the various groups.*” In our case, the identi-
fication of the phases could hardly be questioned as a multitude
of diffracting peaks confirms the indexation of each phase in
Figs. 4 and 5. However, as detailed in the experimental proce-
dure, all samples were dipped into a concentrated HCI solution
and subjected to an Ar" preclean before the metallization
deposition in order to remove the native oxides and contami-
nants from the InP surface. Studies concerning the effect of
these surface preparations showed that both treatments modify
the InP surface’s stoichiometry.'®™*

A. Impact of the InP surface preparation

In order to further understand the individual effect of the
wet and the dry preparation on our systems, two additional
samples were prepared. The first one was only dipped in the
HCIl: H,O=(1: 2) wet solution while the second one was
additionally submitted to the Ar" plasma. In order to avoid
Ti and InP intermixing, no Ti layer was deposited. However,
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the 7 nm-thick TiN layer was deposited on the InP immedi-
ately after the surface preparations in order to prevent any
parasitic oxidation or contamination of its surface. The TEM
images along with the corresponding AES depth profiles are
presented in Fig. 7.

The TEM image corresponding to the sample that was
subjected to the Ar preclean [Fig. 7(a)] features an important
roughness with a discontinuous TiN film, which morphology
is determined by the individual TiN grains. An amorphous
layer of about 10 nm is also identified, similarly to the results
reported in a previous study.'® Because of the important
roughness, the corresponding AES depth profile is highly
smeared and the signals emanating from the InP, the amor-
phous layer, and the TiN top layer are not clearly distinct.
Nonetheless, a compositional gradient can be observed in the
profile. It, therefore, appears that this kind of plasma leads to
a phosphorus depletion of the InP surface consistently with
what was previously reported in the literature.'®'® The
region situated below this In-rich area appears to be P-rich
over a few nanometers. One can notice an O signal emanat-
ing from the top region of the sample. Because of the impor-
tant roughness, it would not be possible to assert if it comes
from the original InP surface or an oxidation occurring
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FIG. 7. Bright field TEM images and corresponding AES depth profiles of TiN (7 nm)/InP samples (a) after an HCl: H,O = 1: 2 wet surface preparation com-
bined with an in situ Ar" plasma treatment and (b) after an HCI: H,O = 1: 2 wet surface preparation.
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afterwards because of the TiN layer discontinuity. However,
studies conducted in our group showed the efficiency of this
kind of InP surface preparation, and are, therefore, in favor
of the second hypothesis.'> When no plasma treatment is
conducted, the morphology of the layers drastically changes
[Fig. 7(b)]. The TiN layer observed in this case is continuous
and homogeneous, which results in a net AES depth profile.
In the latter, the various layers can be clearly distinguished
from one another. Particularly, the presence of an oxide layer
on the InP surface comes as no surprise because of the
absence of in situ surface preparation before the metal depo-
sition. This native oxide, which is 2 to 3nm thick can be
seen in the corresponding TEM cross section. A composi-
tional gradient similar to the one observed after the Ar"
plasma treatment is also observed within this native oxide.
It, therefore, appears that the wet surface preparation con-
ducted before the in situ preclean starts to deplete P from the
InP surface. This assumption is in accordance with the find-
ings of Cuypers et al. who showed that at high concentra-
tions ([HCl] >2M), the HCl molecule is not dissolved
within the solution and anisotropically etches the InP sur-
face.'* This etching process results in the formation of terra-
ces, which are preferentially In-terminated. Therefore, the
creation of a compositional gradient at the surface of the InP
is first induced by concentrated HCI solutions and strongly
emphasized by the in situ Ar" plasma treatments.

B. Mechanisms involved in the phase formation
sequence

In accordance with literature, our results highlight the
fact that both the concentrated HCI solution and the Ar"
plasma treatment create an amorphous layer, which presents
a compositional gradient at the InP surface. The latter is,
thus, In-rich at its top and P-rich at its bottom. During the
subsequent Ti deposition, which is conducted by PVD at
100°C, the atoms are deposited on this modified surface.
Some atoms are directly in contact with the In-rich region
while a non-negligible portion also reaches the P-rich InP
area, either thanks to their kinetic energy and/or thanks to a
short length diffusion process. The compositional gradient
present in the InP, therefore, leads to the formation of two
distinct layers, the TiyIns in the In-rich region and the TiP
below. This situation is schematically represented in Fig. 8.

In order to identify more precisely the involved mecha-
nisms, one must additionally consider the results presented

Ti Ti Ti
[ ] [ BN J [ [ ] o e o o
In-rich InP
P-rich InP
InP

-, e
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in literature. In most studies, no extensive details are given
concerning the surface preparation, with the exception of
Takeya et al. who dipped their InP substrates into HF solu-
tions.>* It is, therefore, consistent to assume that the InP sur-
faces used in these studies have not been modified, and are
thus, composed of 50 at. % of In and 50 at. % of P. As a con-
sequence, it appears that when the InP surface’s stoichiome-
try is not modified, the formation of Ti-P phases is favored at
temperatures as low as 20 °C. This observation leads to two
conclusions

@) The gain in free energy (AG,) associated with the for-
mation of TiP in unmodified InP is so important that
it compensates the increase of surface energy (Ao)
linked to the nucleation of the phase at temperatures
as low as 20 °C. Therefore, the formation of this com-
pound is not limited by the nucleation on intact InP
and is thermodynamically favourable on this kind of
surface.

(i)  The overall gain in free energy (AG,) associated with
the formation of TiP when Ti and unmodified InP are
brought in contact is more important than the one
associated with the formation of Ti,Ins. Note that
AG,, takes into account the gain in free energy associ-
ated with the formation of the binary phase (AG,) and
the surface energy required for the forming of new
interfaces (Ao).

On the other hand, when the InP surface is modified by
the surface preparation and becomes In-rich, these consider-
ations are no longer verified. The kinetic energy due to the
PVD deposition brings Ti atoms close to/into the modified
layer. In this case, even if the free energy gain would have
been maximized by forming the TiP phase, the Ti,Ins phase
is favored because of the available In excess. Just like TiP,
the gain in free energy associated with the formation of
TiyIns compensates the surface energy required for forming
the nuclei at temperatures as low as 100 °C. The appearance
of this phase is, therefore, not limited by the nucleation pro-
cess. However, because the TiP phase is thermodynamically
more stable in intact InP surfaces, the system tends to form
this phase in the regions where the nominal InP stoichiome-
try is preserved, i.e., below the top few InP nanometers. The
formation of Ti-P phases is even more favored in the present
case as a P-rich region is present right below the In-rich
layer. These mechanisms are in accordance with the

Ti

FIG. 8. Schematic representation of
the formation of the TiIns and TiP
phase during the deposition process.

TiP

InP
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observed layered structure, where the P-rich phase lies below
the In-rich one. Furthermore, the formation of the Ti,Ins and
TiP must occur simultaneously. The P release associated
with the appearance of the Ti,Ins, therefore, helps the forma-
tion of the TiP; similarly, the In released during the forma-
tion of the TiP is at least partially consumed to form the
Ti,Ins. Once continuous TiP and Ti,Ins layers are formed, at
least one of them acts as a diffusion barrier (bulk and/or
grain boundary diffusion), therefore, inhibiting further reac-
tion up to 450°C. It is important to note that even though
both layers can inhibit the diffusion, based on literature, the
TiP probably plays the most important role. Additionally, P-
free “pockets” are observed below the TiP layer as displayed
in Fig. 9. One can reasonably assume that these pockets
appear during the formation of the TiP layer. As mentioned
above, when the Ti and the InP react together to form the
TiP, some In must be released. A certain proportion of the In
participates in the formation of the Ti,Ins provided that it is
not blocked by the TiP diffusion barrier. However, the pro-
portion of In that is released underneath this TiP layer cannot

(A)

P InP

(B)

InP

J. Appl. Phys. 121, 245311 (2017)

FIG. 9. TEM cross section of the as
deposited TiN (7nm)/Ti (20 nm)/InP
system showing the presence of P-free
pockets below the TiP layer.

P-free pocket

diffuse through it or in the InP substrate, and is, therefore,
constrained to stay in the TiP/InP interface. These pockets
are, therefore, composed of pure In whose peaks are
observed in the corresponding diffractograms.

As a consequence, it appears that the Ti,Ins and the TiP
are most probably formed simultaneously during the deposi-
tion process by reaction between the Ti and the InP surface
submitted by the two steps surface preparation. Once the TiP
layer is thick enough to be continuous, the reaction is inhib-
ited, and the system is stable up to 450 °C. At higher temper-
atures, however, i.e., at 550°C, a drastic change of
composition is observed as the system is only composed of
TiP and In. Therefore, during this annealing process, the
TiyIns is decomposed into In, which strongly diffracts into
additional Ti. This additional Ti along with the originally
deposited one must meet the P contained in the substrate in
order to enable the growth of the TiP.

Therefore, a path must be created during this annealing
process in order to allow the various species to move and
meet. At this point, several hypotheses can be formulated.

FIG. 10. Schematic representation of
the three situations that could enable
the species to interact during the
annealing treatment conducted at
550°C with (A) the diffusion of the
species through the TiP and TisIns
layers, (B) the agglomeration of the
TiP layer and (B’) the agglomeration
of the TiP and Ti,Ins layers. Note that
these diagrams represent the intermedi-
ate states occurring throughout the
annealing process.
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1) The increase in temperature might enhance the diffu-
sion of the various elements, therefore, enabling them
to diffuse fast enough through the TiP layer [Fig.
10(A)]. This diffusion can occur in the bulk phase,
via interstitial and/or substitutional sites or thanks to
the grain boundaries. Depending on the diffusion
coefficients associated with the Ti and P in this phase,
the growth of this phase can occur at the Ti,Ins/TiP
interface, therefore, limiting the length over which
the Ti would have to diffuse and/or at the TiP/InP
interface, thereby limiting the length over which P
would have to diffuse.

(i)  The second hypothesis that can be formulated lies in
the assumption that the diffusion of the various spe-
cies through the TiP layer is still too slow to enable
any reaction. The layer(s) must, therefore, become
discontinuous at 550 °C in order to allow the Ti and P
to interact. This process can be due to an agglomera-
tion of the TiP layer only [Fig. 10(B)] or the agglom-
eration of both the TiP and Ti,Ins layers [Fig. 10(B’)].
In both cases, once the Ti and the InP are in contact,
the system tends to minimize its energy. As already
mentioned, all the studies present in the literature
report the formation of the TiP phase in intact InP sur-
faces, indicating the fact that this phase is the most
stable in InP. As a consequence, because the few In-
rich nanometers that were initially present on the InP
have been consumed, the formation of the TiP phase
is favored and associated with some In release to con-
serve the overall stoichiometry.

The second hypothesis appears to be the most likely,
first, because the mechanisms related to the first one depend
on the Ti thickness. The diffusion of the various species
should indeed require much more time when 50nm of Ti
were deposited compared to the case were only 20 nm were
initially present. Yet, the “Ti-20nm” and “Ti-50nm” seem
to evolve similarly at 550 °C. As a consequence, the agglom-
eration of the layer(s) at this temperature is highly probable.

V. CONCLUSION

In conclusion, we demonstrated that the reaction
between Ti and the underlying InP substrate is initiated dur-
ing the deposition process conducted at 100 °C. This reaction
gives rise to the simultaneous formation of two binary
phases, namely TirIns and TiP. While the latter is largely
reported in the literature, the first one had never been
observed. We attribute the simultaneous formation of both
phases to a compositional gradient induced in the InP by the
wet surface preparation conducted in a concentrated HCI
solution and enhanced by an in situ Ar" preclean. In accor-
dance with literature, the TiP layers are found to act as a dif-
fusion barrier inhibiting further reaction up to 450 °C in spite
of the presence of an important Ti reservoir. In this configu-
ration, all observed phases, i.e., TirIns, P, TiP, and In, there-
fore, coexist at temperatures up to 450°C. Because the
promotion of the TiP is thermodynamically more favorable,
the Ti,Ins tends to be consumed in order to promote the TiP.
However, this transition requires the appearance of a

J. Appl. Phys. 121, 245311 (2017)

diffusion path within the TiP layer that is only be achieved at
high temperature, i.e., at 550 °C. The growth of this phase is
accompanied by an In release and a total consumption of the
TirIns and Ti. Therefore, at 550 °C the reaction is enabled
either by the enhancement of the species diffusion through
the TiP layer or by its agglomeration.
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APPENDIX A: DESCRIPTION OF THE ANGLES OF A
FOUR-CIRCLE DIFFRACTOMETER

detector

incident X-Ray

>
w/0

FIG. 11. Schematic representation of a variant of a four-circle
diffractometer.

APPENDIX B: INVENTORY OF DIFFRACTION PEAKS
USED FOR THE INDEXATION OF XRD PATTERNS

The following tables (Tables I-V) show the list of the
Powder Diffraction Files (PDF) from the International
Centre for Diffraction Data (ICDD) and the peaks used for
the indexation of the XRD patterns shown in this study.

TABLE I Indexed peaks of InP. InP-ICDD PDF 00-032-0452-Cubic
(F43m).

2 theta (Cu) (hkl) Intensity
26.284 (111) 100
63.358 (400) 10

TABLE II. Indexed peaks of In. In-ICDD PDF 00-005-0642-Tetragonal (14/
mmm).

2 theta (Cu) (hkl) Intensity
32.965 (101) 100
36.328 (002) 21
39.170 (110) 36
54.477 (112) 24
56.593 (200) 12
63.204 (103) 16
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TABLE III. Indexed peaks of Ti. Ti-ICDD PDF 00-044-1294-Hexagonal
(P63/mmc).

2 theta (Cu) (hkl) Intensity
35.094 (100) 25
38.422 (002) 30
40.171 (101) 100
53.005 (102) 13

TABLE IV. Indexed peaks of TiP. TiP-ICDD PDF 04-004-7240-Hexagonal
(P63/mmc).

2 theta (Cu) (hkl) Intensity
29.333 (100) 12
30.323 (101) 18
37.398 (103) 100
42.756 (104) 28
48.936 (105) 21
52.022 (110) 44
54.48 (112) 0.3
63.261 (008) 8

TABLE V. Indexed peaks of TiyIns. TirIns-ICDD PDF 04-007-4080-
Tetragonal (P4/mbm).

2 theta (Cu) (hkl) Intensity
25.159 (220) 25
28.187 (310) 62
29.78 (001) 73
32.238 (320) 43
34.864 (201) 16
35.879 (400) 16
36.037 (211) 48
37.023 (410) 100
38.138 (330) 33

J. Appl. Phys. 121, 245311 (2017)

TABLE V. (Continued.)

2 theta (Cu) (hkl) Intensity
39.37 (221) 22
41.466 (311) 71
44.457 (321) 44
47.296 (401) 17
48.215 411) 27
50.892 (421) 16
58.288 (620)

59.083 (540)

61.854 (002) 13
62.204 (630) 11
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