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ABSTRACT

Low resistive Ti-based contacts are required to reach the targeted performances of 3D imaging
devices. To fulfill this request, the C54-TiSi> phase appears to be the most efficient. However, in
view of monolithic integration, the temperature needed to form C54-TiSi2 must be drastically
reduced by at least 100 °C in order to avoid damage in other parts of the device. Indeed, as these
3D imaging devices require the co-integration of Ti and Ni based silicides, it is crucial to develop a
thermal treatment which allows to form the C54-TiSi> phase without agglomerating the NiSi layer
(i.e. at temperatures lower than 600 °C). In this work, a three-layer stack made of a Ti layer in
between two amorphous Si thin films deposited on (100) Si substrate has been studied.
Nanosecond laser annealing (NLA) followed by rapid thermal annealing (RTA) from 500 to 800 °C
were performed on those stacks. Sheet resistance and X-Ray Diffraction measurements showed
that the C54-TiSiz phase could be formed with a RTA treatment at a temperature as low as 600 °C
in this case. In line with some previous work, this was due to another phase sequence involving the
C40-TiSiz during the laser annealing. The most favorable microstructure to form C54-TiSi2 by a

subsequent RTA treatment seemed to be a matrix made of amorphous titanium silicide containing


mailto:reda.guelladress@im2np.fr
https://www2.cloud.editorialmanager.com/tsf/viewRCResults.aspx?pdf=1&docID=75009&rev=2&fileID=2329062&msid=cecb1db3-7c9d-4fa6-bdc2-52f3e7d868b8
https://www2.cloud.editorialmanager.com/tsf/viewRCResults.aspx?pdf=1&docID=75009&rev=2&fileID=2329062&msid=cecb1db3-7c9d-4fa6-bdc2-52f3e7d868b8

grains of the C40-TiSi2 template phase. This hypothetical microstructure was formed by laser

annealing at a lower energy density when layers of amorphous Si were used.
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C40-TiSiz; C54-TiSiz; thermal treatment; Ultra-Violet Nanosecond Laser Annealing; amorphous
titanium silicide.



1. Introduction

Silicides are widely used as contacts in microelectronics devices. In the early 2000s, TiSiz
silicides were massively replaced by CoSi: thin films in Complementary Metal Oxide Semiconductor
(CMOS) technologies because of several issues including the narrow lines effect [1]. More recently,

as device dimensions kept decreasing, CoSi2 was replaced by NiSi [1].

Recently, titanium silicide has been re-introduced as a contact layer on top of photodiodes and
transfer gates of CMOS image sensors, as well as in the sources/drains of 3D fin-type Field Effect
Transistors, to reach high devices performances [2-11]. For those applications, titanium silicide is
formed using a “SAlicide last” process (SAlicide = Self-Aligned silicide) [12] with only one Rapid
Thermal Annealing (RTA) at a temperature between 600 and 850 °C.

In 3D monolithic image sensors, TiSi-based contacts are fabricated after the formation of a very
thin Ni(Pt)Si layer. The agglomeration of the Ni(Pt)Si layer, eventually due to too high a thermal
budget during RTA, is a major concern because it can lead to device degradation [13]. As recently
reported, the typical threshold temperature for the agglomeration of those films is, in real devices,
around 550 °C [14-15]. The effective agglomeration temperature for devices is thus 50 °C lower
than the one reported by several groups for blanket wafers [16-25]. Indeed, nickel silicide layers
usually agglomerate around 600 °C [16-25]. The co-integration of both silicide layers on the same
wafer would require an increase of the Ni(Pt)Si agglomeration temperature, and/or a reduction of
the formation temperature of the low-resistivity TiSi2 phase. Several paths are emerging [26-34].
One of them, which was evaluated within the frame of monolithic 3D integration, is the use, prior to
classical RTA, of an Ultra-Violet Nanosecond Laser Annealing (UV-NLA) to reduce the formation
temperature of C54-TiSi2 by modifying the usual phase sequence in which the C54-TiSi: phase
nucleates from the C49-TiSiz phase [35-44]. Those studies showed that laser annealing resulted in
the appearance of a C40-TiSi2 phase that promoted the formation of the C54-TiSi> during a
subsequent annealing. These three phases (C40-TiSi2, C49-TiSi. and C54-TiSi2) have different
crystalline structures and resistivities. The C49-TiSi> phase has an orthorhombic base centered
structure and a resistivity of 50-70 uQ.cm [42]. The low resistivity phase is the C54-TiSi2 phase,
with an orthorhombic face centered structure and a resistivity of 15-20 uQ.cm [42]. The C40-TiSi:
phase, a template phase which favors the C54-TiSi2 phase formation compared to the C49-TiSiz
phase, has a hexagonal structure and a resistivity of 35 pyQ.cm [42]. Esposito et al. [42] found that
a laser annealing at 0.85 J/cm2 enabled the formation of the C54-TiSi. phase using a subsequent
RTA at 650 °C instead of 800 °C. With such a UV-NLA, the first step in the phase sequence was
the formation of a microstructure made of a matrix of amorphous silicide with grains of C40-TiSiz
phase [42-44].

The use of amorphous silicon obtained by Pre-Amorphizing Implantation (PAI) has otherwise

been studied to form titanium silicide [26-31]. Antimony PAI helped reducing the temperature



transformation of the C49-TiSiz phase into the C54-TiSiz phase [27,31]. Arsenic PAI yielded smaller
grains of the C49-TiSiz phase, resulting in C54-TiSiz formation in reduced dimensions [27,29-30].
These results paved the way for investigations on the impact of Si crystallinity on the formation of

titanium silicide intermediate phases [25-44].

In the present paper, the titanium silicide formation is studied by applying UV-NLA then RTA
on a three-layer stack made of a Ti layer in between two amorphous Si (a-Si) layers. More precisely,
samples were from top to bottom: TiN (capping layer) / a-Si/ Ti/ a-Si/ (100) Si (substrate). Our aim
was to form C54-TiSiz with a reduced thermal budget than without the presence of those a-Si layers
sandwiching the Ti layer. The different phases formed after laser annealing then RTA treatment
were evaluated by Sheet Resistance (Rs), Time-Resolved Reflectivity (TRR), Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Energy Dispersive Spectroscopy
(EDX) and X-ray Diffraction (XRD). The comparison between stacks containing a-Si and reference

samples made of TiN / Ti/ (100) Si is discussed in terms of phases formation and thermal budget.

2. Experimental details

Prior to deposition, 300 mm diameter Si(100) substrates were cleaned using a solution of
hydrofluoric acid. For all samples, layers were deposited in a Physical Vapor Deposition (PVD) tool
under an argon atmosphere at 70 °C. Schematics of the samples are provided in Figure 1. For the
reference sample, a layer of Ti (10 + 1 nm) was deposited by PVD on the c-Si substrate while, for
the multilayer stack, the Ti layer was embedded in between two a-Si layers with the same thickness
(10 £ 1 nm). The a-Si layers were also deposited using PVD in an argon atmosphere at 70 °C. On

both types of samples, a capping layer of TiN (15 £ 1 nm) was then deposited by PVD.

a-Si 10 nm

c-Si c-Si
blanket wafer blanket wafer

a) b)

Figure 1 : Schematics of the as-deposited stacks: a) reference samples b) multilayer sample. All

layers were deposited by PVD.



All samples were then annealed in an UV-NLA tool, more precisely in a SCREEN LT3100
platform which uses a XeCl laser (wavelength: A = 308 nm, full width at half maximum of the pulse:
T = 160 ns), under a N2 atmosphere. The laser beam exhibits a “top hat” shape and a 15 x 15 mm?2
size with a homogeneity better than 2.5 % within each field exposed to the laser (same size as the
beam). Figure 2 shows the UV-NLA mapping on each wafer. Four series of annealed areas were
irradiated by 1, 2, 3 or 10 pulses at the same location, with an increasing energy density (ED)
ranging from 0.3 to 1.0 J/cm? with 0.025 J/cm? steps. Exposed fields were separated one of the

other by 3 mm wide non-irradiated bands.

2 pulses

Figure 2 : UV-NLA map on each 300 mm wafer.

In-situ time-resolved reflectivity (TRR) was also performed during UV-NLA in the SCREEN
LT-3100 tool. Meanwhile, Rs measurements, SEM and TEM observations were conducted after

laser annealing. In addition, EDX profiles were collected for each TEM image.

Cumulative RTAs, named hereafter c-RTA, were performed after UV-NLA. They consisted
in successive RTA performed on the same samples from 500 to 800 °C with 50°C steps. All RTAs
were performed under N2 during 30s in a Levitor 4300 system from Levitech. After each RTA, sheet
resistances measurements were performed using a WS3000 tool from NAPSON, using 4-point
probes with 1 mm spacing. SEM top view observations were carried out using a SEM Vision
platform from Applied Materials, in the secondary electrons imaging mode with a 1000 V
acceleration voltage. After thermal treatments (UV-NLA or UV-NLA + c-RTA), 6-26 XRD
measurements were performed at 1.541 A (Cu Ka) in an Empyrean tool. Some of these samples

were also characterized by TEM-EDX using a Tecnai Osiris tool from Thermofisher using an
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operating voltage of 200 kV. The preparation of these samples is made using a plasma Focused

lon Beam (FIB) tool from Thermofisher

3. Results

3.1 Reference : TiN/ Ti/ (100) Si samples
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Figure 3 : Sheet resistance of the reference sample (TiN 10 nm / Ti 11 nm/ (100) Si) samples
after 3 UV-NLA pulses with an energy density between 0.3 J/cm? and 0.825 J/cm2 (steps of
0.025 J/cm?) followed by c-RTA at temperatures between 500 and 800 °C. a) Evolution over the
full range (graph with markers). b) Zoom (lines and markers) on the Rs decrease between 0.600
and 0.750 J/cmz2. c) 2D color map. Each rectangle corresponds to a given energy density as well

as a given temperature and its color corresponds to the sheet resistance value.

Figure 3 shows Rs measurements on TiN/Ti/ (100) Si samples after 3 UV-NLA pulses and
successive RTAs. After 3 UV-NLA pulses without any RTA, Rs is stable around 65 Q/sq for ED
values lower than 0.625 J/cmz (blue circles). Between 0.625 J/cm2 and 0.675 J/cm?, Rs increases
slightly to a maximum of 68 Q/sqg. Between 0.700 J/cm? and 0.750 J/cm?, Rs drops to 30 Q/sqg. For
EDs higher than 0.750 J/cm?, Rs slowly decreases to 25 Q/sq.

When a subsequent RTA is applied at 500 °C and 500 + 550 °C, Rs remains stable at
relatively high values, around 50 Q/sq, for low UV-NLA energy densities (e.g. lower than
0.600 J/cm?), as seen in Fig. 3a with orange squares and grey diamonds. For c-RTA at
temperatures between 600 and 800 °C (yellow triangles, blue crosses, green dashes, unfilled blue
circles and unfilled purple squares), the Rs plateau is around 30 Q/sq for low UV-NLA energy
densities. For c-RTA up to 600 °C, there is a Rs increase between 0.650 — 0.675 J/cm?, and then,
a strong decrease at 0.700 J/cmz followed by another increase as ED becomes higher. For c-RTA
at 650 °C and above, Rs drops at 0.675 J/cm? and reaches a minimum around 10 Q/sq for ED =
0.700-0.750 J/cmz as seen in Fig. 3b. For higher EDs, Rs increases back to approximately 20 Q/sq.
These behaviors are clearly evidenced in the color map (Figure 3c) and especially: (i) the sharp Rs
decrease at 0.675-0.725 J/cm? for c-RTA temperatures between 550 and 650 °C, and (ii) the low
Rs valley centered around 0.700 J/cm? for c-RTA temperatures from 650 up to 800 °C. In addition,
the XRD diffractograms collected on TiN / Ti samples submitted to 3 UV-NLA pulses at various ED
values and a c-RTA up to 800 °C are shown in Figure 4.
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Figure 4 : 26-6 XRD scans for TiN / Ti/ c-Si samples after 3 UV-NLA pulses (ED between
0.650 J/cm? and 0.800 J/cm?) followed by c-RTA up to 800 °C. The curve labelled ‘No NLA’
corresponds to a sample not submitted to UV-NLA but annealed only with c-RTA up to 800 °C.

In all cases, the peak at 36.7 ° corresponds to TiN (111). For samples with only a c-RTA
up to 800 °C (‘No NLA’) or with a low ED laser annealing (e.g. ED < 0.650 J/cm?) prior to c-RTA,
the C49-TiSi. phase was the only silicide phase detected, with a (131) peak at 41.1 °. Given the
thermal treatment, the C54-TiSi> phase was expected [42]. This might be due to the presence of

oxygen that got into the sample during PVD.

For UV-NLA with EDs between 0.675 and 0.725 J/cm? followed by c-RTA up to 800 °C, the
C54-TiSi2 (040) peak was observed. At 0.750 J/cm2 or above, the C49-TiSi> (060) appeared at
40.0 °. Then, at a higher ED, the C49-TiSi2 (060) peak was the main one. C49-TiSiz (131) and C54-

TiSi2 (040) and (311) peaks were also detected, although they were less intense.

3.2 a-Si/Ti/a-Si stacks
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Figure 5 : Sheet resistance as a function of the laser energy density between 0.300 J/cm? and
0.825 J/cm? (0.025 J/cmz steps) for TIN 15 nm / a-Si 10 nm / Ti 10 nm/ a-Si 10 nm / c-Si
(substrate) multilayer samples submitted to 3 UV-NLA pulses and c-RTA at temperatures

between 500 and 800 °C (and with no RTA). a) Evolution over the full range (graph with markers).

b) Zoom (lines and markers) on the Rs decrease between 0.500 and 0.700 J/cm?2. ¢) 2D color

map. Each rectangle corresponds to a given energy density as well as a given temperature and

its color corresponds to the sheet resistance value.

Figure 5 shows Rs measurements for multilayer samples, i.e. TiN 15 nm / a-Si 10 nm / Ti 10
nm / a-Si 10 nm / (100) Si stacks after 3 UV-NLA pulses and after each cumulative RTA (similarly
to results presented in Fig. 3). After 3 UV-NLA pulses without any RTA, Rs is stable around 65 Q/sq
for EDs lower than 0.525 J/cm? (blue circles). Between 0.525 J/cm?2 and 0.575 J/cm?, Rs increases,
reaching a maximum of 71 Q/sg. Between 0.600 J/cm? and 0.775 J/cm?, Rs decreases down to

approximately 30 Q/sq. Then, for EDs higher than 0.775 J/cm?, Rs increases again.

When a subsequent c-RTA is applied at 500 °C or up to 550 °C, Rs remains stable around
65 Q/sq for low UV-NLA energy densities (orange squares and grey diamonds). For c-RTA up to
temperatures between 600 and 800 °C (yellow triangles, blue crosses, green dashes, unfilled blue
circles and unfilled purple squares) Rs exhibits a plateau for low ED but at a lower value, around
30 Q/sqg. Rs decreases at 0.575 J/cm?2 then reaches a plateau around 20 Q/sq up to 0.725 J/cm? as
seen on Figure 5b. For EDs 0.750 J/cm? and higher, Rs is higher.

Figure 5c¢ further evidences: (i) the sharp Rs decrease in the 0.575 - 0.625 J/cm? range for
c-RTA temperatures between 550 and 600 °C, and, (ii) the low Rs valley in the 0.575 - 0.750 J/cm?
range for c-RTA temperatures from 550 up to 800 °C. Figure 6 shows XRD measurements

corresponding to multilayer samples after UV-NLA and a subsequent c-RTA up to 800 °C.
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Figure 6 : XRD profiles for TiN 15 nm / a-Si 10 nm / Ti 10 nm / a-Si 10 nm / ¢-Si multilayer

samples after 3 UV-NLA pulses (ED between 0.550 J/cm? and 0.800 J/cm?) then c-RTA up to
800 °C. XRD data for a similar sample without UV-NLA treatment (‘No NLA’) but still with c-RTA

up to 800 °C is shown for comparison. b) Deconvolution of the 2 peaks seen between 42 ° and

43 ° approximately, for a multilayer sample after 3 UV-NLA pulses (ED: 0.575 J/cm?) and a c-RTA

up to 800 °C.
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In all multilayer samples, the capping layer is evidenced by a TiN (200) peak at 42.7 ° and
not the TiN (111) peak at 36.7 ° that was observed for reference samples. There is thus a change

in texture between the reference TiN / Ti / ¢c-Si samples and multilayer samples.

It is certainly due to the different layer on which TiN has been deposited: for the multilayer
stack, TiN has been deposited on an amorphous Si layer, resulting in a (200) orientation.
Meanwhile, for the reference sample, it has been deposited on Ti (crystalline), resulting in a (111)
orientation. This change of texture could potentially change the surface roughness, modifying laser
absorption. However, this was not observed (at least within measurement uncertainties). Moreover,
a check of the roughness of the TiN surface layer using Atomic Force Microscopy (AFM) was
performed on as-deposited samples, without any UV-NLA or RTA (not shown). The surface root
mean square roughness of the two samples were similar: 0.39 nm for the reference sample and
0.31 nm for the multilayer stack. It was thus likely that laser absorption was not impacted by the

different textures of TiN.

For samples submitted to c-RTA up to 800 °C without UV-NLA beforehand, and for low energy
density NLA (0.550 J/cm? or less), the C49-TiSi2 phase was the only silicide phase detected with a
(131) peak at 41.1 °. For ED values between 0.575 J/cm? and 0.650 J/cm?, there was a shoulder at
low angle (around 42.2 °) close to the TiN peak that could be attributed to the C54-TiSiz (040) peak.
The two peaks in this shoulder are deconvoluted in Fig. 6b. Between 0.675 J/cm2 and 0.725 J/cm?,
the C54-TiSi2 (311) peak at 39.1 ° was also detected. It was also present at 0.775 J/cm?2. For
0.750 J/cm?, only the C49-TiSi2 was evidenced. Then, for an ED of 0.800 J/cm?, there was a mix of
C49-TiSi2 and C54-TiSiz phases.

4 Discussion

4.1 Formation of the aimed microstructure

Figure 7 is a schematic of the phases in presence, and microstructure, after UV-NLA and c-
RTA obtained for the reference samples (Fig. 7a and 7b) and multilayers (Fig 7c and 7d) as a
function of the UV-NLA energy density. In Figs. 7b and 7d, the lowest temperature yielding the C54-
TiSiz phase has been selected for c-RTA, i.e. 650 °C for the reference samples (Fig. 7b) and 600 °C
for multilayers (Fig. 7d).

The understanding of the phase sequence and microstructure of each phase is key to promote
C54-TiSiz2 phase formation. In this work, the microstructure obtained after UV-NLA for conditions
enabling the subsequent formation of the C54-TiSi. phase (only) by c-RTA, has been assumed to
be a matrix of amorphous silicide with grains of C40-TiSiz as suggested by Esposito et al [42]. Such
matrix has not been directly observed but it is a reasonable possibility based on the Rs decrease
for the corresponding process conditions., which is a matrix of amorphous silicide with grains of

C40-TiSiz phase, has not been directly observed. It is a possibility that is based on the decrease of
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Rs values. The hypothetical nature of this microstructure will not be systematically recalled in this

paper.
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Figure 7 : Summary of C54-TiSi» phase sequence formation using a) UV-NLA for the reference
samples b) UV-NLA and c-RTA up to 650 °C for the reference samples c) UV-NLA for multilayers
d) UV-NLA and c-RTA up to 600 °C for multilayers. For the sake of clarity, the TiN capping layer
is not represented as it is not supposed to take part in the reactions.

After laser annealing, the global behavior and the phase sequence are similar for reference samples
and multilayers, even if the UV-NLA energy density and the c-RTA temperature corresponding to
different stages may differ. In a previous work, we already detailed the early stages of silicidation
upon UV-NLA [43]. At low ED, Si atoms diffuse to form an amorphous silicide labelled TixSii-x,
resulting in a slight Rs increase after the first plateau (See ‘No RTA’ samples in Fig. 3 for ED ~0.625-
0.675 J/cm? and Fig. 5 for ED ~0.525-0.575 J/cm?). For intermediate ED, the Rs decrease in Fig. 3
and 5 is likely due to the appearance of a matrix of amorphous silicide with C40-TiSiz grains. Indeed,
in these samples the partial formation of the C40-TiSiz phase reduces the sheet resistance. Esposito
et al. have shown by TEM on similar samples the coexistence of the amorphous silicide and the
C40-TiSiz phase [42-44]. An explanation of this Rs decrease (Fig. 5) could be found considering the
percolations paths between the C40-TiSiz grains. Those percolations paths have not been observed
by TEM because of a lack of contrast and resolution for those measurements, yet they may still be
present in multilayer samples. When the percolation threshold is reached, a path is formed between
two isolated grains. Then, the more grains nucleate, the more percolation paths are obtained, and
the more resistivity of the sample decreases [45]. For higher EDs, only the C40-TiSiz phase is

obtained.
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Figure 7 shows that the phases obtained by c-RTA are closely related to the phases and
microstructures obtained after UV-NLA. Indeed, for low ED and c-RTA, the microstructure after UV-
NLA is similar to the one after deposition and the phase is similar to the one obtained when only
the RTA is applied, and thus there is no clear impact of UV-NLA. In this case, only the C49-TiSi.
phase is formed, for c-RTA at a temperature lower than 700 °C. For intermediate ED and c-RTA,
the microstructure made of amorphous silicide and grains of C40-TiSi: is obtained after UV-NLA
and the C54-TiSiz phase is formed alone at low RTA temperatures, as required for optimized

contacts.

For high ED and c-RTA, only the C40-TiSiz phase is observed after UV-NLA and a mix of
C49-TiSiz and C54-TiSiz is obtained after RTA, as evidenced by the final Rs increase in Fig. 5. Yet,
the size and the phase proportions for the mixture of C49-TiSi2 and C54-TiSiz phases obtained after
NLA with a high ED and subsequent c-RTA up to 800 °C have not been investigated in detail. So,
the schematic representation of the microstructure of this mixture in the Figure 7b (for high ED) is

not quantitively representative of the actual microstructure after these heat treatments.

An important difference between reference samples and multilayers lies in the ED values
for which the phase sequence takes place, and in particular the possibility to form the C54-TiSiz
phase alone after a low thermal budget RTA: a single one (0.700 J/cm?) for reference samples and
a range of lower ED (0.575-0.650 J/cm?) for multilayers. This extended range of low ED values for
multilayers is interesting for a technologically relevant salicide process as the process window is
wider. Figure 8 is a schematic showing the possible evolution of the microstructure before, during
and after laser annealing with optimal ED conditions for the future formation of the C54-TiSi2 phase

during a subsequent RTA at low temperatures.

As deposited During NLA After NLA

x|

——

.
Lig. TiSi i
I ' ° C40-TiSi, grains
i ®*°
1

Figure 8 : Diagram of the formation of the microstructure of interest upon UV-NLA.

Esposito et al. [42-43] have explained that the nucleation of the C54-TiSi> phase during a
RTA was more likely to happen with the favorable microstructure [43] obtained after UV-NLA

consisting in a matrix of amorphous silicide with grains of C40-TiSi2 grains. This microstructure
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should result from the liquid phase upon cooling after UV-NLA. Indeed, during the laser pulse, a
liquid silicide phase is formed because of the melting of Si The Si should start to melt first and the
liquid could then consume the Ti layer and/or the amorphous silicide to form a liquid phase
containing both Si and Ti. As the melting temperature of a-Si is lower than the one of ¢-Si, the liquid
phase is thus likely to be influenced mainly by the a-Si layers. Therefore, using a-Si enables to get
a liquid phase for an ED relatively low during laser annealing, resulting in the entire consumption of
Ti. Then, during the cooling, some grains of C40-TiSiz nucleate and the remaining liquid transforms
into an amorphous silicide matrix. For higher ED, a few nanometers of monocrystalline Si from the

substrate could also melt.

This favorable microstructure described in Fig. 8 can promote the formation of the C54-
TiSi2 phase at lower RTA temperature because the nucleation barrier for C54-TiSi2 phase formation
is lower at the amorphous silicide / C40-TiSiz phase interface than in the bulk of the C40-TiSiz phase
and even more than in the bulk of the C49-TiSi2 phase. The main parameters of this low nucleation
barrier are the high driving force at the amorphous silicide / C40-TiSiz phase interface and the low
energy of the C54-TiSiz phase / C40-TiSiz phase [42-43].

For high ED and c-RTA, a mix of C49-TiSiz and C54-TiSi2 phases is formed. The formation
of this mix could be due to the amount of molten c-Si during the UV-NLA, which could lead, after
cooling, to the full formation of C40-TiSiz after UV-NLA and finally, to the formation of a large amount
of C49-TiSi2 with C54-TiSi2 grains after RTA.

To summarize, nanosecond laser annealing with appropriate energy densities can result in
a matrix made of amorphous silicide with C40-TiSiz grains that promote the formation of the C54-
TiSiz phase upon a subsequent RTA at moderate temperature. Similarities and differences between

reference samples and multilayers will now be discussed.

4.2 Phase formation by UV-NLA

For reference samples and multilayers submitted to NLA only, Rs measurements show the
same global behavior: there is a plateau for low ED, followed by a slight increase, and finally a
decrease with eventually another rise for the highest ED. The plateau at low ED can be explained
by considering that the ED is too low to induce any stack change. The slight increase at intermediate
ED is due to the formation of an amorphous silicide [43]. Meanwhile, the final rise is due to the

formation of several TiSi2 phases which could have higher resistivity.

Even if the global behavior is the same, Figure 9 shows that there are differences between Rs
values for the reference samples and multilayers. Indeed, the way Rs decreases and the ED at

which this decrease starts change between both types of samples.
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Figure 9 : Rs evolution as a function of the laser ED for multilayers and reference samples after 3
UV-NLA pulses.

As far as reference samples are concerned, the Rs decrease is sharp, continuous and
starts at 0.700 J/cm2. As explained before, this decrease is linked to the formation of the C40-TiSi2
phase through Si melting (Fig. 8). Note that neither C40-TiSi2 nor any other silicide phase was
observed by XRD after UV-NLA in the range corresponding to this Rs drop (not shown) but this is

certainly because the volume of crystalline silicide is too low to be detected by XRD.

For multilayers, the decrease starts at 0.600 J/cm2. Moreover, Rs does not continuously
decrease as there is a step between 0.600 and 0.650 J/cmz2. This plateau is likely due to the
consumption of all the amorphous silicon: there is no more a-Si available to form more C40-TiSiz
and Rs remains steady at 60 Q/sqg. For higher ED, crystalline Si starts to melt and the decrease
continues monotonously to reach a value of about 30 Q/sq for 0.775 J/cm2. For the reference
sample, this value of 30 Q/sq is also reached for the same ED but Rs continues to slightly decrease
for higher ED. These results show that the microstructure of interest should be obtained for a lower

ED and with a wider process window using a-Si layers.

To have a better understanding of the difference between reference samples and
multilayers, the temperatures reached during UV-NLA were simulated with the LIAB software
(LASSE Innovation Application Booster). Simulations were carried out in one dimension
(perpendicular to the surface), by solving the heat equation coupled to the time-harmonic solution
of Maxwell equations [46-48]. The calculated surface temperatures in multilayers during a UV-NLA
pulse are shown in Figure 10 for different EDs (between 0.600 J/cm? and 0.775 J/cm? with a step

of 0.025 J/cm?). As discussed before, the formation of the C40-TiSi2 phase requires to go through
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a liquid phase. Table 1 summarizes the melting point temperatures of the different materials used

for simulation.

Table 1 : Melting temperatures of different materials present in the studied samples and taking

part to the titanium silicidation.

Phase c-Si a-Si Ti
Melting point 1415 [2] 1150 [47] 1668 [2]
(°C)

As far as multilayers are concerned, the liquid phase should be first formed by melting
amorphous silicon as it has a lower melting point than c-Si (Table 1). Moreover, the liquid phase
could possibly contain some molten amorphous TixSiix because its melting temperature should be
relatively similar to the a-Si phase. The TixSii-x amorphous phase could form during the deposition
of the Ti layer [42] and/or during annealing [42]. However, due to the very low deposition
temperature (70 °C), the thickness of intermixing layer present prior to any laser pulse should be
around 1 or 2 nm. Therefore, the amount of molten amorphous TixSii1-x should be negligible for the
LIAB simulations. The simulated temperature corresponds to the surface temperature, which is the
TiN surface layer temperature in this case. The surface temperature is equivalent to the temperature
in the full depth of multilayers thanks to the good thermal conductivity of Si, Ti, and TiN. Indeed, the
top surface should be only 1 % higher compared to the bottom of the stack. In Fig. 10, for all ED,
the top surface temperature reaches a maximum for a time around 190 ns, then starts the cooling.
For 0.625 J/cm?, a plateau is reached, corresponding to the melting temperature of the a-Si layer
which is around 1150 °C [47]. For 0.725 J/cmz2, another plateau is reached, corresponding to the
melt onset of c-Si from the substrate (maximum temperature simulated for an ED of 0.725 J/cmz:
1445 °C).
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Figure 10 : Simulated surface temperature as a function of time during a UV-NLA pulse on a

multilayer stack TiN 15 nm / a-Si 10 nm / Ti 10 nm / a-Si 10 nm / ¢-Si (substrate). The laser

intensity is also plotted as a function of time (black curve).

The switch to the liquid state estimated by the LIAB simulations was confirmed by in-situ
reflectivity (TRR) measurements during each UV-NLA pulse. Color maps of the in-situ reflectivity

as a function of ED and time during the first UV-NLA pulse are shown in Figures 11a and 11b for

the reference and multilayer samples.
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Figure 11 : Color maps of in-situ surface reflectivity as a function of time and ED during the first
laser pulse for a) TiN 15 nm / Ti 10 nm / c-Si (substrate) reference samples, and b) for TiN 15 nm
/a-Si 10 nm / Ti 10 nm / a-Si 10 nm / c-Si (substrate) multilayers. The laser intensity is also

plotted as a function of time (blue curve).

The blue line included in both Fig. 11a and 11b represents the laser pulse. For reference
samples (Fig. 11a), the surface reflectivity is stable at low ED. It increases for ED 0.700 J/cm? and
above. A similar observation can be made for multilayers (Fig. 11b) but at a lower ED value, close
to 0.600 J/cmz. Such reflectivity change is very likely due to the melting of some material below the
TiN cap. Indeed, the melting of a material such as bulk Si, usually leads to an abrupt reflectivity
increase [49]. In our case, the top TiN layer and the initial thicknesses of the different layers make
the observation more complex. However, we still can evidence the transient presence of a liquid
phase containing Si and Ti, from 0.600 and 0.700 J/cm? for multilayers and reference samples,
respectively. Thus, thanks to the presence of a-Si layers, multilayers would enable the transient
formation of a liquid TiSi phase at lower ED values than reference structures. As for reference
samples, the transient liquid phase is needed to reach the microstructure made of a matrix of
amorphous silicide with C40-TiSi> grains [42-44] after cooling. Yet, there is an ED shift for the
formation of the liquid phase between reference samples and multilayers. This shift corresponds to
the shift in the decrease of Rs values (Figs. 3 and 5) and is due to the lower melting temperature
of a-Si compared to c-Si (Table 1). Consequently, after cooling, the microstructure made of a matrix
of amorphous silicide with grains of C40-TiSi2 would be obtained at lower ED in multilayers. To
further confirm the presence of a transient liquid phase, top-view SEM observations were performed

on the reference samples (Figure 12a) and on multilayers (Figure 12b).
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Figure 12 : Top-view 5x5um2 SEM images after 1, 2, 3 and 10 laser pulses for a) TIN 15 nm / Ti
10 nm / c-Si substrate reference samples, and b) TiN 15 nm /a-Si 10 nm/ Ti 10 nm / a-Si 10 nm

/ c-Si substrate multilayers at various laser energy densities (on top).

After 1, 2, 3 or 10 UV-NLA pulses, some wrinkles appear for ED = 0.650 J/cm2 and above
for multilayers. Meanwhile, they appear at ED = 0.750 J/cm? and above for reference samples.
Given that the TiN top layer is solid and the substrate rigid, it is necessary to have at least 20 nm
of a liquid phase in between TiN and the substrate to observe surface ripples after cooling [50]. In
our specific case, ripples result from the relaxation of the compressive TiN cap temporarily lying on
a liquid layer. Therefore, the appearance of ripples is a good indicator of the formation of the liquid
phase, but the essential ED value is the one corresponding to the increase of the in-situ reflectivity,
i.e. 0.600 J/cmz? after 1 UV-NLA pulse for multilayers. Indeed, a liquid phase is needed to form the
desired microstructure, and this formation can start even with a thin liquid phase (less than 20 nm).
Therefore, it clearly shows that a liquid phase is obtained during laser annealing, but the ED
corresponding is overestimated by SEM observations compared to TRR (Fig. 11), and Rs

measurements (Fig. 5), due to the minimum of 20 nm of liquid needed to observe ripples. The
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melting of a-Si layers, predicted by the 1D numerical simulations, is evidenced by TRR and the
SEM observations. It is expected to lead to the desired microstructure, as shown by decreasing Rs
values. Therefore, Rs, in situ reflectivity and SEM as well as simulations all show that the use of a-
Si layers enables to reduce the ED needed to obtain a liquid phase, and, by extension, the favorable

microstructure.

Although no crystalline silicide phase was identified by XRD right after 3 UV-NLA pulses at
0.650 J/cm? (not shown), the Rs decrease shown in Fig. 5 can only be explained by the presence
of some grains with a TiSiz phase as the TiSiz phase has a relatively low resistivity. This crystalline
TiSi2 phase could be the C40-TiSiz2 phase, the C49-TiSi» phase or the C54-TiSi> phase. However,
it has been shown that the silicide phase that is usually formed after UV-NLA, is the C40-TiSi2 phase
[40, 42]. Based on the work of Esposito et al. [42], for this thermal treatment, this silicide layer might
correspond to a mixture of amorphous silicide with C40-TiSiz grains. The presence of such a mixture

is investigated by TEM-EDX measurements shown in Figure 13.

Fig. 13 shows a cross-sectional TEM image and the corresponding EDX profiles of a
multilayer (TiN 15 nm capping layer / a-Si 10 nm / Ti 10 nm / a-Si 10 nm / ¢-Si substrate) after 3
UV-NLA pulses at 0.650 J/cm2. This sample has been specifically selected because the most
favorable microstructure should be formed. The EDX profile in Fig. 13b shows that a large amount
of carbon is present, particularly in the Pt protection layer used for the sample preparation.
Consequently, this C contamination induces an uncertainty on the atomic percentages of other
species. However, the concentration ratio, Si/(Si+Ti), in the silicide layer is close to 0.6. This ratio

is lower than 2/3 expected for TiSi2 and is in line with a mixture of amorphous silicide and C40-TiSiz.
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Figure 13 : Cross-sectional TEM on a (TiN 15 nm / a-Si 10 nm / Ti 10 nm / a-Si 10 nm / ¢c-Si
substrate) multilayer after 3 UV-NLA pulses at 0.65 J/cmz: (a) TEM image (b) EDX depth profiles

along the line drawn in the insert showing the EDX map of a).

Figure 13a shows that the silicide film has a thickness of 23 nm. Starting from 10 nm of Ti,
it could be possible to obtain 25 nm of TiSiz by consuming 23 nm of Si [42]: thus, the silicide film
thickness is slightly too low. Moreover, there are some cavities, appearing as dark and round zones,
near the TiN / silicide and silicide / c-Si interfaces. These pores are located at the initial location of

the a-Si layers and their size (6-7 nm) represents a large part of the initial a-Si thickness (10 nm).

The silicide thickness and the presence of cavities shows that the amount of deposited a-
Si has been over evaluated. The pores observed by TEM might result from the PVD deposited Si
films that can be porous. As the a-Si films had a total nominal thickness of 20 nm and were likely

porous, the amount of Si was not enough to form a silicide film with a TiSiz stoichiometry. Since
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the decrease of Rs values (Fig. 5) shows the formation of a TiSiz phase, the silicide film should be
a mixture of a TiSi2 phase and another phase with a composition poorer in Si, such as amorphous
TixSiix. However, the grains may be too small to be observed by TEM or XRD. It certainly
corresponds to the microstructure described by Esposito et al. [42-43] which is a matrix of

amorphous silicide with C40-TiSiz grains.

The EDX profiles and maps in Fig. 13b show that the pores at the TiN/silicide and
silicide/substrate interfaces are filled with Ar. Those cavities are probably due to the PVD deposition
that was performed with an Ar-based plasma. This technique is known to produce porous deposited
layers and the Ar-based plasma PVD is the only source of argon during the production of
multilayers. Moreover, these pores could possibly be enlarged by a Kirkendall effect [51] during UV-
NLA: the Ar/silicide interfaces could move by diffusion and small pores could grow by coalescence.

In addition, the Ga beam of the FIB could enlarge pores during TEM sample preparation.

As shown in the schematic of Fig.7, they are two main differences between reference samples
and multilayers: (i) the minimum ED needed to obtain the targeted microstructure (i.e. an
amorphous TixSiix matrix containing C40-TiSiz grains) is lower for multilayers (ii) there is a much
larger range of ED yielding the targeted microstructure for multilayers. As detailed previously, the
lower ED threshold is due to the lower melting point of a-Si. The microstructure is also obtained
because (i) only a-Si melts and (ii) the amount of a-Si is not large enough to fully convert the Ti film
into TiSi2. The melting of the a-Si layers will thus result in the targeted microstructure as long as c-
Si does not melt. Indeed, when c-Si melts, Ti can be fully converted into C40-TiSi2 and not anymore
in the targeted microstructure. Simulations (Fig. 10) show that melting occurs at 0.625 and
0.725 J/lcm? for a-Si and c-Si, respectively. The targeted microstructure should thus be present
between these two ED. This is in qualitative agreement with Rs measurements (see Fig. 5, ‘No
RTA’ sample) but simulations seem to overestimate the ED needed for melting since the experiment
ED range is found between 0.575 and 0.650 J/cmz for 3 pulses. This might be due to the 3 pulses
since simulations were performed for a single pulse. Reactions and/or intermixing occurring before
melting may also change the melting point. Whatsoever the use of a-Si layers with limited thickness
enables to lower the required ED and widen the ED range of interest. The process window is thus
enlarged as it starts with a-Si melting and ends with c-Si melting: it corresponds to the formation of

a microstructure made of an amorphous silicide matrix with C40-TiSiz grains.

4.3 After UV-NLA and a subsequent cumulative RTA

Figure 14 focuses on the sheet resistance of both types of samples after 3 UV-NLA pulses with
a subsequent c-RTA up to 600 °C for multilayers and 650 °C for the reference samples. These two
temperatures (650 °C for the reference samples and 600 °C for multilayers) were selected as they
corresponded to the minimum temperature for which Rs was the lowest for both types of samples.
Indeed, for reference samples, a c-RTA up to 650 °C resulted in low Rs for ED between 0.675 and

0.725 J/cm2, with a minimum for the latter (Fig. 14). This minimum around 10 Q/sq corresponded
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to the formation of C54-TiSiz as the only silicide (Fig. 4). For a c-RTA up to 600 °C, there was an
increase at ED = 0.650 - 0.675 J/cm? and the Rs minimum was not as low, for reference samples,
than at 650°C (hence the choice of the latter). This Rs around 10 Q/sq after UV-NLA than c-RTA

up to 650 °C was actually similar to Rs values obtained after c-RTA only up to 800 °C.
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Figure 14 : Sheet resistance as a function of the laser energy density after 3 UV-NLA pulses then
some c-RTA for two sets of samples: multilayers with a c-RTA up to 600 °C and reference

samples with a c-RTA up to 650 °C.

Meanwhile, for multilayers, a c-RTA up to 600 °C or more leads to a Rs decrease for ED
between 0.575 J/cm? and 0.650 J/cm? (Fig. 14). It is associated with the formation of C54-TiSi. as
the main silicide phase (Fig. 6). For a c-RTA up to 550 °C, Rs values were close to that at 600°C,

e.g. close to 25 Q/sq, but still not as low.

XRD measurements (Fig. 4 and 6) showed that, for reference samples and multilayers,
only the C54-TiSi. phase was obtained when Rs was the lowest. XRD measurements were
performed after c-RTA up to 800 °C but given the similar Rs values, the C54-TiSiz phase should be
also present after c-RTA up to 600 °C. The value of 10 Q/sq for reference samples also corresponds
to the resistivity of the C54-TiSi2 phase if one considers that the whole 10 nm Ti layer has been

consumed, resulting in a theoretical silicide thickness of 25 nm.

In order to understand Rs minimum differences between the two types of samples, TEM
analysis was performed on a multilayer after a c-RTA up to 800 °C with no UV-NLA (Figure 15).
Fig. 15a shows a cross-sectional TEM image, with the location where EDX measurements were

performed, and Figure 15b shows the corresponding EDX profiles.
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Figure 15 a) cross-sectional TEM image of a multilayer on which EDX depth profiles were
extracted along the yellow arrow. This sample was observed after a c-RTA up to 800 °C only (no
UV-NLA). b) Corresponding EDX depth profiles.

The silicide layer thickness is close to 21 nm. The TiN layer is C-rich and there is some
slight oxidation at the TiN/silicide interface, with approximately 5% of O in the silicide. The C49-
TiSi2 phase identified by XRD (Fig. 6) for this sample is consistent with the Ti and Si atomic contents
found in the silicide layer. Pores are also visible (Fig. 15a) for this sample after c-RTA up to 800 °C.
This indicates that pores already observed after UV-NLA (Fig.13) are also present after solely a c-
RTA up to 800 °C. Based on these observations, similar pores are also expected for samples
submitted to both UV-NLA and c-RTA. EDX profiles evidence the presence of Ar at the TiN/TiSiz
and TiSiz2/Si interfaces. The presence of these Ar filled pores may explain why the Rs minimum is
about 25 Q/sq for multilayers, e.g. roughly two times that of reference samples (10 Q/sq). This Rs
value for the reference sample corresponds to a layer fully made of C54-TiSi.. The presence of
pores decreases the effective silicide thickness through which electrons need to pass through,

leading to a higher sheet resistance. Pores could also have increased the surface and the interface
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of the silicide film that could also contribute to the increase in Rs. Nevertheless, multilayers enables
to obtain low resistivity C54-TiSi2 with a wider ED process window, an ED lowered by 0.100 J/cm?

and with an RTA temperature 50°C lower than for reference samples.

The transient microstructure with a favorable proportion of amorphous silicide and C40-
TiSi> grains appears to be quite sensitive to the amount of melted Si. Indeed, for an ED of
0.675 J/cm?, Rs starts to increase for multilayers, while it is minimum for lower ED. For the same
ED (0.675 J/cm?), the Rs of reference samples starts to decrease (Fig. 15). It means that c-Si starts
to melt for this ED leading to the favorable microstructure after UV-NLA and finally to the formation
of the C54-TiSiz phase after RTA. It thus seems that for ED between 0.575 and 0.650 J/cm?2, only
a-Si is melted while for ED = 0.675 J/cm? and above, c-Si starts to melt, resulting in a less favorable

microstructure after UV-NLA and thus a mixing of two phases instead of only the C54-TiSi2 phase.

Similarly, for both types of samples and for ED equal or higher than 0.750 J/cmz?, the C54-
TiSi2 phase is not the only silicide phase that is formed or is even not formed at all. In both cases,
the explanation might be the same: the large amount of c-Si that melts during the UV-NLA prevents
the formation of an amorphous TixSii-x matrix containing C40-TiSi2 grains, and, by extension, the

formation of only the C54-TiSiz phase.

Whatsoever, the use of multilayers made of a-Si enables to reduce the UV-NLA energy density
and extend the range over which only C54-TiSi2 only is obtained. The reduction of ED makes UV-
NLA in combination with RTA attractive to fabricate contacts since high ED may be detrimental to
devices [44]. The process using multilayer is thus more reliable compared to the single ED found

for reference samples and the equivalent samples by Esposito et al. [42-44]

5. Conclusion

The formation of titanium silicide using UV-NLA and a subsequent c-RTA was studied by Rs,
XRD, TRR, SEM and TEM-EDX. Results showed that the formation of the C54-TiSi> phase using
UV-NLA and c-RTA on TiN / a-Si/ Ti/ a-Si / c-Si (substrate) multilayers was possible with a lower
overall thermal budget than with a classical TiN / Ti deposition. The minimum UV-NLA energy
density resulting in the formation of the C54-TiSi2 phase was indeed reduced from 0.675 J/cm? for
a “classical” deposition without a-Si to 0.575 J/cm? for multilayers. After UV-NLA, the c-RTA
temperature required to form C54-TiSiz was also reduced from 650 °C for reference samples to
600 °C for multilayers. Furthermore, the ED process window over which the C54-TiSi. phase was
obtained was larger with multilayers than with reference samples without a-Si. Indeed, the C54-
TiSi2 phase can be obtained between 0.575 J/cm2 and 0.725 J/cmz for multilayers after 3 UV-NLA
pulses and a subsequent c-RTA at 600 °C. These results are explained by the possible formation
of a favorable microstructure, i.e. C40-TiSiz grains embedded in a matrix of amorphous silicide, that
can be formed with the appropriate laser annealing conditions and that promote the formation of

only the C54-TiSi2 phase at lower RTA temperature resulting in a strong Rs decrease. This
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(1]

(2]

3]

[4]

favorable microstructure can be obtained at lower ED and for a wider ED range in the multilayer
samples. This is due to the limited amount of a-Si and to the lower melting temperature of a-Si that
was confirmed by the appearance of wrinkles at the surface, as observed by SEM, and the increase
of in-situ reflectivity as well as simulations of the temperature evolution during UV-NLA. These
experiments and simulations evidenced a transient liquid phase resulting upon solidification in the
microstructure favorable to the formation of the C54-TiSi. phase. TEM-EDX measurements

otherwise revealed the presence of pores filled with Ar due to the a-Si deposition process.
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