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Solid reactions between Ni and relaxed Sig 7Geq 3 substrate were systematically investigated with different Al inter-
layer thicknesses. The morphology, composition, and micro-structure of the Ni germanosilicide layers were analyzed with
different annealing temperatures in the appearance of Al. The germanosilicide layers were characterized by Rutherford
backscattering spectrometry, cross-section transmission electron microscopy, scan transmission electron microscopy, and
secondary ion mass spectroscopy. It was shown that the incorporation of Al improved the surface and interface morphology
of the germanosilicide layers, enhanced the thermal stabilities, and retarded the Ni-rich germanosilicide phase to mono
germanosilicide phase. With increasing annealing temperature, Al atoms distributed from the Ni/Sip 7Geg 3 interface to the
total layer of NiySig7Ge 3, and finally accumulated at the surface of NiSip7Geg 3. We found that under the assistance of
Al atoms, the best quality Ni germanosilicide layer was achieved by annealing at 700 °C in the case of 3 nm Al.
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1. Introduction

The nickel mono-silicide (NiSi) has been widely used in
metal-oxide—semiconductor field effect transistor (MOSFET)
due to its low resistivity, low Si consumption, and low forma-
tion temperature.'#*! However, when Ni reacts with silicon—
germanium alloy (Si;_,Ge,), it is difficult to form a uniform
Ni—germanosilicide (NSG) layer due to the different heat for-
mation between Ni-Si and Ni-Ge.>-®! Furthermore, the poor
thermal stability of the NSG layer and Ge-out diffusion from
the NSG layer will induce the agglomeration of NSG grains,
which brings large contact variations and leakage to the re-
lated Si;_,Ge, devices.[” Si;_,Ge, is already employed in
source/drain (S/D)!®! or channel areas of pMOSFETSs, ") so
smooth and uniform NSG/Si;_,Ge, interfaces are needed for
device applications. In recent years, the solid-phase reactions
of Ni with Si;_,Ge, have been studied in detail.['®'2] The
NSG/Si;_,Ge, contact properties could be improved by sev-
eral methods, such as ions pre-implanted into Si;_,Ge,,"*! in-
troducing some other metal elements,'*-1% and different an-

[17.18] Egpecially, Al incorporation is con-

nealing processes.
sidered as a promising way to mediate the complex reactions

between Ni and Si|_,Ge,.[1-22] OQur previous results showed
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that an Al interlayer or Nij_,Al, alloy could greatly reduce
the NSG/Si;_,Ge, interface roughnesses.!!>?!l Moreover, it
has been reported that Al atoms could tune the hole Schottky
barrier height at the NSG/Si;_Ge, junction to sub-0.1 eV.!?*!
Thus, the Al impact on germanosilicidation is interesting and
needs further study. Liu ef al. investigated the formation of
Ni germanosilicide layers on strained Si;_,Ge, with different
Al contents in Nij_,Al, alloy. [24] However, in the case of Al
interlayer, the effects of the Al thickness and annealing tem-
perature on the formation of NSG are not fully understood.
In this paper, we systematically investigate the solid reactions
between Ni and relaxed Sig7Geg 3 substrate with different Al
interlayer thicknesses under various annealing temperatures.

2. Experiment

The fully relaxed Sip7Geps with a thickness of about
800 nm was deposited by reduced pressure chemical vapor
deposition (RPCVD) on a Si (100) substrate with graded
Sij_,Gey (y < 0.3) buffer layers. After standard RCA clean-
ing, Sip7Geg 3 samples were dipped in dilute HF solution (1%)
to remove the native oxide. 1 nm and 3 nm Al interlayers

were deposited on the Sip 7Geg 3 substrate followed by subse-
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quent Ni layer with 10 nm thickness at room temperature, as
schematically shown in Figs. 1(a) and 1(c). The metal thick-
nesses were confirmed by Rutherford backscattering spec-
trometry (RBS) using RUMP simulation?! (see Figs. 1(b) and
1(d)). The Si;_,Ge, films were so thick that the individual
spectra of Ni, Al, Si, and Ge could not be resolved. Mean-

while, 10 nm Ni layer without Al was also deposited directly
on the Sig7Geg 3 substrate for comparison. Ni germanosilici-
dation was formed by rapid thermal annealing (RTA) in ambi-
ent N for 30 s at various temperatures ranging from 400 °C to
700 °C. The un-reacted Ni was selectively etched in solution
H,S04:H,0; (1:4).
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Fig. 1. (color online) Schematic diagrams of Ni/Al/SiGe systems and the corresponding RBS measurements: (a), (b) 1 nm Al; (c), (d) 3 nm Al.

The stoichiometry of the NSG layers was investigated by
RBS. The simulations of the RBS spectra were made by means
of RUMP. The morphology and microstructure were studied
by cross-section transmission electron microscopy (XTEM)
and scanning transmission electron microscopy (STEM). The
elements redistributions were analyzed by secondary ion mass
spectroscopy (SIMS).

3. Results and discussion
3.1. The stoichiometry of the NSG layers

The stoichiometry of the NSG layers was investigated by
RBS with 1.4 MeV He™ at a scattering angle of 170 °C. Fig-
ure 2 presents the RBS spectra of the NSG layers with or with-
out (w/o) Al interlayer at different silicidation temperatures.
For the samples w/o Al, based on the RUMP program (not
shown), it is simulated that the proportion of Ni and Sip 7Geg 3
is approximately 1:1 at 400 °C, indicating that the layer is in

mono-germanosilicide phase (NiSip7Geg3). After high tem-
perature annealing (600 °C), the composition of the NSG layer
shows a great change indicated by the widening of the Ni sig-
nal and the raising of the Ge signal in the RBS spectrum,
which means a rough NSG/Siy7Geo 3 interface and an inho-
mogeneous layer due to agglomeration. For the sample with
1 nm Al at 400 °C, no significant difference to the sample
w/o Al is found. At 600 °C, we can see some thermal stabil-
ity improvements of the NSG layer due to the appearance of
Al. However, according to the RUMP simulation (not shown),
the Ge concentration in the NSG layer is higher than that in
the mono NiSig 7Geg 3 phase, indicating that the Ge atoms are
already diffused from NiSip7Geg 3 polycrystalline grains. In
the case of 3 nm Al, the RBS random spectrum of the sam-
ple annealed at 500 °C can be simulated by an 18.5 nm thick
NiySip7Geg 3 layer. After annealing at 600 °C, a mixture of
phases (NiSip 7Geo 3 and NiSig7Geq 3) is found according to
the RUMP simulation. These phases can totally transfer to the
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mono-NiSip 7Gep 3 phase when the annealing temperature is
increased to 700 °C. Most of the Al is found in a ~4 nm thick
oxidized Al top layer (see Fig. 2(c)). Based on these results,
we conclude that the appearance of Al retards the Ni-rich ger-
manosilicide phase to the mono-germanosilicide phase.
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Fig. 2. (color online) RBS spectra of NSG layers formed at different
temperatures: (a) w/o Al, (b) 1 nm Al (c) 3 nm AL

3.2. Morphology dependence on Al thickness

In order to study the difference in morphology between
Ni/Sip 7Gep 3 and Ni/Al/Sip7Gep 3 systems, XTEM was em-
ployed to analyze the samples with and w/o Al (as shown
in Fig. 3).
400 °C, polycrystalline NSG grains are formed, which cause

For the sample w/o Al and after annealing at

rough surface and interface of the layer (Fig. 3(a)). The in-
corporation of Al can reduce the roughness of both the sur-
face and the interface of the NiSip7Gep 3 layer. 1 nm Al in-

terlayer is sufficient for the suppression of NSG grains for-
mation at the surface, as revealed by the TEM micrograph
in Fig. 3(b). The layer uniformity and interface roughness
are improved compared to the case of Al absence. 3 nm Al
interlayer results in the NSG layer with a very sharp inter-
face (Fig. 3(c)). Note that there are still a few Ni>Sip7Geo 3
grains inside the NiSip 7Geg 3 layer, which means that the Ni-
rich germanosilicide phase is not totally transformed to the
mono-germanosilicide phase even under high-temperature an-
nealing. The existence of NiySip7Gep 3 grains increases the
surface roughness of the NiSig 7Geg 3 layer. These results are
consistent with the RBS measurements shown in Fig. 2(c),
which further proves the appearance of Al can retard the
mono-germanosilicide phase formation.

1 nm Al 400 °C

NiSig.7Geo 3

Sip.7Geo 3 30
nm

NiySig.7Geo.3

Nisi();c}eo.g

Sip.7Geq 3

Fig. 3. XTEM images of NSG layers: (a) w/o Al at 400 °C, (b) 1 nm
Al at 400 °C, (¢) 3 nm Al at 600 °C.

3.3. Dependence on annealing temperature

In this section, we discuss the annealing temperature de-
pendence of the NSG formation with 3 nm Al interlayer. The
STEM micrographs in Fig. 4 depict the morphology of the
NSG layers formed at various annealing temperatures. The
NSG layer formed at 500 °C has the average thickness of
~ 19 nm with Ni,Sig7Geg 3 phase corresponding to the RBS
simulation (Fig. 2(c)). After annealing at 550 °C, the num-
ber of polycrystalline NSG grains is reduced and the NSG
layer uniformity and the interface morphology are improved.
With the annealing temperature increasing to 700 °C, the NSG
layer has totally transferred to the mono NiSig7Geg 3 phase
with the thickness of ~ 24 nm, as demonstrated by the bright
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uniform layer in Fig. 4(c). Due to the lack of Ni;Sip7Geg 3
polycrystalline grains, the surface of the NiSig 7Gey 3 layer be-
comes very smooth with a sharp NiSig 7Geg 3/Sip 7Gey 3 inter-
face. In order to further investigate the temperature depen-
dence, high-resolution XTEM (HRTEM) was performed for
samples annealed at 500 °C, 550 °C, 600 °C, and 700 °C
respectively. Figure 5(a) displays the sample annealed at
500 °C with several different orientation NipSig7Geg 3 poly-
crystalline grains, which cause the surface and interface of
the NiSig7Geg 3 layer to be very rough. After 550 °C an-
nealing, the Ni,Sip7Geg 3 layer starts to become uniform with
smooth interface, although the atomic steps still exist (see
Fig. 5(b)). At 600 °C, main NiSip7Geo 3 has transformed
to NiSip7Geg 3 and only a few Ni,Sig7Geg 3 grains still exist
in the NiSip7Geg 3 layer, as shown in Fig. 3(c). After 700 °C
annealing, the NiSip 7Geg 3 layer has a uniform thickness over
the entire viewable area. The interface between NiSig7Geg 3
and Sig 7Geg 3 substrate is sharp and flat without evidence of

the formation of any second phase. As reported earlier in

NisSig.rGeo.3

SinrGegs

i o 3 nm Al 600 °C,|
NiySig7Geg 3

NiSig.7Geo.3

e
SigrGeo.s 2
5 nm

Ref. [19], this NiSig7Geo 3 layer is epitaxial growth on the
(001) Sip7Geg 3 substrate with the (101) orientation.

3 nm Al 500 °C
Ni>Sip7Geos - ..

Sio.7Geo.3

Fig. 4. STEM images of NSG layers formed with 3 nm Al at different
annealing temperatures: (a) 500 °C, (b) 550 °C, (c) 700 °C.
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Fig. 5. High resolution XTEM images of NSG layers formed with 3 nm Al at different annealing temperatures: (a) 500 °C, (b) 550 °C,

(c) 600 °C, (d) 700 °C.
3.4. Al redistribution after germanosilicidation

To clarify the exact role of Al atoms on the germanosili-
cidation process, we utilized SIMS to monitor the Al, Ni, Si,
Ge depth profiles in the 3 nm Al samples annealed at different
temperatures. Note that the results in Fig. 6(d) are a repro-
duction from Ref. [22] in order to facilitate a direct compar-
ison. As shown in Fig. 6(a), at the annealing temperature of

500 °C, the flat Ni plateaus indicate the formation of single
Ni,Sip 7Geg 3 phase. The Al distribution is also very uniform
in the NSG layer, indicating that main Al atoms are expelled
from the interlayer to the NSG layer during the Ni-Sig 7Ge 3
reaction. After 550 °C annealing, some Al atoms start to move
to the surface and finally form an obvious pileup of Al on the

upper of the NSG layer. Consequently, the NSG layer maybe
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splits into two sub-layers: one layer located closer to the un-
reacted Sig 7Gey 3 substrate, and the other layer adjacent to the
surface with a much higher Al concentration. Moreover, we
find that there are some Si and Ge atoms accumulations at the
interface of NSG/Siy7Geg.3 in both 500 °C and 550 °C an-
nealing samples. However, with further increasing annealing
temperature to 600-700 °C, Si and Ge atoms accumulations
disappear and most Al atoms segregate at the surface of the
NSG layer. Furthermore, we note that the redistributions of
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the Ni/Al/Si/Ge signals in the NSG layers do not change af-
ter annealing at 600-700 °C due to the formation of the most
stable mono-gemanosilicide phase. The minor difference of
the SIMS depth files at 600 °C and 700 °C is the remaining
Al atoms distributions in the oxide layer on the top of the
NSG layers. Although a few Ni-rich germanosilicide grains
are formed in the NSG layer at 600 °C (as shown in Fig. 5(c),
it is found that they have marginal impacts on the Ni/Al/Si/Ge
contents in the NSG layer.
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Fig. 6. (color online) SIMS results of NSG layers formed with 3 nm Al at different annealing temperatures: (a) 500 °C, (b) 550 °C,

(c) 600 °C, (d) 700 °C.

3.5. Sheet resistance measurements

The impact of the Al interlayer on the NSG electrical
properties was investigated by sheet resistance measurements.
The annealing temperature dependence of the sheet resistance
for the samples with or w/o Al is shown in Fig. 7. Note that
the data have been partially shown in Ref. [19] and they are
reproduced here only for comparison with the case of 1 nm
Al interlayer. For Ni/Sip7Geg3 and Ni/Al(1 nm)/Sip7Geg 3
systems, the Ry keeps at the value of ~ 7 Q/sq from 400 °C
to 500 °C, indicating the formation of mono-germanosilicide

phase. The layer suffers pronounced degradation when
the temperature increases above 500 °C. However, for the
Ni/Al(3 nm)/Sip7Geg 3 system, the sheet resistance remains
at a higher value at 400-500 °C due to the formation of a
Ni-rich germanosilicide phase, as shown in Figs. 5 and 6.
The sheet resistance then decreases abruptly after annealing
at 500 °C, which is attributed to the transformation of Ni-rich
germanosilicide phase to mono-germanosilicide phase. The
thermal stability of the NSG layer increases up to 700 °C. It is

evident that the incorporation of 3 nm Al retards the phase for-
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mation and enhances the thermal stability of the germanosili-
cide layer.
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Fig. 7. (color online) Sheet resistance of NSG layers formed with and
w/o Al interlayer versus annealing temperature.

3.6. Discussion

Based on the structural and electrical analysis, we now
discuss the effects of the Al interlayer on the growth mecha-
nism of NiSig7Geg 3 on Sig7Geg 3. In the case of Si substrate,
the addition of Al decreases the disilicide formation tempera-
ture and leads to a uniform orientation of the disilicide layers,
which depend on the Al content and annealing temperature. [*6]
However, for the Sip;Gegs substrate, the incorporation of
Al increases the mono-germanosilicide formation temperature
and finally mediates the NSG layer with smooth interface. The
Al interlayer behaves as a diffusion barrier to reduce the diffu-
sion of Ni and induces the formation of a uniform NSG layer.
Considering the difference of 1 nm and 3 nm Al on the for-
mation of NiSip7Geg 3, as shown in Figs. 3(b) and 3(c), we
find that the appearance of enough Al atoms could reduce and
balance the reaction of Ni and Siy 7Gey 3, inducing a uniform
epitaxial growth of NiSig 7Geg 3 on Sig 7Geo 3. In addition, Jin
et al. found that the surface and interface energies of NiSiGe
could be minimized for highly (200) orientation by the addi-
tion of 5% Pd in NiPd alloy.[') We propose that Al atoms
have the same effect, i.e., lowering the dominant interface and
surface energies, indicating that NiSip7Gep3 with favorable
orientation may grow faster than NiSip7Geg 3 with other ori-
entations.

4. Conclusion

The formation of NSG layers is systematically investi-
gated with different annealing temperatures in the appearance
of Al. It is shown that both the Al interlayer thickness and
annealing temperature could greatly affect the Ni-Sig7Geo 3
reaction. The incorporation of Al improves the surface and in-
terface morphology of the NSG layers, enhances the thermal
stabilities, and retards the mono-germanosilicide phase for-
mation. In the case of 3 nm Al, a very uniform and smooth

NiSig 7Geg 3 layer is formed after 700 °C annealing. The Al
atoms distribute from the Ni/Siy7Geg 3 interface to the total
layer of Ni»Sip7Geg .3, and finally accumulate at the surface
of the NiSip 7Geg 3 layer. These results indicate that the com-
bined process of Al interlayer may serve as a potential method
for improving the contact properties of NiSij_,Ge,/Si_,Ge,.
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