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Nickel-Enhanced Solid-Phase Epitaxial Regrowth of Amorphous Silicon
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Low-temperature solid-phase epitaxial regrowth of amorphous silicon (a-Si) is reported for an ion-

amorphized Ni/Si structure. The epitaxial regrowth follows after monosilicide formation upon heating
to only 425 C, as evidenced by Rutherford backscattering and channeling measurements and transmis-
sion electron microscopy. The regrowth rate of the a-Si layer (thickness -600 lt, ) is enhanced by more

than a factor of 300 compared with ordinary solid-phase epitaxy of ion-implanted a-Si. This is attribut-
ed to results from redistribution of Ni towards the a-Si/c-Si interface, as shown by secondary ion mass

spectrometry, where the presence of Ni, or Ni-silicide nuclei, enhances the solid-phase epitaxy.

PACS numbers: 68.55.Ln, 61.70.At, 61.70.Bv, 61.80.F'e

As the dimensions of integrated circuit (IC) devices di-
minish metal silicides play an important role in the devel-

opment of very-large-scale integrated (VLSI) technology.
For example, silicides can be used as low resistivity con-
tacts and for interconnect metallization. Among silicides
that can be grown epitaxially on Si, cobalt disilicide has
successfully been used as a dopant diffusion source in the
manufacturing of ultrashallow ((500 A) n+p and p+n
junctions [I], while nickel disilicide (NiSiz) has the
lowest lattice mismatch with Si, i.e., 0.4% [2]. On crys-
talline silicon (c-Si), NiSiq forms by a nucleation-
controlled process at temperatures above 750'C; once the
silicide growth has been initiated silicide columns grow
with extreme rapidity [3]. The resulting silicide layer ex-

hibits, however, a rough surface and a corrugated
silicide/silicon interface. This nonuniformity of the sili-

cide layer and the high formation temperature severely
limit the use of NiSip in high-density IC fabrication
where shallow dopant profiles are highly demanded.

Disilicides of both nickel and cobalt have, however,

successfully been formed at low temperatures (-400'C)
on evaporated amorphous silicon (a-Si) films [4-6]. On

a-Si, the NiSi2 formation is diA'usion controlled, and the
additional free energy of a-Si compared to c-Si gives rise

to a considerably larger negative formation energy of
NiSi~ on a-Si than on e-Si. This extra driving force may
overcome the stress-strain and surface effects with the re-

sult of a lower formation temperature of NiSi2.
Amorphous silicon may also be formed by a high-dose

ion implantation [7]. However, on ion-amorphized Si
layers, , we have found that NiSi2 does not form at low

temperatures, and heat treatments over 750 C are still

required. We have investigated this difference in the for-
mation of NiSi2 on evaporated versus ion-implanted a-Si
and, surprisingly, found that the ion-amorphized layer re-

crystallizes at temperatures ((425 C, for I h) much

lower than those required for ordinary solid-phase epitaxy
(SPE) ()550'C) of a-Si [8]. Low-temperature cry-
stallization of a-Si has been reported previously for a few

systems, mostly resulting in polycrystalline Si (poly-Si)
formation. For example, high concentrations of indium

resulted in a melt mediated growth of poly-Si [9]. Simi-

larly, aluminum and a few other metals have been shown

to induce poly-Si nucleation at significantly reduced tem-
peratures [10,11]. Furthermore, in recent studies Cam-
marata et al. [12] and Hayzelden, Batstone, and Cam-
marata [13] found that Ni-implanted a-Si films on thick
thermally grown Si02 layers displayed an enhanced rate
of single-crystal silicon formation, and it was suggested
that the crystallization was catalyzed by migrating NiSi2
precipitates. In the present case, however, the a-Si film

crystallizes in an epitaxial process forming a continuous

layer with the underlying c-Si as a seed. The low crys-
tallization temperature is attributed to the presence of
Ni, or Ni-silicide grains, in the a-Si layer at the a-Si/c-Si
interface. This Letter reports on Ni-stimulated SPE by

presenting Rutherford backscattering spectrometry
(RBS), transmission electron microscopy (TEM), and

secondary ion mass spectrometry (SIMS) measurements
for heat-treated samples with Ni films on ion-amorphized
Si.

3-in. p-type (100) silicon wafers of resistivity 3-45
Ocm were cleaned in H2SO4, HNO3, and HF solutions.

Immediately after the cleaning procedure the wafers were

inserted into an UHV system and nickel films were de-

posited using an electron gun evaporator. The base pres-

sure was —10 " Torr rising to —10 Torr during

evaporation; the deposition rate was between 5 and 10
A/s and the final film thickness was -500 A. The wafers
were then implanted at room temperature using 380-keV

As++ ions and a dose of 7&&10' ions/cm, resulting in

an amorphous silicon layer extending —1600 A below the

nickel film.
The resulting sample configuration, thus, consisted of

500-A Ni on 1600-A a-Si on a (100) Si substrate. Heat
treatments were subsequently carried out in a vacuum

furnace with a residual gas pressure in the low 10
range. The stoichiometry of the films was determined by

RBS combined with the channeling using 2.4-MeV He+
ions. The TEM studies were performed in a JEOL
JEM-2000 FX II instrument. The SIMS analyses were

carried out in a Cameca IMS 4f microanalyzer, and the
crater depths were measured using an Alphastep 200
stylus profilometer.
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FIG. l. Channeling spectra for the as-implanted sample and

after heat treatments as 350 and 425 C, for l h. The silicon
signal height for the as-implanted sample taken in a random
orientation is marked by the arrow. The four spectra have been
normalized to the total counts in the Ni peak.

In Figs. 1 and 2 channeling spectra and TEM cross-
sectional micrographs are shown, respectively, for an as-
implanted sample and following heat treatments at 350
and 425 C, for 1 h. The a-Si layer below the Ni film is

clearly resolved in Figs. 1 and 2(a). The backscattering
signal height for Si in this region coincides with the signal
level recorded in a random orientation (indicated by the
arrow in Fig. 1) revealing the amorphous nature of the
buried a-Si layer.

After the heat treatment at 350'C, —1100-A NiSi
has formed leaving -600-A a-Si beneath the NiSi layer.
As shown in Fig. 2(b) the NiSi layer exhibits a polycrys-
talline structure consisting of randomly oriented grains,
resulting in a rough NiSi/a-Si interface. The end of
range damage caused by the implanted arsenic ions is

identified as a dark band of defects lying just below the
a-Si layer.

After annealing at 425'C the top layer still consists of
NiSi while there remains no a-Si below the NiSi layer,
Figs. 1 and 2(c). As shown in the dark-field micrograph,
taken from the same spot as in Fig. 2(c), the a-Si has
completely regrown having the same orientation as the
(100) Si substrate. Thus, the epitaxial regrowth takes
place from the initial a-Si/c-Si interface and occurs at a
much reduced temperature compared with ordinary SPE.
The SPE velocity obtained at 425'C is ~ 0.17 A/s which
is more than a factor of 300 larger than the ordinary SPE
velocity at this temperature (-5 x 10 A/s) [8].

To certify that the observed low-temperature SPE was,
in fact, caused by the presence of the top-layer Ni film a
control experiment was performed on the as-implanted
samples where the Ni film was etched off and heat treat-
ments were subsequently carried out at 350 and 425 C,
for 1 h. Channeling spectra for the two heat treatments
were almost identical and results before and after thermal
annealing at 425 C are shown in Fig. 3. A slight shar-
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FIG. 2. TEM cross-sectional bright-field micrographs of (a)
the as-implanted sample and after heat treatments at (b)
350'C and (c) 425'C. A dark-field image at (d) 425'C is also
included. For the 350 C annealed sample, the overlaying glue
and part of the silicide was, unfortunately, lost during sample
preparation.

pening of the a-Si/c-Si interface is observed after the heat
treatment. The small Ni signal appearing in the spectra
of Fig. 3 corresponds to —1&10'6 Ni atoms/cm and is a
result of some residual Ni oxide on the samples after the
etching procedure.

To reveal whether Ni has diffused through the amor-
phous layer to the a-Si/c-Si interface we performed
SIMS measurements, and in Fig. 4 SIMS spectra are
displayed for the samples heat treated at 350, 375, and
425 C. The crater depth was carefully measured as a
function of sputtering time for the sample structures used
in Fig. 4, and a linear proportionality was found to hold
with a correlation coe%cient better than 0.998. Thus the
depth scale in Fig. 4 was obtained by a linear conversion
between sputtering time and crater depth, and despite the
nonuniformity in the NiSi grain structure, as revealed by
the TEM micrographs, the relative shift in the Ni tails
shows a substantial diffusion of Ni (or Ni-silicide nuclei)
in the a-Si layer at 375 C. It is also interesting to note
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FIG. 3. Channeling spectra for an as-implanted sample
where the top-layer Ni film was etched away, and following a
heat treatment at 425 C.

that the tail is smaller at 425 than at 375'C showing a
redistribution of Ni towards the surface during the SPE
process.

The high Ni concentration in the a-Si layer or in the
recrystallized Si, as revealed by the SIMS spectra in Fig.
4, should be present in the form of silicide precipitates, at
least in the recrystallized Si layer. According to TEM,
however, there is no clear evidence of such precipitates
which should be visible, as indeed observed by Hayzelden,
Batstone, and Cammarata [13],since NiSiq and c-Si have
diAerent absorption coefficients. Thus, the observed high
Ni concentration is attributed to inhomogeneous grain
size and film thickness of the original NiSi layer [cf. Figs.
2(b) and 2(c)] which would be averaged over the SIMS
detection area (-60 pm in diameter).

The experimental data in Figs. 1-3 provide conclusive
evidence that the presence of the top-layer Ni film results
in a low-temperature regrowth of the underlying amor-
phized Si layer, and the following three models are possi-
ble candidates to explain this observation.

(I ) A pure solid-phase epitaxial regrowth process
enhanced by a high Ni concentration at the a-Si/c-Si in-

terface. This requires significant diAusion of Ni through
the amorphous Si before the SPE process is initiated. An

enhanced SPE rate has been observed for layers contain-
ing dopants [8] and impurities such as gold [11]. In those

experiments, however, the crystallization temperature
was not significantly lowered as in the present case.

(2) Lateral SPE from silicide regions extending
through the a-Si layer to the underlying bulk c-Si. This
is supported in part by the TEM studies where, at a few
locations [not shown in Fig. 2(b)], silicide grains extend-
ed down to the underlying c-Si. Furthermore, weak grain
boundaries could be observed in the recrystallized layers
[in micrographs similar to the one in Fig. 2(c)]. For this
model to be valid, however, one must assume that the lat-
eral SPE process is enhanced by a high Ni concentration,
as in model (1), or by a process similar to the one in mod-

FIG. 4. SIMS depth profiles for heat treatments at 350, 375,
and 425'C, for 1 h. The Ni+ secondary ion signal was re-
corded and the spectra were normalized to the integral " Ni+
intensity. The position of the NiSi/a-Si and a-Si/c-Si inter-
faces, as determined from the TEM micrograph in Fig. 2(b), is

indicated on the depth axis.

el (3) below.
(3) Diffusion of Ni through the a-Si layer to the a-

Si/c-Si interface followed by NiSi& formation at the inter-

face. The NiSiq grains then migrate towards the NiSi
layer transforming the passed a-Si into c-Si. This model

was suggested by Erokhin et al. [14] from TEM studies
of small NiSiq grains migrating through a buried a-Si
layer. The moving grains would dissolve c-Si from their
back interfaces (with respect to the direction of move-

ment). The model is also in accordance with the works of
Cammarata et al. [12] and Hayzelden, Batstone, and

Cammarata [13] where Ni-rich regions were seen at the

leading edges of recrystallized poly-Si needles. One may,
however, question the presence of NiSi~ grains since, ac-
cording to nucleation theory, once they are formed, the

complete system would be transformed into NiSiq being
the more energetically favorable phase [3]. From our

TEM studies we have not been able to find any NiSi~

grains.
The SIMS data support both (I) and (3), and in the

present RBS data we do not have high enough depth
resolution to distinguish between the diA'erent models.

Experiments on thicker a-Si layers are in progress to elu-

cidate the appropriate mechanism.
To summarize, we have shown that a thin a-Si layer re-

grows epitaxially at a significantly lower temperature
( & 425'C) than ordinary SPE by the presence of a top
NiSi layer. This is attributed to diAusion of Ni, or Ni-

silicide nuclei, through the a-Si layer to the a-Si/c-Si in-

terface where the presence of Ni promotes rapid SPE.
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