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The annealing behavior of the divacancy (V;) acceptor levels in silicon is investigated with the use of
Schottky-barrier structures formed by the deposition of copper on n-type silicon irradiated with 2-MeV
electrons. At temperatures below ~150°C an anomalously high annealing rate of the V; centers is ob-
served, and we believe that the fast-diffusing interstitial Cu™ passivates their electrical activity and
forms neutral complexes. In the temperature range 150-200°C, where the metal-rich silicide n'-Cu3Si
forms, the concentration of ¥V, remains almost constant, and we find no evidence for the injection of sil-
icon self-interstitials during the formation of n'-CusSi, in contrast to recent experiments.

PACS numbers: 61.70.At, 61.70.Bv, 61.80.Fe, 71.55.Ht

In shallow p *n junctions formed on single-crystal sil-
icon preamorphized by Ge *-ion implantation a substan-
tial annihilation of the end-of-range defects was found
during Ti silicidation.! The annihilation of these intersti-
tial dislocation loops was attributed to the injection of
vacancies during the silicide growth, and the type of
point defect diffusing into the silicon was related to the
dominant moving species during silicidations. Silicide
formation limited by silicon diffusion (as for TiSi,) leads
to the injection of vacancies, while silicide formation lim-
ited by metal diffusion results in the injection of Si self-
interstitials. Recently, Ronay and Schad? studied
Cu+Re and Re+Cu films on Si and reported that the
formation of a n'-CusSi precursor lowers the formation
temperature of ReSi, from over 900 to 550°C. The re-
sults were interpreted in terms of a model where Si self-
interstitials are generated during the formation of the
metal-rich silicide n'-CusSi (here Cu is the dominant
moving species®), and, as a result, the formation enthal-
phy of interstitials in silicon is lowered and thereby also
the formation temperature of ReSi,.

Vacancies and self-interstitials in silicon are extremely
mobile with diffusion coefficients of ~10 "% and ~10~*
cm?/s, respectively, at room temperature,*> and they
are, therefore, rapidly distributed over large distances
(=100 um) provided that the concentration of traps is
sufficiently low. Thus effects caused by interstitials and
vacancies generated in a thin surface layer can be ob-
served at large depths, and here we study the diffusion of
defects at depths between 0.5 and 3.0 um below the sur-
face. As a result, the influence of the silicide/silicon in-
terface, e.g., stress and precipitation effects, is dimin-
ished, and the “pure” defect interaction is emphasized.

In this Letter a new approach is taken to examine the
suggestion that the formation of metal-rich silicides gen-
erates self-interstitials in silicon. We deposit Cu on n-

type silicon irradiated with 2-MeV electrons and investi-
gate the annealing behavior of the divacancy (V) accep-
tor levels during the growth of n'-CusSi. High-energy
electrons generate *“simple” point defects, and one of the
most prominent intrinsic defects is the V', center. V', ap-
pears in both Czochralski and float-zone materials, ir-
respective of dopant type, and introduces three levels in
the forbidden band gap, corresponding to four different
charge states (singly positive, neutral, singly negative,
and doubly negative).®” The ¥V, centers are normally
stable up to temperatures above 200°C, and this allows
us to monitor their concentration during copper silicida-
tion. A well-established annihilation reaction of V,
is the recombination with Si self-interstitials (V,+1
— ¥),% and here we compare the annealing rate of ¥,
during the growth of n'-CusSi with that in samples
prepared with Pt Schottky barriers to investigate the
generation of Si self-interstitials during copper silicida-
tion.

Samples were cut from Czochralski (Cz) silicon
wafers grown in the (100) direction and doped with phos-
phorus to a concentration of ~1x10'® cm ~3. The con-
centrations of interstitial oxygen and substitutional car-
bon were measured by infrared-absorption spectroscopy
and found to be 5.5%10'7 and below 1% 10'® atoms/cm?,
respectively. The samples were irradiated by 2.0-MeV
electrons at nominal room temperature (=< 30°C) to
doses in the range of 1x10'5 to 1x10'7 cm ™2 The
sample surfaces were then cleaned using a standard
chemical procedure which included a final dip in diluted
hydrofluoric acid immediately before Schottky-barrier
structures were prepared by deposition of ~1000-A-
thick Cu films on the samples. Annealing of the samples
were performed in an inert atmosphere for 30 min at
temperatures between 100 and 200°C. For sample
analysis, deep-level transient spectroscopy (DLTS) and
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capacitance-voltage (C-V) measurements were undertak-
en at temperatures between 80 and 290 K. The mea-
surements were performed under reverse-bias conditions,
and no forward injection was applied. The experimental
setup has been described in detail elsewhere.® X-ray
photoelectron spectroscopy (XPS) and secondary ion
mass spectrometry (SIMS) were used to monitor the in-
terfacial reaction between Cu and Si upon annealing,
and the silicide phase formed was identified by electron
diffraction.

Figure 1 shows DLTS spectra of samples irradiated to
a dose of 1%x10'7 cm 2 and subsequently annealed at
100 and 200°C. The spectra are dominated by a level
~0.43 eV below the conduction-band edge (E.) with a
capture cross section of ~2x%10 ~'> cm? In moderately
n-doped Cz silicon this peak originates predominantly
from the singly-negative-charge state of ¥V, while in
more highly doped Cz material (resistivity <1 Qcm)
and in float-zone material the overlapping signal from
the E center (the vacancy phosphorus pair) becomes of
major importance.'® Moreover, in float-zone samples
with high enough concentrations of phosphorus and car-
bon a third overlapping level has been reported; it is
caused by a defect exhibiting configurational metastabil-
ity and is tentatively attributed to a phosphorus-carbon
pair (PC).'"!2 The contribution of ¥, to the level at
E.—0.43 eV in the present samples was determined by a
comparison with the level at ~FE.—0.23 eV originating
from the doubly-negative-charge state of V', shown for
the as-irradiated sample in Fig. 1; these two levels exhib-
it a close one-to-one proportionality in moderately doped
Cz samples and low-doped float-zone samples irradiated
with MeV electrons.'®'® It is found that the relative
contribution of ¥, to [E.—0.43 eV] (brackets denote
concentration values) is ~80% directly after irradiation
and ~95% after annealing at 200°C. Thus the level at
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FIG. 1. DLTS spectra of electron-irradiated n-type Si sam-
ples obtained with Cu Schottky-barrier contacts in the as-
deposited state and after a 30-min anneal at 100 and 200°C.
[Rate window = (320 ms) ~'.]

E.—0.43 eV is clearly dominated by V', and, in particu-
lar, at the temperatures where copper silicidation takes
place (~200°C) the influence of the E center and the
PC pair is ~5%. This is consistent with the results in
Ref. 10 showing that the F center anneals out completely
at 150°C (20 min) in Cz silicon, and it is, therefore, not
stable enough to play any significant role as a monitor
for injection of Si self-interstitials during copper silicida-
tion. In a first approximation, the contributions from the
E center and the PC pair are neglected, and in the fol-
lowing, the level at E. —0.43 eV is attributed to V.

A relatively weak peak appears at ~255 K in Fig. 1,
and its position and capture cross section are —E, —0.48
eV and ~1%10~'% cm?, respectively. This level is nor-
mally observed in irradiated n-type Cz silicon,'® but no
firm identification exists. However, preliminary results
of depth concentration profiles and of dose dependence
indicate that it may originate from a higher-order
vacancy-related defect.'*

The amplitude of the level at E.—0.48 eV remains
essentially constant for annealing temperatures up to
200°C, while [V;] decreases drastically at 100°C.
However, a substantial concentration of V' still persists
after an anneal at 200 °C where the copper film has fully
reacted with Si to form n'-Cu;Si, and in Fig. 2 we com-
pare the isochronal annealing of ¥, in samples prepared
with Cu contacts with that in samples prepared with Pt
contacts. A rapid decrease of [V,] is observed below
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FIG. 2. Isochronal annealing (30 min) of the level at

E.—0.43 eV in n-type Si samples irradiated with 2-MeV elec-
trons to a dose of 1x10'” cm ~2 before deposition of Cu or Pt
contacts to formn Schottky-barrier structures.

3029



VOLUME 66, NUMBER 23

PHYSICAL REVIEW LETTERS

10 JUNE 1991

150°C in the Cu samples, but the annealing rate de-
creases at higher temperatures; the anneal is not a first-
order (exponential) process, and at 200°C, where 7'-
CusSi is formed, [V5] is only 30% lower than in the Pt
samples.

However, for the Pt samples a first-order process may
be assumed, and an activation energy of ~1.2 eV and a
frequency factor of ~3x%10° s ™' are obtained. Keeping
in mind that no correction has been made for the initial
contribution of —~20% from the E center and the PC
pair to [E.—0.43 eV], these values are in reasonable
agreement with those previously reported for the anneal-
ing behavior of ¥, in Cz silicon.”'%!> The values indi-
cate that the dominant annealing mechanism is long-
range diffusion of ¥, and subsequent annihilation
through reactions with impurities and defects in the sil-
icon lattice.'> In this context it may be emphasized that
the annealing rate of V', in Cz silicon is substantially
larger than in high-purity float-zone samples where V' is
stable up to temperatures above 300°C.7'" This
difference is presumably due to the fact that the concen-
tration of annihilation centers (impurities and defects) is
several orders of magnitude higher in the Cz silicon. It
should also be mentioned that the Pt contacts are expect-
ed to be stable in the temperature range studied since the
formation rate of Pt,Si is of the order of 10 7!'7 cm?/s or
smaller at and below 200°C.'¢

The SIMS profiles in Fig. 3 show that within a depth
resolution of ~20-30 A and a dynamic range of ~103
no silicide formation takes place at and below 150°C.
However, XPS measurements show that a metal-rich
(n'-Cu;Si)-like phase forms in the initial stage of interfa-
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FIG. 3. SIMS spectra of the 2Si*-ion intensity as a func-
tion of sputtering time in as-deposited and annealed Cu/Si
structures. The levels of the curves are displaced in order to
guide the eye, and the broken line indicates the signal intensity
after a 30-min anneal at 200 °C where a uniform layer of n'-
CusSi is formed. (The noise level of the Faraday cup detector
is ~ 103 counts/s.)
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cial reaction during Cu deposition at room temperature,
but a temperature of ~200°C is required for 1000 A of
Cu to fully react and form a uniform layer of n'-Cu;3Si. !’
The annealing rate of V,, however, decreases between
150 and 200°C, and thus provides strong evidence that
Si self-interstitials are not injected into the silicon during
the growth of n'-CusSi. If it is assumed that every Cu
atom generates one Si interstitial during the silicidation
process, a uniform interstitial concentration of the order
of 10" ¢cm ~? is obtained in an underlaying silicon sub-
strate with negligible concentration of traps and recom-
bination centers. This is ~4 orders of magnitude higher
than [V,] in the present samples, and a rapid annihila-
tion of V, through the reactions V,+I— V and V+I
— @ is expected. Furthermore, these annihilation pro-
cesses have a high efficiency, e.g., only 10% of the vacan-
cies and interstitials generated by high-energy electrons
are estimated to escape direct recombination. '®

The absence of generation of Si self-interstitials dur-
ing the growth of n’-Cu;Si is in contradiction to the sug-
gestion of Ronay and Schad? that the formation enthal-
phy of Si interstitials is drastically lowered by the forma-
tion of metal-rich silicides. The formation enthalphy of
self-interstitials in silicon is normally in excess of 5 eV
(Ref. 19), resulting in an almost vanishing equilibrium
concentration at 200°C. Furthermore, the model pro-
posed by Wen et al.! on the basis of results showing de-
fect annihilation during titanium silicidation at 1050°C
appears not to be generally applicable. The model sug-
gests that the type of point defect injected into silicon is
determined by the dominant moving species during silici-
dation; silicon diffusion leads to vacancy injection, while
metal diffusion leads to injection of interstitials. We be-
lieve that the generation of point defects in silicon during
silicide growth is strongly influenced by the experimental
conditions, e.g., film thickness, annealing temperature,
and time. The temperatures and annealing times used in
Refs. 1 and 2 are significantly higher than required to
form films with a stoichiometry of TiSi, and CusSi.
Moreover, Hu?® performed high-temperature (950°C)
Ta silicidation and found an enhancement of both B and
Sb diffusion in the Si bulk crystal. This is in contrast to
what is observed during the oxidation of Si.2! The for-
mation of SiO; is generally agreed to cause injection of
Si self-interstitials, and the diffusion of B is found to be
enhanced while the opposite holds for Sb. Recently,
Honeycutt and Rozgonyi?? reported an enhanced Sb
diffusion during growth of both TiSi, and CoSi, (Co
dominant moving species).

Let us now consider the rapid decrease of [V,] at tem-
peratures below ~150°C in samples with Cu contacts.
Interstitial Cu diffuses very fast as a positively charged
ion,” and a substantial interaction with negatively
charged divacancy centers may be expected. Theoretical
considerations by Estreicher?* show that Cu, like hydro-
gen, passivates the boron acceptor in crystalline silicon.
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However, in contrast to H, which bridges a B-Si bond
and forms a stronger bond with Si than B, Cu is at the
antibonding site to the boron atom and forms a Cu-B co-
valent bond. These potential-energy surface (PES) cal-
culations?* are supported by experiments showing pas-
sivation of shallow acceptors (B,In) in p-type silicon by
diffusion of Cu or Cu-related impurities.>>?® In analogy
with hydrogen passivation of both shallow acceptors and
irradiation-induced vacancy-type defects involving bro-
ken bonds,?” we suggest that Cu also passivates the V>
centers, and neutral complexes are formed. This is con-
sistent with the annealing kinetics showing a rapid de-
crease in [V,] at temperatures below 150°C followed by
a reduction in the rate of loss at higher temperatures and
not a first-order process as has been previously report-
ed. %15 A similar annealing behavior is also found for
V, in p-type samples,'* and the kinetics may be inter-
preted as a sum of two competing processes; one ‘“‘ordi-
nary” annealing reaction and one “‘extraordinary,” gen-
erating new V', centers. A candidate for the latter pro-
cess is dissociation of Cu-passivated neutral ¥, com-
plexes (Cu V,— Cu+V>), and as a result, electrically
active V, centers reappear and give rise to an almost
constant net concentration of levels at E.—0.43 eV at
temperatures above 150°C.

In summary, the annealing behavior of the divacancy
acceptor levels is investigated during the formation of
the metal-rich silicide n'-Cu;3Si on electron-irradiated sil-
icon. An anomalously high annealing rate is observed at
temperatures below —150°C and is attributed to pas-
sivation of the ¥, centers by the fast-diffusing interstitial
Cu*. However, in the temperature range between 150
and 200°C where 1'-CusSi forms (here Cu is the dom-
inant moving species) [V5] remains almost constant, and
no evidence for injection of Si self-interstitials into the
underlaying silicon substrate is found.
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