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The segregation and trapping of Au at the moving crystal-amorphous Si interface has been measured.
Epitaxial crystallization was induced by 2.5-MeV Ar-ion irradiation. The Au segregation is analogous to
behavior at liquid-solid interfaces except that the interfacial segregation coefficient of 0.007 at 320°C is
independent of velocity between 0.6 and 6 A/sec. The Au is trapped in crystalline Si at concentrations

some 10 orders of magnitude in excess of equilibrium concentration.

PACS numbers: 61.50.Cj, 61.80.Jh

The behavior of impurity atoms at moving phase
boundaries can provide important information on ba-
sic crystal growth and solidification processes. Great
strides> were made in the 1950’s in the understanding
of the redistribution and zone-refining of solute atoms
during solidification. In general, the redistribution can
be characterized by a segregation or partition coefficient
between the solid and liquid equilibrium phases. If the
equilibrium concentration of solute in the liquid is
greater than in the solid, rejection will occur ahead of a
solidifying interface. The final profile of the rejected
solute depends on both the velocity of the interface and
the diffusivity of the solute in the liquid. Renewed in-
terest in these segregation phenomena has occurred be-
cause of the very rapid interface motion and nonequilib-
rium crystal growth associated with laser melting®* of
surface layers. Under such conditions, solute can be
segregated in quite novel fashions with interfacial segre-
gation coefficients exceeding the equilibrium values by
several orders of magnitude.*>® This solute trapping " is
a direct consequence of the undercooling (or chemical
potential driving force) produced by the high interface
velocities and occurs when the liquid-phase diffusive ve-
locity of the solute is comparable to the interface veloci-
ty.

In this Letter we describe Si crystal growth and segre-
gation in an entirely new regime. Rather than studying
liquid-to-solid segregation, we have observed analogous
segregation phenomena in amorphous Si (a-Si) to crys-
talline Si (c-Si) transformations. Like a solidifying lig-
uid, g-Si is thermodynamically unstable in contact with
¢-Si, and elevated temperatures result in epitaxial re-
growth® via a thermally activated process. We have re-
cently discovered that impurities such as Cu, Ag, and Au
have high solubilities'®!" in a-Si as compared with their
solubilities in ¢-Si. We estimate Au to be 8 orders of
magnitude more soluble in a-Si than in ¢-Si at 515°C by

comparing the measured solubility!®!! in @-Si with the
extrapolated solubility'? in ¢-Si. Gold also has a high
diffusivity!®!! in @-Si and can be uniformly diffused
within an implanted a4-Si layer at temperatures =500
°C. Solid-phase epitaxy at these temperatures results in
the Au being retained within the narrowing amorphous
layer because of its low segregation coefficient. Conse-
quently, impurity segregation should occur at a regrow-
ing c¢-Si-a-Si interface with behavior similar to liquid-
solid interfaces. Because the entire process occurs in the
solid phase, however, the dynamics and impurity profiles
may be studied with unprecedented accuracy. Indeed,
since a-Si exists metastably at room temperature, the
solute profile can be thermally quenched at any particu-
lar phase of the regrowth process.

Solid-phase epitaxial crystallization can also be in-
duced by ion irradiation'>!* at temperatures as low as
200°C with an activation energy of only 0.3 eV and with
interface velocities of =1 A/sec. At these temperatures,
the Au diffusive velocity is comparable to the interface
velocity. Parameters important in the characterization
of the segregation process are the interfacial segregation
coefficient k' (the ratio of the solute concentration in the
¢-Si to that in the a-Si at the interface) and the diffusive
escape distance D/v (the ratio of diffusivity away from
the interface to the interface velocity). In liquid-phase
bulk crystal growth, D/v is =50 um, whereas in surface
laser melting it is =50 A. As D/v approaches the in-
teratomic spacing, the probability increases for solute
atoms to be engulfed or trapped by an advancing inter-
face. For ion-beam-induced crystal growth at 250°C,
D/v is =0.1 A if the diffusivity retains its usual thermal
value. As discussed below, however, the diffusivity is
also enhanced above thermal values by the ion-beam ir-
radiation which results in longer escape distances of
=20 A. These values should result in an intriguing
segregation and trapping regime. '
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Silicon wafers (100) were implanted with Au ions at
an energy of 3 MeV to a dose of 10'® jons/cm?2. This im-
plantation produces an a-Si surface layer approximately
1.6 um thick with the Au at a depth of approximately 1
um. The samples were then furnance annealed to redis-
tribute the Au uniformly throughout the amorphous lay-
er. Typical annealing conditions were 485 °C for 24 h at
10 =7 Torr, resulting in a-Si layers 1.1 um thick with Au
concentrations =0.2 at.%. Ion-beam-induced crystalli-
zation experiments were then carried out at temperatures
of 250, 325, 375, and 420°C, with 2.5-MeV Ar-ion bom-
bardment. Irradiations were made through 1-mm-diam
apertures at doses of 2x10'°~-4x10!7 jons/cm? and at
low dose rates (1.4x10'3-1.4x10'* jons/cm? sec) to
avoid beam heating. The a-Si thicknesses and Au-depth
profiles were measured by the Rutherford backscattering
and channeling techniques with 2-MeV “He ions. The
samples were also analyzed by transmission electron mi-
croscopy.

Figure 1 shows Rutherford backscattering and chan-
neling spectra of a sample before and after irradiation at
320°C with 2.5-MeV Ar at a dose of 2x10'7 jons/cm?
and dose rate of 7x10'? ions/cm? sec. The Au depth
profiles as functions of dose are plotted in Fig. 2. The
dose rate was constant at 7x10!3 ions/cm? sec yielding
an interface velocity of =3 A/sec. The zone-refined
profiles display the characteristic features of the segrega-
tion process: buildup of segregated solute at the inter-
face and the concomitant removal of material— “the ini-
tial transient.” At steady state (cf. lower part of Fig. 2),
the amount of material in the segregation spike remains
constant and solute is rejected behind the moving inter-
face at the initial concentration. There are several novel
features to this crystal-growth and impurity-segregation
process. First, it is remarkable that Au is trapped in ¢-Si
at concentrations of at least 10 orders of magnitude
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FIG. 1. Backscattering and (100) channeling spectra of 2.0-
MeV He from 1.1-um a-Si containing Au before (circle) and
after (triangle) ion-beam-induced crystallization with 2.5-
MeV Ar at a dose of 2x10'’/cm? and temperature of 320°C.

|-
100

greater than the equilibrium solubility in c¢-Si.'?
Transmission electron microscopy shows this ¢-Si to be
defect free without evidence of Au precipitation. How-
ever, Rutherford backscattering and channeling mea-
surements give no evidence of the Au atoms residing on
substitutional lattice sites.

The velocity dependences of the processes also show
some intriguing features. The interface velocity scales
with the Ar dose rate: i.e., the rate of defect production
at the interface. The velocity can therefore be controlled
easily and reproducibly. We observe that an order-of-
magnitude change in velocity (i.e., same dose but an
order-of-magnitude difference in dose rate) produces
identical segregation profiles. This is in direct contrast
to the liquid-solid case where the width of the segrega-
tion transient scales inversely as velocity.

The fact that the segregation profiles are independent
of interface velocity suggests that the defect-production
rate controls not only the interface velocity but also the
diffusive motion of Au ahead of the interface. Specifi-
cally, the equilibration distance D/k'v (the width of the
“initial transient”) must remain constant for all inter-
face velocities. We have, therefore, measured the
diffusion of implanted Au in a-Si in the presence of the
Ar beam. The diffusivity scales linearly with the dose
rate, as does the interface velocity, and is considerably
enhanced over the thermal values,'® showing an Ar-
rhenius behavior with an activation energy of 0.37 eV.
(The athermal ballistic-mixing or recoil-implantation
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FIG. 2. Gold depth profiles in ¢- and a-Si before and follow-
ing 2.5-MeV-Ar-induced crystallization at different doses.
The equilibration distance X is indicated.
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component of the radiation-enhanced diffusion coefficient
is at least an order of magnitude less than the thermally
activated component). Experimentally then it is ob-
served that both the diffusivity and velocity scale the
same way with dose rate. A direct consequence of this
result is that the parameter D/v is independent of inter-
face velocity. Combined with the result that the segre-
gation profiles (i.e., D/k'v) are velocity independent, we
conclude that k' is also independent of velocity.

We have fitted!” the experimental solute profiles using
only one free parameter— that of the interfacial segrega-
tion coefficient k’. Figure 3 shows a fit to the 320°C
data with the measured interface velocity of 2.85 A/sec
and radiation-enhanced diffusivity of 4.4x10~!> cm?/
sec. The fit gives k' to be 0.007 = 0.004. To allow for
detector resolution, straggling, and the waviness of the
interface (as measured by transmission electron micros-
copy), these fits have been convoluted with a Gaussian of
=300 A. The width (D/v) of the segregated spike is
expected to be =20 A, and we do not have the experi-
mental resolution to measure the depth profile directly.
The fitted k' values indicate that the peak concentration
of Au at the interface should be 20 at.%. This value is
clearly in excess of equilibrium solubilities of Au in a-Si
which, for example, we measure to be 0.7 at.% at 515°C.
The solubility of Au in a-Si in the interface region is
therefore markedly enhanced by the ion irradiation over
the 20-A spike width.

Fits to the experimental profiles at 250°C and 375°C
with measured diffusivities of 1.6x10 !5 cm?/sec and
9x10 !5 cm ~?/sec, respectively, give k' values of
0.013£0.007 and 0.005 £0.004. The absolute errors in
k' arise mainly from uncertainties in diffusivity. The
relative errors, however, are much smaller and are
=10%. The interfacial segregation coefficient is there-
fore temperature dependent. Figure 4 shows k' as a
function of velocity at a temperature of 320°C. The rel-
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FIG. 3. Gold depth profile in ¢- and a-Si following 2.5-
MeV-Ar-induced crystallization at a temperature of 320°C
and dose of 2x10'"/cm?2. The smooth line is a numerical solu-
tion to the diffusion equation with a moving boundary, fitted to
the experimental profile with the assumption of only one free
parameter, k.

1324

ative errors are given by the size of the data points while
the absolute errors are given by the error bars. At a
fixed temperature, k' is therefore independent of inter-
face velocity. This segregation behavior is different from
that occurring in liquid-phase epitaxy, where k' scales
with v because the chemical driving force for trapping
increases with the velocity-dependent undercooling in the
liquid.

The measured values for k' are approximately 3 or-
ders of magnitude greater than the equilibrium value ob-
served during liquid-phase crystal growth!>'® and are in-
dependent of interface velocity. There are several possi-
ble explanations for this enhanced segregation coeffi-
cient. One possibility follows classical segregation ther-
modynamics. The driving force for trapping is related to
the chemical potentials of the impurities in the a- and c-
Si which depend on temperature but are independent of
the interface velocity. The concentration of impurities in
the growing c¢-Si phase (and hence the chemical poten-
tial) will be proportional to the impurity concentration in
a-Si. Furthermore, the nonequilibrium defect concentra-
tions produce by the ion irradiation will contribute fur-
ther to the trapping.

On the other hand, ballistic mixing (or recoil implan-
tation) at the interface may also provide the nonequili-
brium mechanism for driving Au at the interface into
the growing crystalline phase. As in thermodynamic-
controlled segregation, the concentration of impurities
incorporated into the crystalline phase by ballistic mix-
ing will be proportional to the impurity concentration in
a-Si at the interface. Indeed, the two mechanisms are
almost indistinguishable. We can estimate the magni-
tude of this mixing segregation from our measurements
of the athermal ballistic-mixing diffusivity (2x10 7'
cm?/sec) and interface velocity of 3 A/sec which pertain
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FIG. 4. The interfacial segregation coefficients, k', of Au at
the c-a Si interface as a function of interface velocity at a tem-
perature of 320°C.
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to the data of Fig. 2. From an atomistic model of
diffusivity,'® where D =1/6T'a? (a =3 A is the jump dis-
tance), we obtain an atomic-jump frequency (I') of order
1 per second. At interface velocities 3 A/sec, every atom
consequently makes one jump during the time the inter-
face advances one atomic layer. This mixing can there-
fore account for a maximum segregation coefficient of
order ¢, the probability of a Au atom at the interface
ballistically diffusing across the interface and being
trapped by the advancing growth front. This is clearly
an upper limit since the nonballistic diffusional mixing
(an order of magnitude faster in the a-Si) across the in-
terface will tend to return the system to equilibrium and
reduce the trapping coefficient. Estimates of the return
of the system are difficult since the atomic exchange rate
across the interface is not known. Further experiments
with alternative ions and dopant impurities are necessary
to resolve this question. However, to first order, both the
ballistic mixing model and the free-energy trapping ar-
guments are consistent with the observed increase of k'
with decreasing temperature.

In conclusion, we have presented results on a novel re-
gime of crystal growth had segregation. Amorphous Si
films on ¢-Si have been doped with Au to high concentra-
tions. Ion-beam irradiation has been used to recrystal-
lize the a-Si epitaxially at temperatures where the usual
Si bond breaking and rearrangement are completely
frozen out and diffusion of Au in the a-Si layer is greatly
suppressed. The resulting Au profiles exhibit the classic
shapes of segregation at phase boundaries. The process,
however, is highly nonequilibrium with Au being trapped
in ¢-Si at concentrations far in excess of solubility limits.
At a given temperature, interface velocity and solute
diffusivity scale linearly with ion-induced defect produc-
tion. Interface segregation therefore is velocity indepen-
dent at a fixed temperature.

We thank George Gilmer and Ugo Campisano for
stimulating discussions, and F. C. Unterwald and
D. Bahnck for expert technical assistance. Work at Cor-
nell is supported by a National Science Foundation
Presidential Young Investigator’s award and AT&T.

@)Permanent address: Institute of Microelectronics, Stock-
holm, Sweden.

(®)Permanent address: University of Catania, Catania, Sici-
ly, Italy.

'W. G. Pfann, Zone Melting (Wiley, New York, 1958).

2B. Chalmers, Principles of Solidification (Wiley, New
York, 1964).

3Laser Annealing of Semiconductors, edited by J. M. Poate
and J. W. Mayer (Academic, New York, 1982).

4R. F. Wood, C. W. White, and R. T. Young, in Pulsed
Laser Processing of Semiconductors, edited by R. F. Wood,
C. W. White, and R. T. Young, Semiconductors and Semimet-
als Vol. 23 (Academic, New York, 1984).

5C. W. White, B. R. Appleton, and S. R. Wilson, in Ref. 3,
p. 112.

6J. M. Poate, in Laser and Electron-Beam Interactions with
Solids, edited by B. R. Appleton, and G. K. Cellar, MRS Sym-
posia Proceedings No. 4 (North-Holland, Amsterdam, 1982),
p. 121.

7G. H. Gilmer, Mater. Sci. Eng. 65, 15 (1984).

8M. J. Aziz, in Beam-Solid Interactions and Transient Pro-
cesses, edited by M. O. Thompson, S. T. Pieraux, and J. S.
Williams, MRS Symposia Proceedings No. 74 (Materials
Research Society, Pittsburgh, Pennsylvania, 1987), p. 31.

9G. L. Olson, in Energy Beam-Solid Interactions and Tran-
sient Thermal Processes, edited by D. K. Biegelsen, G. A. Roz-
gonyi, and C. V. Shank, MRS Symposia Proceedings No. 35
(Materials Research Society, Pittsburgh, Pennsylvania, 1985),
p. 25.

10D, C. Jacobson, J. M. Poate, and G. L. Olson, Appl. Phys.
Lett. 48, 118 (1986); D. C. Jacobson, R. G. Elliman, J. M.
Gibson, G. L. Olson, J. M. Poate, and J. S. Williams, in Ref. 8,
p. 327.

113, M. Poate, D. C. Jacobson, J. S. Williams, R. G. Elliman,
and D. O. Boerma, Nucl. Instrum. Methods Phys. Res., Sect. B
19/20, 480 (1987).

12F. A. Trumbore, Bell Syst. Tech. J. 39, 205 (1960); S. U.
Campisano, unpublished.

13]. Linnros, G. Holmen, and B. Svensson, Phys. Rev. B 32,
2270 (1985).

l4R. G. Elliman, J. S. Williams, W. L. Brown, A. Leiberich,
D. M. Mabher, and R. V. Knoell, Nucl. Instrum. Methods Phys.
Res., Sect. B 19/20, 435 (1987).

I5R. G. Elliman, D. C. Jacobson, J. Linnros, and J. M. Poate,
Appl. Phys. Lett. 51, 314 (1987).

16F Priolo, J. M. Poate, D. C. Jacobson, J. Linnros, J. L.
Batstone, and S. U. Campisano, to be published.

"The segregation profiles were obtained with use of a
moving-boundary, implicit finite-difference formulation of the
parabolic diffusion equation. Diffusion in the ¢-Si phase was
ignored and the results were tested by comparison to the ana-
lytic expressions given in Ref. 1.

18M. Hansen, Constitution of Binary Alloys (McGraw-Hill,
New York, 1958).

19p. G. Shewmon, Diffusion in Solids (McGraw-Hill, New
York, 1963).

1325



