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DOPANT PROFILE CHANGES !NDUCED BY PULSED LASER ANNEALING

Ca H. Hlnte, N. H. Chr-1st1e+ P. P. Pronko B. R. Appleton,

- S. R, Wilson**, R. T. Young, J. C. Wang, R.- F. Wood, J. Narayan
Solid -State D1v1sion, Oak Ridge National Laboratory :

: ;Oak Ridge, Tennesese 37830 : N _
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Changes in impl anted‘dopant profiles as a result of pulsed laser
anneal ing prov1de fundamenta‘l information on the laser annealing

mechanism.1 2

We have used secondary ion mass spectrometry (SIMs)

and Rotherford jon ‘batl:ksc'a_ttering to investigate the effects of pulsed
laser annealing (Q svn'tched ruby laser, 50 x 10-9 sec. pul»se duration
time) on. silicon crystals 1mp1anted by B- P, As‘ sb, Cu and Fe. OQur
resul ts show that B P, As and Sb undergo substantml red1str1but1on in
the.absence of significant surface segregation during the laser anneahng
process. Calcul ations strongly suggest that the crystal can be melted
to a depth of ~1u and the implanted region remains in the melted state
for several hundred nanoseconds. Profiles calculated for liquid phase
di.ffosionjof ‘the dopant are shown to be in excellent agreement with the
ex'perimental results. Arsenic profiles after laser annealing are shown to
be very sensitive to the laser photon energy density. Profiles 'for

impl ahted Cu and Fe show significant segregation to the surface after

pul sed laser anneal 1ng and this may be related to their ver-y low segrega-
tion coeffic1ent from the liquid. '

—~
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Single crystal silicon of (100) orientation was used for the B, P, As

and Sb implants, while (111) crystals were used for the Cu and Fe implants,
‘Implants were performed at room temperature under high vacuum conditions

(2 x 10-8 Torr). Annea11ng was accomplished u51ng the Q swﬂtched output
of a pulsed ruby laser. Profiles for 118 and 31p were measured using

the SIMS technique while those for 75ps, 121sb, 63cy and’ 56Fe were
measured using 2.5 MeV Het Rutherford ion backscatter1ng in a high depth

resolution scattering geometry.

Figure 1 shows experimental results for the case of 11B (35 kev, 1 x
1016/cm2) and 75As (100 keV, 1.4 x 1016/cm?) measured in the as-

implanted and laser annealed (~ 1.5 Joules/cm2, 60 x 10-9 sec.) ton-
ditions. Laser annealing. causes a substantial redistribution of

dopant both toward the surface as well as deeper into the cfysta]. Ion
channeling measurements, transmission electron-micrOSCOpy, and Hall effect
measurments show these crystals to be free,of'any damage (down to ~ 10 A
resolution) in the form of dislocations, stacking faults or dislocation
loops after laser annealing with the dopdhts occupying substitutional sites
in the lattice. Proviles for 31p and 121sb show a similar dopant
redistribution as a result of pulsed laser annealing.1

The solid lines in Fig. 1 are profiles calculated for liquid phase dif-
fusion of the dopants from the as-implanted profile. Previous
calculations? have shown that under the conditions used in these laser
annealing experiments (1.5 Joules/cmZ, 60 x 109 sec. pulse duration
time) the as-implanted crystal can be melted to a depth of ~1um by the
incident laser light. Results of these calculations? are summarized in
Fig. 2 which shows the temperature profile in the sample at the termina-
tion of the laser pulse (Fig. 2a) and the calculated melt front position
as a function of time, Fig. 2b. The'lower—eurve of Fig. 2a is a computer

solution to the one dimensional heat conduction equation allowing for the




possibility of a phase change (me1ting) and. non-linearities in therma1 '
conductivity ahd-specific heat. Details of these calculations are in
Ref. (2). |

The calcu]ated melt front pos1t1on 18 shown in F1g. '2b as a function

of time. Penetrat1on of ‘the. melted region to a depth of almost of lum is
predicted and the average velocity of the melt front as it receeds back
toward the surface is ~ 270 cm/sec. While this occurs, a region that js
sereral thousand angstroms deep remains meltee-tbr time periods of several
hundred nanoseconds. During this time the as-implanted dopants can diffuse
in the 1iquid where difquibn‘coefficients are much higher than in the
solid.

In F1g. 1, there is excellent agreement between the experimental pro-

files measured after laser annea11ng and the calculated prof11es which are
single parameter fits of the quantity Dt to the solution of the standard
mass diffusibn equation. From the calculated profilee the quantity Dt

is obtained and using literature values3 for diffusion coefficients in
liquid silicon, a value for the diffusion time (tg , o; = 180 x 109,

Tps in si = 270 x 10-9) can be extracted. These are in reasonable
agreement with predictions of the melt front position (Fig. 2b). Equally
good fits to P and Sb profiles have also been obtained with diffusion times
being in the same range. The -pulsed laser annea11ng process is therefore
viewed as one in which the incident laser 1ight melts the crystal to a
depth of several thousand angstroms. The melted region recrystallizes epi-
taxially from therunder]ying substrate by means of liquid phase epitaxial
regrowth. Long range dopant diffusion takes place during the time the
implanted region is in the Tiquid state. Similar concluéions regarding
melting during pulsed Taser annea1ing have been reported by others."’5
Figure 3 illustrates how profiles for arsenic change as a function of
laser energy density in-the range of 0.6 to 1.4 Joules/ecm. At the




4
lTowest laser energy density (0.63 Joules/cm2) there is redistribution of
the dopant only in the region extending from the surface down to a depth of
~ 950 A, indicating that the melt front penetrated to at Teast 950 A at .
this energy den51ty. Transm1551on electron microscopy shows the struc-
ture to be polycrystalline in this depth interval 6 1ndicating that
regrowth is not epitaxial presumable because the melt front d1d not

penetrate through the initial amorphous layer to the underlying substrate.

At 1.07 Joules/cm2, spreading of the profile toward the surface_and

deeper into the crystal is observed. DefEct-freevsingle crystal structure
with the same orientation as the underlying~substrate isAobserved'byi

TEM6 indicating epitaxial regrowth. There is, however, a thin layer

~200 A thick containing residual damage on the_surfacenof.this crystal.
At 1.81 ooules/cmz the profile is nearly uniform.in the'surface region.
Gomparison of these profiles to calculations requires that'the time
evolution of the melt front position be explititly'incorporated,into the
mass diffusion equation. Such calculations are being carried out now and
will be the subject of a separate publication.

The profiles of B, P, As and Sb after laser annealing show redistribution
of the dopant in the absence of any significant surface segregation. This,
however, is not the case for impurities such as Cu and Fe. Figure 4 shows
profiles for Cu in <111> silicon in the as-implanted and laser annealed
conditions. Laser amnealing (~1.4 J/cm?) results in almost complete
segregation of copper to the surface with no Toss of.the implanted
impurity.

The behavior of copper is believed to be related to the very low value of
the distribution coefficient from the melt (k = Cs/cp) and its low

solid solubility 1imit. For Cu the equilibrium distribution

coefficient’ is ~4 x 104, This implies that Cu will be rejected to

the 1iquicd as the melt front moves- toward the surface, thus enhancing the

Cu concentration in the 1iquid over a limited region at the sol id-1iquid




1nterface. The effective distr1but1on coefﬁcient8 may be sign1f1- :
cantly“h1gher than the equ111brium va]ue, however, because the me1t front
velocity 1s larger than the d1ffu51on rate in the 11qu1d if we aseume typ1-
cal 1iquid phase d1ffus1on coefTﬁc1ents D ~ 10'4 cmzlsec. Complete
fsegregat1om to the near-surface region as 1s the case fbr Cu, appears to be
possib1e on]y if the reJected impurity d1ffuses away from - the 1iquid sol id
interface at a rate comparab1e to the melt front motion or if the distribu-
tion coefficient depends on the concentrat1on at the interface. Model
calculations are being carried odt~which will attempt to include the
effects of the distribution'coefficients on the profile.

Preifminary results for 56Fe implanted silicon indicate that Fe also .
segregates toward'the surface, bet not'to the’same extent as copper. The
behavior for Fe is current]y under ‘further. 1nvest1gat1on.

In conclusion, our results show that dopants such as B, P, As and Sb
undergo substantial long-range motion during pulsed 1aser anneal ing.
Dopant profiles are shown to be consistent with the picture that the laser
light melts the crystal to a depth of several thousand.angstroms and that
recrystallization takes place by means of liquid phase epitaxial regrowth
resulting in defect-free single crysta1 material with dopants in substitu-
tional lattice}sites; Redistributioh of dopants takes place by normal dif-
fusion in the liquid state over time periods of 200-300 x 10~9 sec. At
Tow energy'dEnsitieSj(o.GB Joules/cm?) dopant diffusion takes place over

a 1imitedhdepth interValr(-950'i) and the resu1ting'erysta1 structure is
, polycrystailihe'rather‘thanvsingle crystal. Copper (and iron) both show
masssive segregation to the surface after pulsed laser annealing. This is
believed to be related to the very low segregation coefficients from the
melt and the‘Very Tow 1imits of solid solubility, but model calculations
are necessary to understand this phehomeha in detail.
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