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Introduction

The use of pulsed laser or electron beams in the nana-
second duration regime and with energy densities of the
erder of 1 Joule/cm? allows to deposite(’a large amountof energy
in short times into the nmear surface region!). Under
suitable conditions the irradiation leads to the melting
of the surface to a depth of several thousand angstroms,
During solidification liquid phase. epitaxial regrowth can
occur from the underlying single crystal substrate.
The irradiation implies also physical conditions far from thermody-
namic equilibrium., High quenching rates ~10°K/s, high
thermal gradients ~10°K/cm and velocity of the liquid-solid
interface of several meters per second characterize for instance the

thermal behaviour for laser irradiation of semiconductors?),

A U@mmﬁousimpetuss)to this subject come soon after the pig-
neering work of Russian scientists*) because they showed
that damage in ion implanted semiconductors is removed by pul-
sed or continuous-wave laser irradiation. The term "laser annealing”

was then coined, and it is used to day, conventionally, to indica-

te the overall effects produced during high power irradiation.
In the silicon technology laser annealing has several attrac-

tive characteristics: it can heat only the re-

gion of interest without influencing the inside structure,
the process is very fast:one can melt and salidify surface

layers in times as short as nanoseconds,

-2 .

In addition to the potential relevance in the investi-

gation of new processing technologies for silicon integra-

ted circuits, laser irradiation has offered a powerful method
to study crystal_growfh and the impurity incorporation under
conditions far from equilibrium. New phases, metastable solu-
tions, formation of .amorphous silicon from the melt are only

few of the possible new phenomena under investigation?).

In these lectures I will describe the effects of laser
irradiation on ion implanted semiconductors, mainly silicon,
for what concerns the structure ¢hange from amorphous to
single crystal, or from amorphous teo poly layer., The basic
process responsible of the structure change is reported
schematically in Fig.l. The shown case refers to a single
crystal overlaid with an amorphous layer and irradiated with
a Taser or with an electron beam pulse of short duration.

The light (or the electron) energy is absorbed by the sample
and converted into heat.For a suitable energy density the
near surface region c¢an melt. If all the initial amorphous
layer is liquid then the subseguent solidification occurs

on & single crystal substrate and a liquid phase epitaxy will
result. If the thickness of the maximum molten layer is lo-
wer than that of the amorphous layer a polylayer will be pro-
duced. The previous considerations are valid below a charac-
teristic value of the solid-liquid interface velocity during

solidification.

The transient liquid formation is based on the assumption
of an “instantaneous” (<10~''s) conversion of the photon ener-
gy into heat which then propagates inside the sample following
the heat equation®}., A quantitative thermal description of the

process requires to account for the changes of optical and



thermal parameters with temperature and structure of the
irradiated material, for the absorption and release of la-
tent heat during melting and selidification. The heat dif-

fusion equation should be then solved numerically by compu-
ter’) .

As a2 result of calculations cne obtains the melt front pe-
netration, the temperature distribution inside the sample and
its time evolution, the velocity of the liquid solid-interface
during melting or solidification. These considerations will

be detailed in the second part of the paper.

The last section will be devoted to the impurity behaviour?-?%). After
irradiation there is usually a considerable redistribution of impurities intro-
duced for instance by jon implantation.The shape of the final profile depends
not only on the depant spacies but alsc on the dynamics of the melting and solidi-
fication.Cne of the most striking manifestation of the rapidly
moving liquid-solid interface is the incoerporation, ar trap-

Ping of dopants in the solid at concentrations in excess of the

equilibrium solubilities. The interfacial seqregation coeffi-

cient becomes a unique function of the regrowth velocity.
There are several phenemena as constitutional supercooling and

cell structure formation which also play a relevant role under
these extreme conditions.

Laser irradiation has also stimuTated a series of elegant
"z 5 1)
in situ" measurements to establish the validity of the thermal

description over the non thermal] hypothesis'®) These include time-

dependent reflection’!~12) and transmission®?) during and following

an excitation pulse. The abruptely increase in reflectivity and the drapr:

in transmittivity agree with the optical response of moiten silicon,being metallic

in character. Other measurements as time dependent Raman scattering’®), time of

flight of evaporated surface atoms'®), time-dependent X-ray Bragg scat-
tering'®)  and thermionic-electron emission’”), provide information
on different mechanisms: a particular phonen mode, the surface temperature,
the straim distributicn, the electron kinetic energy and the
lattice vibration respectively. Their relationship with the
thermodynamic meaning of temperature has been discussed during
several round tables at the school. We mention only the factthat
in many of these "in situ" measurements a large number of shots

is required. In the Raman and X-ray diffractfcn experiments
several thousand of laser pulses are required to obtain a si-
gnificant number of counts. It is then necessary for instance

to guarantee against fluctuation in the energy density, beam

uniformity etc, which is not at all a simple matter for lasers.

Measuréments of the time dependent electrical resistivity‘ﬂ
on the other hand provide several useful informations as the
melt front extension, the velocity of the solid-liquid interface both
during melting and solidification. A1l these dataare cbtained
in a single pulse and for their relevance in the laser-melting

description we will report laser some results.

Crystal b¥2azion of irradiated layers

Ton implantation offers a reproducible and clean methed
to produce amorphous layers few thousand angstroms thick.
As.a starting point we consider the amorphous to single cry-
stal transiition and its threshold dependence on the energy

density value'®}.This is illustrated in Fig.2a and b far pulsed

~electron beam and ruby laser irradiation, respectively. 1In

hafﬁ‘sambles the amerphous tayer created by ion implantation
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was 1900 A thick. The sample structure is analyzed by MeV He
backscattering in combination with channé]ing effect techni-

gues. Details of the methods were presented by P.Baeri at the
school and are reported in this volume2?),

The aligned yield recorded after irradiation with a
0.553/cm?® energy density of the electron beam decreases dra-
stically and at 0.7 J/cm? coincides with that of unimpianted
Si single crystals. The -amorphous Tayer has become single crystal
with the same orientation as the substrate. Similar results
‘are found for ruby laser irradiation. Up te 0.9 J/cm® the
aligned yield does not change, It decreases at 1.0 and at
1.2 J/cm?® it reaches the unimplanted level. The high yield
at 0.55 J/em® for the electron beam and at 1.0 J/cm® for the
ruby laser is caused by residual disorder lccated mainly at
the original crystal-amorphous interface. The transition to
single crystal occurs at a well defined energqy density value
and involves the entire disordered layer. Thicker amorphous
layers require higher energy densities to become single cry-

stals.

Changes in the structure of the irradiated layer can also
be analyzed by diffraction for both transmission and reflec-
tion of high-energy electrons. As an example the patterns
obtained by the reflection of electrons (RHEED) are shown in®?)
Fig.3., The electrons impinge at a glazing angle of few de-
grees from the surface, and they probe the first few hundred
angstroms of the sample. The pattern of the as-implanted
Si layer is a diffuse halo characteristic of the amorphous
structure. Rings (b) appear in the pattern after ruby la-

ser irradiation and with increasing energy density they chan-

ge into spots {c}.

Rings and spots indicate the presence of a polycrystalline
arid of a  single crystal layar respectively. The poly layer
is produced when the thickness of the melted layer does not
penetrate all the damaged layer. Solidification occurs be-
fore the liquid wets the single-crystal substrate., This
statement is clearly demonstrated by the transmission elec-
tron microscopy of a cross section of a Si-sample with an
initial amorphous Tayer 1900 R thick??) After irradiation
with 0.2 J/cm? ruby laser pulse a polylayer extends from
the surface to a depth of about 1000 R, a2 residual thin
amorphous layer is still present. At the end of the amor-
phous layer is present a region of damage due to the ion
implantation process performed in this case at room tempe-

ratire. The final aspect is skected in Fig.4b.

Extended defects in the crystallized 1ayérs remain for
energy density values just above the threshold for the amor-
phous-to-single crystal transition2?).In <100> oriented sub-
strate dislocation pairs, v-shaped,are distributed throughout
the regrown layer., The dislocationsare all of the same length
and originate from a thin layer located just behind the
initial amorphous region. This is illustrated in the two
TEM reported in Fig.5 for a 1000 R and a 4500 ; thick Si
amorpheous layer on <100> Si substrate after laser irradia-
tion with a 1.5 and 2.5 J/cm? ruby laser 50ns duration?3),
respectively. In the thinner annealed layer the residual
defects are smaTl dislocation loops.about 1200 R below
the surface, in the thicker annealed layer the defect struc-

ture is similar, but the small loops are now Tocated at about
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4500 ; betow the surface. The length of the V-shaped disloca-
tions increases with the thickness of the amorphous layer,
and they originate from the small loops.

It is then the nature of preexisting defects in the transition region
between the amorphous and the single crystal substrate free of defects,
to determine the amount of residual disorder at the threshold value. In the
case of <111> oriented substrate stacking faults are the
ma{n type of extended defects at the threshold. They origina-

te also at the preexisting defects at the interface amorphous-

single crystal. It has been shown?*), for instance, that a reduction of

black spots by thermal anneal-at 400°C for 3 hr decreases also the density

of stacking faults. At this temperature nc regrowth of the amorphous layer
occurs by solid phase epitaxy.

The melt front penetration has been investigated?s) by disso
Tution of precipitates. High temperature diffusion of boron
or phosphorus into silicon leads to the formation of preci-
pitates and small joops. After Q-switched irradiation annea-
led defect-free-regians containing no phosporus precipitates
are found in layer of thickness increasing with the pulse ener-
gy density as shown in Fig.6a and b respectively.
Precipitates originate because the dopant concentration exceeds
the solid solubility Timit. They dissolve under conditions where impurity
diffusion coefficients are extremety high as in liquids,
{~10"*cm?®/sec) and for elevated quenching rates,

The fast deposition of energy associated to laser irradia-

tion implies also a different description, or at least a more

detailed one , of the amorphous recrystallization, The free-

energy of the amorphous Si is higher than that of crystalline Si.
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Solid phase crystallization occurs because amorphous 51 is thermedy-

namically less stable than crystalline S5i. Crystal growth

does not occur at room temperature because of kinetic barriers
to atom motion. Figure 7 shows schematically the Gibbs free-
energy diagram of amorphous, ¢rystalline and liquid silicon 2%),
The intersection of the free-energy curves of crystalline and
tiquid silicon is by definition the equilibrium melting
temperature Tc' By:a similar extension of the amorphous free-
energy curve gne obtains the melting temperature Ta’ which is
lTower than that of the crystalline phase. This argument is ba-
sed on the plausible assumption that the phase transition from
the tetrahedral four-fold coordinated amorphous phase to the
close-packed 11-12 fold coordinated metallic liquid is first
order in nature2?),

The usual heating procedure does not allow the observation
of the melting point depression bacause the amorphous silicon
will ¢rystallize in the solid phase before such high temperatu-
resare reached. Only by pulsed irradiation one can hope to
avoid crystallization. Heat of crystaliization of amorphous
Si obtained by ion implantation was obtained recentiy by dif-
ferential scanning calorimeter measurements®®) The obtained
AHBC value was of 11.320.8 and the estimated Ta is depressed
of about 250K beneath T _.

Pulsed electron heating experimentszg).gave some evidence for a substantiai

reduction in melting temperature of the amorphous material. So far experiments

with laser irradiation have been unable to evidence such a

depression.

The laser energy is absorbed exponentially with a coeffi-

cient depending on the light wavelength and on the target struc-



turef_ Large thermal gradients are created during the hedting
so that usually the region at the interface with the substrate
is just above Ta while the Tiquid at the surface is at 2 tempe-

rature above Tm' Undercooling effects are practically negligi-
ble.

Electron beam irradiation creates instead small temperatu-
ée gradient and by a syitable value of the pulse energy density
all the amorphous tayer can be undercooled. Temperature distri-
butions similar to these ones can be obtained by laser irradia-
tion on the back side of the sample. The maximum of energy
deposition cccurs ir the amorphous layer at the interface with
the single crystal substrate. Heat sink is located an the same
side of the heat source and the surface represents a barrier
te the heat diffusion. No temperature gradient is practically

present in the molten Tayer.

The upper left side of Fig.8 reports®®) the caleylated maximum
temperature distributions during the heating for a 30ns Nd Ta-
ser pulse on a 1500 R thick amorphous $i layer. For energy den-
sity in the 0.9-71.4 J/en? range the amorphous layer is molten
at a temperature below the Tm meltiqg point. In the
upper right upper side of the same figure the channeling analy-
sis is shown, . Up to 0.7 J/cm? the yield coincides with that
of the as-implanted sampie. With increasing the energy density
of the laser pulse a noticeable decrease of the aligned yield occurs in
the energy part corresponding to the region at the interface
with the single Crystal substrate. About ? of the amorphous
Tayer is regrown epitaxially with the underlying substrate,

the other 3 is a poly Tayer as found by RHEED,

A double layered structure is farmed for temperature of the molten layer below
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T, sihiTar to the structure fdund after ehbeam‘irradiationZB),
T:e experimental data agree closely with calculations using Ta=1200K
and &H, ,=1250 0 gr™* for o Si and T =1700K and AH, _,=1780 & gr~!
for crystalline Si. The previous measurements with fifferential
calorimetry give instead a difference of 400 J gr-! instead of

530 J gr~!' as adopted in the calculations?®).

The structure of an ion implanted semiconductor after front
{a) or back laser {b)} irradiation 1s reported schematically
in Fig.9. For front laser irradiation the sample surface reaches
T at an energy density E,. With increasing the energy density
tze melt front at Ta penetrates inside and all the amorphous
layer is molten at E,. It becomes poly after solidification. In
the energy range E,-E, the absorbed energy increases the liquid
temperature. Normal liquid at T>Tm near the surface and under-

¢cooled liquid at T<Tm near the interface coexist.

The E, value represents the energy density threshold for
the amorphous-to-single crystal transition but the crystailine
quality of the regrow layer is very poor. At energy values
higher than E; all the initial amorphous. Tayer is above Tm with

part of the underlying single crystal substrate molten.

In back laser or electrom beam irradiation the amorphaous
Tayer starts to melt at an energy density value E!. A1l the
layer becomes liquid simultaneousty for the low thermal gradient.
Up to £} value the underlying single crystal is still solid.

In the Ej-E, range the molten layer is undercocled, nucleation
and fast crystallization occur easily. Above E; a good crystal-

line epitaxial resuylts.
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According to the diagram of Fig.7 one can start from a
single crystal to obtain a tiquid, if it is considerable undercooled
during seolidification an amorphous structure can result.

This condition is fulfilled when the interface moves
at such high velocities that the liquid must be undercooled

“beneath Tm' Amorphization of crystalline $i has been obtained

by ruby laser irradiation with 25 ns pulse duration3”-Few hundredth

thick amorphous layerswere obtained for both <111> and <100>
substrates. The critical parameter was the velocity of the

solid=-liquid interface?z},

Thermal description of laser irradiation

Basic process of laser irradiation involves heat generation
by the absorption of light and cooling by heat conductivity
into the substrate, It has been clearly stated during this
school that at least for nanosecond pulse duration the basic as-
sumption of an instantaneous conversion of the absorbed light
into heat is justified. Heating and cooling stages are
then determined by numerical solutions of the heat eguation
including a source term due to the absorption of light at a
certain depth, the changes of optical and thermal parameters with
temperature and structure of the irradiated layer and the

latent heat absorbed or generated during phase transitions.

For simplicity we assume a light beam travelling along the
z axis normal to the specimen surface, which is uniform in the
x-y plane., The target composition is homogeneous in this plane
and structural changes occur only in the z direction. Edge
effects are alsoc neglected, i.e. the cress section of the laser
beam is assumed to be much greater than the heated sample thick-

ness. The heat eguation becomes
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3T _ _a 19, 8T
Y e . I(z,t) + pcpaz(K »z) (1)

where I(z,t} is the power density of the laser light at depth
z and time t. T is the temperature, p,Cp,K and o the density,
specific heat, thermal conductivity and absorption coeffi-

cient of the sample. In a homogeneous medium

I{z,t) = Io(t)(1-R) {exp-uz} (2)

being Io(t) the temporal power output from the laser and

R the target reflectivity. Before considering in detail the
soglution of eq.{1) it is interesﬁngs) to illustrate some sim-
ple consequences for a rectangular laser pulse of duratien Tp

and foy constant values of p,a,Cp and K.

The heating process involves two characteristic lengths,

the absorption a~! and the heat diffusion length /anp, being

D - E%— the thermal diffusivity. If a-! <(znrp)"t the heat

sourcepbecomes a surface source (Fig.10a) and the temperature

rise is given by®)

AT(z,t) = [zIO(Dt)i/K]1erfc[z/2(nt)5] (1-R) (32)
for t<Tp, at the surface z=0 one obtains
BT(0,t) = (21 /K) (ot/m? (1-R) (3b)

Approximately the heat required by a layer of thickness /ZDTP
to increase its temperature of AT should be equal to the absar-

bed energy, i.e.
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I(1-R) Dt}

ATpCp(2DTp)% = 10(1-R)Tp => AT = - ( 2 y . (4)

The energy density to reach a given temperature, as for instan-

: . ; . (Tm-To) Ly 3 3
ce the melting point Tm,1s then given by Et= _TTjﬁT (E KpCp) (Tp)
The threshold energy density is propartional to (Tp}é, and

is independent of the abserption coefficient, Heating and cooa-

ling rate are both characterized by Tp. The heating rate s

given by
AT (I—R)I0 )
T pC (201 )3
P p( Tp)é

For instance for AT=107X and Tp:]Ons, the heating rate amounts
ta 10''K/s. In the case af Silicon the previocus consideration
requires an absorpticn coefficient larger 10%cm-',i.e. a wavelength
of about 0.6um or lower. Thermal diffusivity ranges in bet-

ween 0.1 and 10 cm?/sec,

The other extreme case, a">>(20rp)i, typical of Nd: 1.06 um
wavelength in Si single crystal, implies the non relevance of

the heat diffusion and the temperature rise is given by

AT(z,t) = ('I-R)Io a exp (-az) t/p Cp at tsrp. {6a)

at the surface, z=0, and at the end of thepu1se,t=1p,

AT{O,Tp) = (1—R)Iautp/pCp (6b)

The heating rate, given by AT(z)/tp is then independent of the
pulse duratian and decreases exponentially with depth. The

cooling rate can be estimated assuming that heat diffusion occur

over a diatance a~', then a time %5=is required so that

- 14 -

a7

(1-R)I o?t 2D
- o p
t . pC
cooling p

of the corder of 10%-10° K/s.

A detailed treatment requires the numerical solution

of the heat equation (1). To this aim the Tayer of interest

is divided in several slices of thickness Az, and for each

of them we should know the follewing quantities:

1) Temperature of the ji-th layer,Tm

2) Structure of the i-th layer {EEEEE

3) Fraction of the i-th layer which is melted FFi

4) Thermal and optical parameters for each layer, function of (Tbi’{

Let us compute the temperature change with time in

the i-th slice. The power density incident is given by

-0 fi¥4

crystalline
amorphous
Tiquid

(0)
(1)
(2)

Iizli— e i-1 (Il=Io(t)(I-R)), and the energy absorbed

1
during At is

AQ_, =1.{1-e %7

abs i yat,

the energy exchanged by thermal diffusion with the slice

i-1 and i+1 is given by

so o ¢ leimiTTer o ThienThs
diff - Az + Az
With K_=(K,_1#K) /2, K, = (K, +K,)/2.

The temperature rise is then given by

(8a)

(8b)

0
1

2}’FF1)'
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8.5t 55

Tbi(t+ﬂt) = Tbi(t) + pCpAZ

(9)

If Tbi(t)<Tm5Tbi{t+At) melting should be considered, if instead

Tbi(t)>TmZTbi(t+At) solidification has occurred. In both
cases the Tatent heat should be included. The energy av ila-
ble for melting if Tb_i(t)sTrrl or released from solidification
if Tbi(t)>Tm is obtadined by

LR~ - -
B§ = 80,ps*8Quppm (T Ty o€ 22

This energy determines the variation in the fraction of the molten
Q" 1ayer,FFi infact
AFF, = —

] pAzAHm

with AHm enthalpy of melting or solidification. The new value

for FFi at time, t+at, is

FFi(t+at) = FF (t)+aFF, (12)

The new fraction can be lower, equal or larger than 1.
If OSFFisl the temperature Tbi(t+At) is maintained atTm;
if FF1>1, the surplus  of abscrbed energy AQE = (FFi—I)pAzAHmiS used
to rise the temperature of the slice. above Tm’ i.e. Tbi(t4at)=Tm+&Q$/DCpAz.
Then the calculation proceeds to the next slice and so on. The
numerical approach requires as stability condition the fellowing
disequality KAt/pCp(Az)2<§ between At and Az, time interval

and space interval respectively.

In addition one uses as boundary conditions, the tempera-
re distribution in the target at t=0, no
loss of heat occurs at any time from the irradiated surface,

and for a bulk sample 1im T is constant at any time t.
2o
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As an illustration of the method we report the following
examples which refer to ruby laser irradiation of $i single
crystal. The pulse duration is 30 ns,i.e. a gaussian shape is
assumedwith a FWHM of 30ns. The time dependence of témperature
at three different depths inside the crystal is shown in
Fig.11 for 1.2 J/cm? energy density pulse. The surface layer
reaches the melting temperature just after 30 ns from the
switch-on of the laser pulse, then the temperature remains
constant because the absorbed energy is qsed as latent heat
for melting. The temperature increases later and reaches a maxi-
mum value of 2x103K at the end of the pulse. The layer at a
distance of 90 nm from the surface reaches the melting point
at a later time and so on. Cooling occurs with a rate of
10%/sec for all the considered layers, while the heating
rate if of the order of 10*'K/s.

Melt front penetration and its dependence on the energy
density are shown in Fig.12. Threshold for melting just the sur-

face tayer corresponds to 0.8 J/ecm?. MWith increasing the
energy density increases also the thickness of the melten layer and the time

interval during which the surface is Tiquid. In Si irradiated with ruby
laser a typical rate of 0.6 um /J/cm® is obtained. The melting proceeds
with a planay front at a velocity of about 10 m/s, solidifi-
cation usually occurs in a time interval of about then times

the pulse duration.
During solidification the heat of melting liberated at the

advancing solid-Tiquid interface has to be transported by heat conduc-

tion into the substrate, j,e.

ar
s 2z
S

T
£ 3z

AHmp-V = K (‘[3)

t
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where v {s the velocity of the Tiquid-solid interface and: the . SRR _ :
; ' . . . of time.. Particular care must be paid to reduce substan-
subscripts s and £ refer respectively to the solid and liquid

. : : tially the ophotoconductive response, so that the entire
phases. The equation does not include undercooling effects at . . ; d
, ) . melt conductance is not masked by it. §i samples doped with Au, to de-
the interface. Usually the temperature gradient in the Tiquid

: crease the carrier lifetime,were used.
1s much smaller than that in the solid so that the velocity

is determined mainly by the temperature gradient in the solid, Simultaneous measurements of the surface reflectivity by a
For instance if the energy density is just enough to melt the Ne-He . laser were used to confirm that melting had occurred,
layer initially at room temperature and if a“<</20tp, one to determine the time during the laser pulse at which the
can estimate melt started, and to measure the melt duration®“).A typical
T -300 : set of measurements is shown in Fig.13. The time dependent
%} = 7%3?*=; for Si {D=0.1 cm?/s) v =_%%;2;i {m/sec). (14} voltage V(t) is reported for a variety of incident laser
P P energy densities in the lower part of the figure. The si-

With increasing the energy density also the meit duration

. gnal observed for energy densities below the melt threshold,
tncreases too and solidification starts after the end of the

0.8 J/em®, is due to the chatoconductivity in 53.

laser pulse. The time interval T, becomes then the melt dura- Above the threshold value the transient voltage curves show

trom tm which 1s Proportionally to the square of the energy the ceonductance increasing in magnitude and duration after

demsity, E*. The velocity becomes inversely proportional the photaresponse.

to the energy density value. In the 6ther case of a 1>/20r ,

the regrowth is independent of the pulse duration, and 1t25 The reflectance signal reported in the upper part of the
given by Tm a/e. The maximum velocity is reached in any case near same Fig.13 indicates the onset of the high reflectivity phase,
the energy thresikold value. Short pulses reduces in addition considera- and its duration. It is clear that at 0.57 J/cm? no melting
ble the heat diffusign Tength, of the surface has occured, and that at 0.2 J/cm? the surface

. remains liquid for a larger time than at 1.65 J/ecm? irradiation.
This analysis is based on a simple description of the

ipoq . i f experimental data with calculation is repor-
process, and it {s necessary to support it by experiments. tomparison o ald ¢ P

: ; ; i ig.14. h 1 dependence data shown in Fig.13
With this aim measurements!®) of the electrical conductance ted in Fig.14 The voltage dep g

; o ; s d i Tt h through a detailed analysis in
of S§i dur1ng/the irradiation process were undertaken. They are converted into melt dept g ¥

i e . i h tributi to the conductance in addition
yield direct measurements of important dynamic parameters as which the other contributions ¢

; i imated, Th ood agreement
the melt depth,the front velocity and the saolidification. In to that of molten Si alone are estimate eq g

xperi i i Tculations support
these €xperiments one takes advantage of the large increase (%30 times) of between the experimental results and the calculations suppo

- R . iption. f : in Fig.14
conductance of §i upon melting. Samples are irradiated with ruby laser pulse the thermal description Fhe stopes of the curves Fig

and for each pulse the electrical conductivity is measured as a function
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provide the velocity of the liquid-solid interface during
cooling. Also these values of few meters per second,

are in agreement with the predictions of the thermal model.

Dopant incorporation

The formation of a liquid Tayer modifies the profiles of
the implanted impurities. Diffusion in molten Si occurs with
a coefficient of 10-“cm?/sec and detactable migration takes
place during the time interval, ~100ns, the near surface region
remains liquid. Impurities after irradiation are then electri-
cally active and redistribute in depth®3). The sheet resistance of Si
samples impltanted with 40 kev -10'% As/cm? is reported in
Fig.15 as a function of the energy density for Nd/YAG double fre-
quency pulse. At an erergy density of about 0.4 J/em? the
abrupt decrease of the sheet resistance{e) is related to the
melting of the surface region. Dissolution of As complexes occurs
also at the‘same energy value as shown for the samples irradia-
ted after thermal annealing {o). The As distribution is shown
in Fig.16 before and after irradiatian with 0.6 J/cm® energy
density pulse.

Profile broadening is not the only observed effect. Several
impurities show in addition a partial surface accumulation as re-
ported in Fig.17 for $6°%) and Cu'”) | For Sb the profile depends on
impTantation and irradiatian coenditions whilst for Cu complete

surface accumutation is always observed. The redistribution of the

impurities during solidification is gaverned gy the equilibrium
distribution coefficient, KO, defined as KD = = where ¢_ and
Lleqg

c, are the concentrations in the solid and Tiquid phase determined
by the phase diagram at a fixed temperature close to the melting

point. If K0<l impurities are rejected at the interface toward

- 20 -

the liguid where they are allowed to diffuse.

Normal crystal growth occurs at a velocity of the solid-
liquid interface of about 10-5m/s, i.e, five orders
of magnitude lower than that obtained by Taser irradiation.

In these conditions Kc is meaningless and the redistribution
is determined by the interfacial redistribution coefficient

K'o= =, Experiments indicate that K' for a large number of impurities
£11 )
should be much Targer than Ko’ and in addition the dopant

concentration retained in substitutional lattice sites can be
several order of magnitude larger than the equilibrium soTubi-
Tity ).

The dynamic of the dopant redistribution is reported in Fig.18 where the
profiles both in the Tiquid and solid phase are shown at diffe-
rent stages of the solidification process. The continucus
rejection of impurity at the interface will result in surface
accumulation, as the last layer will freeze. These profiles
are obtained following a procedure similar to that reported

with some details in the previous section on the heat flux calculation.

The process described by the calcutations’) are the following
ones:
i) diffusion in the liquid phase of the initial implanted distri-
bution, accounting for the 1-s interface kinetics, as deter-

mined by heat flow calculations.

ii) impurity rejection from the solid to the liquid phase, accor-

ding to a K' fitting parameter

iii) diffusion of the impurities rejected by the interface in the

liquid.
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This simple description combine both mass and heat

transport, but no interference between these two processes

is consfdered. From the fit of the experimental data with
calculations it has been inferred that K' is velocity depen-
dent'®) . The amount of surface segregation changes with the
liquid-soTid velocity during solidification. The velocity

can be changed in several ways: by changing the pulse duration,
or the coupling of the laser beam with the substrate, or the

target temperature??),

Figure 19 reparts as an illustration“®) the molten thickness
vs time for a ruby (0.69 um) and Nd {1.06 um) laser irradiation.
of $1 single crystals and 10%Znm thick amorphous layer on single
crystals. The solid-Tiquid interface velocity given by the slope
of molten thickness-time and averaged over the least hundred
nm changes from 0.5 to 3.3 m/s. In the presence of impurities
the solidification leads to segregation. As an example the depth profiles of
Te implanted in Si and irradiated with a Nd laser pulsesare
shown in Fig.20. The lower part reports the profile after ir-
radiation with 2.0 J/cm? for aligned and random incidence of

the analyzing 2.0 MeV He* beam.

The Te accumulation at the surface amounts to 20G% and is
easily obtained by the aligned yield. The large attenuation for
the in-depth distribution indicates that the majority of the
remaining Te atoms are substitutionally located. The calculated
solidification velocity is ~3.0 m/s. Channeling effect in com-
bination with Mey He' Rutherford backscattering provides a sim-
ple and a reliable method to determine the total amount of rejec-
ted impurities at the surface. The profile determination js 14~
mited by the depth resolution of the technigue which is hardly
pushed below the 5 nm.
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If the implanted sampie is annealed before irradiation
the Te profile shows a much larger surface accamulation as shown in
the upper part of Fig.20. The small absorption coefficient
of the Nd wavelength in Si single crystal produces small tem-

perature gradient and the calculated solidification velocity

is about 0.8 m/s. To reduce the required energy density for melting the

sample was heated at about 300°C during irradiation. The K'
fitting values are 0.5 and 0,03 for the higher and lower ve-

locity respectively. The stimated Ky equilibrium value is ~10-".

$imilar results are obtained by changing the substrate
temperature during irradiation*?) As an illustration Fig.21
reports Te distribution profiles after irradiation with ruby
laser pulse of 30ns duration and 1.5 J/cm? energy density at
different substrate temperatures. The higher surface accu-
mulation is obtained at 600K substrate temperature. The
solid liquid interface velocity changes are associated to

the dependence of the thermal conductivity .on temperature.

The major result of these experiments is the unique re-
Tation between the K' value needed to fit the surface accu-
mulation and the solid-Tiquid interface velocity independent
of the way it was obtained. A typical X'-v trend is shown
in Fig.22 for Bi implanted Si sampies?$)The K' value seems
to saturate at a value <1, Although measurements at higher
velocities would be of interest they are limited by the amor-
phous fermation occurring at solidification velocities of
~20 m/s. Under these conditions the usual definition of K'

lToses its significance.

The data of Fig.22 refer to different substrate orientations.

At low velocities the {11} oriented Si substratesgive rise
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to less segregation tham the (100) crystal substrates®®).

ge velocities the two values almost coincide. The understan-

ding of the orientation dependence requires a detailed descrip-

tion of the crystal-Tiquid interface morphology. So far two different
pussiblé méchanisms have been considered, The amount of under-
cooling required to grow a given liquid at a fixed spéed is larger for
(111) than for (100) substrate orientation. The increased
undercooling give rise to an increased amount of trapped impu-
rities*!) The other mechanism *?) is based on the atamistic de-

scription of the different faces. The density of Tedges in the (117)
plane is smaller than that in the (100} plane thus requiring

a greater Tateral velocity to maintain the same solidificatien

rate., This faster lateral growth will produce larger dopant

trapping in the (111) oriented substrates.

The dependence of K' on velocity is related to the kinetic
aspects of the segregation process. In a simple view two diffe-
rent times should be considered; the time required for the
interface to move one interatomic distance during solidifjfaction, t_ = % » with
A interatomic distance, and the residence time,rr =Ai,w1th Di

D.
i

diffusion of coefficient of the impurity at the -interface.

Trapping of the impurity can occur if the dopant resides 4n the
near interface region longer than the time required to regrow
it, i.e., if T§<Tr. In the opposite case the dopant is rejec-
ted into the high solubility phase, i.e., inte the Tigquid.

The ¢ritical velocity above which trapping K' increases steeply

is then =
Yerit Di/l'

The diffusion coefficient Di is estimated“?) by the relationshim
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Di = JB:EE—, where the subscripts s and £ refer to solid and
tiquid phases respectively. The interface is assumed to have
properties intermediate between those of the two adjacent media.
D£ is of the order of 10-“cm?/s for any dopant in Si, while

Ds ranges from 10" !lem? for the slow (Bi,As,Sb...) to 107*cm’/s for
the fast (Cu,Ag,Au...}) diffusers in Si at temperature close to the

melting point,

These Di estimates give Ve values of the order of few

cm/s and of few m/s for slow an;1§ast diffusers in Si respecti-
vely. The experimental data so far obtained by laser irradiation
agree with these estimates. In the case of fast diffusers the
velocity obtained by irradiation is not sufficient to trap them

inte the Tattice**).

The concentration of dopant trapped in substitutional positions
exceeds the solid solubility value of several orders of magnitude.
However the maximum solubility cobtained by laser irradiation seems
to be limited by three mechanisms"5): interface stability,

mechanical stress and thermodynamics Timit.

The solid-liquid interface can proceed flat according to the
classical work of Mullins and Sekerka“®) if
vm ¢ _{1) ,
0 > s 1-K

(o
2 D, K

The term on the left is the temperature gradient in the liquid
clase to the interface and that on the right is the gradient
obtained from the phase diagram and taking into account the do-

pant concentration in the liquid close to the interface. In the



case the disequality is not fulfilled, interfacial instability
develops and cell formation occurs. The instability is caused by
constitutional supercooling in the liquid at thé interface.

By increasing the thermal gradient in the Tiquid the onset of
instability is delayed., This implies that the regrowth velocvify

must be increased.

An example of cell formation

_ ted Si samples is shown by the TEM micrographs reported in'Fig.23 “7).

The upper part and the lower part refers to a samb]e in which fhe
regrowth velocity was 3 m/s and 1.5 m/s respectively. The inter-

face breakdewn and then the cell size occurs on the scale of D/v.

At the high regrowth velocities encountered in laser irradiated se-

miconductors the cell size ranges betwsen few hundredth and few thousands

angstroms.

Constitutional supercooling s the most cammon limit to su-
persaturation but other mechanisms can be present. In the case-
of boron the large difference in covalent radius between the
dopant and the Si host results in large uniaxial strain®%).

The 1imit to the maximum substitutional concentration is due
to the limit of elastic properties of Si and extended defects

results at high concentrations.

An absolute thermodynamic 1imit"®} to solute trapping is
given at the intersection between the solidusand the liquidus
free energy curves. This is a very general 1imiting conditions

and it is not yet clear if it can be reached.

Conclusions

The aim of these lectures was to present the laser irradia-
tion effects in fon implanted semiconductors and to describe
them in terms of melting model. Structure changes, residual
defects and dopant incorporaticn are all explained by this
simple thermal description. In addition several predictions
of the model have been and can be used as a guide for further

investigations.

in laser irradiated In implan~-
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Figure Captions

Fig.1 -

Fig.2 -

Fig.3 -

Fig.4 -

Fig.5 -

Fig.6 -

Schematic of crystallization in amorphous Si on
single crystal substrate by electron or Q-switched

laser pulse irradiation.

+
Analysis with 2.0 MeV and 1.8 MeV He beams in combi-
ration with channeling effect of recrystallization
-]
of a 1900 A-thick amorphous 5% on a (100) oriented

substrate after irradiation with electron beam (a) and with

ruby laser (b) pulse of different enerqgy density.

Reflection high-energy electran diffraction {RHEED)
patterns of an as-implanted amorphous layer {(a),after
1.25 J/cm?(b) and 5.0 d/cm?{c) ruby laser pulses,

respectively. The azimuth direction is along the <110>

Transmission electron micrograph of a cross section

of a 1900 ; thick amorphous layer on $7 <100> sub-
strate after irradiation with 0.2 J/em® ruby laser

15 ns pulse duration {a); schematic of a back-thinned

implanted silicon sample for TEM analysis (b}.

Transmission electron micrograph of 10“3 thick (a)
and 4.5x70° A thick {b) -

amorphous implanted $i layers after irradiation with
1.5 and 2.5 J/cm?® ruby laser pulses respectively.

The dislocations originate from small Toops and their
lenghts scale with the thickness of the initial amar-

phous layer.

Bright-field electron micrograph of a phosphorus-
diffused silicon specimen shown dissolution of preci-
pitates after ruby laser irradiatign. The annealed
depth increases with the energy density of the ruby
laser single pulse. The thickness of the defect-free
regions can be measured from thickness fringes.

{a) 2.0 J/em?, {b) 3.0 J/cm?.



Fig.? -

Fig.8 -

Fig.9 -

Fig.i0 -

Fig.11 -

Fig.12 -

Fig.12 -

Fig.14 -

- B

Free-energy diagram of amorphous, crystalline and

dense metallic liquid silicon. Ta and Tm are the melting
point of the amorphous and of the crystalline phase respec-
tively. In the energy density E,-E, the molten layer

is undercooled.

Back-irradiation of a 1500 A thick amorphous Si layer with
30ns Nd glass Taser pulse irradiation. The computed tem-
perature profiles at several energy densities are shown in
the left side.

amorphous and crystalline Si respectively. Right hand side:

Ta and Tm represent the melting point of

experimental RBS spectra for aligned incidence of 2.0 MeV

He beam after irradiaticnat several eneray density.

Melt front penetration for front and back irradiation.

The resulting structures are indicated in the Tower part,

Schematic laser pulse intensity and temperature profiles
for a penetration depth, «-', of the light small (a) and
large (b) compared to the thermal diffusion length.

Temperature-time dependence at different depths for Si single
erystal irradiated with 30ns ruby laser pulse of 1.2 J/cm?

energy density.

Kinetics ‘of melt front in Si single crystals irradiated

with 30 ns ruby laser pulses of different energy densities,

(a) Signal from the reflected He-Ne probe laser as & function
of time for three incident laser . energy densities
Electrical conductance, as measured by the voltage across

the scope load resistor, as a function of time.

Experimental (heavy line} and computer calculated (light
1ine) melt depths as a functien of time for several inci-

dence laser energy densities above the meit threshold.

Fig.15

Fig.16

Fig.17

Fig.18

Fig.19

Fig.20

Fig.21l

— 22—

Sheet resistance of 40 keV-10!°® As at/cm® implanted
Si samples vs. energy density of 20 ns pulse dura-
tion Nd:YAG double frequency. Full circles refer
to as implanted samples, open to thermally annealed

samples.

Broadening of the As-impurity profile after irradia-
tion with a 20ns pulse duration of Nd:YAS double fre-
quency -0.6 J/cm?.

Changes in the impurity profiles after laser irradiation.

Calculated impurity profiles at different times for
and initial gaussian concentration distribution.
The solidification proceeds fraom right to the left
with a solid-liquid interface velocity of 2m/s and

for an interfacial distribution coefficient K'=0.1

Kinetic of the melt thickness for Nd and ruby laser
pulse irradiation of Si single crystals and of Si

sampleswith 0.1 um thick amorphous layer.

Te depth profiles for Nd taser irradiation of Si
single crystals (upper part} and of Si with 0.1 um
thick amorphous layer: (lower part). The arrow indi-
cates the position of the projected range for the
as-implanted Te distribution. The data refer to ran-
dom (A} and to aligned (4) incidence of the 2.0 MeV He+

analyzing beam.

Te depth profiles after irradiation with 30 ns ruby

Taser pulse of 1.5 J/cm® at different substrate tem-

peratures.
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