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Three-dimensional transient temperature field model for laser annealing
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A three-dimensional transient temperature field m@@&FM) is proposed for the general problem

of laser-induced out-of-equilibrium annealing of a bilayer device, which is made up of a bulk
material covered by a transparent layer. The TTFM solves the moving-boundary problem with a
deterministic relation between the interface velocity and temperature in contrast to preceding
problem-dependent models, which use an interface-tracking heuristic algorithm. The TTFM is the
first step to model many temperature-driven phenomena such as diffusion and segregation in laser
annealing. Both computed transient temperature field and melted-zone dimensions aff &i SiO
example device, which is irradiated by a focused vis{bl&@2 nn) laser, are in very good agreement

with experimental measurements.2005 American Institute of Physi¢®Ol: 10.1063/1.1846943

I. INTRODUCTION transparent Si©cap, which is irradiated by a focusedd,
=0.9 um) Nd:YAG laser(A=532 nn), as shown in Fig. 1.

Laser interactions with materials may lead to variousSince the validity of the numerical model depends on its
surface processes including melting, texturing, hardeningecapability to predict the melted-zone dimensions and tran-
and ablation. At moderate fluence, the effect of a pulsed las&ient temperature field, we carry out two different experi-
may be limited to surface melting, which can be used forments: First, we show the good agreement between the com-
example to redistribute dopants incorporated into a silicorputed dimensions and atomic force microsco@yFM)
device? For an extended nonfocused laser beam, this probmeasurements of the melted surface. Second, from the
lem can be simplified to a one-dimensional one for whichtemperature-dependent optical properties of bulR'8iwe
numerical and analytical solutions exist. However, focusing gerform transient reflectivity measurements to evaluate the
pulsed laser on a target surfa@es in the case of texturing a surface transient temperature field, which is successfully
hard disk drivé or analog-device trimminftf) requires solu- compared to the simulation results.
tion of three-dimensiona(3D) differential equations with
boundary condition$!3(_3) moving yvith the sqlid—melt inter- Il. STATEMENT OF THE PHYSICAL PROBLEM
face. Unfortunately, It IS not pOSSIble to derive an exact anaAND MATHEMATICAL FORMULATION
lytical solution for the 3D problem of the moving solid—
liquid boundary. Therefore, only approximate analytic ~ Usually the transient temperature field induced by
solutions can be obtained from the heat-transfer balanc®cused-laser irradiation onto an absorbing solid is not only
equations‘ljf’ On the other hand, preceding numerical ap-due to heat diffusion but also to the penetration depth of the
proaches to solve the problem of laser-induced melting anéser light, which depends on the optical absorption. Laser-
recrystallizatior,” in which out-of-equilibrium BCs must be induced heating changes the optical properties of the mate-
used instead of the usual equilibrium ones, involve interfafial owing to their temperature dependence. The dissipated-
cial response functional relationships of the solution itself.energy distribution can be obtained from the Maxwell
Such heuristic modeling requires a solution-dependent trackequations' and finite-difference time-domain modeling.
ing algorithm to locate the interface position and therefore idHowever, this problem can be considerably simplified with
very computationally demanding. To avoid this problem, wecommon assumptiort$.The volume heat source term in the
propose in this paper an out-of-equilibrium transient tem-heat equation, which is due to laser—material interaction,
perature field modelTTFM), which uses a deterministic re-
lationship between the interface velocity and temperagture. T Tl me e i i g
Our model allows one to compute the interface position and \
transient temperature field without using any further ! i
problem-dependent algorithm. To validate our approach, we \
first compare simulation results obtained from the out-of-

equilibrium model to those from the equilibrium one, where 0.5um ¢ sio; |\ !
the interface temperature is set to the equilibrium melting W
temperature of the material. Then, we perform experimental Bulk Si

. . SOLID
measurements on a bulk silicon covered by a @b wm)

dCorresponding author: Electronic mail: jean-yves.degorce@polymtl.ca FIG. 1. Scheme of a focused visible laser that irradiates a bilayer substrate
b)Corresponding author: Electronic mail: michel.meunier@polymtl.ca made up of a thin transparent lay&iO,) and a bulk absorbing layési).
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clearly depends on both optical absorptierand reflectivity  temperature, which enables us to avoid solution-dependent
R for the wavelength\ and temperaturd under consider- BCs.

ation. Thea andR variations withT also make the source The sudden release of energy induced by the phase
term dependent off. This dependence is essential at thechange at the interface temperature is obtained from the clas-
phase-change temperature because the optical properties si¢al enthalpy modéf as

the material such as the optical absorption and reflectivity

may exhibit dramatic variations between the solid and liquid T

phases. Realistic simulation of a focused-laser annealing pro- AH(T) = J p(Me(MAT+U(T = Tin) L(Tiny), 3

cess must therefore be carried out from 3D calculations, in- T

cluding all temperature depen(_jenues of the matgnal paramvI/hereAH(T) keeps track of the total enthalpy accumulated
etersa, p, ¢, and k, where p is the mass density; the

o at any point in the material.
specific heat at constant pressure, arttie thermal conduc- In Eq. (3), T., is the temperature far from the processed
tivity. To do this, we consider the bilayer problem of an d.(9), - P P

absorbing solid(bulk S covered by a transparent cap area, andJ(T-T;,) is a Heaviside function at the interface

. I . temperatureT,;, which is zero if T<T;, and unity if T
(Si0,), as show in Fig. 1. The cap prevents the convecnon> T,.. Then, from the time derivatiorAH/ dt=dAH(T)/JT

movement at the liquid surface since no significant distortion . . .
. . . dT/dt, we introduce an apparent heat capacity formulation
of the material surface appears when a bilayer is processe>é

by laser annealing:

’ owing to the&fuse of a Gaussian laser beam, problem  P{T)CapdT) = P(TC(T) + T =Tin) p(T)L(Tiny), (4)
modeling is axis-symmetric and includé$ optical absorp-
tion; (ii) heat diffusion in both materials with a phase chang ; i i X i
in the absorbing material; an(ii) reflectivity of a probing Vel owing to the Dirac functio(T—Tiy), this formulation
laser. All parameters are taken to be temperature dependert/ffers from a singularity af;,. We bypass this difficulty by

Our original mathematical formulation enables us to considefSSUMNg that the phase change occurs over a ;mall tempera-
the same equations for either solid or melted absorbing m ure interval. Therefore, we approximate the Dirac function

terial. This is different from the preceding heuristic PY & Gaussian function with a characteristic widfh, which
models®” where the material is divided into two subdomains @" Pe as small as a few kelvin. A second difficulty is due to
when melting is taking placei) the solid and(i) the mel, thg steep change of the absorbing-material thgrmal conduc—
with different thermal properties. A difficulty arises in this UVity at the melting temperature. In order to avoid numerical

approach because the interface between the solid and m

ewhere Capd T) is the apparent specific heat capacity. How-

érptstabilities,T must therefore be removed from the diver-

moves with time, so that solution-dependent BCs have to b€Nce term in Eq(1), which can be achieved by using a
defined at the interface, which is very computationally de-Kirchhoff transform

manding. We avoid this problem since, with our new formu- T

lation, we obtain a unigque equation which can be applied (T)zf ﬂdT (5)
through the entire domain with no special reference to either T, K(T.) '

the solid or melt. Indeed, because the only independent pa-

rameter is the temperature fi€ldr,z,t), wherer, z, andt are  where ©(T) is the Kirchhoff temperature of the absorbent

the respective radial, depth, and time coordinates, the othgsyer and can be easily calculated by developir@)
material parameters can be easily computed from simple steprough a power serieé.
functions of T with transitions at the defined interface tem- Another Kirchhoff transform is used for the transparent-

perature. layer temperature to obtain th@t,_ of Kirchhoff. In terms of

The temperature distribution induced by laser-radiationg and @+, the classical equation system of Eq&)—(4)
absorption within the substrate can be calculated by using thgansforms to

classical heat equation given by

pu 1 00Ty __, Qp(®,1)
o _ ————==VO(T)+ , 6
p(Me(M === V(M) V T+ QM +L(T), (D) DO) o M+ T ©)
where L(T) is the material’'s latent melting heat. While the
source ternQ is zero in the transparent layer, in the absorb- 1 0 (Tt _ V20, (T) )
- TL ’

ing solids,Q(R, a,1,t) depends on both material and laser D (@) ot
parameters. This term is exhaustively described in Ref. 12.
The laser intensityl(r,z) is solution of the Lambert-Beer in the absorbing material and in the transparent layer, respec-
equation tively. In Egs.(6) and(7), D=«/pc denotes the thermal dif-
_ fusivity. The solution of this TTFM formulation can be ob-

Ar,2)/52= o(TMI(r2). 2 tained by solving simultaneously Ed®), (6), and(7) in the
Equationg1) and(2) constitute the classical model formula- (r,z) plane with a finite-element methdBEM). The BCs of
tion of the heating and melting problem. However, as exthe FEM are given in Fig. 2. For the bounddrywe ensure
plained before, we define all material parameters indepertemperature continuity, i.e® =0+, and an incident irradia-
dently of the phase by using step functions at the interfacéion: | =1,{1-R[T(z=0)]}q(t)exd —(r/rp)?].
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FIG. 2. Model mesh with Si and Sgodomains and boundaries.and z 0 20 40 60 80 100 120 140 160
denote the radius and depth axis. The mesh is refined within the melted zon: 1 (ns)
and at the Si/Si@interface. The BCs are given for the Kirchhoff tempera-

ture and laser intensity. FIG. 3. Temperatures at the center pdint0,z=0) and two other points on
the surface irradiated by a single Gaussian laser pulse with the maximum
. P Y P
lll. SIMULATION RESULTS FROM THE TRANSIENT laser intensitylo=1 35107 W/c?, laser beam fadiug,=0.85um. and
TEMPERATURE FIELD MODEL P - ‘

Since our model can be applied to any transparentSecond, this model provides at all times the values of the
absorbent bilayer, we chose similar experimental conditiongnolten radius and depth. During laser irradiation, the surface
to those of the recently developed process of the lasetemperature primarily depends on the beam-intensity distri-
induced diffusible resistandeSimulations are performed for bution, which is characterized by the beam radiysvhile T
a bulk Si covered by a thif0.5 um) SIO; layer irradiated by along thez axis depends on heat diffusion with a typical
a532 nm |aser, which is focused with a radius Ofﬂrﬁ and |ength sz 2\’D7-| This difference in the heating phenom_
pulse width of 40 to 70 ns. enon explains why the melt radiug,; can be one order of

magnitude higher than the melt de@hy.
A. Equilibrium approach

In the equilibrium TTFM, the interface temperature is B. Out-of-equilibrium approach

approximated by the equilibrium melting temperature, which ~ The out-of-equilibrium dynamics of interface-mediated
is Teqm=1683 K for bulk Si. By performing numerical simu- phase transformations such as undercooling and overmelting
lations, we can derive characteristic parameters of the lasé¢ras been the subject of considerable theoretical and experi-
process such as melting duration, and radius and depth of theental research*® Since no evidence of overheating was
melted zone as well as its dynamics. Control of the maxiteported in Sf, only undercooling during the solidification
mum temperature rise, which always occurs at the center dftage has to be considered here. It is generally accepted that
the laser beanir=0,z=0), is important because this tem- the deviation of the interface temperatufg, from Teqm IS
perature must remain in a small temperature range betweeaelated to the normal velocityg of the solid-liquid

the melting points of S{1683 K) and SiQ (1980 K). The interface**®A good assumption of the degree of undercool-
transient behavior of the center point and those=.5 and  ing in liquid Si iS Teqm= Tint< Teqm: Which leads to a linear

1 um on the Si surface, are compared in Fig. 3. The centeform for v'%°

point melts first and solidifies last because it receives the = K(Togr=T) )
maximum amount of laser beam energy(r=0,z=0) Usl eqm ™ lint)s

reachesTqq, within a time 7, after the laser energy onset whereK is a proportionality constant. By using transient re-
and, subsequentli,(r=0,z=0) increases much more slowly flectivity measurements described in Sec. V, we obtaided
since the absorbed laser energy is spent not only on heatirg.5 cm s* K™, which is comparable to the values of
but also on melting. Moreover, the steep increasR af the 6.5 to 7.5 cm st K™ given in previous studie$:*® From
melting temperature amplifies this phenomenon. The maxiEg. (8), we note that the large radial interface velocity of the
mum in T is approximately reached at the end of the laseifocused-laser process induces a significant deviation between
pulse with a duration; and is followed by the silicon cool- T, and Teq, in particular on the Si surface where the so-
ing down and resolidification within a times. From the lidification velocity is maximal.

times 7, 7, and 7, we can deduce the Si melting duration: Efficient software to resolve the global parametric prob-
7s—Tm. FOr different times around the pulse duration, welem including absorption and heat transfer cannot be
show in Fig. 4a) the temperature on the irradiated surfaceachieved with a parametric dependence of the phase-change
T(r,z=0) and that along the axis T(r=0,2z) in Fig. 4(b). temperature owing to the prohibitive computational dost.
From these figures, we first deduce that the maxinniend  To bypass this problem, we derive a simple and accurate
z of the melted region are reached approximately at the enthethod based on the observation that the interface velocity is
of a laser pulsgdepending on the temporal pulse shape almost stable during the cooling stage. Figuré® &nd 3b)
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Y20 4 e 80 100 10 140 1eo V. EXPERIMENTAL RESULTS

(b) z(nm) To verify our TTFM approach, we perform static and
FIG. 4. Temperature distribution&) on the surfacd(r,z=0) and(b) along dynamic experimental measurements of the melted surface to

thez axis T(r=0,2) for a Gaussian laser pulse at different times around theObtain the melted zone dimensions, which are successfully

pulse duration 7=40 ns. The dashed horizontal lines indicalgyy, compared to the simulation results.
=1683 K.

A. Melt-radius measurements

depict the spatial evolution of the interface velocity on the e irradiate a pure Si sample with a frequency-doubled

radial (r) and vertical(z) directions of the melted zone. As Nd:YAG laser for various intensities and two pulse durations
observed in Fig. 5y and T, from Eqg. (8) are almost con-

stant during the solidification stage. From the observed spa- os

tial dependence of the interface velocity, we derive the inter- ~F3- Melt radivs (OE)
face temperature field within the materialT;, Iis i Y e Melt Tadius (E)
implemented in the heat and Lambert-Beer equations given o7} - - =+ Melt depth (OF)
by Egs.(6) and(2), respectively. As shown in Fig. 6, we can ‘\ ——— Melt depth (E)
therefore compare the transient behaviors of the melt radius 08 i

and depth, which are obtained from the equilibrium TTFM
with Tin=Teqm and out-of-equilibrium TTFM withT;,; de-

05
rived from Eq.(8). 04 \ X
£ b

r,z (um)

The solidification stage is affected by the velocity depen- g3} A
dence onT;,;.. As the velocity becomes zero when the maxi-
mum radius and depth are reached, the size of the melted
zone remains the same in both models. However, in subse- g1
quent times, the cooling-stage dynamics is substantially .
modified when undercooling is considered. The main process ~ %§==== ' 100 0 14
parameter affected by the out-of-equilibrium model is the t (ns)
melt .Ilfetlme’ V\./hICh Is of primary |mpo_rtan_ce_ for laser pr(_)- FIG. 6. Melt radius and depth given by the equilibriui® and out-of-
cessing especially when dopant diffusion is involved durinGequiiibrium (OF) TTFMs during a 50 ns laser process with a Gaussian beam
the process. radius of 1.8um and fluence of 0.75 J cth

0.2
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FIG. 7. Melted-surface diameter versus incident-beam fluence: Experimen- Melted time
tal and calculated results. The Gaussian-beam radius iar.9 6
) L . =5
of 40 and 60 ns. Since melting induces small surface modi- g
fications, we perform AFM measurements of the melted- 5 4
surface diameter. Experimental data are shown by the open %
circles and triangles in Fig. 7. The solid points are obtained g 3
through both equilibrium and out-of-equilibrium TTFMs ow- a
ing to a zero interface velocity. 82
Experimental and computed values of the melted-surface % 1
diameter are in excellent agreement, as shown in Fig. 7. We @ |
only observe a little discrepancy for a 60 ns pulse and laser 0
fluence higher than 2.1 J ¢f The relative importance of 150
the surface deformation for those points suggests that this (b Time (ns)

difference could be due to convection effects within the . .

lted z nég which could no longer be nealected at rela- FIG. 8. Transient reflected power measurements of a continuous-wave
r_ne € ) one, ; g g ) HeNe laser during a Nd:YAG laser pulse of 50 (@a$ or 40 ns(b). Calcu-
tively high fluence. Figure 7 clearly shows that, for a giveniated curves are derived from the equilibriuashed ling and out-of-
laser fluence, the melted diameter is smaller in the case ¢fuilibrium (solid line) TTFMs.
long pulse durations. As a consequence, laser fluence is not

the only parameter that controls the laser-induced meltingjence ofR. Due to the presence of such an oxide layer in our
process. Moreover, the role played by the incident interisity experiments, we also take into account this increase of the
appears to be more important than the one played by th&emperature dependence Brin the TTEM.
pulse durationr in the resulting laser fluencé:x 7. This The 1/e radii of the Nd:YAG and HeNe lasers are evalu-
problem was already discussed in Ref. 5. ated with the knife edge method t@ygvac=0.9 um and
lNonene=3 #M, respectively. At each laser pulse, we record
the time-dependent behavior of the Si-surface reflected inten-
sity from the HeNe probe laser. The choice of a red probing
light is driven by the large difference at such a wavelength
In order to compare the Computed transient distributiorbetween the reflectivities of the |IC]UId and solid, which im-
of the surface temperature with experimental data, we carrproves the measurement accuracy. The recorded reflected in-
out experiments of transient reflectivity measurements. Ouensities(circles are given in Fig. 8 for 50 and 40 ns pulse
technique superposes a continuous-wave HeNe probe laserdgrations. In order to assess the validity of our numerical
the heating Nd:YAG pulsed laser. SinRelepends on botfi model, we use the computed surface temperature distribution
and the phase, the reflected intensity of the HeNe probe lasénd achieve the numerical calculation of the transient re-
is a good indicator of the laser-annealing procésdow-  flected power during the heating—melting—cooling process
ever, analysis of the experimental results is not straightfortising this integral formulation
ward owing to the phase and temperature dependences of the o
optical properties. This requires reliable temperature depen- p_. . (t) :f R(\ =633 nmJ(z= 0))e_(r/r0HeNe)2dr,
dencies of the optical reflectivity. Recently, Hellet al?° 0
performed highly accurate measurements of the Si reflectiv- (9)
ity at 633 nm in air. The Si surface was oxidized during
different times before the measurements, forming,3&)-  where P eceq denotes the dimensionless reflected power.
ers of 2, 20, and 200 nm. Those authors showed that th€alculations were performed using both equilibrigaashed
SiO, layer leads to a clear increase of the temperature depetine) and out-of-equilibrium(full line) models. The effect of

B. Transient reflectivity measurements
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the SiG layer on the optical reflectivity of the solid Si at from their fabrication by laser trimming to their electronic

633 nm is taken into account in the transient reflected poweoperation regime. Such a laser-induced diffusible resistor

calculation of the probe laser light. shows a highly accurate resistance value and is very prom-
Since the reflected light depends on both surface temising for future analog CMOS technologies. By combining

perature and melt dimensions, the excellent agreement whigdhe TTFM with a new out-of-equilibrium diffusion and seg-

is obtained between the experimental and computed curvesgation model, which will be published elsewhere, we are

allows an accurate control of the laser heating, melting, andlso able to model ultrashallow doping by excimer laser an-

cooling dynamics. The out-of-equilibrium TTFM, which is nealing for fabrication of sub-100 nm CMOS devices.

only used during the cooling stage of the laser process,

clearly improves the quality of the transient reflectivity re-

sponse. As a consequence, modeling of the undercooling HCKNOWLEDGMENTS
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