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ABSTRACT 

Optical reflectivity and transmissivity measurements have been used to investigate the. dynamics of 
melting and recrystallisation of thin Btm of Si and Ge aRer laser-annealing with a ns Nd:YAG-laser 
pulse. We report on temperature dependent changes of the r&ecti&y of the liquid phase above and 
below the melting point and on various nucleation and solid3ication scenarios in thin film, depending on 
the energy density of the amding laser. 

The interaction of semiconductor surfaces with intense laser radiation is a long-standing topic, 
which hss led to a number of interesting phenomena. In particular, the melting and subsequent 
resolidification of a thin surface layer on bulk semiconductors has been investigated in detd. l y 2  One aim 
of this "laser m a l i n g "  procedure was to remove defects in the crystal structure of the semiconductor 
introduced, e.g., by ion implantation. Apart fiom this application, the processes occurring during the 
sapid temperature quench of a thin liquid layer are interesting also from the fundamental point of view, 
for example with respect to the processes which h i t  the velocity of crystal growth. 

h this work we report on her-induced melting and soliacation of thin films of Si and Ge, 
investigated by opticd reflection and trammission m m m e n t s  with nanosecond time resolution. The 
intention was to study the Equid phase at temperatures above the melting point Tm, as well as the 
dynamics of nucleation of crystdites from the melt and the formation of metastable phases, such as 
amorphous Si. h e r  m e d i n g  mpmhents d o w  to achieve very bigh cooling rates (dT./dr 2 1010 Ws) 
and large supercooling of the liquid phase down to temperatures of the order of T ' 2 ,  and thus make 
experimental ranges accessibIe which by other meatls are diBcult to reach3 

Optical measurements appear very SUEtabIe for these studies, because the reflection and 
transmission properties diier strongIy between the respective phases, and in addition in each phase dso 
depend on the temperature. Starting h r n  c r y d h e  Si at 300 K, e.g., the reflection coefficient R (at A 
= 632.8 MI and perpendicular incidence) increases h m  36% to a value of 42% at the melting 
temperature T, = 1680 K. Upon the appearance of the liquid phase, which is r neac ,  R jumps up to 
70%, and then slowly decreases again as the temperature is raised further.4 For thin films additional 
temperature dependences of R appear as a result of the interference of light reflected corn the fiim 
surface and the interface between f h  and substrate, 
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2. Mom PHASE 

h the experiments to be described here the semiconductor surfaces were irradiated with the light 
of a pulsed Nd:YAG laser operating in the frequency doubled mode (A = 532 nm) at a pulse width of 
5 ns and energies up to 100 nil per pulse. 

We present first some results for the surface of bullc semiconductors. Fig. 1 a shows a snapshot of 
a circular patch of liquid Si, molten by the Nd:YAG laser beam, taken at a time t = 30 ns aRer the laser 
pulse. The Iiquid phase appears bright here, due to its higher reflectivity. In order to obtain this picture, 
part of the incident Nd:YAG beam was split OK passed through a delay line and shifted in frequency by 
means of stimulated Raman scattering (see Fig-lb). This light was then guided at the sample surface, 
where it was reflected and, after passhg through an color flter which rejected the stray light of the high 
intensity primary beam, recorded by a video camera. The time evolution of the molten spot can in this 
way be monitored by varying the delay h e  of the probe pulse for successive pulses. The temporal 
resolution of the snapshot, given by the length of the probe pulse, was 5 ns. 

Fig. 
on 
rhe 

la:Ns-photograph of a her-molten Si layer 
bulk Si. The picture was taken 30 ns afrer 
primary pulse. 

Fig. I b: Experimental set-up for ns photography 
BS: beamspli f fer RC: Haman cell DL: delay line 
VC: video camera M: mirror L: lens CF: coIorfilter 
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Since in the following we are mainly interested in the processes at the centre of the primary 
beam, we show results obtained WiIlh a slightly m o d 5 4  set-up (Fig.2). The probe beam is now supplied 
by a low power cw-laser, focussed to a diameter of 10 km, much smaller than the size of the primary 
beam of typically 0.5 mm. The spedarly reflected light at the wavefength 633 nm was detected by a pin 
diode (risetime < f ns) and registered by a fast digitd storage oscilloscepe (W54111D). In order to 
obtain as much information as possible from each Iaser pulse, we used in general several probe lasers at 
various waveIengths simdtaneously, all focussed to the same spot and diameter. Moreover in the case of 
thin ?dm samples we measured in addition to the re£te&ty of the surface (henceforth designated as R,) 
also the reflectivity of the fttm-substrate intefice Rj, and the transmissivity of the sample. Interference 
filters in front of the pin diodes suppressed contributions of the Nd:YAG light to the measured signals. 

Fig.2: Experimental se f-.up for the time-resolved r e j l e h g  rmd trmissivi& experiments 
BS: beam ?litter DT: docle for t r m i M o n  L: lens 
I: interference filter DR: diode fur reflection DL: delay line 

2.1 SINGLE PULSE EXPERIMENTS 

Fig.3 shows the time-resolved reflectivity Rs for the waveIength 633 m during laser-annealing 
of buIk Si and Ge with different energy densities ofthe pulse laser. Upon melting of the surface a drastic 
increase of the reflectivity is obsetved, indicating the c h g e  from the semiconducting solid to the 
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metallic liquid phase. As long as n liquid layer with a thickness larger than approximately two times the 
absorption length (dabs 10 nm35 exists at the surface the reflectivitiy remains constant at the high 
metallic value. ARer soliacation R decreases on a ps-timescale towards the starting point as the 
temperature drops. 

Using such measurements we can obtain the melting t h e  (the duration of the high reflectivity 
phase) for dierent energy densities vig.4). This measurement can be compared with the results of heat 
flow dnilations based on the finite Werence method.6 Fig.4 shows excellent agreement between our 
calculation (solid h e  in Fig.4) and experiment as E~ng as the eflergy density of the laser pulse is below 
1.2 ~ / c m ~ .  At higher energy densities the calculatio~ leads to systematically smaller melting times (see 
below). This deviation at higher energy densities suggests that there may be a temperature effect on the 
reflectivity properties of the liquid. We have therefore &ed the temperature dependence of Rs using 
the double pulse experiment, discussed in the following chapter. 

Fig.3: Time-resolved reflectivity Rs (A = 633 nm) at drfferent energy densities: 
targef:Si u)0.93/cmZ b)J.03/cm2 c)2.0J/crn2 d)2.3~/cm2 

Ge e) 0.6 J / c ~ ~  f) 0.75 ~ / m 2  g) 0.9 ~ / m 2  h) 1.3 ~/crn2 
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energy density [J/cn?] 

Fig 4: Melting rime of Si as@ctim of the energy &mi@ of the annealing laser 
solid line: caIc21lated circles: measured 

2.2 DOUBLE PULSE EXPERIMENT 

In principle, infomation about the lam-induced change of the surface temperam and 
reflectivity in the liquid state can be obtained from single pulse experiments. However, the double pulse 
measurements described here are interpreted more readily: The lading pulse generates a molten layer 
thick compared to the penetration depth of the laser light, so that the second pulse - which is the one to 
be analyzed in detail - is absorbed under well-dekd conditions. Moreover, the e&cts due to heating 
the liquid surface are relatively subtle and thus in a single pulse experiment are easily obscured by the 
huge change in the reflectivity upon melting. By contrast, in a double pulse experiment these two 
processes are well separated, since the second pulse arrives with a delay of several ten ns. 

In the exampIes given below for Si the energy density of the first pulse was held k e d  at 
El = 1.0 ~icm2, whereas the energy density of the delayed ulse was varied. In Fig.5a-d four reflectivity 
curves Rs are plotted for E2 = 0, 0.5, 1.4, and 1.8 J/cm3, respectively. Fig.5q which represents the 
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effect of laser heating by the first pulse alone, shows that at the given energy density a molten layer is 
created which exists for 55 ns, in good agreement with previous work2. In the trace of Fig.%, the 
reflectivity appears not to be affected w i t h  the experimental resolution as the delayed pulse (whose 
position is marked by an arrow) hits the surface. Nevertheless, the additional energy Input due to the 
second pulse manifests itself in an increased lifetime sf the high reflectivity liquid phase, 125 ns in this 
case. As the energy of the second pulse is further increased, however, the heating of the liquid d a c e  
leads to a clearly discernible dip in the reflectivity (e.g dR = 3.4% at E2 = 1.4 ~ / n n ~  in Fig.5~). This dip 
becomes even more pronounced at higher energies, reaching dR = 9% at E2 = 1.8 J / ~ Z  (Fig.5d). 
Similar results have been found for Ge. 

Fig.5: Erne-resolved reflectivity Rs (A = 633 rtm) of Si in double pulse eqeriments 
I~=l.O~/cm~inaflcares,  I ~ = O . O J / C ~ ~ ( ~ ) ,  0 . 9 ~ / c m ~ @ } ,  1 . 5 ~ / o n ~ { c ) ,  1.9~/cm2(d) 
Laser pulses me marked by arr~7w.r 
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Using both the results from the heat a s i o n  dda t i sn  and the energy dependence we can infer 
the temperature effect on the reflectivity of liquid Si (Fig.6). h it appears Si in the molten state does not 
behave like a simple Diude metal; the data suggest that the density of free electrons, respectiveIy the 
plasma frequency, is not constant but increases with temperature (for details see Ref.7). 

temperature [K] 

Fig. 6: Calculated reflectivip (A = 633 mn) of lipid Si above the melting point T, ax a function of 
temperature 

The decrease of the reflectivity with increasing temperature explains the discrepancy between 
heat flow calculations and mea.surements (F1g.4): At higher enerm densities the temperature of the 
surface increases considerable, the reflectivity drops and therefore the absorption and the melting time 
increase. 

We want to point out an o b m t i o a  at even higher temperatures which might be interpreted as a 
metal-insulator transition in liquid ~ i . 8  In these measurements, which have been made with thin Sifilms 
(cf. part3), the reflectivity and traasmissivity were detmnhed simultaneousEy at two probe wavelengths 
633 nm and 488 nm. W e  at energy densities discussed so far the reflectivity remained at a high vdue 
upon melting (cf. Fig.101, it is observed in Fig.7 that at even higher energy density the reflectivity drops 
below 10% after a quick increase up to the reflectivity ofthe molten Si. The tmnsmissivity, on the other 
hand, which had been zero in the liquid phase for the measurements at lower energy densities, now 
increases above 90%. Thus the film in this state behaves rather as a transparent dielectric than a liquid 
metal. This behavior might result from thermal expansion upon heating, and is in line with a metal- 
insulator transition at sufficiently small electron densities. 
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Fig. 7: Time-resolved reflectivity and tranmnissivity (A = 633 mn and 488 nm) of a thin Si-film 
(d = 125 m) on a qum?z glarr subsnme ot m energy density of 400 ml/m2 

3. SOLIDIFICATION SCENARIOS ON THIN SEFILMS 

The samples used here were polycrystalline Si &r~s with a thickness of 125 nm on 1 mm quark 
glass substrates.The experimental results can be divided into three regimes, depending on the energy 
density of the annealing-laser: 3.1) heating without melting, 3.2) partial melting and 3.3) complete 
melting of the Si film, 

As long as the energy density of the annealing laser pulse is sufficiently low (E < EfhreS = 170 
mtlcm2) the film does not melt. In the experimental curve shown in Fig.8 the e n e w  density of the laser 
pulse ist just below Ethres. The surface reflectivity Rs decreases from 70% to 30% and the reflectivity 
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on the substrate side Ri decreases eorn 50% to 40% dwhg the laser pulse. Both increase back to the 
starting value on n time scale of 200 ns. The observed reflectivity changes are due to an interference 
&ect in the thin Elm and can be interpreted by means of the temperature dependence of the optical 
constants of crystalline Si.IO.11 Cdcdations ofthe reflectivity from thin film optics agree very well with 
the observed reflectrvity changes. 

Fig.8: Time-resolved reflectiviq at 633 nm d R i  at 488nm) of a thin Sifilm (d = 125 nm) at an 
energv d e m ? ~  of l=160 &/ad, just below the threshold of melting 

As the energy density is increased above EfhreS a surface layer of the Si-fdm is melted. The 
surface reflectivity R, pig.9) shows W a decrease and &en rises to a plateau Yalue during the laser 
pulse. For several ns RS is constant then before it decreases once again. Afterwards Rs relaxes back to 
the starting value. This behavior is easily interpreted: Rs decreases fist with increasing temperature as 
we have seen in 3.1.  Upon melting the sdectivity rises to the reflectivity of liquid Si. Rs is then constant 
as long as a Iiquid layer is present at the d a c e  with a thickness dl 1 2  d d .  With further decreasing 
thichess of the liquid layer R, decreases to the reflectivity of the hot solid Si near the melting point as 
shown in the previous chapter. 
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me reflectivity of the substrate interface Ri decreases fist as the layer ist heated as shown in 3.1.  
As the boundary Iiquid-solid approaches the subs&ate Rj increases vrrtiI a maximum value is reached. 
From the fact that the reflectivity of liquid Si is not reached one can conclude that a thin layer of Si next 
to the interface was not rneIted, The solicWcation proceeds from the urneked Si layer towards the 
surface and Ri approaches the value of hot soEd Si at the meking point. 

tfme ens] 

Fig. 9: Time-resolwed reflectivity (R at 633 mn md Ri at 488nm) of a thin Si film (d = 125 nm) at an 
energy & M y  1=240 mS/m 4 

3.3 COMPLETE MELTTNG OF TEE SX-FTLM 

Upon complete melting of the Si film the sobdication scenario changes from heterogeneous 
nucleation and solidification starting from the liquid-solid interface, as outlined above, towards 
homogeneous nudeation in the supercooled liquid. We start the discussion of the homogeneous 
nucleation phenomena with the highest energy density that we used in this experiment: 

Fig. 10 shows the reflectivity curves for an energy density 360 rnT/cm2. Compared to Fig.9 Rdt) 
exhibits an additional very pronounced feature. Between the plateau that we related to the liquid Si 
surface and the region where the solid Si cools down there exits a second plateau with a reflectivity 
below the value of liquid Si. Moreover the Ri curve now displays a region between 5 = 20 and 70 ns) 
where the reflectivity is nearly constant. 
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StBler and ~hompson3 proposed the f o l l o ~ g  model for this behavior: During the first plateau 
the liquid Si cools down to a temperature several hundred degrees below the melting point. 
Homogeneous nucleation throughout the %n initiates solidiication and therefore a decrease in the 
reflectiviv. The latent heat released upon solidification raises the temperature towards the meltimg point, 
where fhrther solid5cation is stopped. The layer consists now of solid Si in a liquid matrix and has a 
reflectivity which is smaller than the reflectivity of liquid Si alone. The complete solidification proceeds 
then from the substrate towards the surface. Rs therefore shows a second plateau, until the complete 
solidication reaches the d a c e  layer. 

tlme [ns] 

Fig. 10:Time-resolved refirectivig @? at 633 m and Ri at 488mn) on a thin Si film (d = 125 nm) ut the 
energy dern-g 1=360 mJ/m 9 

This model of StBler and Thompson is in good accord with the R, curve in Fig.10. Yet 
additional information is obtained from our simultaneous measurement of Ri. The steep decrease of Ri 
occurs about 25 ns earlier than the decrease of Rs. One can conclude that the homogeneous nucleation 
and solidification proceeds from the substrate towards the surface. Fudhermore there is no second 
plateau in Rj, indicating that sohdikation at the substrate side is completed in one step. From the result 
that the sollidscation at the surface is a two-step process we get the information that during the partial 
solidification a gradient in inthe solid%& volume exists across the layer. 
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We wiU now return to smaller energy densities umil we reach ECOmP~, where the thin film is just 
melted completely. In terms of supercooling this procedure means that we increase the supercoohg 
now: The highest quenchrates - and therefore supercoohgs - are achievable at the highest heat fluxes 
into the substrate. As the heat flux into the substrate decreases with time, caused by the decrease of the 
temperature &ent, somewhat surprisingly the smallest energy density (E,,, j )  yieIds the maximum 

maximum supercoohg achieved in our experiments. 
i7 supercooling. A calculation based on heat flux considerations yields values we beyond 500 K for the 

Fig- 1 I :  Time-resolved refrectiviy (Ri at 488nm) of a thin Si--Im (d = 125 nm). Decreerhg energy 
densify cowepon& to increm-ng supercooIing 
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From thermodynamical reasons at high supercooling the nucleation of crystalhe as well as the 
nucleation of amorphous Si is possible.3 Upon proceding to larger undercooling an additional peak 
arises in the Ri curves (Fig. 11). h our interpretation this peak is connected with a transient formation of 
amorphous Si. As the temperature of the Si layer is raised above the melting point of amorphous Si Tm,a 
(1435 K)3 amorphous regions are melted and Ri increases. Upon crystallisation Ri decreases once agarn. 
The optical properties ofthe Si layer at room temperature after the annealing process does not show any 
change which could be attributed to the permanent formation of amorphous Si. This observation is in 
agreement with the measrtrements of Sameshima and ~ s u i l 2  who found permanent amorphisation only at 
fih thicknesses bdow I8 nm. 

The Rs w e s  show the effect of remelting as well, but in somewhat modified form: The 
remeIting does not increase continuously with the supercooling. We suppose that the latent heat released 
upon nucleation on the substrate side alters the nucleation on the surface side, which always takes place 
some tens of ns later. 

Regarding the temperature dependence of the reflectivity the measurements on thin liquid Si 
films confirm the obsmtion of part 2: At the end of the laser pulse the temperature of the ITquid 
reaches it maximum. As the temperature decreases the reflectivity increases (d. R, in Fig. 10 between 
t = 5 and 35 ns). Durirrg the following undercooling no Wet increase of Rs can be observed (cf. R, in 
Fig. 10 between f = 3 5 and 120 ns). On the contrary R, decreases again in contrast to the expectations of 
a simple Drude-metal (a similar feature can be found in the conductivity of liquid S i4 ,  This behavior can 
be understood if one assumes (as we already did in part 2 and in R e f 7  that, apart from a temperature 
dependent change of the collision frequency, the density of the f iee electrons in the melt is temperature 
dependent as well: The density of f i e  electrons is decreasing with decreasing temperature. This change 
of the electron density becomes the dominant effect at temperatures bdow the melting temperature. As a 
result R(2) has a maximum at temperatures around the melting point. 

In summary we have shown that liquid SI and Ge show temperature dependent optical 
properties, which have to be considered in model cddations of the heat bdance in Iaser-annealing. The 
temperature dependence of the optical properties is not given by a simple Drude behavior but has an 
additional contribution of a the temperature dependent change of the electron density. At high 
temperatures we observe an optical behavior, which suaests a metal - insulator transition in the tiquid. 

Concerning the solid5cation phenomena we have shown that the simuItaneous measurement of 
the reflectivity from the d a c e  and the substrate side gives comprehensive information about nucleation 
and solidification in thin films. Regions of heterogeneous and homogeneous nucleation as well as 
transient amorphisation and the iduence of the temperature gradient across the film could be resolved. 
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