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ABSTRACT 

Thermal processing of semiconductive multilayer thin film structures is used extensively for material quality enhance- 
ment. The quality of the resultant material is highly dependent on the heat transfer dynamics of the process. Although trial 
and error techniques are still used for process parameter optimization, efforts have been made to understand the funda- 
mental heat transfer mechanisms involved. This paper presents an overview of studies on thermal issues that affect the 
material quality of multilayer thin film structures during processing with an infrared heat source. Emphasis is placed on 
investigations of zone-melting recrystallization of silicon-on-insulator structures using a graphite strip as a heat source. 
Studies on the conduction, macroscale and microscale radiation, processing chamber convection, scan speed, and constitu- 
tional supercooling are reviewed. Analyses of thermally driven instabilities at the solid-liquid interface are reported. Areas 
where further research is needed are also identified. 

Thermal processing of multilayer thin film structures 
with an infrared heat source is commonly used during 
semiconductor wafer processing. A procedure that involves 
infrared heating by a moving line heat source is zone-melt- 
ing recrystallization (ZMR) of sil icon-on-insulator (SOI) 
wafers. The SOI structure offers several advantages over 
bulk silicon material for use in the electronics industry. 
Foremost, SOI wafers can be used in the fabrication of 
radiation-hardened electronics. Complementary metal ox- 
ide semiconductor (CMOS) circuits in SOI structures have 
a higher speed due to lower junction and metallization ca- 
pacitances, smaller size, and elimination of latch-up, the 
last is a problem due to the presence of parasitic bipolar 
transistors in CMOS circuits. Also, field effect transistors 
(FET's) can be buil t  over the insulator which is tess sensi- 
tive to temperature changes than typical devices developed 
for bulk silicon. This allows circuit performance to be ex- 
tended into higher temperature ranges. 

ZMR processing of SOI films, using a graphite strip as a 
heat source, has been used over the past ten years to con- 
vert polycrystalline silicon films into single crystals for use 
in the fabrication of high-speed integrated circuits. This 
technology has recently produced successful memory 
chips. ~ Typical SOI film structures consist of a standard 
silicon crystal wafer (-525 pm thick) capped by successive 
thin films of silicon dioxide ( -1  ~im), polycrystalline silicon 
( -1  ~m), and silicon dioxide ( -1  ~im) (Fig. 1). The film 
structure to be recrystallized is generally placed on a lower 
heater (susceptor) that raises the temperature of the wafer 
to a temperature just below the melting point of silicon. A 
graphite strip heats the top side of the wafer and estab- 
lishes a narrow molten zone in the silicon film to be recrys- 
ta]lized (Fig. 2). The graphite strip is then slowly moved 
across the surface of the material. As the silicon film freezes 
behind the strip, a single crystal forms. 

Previous studies have shown that crystal growth strongly 
depends on the control of the temperature profile within 
the si l iconY Depending on the width of the melt-zone, 
varying qualities of films are developed. 1 The most common 
imperfections found in structures processed by ZMR are 
low-angle sub-grain boundaries (sub-boundaries). Dislo- 
cation trails or clusters are also common. Sub-boundaries 
are defined as defects that exhibit a crystallographic angu- 
lar misalignment on the order of 1 ~ from the growth axis. 4 

Various combinations of low scan speeds with low thermal 
gradients produced sub-boundary free SOI structures. 2 

Although trial and error techniques are still used for 
process parameter optimization, efforts have been made to 
understand the fundamental  heat transfer mechanisms in- 
volved. The scope of this paper is to present an overview of 
the thermal issues during thermal processing of multilayer 
thin film structures with an infrared line heat source such 
as a graphite strip.The authors compiled information from 
recent literature focusing primarily on ZMR of SOI struc- 
tures. 

In typical ZMR processes the SOI structure is placed in a 
water-cooled vacuum chamber (Fig. 3) that surrounds the 
heating elements (bottom heater and graphite strip). The 
chamber is filled with an inert gas such as helium or argon. 
In some cases there is a continuous flow of the inert gas 
during processing. All three heat transfer modes (conduc- 
tion, convection, and radiation) play roles of varying 
significance during ZMR processing. In addition, other re- 
lated effects induced by the motion of the strip heater, con- 
stitutional supercooling, microscale phenomena, and the 
solid/liquid interface morphology, play critical roles dur- 
ing such a process. Each of these topics is presented sepa- 
rately. 
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Fig. 1. Schematic of SOl film structure. 
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Fig. 2. Schematic of the ZMR process. 

Heat Conduction 
The three-dimensional heat conduction in the film struc- 

ture can be expressed by the general expression 

~T ~ /k 8T P% ~ -  : ~ ~ + 0~ + S [1] 

where p is the density, cp is the specific heat, k is the thermal 
conductivity, T is the temperature, t is the time, and S is the 
rate of heat generation per uni t  volume. Since the tempera- 
ture distribution is uniform in the direction of the axis of 
the strip heater, the heat conduction equation can be re- 
duced to two dimensions. With the appropriate boundary 
conditions, the temperature profiles in the wafer can be 
obtained. 

Special considerations for the conduction heat transfer 
within the wafer include the temperature-dependent ther- 
mal properties of the material, the occurrence of phase 
change within the silicon layer, the microscale heat trans- 
fer effects of the thin films, and the effects of patterning on 
the surface. These phenomena must be addressed in an ac- 
curate analysis of the process. Research in this field has 
been limited, especially for graphite strip processing con- 
ditions. 

The thermal conductivity of silicon, k, varies as a func- 
tion of temperature as 

299.0 
k = (T + 174.0) W/cm ~ [2] 

where T is the material's temperature in ~ This expres- 
sion is valid for temperatures below the melting point of 
silicon. When solid silicon reaches the melting point of 
1412~ the thermal conductivity is 0.1885 W/era ~ Upon 
melting, the thermal conductivity increases drastically 
from 0.1885 to ~0.6 W/cm ~ The results of a transient 
numerical model accounting for this temperature depen- 
dence were compared to the results of a constant thermal 
conductivity model. The comparison indicated that the er- 
ror induced was negligible within the temperature domain 
during ZMR processing when a constant value was as- 
sumed as opposed to a value dependent on temperature} 

The thicknesses of the films are on the order of microns; 
consequently, the effect of their thermal resistance is small 

except for the case when large gradients are present. Due to 
the large thermal gradients within the film imposed by a 
high laser intensity, the thermal resistances are important 
considerations during laser heating analyses. In graphite- 
strip heating processes, the thermal gradients are much 
smaller than for laser processing, and the thermal resis- 
tance effect of the thin films becomes negligible. 8 Thus, for 
studies on the overall temperature profile during process- 
ing, numerical models of graphite-strip heating involving 
multilayer thin films can neglect the effect of the films ther- 
mal resistance. Nevertheless, there are optical consider- 
ations to take into account with the multilayer structure 
which will be discussed in a separate section of this paper. 

At the microscale level, the heat absorbed into the struc- 
ture was considered} In actuality, the incident radiation 
penetrates the surface and continues into the wafer. This 
electromagnetic radiation attenuates as it travels further 
because the material absorbs some of this energy. It was 
found that minimal error was introduced by assuming total 
absorption at the surface. 

The wafers can be patterned for the purpose of con- 
trolling the temperature profiles and reerystallization. 
Scribing through the insulating oxide creates a relief-pat- 
terned surface where the silicon recrystallizes as a single 
crystal. 9 Another technique to control the solidification 
front includes laying down strips of optical reflectors or 
absorbers in the scan direction which will affect the local 
temperature profile. 1~ The solidification front morphology 
is forced into a desired shape, and the defects are generated 
at prescribed locations. A numerical study predicting the 
thermal effects of patterning was presented by Miaoulis 
and Mikic. u 

Phase Change 
Phase change during processing significantly affects the 

temperature distribution. Associated with the change in 
phase is a change in physical properties. Upon melting, 
silicon's thermal conductivity increases from -0 .2  to 
-0 .6  W/cm ~ the bulk reflectivity increases from -0 .4  to 
0.7, ~2 and the emissivity decreases from -0 .6  TM to -0 .2}  4 
The effects of other property changes such as density and 
specific heat have not been investigated yet. Although the 
heat source is a parallelepiped, the liquid/solid interface is 
not always planar. The morphology and stability of the 
interface change depending on the processing conditions. 
Because of the complexities associated, this phenomenon 
will be discussed separately in the section on Thermally 
Driven Instabilities at the Interface. 

Numerical investigations of phase change during ZMR 
processing have implemented an enthalpy method to avoid 
the complexities with the stability of the interface. The 
algorithm which incorporates the enthalpy method and 
takes into account the nonplanar  interface morphology is 
described below. Applications of the enthalpy method have 
been reported for laser scanning 15 and also for graphite- 
strip processing? 

The enthalpy method assumes that a specific control vol- 
ume (numerical element) has a specific amount of enthalpy 
content. Thus, under melting conditions the amount of en- 
thalpy in a control volume, H~, is 

Hcv< Hs = f;mp (Cp)dT [3] 

....... Water cooled chamber 

.Upper heater (graphite strip) 

.Film Structure 

.Lower Heater (susceptor) 

Fig. 3. Schematic of ZMR processing chamber. 

and when the material in the control volume is completely 
liquid, Hcv can be expressed as 

Ho~ > H~ = ; ;~  (Cp)dT + AHf [4] 

where H~v is the enthalpy of the control volume per unit 
mass, H~ is the enthalpy of the solid silicon at the melting 
temperature per unit mass, H~ is the enthalpy of liquid sili- 
con at the melting temperature per unit mass, Cp is the 
specific heat of silicon, AHf is the heat of fusion of silicon 
per unit mass, and Trap is the melting point of silicon. When 
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the enthalpy of the control volume has a value zn between 
H~ and/-/1 

H~ </-/o,, < Ul [5] 

the control volume is neither completely liquid nor solid. It 
is a mixture of solid and liquid material which is at the 
melting point temperature. At this solid-liquid transition, 
when the control volume's enthalpy has not reached the 
heat of fusion, the reflectivity, emissivity, and thermal con- 
ductivity of the control volumes are taken as the weighted 
average values of the properties for the solid and the liquid 
material, based on the enthalpy of the control volumes. 
When the material in a control volume starts changing 
phase, there will be a percentage of liquid material and a 
percentage of solid material. These percentages are linearly 
dependent on the average enthalpy in the control volume. 
The average thermal and optical properties of a control 
volume can then be obtained by a linear interpolation 
based on the enthalpy of the control volume. The property 
in question, ~, at the control volume is defined as 

[ ~noao : ~s + (~1- [3s) Hno ~P for Hy p < H~oa~ < H~ p 

~l for H~ p < H~oa~ 
[6] 

where the "s" and "1" subscripts denote the solid and liquid 
phase property. H$ p is the enthalpy of the control volume 
when fusion starts, but all the material is still solid, and 
H~ p is the enthalpy of the control volume when fusion ends, 
but  the liquid is stiI1 at the melting point temperature. The 
treatment above allows for a smooth transition for the 
refiectivity, emissivity, and thermal conductivity from 
solid to liquid values. Im et  al. studied the effects of the 
optical property changes on the morphology of the melt 
z o n e .  3 

Radiation Effects 
Major factors in the processing of films are the shape of 

the radiation intensity profile and the temperature of the 
infrared heat source, z~ There is also radiative cooling that 
takes place between the film structure and the surround- 
ings, which is dependent on their temperature and radia- 
tive properties. We refer to these "bulk" radiation effects 
as macroscale radiation effects. Although there is always 
interaction on a microscopic scale, these macroscale radia- 
tion effects are dominated by the large scale parameters 
such as strip heater dimensions rather than the relatively 
smaller scale of film thicknesses. Since the thickness of the 
films is on the order of magnitude of the wavelengths of the 
infrared radiation, the radiative properties depend on the 
thickness and layering schemes in the multilayer film 
structure. We refer to these effects as microscale radiation 
effects. It is important to note that these radiative proper- 
ties and effects can influence the stability of the solid/liq- 
uid interface during processing. These interface issues will 
be covered in the last section of this paper. 

Macroscale  rad ia t ion  e f f e c t s . - - T h e  radiation intensity 
profile depends upon the dimensions of the strip heater, 
and the distance of the strip heater to the wafer. Until Chen 
et  aI. ~7 accurately described the intensity profile, a flat 
profile or Gaussian shape was assumed. Lipman et  al.~8 
evaluated the effects of the width and height of the strip 
heater and the distance between the strip heater to the 
wafer on temperature profiles and melt zone width. During 
the numerical experiments the strip heater was kept sta- 
tionary at the centerline of the film structure, and the tem- 
perature distribution was recorded when the system 
reached steady state. They concluded that the width of the 
melt zone and the temperature gradients can be controlled 
effectively by varying these parameters. The width of the 
melt zone was influenced more by the width of the heat 
source than its height. If the distance between the strip 
heater and the wafer is increased, the radiation input 
profile becomes wider. This reduces the temperature gradi- 

ents within the film, including those at the solid/liquid in- 
terface. 

Other macroscale radiation effects to consider are the 
susceptor heating 19'2~ and the ambient reflectivity effects. 
The bottom suseeptor heater can strongly influence the 
temperature of the wafer. As the susceptor heating in-  
creases, the line heater intensity must be decreased. Im 
et  al. lg investigated the resulting change from reflective 
dominated effects to emissive dominated effects with in- 
creasing susceptor temperature. Explosive melting was ob- 
served as the suseeptor heating increases. For lamp heating 
experiments, Dutartre 2~ found that low suseeptor heating 
produced better quality crystals than high suseeptor heat- 
ing. 

The ambient reflectivity of the chamber may also 
influence the background heating. Radiative cooling from 
the wafer may be reflected from the ambient reflectivity 
which will heat the wafer. The interaction of the ambient 
reflectivity is currently being investigated in our labora- 
tory. 

MicroscaIe  radia t ion  e f f e c t s . - - E l e e t r o m a g n e t i c  radia- 
tion generated by the heat source incident on the multi-  
layer film structure will be partially reflected and transmit-  
ted at each film interface (see Fig. 4). Since the wavelengths 
of the thermal radiation are on the order of magnitude of 
the film thicknesses, considerable interference of the elec- 
tromagnetic radiation will occur within the multilayers. 
Refiectivity from the surface of the wafer is influenced by 
the interference within the structure. A change in the 
thickness of a film will alter the interference within the 
layers and the resulting net refleetivity. Therefore, the 
amount of heat absorbed by the structure is determined by 
the dimensions of the films on the substrate. 

Several studies have been conducted with regard to laser 
annealing and infrared source heating which incorporate 
these optical effects. Indeed, microscale radiation effects 
were investigated for laser heating before infrared heating. 
In this section the work done in laser heating as well as in 
infrared heating are presented since there are similarities 
between the two eases. There are also differences between 
the use of the two heat sources. The infrared heater is dif- 
ferent from the laser in two main ways: (i) the laser is a 
more intense, concentrated heat source, whereas the in- 
frared heat source heats a larger region of the surface, and 
(if) the laser emits at a single wavelength, whereas the in- 
frared source emits a range of wavelengths. The angular 
dependency of the radiation must also be considered in 
infrared heating. Thin film optics can be applied to an anal- 
ysis of these thin film structures exposed to laser heating. 
Several researchers have used the techniques described by 
Heavens, 21 Born and Wolfe, 22 and Knittl. 23 For infrared 
heating, the radiative properties can be caieulated by 
weighing and integrating over the thermal radiation spec- 
trum. "~ After obtaining the radiative properties of the rnul- 
tilayer structure, it is desirable to obtain information on 
the temperature profles and the molten region size. 

Rad ia t i ve  p r o p e r t i e s . - - A l t h o u g h  the focus of this paper is 
on infrared heating, there has been considerable work done 
in mieroseale radiation effects due to laser heating. These 
results can be applied to infrared processing as well, in 
particular the optical properties at high temperatures. It 
should be noted that the optical properties of materials are 
functions of both wavelength and temperature. For laser 
heating, the radiative properties, transmissivity, absorp- 
tivity, and reflectivity of the thin film multilayer structures 
have been examined by several investigators. As expected, 
a periodic relationship exists between the radiative prop- 
erty and film thickness. One of the first studies conducted 
on the optical effects of thin films was that of Tamura 
et  al. ,2s in which the behavior of a silicon substrate capped 
with a thin SiO2 film during laser annealing was investi- 
gated. The effects of varying the S i Q  film thickness on 
transmissivity into the substrate was examined using a 
general equation for transmissivity of a single layer. 22 A 
periodic relationship was found between film thickness 
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Fig. 4. Optical ray path through SOl wafer. 

and transmissivity which agreed with experimental data. A 
numerical  model employing the matrix method was devel- 
oped by Colinge and Wiele -~6 to determine the laser power 
absorbed in a SOI structure while taking into account the 
optical effects of the thin films. The effects of changing 
oxide thickness on the absorbed power in the polysilicon 
film were described for different wavelengths of an argon 
laser and also for an argon laser in the multi- l ine mode. In 
each case, a sinusoidal relationship was observed. The re- 
sults obtained were compared to a semi-quanti tat ive study, 
in which samples were annealed with various incident 
powers. The samples were then observed under a micro- 
scope and the degree of melting traces correlated to the 
amount of power absorbed. There was good agreement be- 
tween experimental  and numerical results. 

The numerical model developed by Wong et al. 2, involved 
the use of a graphite-strip heating of a SiO2 capped SOI 
wafer. With constant optical properties, parametric studies 
were conducted below the melting temperature in which 
each of the three film thicknesses were independently 
varied from 0.5-2.0 ~tm while the others were kept constant. 
The reflectivity profiles across the surface were different 
for each film thickness (Fig. 5). In the figure, the four 
refleetivity profiles are for four different layering schemes 
delineated by capping oxide film thickness, silicon film 
thickness, insulating oxide film thickness; all thicknesses 
are in microns. The changes were not linear as the thickness 
increased. Wavelength-dependent optical properties were 
considered in another analysis for infrared heating. 2v Re- 
sults indicated that although the absolute values obtained 
were different, the same trends occurred in both cases. 
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Fig. 5. Effect of capping silicon oxide film thickness on the reflectiv- 
ity across the surface. 
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Because of the large range of temperatures involved in 
silicon processing, the temperature-dependent optical 
properties of silicon are needed for an accurate analysis. 
Temperature profiles were calculated from a numerical 
model of a scanning laser in a semi-infinite material  by 
Moody and Hendel. 2a In their calculations, refiectivity was 
taken as a function of temperature. It was shown that this 
method, as opposed to taking a constant reflectivity, re- 
duced the maximum material  temperature in the center of 
the beam spot by approximately 10%. Gr'igoropoulos 
e t  al. 15 have also investigated the effects of temperature on 
the optieat properties. Refieetivity, absorptivity, and trans- 
missivity were calculated as a function of temperature for 
a specific layering scheme. Optical properties were taken 
from the works of Jellison and Burke, 2~ Jellison, 3~ and 
Shvarev e t  al. 14 The emissivity as a function of temperature 
was also determined for the structure. 

T e m p e r a t u r e  p ro f i l e s  a n d  m e l t  s i z e s . - - T h e  radiative prop- 
erties are important for analyses of the temperature 
profiles and molten region sizes which are needed to exam- 
ine the microseale radiation effects more effectively. 
Calder andSue 31 developed a general algorithm for deter- 
mining the temperature profiles during laser annealing of 
multilayer structures at steady state with no melting. The 
two-layer structure (Si/SiO2) and three-layer structure (St/ 
SiO~/Si) were numerically studied. Temperature profiles 
were then calculated for varying the Si film thickness for 
the two-layer structure and oxide film thicknesses for the 
three-layer structure. For the two-layer case, a study was 
conducted to measure the error in surface temperature be- 
tween their model and a cruder model in which all energy 
was absorbed at the surface. The errors became significant 
as the thickness increased. Grigoropoulos et al. 15 developed 
a 3-D numerical model of a (SiO2/Si/SiO3) substrate which 
includes melting by employing the enthalpy method. Tem- 
perature distributions were then calculated with a finite 
difference numerical algorithm. The numerical results 
compared well with the experimental results. To avoid the 
need to obtain optical property data at high temperatures, 
a semiempirica] model was developed by Willems et al. 22 in 
order to determine the melting threshold power for the 
laser-induced molten zone in a scanned laser recrystalliza- 
tion process. Expressions were derived using the observed 
melt width as a function of different processing conditions. 
Then the matrix method was used to calculate the optical 
interference within the thin films. The results of these cal- 
culations were fit to the experimental expressions used in 
predicting the power needed to melt the silicon for new SOI 
structures. They concluded that the effects of the underly- 
ing oxide fihn on the amount of absorbed power is minimal. 
However, the temperature dependency of the absorption 
coefficient was important, since the absorption coefficient 
increased exponentially with temperature. 33 

For the infrared heating analysis by Wong et aI., 24 the 
calculated reflectivity profiles were used to calculate the 
temperature profiles. Changes in the capping and insulat- 
ing layers resulted in nonlinear changes in temperature, 
while changes in the silicon layer resulted in a nearly linear 
change in temperature. The maximum temperature 
reached directly under the strip was determined as a func- 
tion of each layer thickness. For the capping layer, a rela- 
tive minimum occurred at a thickness of 1 ~lm (Fig. 6). A 
slight increase or decrease in thickness would raise the 
maximum temperature about 10~ For the insulating 
layer, a relative minimum was also reached at 1.0 ~m, 
where temperatures increased slightly above and below 
this thickness. The results of this study identified the equal 
film thicknesses layering scheme as especially sensitive to 
changes in thickness. 

The model by Wong e t  aI. was modified to include melting 
and similar results were found? 4 In this case, the 
refiectivity profile directly under the strip increased due to 
the highly reflective nature of silicon in the liquid state. The 
temperature profile for varying capping layer thicknesses 
from 0.5 to 2.0 pm was calculated, and the melt width was 
found to vary nonlinearly within a range of 750 to 1050 ~m. 
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Fig. 6. Effect of capping silicon oxide film thickness on the maxi- 
mum temperature attained. 

Again, the equal film thicknesses layering scheme was 
found to be sensitive. The effects of varying film thick- 
nesses on temperature and on the structure of the melt zone 
region were again described for wavelength dependent op- 
tical propertiesY Effects of each film thickness were com- 
pared to the width of the slush region, liquid region, and 
the total melt zone width. The slush width is related to the 
structure of the solidification interface morphology. ~ 
However, similar slush melt zone widths may not contain 
the same proportions of solid and liquid and do not neces- 
sarily result in the same crystal quality. 

In these infrared heating studies, a refiectivity maximum 
was observed with the equal oxide thickness schemes. It 
was speculated that this is due to a radiation cross-correla- 
tion phenomenon. ~ When the optical thickness of the first 
oxide film is equal to the optical thickness of the second 
oxide film, an integration over the broad spectrum will 
cause a cross-correlation effect to occur. The temperature 
dependence of the index of refraction will not significantly 
alter the cross correlation results since the optical thick- 
nesses of both oxide films will change together. 

It is evident that the microscale radiation effects in thin 
film processing with an infrared heat source should be 
taken into account for an accurate analysis. The reflectivity 
and other radiative properties may vary nonlinearly with 
film structure properties and thicknesses. Moreover, there 
are several remaining questions about the optical effects of 
the multilayer thin films that remain to be investigated. To 
obtain accurate results, the models developed must incor- 
porate accurate property values at elevated temperatures. 
The data base for silicon, silicon oxide, and other electronic 
materials used in thin films is quite limited. The current 
data available is applicable only for a small range of wave- 
lengths and temperatures. Because of the sensitivity of the 
temperature profiles to a slight change in film thickness, 
any perturbation on the surface may cause significant ef- 
fects. The slight change in the local optical properties due 
to these small structures in the mnltilayer structure could 
have an effect on the solidification front morphology and 
resultant quality. This phenomenon is currently under in- 
vestigation in our laboratory. The optical effect of the mul- 
tilayer structure should also be investigated for the case of 
quartz lamp heating which emits discrete wavelengths. The 
elliptical mirror's shape requires angular considerations to 
be taken into account for accurate analysis; the range of 
incident angles is more important in this case than in 
graphite strip heating which involves a small cross-sec- 
tional heater. Whether or not the cross-correlation effect 
exists for quartz lamp heating is presently unknown. 

Convective Cooling Effects 
During ZMR, the processing chamber is olten flushed 

with a gas such as argon or helium to provide an inert 
atmosphere for zone-melting since oxygen will attack the 
heated graphite and damage the strip heaterY It is essen- 
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Fig. 7. Gas flow velocity field inside sealed chamber during typical 
ZMR processing conditions. 

tial to determine whether convective heat loss induced by 
the moving gas currents in the chamber is a significant 
factor in the temperature profile and the melt width of the 
film structure. The only study that reported the effects of 
convection during radiant processing of films is by Mi- 
aoulis et al. ~ This study focused on natural and forced con- 
vection effects on the temperature distribution within the 
film. For both cases the fihn structure was modeled as a fiat 
plate, and convection coefficients were obtained for a vari- 
ety of conditions. The heat transfer coefficients were imple- 
mented into the numerical simulation of ZMR. 9 When con- 
vective effects were incorporated to obtain temperature 
profiles in the film during processing, a melt-zone width 
decrease due to convection was observed. By introducing 
argon into the chamber, the melt zone would shrink by 10 % 
and by introducing helium by 19% for natural convection 
conditions. Although these results are approximate, they 
demonstrate the sensitivity of the melt zone width to dif- 
ferent inert gas atmospheres. Similar effects were observed 
for forced convection conditions. 

Modeling the system as a fiat plate provides some insight 
into the effects of convection but does not offer an accurate 
prediction of the size of the melt zone width. Recent numer- 
ical (using PHOENICS software) and flow visualization 
studies performed in our laboratory', indicated that there is 
a region underneath the heat source where naturai  convec- 
tion is suppressed (Fig. 7). The flat-plate assumption does 
not take this effect into consideration. We are currently 
evaluating the local convective coefficients on the film. 
These coefficients in the analysis can provide us with a 
more accurate evaluation of the processing chamber con- 
vection effects. 

Velocity Effects 
In this section, the effect of velocity on the temperature 

profile, melt width, and thermal gradients are described. 
The benefits and problems associated with increasing ve- 
locity are also covered. Although supercooling effects are 
closely related to scan speed, these issues will be presented 
in the section on Supercooling on ZMR. 

Temperature profiles and melt  s izes . - -  The motion of the 
heat source skews the temperature profiles, reduces the 
thermal gradient at the solidification interface, lowers the 
maximum temperature attained, and alters the molten 
zone. In numerical studies, Yoon and Miaoulis ~ evaluated 
the effect of scan speed on the changes in temperature 
profiles and melt widths. The motion of the strip heater was 
numerically simulated by redistributing the heat sources 
along the surface transiently. The shifting effect on the 
molten region due to strip motion is shown in Fig. 8. A 
stationary profile is contrasted with a profile at a typical 
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Fig. 8. Effect of scan speed [V= 0 ~m/s ( ), v=  300 I~m/s (...), 
and v= 600 Fm/s (-- .--)]  on the temperature profile underneath the 
strip. 

processing speed of 300 ~im/s and a higher speed of 
600 ~m/s. This lag generated by increasing the scan speed, 
occurs because the material downstream from the strip 
heater has less time to cool (radiatively and conductively), 
while the material upstream has less time to absorb heat. 
This shift of the molten region indicates the importance of 
accounting for scan speed when modeling the ZMR process. 
The magnitude of radiation intensity varies as a function of 
position below the strip heater ]8 so that modeling the heat 
source as stationary may not be capturing the correct in- 
tensity profile. Results from their parametric study indi- 
cate that the maximum temperature achieved during ZMR 
was not affected for scanning speeds below 400 ~m/s. The 
size of the molten region was also affected by scanning 
speed. In Fig. 9, it is evident that the scanning speed did not 
affect the length of the molten region until a velocity of 
400 ~m/s after which the molten region shrank. 

These changes in the temperature profiles with increas- 
ing scan speed will, in turn, change the morphology of the 
solid/liquid interface and the resultant quality of the mate- 
rial. There are many problems associated with high scan 
speed processing such as incomplete melting 11'35'45 of the 
material and unstable solidification morphologies which 
affect the defect density. 4~ In fact, there appears to be a 
limiting scan speed above which the resultant crystalline 
quality drops dramatically. 

Conditions for complete melting.--Analytical, experi- 
mental, and numerical work have been conducted to find 
the processing conditions which will insure complete melt- 
ing. Analytical work by Miaoulis and MikiC for a two-di- 
mensional heat source moving over a fiat plate, whose bot- 
tom surface is kept at constant temperature, determined 
the power requirements for the heat source to insure melt- 
ing for increasing velocities. Pfeiffer et al. 39 proposed ~hat 
the scanning speed only needed to be kept below 500 ~im/s 
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Fig. 9. Effect of scan speed on width of molten zone. 

for there to be sufficient time to completely melt all the 
polycrystalline feedstock. A numerical study performed by 
Lipman 40 determined the minimum temperature of the 
graphite strip heater needed to melt the silicon film for 
different scanning velocities. They found that for speeds of 
up to 300 ~Im/s, the needed increase in strip temperature 
was negligible. They also determined the required temper- 
ature for higher speeds. 

Thermal  gradien ts  and  crys ta l l ine  q u a l i t y . - - I t  has been 
observed experimentally that the quality of the films can be 
increased if the thermal gradients at the solidification in- 
terface can be reduced. Pfeiffer et  aI. 41 studied experimen- 
tally the effect of different scanning speeds and prescribed 
thermal gradients during graphite strip heater recrystal- 
lization of SOI structures. For lower velocities (<3 00 ~m/s) 
and reduced thermal gradients, they obtained higher qual- 
ity films which contained only threading dislocations, in- 
stead of edge dislocations which could run the distance of 
the film. The spacing between dislocations became greater 
for smaller thermal gradients which were induced by 
higher scanning speeds. However, the scan speed can be 
increased only up to a certain limit after which the resi- 
dence time is too short for complete melting of the silicon 
film. 

Im et al. 42 studied the morphology of the crystallization 
front during graphite strip ZMR with a graphite strip 
power of 2.5 kW. For scan speeds below 350 ~m/s, increas- 
ing the scanning velocity caused the spacing between cells 
to increase, which was consistent with the work done by 
Pfeiffer et al. 41 The increasing velocity also caused the 
depths of the cusps to deepen and isolated dislocations and 
dislocation clusters were observed. When the velocity in- 
creased above 350 ~m/s, the morphology of the liquid/solid 
interface became unstable, and densely packed dislocation 
clusters as well as continuous-edge dislocations, or sub- 
boundaries, were observed. 

In summary, an increase in scan speed can affect the 
thermal gradients at the solidification interface, the mini- 
mum power requirement to insure complete melting, the 
structure of the molten zone, and the quality of the resul- 
tant crystal. These thermal issues can be typically ne- 
glected for low scan speeds (-350 ~m/s) depending on the 
other processing conditions. 

Supercooling in ZMR 
A phenomenon which influences the morphology of the 

solidification interface and temperature profiles in the film 
during ZMR processing is constitutional supercooling. Im- 
purities introduced during ZMR will be pushed by the so- 
lidification front during crystallization 42 resulting in con- 
centration of impurities in the liquid region. This concen- 
tration of impurities causes a depression of the freezing 
point. 43-45 The freezing point of the melt will be depressed to 
temperature T~ given by 

Tf = T m + mc [7] 

where T~ is the melting point of pure silicon, m is the slope 
of the liquidus line on the phase diagram of silicon and the 
impurity, and c is the concentration of the impurity in the 
silicon film. If the temperature of the liquid in front of the 
interface is below the equilibrium liquidus temperature, 
constitutional supercooling occurs. 46'47 There is experimen- 
tal evidence that impurities are present during the ZMR 
process and that constitutional supercooling may be re- 
sponsible for a nonplanar  liquid/solid interface which is a 
precursor to subboundary formation? 5 

I m p u r i t y  c o n c e n t r a t i o n s . - -  There  is evidence that impu- 
rities from the neighboring thin films and in the processing 
chamber are present in the silicon film during processing. 
Fan et  al. ~g found oxygen concentrated in the sub- 
boundaries during their research on graphite strip heater 
ZMR of SOI structures. They suggest that the oxygen had 
dissolved from the encapsulating layer into the molten sili- 
con. Concentrations of carbon and oxygen around 1017-10 TM 

atm/cm 3 were found in their investigation. Mertens et  al. so 
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found oxygen and nitrogen saturated in the silicon film. 
They found oxygen concentrations of 2 x 10 TM atm/cm s and 
nitrogen concentrations of 6 x 1018 atm/cm 8 as well as a 
liquidus slope of -8 x 10 -81 ~ cm s for Si-N in ZMR pro- 
cessed silicon films. They also concluded that these impuri-  
ties emanated from a capping layer of Sill4 and N~O, since 
the dissolution time of nitrogen and oxygen into silicon was 
less than the dwell time of the molten zone. 

Temperature profiles and mel t  w i d t h s . - - T h e  effect of 
constitutional supercooling on both the molten region and 
freezing slush zone for scanning speeds up to 1000 pm/s 
was studied in our laboratory? 8 The numerical model was 
developed to simulated motion by redistributing the heat 
sources along the surface transiently and accounted for the 
supercooling by numerically changing the freezing point in 
the enthalpy method. Our numerical studies examined dif- 
ferent amounts of supercooling up to 5~ which could oc- 
cur for large impurity segregation a t the  interface. The val- 
ues for m: -148~ percent (a/o) for Si-O and 16~ 
for Si-C were approximated from phase diagrams. 8~~3 The 
distribution of the impurities and the degree of supercool- 
ing varies throughout the slush region because the impuri-  
ties are concentrated in the cusps between cells28 An aver- 
age amount of supercooling was represented in our 
analysis. 38 For a given velocity and degree of supercooling, 
the numerical model calculated the temperature distribu- 
tions within the film. Results indicated that constitutional 
supercooling had a significant effect on the temperature 
profiles during ZMR. In Fig. 10, a case with no supercooling 
at 500 ~tm/s is compared with cases of 2 and 5~ of super- 
cooling. These temperature profiles were not symmetric 
about the position of maximum temperature and the total 
length of the molten zone increased with a greater amount 
of supercooling. Also, the size of the freezing slush region 
decreased with a greater amount of supercooling. Because 
more cooling was necessary to reach a depressed freezing 
temperature, the temperature gradient will be steeper than 
the case without supercooling and the slush region will be 
reduced. In general, for a constant scanning speed, the 
molten region grows for increasing amounts of supercool- 
ing. When supercooling is present the melt does not crystal- 
lize as quickly because more radiative cooling is needed for 
the temperature of the melt to reach the depressed freezing 
temperature. If the amount of supercooling was held con- 
stant and the scanning speed was varied, the melt width 
and the size of the slush region were not affected by in- 
creasing velocities up to 400 pm/s. 

Instabil i ty of  in ter face . - - In  the above analysis, the 
changes in temperature profiles were described when su- 
percooling was present. However, the interface morphol- 
ogy and its stability cannot be determined from those re- 
sults. In fact, many investigators have suggested that 
constitutional supercooling is also responsible for the 
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Fig. 10. Effect of amount of supercooling [ATe, = 0 ~ ( ), AT~ = 2 0 
(...), and AT, c = 5 (-- .--)]  on the temperature profile underneath the 
strip. 
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Fig. 11. Schematic of the transition of the planar interface to a 
cellular one. 

faceting 49 and interracial instability during Z1ViR. 47'48'54 Lee 
investigated energy-beam recrystallization of SOI struc- 
tures, concluding that the breakdown of the solidification 
front was from constitutional supercooling? ~ Work done on 
ZMR of SOI wafers using a halogen lamp showed that the 
instabili ty of the interface was most likely caused by impu- 
rity segregation according to Dutartre et al. 54 In the last 
section, we discuss other sources of thermal instabilities 
which are more probable causes of interface instability. 

In general, if an impurity is present, solute diffusion 
must be coupled with thermal diffusion to determine crys- 
tal growth. For impure melts, the solute ahead of the so- 
lidification interface depresses the freezing point. The pla- 
nar  interface becomes unstable because it is exposed to a 
gradient of supercooling. The formation of the cellular in- 
terface from planar can be seen schematically in Fig. 11. 
The unstable region would grow as a perturbance until  its 
convexity and rejection of solute provided enough driving 
force for growth. A cellular morphology of the advancing 
interface results because convexity at the sides of one per- 
turbance will trigger other perturbances around it. Solute 
rejection into cusps between cells retards the growth be- 
tween cells24 The role of supercooling in the stability of the 
solidification interface is still being investigated for ZMR 
processing. 

Sub-boundary format ion . - -S ince  Fan et al. ~9 found oxy- 
gen in the sub-boundaries, they believe that sub-boundary 
formation was due to constitutional supercooling. Leamy 
et al. 47 and Lee 48 have also found impurities in the sub- 
boundaries during ZMR studies. It is well known that dur- 
ing constitutional supercooling impurities will concentrate 
in the cusps of the cellular or dencbdtic formation. 4~ This 
implies that the sub-boundaries grow from the cusps of the 
cellular interface. The elimination of sub-boundaries 
therefore requires further study of the effect of impurities, 
supercooling, and thermal stresses in ZMR. 

Thermally Driven Instabilities at the Interface 
The solidification interface morphology plays the most 

important role in determining the quality of the post-pro- 
cessed material. It is commonly understood that defect 
trails and sub-boundaries form at the interior corners of 
faceted fronts and at the cusps of cellular fronts (see the 
section on Sub-boundary formation). Contrary to intu- 
ition, the solidification front morphology is not always pla- 
nar. Several investigators 3,42~ have made in situ observa- 
tions Of cellular, dendritic, or faceted interfaces. The lowest 
defect densities have been produced after processing with 
a cellular interface. 3 Figure 11 shows a sketch of a transi- 
tion of a cellular interface from a planar one. Dutartre 5s 
used a laser and a lamp source to observe the in situ so- 
lidification growth. He varied the thickness of the samples 
and the scan speed and left previous grain boundaries and 
sub-boundaries in the wafer to observe the effect on the 
solidification front morphology. Limanov and Givargizov 5~ 
used a laser heat source to study the solidification front 
morphology. The need to know the shape and stability of 
the interface have lead investigators to construct several 
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different physical  models. These models describe different 
phenomena as being responsible for the interface s tabi l i ty  
(note: supercooling as an ins tabi l i ty  was covered in the 
section on Instabi l i ty  of interface and will  be discussed 
further here). 

F a c e t e d  g r o w t h  m o d e l . - -  T h e  archetype of the faceted 
growth model was proposed by Gets et  aI. 4 in 1983. Their 
experimental  investigation used a graphi te  strip heater  and 
a grat ing of optical  absorption strips deposited on the SOI 
wafer. The Si mater ia l  beneath the strips remained at a 
higher temperature  than the uncovered St, allowing the 
uncovered port ion of the Si to freeze first. The spacing of 
the facets, and thereby the sub-boundaries,  was controlled 
in this manner; however, they were only able to obtain 
e x  s i t u  observations. In their  faceting model  the film was 
assumed to have the scan direction proceed along the <100> 
direction of the (100) textured film. Faceted growth was 
accomplished by  the addi t ion of atoms at the ledges or facet 
corners. The facets were assumed to grow along the solid/ 
l iquid interface at (111) planes, which was normal  to the 
substrate  plane. Based on the model  for faceted interface 
morphology developed by Gets et  al. ,4 Pfeiffer et  aI. ~7 ex- 
amined quant i ta t ively  the development of the sub- 
boundaries.  Their numerical  model related the growth rate 
of a facet to its length and posit ion with respect to the 
melting isotherm line. 

A few years  later,  different investigators presented 
in  s i t u  observations as verification of facet growth. In  s i t u  
observations of lamp zone melting were done by Dutar t re  9 
and Dutar t re  et  al. ~8 A n  etched-pat terned thermally oxi-  
dized Si wafer  was used as the substrate  for the polycrys-  
tal l ine Si film. Scan speeds were varied to observe the 
changes in both the morphology and defect structures. As 
scan speed was increased, the tips of the cells appeared to 
become sharper.  This appeared  to be an indicat ion of a 
t ransi t ion to facet structures. Experimental  and theoret i-  
cal studies of the faceting sol id- l iquid interface were also 
performed by Arnold et  al. 59 Using a laser in their  experi-  
mental  work they examined the equil ibrium solid-l iquid 
structures that  exist in a molten zone. Through in  s i t u  ob- 
servations, they concluded that  the solidification morphol-  
ogy changes from cellular to faceted as s teady state was 
reached. A molecular  dynamic model  was used to numeri-  
cally analyze the equil ibr ium and non-equi l ibr ium micro- 
scopic structures in this molten zone. The model  solves the 
equations of motion for interact ing particles.  Two-body 
and three-body interatomic energy potentials  were used 
and optimized to replicate several crystal l ine and mechan- 
ical propert ies  of silicon. The equil ibr ium structure of the 
solidification front showed that  the interface consisted of 
a l ternat ing (111) and (111) facet planes. 

The facet model was also used to explain the relat ion 
between thermal  gradients  and  crystall ine defects by Pfeif- 
fer et al. ~9 and Pfeiffer et al. "2 The freezing profile with 
respect to the film thickness was incorporated into the 
faceted model. At the interior  corners of the facets, the 
sol id/ l iquid interface was proposed to be normal  to the 
substrate  plane for high thermal  gradients  (-~10 K~ 
However, for low thermal  gradients  ( - 4  K~ the inter-  
face t i l ted towards  the plane of the SiO2 film. Moreover, 
defects were described as growing normal  to the interface 
plane. This implied that  lower thermal  gradients  would 
produce more localized defects ra ther  than the continuous- 
trai l  defects associated with h igh  thermal  gradient  pro-  
cessing. 

While the facet model has made a significant contr ibu-  
t ion to crystal  growth theory in ZMR, it cannot singularly 
be used to describe the solidification interface dynamics 
and the result ing defect trails. Its most impor tant  contr ibu-  
t ion is the incorporat ion of orientat ional  growth in silicon 
(i.e., fast and slow growth planes). Indeed the  tendency of 
certain growth planes in silicon to grow faster  than others 
should figure into the interracial  growth dynamics. But it  
does not sufficiently explain the variat ions in sub-grain 
boundary  spacing with film thickness, and the formation 
and existence of re-entrant  corners? 5 The effect of impuri-  

ties and the change in optical  propert ies  of silicon are 
equally, if not  more, impor tant  than orientat ional  growth 
in determining the solidification front morphologies, and 
should be further examined (see next  section) before a com- 
plete theory can be developed. 

Changes  in  rad ia t i ve  p r o p e r t i e s . - - I n v e s t i g a t o r s  have ex- 
amined other effects which could be responsible for the 
instabi l i ty  of the interface. The earliest  studies on the effect 
of the changes in radiative,  propert ies  between solid and 
l iquid phases have been for laser heating ZMR. Jackson 
and Kurtze studied the s tabi l i ty  of solid and l iquid al ter-  
nat ing lamellae in silicon films induced during laser beam 
heating 12 using a Mullins and Sekerka instabi l i ty  analy-  
sis. ~ The analysis accounted for the reflectivity difference 
between the solid and l iquid phases of silicon (see the sec- 
tion on Phase Change). The results indicated that  per turba-  
t ion growth created subdivisions of the solid and l iquid 
until  the period was small enough to be stable. Grigoropou- 
los et  al. 6o,6i conducted two studies on instabil i t ies in laser-  
induced crystal  growth on thin polysilicon layers. They 
found that  the stabil i ty of the solid/ l iquid interface was 
affected by Gibbs-Thomson temperature  boundary condi- 
tions and the abrupt  change in refiectivity between solid 
and l iquid silicon. In their  experiments,  a laser beam was 
scanned at constant velocity across a thin silicon layer de- 
posi ted on a heat  sink structure. They also used a Mullins 
and Sekerka l inear  per turbat ion  analysis 4~ to s tudy the s ta-  
bi l i ty  of the solidification front. They concluded that  the 
change in reflectivity promoted instabili ty; however, small 
amounts of supercooling and superheating could be toler-  
ated without  destabil izing the interface from stabi l i ty  con- 
t r ibutions due to surface tension. 

R a d i a t i v e l y  i n d u c e d  ce l lu lar  i n t e r f a c e . - - I n  studies for 
graphi te  strip heater  ZMR processing, Im et  al. 3.3~ varied 
the power and height of the heater  in order to observe cel- 
lular-dendri t ic ,  3 cellular, faceted and various transi t ion 
structures. Most important ly  they studied the resulting 
morphology of a film when a previously moving strip was 
hal ted and held s ta t ionary with respect to the wafer. The 
cellular and cel lular-dendri t ic  inter iacial  structures per-  
sisted even while the strip was stationary. From the persis-  
tence of the morphology, they concluded that  the effects of 
impuri t ies  had li t t le to no influence on the s tabi l i ty  of the 
interface, and thus consti tut ional  supercooling was not the 
cause of the instabili ty.  An important  al ternate theory to 
explain these s ta t ionary protrusions stated that  the spat ial  
intensity gradient  may be responsible for the interface 
structure. 

A following study by Im et aI. 42 varied the velocity and 
power of a graphite  strip heater  system to observe the mor- 
phology and resul tant  quali ty of the crystal. For increasing 
power to the str ip heater, the period of the cells decreased 
and the types of defects changed. Another  s tudy was done 
to observe the effects for increasing velocity. Results indi-  
cated that  cell period increased for low velocities and then 
decreased for high velocities. The increase in cell period for 
low velocities opposed conventional supercooling theory 
on cell spacing. This was another indication, along with the 
persistence of s ta t ionary cells, that  supercooling is not re- 
sponsible for the interface instabi l i ty  for low velocities. 
Complementing this experimental  work on the cell period, 
Im 62 conducted an instabi l i ty  analysis of solid and l iquid 
lamellae. He obtained good agreement between experi-  
mental  and analyt ical  results. 

S u m m a r y . - - I t  is most l ikely that  not  one single influence 
exclusively controls the solidification dynamics of any sys- 
tem. It is a variety of effects that,  when summed, produce 
the observed pattern.  The most influential factor for the 
solidification front morphology is the change in optical 
propert ies  from the solid state to the l iquid state. Super-  
cooling may affect the defect generation during processing 
and also play a role in altering the stabil i ty for higher ve- 
locities. In a review, Dutar t re  5~ collects differing opinions 
on the major solidification dynamics influences. He also 
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concludes that  the solidification morphology is due to a 
variety of frontal  breakdown phenomena. 

Conclusions 
An overview of the thermal issues in ZMR processing of 

SOI structures with an infrared line heat  source has been 
presented. Investigators have found that  the crystal growth 
strongly depends on the control of the temperature  profile, 
melt width, and solidification interface morphology. High 
quali ty films can be produced with various combinations of 
scan speeds and radiat ive heating conditions. 

Radiat ion heat  t ransfer  and phase change effects were 
found to have large significance in the fundamental  physics 
behind ZMR processing. The scanning speed, the amount of 
consti tutional  supercooling, and the s tabi l i ty  of the so- 
lidification interface also p lay  cri t ical  roles during such a 
process. These thermal  issues must  be invest igated further 
in order to reduce the amount of defects in the crystal as 
well as other problems during processing. 
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