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RTP (Rapid Thermal Processing) is a wide-spread technology to manufacture advanced semiconductors. It is used for 
oxidation, annealing, silicide formation and chemical vapour deposition. Numerical simulation is an essential step in order to 
have a better understanding of the Rapid Thermal Process. A preliminary work showed the influence of the quartz window 
on the wafer temperature profile. In the present study, a RTP reactor is modelled in two dimensions in order to analyse the 
wafer temperature evolution for a constant lamp heating power. Transient-state numerical simulations are then carried out, 
in which the radiative heat transfer equation is solved with the Monte-Carlo method. First, the general evolution of the wafer 
temperature is described. It can be subdivided into three different phases: a rapid increase, a slower one and the 
stabilisation. In the second part, the evolution of the centre to edge difference of temperature is analysed. An inversion of 
the wafer temperature profile occurs at the beginning of the heating and the maximal centre to edge difference of 
temperature is obtained when the steady-state has been reached. In both the parts, the corresponding evolution of the 
quartz window temperature is presented. A correlation between the wafer temperature evolution and the quartz window one 
is shown. 
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1. Introduction 
 
Rapid Thermal Processes (RTP) are widely used in 

the microelectronics industry to manufacture advanced 
semiconductors. The processes are of different types, such 
as oxidation (RTO), annealing (RTA), silicide formation 
and chemical vapour deposition (RTCVD). Dimension 
shrinkage of the produced devices makes stringent demand 
on the knowledge of the thermal processing for the wafers. 
In order to obtain good quality thin films, the wafer 
surface temperature distribution must be uniform [1,2]. 
Consequently, the wafer temperature control and the 
thermal gradient reduction have become the main 
challenge [3,4]. In the recent years, simulation namely by 
using the computational fluid dynamics method (CFD), 
has appeared as a remarkable tool which puts into light the 
thermal and flow phenomena involved in the above 
mentioned processes [5,6]. 

In RTP reactors, a single wafer is loaded into a cold 
wall chamber. The wafer surface is then rapidly heated up 
by infrared lamps through a quartz window. A preliminary 
work showed that the quartz window has an influence on 
the wafer temperature profile [7]. It was shown that the 
substitution of the quartz window by nitrogen leads to a 
reduction of the wafer centre to edge difference of 
temperature (ctedt) for the steady-state calculations. The 
transient simulations revealed that the presence of the 
quartz window increases the steady state reaching 
duration. 

In the present study, a commercial RTP reactor, the 
AS One 150 machine developed by AnnealSys 
(Montpellier) [8] is modelled in two dimensions. CFD 

simulations are performed to analyse both the wafer and 
the quartz window temperature evolution for a constant 
lamp heating power, which means without any process 
optimisation. Transient-state numerical simulations are 
carried out until the steady-state is reached. In order to 
solve the radiative heat transfer equation, the Monte-Carlo 
method is considered. First, a description of the RTP 
apparatus model is provided. In the second part, the 
general evolution of both the wafer and the quartz window 
temperature is presented. The centre to edge difference of 
temperature (ctedt) is described as well for both. The third 
part consists in analysing the different evolutions obtained. 

 
 
2. Experimental and modelling 
 
The 2D geometry model of the AS One 150 machine 

is provided by  
Fig. 1. The heating system consists of a bank of 

eighteen infrared halogen lamps emitting with a tungsten 
filament. The lamp electrical power input is the same for 
all the lamps. The wafer is a 150 mm diameter silicon 
substrate and it is placed on quartz pins in the reaction 
chamber. It is heated by the radiative heat of the lamps 
through the quartz window, which is the upper reactor 
wall. To maintain the reaction chamber pressure low, a 
pumping system is used. Except for the quartz window, all 
the reaction chamber walls are stainless steel to reflect the 
rays emitted by the lamps on the wafer. They are cooled 
by a water circulation to avoid particule generation. 
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Fig. 1. The 2D AS One 150 machine geometry. 
 
 

The commercial computational fluid dynamics 
software CFD’ACE is used to perform the calculations of 
heat and mass transfer [9]. The differential equations 
describing the conservation of mass and energy transport 
are solved using the finite volume method [10,11]. The 
differential equations are integrated over each control 
volume of the geometry domain. The generalized form of 
the conservation equation is given by expression (1). It is 
composed of four terms which respectively stand for the 
transient term, the convective term, the diffusion term and 
the source term. 
 

( ) ( ) ( ) φφΓφρφρ S+∇⋅∇=⋅∇+
∂

∂ V
t

      (1) 

 
ρ is the density, t is the time, φ  is the general flow 

variable, V  is the velocity and Γ  is the diffusion 
coefficient. 

The Monte-Carlo method is used to solve the radiative 
heat transfer equation [12]. Its principle is as follows. The 
rays are grouped in photon bundles. The tracing of the 
photon bundles is done through the domain by accounting 
for the various events occurring within each control 
volume. Absorption, emission and scattering are the three 
possible events and the calculation of their coefficients is 
based on the optical index values of each material surface. 
Also, for each surface, Kirchhoff’s law given by 
expression (2) is considered [13]. The total hemispherical 
emissivity εθ,λ is equal to the total hemispherical 
absorptivity αθ,λ for all spectral conditions: 
 

  αθ,λ = εθ,λ.           (2) 
 

The rays are emitted from a surface and traced until 
they are absorbed by the same surface or any other one. 
The tracing of the bundles also requires to statistically 
randomise the sample of photons from their points of 
emission to their points of absorption [14]. 

Calculations are performed in transient-sate. The 
implicit Euler method, which ensures unconditional 
numerical stability, is considered in the model [15]. 

In the model, the temperatures are taken in four places  
Fig. 1): one at the wafer centre Tw(x=0), one at 5 mm from 
the wafer edge Tw(x=-0,070m), one at the quartz window 

centre Tqw (x=0) and one at a position close to the quartz 
window edge Tqw (x=-0,0875m). Then, the centre to edge 
difference of temperature for the wafer ctedtw and the 
quartz window ctedtqw are expressed by (3) and (4): 

 
ctedtw = Tw(x=0) - Tw(x=-0,070m)                (3) 

 
ctedtqw = Tqw (x=0) - Tqw (x=-0,0875m).          (4) 

 
 

3. Results 
 
In order to obtain the temperature evolution of the 

wafer and the quartz window, simulations are carried out 
for three constant lamp heating power: a low one 
corresponding to a filament temperature of 1473 K, an 
average one (1773K) and a high one (2073K). 
 

3.1 General evolution of the wafer and the quartz  
       window temperature 
 
Fig. 2 shows the temperature evolution at the wafer 

centre Tw(x=0) and at the quartz window centre Tqw (x=0) 
for the average heating power corresponding to the 1773K 
filament temperature. Similar shaped results are obtained 
for the whole wafer surface and for the quartz window. 
The shape stays the same for the low and the high heating 
power. The temperature evolutions in all the cases can be 
subdivided into three phases. The durations of the phases 
are respectively Δt1, Δt2 and Δt3. 
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Fig. 2. Evolution of the centre wafer and quartz window 

temperature. 
 
 

In the first phase, the wafer temperature increases 
rapidly in a linear way. In the second one, there is a step 
followed by another temperature increase which is slower 
than in phase 1. The increase becomes even slower once 
the wafer temperature is equal to the quartz window one. 
The third phase corresponds to the stabilisation of the 
wafer temperature. 

The quartz window stays at initial temperature during 
the first phase. Then, its temperature increases during the 
second one. The increase is also slower once the quartz 
window temperature is equal to the wafer one. In the third 
phase, there is the temperature stabilisation as well. 
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The duration Δt1 of the first phase is shorter when the 
heating power is higher, as shown in Fig. 3. The duration 
to reach steady-state Δt2 is around 2500s for all the powers 
considered. Since steady-state is reached in the third 
phase, the Δt3 duration is infinite. 
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Fig. 3. Evolution of the duration Δt1 in function of the heating 

power. 
 
 

3.2 Evolution of the wafer and the quartz window  
       ctedt 
 
For the same heating powers, the wafer cdedt is 

calculated. The ctedtw evolution for the filament 
temperature of 1773K is given by Fig. 4. It can still be 
observed three phases with the same durations Δt1, Δt2 and 
Δt3. 
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Fig. 4. Evolution of the wafer ctedt. 

 
In the first phase, the ctedtw is negative that means the 

wafer temperature is higher at its edge. However, there is a 
strong decrease followed by an important increase. The 
difference between the minimal temperature and the x axis 
is called ctedtw max 1. It is more important when the lamp 
heating power is higher, as shown in Fig. 5. During the 
transition to the second phase, an inversion of the wafer 
temperature profile occurs. Fig. 6 illustrates this inversion. 
In the second phase, the wafer temperature profile 
becomes higher at the wafer centre. First, there is a very 
fast linear increase of ctedtw, followed by a step and 
another increase. When the wafer and the quartz window 
temperatures become close to each other (at 1000s in the 
considered example), the ctedtw stabilises at its maximal 
value called ctedtw max 2. The latter value is also more 
important when the lamp heating power is higher (Fig. 5). 
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Fig. 5. Wafer ctedtw maximum differences versus heating power. 
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Fig. 6. Wafer temperature profile at different time. 

 
The ctedt evolution is also obtained for the quartz 

window for the three same lamp powers. The division into 
three phases is also effective with the same durations.          
Fig. 7 gives the ctedtqw evolution considering the same 
1773K filament temperature. Ctedtqw is close to zero in the 
first phase. But, in the second phase, there is an increase, 
which becomes slower once the quartz window 
temperature is close to the wafer one. The third phase 
corresponds to the stabilisation. Like the wafer, the ctedt is 
maximal in that phase. 
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Fig. 7. Evolution of the quartz window ctedtqw. 

 
 

4. Discussion 
 

4.1 General evolution of the wafer and quartz  
       window temperature 
 
As the infrared lamp emission is around 1µm in 

wavelength, the fast wafer temperature increase in the first 
phase is due to the wafer absorptivity evolution with the 
temperature ( 

Fig. 8). The wafer absorptivity becomes more 
important above 1 µm when the temperature is higher. The 
quartz window absorbs the radiative part between 2.6 and 
2.9 µm and beyond 3.6 µm as shown in 

Fig. 9. 
In phase 1, the quartz window stays at initial 

temperature because the wafer emission is low at the low 
temperatures of the beginning of the heating. 

 

 
 

Fig. 8. Spectral emissivity of the silicon substrate [16]. 
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Fig. 9. Spectral emissivity of the quartz window [17]. 

 
In the second phase, for higher temperatures, the 

wafer emits with a coefficient getting closer to 0.7 in all 
the spectra  

Fig. 8). Thus, the quartz window absorbs the radiation 
emitted by the wafer explaining why its temperature 
increases. But, the radiation absorbed by the quartz 
window is also reemitted towards the wafer and 
contributes to the wafer temperature increase. So, there is 
a mutual heating by absorption and emission between the 
wafer and the quart window. Simulations confirm that in 
the absence of the quartz window, the steady-state is 
reached for the second phase [7]. 

When the temperatures of both the wafer and the 
quartz window are close to each other, the temperature 
increase becomes slower because there is a balance 
between the heat fluxes emitted and absorbed. It also 
means that steady-state is almost reached. The latter is 
reached in the third phase when all the heat fluxes are fully 
stabilised in the whole reactor. 

 
 
4.2 Evolution of the wafer and the quartz window  
       ctedt 
 
In the first phase, the wafer temperature is higher at its 

edge than at its centre because the predominant effect is 
ray reflection on the reactor walls. The difference ctedtw 
max 1 becomes more important when the lamp heating 
power is higher because the reflected rays are more 
numerous. A solution to reduce the ctedtw at the beginning 
of the heating consists in putting a non-reflecting coating 
on the reaction chamber bottom, but unfortunately the 
response is slower [18]. 

The inversion of the wafer temperature profile 
occurring at the transition to the second phase is initiated 
when the ctedtw starts its quick increase at the end of phase 
1. The profile inversion is the combination of three effects. 
First, there is a conductive heat flux from the wafer edge 
to its centre. Secondly, when the wafer reaches elevated 
temperature, its emission towards the reactor cooled walls 
becomes higher than its emission towards the warm quartz 
window. Finally, the quartz window temperature is higher 
at its centre. So the heat flux from the quartz window 
towards the wafer is higher at the wafer centre compared 
to its edge. After the inversion, the quartz window ctedtqw 
increases in phase 2 and so does the wafer ctedtw. 

When the steady state is reached in the third phase, 
the quartz window thermal gradient is at its highest value. 
The same goes for the wafer ctedt which is at the value 
ctedtw max 2. The ctedtw max 2 value is more important 
when the lamp heating power is higher because the quartz 
window thermal gradient is also higher. 

In order to improve the wafer temperature uniformity, 
reduction of the quartz window thermal gradient is the 
challenge. Consequently, double quartz window with oil 
or water circulation [19], cooling with a stream of air [20], 
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or with a showerhead [21] are solutions which have been 
studied or used. 

5. Conclusion 
 
The present study gives a better understanding of the 

temperature evolution in a RTP process. For that purpose, 
2D transient simulations of a commercial apparatus have 
been analysed for a constant heating power. The wafer and 
the quartz window temperature evolutions have been 
followed. 

The general temperature evolution can be subdivided 
into three different phases. For the wafer, there is a rapid 
increase, a slower one and the stabilisation. For the quartz 
window, a stay at initial temperature, followed by an 
increase and the stabilisation are the three phases. The 
absorption and emission properties of both the wafer and 
the quartz window explain the correlation between their 
temperature evolutions. 

Furthermore, the centre to edge difference of 
temperature is analysed for the three phases. At the 
beginning of the heating, the wafer temperature is higher 
at its edge because of the dominant influence of ray 
reflection on the reactor walls. An inversion of the wafer 
temperature profile has been put into light during the 
transition between the first phase and the second one. In 
the second and third phase, the wafer non uniformity is 
correlated to the quartz window centre to edge difference 
of temperature. The difference is maximal when the 
steady-state is reached. Also, an increase of the thermal 
gradients is put into evidence when the heating power is 
higher. 

All in all, to optimize the wafer temperature 
uniformity in RTP equipments, thermal gradients have to 
be reduced for the quartz window. With this aim, 
simulation studies are in progress. 
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