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A model is formulated to understand and predict wafer temperatures in a tungsten low pressure 
chemical-vapor-deposition (LPCVD) single-wafer cold-wall reactor equipped with hot plate 
heating. The temperature control is usually carried out on the hot plate temperature. Large 
differences can occur between the susceptor and the wafer temperature, especially at the 
typically low pressures for LPCVD systems. Verification of the model was done by 
measurements of the true wafer temperatures as a function of total pressure, gas composition, 
gas flow, and coatings of wafer and susceptor. A good agreement between model and 
measurements was found by considering the heat transport by radiation and gas conduction. 

I. INTRODUCTION 

The heat transport in a tungsten (W ) low pressure 
chemical-vapor-deposition (LPCVD) cold-wall system has 
been described previously by Schmitz, Suijker, and 
Buiting. I In that work large differences in temperature be
tween susceptor and wafer were reported. The aim of the 
present work is to model the heat transport in cold-wall 
reactors and validate this model with measurements. In 
that way it may be possible to gain more insight in what 
wafer temperatures can be expected for certain circum
stances. We will focus on a W LPCVD system, but the 
results can be generally adapted to other cold-wall systems. 

Knowledge of the true wafer temperature in the case of 
W LPCVD is important because a temperature difference 
between wafer and susceptor can cause selectivity loss (i.e., 
deposition on susceptor). Further, for experimental work 
it is important to know what the wafer temperature will do 
if process conditions are changed. The knowledge of the 
wafer temperature behavior in these cold-wall reactors will 
lead to a better understanding of the influence of process 
parameters on, for example, growth rate. 

It will be shown that the temperature difference between 
wafer and susceptor can be minimized by adapting the 
wafer and susceptor coatings, gas compositions, and the 
total pressure; but even after minimizing the temperature 
difference effect, there will remain a considerable temper
ature difference between the wafer and susceptor. This is 
inherent to this type of reactor. 

II. THEORY 

The heat transport in cold-wall reactors can be de
scribed by four mechanisms; these are radiation, gas con
duction, gas convection, and solid-solid conduction. As 
will be shown, in LPCVD conditions, the convective heat 
transfer due to the gas flow is of minor importance. In our 

reactor the wafer is not clamped against the susceptor, so 
there is no real solid-solid contact, and thus the solid-solid 
conduction between susceptor and wafer is small. There
fore in the model only the heat transport by (i) radiation 
and (ii) gas conduction is considered. 

A. Radiation 

The emissive power of a grey body is described by the 
Stefan-Boltzmann equation, given by 

(1) 

where Er is the radiation energy, € the emissivity of the 
surface at the temperature T, and a is the Stefan
Boltzmann constant. For two infinite flat surfaces AI and 
A2 facing each other, the energy flux per unit area due to 
radiation from the hot (temperature TI and emissivity €I) 

to the cold surface (temperature T2 and emissivity €2) can 
be calculated as is indicated in Fig. 1, 

00 

=a(Ti-r;)( €1€2 ). 
€I + €2 - €1€2 

(2) 

For calculating the radiation of two bodies of arbitrary 
geometry at different temperatures, the so-called view fac
tor has to be considered. The view factor FI2 represents the 
fraction of radiation leaving surface A I that is directly in
tercepted by surface A 2• For two grey surfaces the net heat 
flow Qr,1 ~2 from surface AI to A2 is given4 by the equation 

1 (1 )]-1 +- --1 . 
A2 €2 

(3) 
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FIG. 1. Schematic drawing showing the radiative coupling between two 
parallel surfaces, showing what happens with the radiation leaving 
surface 1. 

For two infinite parallel grey surfaces of the same area and 
FI2 = 1, the net heat flow per unit area between these two 
surfaces equals Eq. (2). Because our W LPCVD cold-wall 
reactor is an axisymmetric system the heat transfer is mod
eled containing three coaxial disks, consisting of the sus
ceptor (surface 1), the wafer (surface 2), and the cold-wall 
(surface 3); see Fig. 2. The view factor from the susceptor 
to the wafer F12 for a susceptor wafer distance much 
smaller than the wafer diameter is approximately equal to 
unity. The view factor from wafer to the cold wall F23 is 
also set to unity, because almost all of the radiation leaving 
the wafer surface is intercepted by the cold wall. 

In vacuum the temperature of the wafer is only deter
mined by radiation and one can calculate the wafer tem
perature, if the emissivities of the surfaces and the wall and 
susceptor temperature are known. When not operating at 
vacuum conditions, the heat transfer by gas particles has to 
be considered also. 

B. Gas conduction 

The second mechanism for heat transfer is gas conduc
tion. Smoluchowski2 has described the thermal gas con
duction for two parallel surfaces at a distance d. The en
ergy flux per unit area may be represented by the relation 
given by 

cold-wall ~ 

(a) (b) 

FIG. 2. (a) Scheme of the cold-wall reactor geometry, and (b) the setup 
used for the wafer temperature modeling. 
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km(TI - T2 ) 

Ec= d+2g , (4) 

where k m is the mean thermal conductivity over the range 
TI - T2• The distance between the two plates is d, and the 
coefficient g is as shown by Kennard2 equal to 

2 - a 9y- 5 
g=-a-2(y+ 1) A, (5) 

where a is the thermal accommodation coefficient, y is the 
ratio of the specific heat at constant pressure Cp to that at 
constant volume Cv, and A is the molecular mean free path. 
Thus, for calculating the gas conduction one first has to 
know the thermal accommodation coefficient, the thermal 
conductivity, and the molecular mean free path. These 
three subjects will be considered in Secs. II B I-II B 3 

1. The thermal accommodation coefficient 

The thermal accommodation coefficient a is a parame
ter that relates the temperature belonging to the incident 
and the temperature of the reflected gas streams from a 
solid surface. It is assumed that the molecules of the inci
dent gas stream and the solid surface are hard spheres, and 
that binary collisions result in a net exchange of energy 
depending on the molecular mass ratio. The thermal ac
commodation coefficient is defined2,3 as the fractional ex
tent to which molecules that collide with a solid surface 
and are reflected have their mean energy adjusted toward 
the temperature of the wall. The reflected molecules from 
the hot surface possess a mean energy which corresponds 
to a temperature lower than the surface temperature. Ac
cording to general dynamic considerations,2,3 the constant 
a should be determined by the relation 

4mM 
a = (m +M)2' (6) 

where M is the mass of the gas molecules striking the 
surface and m is the molecular mass of the surface mole
cules. For two different surfaces the accommodation coef
ficient has the value 

ala2 
a= , 

al + a2 - ala2 
(7) 

where al and a2 are the values of the accommodation 
coefficients for the two surfaces, respectively. In practice, 
deviation from the calculated accommodation coefficients 
in Eq. (6) can occur compared to the observed values. As 
far as the accommodation coefficients were not given in 
literature,I-3 they were calculated according to Eqs. (6) 
and (7). 

2. The thermal conductivity 

For calculating the heat transfer by gas conduction, the 
ratio y of the specific heat at constant pressure Cp to that at 
a constant volume Cv has to be known, [see Eqs. (4) and 
(5)]. This ratio is tabulated in Ref. 2 for different gases, 
y = ~ for mono atomic gases and approaches 1 for poly
atomic gases. 

..... , ........ _-._'----------
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FIG. 3. Thermal conductivities for the gases of interest for W LPCVD as 
a function of the temperature. 

According to Eq. (4), for the calculation of the heat 
transport by gas conduction, the thermal conductivity has 
to be known. This thermal conductivity kT at temperature 
T is, according to Euken in Refs. 2 and 4, equal to 

15 R 
kT = '4 M J-L (for monoatomic gases), ( 8a) 

(for polyatomic gases), (8b) 

where M is the molecular mass of the gas, R is the gas 
constant, and Cp is a function of temperature and can be 
written as 

(9) 

The values A,B, C, and D are tabulated in the literature, 
(see, e.g., Ref. 2). R is the universal gas constant. The 
viscosity J-L in Eqs. (8a) and (8b) can be written as 

-8 1MT 
J-L = 2.6693 X 10 . 820 ' 

I-' 

( 10) 

where 8 is the molecular collision diameter and 01-' is a 
slowly varying function of the dimensionless temperature 
kTIE; Elk can be obtained from the tabulated Lennard
Jones parameters.4 The function 01-' may be interpreted as 
the deviation from the rigid sphere behavior. 

From Eqs. (8 )-(10) and the appropriate tables the 
thermal conductivity can be calculated as a function of the 
temperature. In Fig. 3 the thermal conductivities of the 
gases of interest for tungsten LPCVD are shown as a func
tion of the absolute temperature. In the temperature range 
oftungsten LPCVD these thermal conductivities are linear 
with the temperature on a log-log scale. The thermal con
ductivity of gas mixtures may4 be estimated by 

(11a) 
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FIG. 4. Comparison of the heat transport by radiation E, and by gas 
conduction (Ee argon or Ee hydrogen) as a function of the pressure for 
two infinite surfaces at a distance of 100 Jl.m having both an emissivity of 
0.5. 

The Xi values are the mole fractions, and k i the thermal 
conductivities of the species i. The values of the coefficients 
rpij are given by 

1 ( Mi) - 112 [ (J-Li) 112 (Mi) 114]2 rpi'=- 1 +- 1 + - - . (lIb) 
~ ~8 Mj J-Lj Mj 

The values of J-LI can be calculated from Eq. (10), and Mi 
stand for the molecular weights of the gas components. 

3. The mean free path 

Gas particles undergo frequent collisions. The distance 
between two successive collisions is the free path of a par
ticle. The average distance of all the molecules is the mean 
free path A. The mean free path depends on the molecule 
collision diameter and the number of molecules per cubic 
meter n, and can be written as2 

A = p1Tn82 , 
(12a) 

where n depends on the pressure and 8 can be found by the 
previously mentioned Lennard-Jones parameters.4 For the 
mean free path of molecules A and B in a binary mixture 
the following relations have been derived2

: 

AlA = ~21TnA8i +lTnBG (8A + 8B) r ( 1 + z:r12

, 

(l2b) 

;B = ~21TnB8~ + 1TnAG (8A + 8B) ) 2 ( 1 + Z:) 112. 

(12c) 

Since all the parameters of interest for the heat transfer by 
gas conduction can be calculated from Eqs. (4)-(12), and 
with the use of the proper tabulated data, the heat transfer 
can be calculated. 

If two disks are at a distance d of 100 J-Lm, the heat flux 
as a function of the pressure can be calculated. In Fig. 4 the 
calculated heat transfer as a function of the pressure in 
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hydrogen and in argon is shown, assuming a temperature 
difference of 100 K and emissivities of 0.5 for both disks. It 
can be seen that the amount of heat transport by radiation 
is equal to the conductive heat transfer at a pressure of 
about 150 Pa. At 1000 Pa the contribution to the heat 
transport by radiation is only 7.5% of the conductive heat 
transport by hydrogen, but in argon this is still 24%. Note 
that the transition from radiative to conductive heat trans
port in Fig. 4 is at a pressure that is typical for LPCVD. 

III. MODEL DESCRIPTION 

The heat transport between coaxial disks according to 
Fig. 2 (b) can be calculated by four fluxes of heat. These 
are as follows: 

(i) net radiation from susceptor to wafer, Qr,I-2; 

(ii) gas conduction from susceptor to wafer, Qc,I-2; 

(iii) net radiation from wafer to the wall, Qr,2-3; 

(iv) gas conduction from wafer to the wall, Qc,2-3' 

In thermal equilibrium the heat flux to the wafer is equal to 
heat flux leaving the wafer, or 

Qr,1-2 + Qc,1-2 - Qr,2_3 - Qc,2-3 = O. (13) 

Thus, by making use ofEqs. (2) and (4), Eq. (13) can be 
solved and the temperature of the wafer can be found. 
However, these equations are highly nonlinear and many 
of the parameters themselves depend on the wafer temper
ature and are not easy to calculate. The wafer temperature 
could be found by estimating the wafer temperature falling 
between susceptor and wall temperature as a starting value 
followed by repeatable substitution in Eq. (13), using a 
simple zero-point algorithm. 

A. Model assumptions 

The simple model suffers from some approximations; 
these are as follows. 

(i) The model is one dimensional and assumes three 
disks at different temperatures. In reality the reactor is not 
one dimensional and the reactor wall is not a disk as is 
indicated in Fig. 2. 

(ii) The accommodation coefficients are not exactly 
known. As far as they were not tabulated in the literature 
they were calculated using Eq. (6). 

(iii) Emission coefficients in the literature are not very 
suitable, since they depend on several material properties, 
e.g., a change in roughness can result in a different effective 
emissivity. Moreover the emissivities often depend on tem
perature and wavelength. For the materials of interest the 
emissivities, as given in Table I, were found in the litera
ture. 

Table I shows that the emissivity of the different mate
rials can vary much. To obtain correct values for the mod
eling, the emissivities of silicon wafers with or without 
different tungsten and silicon-dioxide coatings were mea
sured using a pyrometer operating at 3.45 /-Lm wavelength; 
for further details the reader is refered to Sees. IV and V. 

At temperatures below 1000 K lightly doped silicon is 
more or less transparent for wavelengths between 1.5 and 
15 /-Lm. This results in a temperature- and wavelength-
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TABLE I. Literature emissivity values of the materials of interest. 

Material Emissivity (€) Reference 

Graphite 0.7-D.8 8 
Silicon" O.OS-D.72 1,5,6,10 
Silicon dioxideb 0.70-0.90 1,8,10 
Tungsten 0.05-D.15 1,8 
Stainless steel 0.35-D.80 4,8 
Aluminiumoxide 0.20-0.30 4,8 

'Silicon emissivity (wavelength = 1-15 J.lm) is a strong function of the 
carrier concentration. 

bEmissivity of silicon dioxide on Si wafer (0.02 n em) at a certain wave
length is a periodical function of the thickness. 

dependent emissivity.5 To obtain a constant (i.e., temper
ature and wavelength independent) emissivity, highly 
doped (0.02 n cm) epiwafers were used in the 
experiments. 6 

B. Model calculations 

Using the model, a calculation can be made of the true 
wafer temperature as a function of pressure and gas com
position. In Figs. 5(a) and 5(b) the temperature of a Si 
wafer (assuming E'Si = 0.55) is calculated as a function of 
the pressure and gas composition for the case of an un
coated Si wafer [Fig. 5(a)] and a tungsten (assuming 
E'w = 0.15) front-side-coated wafer [Fig. 5(b)]. In these 
figures large differences between susceptor and wafer tem
perature can be observed. In the case of a silicon wafer 
without front-side coating Fig. 5(a) shows that this tem
perature difference can be as large as 90 K for a susceptor 
temperature of 800 K. The dip in wafer temperature at 
about 20 Pa is due to the fact that the net loss of heat by 
conduction from the wafer front side is larger than the gain 
of heat of the wafer back side. This dip is more pronounced 
in the case of a gas having a higher gas conductivity, such 
as hydrogen. At pressures above 20 Pa, an increase in wa
fer temperature can be seen with increasing pressure. This 
is because the conduction between susceptor and wafer 
increases faster than the conduction from wafer to the wall. 
At very low pressures the contribution by conduction to 
the heat transfer can be neglected and the wafer tempera
ture depends only on the emissivities of susceptor, wafer 
(back and front side), and reactor wall. The difference 
between Figs. Sea) and S(b) illustrates that in the case of 
a low wafer front-side emissivity, the heat transport from 
wafer to wall is also lower resulting in a higher wafer tem
perature. 

In our W LPCVD reactor there is no clamping of wafer 
to the susceptor and the wafer rests freely on the susceptor; 
therefore there will always be a temperature difference be
tween the susceptor and the wafer. This temperature dif
ference depends on various parameters and can be reduced 
by choosing the proper processing conditions. The depen
dence of the wafer temperature on the pressure as a func
tion of several parameters will be discussed below. 
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FIG. 5. Wafer temperature as a function of pressure for (a) a silicon wafer and (b) a wafer coated by tungsten on the front side at a susceptor 
temperature of 800 K. Curves are calculated assuming €Si = 0.55 and €w = 0.15. 

1. Emissivity of the susceptor 

The influence of the emissivity of the susceptor E) on the 
wafer temperature is shown in Fig. 6(a) where E) is varied 
from 0.1 to 1.0. From this figure it is clear that a high 
emissivity of the susceptor reduces the temperature differ
ence between wafer and susceptor. If the emissivity of the 
susceptor is only 0.1 the temperature difference is as large 
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FIG. 6. Calculated wafer temperatures as a function of the hydrogen 
pressure. (a) Emissivity of the susceptor €I varying from 0.1 to 1.0. (b) 
Wafer temperature for different emissivities of the wafer back side €2 
ranging from 0.1 to 1.0. (c) Wafer temperature for different emissivities 
of the wafer front side €J ranging from 0.1 tq 1.0. (d) Wafer temperature 
as a function of the emissivity of the reactor wall €4 going from 0.1 to 1.0. 
Other parameters are shown in the insets. 
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as 225 K, for a susceptor emissivity of 1.0 this is "only" 75 
K. In our reactor the initial graphite susceptor was coated 
with A120 3, which has an emissivity of only 0.2-0.3.4

,8 By 
removing this coating the susceptor emissivity could be 
increased to 0.7-0.8.8 This should result in a smaller tem
perature difference between susceptor and wafer. 

2. Emissivity of the wafer back side 

From the above it should be clear that the influence of a 
coating on the back of the wafer on the temperature dif
ference is important. The effect of the wafer back-side coat
ing on the wafer temperature as function of the pressure is 
calculated and these results are shown in Fig. 6(b). In 
order to diminish the temperature difference, the wafer 
back-side emissivity E2 should also approach one. 

3. Emissivity of the wafer front side 

If the emissivity of the front of the wafer E3 changes, it 
has an effect on the wafer temperature. This is shown in 
Fig. 6(c), where the emissivity of the front side changes 
from 0.1 to 1.0. It can be seen that the temperature differ
ence between susceptor and wafer decreases by reducing 
the wafer front-side emissivity. 

4. Emissivity of the reactor wall 

The effect of the emissivity of the reactor wall E4 on the 
wafer temperature is shown in Fig. 6(d). The wafer tem
perature is calculated for three emissivities of the reactor 
wall. The difference between wafer and susceptor will be 
minimal for a low emissivity of the reactor wall (i.e., a 
highly reflective reactor wall). 

5. Wafer-ta-wall distance 

Although the distance from the wafer to the cold wall L 
is fixed, it is interesting to know the effect of L on the wafer 
temperature as a function of the pressure. In Fig. 7 (a) the 
results of the wafer temperature as a function of pressure is 
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FIG. 7. (a) Wafer temperature vs the hydrogen pressure for different distances L from the wafer to the wall. (b) The same for different distances between 
the wafer and the susceptor. 

calculated for three different distances between wafer and 
the cold wall. Figure 7(a) shows that by decreasing the 
wafer-to-wall distance the dip in the wafer temperature 
versus pressure increases. To avoid such a temperature dip 
the reactor dimensions should be large. Our reactor has an 
average distance between wafer and the cold wall of about 
15 cm. This is rather large for this type of reactor implying 
that the dip in temperature will be not that large. Another 
effect by decreasing the wafer-to-wall distance is a shift of 
the wafer temperature minimum to a higher pressure [see 
Fig.7(a)]. 

6. Distance susceptor to the wafer 

Since the wafer is not clamped to the susceptor, there. 
will always be a distance d between the susceptor and the 
wafer, which will be increased additionally by wafer bend
ing or a bad wafer positioning. Figure 7 (b) shows that the 
effect of an extra spacing between the wafer and the sus
ceptor on the wafer temperature is small and only signifi
cant at the "higher" pressures. 

IV. EXPERIMENT 
Experiments were performed in the W LPCVD cold

wall reactor. Temperatures of the susceptor could be mea
sured by means of a series of thermocouples. The wafer 
temperature was measured with a dual-beam pyrometer, at 
wavelengths of 2.1 and 2.3 11m. Because of the dual wave
length the temperature measurements are independent. of 
the emissivity; this is only true for bodies having the same 
emissivity at wavelengths of 2.1 11m as well as at 2.3 11m. In 
general this is the case, but some materials, such as tung
sten and high-ohmic silicon, do not satisfy this demand. 
Temperature measurements of these kind of materials do 
need an extra calibration. This calibration was done at 
atmospheric pressure in a nitrogen ambient by clamping 
the wafer to the susceptor. For these conditions the wafer 
temperature is equal to the susceptor temperature, and the 
pyrometer could be calibrated. Calibration was done for 
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the Si wafers with or without specific coatings in a temper
ature regime of 573-873 K (300-600 ·C). 

The temperature of a Si wafer (0.02 n cm) was mea
sured as a function of the pressure with and without dif
ferent coatings on the back and front side. The wafer coat
ings used in these experiments were LPCVD tungsten and 
thermally grown silicon dioxide. 

Measurements using a single-wavelength pyrometer, op
erating at 3.45 11m, were used to obtain the emissivity val
ues of the Si wafer with and without the different coatings. 
This was done by clamping the wafers to a thermocouple 
temperature-controlled susceptor. By knowing the exact 
susceptor temperature and the pyrometer readout the 
emissivity of the different coatings could be determined. 

V.MEASUREMENTS 
A. Emissivity measurements 

Emissivities were measured as a function of tempera
ture, applying the pyrometer operating at 3.45 11m wave
length. The results of these measurements are presented in 
Fig. 8. The emissivity of the highly doped silicon epiwafer 
is constant over the measured temperature range and has a 
value of 0.71 ±0.01. This emissivity value was reported 
also by Maex in Ref. 6 for this type of silicon at approxi
mately the same wavelength. The silicon wafer coated with 
0.7 11m Si02 revealed a constant emissivity of 0.85 ± 0.03. 
One has to note that this value is dependent on Si02 thick
ness and wavelength; but, in the considered temperature 
range radiation mainly occurs around wavelengths of 4 
11m. This means that the measured emissivity is valid in the 
temperature range from 575 to 875 K, and only for the 
applied silicon epiwafer coated with the 0.7-l1m-thick Si02 
layer. 

Tungsten-coated Si wafers showed an emissivity slightly 
increasing with temperature. The thickness of the tungsten 
coating hardly influences the emissivity (see Fig. 8). This 
can be explained by the fact that the roughness of these 
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FIG. 8. Measurements of the emissivities of Si wafers with or without 
different coatings. 

LPCVD tungsten films is much smaller than the wave
length of 3.45 j.Lm, meaning that the emissivity will not be 
influenced by this roughness. The roughness of W LPCVD 
films has been shown to be linear with the film thickness. 
For these types of films the roughness has a value of 6.4% 
of the total thickness. I I For the 0.8-j.Lm-thick tungsten film 
this results in a roughness of 0.05 j.Lm, which is indeed 
much smaller than the wavelength. The emissivity of the 
tungsten-coated Si wafers was 0.13 ± 0.02 in the measured 
temperature range. 

These measured emissivity values will be used in the 
model calculations when comparing the measurements 
with the proposed model. The value of the cold-wall emis
sivity could not be measured and was set to DAD. This 
value is consistent with values reported in literature, (see 
Table I). Moreover, this value resulted in a good fit be
tween the model calculations and the measurements. In 
Table II the employed emissivities for the model calcula
tions of the different materials are summed up. 

B. Influence of flow rate on the wafer temperature 

Intuitively one would expect that an increase of a gas 
flow will decrease the wafer temperature. Previously 
Schmitz and co-workers I showed that the influence of flow 
rate had little effect on the wafer temperature in their cold
wall reactor. For our reactor the effect of heat transport by 
forced flow is examined in a flow range from 100 to 5000 
sccm at a H2 pressure of 13, 67, and 133 Pa. The temper-

TABLE II. Emissivity values used for wafer temperature modeling. 

Material 

Graphite 
Silicon 
Silicon + 0.7 pm Si02 

Tungsten 
Stainless steel 
Aluminiumoxide 

Emissivity (E) 

0.75 
0.71 ±0.01 
0.85±0.03 
0.13±0.02 

0.40 
0.25 
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TABLE III. Influence of flow rate on wafer temperature. 

H2 flow 
Twafer (K) 

(seem) pH2= 13 Pa pH2 = 67 Pa pH2= 133 Pa 

100 649 661 669 
1000 650 659 669 
5000 659 668 

ature measurements were performed on a Si epiwafer and 
the susceptor temperature was fixed at 728 K. Results of 
these measurements are presented in Table III. 

The data in Table III show that the influence of the flow 
rate is insignificant for the wafer temperature in the flow 
regime generally used in LPCVD applications. To under
stand this, one has to consider that the ratio of the heat 
flow by gas conduction and the heat transport by convec
tion. This ratio is equal to Pr X Re, where Pr is the so
called Prandtl number equal to Cpo (j.Llk) , and Re is the 
Reynolds number, equal to L'v(plj.L) where L' is the char
acteristic length of a system, v the average speed of the gas, 
and p is the density of the gas. For our reactor the Rey
nolds number varies from 0.5 to 10.9 The Prandtl number 
is about 0.7 for all gases. This means that the heat trans
port by convection is comparable with the contribution by 
conduction. In the W LPCVD regime of the reactor the net 
heat flow from wafer to the cold wall is dominated by 
radiation rather than conduction and convection. Thus, 
although the heat transport by forced convection is com
parable to the conductive heat transport, the contribution 
of both to the total heat flow from wafer to the wall is 
small. This explains that the flow rate increase did not 
decrease the wafer temperature. 

c. Solid-solid heat transfer from susceptor to wafer 

The calculations as presented do not incorporate the 
solid-solid heat transfer from the susceptor to the wafer. 
Because the wafer is not clamped on the susceptor there is 
no real solid-solid contact. The calculations, ignoring the 
solid-solid heat transfer, showed that the distance d from 
susceptor to the wafer did not influence the wafer temper
ature in the low-pressure regime. The influence of the 
solid-solid heat transfer is examined by intentionally in
creasing the susceptor-to-wafer distance. The temperature 
of a Si wafer was measured versus pressure with and with
out an extra spacing between wafer and susceptor. The 
temperature as function of pressure for both cases is shown 
in Fig. 9. The extra spacing was about 500 j.Lm. Differences 
between the two curves can be observed only at pressures 
where gas conduction becomes important. These observa
tions differ somewhat from those reported by Schmitz and 
co-workers. I They found a difference in temperature at low 
pressures, too, when intentionally increasing the distance 
between the susceptor and the wafer. This may be attrib
uted to the fact that their experiments were performed in a 
much smaller reactor, and the wafer-to-wall distance was 
much smaller than in our reactor. In that case temperature 
differences can become more pronounced. The observed 
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FIG, 9. Measurements of the silicon wafer temperatures as a function of 
the argon pressure, with (fl.) and without (e) an extra spacing between 
susceptor and the wafer, The lines are the model calculations assuming 
emissivities as presented in Table II. 

temperature differences at pressures above about 100 Pa do 
support the observations of Schmitz and co-workers. 1 Fig
ure 9 also shows the good match between the calculated 
curves and the measurements. The calculated curves were 
obtained using the measured emissivities summed up in 
Table II. From the above-described observations one can 
conclude that ignoring the solid-solid heat transfer did not, 
as expected, introduce a great inaccuracy in the calcula
tions. 

D. Effect of gas composition on wafer temperature 

In general for tungsten LPCVD argon or hydrogen is 
used in excess; therefore, the measurements and calcula
tions of the wafer temperature are performed for these 
gases. Another reason is that by introducing WF6 in the 
reactor all kinds of reactions occur giving a nonstationary 
situation, which makes these wafer temperature measure
ments impossible. In Fig. 1O(a) the temperature of a sili-

con wafer is shown as a function of the pressure, for 100% 
H 2, 100% Ar, and 50% H2 + 50% Ar. In Fig. 1O(b) this 
is shown for the silicon wafer with a 0.35-J-tm-thick tung
sten coating on the front side. From these figures we see 
that the calculated curves do match the measurements. 
The model accurately predicts the observed trends. The 
absolute values are within 10 K correct in the measured 
pressure regime from 1 to 1000 Pa. In Figs. 1O(a) and 
1O(b) the calculated curves for gas mixtures are also pre
sented. Although free mean paths and thermal conductiv
ities can be calculated for gas mixtures (semiempirical for
mula of Wilke4

), for the accommodation coefficient no 
data is available for gas mixtures. Thus, in Figs. 1O(a) and 
1O(b) the 50% H2 + 50% Ar line is calculated using the 
semiempirical relations of Wilke for the thermal gas con
ductivity [Eq. (11)] and a general relation for binary mix
tures for the mean free path of the molecules [Eq. (12)]. 
The accommodation coefficients were estimated being the 
mean value of hydrogen and argon for the different sur
faces. 

Another phenomenon that can be observed in Figs. 
1O(a) and 10(b), is that during a blanket tungsten depo
sition on, e.g., a Si wafer, the temperature of the substrate 
changes because of a decreasing emissivity of the wafer 
front side. This wafer temperature change depends on the 
deposition pressure, gas composition, and the change in 
emissivity. In Figs. 11 (a) and 11 (b) wafer temperatures 
are calculated for different wafer coatings as a function of 
the total pressure in either argon [Fig. 11 (a)] or hydrogen 
[Fig. 11 (b)]. Additionally some measured values are plot
ted in Figs. 11 (a) and 11 (b), showing again the agreement 
between the model and the measurements. 

The substrate temperature increase during the tungsten 
deposition on Si can be as large as 46 K at a hydrogen 
pressure of 10 Pa and a susceptor temperature of 773 K. 
When a tungsten deposition is carried out at a much higher 
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FIG. 10, Measurements and the model calculations of wafer temperatures vs the pressure for different gas compositions (100% Hz, 100% Ar, and 50% 
Hz + 50% Ar) and for different front-side coatings: (a) silicon wafer and (b) silicon wafer with 0.35 /Lm LPCVD tungsten. Temperature ofsusceptor 
is 723 K. Note the difference in Y-axis scaling. 
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FIG. II. Model calculations and some measurements of the wafer temperatures as a function of pressure for different front- and back-side coatings. 
Susceptor temperature is 773 K. (a) Gas composition is 100% argon and (b) 100% hydrogen. 

hydrogen pressure, e.g., 1000 Pa, the temperature change 
is less, but still 17 K [see Fig. l1(b)]. 

E. Effect of susceptor coating on the wafer 
temperature 

Model calculations indicated that a susceptor emissivity 
approaching one is favorable for minimizing the tempera
ture difference between wafer and susceptor, as was shown 
in Fig. 6(a). Wafer temperature measurements were car
ried out on a Si wafer having a tungsten front-side coating 
that was placed on a graphite susceptor with and without 
an Al20 3 coating. Results of these measurements are 
shown in Figs. 12(a) and 12(b). The susceptor tempera
ture was fixed at 823 K for both cases. The curves of Figs. 
12(a) and 12(b) were calculated assuming an emissivity of 
0.25 for the Al20 3 coating. This is a reasonable value be
cause the tabulated emissivity values for Al20 3 range from 
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•8 The wafer temperature deviation for the two 

different susceptorcoatings can be as large as 35 K at low 
pressures. 

VI. CONCLUSIONS 

Model predictions and measurements showed that in 
cold-wall reactors the true temperature of the wafer can 
differ significantly from the susceptor temperature. More
over during processing the wafer temperature varies widely 
with pressure and gas composition, and is also dependent 
on susceptor and or wafer coatings. In processing one 
should be very alert to these effects since otherwise wrong 
conclusions can easily be deduced. 
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FIG. 12. Temperature of silicon wafer with a LPCVD tungsten front-side coating vs the pressure for three gas compositions and a susceptor temperature 
of 823 K. The influence of the susceptor coating is shown by comparison of (a) an Alz0 3-coated susceptor and (b) a graphite susceptor. 
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The heat transport in the W LPCVD reactor could be 
successfully modeled by considering only the heat flow by 
radiation and gas conduction. The model predicts the wa
fer temperature as a function of: (i) gas composition; (ii) 
pressure; (iii) coatings of wafer and susceptor; (iv) dis
tances between wafer and the cold wall and, between wafer 
and susceptor, respectively. 

From the model calculations one may conclude that the 
temperature difference between susceptor and wafer in the 
W LPCVD cold-wall reactor is minimal for: (i) high emis
sivity of susceptor and wafer back side; (ii) low emissivity 
of wafer front side; (iii) high total pressure; and (iv) low 
emissivity of the reactor wall. The dip in wafer temperature 
will be minimal by the choice of the right carrier gas com
position (i.e., argon) and a large wafer-to-wall distance. 

The measurements were in good agreement with all the 
trends predicted by the model. The absolute wafer temper
atures were accurately predicted in the entire pressure 
range from I to 1000 Pa within 10 K. 
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