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Abstract—Precise thermal control of multi-zone batch furnaces has become increasingly important in
semiconductor industry to prevent defect generation during device fabrication. This work analyzes fun-
damental heat transfer processes during fast furnace ramping. Model simulations show two significant
thermal features: (1) the radial temperature distribution on wafers follows a universal parabolic profile;
and (2) a wafer stack produces a strong cavity effect for thermal radiation. An engineering model is
developed based on these features to characterize the dependence of wafer temperature nonuniformity on
processing conditions, including the ramp rate and wafer spacing. This simple yet accurate model is useful
for real-time process control. © 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Multi-zone batch furnaces have been widely used for
front-end-of-line fabrication of integrated circuits,
including oxidation, implant activation, annealing,
alloying, and CVD deposition. Such thermal reactors
are generally heated by external resistance heaters
wrapped around a quartz process tube. The substrate
wafers are stacked concentrically inside the process
tube and heated up from a push temperature to a
prescribed process temperature. After predefined pro-
cess results are achieved, the wafers are cooled down
from the process temperature to a pull temperature.
During these heating and cooling processes, tem-
perature nonuniformity develops on the wafer sur-
faces due to a nonuniform distribution of view factors
from different regions of the wafers to the heating or
cooling environment. The radial wafer temperature
distribution produces thermal stresses which can
exceed the yield strength of the material, causing plas-
tic deformation. As the critical device dimensions in
VLSI/ULSI circuits continue to shrink and the wafer
size continues to increase, tighter control of thermal
budget (time of wafer exposure to a high temperature
environment) and temperature nonuniformity has
become a challenging issue. While fast temperature
ramps can reduce thermal budget of wafers, large
ramp rates tend to increase temperature non-
uniformity which in turn induces large thermal
stresses. A better understanding of the thermal charac-
teristics of batch furnaces is necessary.

Hu studied transient cooling of wafers when they
are quickly brought out of a high-temperature furnace
into a room-temperature ambient [1]. Mokuya et al.
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investigated transient wafer temperature distribution
during wafer insertion and withdrawal [2, 3]. Van
Schravendijk and De Koning simulated wafer tem-
peratures when room-temperature wafers were sud-
denly exposed to a 1000 K furnace tube [4]. Tavel
and Hearn developed a computer model to describe
thermal cycling of wafers [5]. Fan and Qiu analyzed
thermal and mechanical behaviors of silicon wafers
during ramping processes and proposed a temperature
control scheme to achieve fastest ramps of batch ther-
mal reactors [6]. These models, however, require soph-
isticated numerical solutions and cannot be applied
for real-time process control.

The objective of this work is to develop a simple yet
accurate thermal model for furnace design and process
control. A general thermal radiation and heat con-
duction model is first presented and then employed to
characterize fundamental thermal features of silicon
wafers during rapid furnace ramping. These features
are utilized to simplify a wafer stack as a cylindrical
surface of an effective emissivity and an apparent tem-
perature. Direct relationships between the furnace
heater temperature, averaged wafer temperature and
wafer-temperature uniformity are established.

HEAT TRANSFER IN A BATCH THERMAL
REACTOR

A batch thermal reactor consists of three key
elements : a stack of wafers, electrical resistive heaters,
and a fused-silica process tube [Fig. 1(a)]. For the
majority of batch reactor applications like oxidation
and CVD deposition, the two surfaces of a silicon
wafer have the same emissivity and thus the same
surface radiative heat flux. The wafer stack can be
represented by a unit cell formed by two adjacent
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NOMENCLATURE
A surface area B parameter defined in equation
C specific heat of silicon (18)
F view factor é wafer thickness
J radiosity € emissivity
k thermal conductivity P density
N total number of surface elements o Stefan—Boltzmann constant.
(0] heat flux
r radial distance
R radius of wafer
S spacing between wafers Subscripts
t time a imaginary surface enclosing a unit cell
T temperature as indicated in Fig. 1(b)
T heater temperature ramp rate c center of a wafer
AT  temperature difference between the e edge of a wafer
center and the edge of a wafer. h heater
i,j  surface elements
Greek symbols t process tube
o weighting factor defined in equation (16) w wafer.

Resgistive
Heater

Fused-silica
Process Tube

Wafer Stack

(a) Schematic diagram of a vertical batch thermal reactor
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Ji
J.
Eni Ji JNI
*Ja
(c) Radiation network

Fig. 1. Thermal modeling of a batch thermal reactor.

wafers [Fig. 1(b)}, which are considered to be part of
an infinitely long wafer load in an infinitely long tube.

Since the reactor is axisymmetric and wafers are thin
(0.7-0.8 mm), heat conduction in a wafer can be
described as:

or 190 0
PCp§=;5<k’a—T>—zq M

where p, C,, and k are the density, specific heat and
thermal conductivity of silicon, respectively, and ¢
represents the combined radiative and convective heat
flux leaving a wafer surface per unit wafer thickness.

Badgwell et al. found experimentally that con-
vective heat transfer is insignificant in low pressure
CVD reactors [7, 8]. For atmospheric reactors, the
ratio of convective and radiative heat transfer to the
wafer stack can be estimated as:

ngpg( Tw - Tt)u

So(Tem T @
where p, and C,, are the density and heat capacity of
gases, respectively, u is the characteristic convective
velocity, &* is the effective emissivity of the wafer
stack, and T,, T,, and T}, are the wafer temperature,
tube temperature and furnace heater temperature,
respectively. Under typical reactor configuration and
operating conditions, the ratio is less than 10% at
temperatures higher than 600°C. As a result, con-
vection is neglected in this work. This assumption is
also justified by Hu [1] with a different method of
analysis.
The boundary conditions are :

a—T=O at

= r=0 3)
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KT — (-8 at

- r=R )

where T, and ¢, are the temperature and emissivity at
wafer edge, respectively, and R is the wafer radius.

For the annular surface element i of area A, [Fig.
1(b)], the next net radiative heat flux is:

Q= —( T4 Ji)Ai &)

where ¢ is the Stefan-Boltzmann constant, J is the
radiosity, and ¢ is the surface emissivity. For the out-
ermost element (i = N), the edge of the wafer provides
an additional surface for radiation:

Oy = 7= Ao Th—Jy) +nROexa(Th—T3) (6)
N
where J is the wafer thickness.

Near room tempearature, radiation properties of sili-
con depend greatly on wavelength as well as tempera-
ture. Above 600°C, however, the emissivity of silicon
is nearly constant at about 0.7 over a wavelength
range from 0.7 to 15 um [9, 10]. At relatively high
temperatures, silicon wafers are also opaque [11, 12].
Siegel and Howell show that considering specular
instead of diffuse surfaces only affects radiative energy
transfer in enclosures slightly in many examples [13].
A comparison of experimental and analytical results
also shows that regardless of the presence of specular
surfaces, the diffuse-surface analysis agrees well with
experimental results [14]. As a result, wafer surfaces
can be treated to bz gray, opaque and diffuse in batch
reactor applications.

Radiation energy interchange between different
elements can be evaluated by network theory [Fig.

10)]:

ofi i F(i=)+F(Ji—aTy) ()

1—6 &

&
where F; ; is the view factor from the surface element
ito surface element j on the opposing wafer surface,

and F, is the view factor from the surface element i
to surface a. The view factor, F;;, can be obtained as:

Gj=123,...,N) @®

where F,5;is the view factor from the element i to the
sum of all the surfaces from the first up to the jth
element, and F,5;—-1 is that from the element i to the
sum of all the surfaces from the first up to the (j—1)th
element on the opposing wafer surface,

12} (A ZxF):t A AE:’— lFEi— I,Zj)/Ai, (9)
Friz; = 0.5(w—(w? —40%[u™)*?), (10)
u=riS,v=r/S and w=1+(1+vH)/u? (11)

F,

i = Figj—Fizj

The view factor from the element i to the surface
element a is:
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For a given furnace temperature ramp, 7,(t), the

trancient wafar temnearatuira 7> ) can he cimnlatad
transient waidr wiemperature 7,7 an o€ simuaiea.

On the other hand, if maximum allowable wafer tem-
perature nonuniformity is known, the process control
parameter, Ty(¢), can be determined to ensure dis-
location-free fabrication.

THERMAL CHARACTERISTICS

The general heat transfer model presented in the

nraviong gection lc need in thig \‘llnrlr tn invectioate
pityVIOu S SULeiVil WSLU 1L UG WOIA W HIVUSugale

fundamental thermal characteristics of batch reactors.
The coupled transient heat conduction and radiation
equations are solved with the Cranck—Nicolson
algorithm. The strong temperature dependence of the
thermal conductivity of silicon is taken into account
using the reported data [15].

Parabolic temperature distribution

Figure 2 represents typical radial temperature dis-
tributions on a wafer during furnace cooling under
the three different control schemes: (1) a constant
cooling rate (7, = constant); (2) a constant tem-
perature nonuniformity across the wafer (AT = con-
stant); and (3) a constant ratio of thermal stress to
yield stress (1 = 1). Near the wafer edge, large radi-
ation view factors from the surface elements to the
furnace surface result in efficient wafer cooling and
steep temperature gradients. On the other hand, the
center region is cooled mainly through heat con-
duction and wafer-to-wafer radiation since direct radi-
ative energy exchange with the furnace surface is
small. The normalized temperature distribution fol-
lows a universal profile and can be described excel-
lently as:

T-T. (r\} _T-T. ry
AT _'<E> OTTAT ‘“(ﬁ) (13)

where T, is the center wafer temperature and AT is
the temperature difference between the center and the
edge. Such distribution was also proposed by Huff and
Goodall to evaluate thermal stresses [16]. Numerical
simulations show that equation (13) is applicable dur-
ing furnace cooling regardless of process conditions,
i.e. wafer spacing, ramp rates and control schemes.
The existence of this universal temperature profile has
significant engineering implications. First, the thermal
stress in wafers during furnace cooling should also
follow a universal distribution, and the maximum
stress is uniquely determined by AT. Second, only two
parameters, AT and T, (or T,) are needed to describe
the thermal state of the wafers. This feature is impor-
tant for on-line process monitoring.
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Fig. 2. Wafer temperature distribution (3, 7 = 400 s,

S = 5 mm, constant ramp rate of 7.5°C min~'; A,

t = 280s, S = 10 mm, constant AT of 15°C; O, ¢t=210s, S§ =20 mm, t = 1).

Cavity effect

The wafer stack in a batch thermal reactor forms
radiation cavities. Radiation heat transfer between the
wafer stack and the heater can be determined by an
effective cavity emissivity, an apparent temperature,
and the opening area. When the wafers are in thermal
equilibrium, the radiative heat flux from a unit cell
[Fig. 1(b)] to the heater is:

Q0. =25 AF.J, (14)

and the effective emissivity of the wafer enclosure, ¢,,
can be calculated as

Q.

= 15
2nRSe T (15)

68

where S is wafer spacing.
Figure 3 shows the effective emissivity of a unit cell
formed by pure silicon wafers at high temperatures
(¢w = 0.7). The effective emissivity depends only on

—eo—R =200 mm
—o—R = 150 mm
——R =100 mm

—x—R= 50 mm

Effective Emissivity (€4 )

S$=25mm-50 mm
€ =07

0.6 N 1 I 1 N i

0 10 20 30

40 50 60 70 80

Aspect Ratio (R/S)

Fig. 3. Effective emissivity of a wafer enclosure.



Heat transfer in thermal reactors 1553
1 10-0 ) ! ! 1 T -
o i -~
110} ]
o
W e I
-::\ 2100 —e—S= 5mm N
‘S -3 10°°F —o— 8 =10 mm A
-I -4 10'5-_ :: R =100 m'm ——8 =15 mm )
\fi - —o—8 = 20 mm
- 8
ST —&—$ = 25 mm .
6108 ]
-710°° L A i i \ . \ 1
0 0.2 04 0.6 0.8 1

Emissivity of Wafer Surface ( €y )

Fig. 4. Effect of wafer emissivity on the effective cavity emissivity.

the cavity aspect ratio (R/S). At relatively large aspect
ratios (i.e. R/S > 4), the radiation cavity effect is sig-
nificant. As the aspect ratio increases, the effective
emissivity increases and approaches one.

During IC fabrication, the surface emissivity of the
wafers can change greatly, i.e. from g, = 0.1 (metal
films) to &, = 0.9 (oxides). Figure 4 shows the effect
of water surface emissivity on the effective cavity
emissivity. The results show that the difference
between the effective emissivity of cavities formed by
coated wafers (g,) and those formed by pure silicon
wafers (g,) is extremely small over a wide range of the
cavity aspect ratios (R/S = 4-20). As a result, radi-
ative energy transfer between wafer cavities and a
reactor heater is independent of wafer emissivity, and
a wafer stack can be represented by a cylindrical sur-
face with an effective emissivity determined uniquely
by the cavity aspect ratio (Fig. 3).

ENGINEERING MODEL

The universal temperature profile and the sig-
nificant cavity effect of a wafer stack suggest that a
simple yet accurate heat transfer model can be
developed to link the critical process parameter (AT)
directly to furnace configuration (R and S) and fur-
nace operation (7}), which is important for real-time
process control to achieve defect-free fabrication. This
model simplifies the wafer stack as a cylindrical sur-
face of an effective emissivity ¢, (Fig. 3) and an appar-
ent temperature 7,. The two unknown temperatures,
AT and T, (or T,), can be determined by analyzing
heat transfer between the wafer stack and the heater
and within the wafer stack.

Apparent wafer-stack temperature
The apparent cavity temperature, T,, is defined to
represent the temperature of the enclosure formed by

the wafers:
(0 O\
L= <2nRSeaa '

It is the wafer temperature if the wafers are in thermal
equilibrium. During transient cooling or heating, the
cavity temperature is a weighted average of the center
and edge temperatures :

T.=aT.+(1—a)T. = T.4+aAT = T.— (1 —2)AT.
an

The weighting factor, «, can be evaluated from a
parabolic temperature profile (AT and T,), Q, and
the definition of T,. This work has found that the
dependence of « on AT is very weak and can be neglec-
ted. The weighting factor is mainly a geometric par-
ameter (Fig. 5). In general, the cavity temperature is
weighed towards the edge temperature. As the aspect
ratio increases, T, becomes closer to the edge tem-
perature and « decreases.

(16)

Energy transfer between heater and wafer stack

Radiation heat transfer between the heater and the
wafer stack can be simplified to that between the
heater and the cylindrical surface:

'R
%(J 27rr5pCpTdr> = 2nRSe,o[T; —(T.— o, AT)*]
0

+2nRSe o[ T —(T.—ATY] (18)

where o, = 1 —a.
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Fig. 5. Weighting factor a.
Since (Fig. 6). Substituting equations (13) and (21) into
equation (20) yields:
dT. d(AT)
hrpaled ’ dT 4 R2
dt dr 2o k Jahll ]

O pCpR2< +fBeT; 25>AT (22)
equation (18) becomes: This equation shows two significant results. First,
dT the temperature nonuniformity is proportional to the
Zoe o change rate of the wafer temperature. Second, radi-
dr ative transfer near the wafer center region can be

28e,0[T¢ — (T.— a, AT)*] + 20e,0[ T} — (T.— AT)"] vigwed asa cqnfiuction process with an effective radi-
5pC.R . ative conductivity :
P

19)

Energy transfer inside a wafer stack
The energy equation for an infinitesimal disk
element at the wafer center with a radius of ris:

dT. & dT

2 e g2 bw _ bl

nrédpC, Q@ 2nr 1__8“1(01,_.4 J)+2rmrok ar
(20$)

where J, is the radiosity of the central element.

Due to the radiation cavity effect, there exists a
linear relationship between the normalized radiosity
and the temperature difference:

Jo 1—e¢, AT
G'Yz_l_ﬂ Ew Tc

) @1

The radiosity constant, f, is a geometric parameter
when R/S > 4 and is independent of wafer emissivity

3 R2
k.= BoT; %" 23)
At high temperatures, radiative energy transfer is the
dominating mechanism to restore temperature uni-
formity on a wafer surface. For example, at 700°C, k,
is about 10 times £.

Equations (19) and (22) form a simple engineering
model, which can be used to predict either the wafer
temperature for a given furnace ramp, T,(z), or the
required furnace ramp to achieve a desirable tem-
perature nonuniformity, A7(7,).

MODEL APPLICATIONS

Cooling of a batch furnace is often the most time-
consuming process during thermal processing of sili-
con wafers such as oxidation and CVD deposition of
thin films. A typical furnace ramp-down process takes
about 2-3 h (cooling rate ~3-5°C min~"). The next
generation of microelectronics fabrication technology
requires a significant reduction of furnace cooling time
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Fig. 7. Temperature nonuniformity during furnace ramp-down.

for two reasons : (1) to reduce the time a wafer exposed
to high-temperature environment (thermal budget);
and (2) to increase process efficiency. The highest
achievable ramp rate is determined by the highest
allowable thermal stress in silicon wafers [17]. To
avoid defect generation, the maximum resolved shear
stress, Smay, Should not exceed the yield stress o, [16,
18-22].

Figures 7 and 8 represent predicted temperatures
during a fast furnace ramp-down process from 1100
to 600°C for 200-mm diameter wafers. The wafer
spacing is 5 mm and the thickness is 0.725 mm. Pre-

dictions based on the simple engineering model show
excellent agreement with those based on the general
heat transfer model. Under a constant cooling rate
of 7.5°C min~!, the wafer center-edge temperature
difference, AT, increases rapidly during the initial
3 min and then increases very slightly during the next
60 min. The yield stress of silicon is small at high
temperatures and large at relatively low temperatures.
The most efficient control scheme is to use variable
ramp rates so that the ratio of the maximum resolved
shear stress to the critical stress remains one (1 = S,/
o, = 1). By employing Haasen’s model of the tem-
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Fig. 8. Transient wafer and heater temperatures during fast furnace cooling.

perature dependence of the yield stress [21, 22], results
of this work show that the wafer temperature uni-
formity must be controlled within 10°C during the
initial 10 min of cooling from 1100°C (Fig. 7). After
about 25 min, furnace ramp-down can be significantly
accelerated. Figure 8 suggests that the stress-based
control scheme can significantly reduce the wafer
cooling time.

CONCLUSIONS

This work analyzes the fundamental features of
thermal reactors during fast ramps. The transient
wafer temperature distribution is shown to follow a
universal parabolic profile over a wide range of pro-
cess conditions, including process temperature, wafer
spacing and control schemes. The radiation cavity
effect is found to play a significant role in batch ther-
mal reactors. Variations of wafer surface emissivity
during process have negligibly small effect on the
energy exchange between the heater and the wafers.
A simple yet accurate engineering model is developed.
The mode! shows that the wafer temperature non-
uniformity is directly related to the furnace ramp rate,
thermal conductivity of silicon and an equivalent radi-
ative conductivity, and is independent of the wafer
emissivity. This model is useful for real-time process
control of fast-ramp and defect-free wafer processing.
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