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Temperature Distribution over 6 - inch Mono - crystal
Silicon Substrate Heated by Parallel Molybdenum
Filaments in Vacuum

.1 Shuathui  Shu Yonghua Tang Jinrong Fan Jing

(Key laboratory of High Temperature Gas Dynamics, Institute

of Mechanics, Chinese Academy of Sciences, Beijing 100080, China)

Abstract: Uniform temperature distribution over a substrate is one of the important issues in
the vapor deposition of large - area films. We employ both numerical and experimental ap-
proaches to study the temperature distribution over a 6 - inch monocrystal silicon substrate
radiated by a molybdenum filament heater in our PVD facility. An infrared colorimetric
measurement shows that the mean temperature of the substrate is 1093 K under an electric
power of 3860 W, and the maximum temperature difference between the center and circum-
ference is about 6 K. The calculated temperature distributions agree well with the experi-
mental data, and further computational analysis shows that the shielding effect of the molyb-
denum filaments on radiation, the number of thermal insulation plates around the heater,
and the thermal conduction of the heater walls and substrate all affect significantly the sub-
strate temperature distribution. It is therefore needed to consider them in the design of high
performance substrate heaters.

Keywords: l.arge - area Substrate; Radiative Heating in Vacuum: Uniformity of Temperature Dis-

tribution; Infrared Colorimetric Measurement of Temperature ; Calculational Analysis
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1 Introduction

In the process of thin - film vapor depo-
sition, the substrate temperature has an im-
portant effect on the adhesion, migration,
nucleation and crystallization of incident va-
por particles. One of the crucial issues in
preparation of large - area thin films is how
to generate a uniform temperature distribu-
tion over the substrates. There are two
means to heat a substrate in vacuum, name-
ly thermal conduction and radiation. The
former is conventent and efficient in heating
a small - area substrate through the compact
contact between the substrate and heat-
er' *1, while the latter is often preferred in
heating large - area substrates to meet the
uniform temperature demand!' ®), Moreo-
ver, the radiative heating less pollutes sub-
strate surfaces, and may rotate and change
deposition sides in vacuum condition'®*!,
which is very important for double sided
film deposition.

Some progress has been made towards

(6] cal-

calculating or measuring. Clark et. al
culated the temperature distribution of the
substrate surface in a one - dimensional
model, supposing that the surface of the ra-
diative heating cavity was at the same tem-
perature and neglecting the cavity surfaces’
reflection and the substrate’s thermal con-
duction. Tsaneva et. all” calculated the
distribution of radiative heat flux of the
substrate surface on the bottom of a closed
isothermal radiative cavity. Chen et. al'’
studied the temperature uniformity of the
rotating substrate in a isothermal radiative

cylinder. Bellman et. all' simplified the

heating filament as *line of point sources’
when calculating the heat flux and the tem-
perature of the substrate surface, and neg-
lected the impacts of other parts, These
models were simplified too much due to the
consideration for the convenience in theoret-
ical analysis or calculations, without com-
paring the calculational results with the ex-
perimental results, so they are not fit for
guiding the fine design of vacuum radiation
heaters for large - area substrates. When it
comes to experiments, Geerk et. all®' meas-
ured the temperature uniformity of the sur-
face of a 6 - inch diameter substrate by mov-
ing the thermocouple in vacuum. The tem-
perature of the substrate is about 1000 K,
the temperature uniformity in the central
5 - inch region is about 5 K, and that in the
outboard region increases rapidly to about
25 K. Westerheim et. al''>™ used a ther-
mocouple to measure the relation between
the temperature of the substrate surface and
the electric heating power, and employed
the bonding of a Au - Pt - Pd thermocouple
with a diameter of 25 - ym in order to in-
crease the measurement precision. Choi et.
all'"*) measured the temperature uniformi-
ty of the substrate surface in the process of
film deposition, using an adaptively calibra-
ted pyrometer, but the precision was highly
dependent on the selective parameters of the
substrate.

This article calculates the temperature
distribution of the surface of a 6 - inch
monocrystal silicon substrate radiatively
heated in vacuum, and examines the effect
of the molybdenum filaments’ shielding,
the heat shields, the thermal conduction

etc. on the temperature uniformity of the
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substrate surface. The calculational results
of the temperature uniformity accord well
with the metrical results by a colorimetric
infrared pyrometer. This article has six sec-
tions. Section 1 briefly illuminates the con-
figuration of our vacuum radiation heater
and the method of using a colorimetric in-
frared pyrometer to measure the tempera-
ture distribution of the substrate surface by
moving the substrate in vacuum. In section
2 we calculate the radiative heat flux be-
tween the filaments, the heater base, the
heater supports, the substrate holder and
the substrate by using the surface element
method, and calculate the temperature dis-
tribution of the substrate surface by using
the finite difference method. In section 3 we
compare the calculational results of the
temperature distribution of the substrate
surface with the metrical data, and analyze
the effects of various factors on the temper-
ature distribution. The last section is with

the concluding remarks.

2 Experimental facility and in-
frared colorimetric measure-
ment of temperature distribu-
tion

As shown in Fig. 1, a radiative heater
(RH) is suspended in the vacuum chamber
of our PVD facility that has a double - layer
wall with cooling water inside. RH consists
of twenty - four molybdenum filaments with
a diameter of 3 mm, one rectangular stand-
ing plate, four side plates, two layers of
thin plates for thermal insulation, and one
substrate holder (Fig. 1), All the plates are
made of 1Cr18Ni9Ti stainless steel. The

standing and side plates, together with the
substrate and its holder, form a closed rec-
tangular radiative cavity of 200 mm > 200
mmXx 22 mm,.

The filaments are uniformly arranged
in parallel, and the center distance between
two neighboring filaments is 8 mm. They
horizontally pass through the isolating
Al ), tubes inserted into a couple of sup-
porting plates, and connected each other
through metal clamps. The filaments are 10
mm and 12 mm vertically away from the
standing plate and substrate, respectively.
A Pt/Rh - Pt thermocouple is mounted on
the standing plate center to measure and
control the local temperature via a thermo-
regulator,

An infrared colorimetric detector of
temperature, named as CIT - IMD, verti-
cally focuses on a substrate through a
quartz glass window centered in the bottom
flange (Fig. 1). The heater driven by two
stepping motors may move two - dimension-
ally along slide tracks, and the moving
paths are controlled by a computer follow-
ing the designed trajectories. When the
heater moves along the parallel - lines, the
detector focus may scan and obtain the tem-
perature distribution over the substrate, An
appropriate range for CIT - IMD to measure
temperature is 950 ~ 2000 K, and its re-
sponse time, space resolution and measure-
ment accuracy are 67 ms, 5 mm and 1 K,
respectively,

The emissive power spectrum is given
by the Planck formula as follows

aelA,THr ™’
exp (¢2/AT)—1"

where ¢ (1, T) is the emissivity, X Is

EQ,T)= Q)
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the wavelength, T is the temperature, and
¢; and ¢, are the first and second radiative
constants.

Let:

B=E,,T,)/E:,T,)

y =€, T,)/e (A, T,), then the tempera-
ture of the measured surface is of the form

T = Q' —Ah)
* InB— lnX —=5ln (A2/A1)

For a nonmetallic monocrystal silicon

(2)

surface, y, which is corrected by CIT —
IMD, is equal to 0.97. Substituting the
values of E(A,,T,) and E (A:,T,) meas-
ured by the photoactive sensor of CIT -
IMD into equation (2), one can obtain T,

stepping stepping
motor N motor
U]
_>walfr
slide hu\ [ out
heat heater basg
shields
eater
substrate supports
holder
substrate
Mo filamenté
water | quartz glass
mn e
CIT-1MD Q

Fig. 1 Schematic diagram of our radiation

heater in a vacuum chamber

3 Computational method of sub-
strate temperature distribu-
tion

Under the vacuum condition, in the e-
lectronic beam physic vapor deposition (EB-
PVD) process we are concerned about, the
background pressure is about 107* Pa, and
the convective HEAT FLLUX can be neglec-

ted"!, so we just consider the radiative

heat flux between the filaments and the ra-
diative cavity and the effect of the thermal
conduction on each part’s temperature dis-
tribution.

In order to exactly simulate the radia-
tive heat flux emitting from the molybde-
num filaments’ surface, every piece of mo-
lybdenum filaments is axially and circum-
ferentially uniformly divided into 100 X 50
surface elements. The heat base is uniform-
ly divided into 50 X 50 square surface ele-
ments, and every heat support around the
radiative cavity is uniformly divided into
22 X50 rectangle surface elements,

The radiative cavity's bottom surface
made up of the substrate and its holder is u-
niformly divided into 50X 50 square surface
elements. For the surface element lying on
the border of the substrate and its holder, if
its center lies within the radius of the sub-
strate, it will be treated as a substrate sur-
face element, otherwise as a substrate hold-
er surface element.

For the steadily - heating process we
are interested in, any surface element n of
the radiative cavity satisfies the energy bal-
ance equation which is of the form

Gur ™ Qo = Guer TGue TG (3

where g is the heat flux, subscripts 7,
r and e are the incident, reflective and emis-
sive radiation respectively, o is the net radi-
ative heat loss, and ¢ is the thermal conduc-

tion.

3.1 Radiative heat flux of the radia-
tive cavity inner - side

The incident radiative heat flux g,.,

comes from the net emissive radiation of the



FENAB PR RS SRELREREBOESE

s 270 »

Proceedings of the 8" Vacuum Metallurgy and Surface Engineering Conference

molybdenum filaments and the emissive and
reflective radiation of other parts of the ra-
diative cavity

" /

Qna = Z F/c o Qe + E F;*n
£ ;1
(g,., tq,..)(n#y) (4)

where m 1s the total number of the sur-
{ace elements of the molybdenum filaments,
¢ is the total number of the surface elements
of the radiative cavity, F is the view factor,
the former in subscripts k- n and j - n is the
index number of the emissive surface ele-
ments, and the latter is the index number of
the absorptive surface elements,

Generally speaking, the radiation char-
acteristics of a nonmetallic surface are quite
similar with those of a gray surface, so the
silicon substrate surface can be treated as a
gray surface. Because the vacuum radiation
heater is time after time used under the con-
dition of high temperature, especially in the
in situ annealing process 1t is immersed in
an abundant oxygen environment, a dense
oxidable metal film will come into being on
the surface of the stainless parts. These ox-
ide films have similar radiation characteris-
tics with those of a gray surface, so the in-
ner and outer surfaces of the radiative cavity
can be approximately regarded as gray sur-
faces.

According to the radiation characteris-
tic of a gray surface.!""! the reflective radia-
tive heat flux in equation (4) is written as

4. =BY,. ()

where the reflective coefficient 8, is a
constant which depends upon the property
of the material surface. The reflective coef-
ficients of stainless oxide film and silicon

are 0. 20 and 0. 06 respectively. ['8]

According to the Stefan - Boltzmann

(71 the emissive radiative heat flux in e-

law,
quation (4) can be written as

q,.. =¢,0T A, (6)

where ¢ is the Stefan - Boltzmann con-
stant, ande,,» T, and A, are the emissive co-
efficient, the temperature and the area of
surface element j respectively. For the gray
body without transmission we are concerned
about at present,e, =1—3,, hereby the em-
issive coefficients of the stainless oxide film
and the silicon substrate are 0. 80 and 0. 94
respectively.

The view factor F, , 1s defined as the
fraction of the radiation leaving the surface
element k that arrives at the surface ele-
ment n. The symbol d,.,is the distance be-
tween these two surface element centers,
and ¢; and @, are the included angels be-
tween the line across these two surface ele-
ment centers and their own normal. If ¢, =
nforg,=zn/2, F, ,=0. H0<qu g, <n/
2, and cos @dA; < di.. and cos @, dA, <

d?.,, the view factor can be obtained "’

F :cosgkc?ssg,,A” 7
nd i

3.2 Net radiative heat flux loss of the
radiative cavity

When the heating process of IMCAS
- VRH in vacuum becomes stable, the net
heat flux loss of the outer surface of the ra-
diative cavity ought to be equal to the ther-
mal conductive heat flux between its inner
and outer surfaces. It is of the form

Yeo T =~k AT/S (8)

where 8 is the thickness of the radiative

cavity, AT is the temperature difference be-
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tween its inner and outer surfaces, k is the
thermal conductive coefficient of the radia-
tive cavity, ¥ is a constant depending on the
number of the heat shields out of the radia-
tive cavity.

For any two parallel gray plates whose
emissive coefficients are both e, with their
temperatures being T, and T, respectively,
if thin heat shields with the same gray char-
acteristics are laid between them, the radia-
tive heat flux can be written as!'”

g2 =Yeo(T1 —T%) €

where y=1/(w+1),w is the number of
heat shields.

Two pieces of heat shields are installed
out of the heater base and the supports,
correspondingly ¥y =1/3. There are no heat
shields out of the substrate and its holder,
so ¥ = 1. At the typical heating tempera-
ture, 1100 K, the thermal conductive coef-
ficients (unit Wm ™2 K™!) of silicon and
stainless steel are about 15 and 35 respec-
tively. ['®) The temperature difference AT
between the inner and outer surfaces of the
0. 5mm - thick silicon substrate, calculated
with equation (8) and (9), is approximate-
ly equal to 1 K, and AT of the 8mm - thick
heater base, the heater supports and the
substrate holder are approximatelyl0 K,
which are both far less than1100 K. There-
fore the temperatures of the inner and outer
surfaces of the whole radiative cavity are
nearly the same,

RH is used in a vacuum chamber with a
double - layer water - cooling wall (shown in
Fig. 1). When the temperature of the outer
surface of the radiative cavity T, is about
1100 K, the temperature of the inner surface

of the vacuum chamber, measured by ther-

mocouple, T, is about 400 K. According 1o
equation (9), the net radiative transfer loss
of the outer surface of the surface element n
in equation (3) can be written as

Qo =Y 0 (Te —Ti)A,~7.6,0TiA,. (10)

3.3 Net radiative heat flux of the Mo fila-
ments and their shielding effect

The molybdenum filaments are the on-
ly positive heating sources, and the net ra-
diative heat flux g:,, of the molybdenum fil-
ament surface element in equation (4) can
be determined by the following iterating
method. Take W, as the steady electric
heating power of RH, and assume all mo-
lybdenum filament surface elements have
the same output power and the initial value
gr.r =W, /m, we calculate the corresponding
total radiative consumption power of the
outer surface of the radiative cavity with the

form

Wc:i:)’,,e,.an.A,,. (1D

n=1]

If W.<W,,we increase g;.,, or otherwise
we decrease it, until | 1 —W./W, | <e,. Inour
caleulation, ¢, =0. 001,

RH has 24 pieces of molybdenum fila-
ments in all, and the sum area of the
axial - direction section divided by the sec-
tion area of the radiative cavity on the mo-
lybdenum filament axial plane is 0.36, so
the shielding effect of the molybdenum fila-
ments on radiation must be taken into ac-
count.

We build up a Cartesian coordinate sys-
tem, in which the origin O is set in the cen-
ter of the section of the radiative cavity in

the molybdenum filaments’ axial direction,



BNEBLEAZRE SRETRERSIGEE

« 272 .

Proceedings of the 8" Vacuum Metallurgy and Surface Engineering Conference

X axis vertically directs to the substrate
surface, and Y axis and Z axis are vertical
and parallel to the molybdenum filaments’
axes respectively,

As for two surface elements 1 and 2
whose coordinates of central points are
respectively,

their connecting line equation can be written as

(13 s2) and (a3, 3:.%)

I 7.0

(12)

L T

_Y N 2T
Ty

Y2 T3

Hx =20 yi =y, 0or 2 =2, equation
(12) degenerates tox=x,, y=y, or x=z,.
The following solution course can be corre-
spondingly simplified,

The surface equation of one molybde-
num filament with coordinates of the central
point (0,y0,0) and the radius r,

ZHy—y)t=r (13)

Through the simultaneous equations
(12) and (13), one can obtain the inter-

sectant point equation

Az +Bz+C=0 (14)
where
N2 _ 2
A= X T 4 Y2 T3 15
(2'3_21) (Zz_l’l) (1%
B= =27 [ (s =) +(y, —y)*]
(Zz _~.])2
+211(13 ~I))+2(_y; _yo)(yz —y) (16)
<2 2
2 _ 2 _ 2
C:~1[(-T2 ) +(_)2’2 yl)]+1112_f_(yl
(22 “~1)
—y)t—r a7

If A=B*—4AC<0, the line has no in-
tersectant point with the cylinder surface.
Now this molybdenum filament has no
shielding effect on radiation between the
surface elements 1 and 2. If A=B?—~4AC>
0. the intersectant point coordinates of line
(12) and cylinder (13) are

T
x, =x + (xy—x1)
1

Ty T X

Y2 T W

y=o—(xmz) ty
~2 ~]
and z, = _Biéi’ AAC i in (o,

x22) <x, <max{z;,x2)ymin(y, y,) <y, <
max(y, sy, ) min(z;,2,) <z, <max(z;,z;)
and —/,/2<z </,/2, this molybdenum fil-
ament has shielding effect on the radiative
heat transfer of the surface elements 1 and

2, otherwise there is no shielding effect.

3.4 Effect of thermal conduction on
temperature distribution

According to Fouriers law of heat con-
duction, ¢,.. in equation (3) is equal to the
sum of conductive heat flux which transfers
from the surface element n to another four
circumambient surface elements, Take the
bottom surface of the radiative cavity made

up of the substrate and its holder for exam-

ple, the expression for g¢,. can be
written as™'®!

_ (TJ./z _TJ.HI )+ T,.b _T,./rl )
Gne —KOAY Az
+1SAz (Ti.lz _TJ+1.A~ ) +(TJ.A~ _T,—l.k ) ,(18)

Ay

where subscripts j and k are the indices of
this surface element in the direction of Y
and Z.

The substrate holder is hung on the
heater barriers by three linking points, and
the heater barriers and the heater base are
connected by point jointing. The connecting
surface of the substrate and its holder is
very small, so the interfaces between any
two parts of the radiative cavity can be trea-
ted as under the adiabatic boundary condi-

tion in the calculation.
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3.5 Temperature calculation of the
radiative cavity

Substituting the expressions for inci-
dent, emissive and reflective radiative heat
flux, 1. e. equations (4~6), the net loss of
the radiative heat flux of the outer surface
element, equation (10), and the thermal
conductive heat flux, equation (18) into e-
quation (3), thus one can obtain the energy
balance equation of surface element n. This
article uses the deepest descend method®"
to simultaneously resolve these energy bal-
ance equations of all surface elements. For
the hypothetic initial temperature distribu-
tion of the radiative cavity, we will have a
bran—new temperature distribution by cal-
culating every radiative heat flux and every
thermal conductive heat flux. We may per-
form this loop, until the sum of the abso-
lute value of the temperature - change over
all surface elements satisfies the given pre-
cision request,

In order to check the calculating program,
we assume a perfect instance without molybde-
num filaments; the initial temperature of the
substrate with a diameter of 6 inches is 300 K,
the temperatures of other parts are all the same
T,, and the outer surface of the radiative cavity
are treated as under the adiabatic boundary con-
dition, We calculate four conditions, T, =
800 K, 1000 K, 1200 K and 1400 K respectively.
Under each condition, the theoretical tempera-
tures of the substrate should convergence into
and stabilize at T, correspondingly. The differ-
ences between the calculated and theoretical
temperature value for the four conditions are all
less than 0. 16 K (shown in Fig. 2). The tem-

perature of the peripheral region of the substrate
is appreciably greater than that of the central re-
gion. This is because that the peripheral region
is relatively close to the heat supports and the
error of the calculated view factor is appreciably
increasing. Generally speaking, the calculated
results are satisfying and validate the veracity of
the division of the surface elements and the cal-

culating program at present.

0.175
015k T,=800K |

Ly - - = - Ty=1000K /
Y ’ ;

0|25-L'\ N T = Ty=1200K It
- \ . A

AN -~ T,=1400K il

Loib NN A0

FI' ARERN > ;S ,.-’ ‘/' ’

= AR ~ - /

0.075F

00sf S~ ~T7°7°7

00250 v 10wy 1w
-05 -025 0 a2 as

y/D

Fig. 2 The calculational temperature
distribution of the substrate with a diameter

of 6 inches under the perfect conditions

4 Comparison of calculated and
metrical temperature distribu-
tions

Fig. 3 shows the comparison of the cal-
culational temperature results with the ex-
perimental results of the substrate surface
with a diameter of 6 inches under an electric
power of 3860 W. The calculational temper-
ature distribution agrees well with the met-
rical data. Compared with the average tem-
perature of the substrate, namely 1093 K,
the metrical temperature data of the central

region are appreciably 2 K higher, and those
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of the peripheral rcgion are appreciably 4 K
lower. The whole relative temperature dis-
tribution variation of the substrate is 5%o
only, which is satisfying,

Fig. 4~Fig. 7 reviews the effects of vari-
ous factors on the temperature uniformity of
the substrate surface. Firstly, the molybdenum
filaments’ shielding effect is shown. Four con-
ditions are considered: 1) there is shielding
effect between the molybdenum filaments, and
the molybdenum filaments have shielding effect
on the radiative cavity; ii) there is no shielding
effect between the molybdenum filaments. and
the molybdenum filaments have shielding effect
on the radiative cavity; ii1) there is shielding
effect between the molybdenum filaments, and
the molybdenum filaments have no shielding
effect on the radiative cavity; iv) there 1s no
shielding effect between the molybdenum fila-
ments, and the molybdenum filaments have no
shielding effect on the radiative cavity. Fig. 4
compares the calculational temperature distri-
bution of the substrate surface on the diameter,
which is vertical to the molybdenum filament
axial, and under these 4 conditions, the aver-
age temperature T of which are 1093 K,
1125 K, 1273 K and 1322 K respectively. It
can been seen that due to the absence of shiel-
ding effect between the molybdenum filaments,
the incident radiative heat flux under condition
Ii rises compared to condition i, which not only
brings up the average temperature, but also in-
creases the incident radiative heat flux of the
peripheral region of the substrate and drives up
the temperature difference correspondingly.
Comparisons of conditions 1 - i, i - 1ii, 1~ 1v
show that the shielding effect between molyb-
denum filaments is disadvantageous to the tem-

perature uniformity of the substrate surface,

while the shielding effect of the molybdenum
filaments on the surface elements on the radia-
tive cavity benefits the temperature uniformity,
In all, the shielding effect of the molybdenum
filaments is disadvantageous to the temperature

uniformity of the substrate.

T-T(K)

Cal.
o Exp.

_6 I T S S [ W T S T W G S S S S 'S
-05 -025 @ 025 05
viD

{u) perpendicular

z
=
f—
Cal.
-3r q
3: ° o  Exp.
_4. PP BT ) A B
—50.5 -025 0 025 Q0.5
z/D
(h) parallel

Fig. 3 Comparison of the calculated and metrical
temperature distributions over a monocrystal
silicon substrate with a diameter of 6 inches in
vacuum along the perpendicular and parallel
directions to the molybdenum filaments. respectively.

Fig. 5 reviews the effect of heat shields
on the temperature uniformity of the sub-
strate. ¥* =1/3 corresponds to the practi-
cal condition, where there are two pieces of
heat shields out of the heater base and the

supports, and y* — 1 corresponds to the
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given condition where there are no heat
shields. The average temperatures T under
these two conditions are 1093 K and 1049 K
respectively. Under the given condition
without heat shields, not only the average
temperature over the substrate surface de-
creases 44 K, but also the uniformity of
temperature distribution markedly de-
scends, This is mainly because that the de-
crease of temperatures of the heater sup-
ports and the peripheral region of the heater
base weakens the incident radiation on the
peripheral region of the substrate surface
more than that on the central area, and con-
sequently debases the uniformity of temper-

ature distribution of the substrate surface.,

— ) flaments dueldig on
6 :__’_,‘ = = = = i sluekhng betw e filaments off \
i —me- b shuekbing hetw evn filussients i ity off ‘.‘
-8 ;‘ JEO— w) filaments” <tuekbing aff '
t
- 0 A e A L n PV R U | 1 i 1 L 1 N i
-05 -025 0 025 0.5
y/D

Fig. 4 The shielding effect of the
molybdenum filaments on the substrate
temperature distribution

Fig. 6 gives the comparison of the tem-
perature distribution of the substrate sur-
face under two conditions, namely the con-
ditions under which the radiation of the
heater base, the heater supports and the
substrate holder are ‘on’ and ‘off’ respec-
tively, and the corresponding average tem-
peratures T are 1093 K and 945 K respec-
tively. The qualitative contrast ‘on’ be-

tween ‘off’ is similar with Fig. 5, but the

quantitative effect on the average tempera-
ture and the temperature uniformity is more

Severe.

Fig. 5 The effect of the heat shields
out of the heater base and the supports on
the uniformity of temperature distribution

of the substrate surface

T

cavity radiation on \

-6 5’ ~ - — - cavity radiation off \
1
'
—8-"""""“"""'
-0.5 -Q25 0 025 Qs
y/D

Fig. 6 The effect of the radiative cavity on
the uniformity of temperature distribution
of the substrate surface

Fig. 7 shows the effect of the thermal
conduction in the radiative cavity on the
temperature uniformity of the substrate
surface. The average temperatures under
the two conditions of considering and neg-
lecting the thermal conduction are 1093 K
and 1094 K respectively, the difference of

which is very littlee. However, under the
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latter condition the local temperature gradi-
ent over the peripheral region of the sub-
strate surface in the nonuniformity of the
incident radiative the molybdenum fila-
ments’ shielding effect results is compara-
tively larger. This is mainly because that
heat flux of the substrate surface. and the
thermal conduction can weaken or eliminate

this nonuniformity to some extent.

4 -

! cavity radiation on \
\
6 | - - = - cavity radiation off v
;‘ v
r
g L P S U T SN R e
-0.5 -025 0 025 05
viD

Fig. 7 The effect of thermal conductivity on
the uniformity of temperature distribution of

the substrate surface

5 Conclusions

This article analyzes, with the employ-
ment of numerical calculation and infrared
colorimetric measurement of temperature,
the performance of RH, the radiation heat-
er used in vacuum we have designed and
fabricated. When using RH to heat a mono-
crystal silicon substrate with a diameter of 6
inches under an electric power of 3860 W,
the mean temperature of the substrate sur-
face 1s 1093 K. and the temperature varia-
tion of the whole substrate is 6 K only. The
uniformity of temperature distribution is

satisfying,

The calculational results accord with
the metrical data. Besides, we analyze the
molybdenum filaments’ shielding effect on
radiation. the heat shields. and the thermal
conduction of the radiative cavity through
further calculational analysis. The present
papers have partly or even completely neg-
lected these factors for the convenience of a-
nalysis. However, our calculational results
show that they significantly affect the tem-
perature uniformity of the substrate. and
should be considered in the optimal design

of vacuum radiation heaters.

Acknowledgements

This work is supported by the Chinese
Academy of Sciences and the National Sci-
ence Foundation of China under grants
10205024 and 10502051, The authors are
grateful to Dr. H. L. Liu and Mr, C. Xie
for the careful calibration of the Pt/Rh - Pt

thermocouple.
References

[1] 1. C. J. Robbics C. T. Stoddart, A substrate
heater for use in the vacuum deposition of thin
films. Journal of Scientific Instruments. 1:
56 - 57 (1968)

[2] 2. B. Oh. R. P. Robertazzi. Heater for high
Tec oxide superconducting thin film deposi-
tion. » Rev. Sci. Instrum. 62 (2). 3104 -
3105 (1991)

[3] 3. T. E. Jones. W, C. McGinnis. J. S,
Briggs, Compact substrate heater for use in
an oxidizing atmosphere. Rev. Sci. Instrum.
6504); 977 - 80U (1994)

[4] 1. R, Campion. R G. Omson. C. A
Bashford. Design and performance of a relia-

ble and low cost substrate heater for super-



BMS RELE

Part Two Surface Engineering

o 277 »

(5]

(6]

(7]

(8]

(9]

[10]

(11]

conducting thin film deposition, Vacuum, 46
(2): 195-197 (1995)

5. H. Kinder, P. Berberich, B. Utz, D,
Prusseit, Double Sided YBCO Films on 4”
Substrates by Thermal Reactive Evaporation,
IEEE Trans. Appl 5(2);
1575 - 1580 (1995)

6. J. C. Clark, J. P. Maria, K. J. Hub-
bard, D. G. Schlom, An oxygen - compati-

Supercond. ,

ble radiant substrate heater for thin film
substrate
Instrum. 68 (6): 2538

growth at
1050°C, Rev. Sci.
- 2541 (1997)

7. V. N Tsaneva, V. L Tsanev, E ]. Tarte,
Z. H. Barber, F. Kahlmann, G. Gibson, M. G,
Blamire, J. E. Evetts, Study of the radiative

temperature up to

heating for deposition of high - Tc superconduct-
ing thin films, Vacuum, 58 ;454 - 463 (2000)

8. J. Geerk, A. Zaitsev, G. Linker, R. Ai-
dam, R. Schneider, F. Ratzel, R.
Fromknecht, B. Scheerer, H. Reiner, E.
Gaganidze, R. Schwab. , A 3 - chamber dep-
osition system for the simultaneous double
- sided coating of 5 - inch wafers, IEEE
Trans. Appl. Supercond., 11(1): 3856 -
3858 (2001)

9. C. Liu, A. Macrander, Simple vacuum
heater and its application for annealing TiO,
films, J. Vac. Sci. Technol. A, 19(5);
2703 - 2705 (2001)

10. J. J. Chen, B. W. Tao, X. Z. Liu, Y.
R. Li, Some considerations on heater design
for simultaneous deposition of large - area
high - Tc superconducting thin films, J.
Vac. Sci. Technol. A, 22(2). 255 - 259
(2004)

11. R Bellman, R. Raj, A tungsten filament
high temperature heater for thin film deposi-
tion, Rev. Sci. Instrum, 67 (11); 3958 -
3960 (1996)

[12]

[13]

[14]

[15]

(16]

(17]

(18]

(19]

(20]

12. A. C. Westerheim, A. C. Anderson,
M. J. Cima, Substrate temperature meas-
urements using ultrasonically bonded platine
Il thermocouples, Rev. Sci. Instrum. 63
(4) . 2282 - 2287 (1992)

13. A. C. Westerheim, B L Choi, M. L Flik,
M. J. Cima, R. L. Slattery, A. C. Ander-
son, Radiative substrate heating for high- T¢
superconducting thin - film deposition;
Film - growth - induced temperature varia-
tion, J. Vac. Sci. Technol. A, 10(6);
3407 - 3410 (1992)

14, B. 1. Choi, A. C. Anderson, A. C.
Westerheim, M. 1.

temperature measurement in high - Tc super-

Flik, In situ substrate

conducting film deposition, J. Vac. Sci.
Technol. A, 11(6): 3020 - 3025 (1989)

15. G. Wagner, E. G. Gonzales, K. Nums-
sen, and H. - U., Sputter deposition of
large area Yba2Cu3O7 - § thin films, Phys-
ica C 235; 637 -638 (1994)

16. R. J. Visser, Determination of the power
and current densities in argon and oxygen
plasmas by in situ temperature measure-
ments, J. Vac. Sci. Technol. A, 7.189
- 194 (1989)

17. F. P. Incropera, D. P. DeWitt, Fun-
damentals of Heat and Mass Transfer, John
Wiley & Sons, New York, 1996

18. L. T. Yeh, R C. Chu, Thermal Man-
agement of Microelectronic Equipment,
ASME Press, New York, 2002

19. D. R Croft, D. G. Lilley, Heat Transfer
Calculations Using Finite Difference Equa-
tions, Applied Science Publishers Ltd, Lon-
don, 1977

20. A. L. Peressini, F. E Sullivan, J. J. Uhl
Jr, The Mathematics of nonlinear Program-

ming, Springer - Verleg, NewYork, 1988



