US 20130292370A1

a2y Patent Application Publication o) Pub. No.: US 2013/0292370 A1

a9 United States

Li et al. 43) Pub. Date: Nov. 7, 2013
(54) METHOD AND DEVICE FOR MEASURING (52) US.CL
TEMPERATURE OF SUBSTRATE IN CPC .......... HO1L 21/02104 (2013.01); GOIK 11/00
VACUUM PROCESSING APPARATUS (2013.01); C23C 16/46 (2013.01)
(71) Applicant: ADVANCED MICRO-FABRICATION USPC ..o 219/448.12; 702/134; 118/712
EQUIPMENT INC, SHANGHALI,
Shanghai (CN)
57 ABSTRACT

(72) Inventors: Yousen Li, Shanghai (CN); Steven Lee,
Shanghai (CN); David Zhehao Chen,
Shanghai (CN)

(73) Assignee: Advanced Micro-Fabrication
Equipment Inc, Shanghai, Shanghai
(CN)

(21) Appl. No.: 13/888,330

(22) Filed: May 6, 2013
(30) Foreign Application Priority Data
May 7,2012  (CN) .o 201210138239.6
Publication Classification

(51) Imt.ClL

HOIL 21/02 (2006.01)

C23C 16/46 (2006.01)

GOIK 11/00 (2006.01)

206

A method and device for determining temperature of a sub-
strate in a vacuum processing apparatus during a process of
the substrate are disclosed, the substrate to be measured is
placed on a susceptor in the vacuum processing apparatus for
a manufacture process, and the method includes: selecting i
wavelengths from radiance emitted from the susceptor
through a substrate, where i is a natural number greater than
1; obtaining at least i pieces of radiance corresponding to the
selected i wavelengths; and calculating the temperature of the
substrate based on the i pieces of radiance and the i wave-
lengths, by using a mathematical equation: E(A,)=T(d)xM(A,,
T), where E(,) is the ith radiant quantity corresponding to the
ith wavelength %, T(d) is transmittance of the substrate,
which is a function of thickness d of a film grown on the
substrate, and M(A,,T) is blackbody radiation equation, which
is a function of the ith wavelength A, and the substrate tem-
perature T.
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S1

select 1 wavelengths from radiance
emitted from the susceptor through a
substrate, where i is a natural number
greater than 1

S2
obtain at least 1 pieces of radiance o
corresponding to the selected i
wavelengths
S3

calculate the temperature of the ~ — .
substrate based on the i pieces of
radiance and the i wavelengths, by
using the mathematical equation:

EiA) = Tty M A T
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METHOD AND DEVICE FOR MEASURING
TEMPERATURE OF SUBSTRATE IN
VACUUM PROCESSING APPARATUS

RELATED APPLICATION

[0001] This application claims priority to Chinese Patent
Application No. 201210138239.6, filed on May 7, 2012, and
the disclosure of which is hereby incorporated by reference
herein in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates to the field of semiconductor
manufacture, and in particular to a method and a device for
measuring temperature of a substrate in a vacuum processing
apparatus.

BACKGROUND OF THE INVENTION

[0003] Various manufacture processes of semiconductors
greatly depend on the substrate temperature. Therefore, the
control of the substrate temperature is important in manufac-
turing a semiconductor, and performing a uniform tempera-
ture control on the substrate is especially important because
the substrate has a certain size.

[0004] Particularly, the control of the substrate temperature
is important for a Metal-Organic Chemical Vapor Deposition
(MOCVD) reactor. MOCVD is an abbreviation of Metal-
Organic Chemical Vapor Deposition. MOCVD is a new
Vapor Phase Epitaxy growth technique developed based on
the Vapor Phase Epitaxy (VPE) growth. In MOCVD, organic
compounds of III family element and II family element,
hydrides of V family element and VI family element, and the
like are used as source material for growing a crystal, the
Vapor Phase Epitaxy is performed on the base material in a
manner of thermal decompose reaction, so as to grow various
semiconductors of I1I-V family and II-VI family compounds
and thin layers of single-crystal material of multi-solid solu-
tions thereof.

[0005] In the manufacture process of MOCVD, multiple
parameters, such as substrate temperature, pressure, flow
speed of gas, are needed to be monitored and controlled, so as
to achieve an expected epitaxial growth of a crystal. The
control of the substrate temperature is particularly important,
and the stability and accuracy of the substrate temperature
will directly affect the effect of the manufacture process. In
MOCVD, multiple substrates are usually provided on a sus-
ceptor, and the susceptor can rotate quickly and cooperate
with a gas spray header provided in the upper chamber, for
supplying a uniform and fast manufacture platform for batch
manufacture processes. Therefore, in the manufacture pro-
cess of MOCVD, the temperature is usually measured by
using a non-contact measurement mechanism.

[0006] In the prior art, the temperature of the substrate is
usually measured by using the principle of light reflection and
transmission. FIG. 1 is a schematic diagram of a principle of
measuring the temperature of a substrate in a MOCVD reac-
tor in the prior art. An active emitting light source 101 is
provided above a substrate S, for continuously emitting inci-
dent lights S11 onto the surface of the substrate S at a certain
angle, and the incident light S11 is reflected by the surface of
the substrate S, to obtain a reflected light S12' expected.
Further, a detector 102 is provided above the substrate S, for
capturing the reflected light S12'. Further, in the prior art,

Nov. 7,2013

related means (not shown) will also be provided for obtaining
the radiant quantity of the substrate S. The following equation
is used:

E(h)=T( M, T)

[0007] where E(A,) is the radiance emitted from the suscep-
tor through the substrate S; M(A.,,T) is blackbody radiation
equation, which is a function of any wavelength X, selected
from the radiance and the substrate temperature T; T(d) is the
transmittance of the substrate, where T(d)=1-R, R is the
reflectivity of the substrate S, which is calculated based on the
incident light S11 emitted from the light source 101 and the
reflected light S12' obtained above the substrate S.

[0008] However, referring to FIG. 1, there are multiple
uncertain factors during the manufacture processes of the
substrate. For example, in the MOCVD reactor, a batch of
substrates S to be processed is placed on the susceptor (as
shown in FIG. 1). In order to obtain uniformly distributed gas
on the multiple substrates and other uniform conditions for
manufacture, the susceptor is required to rotate in a high
speed (500-900 revolutions per minute or even 1000 revolu-
tions per minute) under the driving of a shaft provided under
the susceptor. Because high temperature (such as 1200 degree
Celsius) is required during the MOCVD manufacture pro-
cess, the substrates S are only placed in grooves of the sus-
ceptor. The substrates S may be sloped during the rotation due
to centrifugal force generated by the high-speed rotation.
Further, during the manufacture process, patterns are gener-
ated on the surface of the substrate because multiple films are
grown on the substrate by epitaxy, which causes the surface of
the substrate uneven. The above factors will result in that the
reflected light will not be detected in the expected path. How-
ever, the detector is generally fixed at the same position.
Referring to FIG. 1, in the existing temperature measurement
mechanism, the substrate S is usually regarded as an object
which performs mirror reflection, thus the light source 101
and the detector 102 are provided axial-symmetrically with
respect to and above the substrate S, and the reflected light
will expectably return in the path S12', so that the reflected
light will be exactly obtained by the detector 102. However, in
fact, the reflected light will return in, for example, the path
S12. Therefore, it is difficult to obtain the reflected light
because the detected range of the detector 102 is limited.
Therefore, the temperature measurement mechanism in the
prior art will lead to big error.

[0009] Thus, a more stable and reliable temperature mea-
surement mechanism for a substrate is needed in the field, and
based on this consideration, the invention is proposed.

SUMMARY OF THE INVENTION

[0010] To solve the problems mentioned above, it is pro-
vided a temperature measurement method for a vacuum pro-
cessing system according to the invention.

[0011] Itis provided a method for determining temperature
of'a substrate in a vacuum processing apparatus according to
a first aspect of the invention, the substrate to be measured is
placed on a susceptor in the vacuum processing apparatus for
a manufacture process, where the method includes:

[0012] selecting i wavelengths from radiance emitted from
the susceptor through a substrate, where i is a natural number
greater than 1;

[0013] obtaining at least i pieces of radiance corresponding
to the selected i wavelengths; and
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[0014] calculating the temperature of the substrate based on
the i pieces of radiance and the i wavelengths, by using a
mathematical equation:

E(h)=T(d)xM(};, T),

where E(A,) is the ith radiant quantity, T(d) is transmittance of
the substrate, which is a function of thickness d of a film
grown on the substrate, and M(A,,T) is blackbody radiation
equation, which is a function of the ith wavelength A, and the
temperature of the substrate T.

[0015] Further, the vacuum processing apparatus includes a
Metal-Organic Chemical Vapor Deposition (MOCVD) reac-
tor, and multiple films are grown on the substrate in the
manufacture process of MOCVD by epitaxy, so that the sub-
strate has a structure including a base material and the mul-
tiple films.

[0016] Further, the blackbody radiation equation is:
2nhe® 1
M) = T gk _ [
[0017] where h is Planck constant, ¢ is light speed, k is

Boltzmann constant, A, is the wavelength, and T is the sub-
strate temperature.

[0018] Further, the transmittance of the substrate is deter-
mined by:

T(d)=1-R,
where R is refractive index,
the refractive index is determined by:
R=rr¥,
where r is amplitude reflectance, and r* is conjugation of'r,
the amplitude reflectance is determined by:

no—Y

oY’

[0019] where n, is refractive index of a medium in which
the radiance is transmitted through the substrate, andY is an
equivalent refractive index:

where B and C are determined by the following matrix:

isind;
(B] cosd| ( 1 ]
= m 5
c 2

inysind;  cosd;

[0020]
[0021]
0; and
[0022] foras-component,n,=1), cos 6, and n,=n, cos 6,
[0023] © is an angle between a direction in which the
radiance is obtained and a normal, and 9, is determined
by:

where 1), and 1), are determined by:
for a p-component, 1,=n,/cos 8, and n,=n,/cos
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[0024] where d, represents thickness of the top film on the
substrate, A, represents the ith wavelength selected from the
radiance, n, represents refractive index of the top film on the
substrate, and n, represents an equivalent refractive index of
the base material and the rest of films of the substrate.
[0025] Further, the method further includes: selecting any
two wavelengths from the i wavelengths; and obtaining C,?
substrate temperature values T and C, film thickness values
d, by substituting the selected two wavelengths for the wave-
length in the mathematical equation: E(A,)=T(d)xM(A,,T).
[0026] Further, the method further includes: calculating
average values of the C,? substrate temperature values T and
the C,? film thickness values d respectively, to obtain a final
substrate temperature value and a final film thickness value.
[0027] Further, the method further includes: comparing the
measured substrate temperature with a pre-stored reference
substrate temperature; and controlling the vacuum processing
apparatus to adjust the current temperature of the substrate.
[0028] Itis provided a device for determining temperature
of'a substrate in a vacuum processing apparatus according to
a second aspect of the invention, the substrate to be measured
is placed on a susceptor in the vacuum processing apparatus
for a manufacture process, where the device includes:
[0029] a wavelength selecting means, adapted to select i
wavelengths from radiance emitted from the susceptor
through a substrate, where i is a natural number greater than
1;

[0030] a radiant quantity obtaining means, adapted to
obtain at least i pieces of radiance corresponding to the
selected 1 wavelengths; and

[0031] a calculating and analyzing means, adapted to cal-
culate the temperature of the substrate based on the i pieces of
radiance and the i wavelengths, by using a mathematical
equation: E(A)=T(d)xM(A,,T), where E(},) is the ith radiant
quantity, T(d) is transmittance of the substrate, which is a
function of thickness d of a film grown on the substrate, and
M(%,,T) is blackbody radiation equation, which is a function
of the ith wavelength A, and the substrate temperature T.
[0032] Further, the vacuum processing apparatus includes a
Metal-Organic Chemical Vapor Deposition (MOCVD) reac-
tor, and at least one film is grown on the substrate in the
manufacture process of MOCVD by epitaxy, so that the sub-
strate has a structure including a base material and the at least
one film.

[0033] Further, the blackbody radiation equation is:
2rhe? 1
MAT) = A5 ghdlkd _1°
[0034] where h is Planck constant, ¢ is light speed, k is

Boltzmann constant, A, is the wavelength, and T is the sub-
strate temperature.
[0035] Further, the transmittance of the substrate is deter-
mined by:

T(d)=1-R,
[0036]
[0037]

R=rr¥,

where R is refractive index,
the refractive index is determined by:
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[0038] where r is amplitude reflectance, and r* is conjuga-
tion of'r,
[0039] the amplitude reflectance is determined by:
_no— Y
- I’L0+Y ’
[0040] where n, is refractive index of a medium in which

the radiance is transmitted through the substrate, andY is an
equivalent refractive index:

where B and C are determined by:

isind;
(B] cosdy p ( 1 ]
= 1 A
c 2

inysind;  cosd;

[0041] where 1), and 1), are determined by:
[0042] forap-component,n,=n,/cos 8, andn,=n,/cos0;
and
[0043] for a s-component, 1;=n, cos 6, and 1,=n, cos 6,
[0044] © is an angle between a direction in which the

radiance is obtained and a normal, and 9, is determined
by:

2nny dy
=———c

[ 0s6,

i

[0045] where d, represents thickness of the top film on the
substrate, A, represents the ith wavelength selected from the
radiance, n, represents refractive index of the top film on the
substrate, and n, represents an equivalent refractive index of
the base material and the rest of films of the substrate.

[0046] Further, the calculating and analyzing means is con-
nected to the MOCVD reactor, and is further adapted to:
select any two wavelengths from the i wavelengths; and
obtain C,* substrate temperature values T and C,? film thick-
nesses values d, by substituting the selected two wavelengths
for the wavelength in the mathematical equation: E(A,)=T
(DM, D).

[0047] Further, the calculating and analyzing means is fur-
ther adapted to: calculate average values of the C,* substrate
temperature values T and the C, film thickness values d
respectively, to obtain a final substrate temperature value and
a final film thickness value.

[0048] Further, a reference substrate temperature is pre-
stored in the calculating and analyzing means, and the calcu-
lating and analyzing means is further adapted to: compare the
measured substrate temperature with the pre-stored reference
substrate temperature; and control the vacuum processing
apparatus to adjust the current temperature of the substrate.
[0049] It is provided a device for determining temperature
of'a substrate in a vacuum processing apparatus according to
athird aspect of the invention, the substrate to be measured is
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placed on a susceptor in the vacuum processing apparatus for
a manufacture process, the vacuum processing apparatus
includes a chamber, and an observation opening is provided
on the top of the chamber, where the device includes:

[0050] an optical module, adapted to select i wavelengths
from radiance emitted from the susceptor through a substrate,
obtain at least i pieces of radiance corresponding to the
selected 1 wavelengths, and convert an optical signal contain-
ing the i wavelengths and the i pieces of radiance into an
electrical signal, where i is a natural number greater than 1;
[0051] an analog module, adapted to amplify and de-noise
the electrical signal;

[0052] a digital synchronization module, adapted to per-
form a Digital to Analog (D/A) conversion and synchroniza-
tion on the amplified and de-noised electrical signal; and
[0053] acalculating and analyzing means in which a math-
ematical equation of E(A)=T(d)xM(A,T) is pre-stored,
where the calculating and analyzing means is adapted to
calculate the temperature of the substrate based on the i pieces
of radiance and the i wavelengths, by using the mathematical
equation: E(A)=T(d)xM(A,,T), where E(},) is the ith radiant
quantity, T(d) is transmittance of the substrate, which is a
function of thickness d of a film grown on the substrate, and
M(2,,T) is blackbody radiation equation, which is a function
of the ith wavelength A, and the substrate temperature T.
[0054] Optically, the optical module includes:

[0055] afirstlens, provided above the observation opening,
and adapted to converge, direct and transmit to a spectroscope
the radiance emitted from the susceptor through a substrate;
[0056] i-1 spectroscopes, adapted to divide the optical sig-
nal containing the radiance transmitted from the first lens into
optical signals in different wavelength intervals;

[0057] 1 filters, adapted to select i wavelengths from the
optical signals containing different wavelengths divided by
the spectroscopes, and obtain at least i pieces of radiance
corresponding to the selected 1 wavelengths from the optical
signals;

[0058] isecond lenses, adapted to converge and direct, to a
plurality of sensors, the optical signals containing the i wave-
lengths and the at least i pieces of radiance corresponding to
the i wavelengths; and

[0059] i sensors, adapted to convert the optical signals
transmitted from the i second lenses into electrical signals
respectively,

[0060] where the i filters, the i second lenses, and the i
sensors are divided into i groups, one filter, one second lens
and one sensor are connected in series in this order in each
group, and the i groups output in parallel i electrical signals
containing the i wavelengths and the at least i pieces of radi-
ance corresponding to the i wavelengths.

[0061] Optically, the optical module includes:

[0062] alens, provided above the observation opening, and
adapted to converge, direct and transmit to a fiber the radiance
emitted from the susceptor through a substrate;

[0063] anoptical fiber, connected to the lens, and adapted to
transmit the radiance transmitted from the lens to i filters;
[0064] theifilters, adapted to select i wavelengths from the
optical signals containing different wavelengths, and obtain
at least 1 pieces of radiance corresponding to the selected i
wavelengths from the optical signals; and

[0065] 1 sensors, adapted to convert the optical signals
transmitted from the i filters into electrical signals respec-
tively,
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[0066] where the i filters and the i sensors are divided into
i groups, one filter and one sensor are connected in series in
this order in each group, and the i groups output in parallel i
electrical signals containing the i wavelengths and the at least
i pieces of radiance corresponding to the i wavelengths.
[0067] Further, the analog module includes:

[0068] iamplifiers, adapted to amplify the electrical signals
transmitted from the optical module; and

[0069] i filters, adapted to de-noise the amplified electrical
signals,
[0070] where the i amplifiers and the i filters are divided

into i groups, one amplifier and one filter are connected in
series in this order in each group, and the i groups output in
parallel i analog electrical signals containing the i wave-
lengths and the at least i pieces of radiance corresponding to
the i wavelengths.

[0071] Further, the digital synchronization module
includes:
[0072] i Analog to Digital (A/D) converters, connected to

the analog module and adapted to convert the analog electri-
cal signals transmitted from the analog module into digital
signals respectively; and

[0073] a Field Programmable Gate Array (FPGA), con-
nected to the i A/D converters and adapted to synchronize the
digital signals.

[0074] Further, the vacuum processing apparatus includes a
Metal-Organic Chemical Vapor Deposition (MOCVD) reac-
tor, and at least one film is grown on the substrate in the
manufacture process of MOCVD by epitaxy, so that the sub-
strate has a structure including a base material and the at least
one film.

[0075] Further, the blackbody radiation equation is:
2nhe® 1
M (/\i T) = /\—5 m,
[0076] where h is Planck constant, ¢ is light speed, k is

Boltzmann constant, A, is the wavelength, and T is the sub-
strate temperature.

[0077] Further, the transmittance of the substrate is deter-
mined by:

T(d)=1-R, where R is refractive index,

[0078] the refractive index is determined by:
R=rr¥,

[0079] where r is amplitude reflectance, and r* is conjuga-
tion of'r,
[0080] the amplitude reflectance is determined by:

_no- Y

T onel Y’
[0081] where n,, is refractive index of a medium in which

the radiance is transmitted through the substrate, andY is an
equivalent refractive index:
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where B and C are determined by the following matrix:

isind;
(B] cosdy p ( 1 ]
= 1 s
c 2

inysind;  cosd;

[0082] where 1, and 1), are determined by:
[0083] forap-component,;=n,/cos6,andr,=n,/cos6;
and
[0084] foras-component, 1,=n, cos 0, and 1,=n, cos 0,
[0085] 6 is an angle between a direction in which the

radiance is obtained and a normal, and 9, is determined
by:

[0086] where d, represents thickness of the top film on the
substrate, A, represents the ith wavelength selected from the
radiance, n, represents refractive index of the top film on the
substrate, and n, represents an equivalent refractive index of
the base material and the rest of films of the substrate.

[0087] Further, the calculating and analyzing means is con-
nected to the MOCVD reactor, and is further adapted to:
select any two wavelengths from the i wavelengths; and
obtain C,* substrate temperature values T and C,” film thick-
ness values d, by substituting the selected two wavelengths
for the wavelength in the mathematical equation: E(A,)=T
(DxM(r,;, T).

[0088] Further, the calculating and analyzing means is fur-
ther adapted to: calculate average values of the C,* substrate
temperature values T and the C;> film thickness values d
respectively, to obtain a final substrate temperature value and
a final film thickness value.

[0089] Further, a reference substrate temperature is pre-
stored in the calculating and analyzing means, and the calcu-
lating and analyzing means is further adapted to: compare the
measured substrate temperature with the reference substrate
temperature; and control the vacuum processing apparatus to
adjust the current temperature of the substrate.

[0090] The substrate temperature measurement mecha-
nism according to the invention has high accuracy, better
reliability, and is particularly adapted to control, in a non-
contact manner, the temperature of the substrate rotating in a
high speed during a manufacture process of high temperature
in the MOCVD reactor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0091] FIG. 1 is a schematic diagram of a principle of
measuring the temperature of a substrate in a Metal-Organic
Chemical Vapor Deposition (MOCVD) reactor in the prior
art;

[0092] FIG. 2 is a schematic diagram of a principle of
measuring the temperature of a substrate in an MOCVD
reactor according to an embodiment of the invention;

[0093] FIG. 3 is a flowchart of a method for measuring the
temperature of a substrate according to an embodiment of the
invention;
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[0094] FIG.4(a)is anamplified diagram ofa detailed struc-
ture of a set of means and a schematic diagram of'a connection
relation of an MOCVD reactor according to an embodiment
of the invention;

[0095] FIG.4(b)is anamplified diagram ofa detailed struc-
ture of a set of means and a schematic diagram of'a connection
relation of an MOCVD reactor according to another embodi-
ment of the invention;

[0096] FIG.4(c)is anamplified diagram of a detailed struc-
ture of an optical module of a set of means according to yet
another embodiment of the invention;

[0097] FIG. 5 is a schematic structural diagram of a sub-
strate having a structure including multiple films according to
an embodiment of the invention;

[0098] FIG. 6 is a schematic top view of a susceptor and
substrates in an MOCVD reactor according to an embodi-
ment of the invention;

[0099] FIG. 7 is a schematic graph of a technical effect of
the temperature measurement mechanism in the prior art; and
[0100] FIG. 8 is a schematic graph of a technical effect of
the temperature measurement mechanism according to the
invention.

[0101] In the drawings, the same or similar reference
numeral denotes the same or similar step feature/means
(module).

DETAILED DESCRIPTION OF THE INVENTION

[0102] As compared with the prior art, the temperature
measurement mechanism of the substrate according to the
invention does not need to calculate the temperature of the
substrate by irradiating lights onto the substrate using a fixed
active incident light source and by the reflection of the lights.
In the invention, the temperature of the substrate and other
related parameters can be calculated based on the radiant
quantity of the substrate and the wavelength obtained from
the radiance by using a mathematical equation, where the
blackbody radiation principle is used and the susceptor is
used as a blackbody.

[0103] The embodiments ofthe invention will be described
in conjunction with the drawings.

[0104] Itis provided a method for determining temperature
of'a substrate in a vacuum processing apparatus according to
afirst aspect of the invention. It should be understood by those
skilled in the art that the invention can be applied to any
vacuum processing apparatus which needs to measure or
control the temperature of the substrate, including but not
limited to a Metal-Organic Chemical Vapor Deposition
(MOCVD) reactor, a etching reactor, or a chemical film
growth reactor. Preferably, the invention is applied to the
MOCVD reactor.

[0105] The mechanism of the invention will be described
by taking the MOCVD reactor as an example.

[0106] FIG. 2 is a schematic diagram of a principle of
measuring the temperature of a substrate in an MOCVD
reactor according to an embodiment of the invention. The
MOCVD reactor includes a reaction chamber 205, and at
least one susceptor 206 and a rotation shaft 208 for supporting
the susceptor 206 are provided inside the reaction chamber
205. The rotation shaft 208 can rotate in a high speed such as
500-1000 revolutions per minute under the driving of other
power means (not shown), so that the susceptor 206 can also
rotate in a high speed under the driving of the rotation shaft
208, that is, rotate by taking the vertical dotted line p shown in
FIG. 2 as a shaft. Several substrates W to be processed are
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placed on the upper surface of the susceptor 206. To place the
substrates W, several grooves or recesses (not shown) for
placing the substrates W to be processed are provided on the
upper surface of the susceptor 206. A heating means 207 is
further provided inside the reaction chamber 205, for main-
taining the temperature of the susceptor 206 at manufacture
temperature, such as 1200 degree Celsius. The substrate W
includes a base material and one or more films on the base
material. In the embodiment as shown in the drawing, the
substrate W is exemplified by taking sapphire as the base
material, on which one or more films are grown by epitaxy in
the MOCVD manufacture process, so that the substrate has a
structure including the base material and the films.

[0107] An observation opening 201 is provided at a proper
position of the reaction chamber 205, such as the top of the
reaction chamber. A lens 202 is further provided above the
observation opening 201. The lens 202 is further connected to
several means (exemplified as the set of means 204 in the
drawing), for measuring the temperature of the substrate and
other parameters. It is to be noted that the set of means 204 is
not a specific means, but is provided only for convenient
description and illustration, and it can be seemed as a set of
several hardware means. For example, the set of means 204
further includes an optical fiber, a filter, a lens, an amplifier, an
analog to digital (A/D) converter, a Field Programmable Gate
Array (FPGA), a Micro-programmed Control Unit (MCU)
and the like, which have architectures and functions that will
be described in detail hereinafter in conjunction with FIG.
4(a) and FIG. 4(b).

[0108] Itistobe noted that although the set of means 204 in
FIG. 4(a) and FIG. 4(b) includes an optical module 2047/
2047', an analog module 2048, a digital synchronization mod-
ule 2049 and a calculating and analyzing module 2046, it
should be understood by those skilled in the art that the optical
module 2047/2047', the analog module 2048, the digital syn-
chronization module 2049 and the calculating and analyzing
module 2046 can also be integrated in a single module/sys-
tem/means which has all functions of the above modules.
[0109] FIG. 3 is a flowchart of a method for measuring the
temperature of a substrate according to an embodiment of the
invention. It is provided a method for determining tempera-
ture of a substrate in a vacuum processing apparatus accord-
ing to the invention, the substrate to be measured is placed on
a susceptor in the vacuum processing apparatus for a manu-
facture process, where the method includes the following step
S1 to step S3:

[0110] Step S1, selecting i wavelengths from radiance
emitted from the susceptor through a substrate, where i is a
natural number greater than 1;

[0111] Step S2, obtaining at least i pieces of radiance cor-
responding to the selected i wavelengths; and

[0112] Step S3, calculating the temperature of the substrate
based on the i pieces of radiance and the 1 wavelengths, by
using a mathematical equation E(A,)=T(d)xM(},,T), in a
manner of simultaneous equations, where A, is the ith wave-
length, T is the temperature of the substrate, E(A,) is the ith
radiant quantity corresponding to the ith wavelength A, T(d)
is transmittance of the substrate, which is a function of thick-
ness d of a film grown on the substrate, and M(A,,T) is black-
body radiation equation, which is a function of the ith wave-
length A, and the substrate temperature T.

[0113] According to a preferable embodiment of the inven-
tion, i=2, and the method for measuring the temperature of the
substrate includes the following steps:
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[0114] Firstly, step S1 is performed, to select 2 wavelengths
from radiance emitted from the susceptor 206 through the
substrate W,

[0115] Then step S2 is performed, to obtain 2 pieces of
radiance corresponding to the selected 2 wavelengths, and
then step S3 is performed, to calculate the temperature of the
substrate T.

[0116] The method for obtaining, by a hardware means,
other parameters required to calculate the temperature of the
substrate T will be described in the following.

[0117] It is to be understood that, according to the black-
body radiation principle, the susceptor 206, as a blackbody,
will emit radiance to the outside. Referring to FIG. 2, the total
radiance (shown by the arrows) emitted from the susceptor
206 through a substrate W is transmitted to the first lens 202
via the observation opening 201 of the reactor, and the first
lens 202 directs the radiance to the set of means 204.

[0118] FIG.4(a)is anamplified diagram ofa detailed struc-
ture of a set of means 204 and a schematic diagram of a
connection relation of an MOCVD reactor according to an
embodiment of the invention. The set of means 204 includes
the optical module 2047, the analog module 2048, the digital
synchronization module 2049 and the calculating and analyz-
ing module 2046.

[0119] It should be understood by those skilled in the art
that the total radiance emitted from the susceptor 206 through
a substrate W is propagated in the form of light. According to
an embodiment of the invention, the optical module 2047
selects the wavelengths A, and A, and the pieces of radiance
E(\,) and E(A,) corresponding to the wavelengths by a con-
figuration of a spectroscope and a filter. The first lens 202
converges and directs optical signals containing the total radi-
ance to a spectroscope 2010 which can transmit the light with
the transmittance greater than a predetermined wavelength
and reflect the light with the transmittance less than the pre-
determined wavelength, so that lights with different wave-
lengths can be divided. As shown in FIG. 4(a), in order to
select the optical signals having the wavelengths of A; and A,
(where A,>A|) and the wavelengths A and XA, the spectro-
scope 2010 is configured to transmit the optical signal having
the wavelength greater than

AL+ A2
2

to a first filter 20415 and reflect the optical signal having the
wavelength less than

AL+ Ay
2

to a first filter 2041a. The first filter 2041a is configured to
select the optical signal having the wavelength of A |, and the
first filter 20415 is configure to select the optical signal having
the wavelength of A,.

[0120] The first filters 2041a and 20415 are connected to a
second lens 202q¢ and a second lens 2025 respectively, which
are in turn connected to a sensor 2042a and a sensor 20425
respectively. The second lenses 202a and 2025 converge and
direct the optical signals having the wavelengths of A, and A,
to the sensors 2042a and 20425 respectively, and the sensors
2042a and 20425 may convert the optical signals into elec-
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trical signals. Thus, the two optical signals respectively hav-
ing the wavelengths of A, and A, are converted into electrical
signals by the sensors 2042a and 20425 and transmitted to the
analog module 2048, with the electrical signals being analog
signals.

[0121] Further, the analog module 2048 includes two
amplifiers and two filters. The analog electrical signals
respectively having the wavelengths of A; and A, are ampli-
fied by the amplifiers 2043a and 20435, then de-noised by the
second filters 2041¢ and 20414, and transmitted to the digital
synchronization module 2049.

[0122] Further, the digital synchronization module 2049
includes two A/D converters 2044a and 20445 and a FPGA
2045. The analog electrical signals respectively having the
wavelengths of A and A, are amplified and de-noised by the
analog module 2048, and then converted to digital signals by
the A/D converters 2044a and 20445. Then, the digital signals
respectively having the wavelengths of A, and A, are synchro-
nized by the FPGA 2045, and transmitted to the calculating
and analyzing means 2046 for calculating and analyzing. The
calculating and analyzing means 2046 is typically a micro-
programmed processor or a micro-programmed controller.
[0123] The set of means 204 may have different implemen-
tations. FIG. 4(b) is an amplified diagram of a detailed struc-
ture of a set of means and a schematic diagram ofan MOCVD
reactor according to another embodiment of the invention,
which is different from the embodiment shown in FIG. 4(a) in
the optical module. The optical module 2047' shown in FIG.
4(b) selects the pieces of radiance E(A,) and E(A,) and the
wavelengths A, and A, by a configuration of an optical fiber
and a filter. The first lens 202" is connected to the optical fiber
203 directly, and the optical fiber 203 is in turn connected to
the first filters 20414’ and 20415'. Thus, the radiance emitted
from the susceptor 206 through a substrate W is converged
and directed to the optical fiber 203 by the first lens 202', and
the optical signals containing the radiance are transmitted to
the first filters 2041a' and 20415' by the optical fiber 203.
Optical signals respectively having the wavelengths of | and
A, are filtered out directly by the first filters 20414’ and
20415'. The first filters 20414' and 20414’ are connected to the
second lenses 2024' and 2025 respectively, and the second
lenses 2024' and 2024' are in turn connected to the sensors
20424' and 20425'. The second lenses 202a' and 2025' con-
verge and direct the optical signals respectively having the
wavelengths of A, and A, to the sensors 2042a' and 20425',
and the sensors 20424' and 20425' can convert the optical
signals into electrical signals. Thus, the two optical signals
having the wavelengths of A| and A, are converted into elec-
trical signals by the sensors 20424' and 20425' respectively,
then transmitted to the analog module 2048 for amplifying
and de-noising, then transmitted to the digital synchroniza-
tion module 2049 for A/D conversion and synchronization,
and finally transmitted to the calculating and analyzing means
2046.

[0124] It is to be noted that, it has been described that the
radiance emitted from the susceptor 206 through a substrate
W is optical signals, and the optical signals are converted into
digital signals by a series of signal processes, where the
digital signals contain the wavelengths A, and A, and the
pieces of radiance E(A;) and E(A,) corresponding to the
wavelengths A, and A,. The digital signals containing the
pieces of radiance E(A,) and E(A,) carry the wavelengths A,
and A, and vice versa. Therefore, the pieces of radiance E(A,)
and E(},) and the wavelengths A, and A, required by the
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substrate temperature measurement mechanism of the inven-
tion for calculating and analyzing are obtained.

[0125] Finally, step S3 is performed, to calculate the sub-
strate temperature T based on the pieces of radiance E(A, ) and
E(,) and the wavelengths A and A, by using the mathemati-
cal equation: E(A,)=T(d)xM(A.,, T). The above calculating and
analyzing processes are performed in the calculating and
analyzing means 2046. The mathematical equation is pre-
stored in the calculating and analyzing means 2046.

E(h)=T( M, T)

[0126] where A, is the ith wavelength, T is the temperature
ofthe substrate, E(},) is the ith radiant quantity corresponding
to the ith wavelength A, T(d) is transmittance of the substrate,
which is a function of thickness d of a film grown on the
substrate, and M(A,,T) is blackbody radiation equation, which
is a function of the ith wavelength A, and the substrate tem-
perature T.

2xhe® 1
MXT) = B hNT _ |

[0127] where h is Planck constant, ¢ is light speed, k is
Boltzmann constant, A, is the wavelength, and T is seemed as
the substrate temperature.

[0128] It is to be noted that in the blackbody radiation
equation
2rhc? 1
M) = A5 ghelkT _°

the actual meaning of T is the temperature of the object that
emits the radiance, which is actually the temperature of the
susceptor in the above embodiment. However, in this inven-
tion, it is considered that the susceptor and the substrate are
heat-conductive, and have such heat-conduction levels that
the temperatures of the susceptor and the substrate can be
regarded as the same, or the difference between the tempera-
tures of the susceptor and the substrate can be ignored.
[0129] FIG. 5 is a schematic structural diagram of a sub-
strate having a structure including multiple films according to
an embodiment of the invention. The process for calculating
the refractive index T(d) of the substrate will be described in
conjunction with FIG. 5. In the case that the substrate has the
structure including a base material and multiple films due to
the epitaxial growth of the multiple film materials on the
substrate in the manufacture process, the refractive index T(d)
of the substrate is an equivalent refractive index.

[0130] Specifically, when the base material of the substrate
sub is for example a sapphire, it is assumed that a first film
material m; is grown on it by epitaxy, then it should be
understood by those skilled in the art that the refractive index
T, (d) can be calculated based on the refractive indexes of the
base material of the sapphire sub, the first film material m,
and the air. Therefore, the calculation way of the invention is
that: when a second film material m, is further grown on the
film material m, by epitaxy, the first film material m, and the
base material of the sapphire sub can be used as the first
equivalent base material sub,, then the second equivalent
refractive index T,(d) of the substrate on which two films are
grown by epitaxy can be calculated based on the refractive
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indexes of the first equivalent base material sub,, the second
film material m, and the air, where the refractive index T, (d)
of the first equivalent base material sub, has been calculated
in the first step. And in a similar way, when n film materials
are grown on the substrate by epitaxy, the first to the n—1th
films and the base material of the sapphire sub can be used as
the n—1th equivalent base material sub,, ,, then the refractive
index T, (d) of the substrate on which n films are grown by
epitaxy can be calculated based on the refractive indexes of
the n-1th equivalent base material sub,, |, the nth film mate-
rial and the air.

[0131] Specifically, if n film materials are grown on the
substrate by epitaxy, the current transmittance T, (d) of the
substrate can be determined by:

T,(d)=1-R,
[0132] where R is the refractive index,
[0133] the refractive index R is determined by:
R=rr¥,
[0134] where r is the amplitude reflectance, and r* is con-
jugation of r,
[0135] the amplitude reflectance r is determined by:
_ Ro — Y
T ong Y
[0136] where n, is the refractive index of a medium in

which the radiance emitted from the susceptor through the
substrate is transmitted, and is the refractive index of the air in
this embodiment, that is, n,=1.Y is an equivalent refractive
index of the substrate on which n films are grown by epitaxy:

B
Y=2,
C

[0137]
matrix:

isind;
(B] cosdy ( 1 ]
= m 5
c 2

inysind;  cosd;

where B and C are determined by the following

[0138] where 1, and 1), are determined by:
[0139] forap-component,t),=n,/cos 0,and n,=n,/cos0;
and
[0140] foras-component, 1,=n, cos 0, and 1,=n, cos 0,
[0141] 6 is an angle between a direction in which the

radiance is obtained and a normal, and 9, is determined
by:

[0142] where it should beunderstood by those skilled in the
art that the light is propagated in the form of optical waves,
and the above p-component and s-component refer to two
components of the optical wave in different directions. 0 is the
angle between the optical signal containing the radiance and
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the normal, that is, the incident angle, referring to FIG. 3 and
FIGS. 4(a) and 4(b). In this embodiment, in an ideal state, the
radiance is obtained in the direction perpendicular to the
substrate, that is, the radiance emitted from the susceptor
through a substrate is obtained in only the vertical direction
(as shown by the vertical arrows in FIG. 3 and FIGS. 4(a) and
4(b)), thus 6=0.

[0143] Ifn films are grown on the substrate by epitaxy, d,
represents the thickness of the top film, i.e., the nth film, A,
represents the ith wavelength selected from the radiance, n,
represents the refractive index of the nth film, and n, repre-
sents the refractive index of the n-1th equivalent base mate-
rial. n, is determined based on the material which the film is
formed of] and n, has been calculated in the previous step.
[0144] Itis to be noted that, by using the method for calcu-
lating the equivalent refractive index according to the inven-
tion, current refractive index of the substrate having the struc-
ture of multiple films can be calculated in real time/at any
time. It is unnecessary to use the end point of the epitaxial
growth of each film material as the node for the calculation,
and the calculation can be performed even when only part of
afilm is grown by epitaxy. For example, if it is required by the
procedure to perform the calculation when one third of the nth
film material is grown by epitaxy, the one third of the film
material can be used as the top film, and the first to the n—1th
films and the base material of the sapphire can be used as the
equivalent base material.

[0145] In the above embodiment, every time a new film is
grown by epitaxy, all the previous films and the base material
are used as the equivalent base material, and the mathematical
calculation is performed based on this. However, it should be
understood by those skilled in the art that all the films grown
by epitaxy on the substrate can be seemed as a single film, and
the calculation can be performed by using the above equation.
For conciseness, it is different from the above embodiment
only in the calculation order, and the calculation process
thereof will not be described in detail here. It is to be noted
that all embodiments utilizing the above equation, no matter
what the calculation order is, should fall within the protection
scope of the invention.

[0146] Inthe embodiment, i=2, that is, two wavelengths A,
and A, are substituted for the wavelength in the above math-
ematical equation respectively:

E(h)=T(d)xM(n,T) and

E(o)=T(d)xM (32, 1),

[0147] where E(A,) and E(),) can be obtained in step S1 as
described above, then only the temperature value T and the
film thickness value d are unknown in the two equations, and
the temperature value T and the film thickness value d can be
obtained by solving the set of the equations.

[0148] Further, wheni>2, any two wavelengths are selected
from the i wavelengths and substituted for the wavelength in
the mathematical equation E(A,)=T(d)xM (A,,T). For each
two wavelengths, one set of equations are obtained, so C,” sets
of equations are obtained in total, and C,? substrate tempera-
ture values T and C,? film thicknesses values d can be obtained
finally.

[0149] Preferably, the average values of the C,” substrate
temperature values T and the C,? film thickness values d are
calculated respectively, to obtain a final substrate temperature
value and a final film thickness value.

[0150] It is to be noted that, if it is required to select wave-
lengths for i>2, the pieces of radiance of the multiple wave-
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lengths and the multiple wavelengths can be obtained by a
configuration of multiple stages of spectroscopes and the
cooperation of the related hardware followed such as the
filter, the lens and the sensor. FIG. 4(c) is an amplified dia-
gram of a detailed structure of an optical module 2047" of a
set of means 204 according to yet another embodiment of the
invention. According to a variation of the above embodiment,
another spectroscope 20105 is further connected in parallel
with the spectroscope 2010a. Therefore, the optical signals
containing the radiance emitted from the susceptor through a
substrate are transmitted to the spectroscope 2010a. The
spectroscope 2010a reflects the optical signal having the
wavelength less than

A+ A2
2

to a filter 2041a, which may select the optical signal having
the wavelength of A,. Meanwhile, the spectroscope 2010a
further transmits the optical signal having the wavelength
greater than

AL+ A
2

to the spectroscope 20104. Further, the spectroscope 20105 is
configured to transmit the optical signal having the wave-
length greater than

A2+ A3
2

to a subsequent spectroscope, and reflect the optical signal
having the wavelength less than

A2+ A3
2

to afilter 20415 which may select the optical signal having the
wavelength of A,. In a similar way, in the invention, multiple
spectroscopes may be connected in parallel with the spectro-
scope 20105, until the spectroscope 2010z-1, the spectro-
scope 2010n. As shown in FIG. 4(c¢), the spectroscopes
2010a-20107 are further connected with the filters 2041a-
20417 respectively, the filters 20414-2041# are in turn con-
nected with the second lenses 202a-202#n respectively, and
the second lenses 202a-202x are in turn connected with the
sensors 2042a-2042x respectively, so that the optical signals
having the wavelengths of A}, A, . . ., An—-1, and An can be
selected, and the optical signals are converted into electrical
signals and then transmitted in parallel to a subsequent analog
module (not shown).

[0151] It is to be noted that according to the mechanism of
the invention, the more the selected wavelengths, the higher
the accuracy of the calculation, but the more complex the
algorithm, and the slower the speed of the calculation. Thus,
the manufacture process may be optimized as required in
practice.
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[0152] FIG. 6 is a schematic top view of a susceptor and
substrates in an MOCVD reactor according to an embodi-
ment of the invention. As shown in FIG. 6, in order to place
the substrates as many as possible, multiple substrates W are
placed in grooves or accesses (not shown) on the susceptor
206 radially, and the grooves or accesses correspond to the
substrates one by one. The substrate may have different size,
such as 2 cun, 4 cun, 6 cun or 12 cun. A lens 202 as shown in
FIG. 2 is provided above the observation opening 201 which
is above the measurement point 2061 on the susceptor 206 in
the vertical direction. The susceptor 206 rotates under the
driving of the rotation shaft 208. As an example, each sub-
strate W rotates in a high speed with respect to the rotation
shaft 208 in the rotation path 2062. When the susceptor 206
rotates in a high speed, the measurement point 2061 is fixed
and in a position that is away from the center O of the sus-
ceptor 206 by a radius distance 2063.

[0153] It is assumed that the susceptor 206 or the rotation
shaft 208 is rotated in the speed of 1000 revolutions per
minute, and 8 substrates W are placed uniformly on the sus-
ceptor 206, then there will be one substrate W passing through
the measurement point 2061 every

S L 000s
Tooo <8 =

second. Therefore, in the embodiment, the related means are
controlled to perform the above measurement method every
0.0075 second, thus the temperature of the substrates on the
susceptor 206 can be obtained sequentially.

[0154] The measurement method further includes the fol-
lowing steps.
[0155] The calculated substrate temperature is compared

with a reference substrate temperature pre-stored in the cal-
culating and analyzing means 2046. If the calculated sub-
strate temperature is greater than the pre-stored substrate
temperature, the calculating and analyzing means 2046 sends
a control signal to the reactor, to make the reactor control the
heating means 207 in the reactor to decrease the current
temperature of the substrate. If the calculated substrate tem-
perature is less than the pre-stored substrate temperature, the
calculating and analyzing means 2046 sends a control signal
to the reactor, to make the reactor control the heating means
207 in the reactor to increase the current temperature of the
substrate.

[0156] Itis provided a device for determining temperature
of'a substrate in a vacuum processing apparatus according to
a second aspect of the invention, the substrate to be measured
is placed on a susceptor in the vacuum processing apparatus
for a manufacture process, where the device includes:
[0157] a wavelength selecting means, adapted to select i
wavelengths from radiance emitted from the susceptor
through a substrate, where i is a natural number greater than
1;

[0158] a radiant quantity obtaining means, adapted to
obtain i pieces of radiance corresponding to the selected i
wavelengths; and

[0159] a calculating and analyzing means, adapted to cal-
culate the temperature of the substrate based on the i pieces of
radiance and the i wavelengths, by using the mathematical
equation: E(A)=T(d)xM(A,,T), where E(A,) is the ith radiant
quantity, T(d) is transmittance of the substrate, which is a
function of thickness d of a film grown on the substrate, and
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M(%,,T) is blackbody radiation equation, which is a function
of'the ith wavelength A, and the temperature of the substrate T.
[0160] Itis to be noted that the above wavelength selecting
means, radiant quantity obtaining means and calculating and
analyzing means each can be seemed as the means/module/
system that can perform the above function, and solutions
implemented by hardware, software or a combination thereof
that have been used in the above means in the prior art can be
used in the invention for achieving the specific function.
[0161] Referring to FIG. 4(a), according to a preferable
embodiment of the invention, the wavelength selecting means
includes the lenses 202 and 202a-202b, the spectroscope
2010, the filters 2041a-20415, the sensors 20424-20425, the
amplifiers 2043a-20435, the A/D converters 2044a-2044b
and the FPGA 2045, the radiant quantity obtaining means
includes the lens 202 and 2024-2025, the spectroscope 2010,
the filters 2041a-20414, the sensors 2042a-2042b, the ampli-
fiers 2043a-20435, the A/D converters 2044a-20445 and the
FPGA 2045, and the calculating and analyzing means is
typically the calculating and analyzing means 2046 shown in
FIG. 4(a).

[0162] Referring to FIG. 4(b), according to a variation of
the above embodiment, the wavelength selecting means
includes the lenses 202' and 2024'-2024', the optical fiber 203,
the filters 20414'-20415', the sensors 20424'-20425', the
amplifiers 2043a-2043b, the filters 2041c-2041d, the A/D
converters 2044a-20445 and the FPGA 2045, the radiant
quantity obtaining means includes the lenses 202' and 202a'-
2025, the optical fiber 203, the filters 2041a'-20415', the
amplifiers 2043a-2043b, the filters 2041c-2041d, the A/D
converters 2044a-20445 and the FPGA 2045, and the calcu-
lating and analyzing means is typically the calculating and
analyzing means 2046 shown in FIG. 4(b).

[0163] The integral configuration, function architecture
and the signal flow of the above hardware have been described
in detail above, and are not described here for concision.
[0164] Itis provided a device for determining temperature
of'a substrate in a vacuum processing apparatus according to
athird aspect of the invention, the substrate to be measured is
placed on a susceptor in the vacuum processing apparatus for
a manufacture process, the vacuum processing apparatus
includes a chamber, and an observation opening is provided
on the top of the chamber, where the device includes:

[0165] an optical module, adapted to select i wavelengths
from radiance emitted from the susceptor through a substrate,
obtain at least i pieces of radiance corresponding to the
selected 1 wavelengths, and convert an optical signal contain-
ing the i wavelengths and the i pieces of radiance into an
electrical signal, where i is a natural number greater than 1;
[0166] an analog module, adapted to amplify and de-noise
the electrical signal;

[0167] a digital synchronization module, adapted to per-
form a Digital to Analog (D/A) conversion and synchroniza-
tion on the amplified and de-noised electrical signal; and
[0168] acalculating and analyzing means in which a math-
ematical equation of E(A,)=T(d)xM(A,,T) is pre-stored,
where the calculating and analyzing means is adapted to
calculate the temperature of the substrate based on the i pieces
of radiance and the i wavelengths, by using the mathematical
equation: E(A)=T(d)xM(A,,T), where E(A,) is the ith radiant
quantity, T(d) is transmittance of the substrate, which is a
function of thickness d of a film grown on the substrate, and
M(%,,T) is blackbody radiation equation, which is a function
of the ith wavelength A, and the substrate temperature T.
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[0169] Optically, the optical module includes:

[0170] a firstlens, provided above the observation opening,
and adapted to converge, direct and transmit, to a spectro-
scope, the radiance emitted from the susceptor through a
substrate;

[0171] i-1 spectroscopes, adapted to divide the optical sig-
nal containing the radiance transmitted from the lens into
optical signals in different wavelength intervals;

[0172] 1 filters, adapted to select i wavelengths from the
optical signals containing different wavelengths divided by
the spectroscopes, and obtain, from the optical signals, at
least 1 pieces of radiance corresponding to the selected i
wavelengths;

[0173] i second lenses, adapted to converge and direct, to a
plurality of sensors, the optical signals containing the i wave-
lengths and the at least i pieces of radiance corresponding to
the i wavelengths; and

[0174] 1 sensors, adapted to convert the optical signals
transmitted from the i second lenses into electrical signals
respectively,

[0175] where the i filters, the i second lenses, and the i
sensors are divided into 1 groups, one filter, one second lens
and one sensor are connected in series in this order in each
group, and the i groups output in parallel i electrical signals
containing the i wavelengths and the at least i pieces of radi-
ance corresponding to the i wavelengths.

[0176] Optically, the optical module includes:

[0177] alens, provided above the observation opening, and
adapted to converge, direct and transmit, to a fiber, the radi-
ance emitted from the susceptor through a substrate;

[0178] anoptical fiber, connected to the lens, and adapted to
transmit the radiance transmitted from the lens to i filters;
[0179] the i filters, adapted to select i wavelengths from the
optical signals containing the radiance, and obtain at least i
pieces of radiance corresponding to the selected i wave-
lengths from the optical signals; and

[0180] i sensors, adapted to convert the optical signals
transmitted from the filters into electrical signals respectively,
[0181] where the i filters and the i sensors are divided into
i groups, one filter and one sensor are connected in series in
this order in each group, and the i groups output in parallel i
electrical signals containing the i wavelengths and the at least
i pieces of radiance corresponding to the i wavelengths.
[0182] The analog module includes:

[0183] iamplifiers, adapted to amplify the electrical signals
transmitted from the optical module; and

[0184] i filters, adapted to de-noise the amplified electrical
signals,
[0185] where the i amplifiers and the i filters are divided

into i groups, one amplifier and one filter are connected in
series in this order in each group, and the i groups output in
parallel i analog electrical signals containing the i wave-
lengths and the at least i pieces of radiance corresponding to
the i wavelengths.

[0186] The digital synchronization module includes:
[0187] i Analog to Digital (A/D) converters, connected to
the analog module and adapted to convert analog electrical
signals transmitted from the analog module into digital sig-
nals respectively; and

[0188] a Field Programmable Gate Array (FPGA), con-
nected to the i A/D converters and adapted to synchronize the
digital signals.
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[0189] Optically, referring to FIG. 4(a), according to an
embodiment of the invention, the optical module 2047
includes:

[0190] a first lens 202, provided above the observation
opening 201, and adapted to converge, direct and transmit to
a spectroscope 2010 the radiance emitted from the susceptor
206 through a substrate W;

[0191] the spectroscope 2010, connected to the first lens
202, and adapted to divide the optical signal containing the
radiance transmitted from the first lens 202 into optical sig-
nals in different wavelength intervals;

[0192] first filters 20414 and 20415, connected to the spec-
troscope 2010, and adapted to select i wavelengths from the
optical signals containing different wavelengths divided by
the spectroscope, and obtain at least i pieces of radiance
corresponding to the selected 1 wavelengths from the optical
signals;

[0193] second lenses 202a and 2024, connected to the first
filters 2041a and 20415 respectively, and adapted to converge
and direct, to sensors 2042a and 20425, the optical signals
containing the i wavelengths and the at least i pieces of radi-
ance corresponding to the i wavelengths; and

[0194] the sensors 2042a and 20425, adapted to convert the
optical signals transmitted from the second lenses 202a and
2025 into electrical signals respectively.

[0195] Optically, referring to FIG. 4(b), according to
another embodiment of the invention, the optical module
2047 includes:

[0196] a first lens 202", provided above the observation
opening, and adapted to converge, direct and transmit to an
optical fiber radiance emitted from the susceptor 206 through
a substrate W,

[0197] the optical fiber 203, connected to the first lens 202",
and adapted to transmit to multiple first filters 20414'-2041%'
the radiance transmitted from the first lens 202";

[0198] the first filters 20414'-20415', adapted to select i
wavelengths from optical signals containing the radiance, and
obtain at least i pieces of radiance corresponding to the
selected 1 wavelengths from the optical signals; and

[0199] sensors 20424'-20425', adapted to convert the opti-
cal signals transmitted from the first filters 20414'-20415' into
electrical signals respectively.

[0200] Further, the analog module 2048 includes:

[0201] amplifiers 2043a-2043b, adapted to amplify the
electrical signals transmitted from the optical module 2047;
and

[0202] second filters 2041¢-2041d, connected to the ampli-
fiers 2043a-20435 respectively, and adapted to de-noise the
amplified electrical signals.

[0203] Further, the digital synchronization module 2049
includes:
[0204] Analog to Digital (A/D) converters 2044a-20445,

connected to the analog module 2048 and adapted to convert
the electrical signals transmitted from the analog module
2048 into digital signals respectively; and

[0205] a Field Programmable Gate Array (FPGA) 2045,
connected to the A/D converters 2044a-20445 and adapted to
synchronize the digital signals.

[0206] The function and the calculation process ofthe mea-
surement device according to the third aspect of the invention
is the same as those of the first and second aspects and thus has
been describe in detail in the first and second aspects, which
will not be described here for concision.
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[0207] For example, according to another embodiment of
the invention, the invention can also be applied to a plasma
etcher. The application of the invention in the etcher is differ-
ent from that in the MOCVD reactor in that only one substrate
is provided on the susceptor positioned in the center of the
chamber, because only one substrate is processed for the
manufacture process in the etcher. Accordingly, the observa-
tion opening should also be provided in the center of the top
of the chamber. However, the functional structure of each
means and the calculation process of the substrate tempera-
ture in the embodiment are the same as those in the MOCVD
embodiment, and thus are not described in detail for conci-
sion.

[0208] It should be understood by those skilled in the art
that solutions implemented by hardware, software and a com-
bination thereof that have been used in the above means in the
prior art can be used in the invention for achieving the specific
function, which will not be described in detail for concision.

[0209] FIG.7 shows the technical effect of the prior art. The
x-coordinate represents the thickness of the film grown on the
substrate, and the y-coordinate represents the ratio of the
reference substrate temperature to the actual substrate tem-
perature. It can be seen that when the actual substrate tem-
perature approximates to the reference substrate temperature,
the y-coordinate value approximates to 1. Referring to FIG. 7,
as more films are grown by epitaxy on the substrate during the
MOCVD manufacture process and thus the substrate has the
structure including a base material and multiple films, the
curve swings significantly near the y-coordinate value 1. The
average difference between the actual substrate temperature
and the reference substrate temperature is greater than 25%,
even up to 30%-40%. Therefore, the mechanism for measur-
ing the substrate temperature in the prior art is extremely
unreliable, has low accuracy and will generate big error. How-
ever, the control of the substrate temperature is very impor-
tant, particularly in the MOCVD manufacture process, and
the stability and accuracy of the substrate temperature will
directly affect the effect of the manufacture process.

[0210] FIG. 8 shows the technical effect of the invention.
The x-coordinate represents the thickness of the film grown
on the substrate, and the y-coordinate represents the ratio of
the reference substrate temperature to the actual substrate
temperature. It can be seen that when the actual substrate
temperature approximates to the reference substrate tempera-
ture, the y-coordinate value approximates to 1. Referring to
FIG. 8, as more films are grown by epitaxy on the substrate
during the MOCVD manufacture process and thus the sub-
strate has the structure including a base material and multiple
films, the curve will follow the y-coordinate value 1 with a
fluctuation of small amplitude. The difference between the
actual substrate temperature and the reference substrate tem-
perature is within a controllable range, and the error can be
ignored. Therefore, the temperature control mechanism of the
invention is efficient, reliable and has a high accuracy.

[0211] Further, in the invention, the measurement of the
substrate temperature is not based on the reflection principle,
thus the temperature measurement in the invention will not be
affected, even if the centrifugal force caused by the high-
speed rotation of the susceptor causes the substrate placed in
the groove or access of the susceptor to slope, or the surface
of the substrate is uneven because patterns are generated on
the surface of the substrate due to multiple films grown on the
substrate by epitaxy during the manufacture process.
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[0212] The content of the invention have been described in
detail in conjunction with the above preferable embodiments.
However, it should be understood that the above description
should not be considered as to limit the invention. Itis obvious
that many modifications and substitutions can be made by
those skilled in the art after reading the above content. There-
fore, the protection scope of the invention should be defined
by the appended claims.

1. A method for determining temperature of a substrate in
a vacuum processing apparatus, the substrate to be measured
being placed on a susceptor in the vacuum processing appa-
ratus for a manufacture process, wherein the method com-
prises:
selecting i wavelengths from radiance emitted from the
susceptor through a substrate, wherein i is a natural
number greater than 1;
obtaining at least i pieces of radiance corresponding to the
selected 1 wavelengths; and
calculating the temperature of the substrate based on the i
pieces of radiance and the i wavelengths, by using a
mathematical equation:

E(h)=T( )M}, T),

wherein A, is the ith wavelength, T is the temperature of the
substrate, E(A,) is the ith radiant quantity corresponding
to the ith wavelength A, T(d) is transmittance of the
substrate, which is a function of thickness d of a film
grown on the substrate, and M(A,,T) is blackbody radia-
tion equation, which is a function of the ith wavelength
A, and the temperature of the substrate T.

2. The method according to claim 1, wherein

the vacuum processing apparatus comprises a Metal-Or-
ganic Chemical Vapor Deposition (MOCVD) reactor,
and

at least one film is grown on the substrate by epitaxy in the
manufacture process, so that the substrate has a structure
including a base material and the at least one film.

3. The method according to claim 1, wherein the blackbody

radiation equation is:

2rhe? 1
M. 1) = —5— e 1

wherein h is Planck constant, ¢ is light speed, and k is
Boltzmann constant.

4. The method according to claim 3, wherein the transmit-
tance of the substrate is determined by:

T(d)=1-R,
wherein R is refractive index,
the refractive index is determined by:
R=rr¥,
wherein r is amplitude reflectance, and r* is conjugation of
rS
the amplitude reflectance is determined by:

I’Lo—y

no, Y’
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wherein n, is refractive index of a medium in which the
radiance is transmitted through the substrate, and Y is an
equivalent refractive index:

B
Y=2,
C

wherein B and C are determined by the following matrix:

isind;
(B] cosdy p ( 1 ]
= 1 A
c 2

inysind;  cosd;

wherein 1), and 1), are determined by:

for a p-component, n,=n,/cos 0, and n,=n,/cos 0; and

for a s-component, ,=n, cos 6, and 1,=n, cos 6,

0 is an angle between a direction in which the radiance is
obtained and a normal, and 9, is determined by:

2nny dy
=———c

[ 0s6,

i

wherein d, represents thickness of the top film on the sub-
strate, A, represents the i, wavelength selected from the
radiance, n, represents refractive index of the top film on
the substrate, and n, represents an equivalent refractive
index of the base material and the rest of films of the
substrate.

5. The method according to claim 4, further comprising:

selecting any two wavelengths from the i wavelengths,
wherein 1 is equal to or greater than 3; and

obtaining C,? substrate temperature values T and C,? film
thickness values d, by substituting the selected two
wavelengths for the wavelength in the mathematical
equation: E(A)=T(d)xM(A,,T).

6. The method according to claim 5, further comprising:

comparing the measured substrate temperature with a pre-
stored reference substrate temperature; and

controlling a heater in the vacuum processing apparatus to
adjust the current temperature of the substrate.

7. A device for determining temperature of a substrate in a
vacuum processing apparatus, the substrate to be measured
being placed on a susceptor in the vacuum processing appa-
ratus for a manufacture process, wherein the device com-
prises:

a wavelength selecting means, adapted to select i wave-
lengths from radiance emitted from the susceptor
through a substrate, wherein i is a natural number greater
than 1;

a radiant quantity obtaining means, adapted to obtain at
least i pieces of radiance corresponding to the selected i
wavelengths; and

a calculating and analyzing means, adapted to calculate the
temperature of the substrate based on the i pieces of
radiance and the i wavelengths, by using a mathematical
equation:

E(h)=T(d)xM(};, T),

wherein A, is the ith wavelength, T is the temperature of the
substrate, E(A,) is the ith radiant quantity corresponding
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to the ith wavelength A, T(d) is transmittance of the
substrate, which is a function of thickness d of a film
grown on the substrate, and M(A,,T) is blackbody radia-
tion equation, which is a function of the ith wavelength
A, and the temperature of the substrate T.

8. The device according to claim 7, wherein

the vacuum processing apparatus comprises a Metal-Or-
ganic Chemical Vapor Deposition (MOCVD) reactor,
and

at least one film is grown on the substrate by epitaxy in the
manufacture process, so that the substrate has a structure
including a base material and the at least one film.

9. The device according to claim 7, wherein the blackbody

radiation equation is:

2rhe? 1
M. 1) = —5— e 1

wherein h is Planck constant, ¢ is light speed, and k is
Boltzmann constant.
10. The device according to claim 9, wherein the transmit-
tance of the substrate is determined by:

T(d)=1-R,
wherein R is refractive index,
the refractive index is determined by:
R=rr¥,
wherein r is amplitude reflectance, and r* is conjugation of
r.
the ’amplitude reflectance is determined by:

_no—Y

no, Y’

wherein n, is refractive index of a medium in which the
radiance is transmitted through the substrate, and Y is an
equivalent refractive index:

wherein B and C are determined by the following matrix:

isind;
B cosd| 1
= m s
C m

inysind;  cosd;

wherein 1, and 1, are determined by:

for a p-component, n,=n,/cos 6, and n,=n,/cos 0; and

for a s-component, 1,=n, cos 0, and n,=n, cos 0,

0 is an angle between a direction in which the radiance is
obtained and a normal, and 9, is determined by:

_ Zﬂﬂl dl

i

Sy cosf,
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wherein d, represents thickness of the top film on the sub-
strate, A, represents the ith wavelength selected from the
radiance, n, represents refractive index of the top film on
the substrate, and n, represents an equivalent refractive
index of the base material and the rest of films of the
substrate.

11. The device according to claim 10, wherein the calcu-
lating and analyzing means is connected to the Metal-Organic
Chemical Vapor Deposition reactor, and is further adapted to:

select any two wavelengths from the i wavelengths,

wherein 1 is equal to or greater than 3; and

obtain C,? substrate temperature values T and C/? film

thicknesses values d, by substituting the selected two
wavelengths for the wavelength in the mathematical
equation: E(A)=T(d)xM(A,,T).

12. The device according to claim 11, wherein

a reference substrate temperature is pre-stored in the cal-

culating and analyzing means, and

the calculating and analyzing means is further adapted to:

compare the measured substrate temperature with the pre-

stored reference substrate temperature; and

control a heater in the vacuum processing apparatus to

adjust the current temperature of the substrate.

13. A device for determining temperature of a substrate in
a vacuum processing apparatus, the substrate to be measured
being placed on a susceptor in the vacuum processing appa-
ratus for a manufacture process, the vacuum processing appa-
ratus comprising a chamber, and an observation opening
being provided on the top of the chamber, wherein the device
comprises:

an optical module, adapted to select i wavelengths from

radiance emitted from the susceptor through a substrate,
obtain at least i pieces of radiance corresponding to the
selected 1 wavelengths, and convert an optical signal
containing the i wavelengths and the i pieces of radiance
into an electrical signal, wherein i is a natural number
greater than 1;

an analog module, adapted to amplify and de-noise the

electrical signal;
adigital synchronization module, adapted to perform Digi-
tal to Analog (D/A) conversion and synchronization on
the amplified and de-noised electrical signal; and

acalculating and analyzing means in which a mathematical
equation of E(A)=T(d)xM(A,,T) is pre-stored, wherein
the calculating and analyzing means is adapted to cal-
culate the temperature of the substrate based on the i
pieces of radiance and the i wavelengths, by using the
mathematical equation:

E(h)=T(d)xM(};, T),

wherein A, is the ith wavelength, T is the temperature of the
substrate, E(A,) is the ith radiant quantity corresponding
to the ith wavelength A;, T(d) is transmittance of the
substrate, which is a function of thickness d of a film
grown on the substrate, and M(A,,T) is blackbody radia-
tion equation, which is a function of the ith wavelength
A, and the temperature of the substrate T.

14. The device according to claim 13, wherein the optical

module comprises:

a first lens, provided above the observation opening, and
adapted to converge, direct and transmit to spectro-
scopes the radiance emitted from the susceptor through
a substrate;

13
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i-1 spectroscopes, adapted to divide the optical signal con-
taining the radiance transmitted from the first lens into
optical signals in different wavelength intervals;

i filters, adapted to select 1 wavelengths from the optical
signals containing different wavelengths divided by the
spectroscopes, and obtain at least i pieces of radiance
corresponding to the selected i wavelengths from the
optical signals;

i second lenses, adapted to converge and direct, to a plu-
rality of sensors, the optical signals containing the i
wavelengths and the at least i pieces of radiance corre-
sponding to the i wavelengths; and

i sensors, adapted to convert the optical signals transmitted
from the i second lenses into electrical signals respec-
tively,

wherein the i filters, the i second lenses, and the i sensors
are divided into i groups, one filter, one second lens and
one sensor are connected in series in this order in each
group, and the i groups output in parallel i electrical
signals containing the i wavelengths and the at least i
pieces of radiance corresponding to the i wavelengths.

or, the optical module comprises:

a lens, provided above the observation opening, and
adapted to converge, direct and transmit to a fiber the
radiance emitted from the susceptor through a substrate;

an optical fiber, connected to the lens, and adapted to trans-
mit the radiance transmitted from the lens to i filters;

the i filters, adapted to select i wavelengths from the optical
signal containing the radiance, and obtain at least i
pieces of radiance corresponding to the selected i wave-
lengths from the optical signal; and

i sensors, adapted to convert the optical signals transmitted
from the i filters into electrical signals respectively,

wherein the i filters and the i sensors are divided into i
groups, one filter and one sensor are connected in series
in this order in each group, and the i groups output in
parallel i electrical signals containing the i wavelengths
and the at least i pieces of radiance corresponding to the
i wavelengths.

15. The device according to any one of claim 13, wherein
the analog module comprises:

i amplifiers, adapted to amplify the electrical signals trans-
mitted from the optical module; and

ifilters, adapted to de-noise the amplified electrical signals,

wherein the i amplifiers and the i filters are divided into i
groups, one amplifier and one filter are connected in
series in this order in each group, and the 1 groups output
in parallel i analog electrical signals containing the i
wavelengths and the at least i pieces of radiance corre-
sponding to the i wavelengths.

16. The device according to claim 15, wherein the digital
synchronization module comprises:

i Analog to Digital (A/D) converters, connected to the
analog module and adapted to convert the analog elec-
trical signals transmitted from the analog module into
digital signals respectively; and

a Field Programmable Gate Array (FPGA), connected to
the 1 Analog to Digital converters and adapted to syn-
chronize the digital signals.
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17. The device according to claim 16, wherein the black-
body radiation equation is:

2nhe® 1
M@, 1) = A5 ghdMT _ 10

wherein h is Planck constant, ¢ is light speed, and k is
Boltzmann constant.

18. The device according to claim 17, wherein the trans-
mittance of the substrate is determined by:

T(d)=1-R,
wherein R is refractive index,
the refractive index is determined by:
R=rr¥,
wherein r is amplitude reflectance, and r* is conjugation of
r 3

the amplitude reflectance is determined by:

I’Lo—y

I’L0+Y ’

wherein n, is refractive index of a medium in which the
radiance is transmitted through the substrate, and Y is an
equivalent refractive index:
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wherein B and C are determined by the following matrix:

isind;
(B] cosdy p ( 1 ]
= 1 s
c 2

inysind;  cosd;

wherein 1, and 1, are determined by:

for a p-component, n,=n,/cos 6, and n,=n,/cos 0; and

for a s-component, 1,=n, cos 6, and 1,=n, cos 6,

0 is an angle between a direction in which the radiance is
obtained and a normal, and 9, is determined by:

Zﬂﬂldl
==

cosf,

wherein d, represents thickness of the top film on the sub-
strate, A, represents the ith wavelength selected from the
radiance, n, represents refractive index of the top film on
the substrate, and n, represents an equivalent refractive
index of the base material and the rest of films of the
substrate.

19. The device according to claim 18, wherein the calcu-
lating and analyzing means is connected to the Metal-Organic
Chemical Vapor Deposition reactor, and is further adapted to:

select any two wavelengths from the i wavelengths,

wherein i is equal to or greater than 3; and

obtain C,* substrate temperature values T and C; film

thickness values d, by substituting the selected two
wavelengths for the wavelength in the mathematical
equation: E(A)=T(d)xM(A,,T).

20. The device according to claim 19, wherein

a reference substrate temperature is pre-stored in the cal-

culating and analyzing means, and

the calculating and analyzing means is further adapted to:

compare the measured substrate temperature with the ref-

erence substrate temperature; and

control the vacuum processing apparatus to adjust the cur-

rent temperature of the substrate.
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