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METHOD FOR DB!rBIUl:IHDiG THE '.RHPERATUU 

.S :rie1d qf 1;he Xnyention 

The present invention is qenerally directed to a 
method far determininq the temperature in a thermal 
processing chamber. In one embodiment, the method for 
det~rmining the t9111Perature within the tbeX'lllal 

10 processinq chamber is used to calibrate temperature 
sensinq devices contained within the chamber. The 

method of the present invention is particularly well 

suited for making temperature determinations in a 
thermal processinq chamber containing either an 

15 oxidizing atmosphere or a reducing atmosphere. 
Bagkgrpun4 of the Xpyention 

A thermal processing chamber as used herein 
refers to a device that rapiclly heats objects, such as 
semiconductor wafers. Such devices typically include 

20 a substrate hol.der for holding one er more 
sellli.conductor wafers and a liqht source that emits 
liqht energy for heating the wafers. DUrinq heat 
treatment, tbe seaiconcluator wafers are heated under 
controlled conditions acc0rding to a preset 

25 temperature regime. During heating, various processes 
can be carried out within the thermal processing 
chamber, such as rapid tb.eJ:mal oxidation, nitridation, 
annealing, silicidation, sintering, and metallization. 

Many semiconductor heating processes require a 
.30 wafer to be heated to high temperatures so that the 

various chemical an4 physical transformations can take 
place as the wafer is fabricated into a device. 
During rapid thernal processing, for instance, 
semiconductor waters are typically heated by an array 

35 of 1iqhts to temperatures from about 300°C to about 
1,200°c, for times which are typically less than a few 
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minutes. During these processes, one main qoal is to 

heat the wafers as uniformly as possible. 

During the rapid thermal processinq of a 

semiconductor wafer, it is desirable to monitor and 
5 control the wafer.temperature. In particular, for all 

of the hiqh temperature waf~ processes of current and 

foreseeable interest, it is i211po.rtant that the true 

temperature of the wafer be·determined with hiqh 

accuracy, repeatability and. speed. 'l'he ability to 
10 accurately measure the temperature of a wafer has a 

direct payoff in the quality and size of the 
manufactured integrated circuit. For instance, the 
smallest feature size required for aqiven · 

semiconductor device limits the computing speed of the 

15 finished microchip. The feature size in turn is 

linked to the ability to measure and control the 
temperature of the device during processinq. 

One of the most significant challenges in wafer 
heating systems is the ability to accurately meas~re 

20 the temperature of substrates during the heating 
process. I~ the past, various means and devices for 
measuring the temperature of substrates in thermal 

processing chambers have been developed. Such devices 

include, for instance, pyrometers, thermocouples that 

25 directly contact the substrate or that are placed 
adjacent to the substrate, and the use of laser 

interference. 
:i:n order to use each of the above devices in a 

thermal processinq chamber, the devices general.ly need 

30 to be calibrated. consequently, various calibration 
procedures also exist in order to a1ign the 
temperature readings of the devices with some absolute 

and accurate temperature ~eference. The current state 

of the art and the most widely used method to 

35 calibrate temperature devices in thermal processing 
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chambers is to place in the chambers a semiconductor 
wafer having a thermocouple embedded in the wafer. 
The temperature measurements taken from the 
thermocouple is compared with the temperature readinqs 

5 received from the temperature measuring devices and 
any discrepancy is calibrated out. 

Another method that has been-used in the past to 
calibrate temperature sensing devices contained within 
thermal processing chambers is to heat a substrate 

10 within the chamber that underqoes a chemical or 
physical transformation when heated to a particu1ar 
temperature. By observing or measuring the chemical 
or physical transformation.that occurs, the 
temperature to Which the substrate was heated can be 

15 accurately determined which can then be used to 
ca1ibrate other telllperature sensing devices contained 
within the chamber. For example, in one embodiment, 
silicon oxidation can be carried out within the 
chamber by heatinq a silicon substrate. The amount or 

20 extent of oxidation that occurs when the substrate is 
heated indicates the temperature to which the 
substrate was exposed. Besides silicon oxidation, 
other calibration methods include ion implant 
activation, such as As+ implant or BF2+ implant, and 

25 silicidation of refractory metals, such as titanium 
and cobalt. 

Althouqh the above methods offer various 
advantages over the use of a thermocouple embedded 
within a semiconductor wafer for cal.il>ratinq 

30 temperature sensing devices, the above calibration 
methods are 9eneral.ly only useful in higher 
temperature ranges and have not been used to calibrate 
temperature sensing devices at temperatures less than 
about 500°C. CUrrently, more and more processes are 

35 beinq conducted at lower temperatures creatinq a need 

liiUil 
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for accurate and precise temperature measurements 
within lower temperature ranqes. As such, a need 
currentiy exists for an improved process for 
calibrating temperature sensing devices contained 
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5 within thermal processing chambers. In particular, a 
need exists for a process for calibratinq temperature 
sensing devices at lower temperatures and when various 
qases are beinq circulated throuqh the chamber. 

S1nmpary of the :Invention 
10 The present invention recognizes and addresses 

the foregoi:nq disadvantaqes and others of prior art 
constructions and methods. 

Accordingly, it is an object of the present 
invention to provide an improved system and process 

15 for measuring the temperature of semiconductor wafers 
in thermal processing chambers. 

Another object of the present invention is to 
provide a process ior calibrating temperature sensing 
devices contained within thermal processing chambers. 

20 rt is another object of the present invention to 
calibrate temperature sensing devices in theraal 
processing chambers at lower temperatures and in the 
presence 0£ oxidizing or reducing gases. 

Still another object of the present invention to 
25 calil:>rate temperature sensing devices in. thermal 

processing chambers when the chambers are designed to 
contain steam during heating processes. 

Another object of the present invention is to 
provide a process for determining the temperature in a 

30 the~l processing chamber using a sUbstrate having a 
copper surface that forms a oopper oxide coating' 
during heating and Wherein the thickness of the copper 
oxide coating indicates the temperature within the 
chalOber. 

35 These and other objects of the present invention 

UiiiiiT 
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are achieved by providing a process for measuring the 
temperature of substrates in a thermal processing 
chamber. The process includes the steps of placing a 
substrate in a tberma1 processing chamber. In cne 

5 embodi•ent of the present invention, the substrate 
includes a surface made from a material comprising 
copper. For instance, the substrate can be a 
semiconductor wafer made from a material such as 

sil.icon. A copper coatinq can be adhered to the 
10 semiconductor wafer. The copper coating can have a 

thickness, for instance, of at least 2,000 angstroms, 
and particularl.y frOll\ about 2,000 anqstroms to about l 

micron. 
Once piaced within the thermal processing 

15 chamber, the substrate is heated for a determined 
interval of time in the presence of an oxidizing 
atmosphere. In particular, the substrate is heated to 
a predetermined ~ximum temperature very rapidly and 
maintained at that temperature for a period of time. 

20 'l'he temperature to which the substrate is heated 
should be sufficient for a coating of oxidized copper 
to form on the surface of the substrate. 

According to the present invention, in order to 
determine the temperature to which the substrate was 

·25 heated, the thickness of the oxidized coating is then 
measured •. The thickness of the oxidized coating can 
be measured according to various methods, such as 
using spectroscopic elli~sometry. Based upon the 
thickness of the oxidized copper coating, a 

30 temperature can be determined. 
~t is be1ieved that the process of the present 

invention can be used with various different types of 
thermal processing chambers. In one preferred 
etnbodi111ent, the thermal processing chamber used in 

35 accordance with the process of the present invention 
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inc1udes a plurality of light energy sources which are 
designed to beat the wafers placed in the chamber. As 
described above, in this embodiment of the present 
invention, the process is designed to indicate the 

5 temperature in a thermal processing chamber when the 
chamber contains an oxidizin9 environment. For 
instance, the present invention is well suited to 

\. . 

determining the temperature of substrates in a thermal 
processing chamber when such gases such as steam, 

10 oxygen, and/or nitrogen oxides are present within the 

chamber. These gases may be circulated through the 
chamber in or~er to carry out various processes during 
the construction of an integrated circuit. These 

gases, however, can interfere with temperature 
15 measurements being conducted inside the cha~r. The 

present invention is designed to account for any such 
discrepancies and can therefore be used to calibrate 
temperature sensing devices contained within the 
chamber. 

20 Par instance, by determining the temperature of 
the substrate according to the above process, 
temperature sensing devices contained.within the 
chamber can be calibrated based upon the temperature 
that is determined from the thickness of the oxidized 

25 coatinq. The telllperature sensing device contained 
within the thermal processing chambe:r can be, for 
instance, a thermocouple and/or a pyrometer. Of 
particular advant,ge, it has been discovered that the 
process of the present invention is particularly well 

30 suited to calibrating temperature sensing devices at 
temperatures 1ess than 6oo•c, and particularly less 
than about soo•c. 

Besides being used to calibrate temperature 
sensing devices, the process of the present invention 

35 can also be used to determine whether a substrate 
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placed in the chamber is heated. uniformly. For 
instance, the thickness of the oxidized copper coating 
can be determined at a plurality of locations on the 
substrate. If the thickness of the coating is 

5 constant over the surface of the substrate, then the 

sUbstrate. is beinq heated uniformly. If, however, the 
thickness of the coatinq varies, that may indicate 
that the substrate is not being heated even1y across 
its surface. :Cf such is the case, based upon 

10 measurements taken accordinq to the present invention, 
the heating. device used in conjunction with the 
thermal processinq chamber can be adjusted and 
aodified accordingly. For instance, if liqht enerqy 
sourc~s are beJ.nq used to heat sW>strates within the 

15 chmnber, the irradiance distribution of the liqht 
energy sources can be adjusted in order to more 
uniforml.y heat substrates. 

Besides being used to measure tmuperatures in an 
oxidizing atmosphere, an alternative embodiment of the 

20 present invention is directed to a precess for 
measuring temperature& in a reducinq at•osphere •. In 
this embodiment, instead of ccntaininq a copper 
coatinq, the substrate placed in the thermal 
processing chamber contains an oxidized copper 

25 coating. When heated in a reducing atmosphere, the 
oxidized copper coating reduces to copper which in 
turn reduces the thickness of the coatinq. Measuring 
the reduction of thickness in the oxidized copper 
coating can then be used to determine the temperature 

30 to which the substrate was heated. Similar to the 
embodilllent described above, the process is 
particular1y wall suited for determininq temperatures 
of l.ess than about Goo•c. The reducing atmosphere 
under which the process is carried out can be created 

35 by feeding to the processing chamber a reducing 9as 
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such as hydrogen. Hydroqen gas is commonly circulated 
through thermal processing chambers in order to carry 
out various processes on semiconductor wafers. Such 
processes include, for instance, sinterinq and 

s metallization. 

10 

other objects, features and aspects of the 
p~esent invention are discussed in greater detail 
below. 

Brief Description of the PraWi.ngs 
A ful1 and enabling disclosure of the present 

invention, including the best mode thereof, directed 
to one of ordinary skill in the art,_is set forth more 
particularly in the remainder of the specification, 
which makes reference to the appended figures in 

15 which: 
Figure i is a cross-sectional view of an 

exemplary embodiment of a thermal processing chamber 
that may be used in accordance with the present 
invention; 

20 Figure 2 is graphical representation of the 
results obtained in BX.ample 11 

Figure 3 is a graphical representation of the 
results obtained in Example 11 

Figure 4 is a graphical representation of the 
25 results achieved in Figure 1: 

Fiqure 5 is a graphical representation of the 
results obtained in Example 2: and 

Figure 6 is a graphical representation of the 
results obtained in example 2. 

30 Repeat use of references characters in the 

35 

present specification and drawinqs is intended to 
represent same or analogous features or elements of 
the invention. 

netailed pescxiption of the Preferred Jmhodj.J!lents 
It is to be understood by one of ordinary skill 
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in the art that the present discussion is a 
description of exemplary embodiments only, and is not 
intende~ as 1imitinq the broader aspects of the 
present invention, which broader aspects are embodied 

5 in the exemplary construction. 
Xn general, the present invention is directed to 

a method and to a system for deteJ:111ining the 
temp~rature of.an object, particularly a semiconductor 
wafer, in a thermal processinq chamber durinq heat 

10 treatment. The system of the present invention is 
particularly well suited to determining the 
temperature of semiconductor wafers in an oxidizing or 
reducing atmosphere at relatively lower temperatures, 
su9h as less than about 6oo•c. The process of the 

15 pres~t invention has been found to produce very 
accurate temperature measurements which can then be 
used to calibrate other temperature sensing devices 
found within the thermal processing chamber. ':rhe 
present invention can also provide information as to 

20 the degree of temperature uniformity that is achieved 
when a semiconductor wafer is heated. This 
infor.mation can be used to make adjustments and 
chanqes in the equipment that is used to heat the 
wafer. 

25 Xn order to determine the temperature of an 
object in a thenial processinq chamber accordinq to 
the present invention, a substrate having a reactive 
coatinq is pl.aced within the chamber. For instance, 
in one embodiment, the substrate can be a sil.icon 

30 wafer having a copper coating adhered to one surface 
of the wafer. once placed in the thermal processing 
chamber, the coated substrate is heated in an 
oxidizing atmosphere which partially oxidizes the 
copper coating. The copper oxide thickness is then 

35 measured using a suitable device. Because copper 
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oxide qrowth is temperature dependent, a temperature 
can then be determined and calculated based upon the 
thickness of the copper oxide, which can then be used 
to calibrate other temperature sensing devices 

5 contained within the chamber. Purther, the copper 
oxide thickness uniformity across the wafer can be 
translated into temperature uniformity across the 
wafer. 

J:n an alternative embodiaent, the substrate can 
10 be precoated with a copper oxide coating and the 

substrate can be heated in a reducing atmosphere as 
opposed to an oxidizinq atmosphere. In a reducing 
atmosphere, copper oxide is converted into copper 
causinq the thickness of the copper oxide coating to. 

15 be reduced. 
thickness of 
to which the 
determined. 

By measuring the reducti.on in the 
the copper oxide coating, a temperature 
stibstrate was heated can be accurately 

various different processes are carried out in 
20 thermal processing chamb~s such as oxidation, 

nitridation, annealinq, :metallization, sintering, 
silicidation, and other various processes. J:n each of 
these processes, not only is the operating temperature 
varied, but also various different qases are 

25 circu1ated through the Chamber. It is well known that 
the reaction ambient or, in other words, the 
particular gases that are circulated tbrouqh the 
chamber can drastically influence the teJ!lPerature of a 
substrate and the rate at whieh the substrate is 

30 heated. '!'he process of the present invention is 
directed to determining temperatures in thermal 
processing chambers in the presence of various 
different types of qases. This temperature 
information can then be used to calibrate temperature 

35 sensing devices found within the.chamber which are 
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used to monitor the temperature of wafers in the 
chamber. 
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In accordance with the present invention, when 
ca~ibratinq a temperature sensinq device found within 

5 the chamber, preferably the process of the present 
invention is carried out as close as possible to 
actual process conditions. In this manner, accurate 
and reliable temperature information is qenerated 
which can then be used to ·calibrate temperature 

10 instruments within the chamber for the particular 
process. 

As will be made apparent from the followinq 
description, the system of the present invention 
offers many advantaqes over prior art constructions. 

15 Por instance 1 the process of the present invention can 
be used not only to determine a wide range of 
temperatures, but is al.so particularly well suited to 
monitorinq relatively low temperatures, such as less 
than about 6oo•c. Further, the process is very 

20 re1iable, simple and accurate. Finally, as described 
above, the system of the present invention, besides 
beinq used to determine temperatures within thermal 
processing chambers, .is also well suited to 
determining whether objects within the chamber are 

25 being heated uniformly. 
Referring to Fiqure l, for exemplary purposes 

only, one emboCliment of a thermal processing system 10 
for heat treating one.or more wafers made frOlD a 
semiconductive material, such as silicon, is 

30 illustrated. System 10 includes a processinq chamber 
12 adapted to receive substrates such as a wafer 14 
for conducting various processes. As shown, wafer 14 
is positioned on a substrate holder 15 made from a 
thermal insul.ating 10aterial such as quartz. Chamber 

35 12 is desiqned to heat wafer 14 at very rapid rates 
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and under carefully controlled conditions. Chamber 12 
can be made from various materials, including metals 
and ceramics. For instance, chamber 12 can be made 
from stainless steel or quartz. 

s· When chamber 12 is made from a heat conductive 
material, preferably the chamber includes a cooling 
system. For instance, as shown in Figure 1, chamber 
12 includes a cooling conduit 16 wrapped around the 
perimeter of the chamber. ·Conduit 16 is adapted to 

10 circu1ate a coo];ing fluid, such as water, which is 
used to maintain the walls of chamber 12 at a constant 
temperature. 

Chamber 12 can also include a qas inlet 18.and a 
gas outlet 20 for introducing a qas into the chamber 

15 and/or for maintaining the chamber within a preset 
pressure ranqe. . For instance, a gas can be introduced 
into chamber 12 through qas in1et 18 tor reaction with 
wafer 14. once processed, the gas can then be 
evacuated from the chamber usinq qas outlet 20. 

20 Alternatively, an inert qas can be fed to chamber 

12 throuqh qas inlet 18 for preventing any unwanted or 
undesirable side reactions from occurring within the 
chamber. In a further embodiment, qas inlet 18 and 
gas out1et 20 can be U$ed to pressurize chamber 12. A 

25 vacuum can also be created in chamber 12 when desired, 
using gas outlet 20 or an additional larger outlet 
positioned beneath the level of the wafer. 

During processing, substrate holder 15, in one 
embodiment, can be adapted to rotate wafer 14 usinq a 

30 wafer rotation mechanism 21. Rotatinq the wafer 
promotes qreater temperature uniformity over the 
surface of the wafer and proaotes enhanced contact 
between wafer 14 and any gases introduced into the 
chamber. .:tt should be understood, however, that 

• 
35 b~sides wafers, chamber 12 is also adapted to process 
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optical parts, films, fibers, ribbons, and other 
substrates having any particular shape. 

PCTIIB00/00264 

A heat source or heating device generally 22 is 
included in communication with chamber 12 for heating 

s wafer 14 during processing. Beating device 22 
includes a plurality of lamps 24, such as tunqsten­
halogen lamps. As shown in Figure l., lamps 24 are 
placed above wafer 14. It should be understood, 
however, that lamps 24 aay·be placed at any particular 

10 location. Further, additional lamps could be included 
within system 10 if desired, such as below wafer 14. 

The use of lamps 24 as a heat source is qenerally 
preferred. For instance, lamps have much higher. 
heating and cooling rates than other heating devices, 

15 such as electrical elements or conventional furnaces. 
Lamps 24 create a rapid isothermal processing system 
that provide instantaneous enerqy, typically requiring 
a very short and well controlled start up period. 'l'he 
flow of energy frOlll lamps 24 can also be abruptly 

20 stopped at any time. As shown in the fiqure, lamps 24 
are equipped with a qradual.power controller 25 that 
can be used to increase or decrease the thermal enerqy 
being emitted by the lamps. 

As shown in FiCJUre l, in this embodiment, system. 
25 10 includes a window 32 which is positioned between 

lamps 24 and thermal processinq chamber 12. Window 32 
serves to isolate lamps 24 from water 14 and prevent 
contamination of the chamber. 

l:n order to monitor the teaperature of wafer 14 
30 during the heating process, thermal processing chamber 

12 can include various different and multiple 
temperature sensinqdevices. For instance, a.s shown 
in FiCJUre 1, tbei:mal processing chamber l.2 can include 
a thermocouple 60 contained within a thermocouple 

35 holder 62. Thermocouple 60 can be positioned adjacent 



s 

W000/55587 PCT/IB00/00264 

to semiconductor wafer 14 or, alternatively, can be 
placed in direct contact with the wafer. Thermocouple 
60 directly measures the temperature of the wafer 
during heating. 

Besides usinq thermocouple 60 or in addition to 
using thermocouple 60, sirstem 10 can also include one 
or ~ore radiation sensinq devices 27 for monitoring 
the temperature of wafer 14 during thermal processing. 
The use of radiation sensinq devices for monitoring 

10 the temperature of wafer 14 is particularly well 
suited for applications in which the ~issivity of the 
wafer is known and at temperatures where the wafer is 
substantially opaque, which is usually at relatively 

15 

high temperatures. 
Radiation sensing devices 27 include optical 

fibers or light pipes 28 which are, in turn, in 
communication with correspondinq light detectors 30. 
Optical fibers 28 are configured to receive thermal 
energy being emitted by wafer 14 a:t a particular 

20 wavelength. ·The amount of sensed radiation is then 
communicated to iight detectors 30 which generate a 
usable voltage signal for determininq the temperature 
of the wafer which can be calculated based, in part, 
on Planck's Law. Ill one embodiment, each optical 

25 fiber 28 in colllbination ·with a l.igbt detector 30 
comprises a pyrometer. 

Besides using thermocouples and radiation sensing 
devices, other temperature sensing devices :may be 
incl.uded within the chamber of the present invention 

30 without limitation. 
As shown in Figure 1, system 10 can further 

includes a system controller so which can be, for 
instance, a microprocessor. controller 50 can be 
placed in communication with thermocouple 60 and liqht 

35 detectors 30. In particular, controller 50 is 



W000/55587 PCT/IB00/802.M 
. -:.·. 

15 

confiqured to receive voltaqe siqnals from the 
temperature sensinq devices indicatinq the temperature 
of wafer 14. 

System controller so as shown in Figure 1 can 
5 also be in communication with lamp power controller 

25. In this arrangement, controller 50 can determine 
the temperature of wafer 14, and, based on this 
into:rmati.on, control the amount of thermal energy 
beinq emitted by lamps 24 • · i:n this manner, 

10 instantaneous adjustments can be made reqardinq the 
conditions within reactor 12 for processing wafer 14 

within carerully controlled limits. 
In one embodiment, controller so can also be used 

to automatically control other elements within the 
15 system. For instance, controller 50 can be used to 

control the flow rate of gases enterinq chamber 12 
through gas inlet 18. As shown, controller 50 can 

fUrther be used to control the rate at which wafer 14 
is rotated within the chamber. 

20 For system 10 to operate efficiently and 
correctly, it is important that the temperature 
sensing devices contained within the thermal 
processing chamber accurately measure the temperature 
of the semiconductor wafer as it is being heated. Xn 

25 this regard, the temperature sensing devices should be 
calibrated to ensure that they are accurately 
monitorinq the temperature of the wafer. In 
particular, the temperature sensing devices preferably 
are calibrated for each different type of process that 

30 i.s being carried out in the cbmaber. As described 
al>ove, for in~tance, circulating different gases 
within the chamber can have dramatic effects upon the 
temperature of the wafer. 

The process of the present invention is directed 
35 to accurately determining the temperature of a 
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substrate in order to calibrate the temperature 
sensing devices and in order to ensure that the wafer 
is being heated uniformly. In particular, the process 
of the present invention is directed to determininq 

5 the temperature of a substrate within the chamber in 
either an oxidizing atmosphere or a reducing 
atmosphere. 

For instance, when monitorinq the temperature of 
substrates in an oxidizinq ataosphe~e, the process of 

10 the present invention is directed to the use of a 
substrate having a surface made from copper. When 
placed in a thermal process~q chamber and heated in 
the presence of an oxi1Uzing gas, the copper surface 
partially oxidizes to form a copper oxide. The amount 

15 of copper oxide that forms in a fixed amount of time 
is directly related to the temperature to which the 
substrate is heated. Thus, in accordance with the 
present invention, by measuring the thickness of the 

copper oxide coating that forms, the temperature to 
20 which the substrate was heated can be accurately 

determined. This temperature can then be used to 
calibrate the temperature sensing devices that are 
present within the thermal processing chamber. 

The substrate used in accordance with the present 
25 invention preferably has a shape s~ilar to a 

semiconductor wafer. The . substrate can be made 
entirely from coPJ>er, but preferably only includes a 
copper coating. For instance, in one embodiment, the 
substrate can be made from the same material.·as the 

30 semic:onduc:tor wafer to be processed within .. • the 
chamber, such as silicon. A copper coating can be 
adhered to the wafer. For most applications, the 
copper coating should be at least 2,000 anqstroms 
thick, and particularly from. about 2,000 angstroms to 

35 about 1 micron thick. . The actual thickness of the 
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coatinc; used, however, will depend upon the 
temperature to which the substrate is heated, the 
process being carried out in the chamber, and the 
length of time the wafer is to be heated. 

PCT/000/00264 

5 :In order to adhere the copper coating to the 
semiconductor wafer, if desired, an adhesive can be 
used. In one embodiment, the adhesive can also serve 
as an impurity barrier in order to prevent the copper 

coatinq from eontaminatin9 the semiconductor material 
10 used to make the wafer to which the copper coating is 

adhered. Examples of adhesives that may be used in 
accordance with the present invention include titanium 
nitride (TiN), Tantalum (Ta), and Tantalum nitride 
(Taff). 

15 As described above, the copper coated substrate 
used in the process of the present invention has been 
found to be well suited for determininq temperatures 
in an oxidizing atmosphere. Such oxidizing 
atmospheres are commonly used to conduct various 

20 processes on semiconductor wafers in thermal 
processing chambers. For ~nstance, :many processes are 
carried out in therma.l processing chambers wherein an 
oxidizing gas, such as ox:yqen, steam or nitrOCJen 
oxides, are circulated through the chamber durinq beat 

25 treatment. Preferably, when using the process of the 
present invention to calibrate temperature sensing 
devices within a thermal processinq chamber, the 
process of the present invention is carried out under 
the same conditions that the semiconductor wafers are 

30 to be processed. Xn particular, different gases being 
circul.ated through the chanber can have different 
effects upon telllPerature. Consequently, it is 

preferred that the temperature used for calibratinq 
the temperature sensing devices be measured in the 

35 same atmosphere that will be used to process the 
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wafers. 
Of particul~r advantaqe, the process of the 

present invention is well suited to dete:cmininq the 
temperature of substrates in thermal processinq 
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5 chambers in lower temperature ranges, such as less 
than about 600"C, and particularly fro!" about 400°C to 
about 550°C. In the past, difficulties have been 
exg;erienced in attemptinq to monitor the. temperature 
of wafers at l.ower temperatures. For example, 

10 pyrometers typically do not work well. at temperatures 
less than soo•c since the wafers are partially 
transparent to electromaqnetic radiation causing the 
temperature of the wafer to be difficult to determine .. 

Besides being well suited to determining the 
15 temperature of substrates at temperatures less than 

about &oo•c, the process of the present: invention is 
also wel.1 suited for detezmining the temperature of 
substrates in an atlllosphere containing stema. 
Recently, oxidation processes using steam have qained . 

20 in importance. steam, however, can have a dra111atic 
impact on the manner in which the wafers are heated 
and on the manner in which the temperatures are 
monitored. The process of the present invention 
provides very precise and accurate temperature 

25 re£erence points for calibratinq temperature sensing 
devices contained within the chamber during steam 
oxidation .. 

Accordinq to the present invention, after the 
substrate containing the copper coating is placed in 

30 the thermal processing chamber and heated~ the 
thickness of the resUltinq ccpper oxide is then 
measured in order to determine the temperature to 
which the substrate was ~eated. The manner in which 
the thickness of the resulting copper oxide coatinq is 

35 me!l-sured may vary dependinq upon the particular 
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application. The measurement may be done while the 
substrate is contained within the thermal processing 
chamber or, alternatively, may be performed after the 
substrate has be.en re.moved from the chamber. 

For most applications, the thickness of the 
copper oxide coating should be measured using 
spectroscopic techniques. For instance, in one 
embodiment of the present invention, the thickness of 
the· copper oxide coating can be measured using 

10 spectroscopic ellipsoaetry. Ellipsometry is a 
technique for determining the properties of a material 
from the polarization characteristics of line.rally 
polarized incident light reflected from the surface of 
the materia1. Ellipsometry is well suited for use in 

15 the process of the present invention because copper 
has nuch different reflectance characteristics in 
comparison to copper oxides, such as cupric oxide 
(CUO) and cuprous oxide (Cu20), especially at 
wavelengths greater than 5,ooo angstroms, and 

20 particularly greater than 1,000 angstroms. simil.ar 
differences are also observed when.co.mparinq the 
refractive index (n) and the extinction coefficient 
(k) between copper and copper oxides. Based upon 
these differ~ces and characteristics, ellipsometry 

25 can be used to dirferentiate between copper and copper 
oxide for determining the thickness of the copper 
oxide coating that forms on the copper surface. l:t 

shoul.d be understood, however, that any other suitable 
method for determininq the thickness of the copper 

30 oxide coatinq can be used in acc:ordance with the 
present invention. 

once the thickness .of the copper oxide coating is 
determined, the temperature to which the substrate was 
heated can be easily calculated based upon the anount 

35 of time the substrate spent in the chamber. For most 
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app:lications, the substrate of the present invention 

should be placed in a ~rmal processing .chamber and 
heated at a rapid rate until a maximum te~perature 

level is reached. Once heated to the maxiinum 

5 temperature, t.Jie substrate.is prefe~ably m~intained at 
that temperature for a determined interva~ of time, 

such as less than about ten.minutes prior to beinq 
cooled. 

After the substrate is heated, the thickness of 

10 the copper oxide coating is determined in order to 

subsequently determine.the temperature to which the 
wafer was heated. Specifically, predeteriained time 

. . 

versus temperature calillration curves ·can be 

constructed and used in determining the temperature. 

15 For. instance, by knowing the thickness of the copper 
.· . . . 

oxide coating. and the amount of time the substrate is 
heated, a temperature can be obtained from a 
predetermined c:Urve. 

Once the temperature or the substrate is 
20 detexmined based upon the thickness of the oxide film, 

the determined telllperature can be used to calibrate 
temperature sensing devices contained within the 
theJ:mal processing chamber. For instance, the 
temperature deteriaiiled according to the process of the 

25 present invention can be used to calibrate 

theJ:mocouple 60 and/or radiation sensing devices 27 as 
shown in Fiqure l. · 

Further, J:>y measuring the thickness Of . the copper 

oxide f.ilm in 1llUl. tiple · locations, the iabili ty of the 

30 thermal processinq chamber to uniformly heat 
substrates can also be determined. For example, if 

the thickness of the copper oxide coating is· uniform, 

then the chamber is heating the substrate uniforialy. 

:If the thickness of the copper oxide coating is 
35 nonuniform., however, then that may indicate that 
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adjustments need to be made in the heater used to heat 
the substrate. For example, when using 1ig'ht ene:rqy 
sources as shown in Figure 1, changes can ))e made in 
the i:r:radiance distribution caused by the liqht enerqy 

5 sources in order to promote qreater temperature 

uniformity. 
Besides determining temperatures in oxidizing 

atmospheres, the present invention is also directed to 
a process for determininq the temperature of 

10 substrates in reducing atmospheres. In this 
embodiment, instead of using a substrate havinq a 
coppex- surface, a substrate is used havinCJ a copper 
oxide surface. When the sUbstrate is placed in.a 
reduoinq atmosphere and heated, the copper oxide is 

15 reduced to copper causinq the thickness of tbe copper 
oxide coating to decrease. Based upon the amount of 
time t:he substrata is heated, the decrease in 
thickness of the coating can be translated into a 
temperature to· which the substrate was heated. This 

20 telllperature can then be used to ca.li'brate other 
temperature sensing devices that may be present within 
the thermal processinq chamber, such as thermocouples 
and pyrometers. 

Reducing-atmospheres are sometimes needed in 
25 thermal processing Chambers to conduct various 

processes including metallization and sintering. Many 
of these processes are carried out at temperatures 
less t:han about &oo•c, making the process of the 
present invention well suited for 111akinq temperature 

30 determinations. Reducinq atmospheres are created by 

circulating within the cha.1llber gases such as hydroqen. 
'?he method used to determine bow much the copper 

oxide has decreased in thickness can be the same as 
described above with respect to measuring temperatures 

35 in an oxidizinq atJD.Osphere. In particular, 
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spectroscopic·ellipsometry ca~ be w:;ed to measure the 
thickness of the oxi4e coatinq pefore and after the 
substrate has been heated. 

The present invention m~y.be better un4erstood 
5 with reference to the following examples, 

Bp.H2LB HO• 1 

The following exa111ple was.performecl in order to 
demonstrate the diffe:rences in the.optical p:roperties 
of copper in comparison to cupric oxide (CU()) and 

o cuprous oxide (CUzO). Specifically, the reflectance, 
the refractive index (n) , and the extinctiop 
coefficient (k) were determined at different 
wavelengths for copper, cupric oxide and cuprous 
oxide. The measurements were performed using a 

15 spectroscopic ell.ipsOllleter. The resU1ts are 
illustrated in Figure 2, Figure 3 and Figure 4. 

As shown in the fiqures, th,e optical properties 
of copper are much different than the optical 
properties o:f cupric oxide and cuprous oxide, 

20 especially at waveiengths greater than about s,ooo, 
and particularly at wavelengths greater than about 
7,000. 

These differences in optical properties makes it 
reiatively simpie to accurately measure the thickness 

25 of copper oxide coatinqs foraed upon a copper surface. 

PCTllBOD/00264 

According to the present invention, since the 
thickness of such coatings can be easily and precisely 
determined, te111peratures calculated: in accordance with 
the present invention can also be easily and 

30 accurately determined. 
EDMPLB WO; 2 

The foliowing example is directed to one 
' ' . 

embodiment for derivinq time and temperature graphs in 
relation to copper oxide thicknesses. once 

35 constructed, the qraphs can then be used to determine 
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temperatures based Upon coating thicknesses iri; . 

accordance with the present invention. 

~-· . 

In this experiment, a copper coating havinq a 
thickness of 8,000 angstroms was placed on silicon 

5 wafers having a diameter of a inches. The copper 
coated substrates were placed in a thermal pr~cessinq 
chamber and heated to different temperatures and for 
different tines. speci£ically, some wafers were 
heated for 60 seconds at various temperatures in the 

10 presence of oxyqen gas and, al.ternatively, steam. The 
oxyqen gas and steam were fed to the chamber at a 
volwnetric flow rate of 3 liters per minute. The 
oxygen gas and steam ~eated an oxidizing ambient. 

Another set of wafers were heated to 400°C for 
15 different periods of time in the presence of a gas 

containinq molecular oxygen. 

. 20 

Whi1e the wafers were being processed, the 
temperature of the wafers were detBXDined by 

preca1ibrated controls. 
While the substrates were beinq heated, a portion 

of the copper coating was converted into a copper 
oxide. The thickness of the copper oxide fil.m that 
formed on the substrate was then 11\easured at different 
locations on the substrate usinq spectroscopic 

25 ell.ipsometry at a wavel.ength of 2, ooo to a, ooo 
ancJstroms. 

Referring to Figures 5 and 6, results of this 
example are illustrated. As shown, qraphs were 
constructed showing the relationship between 

30 temperature and copper oxide thickness when the wafers 
were heated to a preset amount of time (Figure 5) and 
showing the relationship between time and oxide 
thickness when heated to a preset temperature (Figure 
6). Piqure 5 also illustrates the differences that 

35 resuit when the oxidizin9 atlnosphere within the 

PCT/IB00/00264 
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chamber is changed. 
The graphs illustrated in Figures s and ~ provide 

calibration curves that can be used to determine 
temperatures when othe~ copper coated wafers are 

s processed. For example, if a· copper coated wafer was 

heated for 60 seconds to an unknown temperature, the 
temperature could be determined by measuring the 
thickness of the coatin9 and obtaining a temp~rature 
from the graph illustrated in Figure s. 

0 These and other modifications and variations to 
the present invention ·may be practiced by those .. of 
ordinary skill in the art, without departing from the 
spirit and scope .of the present invention, which· ~s 
aore particularly set forth in the appended claims. 

5 In addition, ~t should be understood that aspects of 
the various embodiments may be interchanged both i.n 
whole or in part. FUrthermore, those of ordinary 
skill in the art will appreciate that the foregoing 
description is by way of example only, and is not 

o intended to l.imi t the invention so further described 
in such appended claims. 

PCT/IB00/00264 
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DAT XS CLAIMED xsf 
1.. A process for measurinq the temperature of 

substrates in a thermal processing chamber comprising 
the steps of: 

placinq a substrate in a thermal. processing 
5 chamber, said substrate includinq a surface made from 

a material comprising copper; 
heatinq said substrate within said thermal 

processing chamber for a det~ned interval of time 
in the presence of an oxidizinq atmosphere, said 

10 substrate being heated to a temperature sufficient to 
form a coating of oxidized copper on said surface of 
said substrate: 

measuring the thickness of said oxidized 
copper coatinq on said substrate: and 

15 deteJ:Dining a temperature w~thin said 
the%mal processing chamber while said substrate was 
heated from the measured thickness of said oxidized 
copper coating. 

2. A process as defined in claim 1, wherein said 
substrate comprises a semiconductor wafer having a 
copper coating adhered to a surface of said wafer. 

3. A process as defined in claim 2, Wherein said 
copper coating has a thickness of at least 2, 000 
angstroms. 

4. A process as defined in claim 1, wherein said 
substrate is heated within said thermal processing 
chamber by light energy. 

5. A process as defined. in clailll 1, wherein said 
substrate is heated to a temperature of less than 
about &00°c. 

6. A process as defined in claim 1, wherein said 
oxidizinq atmosphere contains steam. 

7. A process as defined in claim 1, wherein said 
oxidizing atmosphere contains oxygen qas. 

\ \11\11\ \\\I\\ 111\H\l\I \\\\I\ . * C l M S 
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8. . A process as defined in claill! l, wherein said. 
substrate is heate~.to a pre~etermined tempe~~ture and 
maintained at sai~ predetermined temperatur~· ~or said 
interval of time in forming said oxidized copper 
coatinq on said sµbstrate. 

9. A proces~ as defi~ed in claim 1, wherein said 
thickness of said oxidized coating is measur~d using 
spectroscopic el.l.~psometry. 

10. A process for meas~rinq the temper~ture of a 
substrate in a thermal processing chamber comprising 
the.steps of: 

p1acing a substrate in a thermal processinq 
chamber, said substrate including a coatinq made from 
a material comprisi~q an oxidized copper, said coating 
having a determined thickness: 

heating. said substrate within said · .. thermal 
processing chmnber.for a determined interval.of time 

1 in the presence or: a reducing atmosphere, said . 
. . . . ·. : 

substrate being heated to a temperature sufficient to 
reduce a portion of said oxidized copper.thereby 
reducing the thickness of said oxidized copper coating 

r • • • . 

on said substrate; 
1 measurinq the reduction of thickness of said 

2 

. I 

oxidized copper coating on said substrate; and . . 

determining a temperature within said 
thermal processing chamber while said substrate was 
heated from the measured thickness reduction .··of said 
oxidized copper coatibg. 

11. A process as defined in claim 10, wherein 
said reducing"atmosphere contains hydrogen gas. 

12. A process as defined in claim 10, wherein 
said suhstrate is heated within said thermal 
processinq chamber by light energy. 

13. A process as defined in claim 10, wherein 
said substrate is heated to a predetermined 

·. Mllllll 111111 11111 1111111 1111 · 
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temperature and iilaihtained at said p:t:edeterm.itted i 
temperature for said interval of time in reducin9 said 
oxidized copper contained in said coatinq on said 
substrate. 

14. A process as defined in claim 10, wherein 
the reduction in thickness of said oxidized copper 
coating is measured usinq spectroscopic e1lipsometry. 

15. A process as defined in claim 10, wherein 
said substrate comprises a ·semiconductor wafer. 

16. A process as defined in claim 10, wherein 

said substrate is heated to a temperature less than 
about 6oo•c. 

17. A process for caiibratinq a temperatu~e 
sensing device in a thez:mal processing chamJ:)er 
comprising the steps of: 

providing a thermal processing chamber, said 
S thermal processing chamber containing a temperature 

sensing device for monitoring the temperature of a 
semiconductor wafer placed in said chamber, said 
thermal processing chamber being in communication with 
a plurality of light energy sources for heating 

10 semiconductor wafers contained in said chamber~ 
placing a substrate in said thennal 

processing chamber, said substrate including a surface 
made from a material comprising copper; 

heating said substrate within said thermal 
15 processing chamber for a determined interval.of time 

in the presence of. an oxidizing atmosphere, said 
substrate being heated to a temperature suf~icient to 
form a coatinq of oxidized copper on said surface of 
said substrate; 

20 measuring the thickness of said oxidized 
copper coating on said substrate: 

determining a temperature within said 
thermal processing chmnber while said substrate was 

11111111 11111111111 11111111111 
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heated from the measured thickness of said oxidized 
5 copper coatin91 and 

calibrating said temperature sensin9 device 
contained. in said thermal processing chamber based 
upon said determined temperature. 

18. A process as defined in claim 17, wherein 
said temperature sensing device comprises a 
thermocouple. 

19. A process as defined in claim 17, wherein 
said subs~rate comprises a semiconductor wafer having 
a copper coatin9 adhered to a surface of said wafer. 

20. A process as defined in claim 19, wherein 
said copper coating has a ·thickness of at least 2 ·' ooo 
angstrolllS. 

21. A process as defined in claim 17, wherein 

said substrate is heated to a temperature of less than 
about 600°C. 

22. A process as defined in claim 17, wherein 
said oxid~zing atmosphere·contains steam. 

23. A process as defined in claim 17, wherein 
said oxidizing a'bllosphere··c0ntains oxygen gas. 

24. A process as defined in claim 17, wherein 
said temperature sensing device comprises a pyrometer. 

25. A process as defined in claim 17, wherein 
said thickness of said oxi~ized coatinq is measured 

'usinq spectroscopic e1lipsometry. 
26. A process as defined in claim 25, wherein 

said thickness of said oxidized copper coating is 
measured at multiple locations in order to determine 
temperature uniformity across the surface of said 

5 substrate when the substrate was heated. 
27. A proc•ss for calibrating a temperature 

sensing device in a thermal processing chamber 
comprising the steps of: 

providing a thermal processing chamber, said 

I '\11\llH\\l\llllll "'" \Ulll . * c L M S * 
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thermal processi~9-~hamber containinq a teJD.~~fature 
sensin.q device for monitorinq the temperature of a 
semicobductor wafer placed in said chamber, said 
thermal processing_ chamber being in communication with 
a plurality of light energy sources for heating' 

10 semiconductor wafers contained in said chamberr 

l.5 

placing a substrate in said thermal 
processing chamber, said substrate including a surface 
made from a material c0111prisitlCJ an oxidized copper 
coating, said coating having a determined thickness: 

. heating said substrate within said thermal 
processing chaml:>er for a deterlllined interval of time 
in the presence of a reducinq atmosphere, said 
substrate bei1i9 heated.to a temperature sufficient to 
re.duce a portion of said oxidized copper thereby 

20 redUcing the thickness of said oxidized "copper coa~inq 
on said substrate; 

measuring the reduction o~ thickness of said 
oxidized copper coating on said suJ:>strate; 

determining a temperature within said 
25 thermal. processing chamber while said substrate was 

heated from the measured reduction of said oxidized 
copper coating1 and 

ca1ibrating said temperature sensing device 
contained in said thexmal. processing chamber based 

30 upon said deterlllined temperature. 
28. A process as defined in clailn 27, wherein 

said temperature sensing device comprises a 
thermocouple. 

29. A process as defined in clai• 27, wherein 
said sU]:)strate comprises a semiconductor wafer having 
an oxidized copper coating adhered to a surface of 
said wafer. 

30. A process as defined in claim 29, wherein 
said oxidized copper coating has a thickness of at 

\ \\\\\\\ \\\\~ \\\~ \\\\) \\ \\\\ 
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least 2,000 angstroms. 
31. A process as defined in claim 27, wherein 

said substrate is heated to a temperature of less than 
about 600°c. 

32. A process as defined in claim· 27, wherein 
said reducing atmosphere contains hydrogen. 

33. A process as de~ined in claim 27, wherein 

said.temperature sensing d8!ice comprises a pyrometer. 
34. A process as defined in claim 27, wherein 

said reductie>n inthicknes:s of said oxidized copper 
coating is measured usil'lq spectroscopic ellipsometry. 

35. A process as defined in clam 34, wherein 
said reduction in thickness of said oxidized copp~r 
coating is measured at multiple locations in order to 
determine temperature uniformity across the surface of 

5 said substrate when the substrate was heated. 
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