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Abstract: A hybrid-type surface thermometer combines thehe hybrid-type surface thermometer was possibtainvia
contact and non-contact methods, which allows us teandom error of £0.5 K in the temperature rangenf@00 to
overcome the shortcomings of both methods. Theidiybr 1000 K. The present paper is a detailed accoutiieobasic
type surface thermometer is a modified radiationidea of the hybrid-type surface thermometer, its
thermometer. Temperature measurement using thionstruction, and experimental results. An appbcatis
thermometer is possible within a random error ob:#Q at  introduced, such as the simultaneous measurement of
temperatures of around 1000 K. This thermometeviges temperature and emissivity during processing.

a useful means for calibration of in-situ tempematu

measurement in various processes, especially in ti®® PRINCIPLE

semiconductor industry. This paper introduces tsdidea . .

of the hybrid-type surface thermometer, present?heF'gure 1 shows the concept of a hybrid-type surface

experimental results and discussions, and finaflgcdbes rmometer.,. which IS composed mainly of two
an application. components: i) a metal film that makes contact vifib

object and measures its temperature, and ii) aomater

that is used to detect the radiance of the redacuirof the

metal film. If the rear surface of the film is bkamned so that

its emissivity approaches 1.0, the true temperatiréhe

metal film can be derived from the radiance sigietected

1. INTRODUCTION by the radiometer. Under the thermally steady doodi
Temperature is one of the most basic and importarietween the object and metal film, the true surface

physical quantities in a variety of fields. Thus,amy temperature of the object can be ascertained frben t

methods for temperature measurement exist, ancdingdse temperature reading of the rear surface of the Infigtaby

and development on temperature measurement haglgcti the radiometer, irrespective of the emissivity deuof the

been pursued [1-2]. measured object.
Surface temperature measurement methods are broadly

classified into two categories: contact methodshsas the

use of a thermocouple [3-5], and non-contact methedch

as radiation thermometry [6]. The former have the

advantage of stable measurement under approphiatmal )

contact, but these are not applicable to movingaibjand i

deteriorate due to changes in the circumference.tt@n !

other hand, the latter methods have the great sayarof !
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Radiometer

being non-contact techniques and enable a rapjzbnss, i
but, in the case of radiation thermometry, theataon in the !
emissivity of the object presents a serious problEhat is, I Metal film

if the emissivity of the object changes, radiation \_,'_'._/
thermometry can no longer accurately measure the _

temperature of the object. ) .

The hybrid-type surface thermometer described is th icasurcdiopjccHGiliconkua Cioy)
paper combines the advantages of contact and naaato
methods, offering a way of overcoming the weak fsoof
both methods. It may be said that the hybrid-typdase
thermometer is actually a modified radiation themmater. 3. EXPERIMENTS
We devised a hybrid-type surface temperature seasdr
carried out experiments on a number of specimerssaA Figure 2 schematizes the hybrid-type surface
result, we confirmed that temperature measuremsintgu thermometer system developed for experiments. Binls

Fig. 1. Principle of the hybrid surface thermometer



of the metal film are supported by quartz plates] &s
central portion can intermittently contact a spemim
surface, made to move by a vertical controller. Tinetal
film has a rectangular shape, 2044 in thickness, 10 mm
in width, and 27 mm in length, but the practicaidth of the
metal film making contact with the specimen is 5 nirhe
contact pressure of the metal film on the specimeset to
about 4x10 Pa. A fiber-type radiometer (Model IR-FBWS-
SP, CHINO) sensitive at a wavelength of Q@ (see left-
hand side of Fig. 2) is used for calibration, tisatto detect
the radiance of the specimen whose surface is @it
heat-resistant black paint. The emissisivity of specimen
reaches about 0.95. Thus, the temperature readitagned
by this radiometer after correcting for the emiggiv
corresponds to the true temperature of the specifka
temperature reading of the hybrid-type surfacentioeneter
is compared with the temperature reading of thdéoraeter.
Temperature differences between the two reflediesyatic
errors due mostly to the thermal contact resistdratereen
the specimen and metal film [7-8]. Besides systemat
errors, fluctuations in the reading of the hybggd surface

_ Sapphire rod _
Quartz plate

Metal film
(hastelloy etc.)

1 mm

5 mm

Fig. 3. Tip of a hybrid-typte thermometer.

Specimen

Table 1 shows the thickness of the metal films. As
specimens to be measured, stainless steels (SUS5304
mm in thickness and 88 mm in diameter and n-typeosi
wafers 0.5 mm in thickness and 76 mm in diameteraed

as shown in Table 2. Both specimens have specularly
reflecting surfaces which the metal film contadsorder to

thermometer can also be linked to random errors ofompare the temperature measured by the hybrid-type

temperature caused by the hybrid-type surface theeter.
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2=0.942 pm Up and down controller
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Fig. 2. Schematic of a hybrid-type thermometer sysm.

Specimen

Figure 3 shows the metal film in a hybrid-type
thermometer. The metal film and the tip of the $amprod
are spaced closely, with a gap of 1 mm. Thus, #uant
flux originating from the rear surface of the meithth, from
an area 4 mm in diameter, is incident on the sappiuid,
transmitted to the light pipe sensor through thd emd
optical fiber, and detected as the radiance sigiiathe
specimen. A commercially available optical lightp@i

sensor (Model OR1000F, ADVANCED ENERGY) having a

sapphire rod is used as the radiometer for theidiyipe
surface thermometer, in which a silicon sensoriseast a
wavelength of 0.942m is used [9]. Several materials, suc
as hastelloy, inconel, titanium and stainless stegdre
tested in advance to find out if they would meee th
requirements for use as a metal film in experimetkigh
temperature. Hastelloy and inconel were selectetusT
hastelloy and inconel sheets of varying thicknessrew
prepared and tested for further experiments.

surface thermometer with the temperature obtainedhb
fiber-type calibration radiometer, the specimeres ainted
in advance with the blackbody coatings. The tentpegeaof
the heater is controlled so that the surface teatper of the
specimen changes between 900 and 1000 K.

Table 1. Metal film thickness.

Thickness (um)
Hastelloy 20 30
Inconel 25 40

Table 2. Specimen dimensions.

Material Size (mm)

88 in diameter
5.3 in thickness

Stainless steel
(SUS304)

76 in diameter
0.5 in thickness

Silicon wafer
(n-doped, 1 Qcm)

Figures 4(a) and (b) show measurements by the-fiber
type calibration radiometer and the hybrid-type faue
thermometer for a stainless steel specimen usinmetal
film a 304um-thick hastelloy sheet at around 900 K, where

h(a) indicates the temperature readings of the -ijyee

calibration radiometer and the hybrid-type surface
thermometer, and (b) shows the differences betweetwo
temperature readings. The average readings of the

temperature differences represent the systematipemture
errors. The fluctuations of temperature readings small
because the stainless steel sheet is rather thitkhe heat
capacity of the specimen is quite large.



920 dependence on the metal film and its thicknesstdlag
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Similarly, Figures 5(a) and (b) show measurements b Time, s
the fiber-type calibration radiometer and the hghyipe (b) differences between the temperature readings.
Surface_ thermometer _for a silicon wafer specimanguas Fig. 5. Measurements obtained by the fiber-type cddration radiometer
metal film a 25pm-thick inconel sheet at around 900 K, and hybrid-type thermometer. (specimen: silicon wadr).

where (a) shows the temperature readings of the-fipe
calibration radiometer and the hybrid-type surface

thermometer, (b) the differences between the teatper 07 47
readings. The average readings of the temperatu g , | 2]
differences are systematic temperature errors. Thg | ]
fluctuations in the temperature readings are rathege & -4 0
because the silicon wafer is thin and the heataigpaf the T 11 P
specimen is quite small. Thus, the readings of aserf § ) | ]
temperature are affected by fluctuations in agastning. g 8 -4
We repeated these experiments for the combinaténs § ]
metal films and specimens listed in Tables 1 anBigures 10 M E S R S

6(a) and (b) compare the temperature differencéwdam

. ) . . . inl 1 4 (b) silicon wafer (n-doped, 1 Qcm)
the fiber-type calibration radiometer and the hgHyipe (&) stainless steel (SUS304)

surface thermometer for different metal films ard@90 K 1: hastelloy 20, 2:hastelloy 30, 3:inconel 25, 4.inconel 40 (Lm)

for (a) stainless steel and (b) silicon wafer smecis. The Fig. 6. Comparizon of temperature reading differenes between the
temperature difference for each metal film corregfsoto calibration radiometer and hybrid-type thermometer for different
fluctuations of the measurement, namely, randowrerr metal films and different thicknesses.

Tables 3(a) and (b) show the quantitative evalnatibthe .

measured temperature differences between the tijper- Figures 7(a) and (b) show the changes of temperatur

radiometer and hybrid-type surface thermometer fori€ading differences between the fiber-type calibrat
respectively, the stainless steel and silicon wafercimens radiometer and the hybrid-type surface thermométemn

in Fig. 6. The average temperature difference s 900 to 1000 K using the 30m-thick hastelloy film. With
systematic errors, and the fluctuations reflecticam errors. ~ increasing temperature, the temperature differertbes is,

The variancand standard deviation of random errors aréyStématic errors, increase for stainless steel, réxnain
also listed in Table 3. As shown in Fig. 6 and EaB) the constant in the case of the silicon wafer. Theararé of the

temperature differences between the calibratioioraeter ~ t€mperature difference, that is, the variance afdem
and the hybrid-type surface thermometer show ahtlig



errors, however, is limited to 0.04 K for stainlessel, and The results of our experiments can be summarized as

0.4 K for the silicon wafer. follows:
(1) A hastelloy and inconel yield good results as theof
Table 3. Quantitative evaluation of the hybrid-typethermometer at the metal film for contact with specimens over the

around 900 K. temperature range of 900-1000 K (Fig. 6).

(2) Stainless steel (SUS304) (2) In case of a stainless steel specimen, systematic
temperature errors are large, but the random
Hastelloy | Hastelloy | Inconel | Inconel temperature errors are small and their varianceig
20 um 30 um 25 um 40 um small (0.04 K, Fig. 4 and Table 3(a)).
Average (3) In case of a silicon wafer specimen, systematic
. -5.51 -6.07 -6.30 -6.94 temperature errors are small, but the random
- temperature errors are rather large and their negids
Varllé‘“ce 0.03 0.02 0.02 0.02 rather large as well (0.4 K, Fig. 5 and Table 3(b))
(4) Systematic temperature errors increase with inargas
Standard temperature, but random temperature errors and thei
deviation | 0.17 0.15 0.15 0.13 variance remain small and constant with increasing
K temperature in the case of stainless steel (F&).7(
(5) Systematic temperature errors remain small with
(b) Silicon wafer (n-doped, 1 Qcm) increasing temperature, and random temperatureserro
Hastelloy | Hastelloy | Inconel | Inconel and their variance remain constant as well with
20 um 30 um 25um | 40 pm increasing temperature in the case of a siliconewaf
(Fig. 7(b)).
Aviage 2066 | -237 | -158 | -397
3. APPLICATION
Variance . .
K 0.52 0.31 0.33 0.32 The hybrid-type surface thermometer provides dulise
means for in-situ measurement for cases where tetype
Standard measurement is difficult. An application is intreed here.
deviation | - 0.72 0.55 0.57 0.56 Figure 8 shows the measurements applied to silicon
= wafers. N-doped silicon wafers with a resistivitiyloQcm
and different oxide (Si¢) film thicknessesl = 0 (bare), 150,
5 350, 550, 750 and 950 nm are prepared. Spectrattiinal
M 1-n., and polarized emissivities of these specimer@=aB0° and
2;5 -7 . LT A= 0.9pum are measured at about 930 K and displayed in
5 ] B, A Fig. 8 Both p- and s-polarized emissivities of these ailic
% 97 S ) wafers show cyclical changes with increasing oxiii®
o ] e, thickness. The calibration system with the hybyidet
£ L 1 surface thermometer can easily measure the terperand
2_13 ] - emissivity of silicon wafers whose temperature ramg
g 1 is otherwise very difficult.
& st —r—
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Fig. 7. Experimental relationship between the spegien temperature
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4. CONCLUSIONS

A hybrid-type thermometer, that is, a surface
thermometer that combines contact and non-contact
methods, has been developed. Though the responseofi
the hybrid-type surface thermometer is currentljoag as
60 s, it enables the temperature measurementpéansen,
after compensating for systematic errors, with adem
error of +0.5 K in the temperature range from 960000
K. This surface thermometer is expected to proadeseful
means for in-situ calibration in processes usedefample,
in the silicon semiconductor industry [10], where
temperature measurement of silicon wafers is véficult.
The proposed thermometer promises to be a powerful
instrument for the simultaneous measurement of the
temperature and emissivity of an object, providée t
measurement system is composed of the hybrid-type
thermometer and an additional radiometer.
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