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APPARATUS FOR REAL-TIME
SEMICONDUCTOR WAFER TEMPERATURE
MEASUREMENT BASED ON A SURFACE
ROUGHNESS CHARACTERISTIC OF THE
WAFER

This is a division of application Ser. No. 08/160,595,
filed Nov. 30, 1993. now U.S. Pat. No. 5.474,381.

NOTICE: THE U.S. GOVERNMENT HAS A PAID-UP
LICENSE IN THIS INVENTION AND THE RIGHT IN
LIMITED CIRCUMSTANCES TO REQUIRE THE
PATENT OWNER TO LICENSE OTHERS ON REASON-
ABLE TERMS AS PROVIDED BY THE TERMS OF THE
CONTRACT BETWEEN ASSIGNEE AND THE UNITED
STATES AIR FORCE UNDER THE PROGRAM NAME
MMST.

TECHNICAL FIELD OF THE INVENTION

The present invention relates in general to real-time
measurement of semiconductor wafer physical
characteristics., and more particularly to a method and appa-
ratus for non-invasive semiconductor wafer temperature
measurements based on surface roughness induced scatter-
ing of laser beams.

BACKGROUND OF THE INVENTION

Integrated circuit chip manufacturers fabricate semicon-
ductor devices by different combinations of fabrication
processes. Wafer temperature is an important parameter for
many of these processes. More specifically. precise mea-
surement and control of wafer temperature and its unifor-
mity are required in order to minimize deviations from the
target process parameters and increase device fabrication
yield. Thermal fabrication processes. such as thermal
anneals, oxidation, and chemical vapor deposition (CVD)
are examples of processes where wafer temperature is an
important process parameter. Currently. thermocouples are
used to measure wafer temperature during plasma etch
operations such as reactive ion etch (RIE). Additionally.
some chemical vapor deposition processes. such as plasma-
enhanced chemical vapor deposition (PECVD) employ ther-
mocouples for temperature measurement.

Thermocouples for measuring temperature in semicon-
ductor fabrication equipment have substantial disadvan-
tages. For instance. thermocouples can be disturbed by the
RF and electromagnetic fields (e.g.. 13.56 MHz RF and 2.45
GHz microwave) used to generate plasma during plasma
etch processing. Thermocouples are also invasive in that
they must be placed very near the location where the
temperature is being measured. In some applications the
thermocouples may require actual contact with the wafer
surface for accurate temperature sensing. thereby causing
disturbance of the wafer temperature and also possible wafer
contamination. Furthermore. most thermocouples suffer
from measurement error and slow response time problems.

Pyrometry providing for non-contact operation can also
be used to measure wafer temperature in some thermal
processing applications such as rapid thermal processing
(RTP). Computational pyrometry sensors. however, have
several disadvantages. For example. for accurate pyrometry-
based temperature measurements. an accurate knowledge of
the spectral emissivity of the wafer at the pyrometry mea-
surement wavelength band is required. It is known that
spectral emissivity can vary with various parameters. such
as wafer temperature, wafer resistivity. material layers, and
their thickness. and process chamber geometry and
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materials. making pyrometry sensors relatively inaccurate
due to emissivity variations and other noise sources. In
general. conventional pyrometry techniques can suffer from
measurement inaccuracies and repeatability errors as high as
+100° C. or more. Moreover, pyrometry techniques require
frequent cross-calibrations using thermocouples introducing
the problems associated with thermocouples noted previ-
ously.

SUMMARY OF THE INVENTION

Therefore, a need has arisen for a method and apparatus
for accurate and repeatable measurement of the temperature
of a semiconductor wafer during device fabrication process-
ing.

A need exists for a wafer temperature sensor which is not
affected or disturbed by RF and electromagnetic fields which
may be present during wafer processing.

A need further exists for a wafer temperature sensor
which is non-invasive to the semiconductor wafer process.

A further need exists for a wafer temperature sensor
which is not susceptible to error and slow response.

A need further exists for a wafer temperature sensor
which does not depend on knowledge of spectral emissivity
of the wafer to determine its temperature.

Yet a further need exists for a wafer temperature sensor
which does not require cross-calibrations with additional
temperature sensors.

In accordance with the present invention. a method.
system and apparatus are provided which substantially
eliminate or reduce disadvantages and problems associated
with prior wafer temperature measuring sensors,

The present invention provides a semsor for real-time
temperature measurements in processing equipment. The
sensor includes an optical emergy source for providing
optical energy with a known spectral characteristic. The
sensor also includes an optical system for transmitting at
least a portion of the optical energy towards a workpiece and
for receiving at least a portion of the optical energy follow-
ing its interaction with the workpiece. The present sensor
also includes a signal processing system for determining
temperature of the workpiece based on a measurement of an
optical parameter affected by a temperature-dependent
surface-roughness-induced light scattering phenomenon.

More particularly. the present invention comprises a non-
invasive sensor for measuring semiconductor wafer tem-
perature in real-time in semiconductor processing equip-
ment. The present inventive sensor determines the wafer
temperature based on changes in laser light scattering as a
result of thermal expansion of the wafer. No special test
structures are required on the wafer since the wafer backside
surface roughness is used to enable the measurement. The
sensor includes a first laser source to provide a first laser
beam at a first wavelength, and a second laser source to
provide a second laser beam at a second wavelength. (A
single laser source employing wavelength modulation is also
within the inventive concepts of the present invention.) The
sensor includes wavelength modulating circuitry to modu-
late the wavelength of the first and second laser beams as the
laser beams are directed to and reflected from the wafer
surface. The sensor system also includes measuring circuitry
to measure the change in reflectance of the wafer resulting
from the modulation of the wavelengths of the first and
second laser beams. The sensor also includes circuitry to
determine surface roughness of the wafer at a known tem-
perature from the change in specular reflectance of the wafer



5.741.070

3

resulting from modulation of the wavelengths of the first and
second laser beams. The circuitry also determines the tem-
perature of the wafer from the change in specular reflectance
of the wafer resulting from modulation of the wavelengths
of the first and second laser beams.

A technical advantage of the present invention is that the
temperature of the wafer can be determined non-invasively
in real-time during the device fabrication process.
Additionally. the sensor of the present invention can be
integrated into existing semiconductor processing
equipment. such as RTP equipment, providing a technical
advantage of in-situ wafer temperature measurement. An
additional technical advantage of the present invention is the
wide range of temperatures it can measure. from cryogenic
to high temperature (e.g.. 200° C. to 1250° C.). with an
accuracy and repeatability of better than +2° C. Thus, the
present inventive sensor can be used for various thermal and
plasma fabrication processes. Moreover. the present sensor
can be easily implemented for multi-point temperature mea-
surements for measurement and control of wafer tempera-
ture uniformity.

Yet another technical advantage of the present sensor for
measuring wafer temperature, is that it is not affected by
changes in the surface emissivity of the wafer. Therefore it
does not suffer the problems noted for pyrometry based
systems. Also, the present temperature sensor is not affected
by the RF or electromagnetic fields which may be present
during semiconductor wafer processing. The sensor of the
present invention is non-invasive. and therefore, provides a
technical advantage of not interfering with processing of the
semiconductor wafer. The sensor of the present invention is
compatible with and effective in measuring temperature
during such semiconductor processes as; etch, deposition,
and anneal. Moreover. the present sensor is not disturbed by
the heating lamp during RTP.

The sensor of the present invention provides an additional
technical advantage of providing either single point or
multi-point temperature measurements on a semiconductor
wafer. Multi-point temperature measurements across a semi-
conductor wafer can be used to measure the temperature
uniformity for the wafer which may be important in the
fabrication process. Another technical advantage of the
present invention is its low cost when compared to available
temperature sensors. By using readily available lasers, the
cost of the present ternperature sensor is relatively low.

The sensor of the present invention can also be used in
other applications not related to semiconductor wafer
processing, and provides a technical advantage of being
suitable for measuring the temperature of an object when-
ever non-invasive, in-situ, real-time, repeatable, and accu-
rate measurements are desired.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

FIG. 1is a schematic diagram illustrating the specular and
scattered components of the reflected beam on the unpol-
ished backside of a semiconductor wafer;

FIG. 2 depicts the typical relationship between the surface
roughness and normalized specular reflectance of a wafer;

FIG. 3 is a schematic drawing of a single-wafer semicon-
ductor device fabrication reactor using the temperature
sensor of the present invention;

FIG. 4 is a schematic drawing illustrating a preferred
embodiment of the present invention;
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FIG. 5 is a flow chart showing the methodology executed
by the temperature sensor of the present invention;

FIG. 6 is a schematic drawing illustrating a preferred
embodiment of the present invention; and

FIG. 7 depicts a schematic diagram of another embodi-
ment of the present invention utilizing beam splitters and
irrors.

DETAILED DESCRIPTION OF THE
INVENTION

Embodiments of the present invention and its advantages
are best understood by referring to the FIGURES, like
pumerals being used for like and corresponding parts of the
various drawings.

The present invention is based on the thermal expansion
effects on the backside surface roughness-induced scattering
of an incident laser beam. Standard silicon wafers. have
unpolished backside surfaces with rms surface roughness
values on the order of a few thousand angstroms. e.g.. 5000
A. Any variation of wafer temperature has a corresponding
thermal expansion effect in the wafer which changes the rms
wafer backside surface roughness. The change in surface
roughness r due to change in temperature can be represented

by Equation 1.
1 dr 1)
+ ar ¢

where:

o is the coefficient of thermal expansion; and
T is the wafer temperature.

The linear thermal expansion coefficients o of silicon (5i)
and germanium (Ge) are approximately 4.2x107%° C.™" and
6.1x107%° C.™, respectively. Therefore, the change in sur-
face roughness r due to the change in temperature T for
silicon can be approximately represented by Equation 2.

1 dr o
- 71.— =4.2 % 1075/°C.

@
Any change in backside surface roughness r in a wafer
results in a change of the specular reflectance of the wafer.
In practice, the thermal expansion coefficient ot is somewhat
temperature dependent. This temperature dependent param-
eter is a fundamental material characteristic and can be
accurately tabulated over a wide range of temperatures as is
known in the art.

FIG. 1 depicts semiconductor wafer 10, with substrate 12
and device structure 14 fabricated on substrate 12. Also
shown is coherent laser beam 16 of power P, directed to the
backside surface of wafer 10. A portion of the incident laser
beam is specular reflected as specular beam 18 (offset for
illustration only) of power P, The remaining portion of
incident beam 16 is reflected and scattered from the semi-
conductor wafer surface over a span 20 with a scattered
reflected power P,.. Surface scattering parameter S, can be
represented by Equation 3.

P
T Pet+Py

scattered laser power (3)

~ “(scattered + specular) [aser power

Typically, wafer 10 of FIG. 1 has a polished front surface
21 between substrate 12 and device structure 14. and an
unpolished backside surface 22 on substrate 12. Polished
surface 21 usually has a higher reflectivity than unpolished
surface 22. The relationship between scattering parameter S,
stand the reflectance of the polished and unpolished surfaces
may be represented by Equation 4.
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