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METHOD FOR CALIBRATION OF A SPECTROSCOPIC SENSOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a novel method for calibration of a 

s spectroscopic sensor. The method finds particular applicability in the calibration of 

an in-line spectroscopic sensor which can be used in the detection and measurement 

of gas phase species in a semiconductor processing tool. 

2. Description of the Related Art 

Spectroscopic sensors have found wide use in the detection of gas phase 

10 molecular species in gas samples. Examples of spectroscopic techniques which are 

applicable to such measurements include, for example, tunable diode laser absorption 

spectroscopy (TDLAS). 

In absorption spectrometer systems, a light source is tuned to emit light at a 

particular wavelength which corresponds to a characteristic of the molecular species 

15 desired to be detected. The light beam generated by the light source is transmitted 

into a sample region within a measurement cell which contains the gas sample, i.e., 

the analyte, being measured. 

The light source and detector are housed in an optical chamber, which is 

separated from the measurement cell by a light transmissive window. The light beam 

2 o follows a path from the light source through the same or a different light transmissive 

window and into the sample region in the measurement cell. From the sample 

region, the beam exits the measurement cell by again passing through the same or 

different light transmissive window and into the optical chamber. Thus, the beam 

travels along a path within the optical chamber, i.e., the external light path, and 

2 s along a path within the measurement cell, i.e., the internal light path. 
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The fraction of the light emitted by the light source which is transmitted 

through the sample is measured by the detector, with the intensity of light reaching 

the detector being determined by Beer's Law as follows: 

I = I. e·CllcP 
0 

5 where 10 is the intensity of the incident radiation, a is the absorptivity, 1 is the 

pathlength through the sample, c is the concentration of the impurity in the sample 

(by volume), and Pis the total pressure of the sample. 

10 

For small absorptions, the amount of light absorbed is given by the equation: 

I - 10 = <XlcP. 

Based on the above equations, the extent of absorption is fully predictable for 

a wide range of wavelengths, pressures, temperatures and optical paths, provided 

certain key parameters are known, such as the incident light intensity, the absorption 

wavelength, the absorption coefficient, the temperature dependence of the absorption 

coefficient and the pressure broadening coefficient. Once the absorption is 

15 determined, the concentration of the molecular species of interest can be calculated. 

However, before such sensors can be used to provide accurate concentration 

measurements, calibration of the sensor is required to correlate the measured 

absorption signal with a concentration. 

The most fundamental and widely used approach to the calibration of gas 

2 o analysis equipment is the use of a calibration gas containing a known concentration of 

the species of interest. For example, in absorption spectroscopy, calibration is 

typically accomplished by introducing a known quantity of the molecule of interest 

into the measurement cell. 

While such an approach can be used advantageously with certain sensor 

25 configurations, it cannot be used effectively with an in-situ (i.e., in-line) 
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spectroscopic sensor. In-situ sensors are described by the present inventors in 

copending application Serial No. 081711,504, Attorney Docket No. 016499-204, 

filed September 10, 1996, and in copending application Serial No. 08/890.928 , 

Attorney Docket No. 016499-373, filed on even date herewith, the contents of which 

s applications are herein incorporated by reference. 

As described in the aforementioned documents, a spectroscopic system can be 

used in conjunction with a processing apparatus, such as a semiconductor processing 

tool. As a result, in-situ spectroscopic measurements can be made inside the 

processing chamber or the chamber's exhaust line. Real-time measurements of the 

10 impurities of interest inside the processing tool can thereby be obtained. 

Such in-situ measurement systems do not lend themselves to the conventional 

calibration approach described above. In particular, the species being introduced into 

the process chamber for calibration can be harmful to the process being run as well as 

to the semiconductor devices being fabricated. For example, moisture (under vapor) 

15 can cause corrosion of the devices being formed and can interfere with the chemistry 

of the process. Moreover, since moisture is difficult to remove from the process 

chamber due to its low pumping speed, the time to reach base pressure prior to 

processing can be significantly lengthened. In addition, the introduction of the 

calibration gas into the sample area via the processing tool can be a complicated task. 

20 In another known method for calibrating spectroscopic sensors, use is made of 

a calibration cell which is distinct from the measurement cell. The calibration cell 

contains a known quantity of the species of interest, and is moved into the external 

light path during calibration and is removed from the external light path when 

performing actual measurements with the measurement cell. Although the optical 

2 5 path, pressure, concentration and other parameters of the calibration cell are often 

different from those in the measurement cell, the system can be calibrated once the 

relationships between the parameters of the two cells are known. 

Use of a calibration cell in this manner is advantageous in that it allows for 

calibration without the introduction of potentially contaminating species into the 
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measurement cell and processing tool. In addition, the calibration cell can be 

permanently sealed with a sample of the calibration gas inside~ thereby reducing 

complications due to material handling. 

While the calibration cell does provide a partial solution to the problems 

s associated with direct injection of the calibration gas into the measurement cell, the 

calibration cell must be removed from the optical path when the measurement cell is 

in use. Thus, during operation of the measurement cell, it becomes necessary to 

move the calibration cell into and out of the external light path in the optical 

chamber. 

10 

15 

In such a case, the optical path can be purged with an inert gas to prevent or 

minimize light absorption by atmospheric contaminants, such as water vapor. As a 

result, the spectroscopic system requires a relatively complicated mechanical system 

which can move the calibration cell into and out of the light path inside the purged 

optical chamber. 

If the molecule of interest is water vapor or some other species which 

interacts strongly with the surfaces of the calibration cell, a continuous flow of gas 

containing a known concentration of the molecule of interest should be maintained 

through the calibration cell. This complicates matters still further. 

Since in-line sensors cannot easily be calibrated by the above-described 

2 o methods, the sensor is typically dismounted from the exhaust line or process chamber 

to which it is attached, and a known concentration of the molecule of interest is 

introduced into the sample region. Such dismantling of the sensor is not desired, 

since it may require that the process tool be shut down for extended periods of time. 

To overcome the disadvantages associated with the related art, it is an object 

2 s of the present invention to provide a novel method for calibrating a spectroscopic 

sensor. The method allows for accurate calibration of an absorption spectrometer 

which can be used to measure the concentration of gas phase molecular species in a 

sample. The inventive method can be performed in a far simpler manner than was 

previously possible. Particular applicability for the method is found in the calibration 
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of an in-line spectroscopic sensor used in conjunction with a semiconductor 

processing tool. 

Other objects and aspects of the present invention will become apparent to one 

of ordinary skill in the art on a review of the specificatic;m, drawings and claims 

5 appended hereto. 

SUMMARY OF THE INVENTION 

According to a first aspect of the present invention, a novel method for 

calibration of a spectroscopic sensor is provided. In the method, a spectroscopic 

system is provided. The system includes a measurement cell having one or more 

1 o walls which at least partially enclose a sample region. The cell further includes a 

light entry port and a light exit port. The light entry port and the light exit port can 

be the same port or separate ports. Each of the ports contains a light transmissive 

window through which a light beam passes along an internal light path inside the 

measurement cell. 

15 The system further has an optical chamber which contains a light source for 

20 

25 

generating the light beam which passes through the light entry port into the cell, and 

a detector for measuring the light beam exiting the cell through the light exit port. 

The light beam passes along an external light path inside the optical chamber. In 

addition, a gas inlet is connected to the optical chamber. 

A calibration gas stream is introduced into the optical chamber. The 

calibration gas stream contains a calibrating gas species and a carrier gas. The 

calibrating gas species is present in the calibration gas stream in a known 

concentration. A spectroscopy measurement of the calibration gas stream is then 

performed. 

According to a further aspect of the invention, the above-described method is 

used in the calibration of an in-line spectroscopic sensor. 

According to yet another aspect of the invention, the method is used in the 

calibration of an in-line spectroscopic sensor in a semiconductor processing tool. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The objects and advantages of the invention will become apparent from the 

following detailed description of the preferred embodiments thereof in connection 

with the accompanying drawings, in which: 

FIG. 1 is an in-line absorption spectroscopy measurement system which can 
be used to practice the present invention; and 

FIG. 2 is a side sectional view of a semiconductor processing apparatus which 

includes the in-line absorption spectroscopy system of FIG. I. 

DETAILED DESCRIPIION OF THE PREFERRED 
EMBODIMENTS OF THE INVENTION 

Through the invention, it has been recognized that the primary sources of 

deviation in performance of many spectroscopic sensors are drifts in the sensor 

system control electronics and in the properties of the light source and detector. 

Drifts in the detection electronics, while usually not large, are difficult to detect 

15 independently and have therefore been found to be of major importance in the 

calibration method according to the invention. 

It has also been recognized that drifts in optical alignment, deterioration of 

optical properties of light transmissive windows and mirrors, and variations in 

detector response can be taken into account in the present method by measuring the 

2 o total light intensity at the detector. These factors, therefore, are automatically taken 

into account by the inventive calibration method. 

With the above in mind, the method according to the invention can be used to 

calibrate any spectroscopy measurement system which includes a measurement cell 

having an internal light path therein and an optical chamber which contains a light 

2 s generation system, a light detection system and an external light path. Suitable 

systems include, for example, tunable diode laser absorption spectroscopy (TDLAS) 

systems. 
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An exemplary TDLAS sensor system upon which the inventive method can be 

practiced is illustrated in FIG. 1. Sensor 100 is comprised of an in-line measurement 

cell 102 and an optical chamber 104. The measurement cell includes a sample region 

105 circumscribed by a plurality of walls 108, each of which has a light reflective 

s surface facing the sample region. 

At least one side of the measurement cell has a light entry port 110 therein for 

allowing a light beam to pass from the optical chamber into the cell. In addition, one 

or more light exit ports 110 are provided for allowing the light beam to exit the cell. 

The light entry and exit ports can be the same port or different ports, with each port 

1 o · having a light transmissive window therein. 

A light beam is directed through the light transmissive window into the cell to 

the sample region and out of the cell through the light transmissive window. While 

the extent of reflection of the light beam (if any) will vary depending on the type of 

measurement cell employed, light beam 106 in the exemplary cell is reflected from 

15 each wall at least once prior to exiting the cell through the entry/exit port. 

Inside optical chamber 104, light source 112 is provided for generating the 

light beam 114. To measure the absorption of the light beam which exits the 

measurement cell, the system further includes a detector 116, which can be a 

photodiode. The system can further include ancillary optics, such as one or more 

20 mirrors 118 for guiding the light beam into the cell and/or to the detector, as well as 

control and signal processing electronics. 

The light beam travels along an internal light path inside measurement cell 

102, and along an external light path inside optical chamber 104. Thus, as used 

herein, the term "internal light path" refers to the path taken by the light beam within 

25 the measurement cell, while the term "external light path" refers to the path taken by 

the light beam within the optical chamber. 

The optical chamber further includes a gas inlet 120, which is used to 

introduce a calibration gas stream into the optical chamber during calibration of the 

sensor. During normal operation of sensor system, a dry inert gas, such as nitrogen, 
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helium or argon, can be introduced into the optical chamber to minimize any 

absorption loss due to atmospheric contaminants. 

In accordance with the invention, the calibration gas stream contains a 

calibrating gas species and a carrier gas, with the calibrating gas species being at a 

s known concentration. The calibrating gas species is preferably identical to the 

species desired to be measured. However, when the species of interest is toxic or 

when use of that species is otherwise not desirable, the system can be calibrated by 

introducing a substitute species (e.g., a non-toxic species) which absorbs light at a 

wavelength neighboring that of the species of interest. For example, in the case of 

1 o the measurement of HF, it is possible to substitute therefor H20 as the calibrating gas 

species. 

In the case of a spectroscopic system having an existing means for purging the 

external optical chamber, the species of interest can be introduced into the purge gas 

stream in a controlled fashion, such that the concentration of that species in the 

15 optical chamber can be well controlled. The inert purge gases described above will 

function well as the carrier gas in the calibration gas. The calibration gas is 

introduced into the optical chamber with a continuous flow. 

The pressure inside the cell can be controlled autimatically by normal leakage 

from the chamber. However, an exhaust line can optionally be connected to the 

2 o optical chamber if more accurate pressure control in the cell is desired. Furthermore, 

in the case that toxic species are to be calibrated, the chamber can be air-tight, with 

an exhaust line connected thereto. 

To provide a calibration gas of known concentration, the calibration species 

can be introduced into the purge gas line using a known permeation device. 

2 5 Alternatively, the calibration gas can be prepared gravimetrically in a cylinder, with 

the contents of the cylinder being used in lieu of the purge gas. The calibration gas 

can also be prepared by other known techniques for mixing gases using conventional 

gas flow control devices, such as mass flow controllers and valves. One method for 
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providing such a flow is described in U.S. Patent No. 4,849,174, the contents of 

which are herein incorporated by reference. 

After initiation of the flow of the calibration gas into the optical chamber, a 

spectroscopy measurement is performed. The calibration gas flow results in a 

s measurable signal, which once measured, provides a value which can be correlated to 

later spectroscopic measurements performed in the measurement cell. 

The signal attributed to absorption can be affected by various non-absorption 

phenomena. For example, light scattering within the measurement cell, drifts in 

optical alignment, deterioration of optical properties of light transmissive windows 

1 o and mirrors and variations in detector response can all affect the absorption signal. 

Because absorption and scattering inside the measurement cell are measured during 

the calibration measurement, the non-absorption related effects are automatically 

taken into account, resulting in highly accurate calibrations. 

Thus, provided the relationship between the external light path and the 

15 internal light path remains substantially constant, the concentration in the exhaust line 

can be calculated once the concentration in the optical chamber is known. As used 

herein, the term "substantially constant" means within about 1 % . 

The easiest and most accurate way to determine the relationship between the 

light path in the measurement cell and in the optical chamber is by determining the 

2 o concentration of a molecular species (e.g., water vapor, methane or carbon dioxide) 

which, when introduced into the optical chamber, provides the same absorption signal 

as a given, known concentration of that species in the measurement cell. 

Determination of the relationship· betwee~ the two light paths can be accomplished by 

adjusting one or the other of the concentration in the optical chamber and the 

.25 concentration in the measurement cell until the same absorption signal is obtained. 

This determination need only be made once, and would preferably be made at initial 

calibration of the sensor, prior to installation on the processing tool. 

The calibration method in accordance with the invention is particularly 

versatile, in that the method can be performed when the sensor system is installed in 
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the processing tool, or alternatively, while the sensor system is separated from the 

processing tool. The former case is preferred since. in the latter case, the sensor may 

become unavailable for use during semiconductor processing for extended periods of 

time. 

The spectroscopic measurement for purposes of the invention can be 

performed with the measurement cell being under vacuum or, alternatively, with the 

measurement cell being purged with a pure gas, such as nitrogen, helium or argon. 

When calibration is to be carried out with the measurement cell installed in a 

semiconductor processing tool, a vacuum in the measurement cell can conveniently 

10 be applied, since such processing tools are generally vacuum processes. 

With reference to FIG. 2, the spectroscopic sensor system described above 

allows for in-situ detection of gas phase molecular species in a gas exhausted from a 

vacuum chamber, wherein the cell can be disposed between a vacuum chamber and a 

vacuum pump system or be disposed within the vacuum chamber itself. The system 

15 is particularly well suited for use in monitoring gas phase molecular species, such as 

moisture (water vapor), methane, or carbon dioxide in a semiconductor processing 

apparatus, as real time in-situ monitoring of the process can be realized. 

Accordingly, the inventive method finds particular applicability in the calibration of 

such a sensor system. 

20 In the exemplary configuration shown in FIG. 2, semiconductor system 200 

25 

includes a vacuum chamber 202 inside which a semiconductor substrate 204 is 

disposed on a substrate holder 206. One or more gas inlets 208 are provided for 

delivering a gas or plural gases to the vacuum chamber, which is evacuated through 

an exhaust opening 210 in the vacuum chamber. 

A vacuum pump 212 for evacuating the vacuum chamber is connected thereto 

either directly or indirectly through a vacuum line. A pump exhaust line 214 can be 

connected to the pump, which can be connected to another pump or to a gas scrubber 

(not shown). In the illustrated embodiment, the spectroscopic sensor system 216 is 
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connected to the exhaust line of the tool, such that the exhaust stream passes through 

the measurement cell. 

By use of the inventive calibration method, the introduction of harmful 

impurities, such as moisture, into the process chamber during calibration can be 

5 avoided, while at the same time providing an accurate and simple calibration method. 

While the invention has been described in detail with reference to specific 

embodiments thereof, it will be apparent to persons skilled in the art that various 

changes and modifications can be made, and equivalents employed, without departing 

from the scope of the appended claims. 
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WHAT IS CLAIMED IS: 

1. A method for calibration of a spectroscopic sensor, comprising the steps 

of: 

(a) providing a spectroscopic system comprising: 

(i) a measurement cell comprising region, the cell further comprising 

one or more walls which at least partially enclose a sample light entry port and a light 

exit port being the same port or separate ports, each said port containing a light 

transmissive window through which a light beam passes along an internal light path 

inside said measurement cell; 

1 o (ii) an optical chamber which contains a light source for generating the 

15 

light beam which passes through the light entry port into the cell, and a detector for 

measuring the light beam exiting the cell through the light exit port, said light beam 

passing along an external light path inside said optical chamber; and 

(iii) a gas inlet connected to the optical chamber; 

(b) introducing a calibration gas stream into the optical chamber, said 

calibration gas stream containing a calibrating gas species and a carrier gas, said 

calibrating gas species being present in said calibration gas stream in a known 

concentration; and 

(c) performing a spectroscopy measurement of said calibration gas stream. 

2. The method according to claim 1, wherein the spectroscopic sensor is an 

in-situ spectroscopic sensor. 

3. The method according to claim 2, wherein the spectroscopy measurement 

is an absorption spectroscopy measurement. 

111111111111111111111111111111 
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4. The method according to claim 3, wherein the absorption spectroscopy is 

tunable diode laser absorption spectroscopy. 

5. The method according to claim 1, wherein the cell is disposed between and 

in communication with a vacuum ch3=1llber and a vacuum pump. 

6. The method according to claim 1, wherein the vacuum chamber forms a 

portion of a semiconductor processing apparatus. 

7. The method according to claim 1, wherein said calibration gas stream is 

removed from a gas cylinder. 

8. The method according to claim 1, wherein a source of said calibrating gas 

species is a permeation device. 

9. The method according to claim 1, wherein the calibrating gas species is 

selected from the group consisting of water vapor, methane and carbon dioxide. 
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