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Direct transitions will thus only be possible with visible photons. Any infrared absorption

must arise from indirect transitions{7].

2.2.3 Silicon and Germanium a Comparison

Prior to the invention of the bipolar transistor in 1947, semiconductors were used only as
two - terminal devices, such as rectifiers and photodiodes. In the early 1950s, germanium
was the major semiconductor material. The narrow bandgap of Ge (0.66 eV ), however,
causes large leakage currents in Ge devices. This limits Ge device operation, to
temperatures below 100°C. In addition, integrated circuit planar processing requires the
capability, of fabricating a passivation layer on the semiconductor sul_‘face, Germanium
oxide, GeO,, could act as such a layer but it is difficult to form as it is water soluble, and
dissociates at S00°C. These limitations make germanium an inferior material for
fabrication of integrated circuits, compared to silicon. Since the early 1960s, silicon has
become a practical substitute and has now replaced germanium as a material for VLSI
fabrication. The relatively larger band-gap of silicon (1.1 eV) results in smaller leakage
currents SiO,, is also easy to form and also, chemically very stable. Electronic grade
silicon is about one tenth as costly as germanium. Silicon in the form of silica and
silicates comprises 25% of the Earth’s crust, and silicon is second only to oxygen in
abundance. Moreover, silicon tect;nology is by far the most advanced among all

semiconductor technologies.



CHAPTER 3

FUNDAMENTALS OF RADIATIVE PROPERTIES

3.1 Background
The development of Rapid Thermal Processing (RTP) techniques for fabrication of
advanced electronic devices requires a detailed understanding of the thermal radiative
properties of semiconductor wafers. Fig. 3 illustrates the main reasons for interest in these
properties:
a) The spectral emissivity of a wafer affects the amount of radiation emitted at the
pyrometer wavelength, and determines the temperature measurement and its errors in
pyrometry.
b) The total hemispherical emissivity of a wafer affects the total heat loss by radiation
from a wafer at any given temperature.
¢) The total absorptivity is related to the efficiency of coupling lamp radiation to a wafer.
Much of our interest in this subject stems from the challenge in performing accurate
temperature measurements in an RTP chamber. In an RTP chamber, the wafer is not in
thermal equilibrium with its surroundings, and as a result, traditional temperature
measurement techniques involving the use of thermocouples cannot be applied, unless the
thermocouples are physically embedded in the wafer, which is not practical for
production process. Usually, pyrometry is employed for temperature measurement in
RTP. However, this introduces some problems because successful pyrometry requires

accurate knowledge of the spectral emissivity of the target at the pyrometer wavelength
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Figure 3 The thermal radiative properties of semiconductor play a key part in RTP.



The emissivity is a physical quantity not only basic to the theory of thermal
radiation but also important in the practice of optical pyrometry. The Non-contact
temperature measurements are based on the detection and analysis of thermal radiation
emitted by an object. The underlying idea of all techniques is based on the concept of the
black body radiator, which is defined as an ideal surface that emits more thermal radiation

than any other surface at the same temperature(8].

3.2 Blackbody Radiation
A Blackbody is a perfect absorber of electromagnetic energy. It is also a perfect emitter.
The spectrum of radiation emitted from a blackbody is described by the Planck radiation
function. Actually, it is the mathematical function for the spectral radiance of
blackbodies.

cl

W A,T) = :
* A (exp(c2/ AT) 1)

Where, Wyo( 1. T) is known as spectral radial exitance, and describes the power per unit
area and wavelength radiated into the forward hemishere from a blackbody at the absolute
temperature T in K, at the wavelength A in pm[10]. The equation gives Wyp( A,T) in units
of Wm’zum'l, and cl, c2 are constants, with the values 3.7418 x 108 W;,tm“m'2 and
1.4388x10*umK respectively. The total energy emitted by a blackbody at any temperature
can be found by summing up the energy emitted at each wavelength. This can be done

mathematically by integrating this Planck function with respect to wavelength.
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The result is that the total energy radiation by a blackbody is proportional to its absolute
temperature to the fourth power (T*). This is called the Stefan-Bolzmann radiation law,
Wioren = oT* NN C)

Where, W is the total power radiated per unit area. 6 = 5.67x10® Wm™?K™ is the Stefan

Bolzmann constant and T is in K.

3.3 Link between Radiative and Optical Properties
3.3.1 Optical Properties
The optical response of a material can be described using various interrelated properties.
The response of a solid to electromagnetic radiation is generall_y regarded as a
consequence of its microscopic elements with the electric field, and hence it can be

summarized by defining the dielectric “constant”, g(v), which is a function of the

frequency of the wave, v[11].
e(v) = g1(v) + jea(v) 4

The dielectric constant is not usually measured directly, and a number of other properties
are used to describe the optical response of a material. The complex refractive index, n,

is defined by the relation,
e = (81')1/2 s (5)

Where, frequency dependence of & has been dropped for simplicity. The complex

refractive index can be written as



n.=n+jk, (6)

Where, n is the refractive index and k is the extinction coefficient. The refractive index is
equal to the ratio of phase velocity of the wave in vacuum to that in the material. The

relationships berween the dielectric function and n and k is summarized by the equations,

gr=n° -k 7N

&= 2nk o (8)

For many practical problems, it is convenient to consider loss in a material as being

described by the absorption, ¢, which is defined by,

o = 4nk/A (9

Where, A is the wavelength. o is a useful quantity to know because it is closely related to
the penetration depth of radiation in a given medium, since the intensity of the radiation
decreases according to exp(-0.z), where z is the depth beneath the surface of the medium.

o is usually expressed in units of cm™.

3.3.2 Emissivity

In general, in order to infer the temperature of the target from the measurement of emitted
radiation, the value of the surface emissivity should be known. Emissivity is an important
parameter in radiation thermometry. It is defined as the ratio of the radiance of a given
object to that of a blackbody at the same temperature and for the same spectral and

directional conditions. It is a function of wavelength and temperature. Hence, it is a



property, which must be known for accurate temperature determination of an object by
measurement of its emitted electromagnetic radiation with a radiation thermometer. For
RTP, there are three reasons to know wafer emissivity:
1) Pyrometry
2) Thermal modeling and
3) For wafer design and fabrication to test the robustness of an RTP chamber or
process[12].
For normal incidence, the emissivity (L) of a plane parallel specimen is given by[13]
e(A) =[1-R(A)] {1-T(A)] 7/ [I-R(HTA)] (10)
Where, A is the wavelength, R(A) is the true reflectivity and T(A) ié the true
transmissivity. R(A) and T(A) are related to the fundamental optical parameters-n(A), the
refractive index and k(A), the extinction coefficient by the following relations:
R = [{n(W)-1} +kA)*1/ [{n(k) +1}% +k(1)] . (1D
T(\) = exp[- a(MV A] = exp[-4nk(A)/A] (12)
o is the absorption coefficient and t is the thickness of the material. When the radiant heat
transfer is in an equilibrium state, the emissivity of a perfectly opaque body is given by
Kirchoff’s law as 1-R(A) from(10) for a perfect opaque body, since T(A) = 0. Hence
e(A) =[1-R(\)] : (13)
The experimentally measured values of transmittance and reflectance include effects such
as light trapping and multiple interna& reflections depending on the angle of incidence,
surface roughness, presence of grains, grain boundaries, interface roughness, etc as in
Fig.4. These apparent transmittance T(A)* and apparent reflectance R(A)* are related to

real or true transmittance T(A) and true reflectance R(A), respectively, by the following

well known equations[13] :
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Figure 4 The effect of multiple internal reflections on the apparent reflectivity, R* and
transmussivity T*.
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TOW* = TA){(1-RAKI-RAY TR} (14)

R(AW* = RO{ 1+ [T (I-RA)VII-RA) TR . (19)
Equations (14) and (15) are the result of considering multiple internal reflections. A
simultaneous measurement of reflectance and transmittance can yield true values of
reflectance and transmittance and therefore, the refractive index, n(A) and the extinction
coefficient, k(A) of single substrate materials. Using equations (14) and (15) we get real R

and T from the apparent R* and T* and is given by,

T# —R*> 42R*+1% T * (T* +2(—=R*> 42R + 1)) + (R*—1)"

R= :
4—2R*
%
R
T="-
T*
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o =—-,
A
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With the choice of appropriate models, n(A) and k(L) of multilayers can also be resolved
from experimentally measured spectral properties[14]. Emissivity models can convey to a
process engineer information about films and thickness to achieve the desired emissivity.
The total contribution to emissivity, g(A, T), is given by[14],

e(A, Dot = &(A, Ttree carrier + €(A; T) absorption edge + E(A: T)phonon .. (16)

For photon energy, Ephoton = Eg, Eg is the bandgap, i.e., Aphoton < Ag, the wavelength
corresponding to absorption edge; emissivity contributions are due to bandgap or above

bandgap absorption. For Epnown< Eg the emissivity contributions are due to below
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bandgap absorption. The free carrier absorption mechanism plays the dominant role in
doped semiconductors in the short-wavelength range[9]. In the long-wavelength
range(>10um), phonons contribute to emissivity changes. These properties are function

of temperature.



CHAPTER 4

FUNDAMENTALS OF SENSORS FOR PROCESS MONITORING

4.1 Contact Sensors
Thermocouples: A junction of two dissimilar materials will, when heated, produce a
voltage across the two open leads. This effect is called thermovoltaic effect and such a
junction is referred to as thermocouple. When more than one of these junctions are
combined in a single responsive element, it is termed as thermopile. The most important
features of thermocouples are the following:
(a) Thermocouple does not measure the junction temperature. It will measure the
temperature gradient of the wire.
(b) Thermocouple does not measure wafer temperature directly. Only a close
approximation is the output of the thermocouple, as determined by the thermal resistance
between the wafer and the thermocouple[15].
(c) The signal produced by the thermocouple is translated into temperature by a number
of methods. The most common conversion is the use of a standard reference table,
international temperature standard, ITS-90 and interpolation from a number of ITS-90
fixed points[16-17].

Although thermocouples are inexpensive and easy to use, they suffer from some
limitations. The main problem with the thermocouple is its way of operation. For a
thermocouple to operate, it has to be in physical contact with the surface of the wafer.
This leads to risk of contamination of the wafer. In order to minimize the contamination,

real-time measurements must not involve contacting the wafer. Thermocouples can be
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used as temperature measurement tools in batch reactor furnaces where the wafer is in
total equilibrium with its surroundings. Thus, by determining the furnace temperature, the
wafer temperature can be found. In processes like RTP, the thermocouple should be
embedded inside the wafer in order to find the wafer temperature since wafer temperature
is not in equilibrium with the furnace temperature. In order to obtain uniform
temperature, several thermocouples have to be embedded across the wafer to measure the
wafer temperature spatially, whic_h could introduce more contamination. On the other
hand, this technique cannot be used in processes such as rapid thermal oxidation (RTO)
where a layer of thermal oxide is grown on the surface of the substrate. Although there
are many limitations in using the thermocouples including the associated large time
constants, it is not likely to see the disappearance of thermocouples in the semiconductor
industry in the near future. The major problems with thermocouples are low
reproducibility and speed. They offer a simple measurement solution if some of their

disadvantages can be overcome.

4.2 Non-Contact Sensors
Methodologgies based on inf;ared detection have been well established as a method for
temperature monitoring. Their major advantage is the ability to accurately measure
temperature without physical contact and therefore in real-time. Another important
advantage of infrared temperature sensors is their fast response times, typically in the
region of 10 to 50 milliseconds, with some as fast as 2 microseconds.
Pyrometry: It is a non-contact optical technique used to monitor the temperature of the

wafer during semiconductor processing. Pyrometers are all fundamentally based on
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Planck’s blackbody radiation equation. A pyrometer does not measure the temperature of
the wafer directly. Instead, it measures the intensity of the radiation coming from the
wafer, which can later be converted into temperature by using an appropriate correction
factor. Thermometry using pyrometry involves measuring the thermal distribution of
photons, often within a narrow wavelength band. Pyrometers are also called as photon
detectors. In photon detectors, incident infrared photons are absorbed producing free
charge carriers, which change electrical characteristics without causing any temperature
change of the responsive element[18]. Radiation pyrometry is a valuable tool for non-
contact measurement of temperature. The main advantages of using pyrometers are the
following:
(a) pyrometers look directly at the wafer
(b) can be located outside the process chamber
(c) need no contact with the wafer
(d) exhibit low time constants and high resolution

Pyrometers can also give other information such as transmittance, reflectance and
emittance of the wafer. However, there are some limitations such as sensitivity to
changing emissivity and background light. They are costly and complex and they need
calibration. Wavelength, photodetector and collection optics are some key considerations
to be evaluated for pyrometers. A number of sensors are placed looking at the sample
depending on the location of the wafer to collect the radiated thermal energy from the

wafers because of the spatial limitation of each sensor.
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Thermal radiance is characterized by Planck’s blackbody spectral radiance My
(T, ), the wafer emissivity (A, T), and is given by[13]:

Pp=Af(h) e(A, T) M yp (T\2) (17)

Where, T is the temperature, A is the pyrometer operating wavelength, A is the area of the
wafer that contributes directly to the pyrometer signal, and f(h) is a function dependent on
the distance (h) between the wafer and the pyrometer. As can been seen from the above
equation, the emissivity of the wafer should be known precisely in order to measure the
accurate temperature of the wafer. Although there are some limitations, pyrometers are
still being used as the standard technique in monitoring the wafer temperature in many
semiconductor processes such as RTP, MBE and MOCVD[15,17]. The limitations of
pyrometers have compelled researchers to investigate other non-contact techniques like
the ripple technique, which has solved the two largest pyrometer problems such as
undesired background light and unknown wafer emissivity[19].

A pyrometer measures the amount of radiation emitted from a wafer. The emitted
radiation is a function of both the wafer temperature and the optical properties of the side
of interest. The most important radiative property is the wafer emissivity.

In semiconductor pro—cesses such as RTP, problem of measuring the temperature
and its uniformity can be reduced greatly by emissivity reduction techniques[20].
However, most of these techniques seek virtual blackbody cavity. If a wafer is placed into
a virtual blackbody, the effective emissivity is forced up towards one. A new technique
introduced by AG Associates minimizes emissivity errors and improves temperature
uniformity by placing a highly reflective surface very close to the wafer, to enhance its

emissivity.
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A fiber sensor can be inserted through a hole in the bottom reflector of an RTP system

and can be focussed at the wafer to acquire real-time emissivity data.

4.3 Fiber Optics in Infrared Thermal Monitoring
With the advent of fiber optics, a new generation of infrared sensors have come into
existence which allow for greater flexibility and ease of implementation and
applications[21]. Typically, fiber optic infrared sensors are used in applications where a
conventional direct viewing instrument cannot be applied because of the physical size of
the sensor, or because of harsh environments. Instruments with fiber optic probes may be
used in areas of high ambient temperatures or hazardous conditions due to harsh
environments or high levels of electromagnetic or nuclear radiation. Using a fiber optic
cable, the actual infrared detector and electronics may be located at a safe distance from
the process with only a non-electrical lens assembly or fiber optic tip located in the
vicinity of the process area. Fiber optic tips supplied with sapphire elements encased in a
ceramic tube may be exposed to ambient temperatures as high as 1000°C. Fiber optic
cable lengths from 1 to 40 feet are common with some as long as 60 feet. The most
commonly used fiber optic material today is lead alkaline silica glass encased in a
cladding of soda lime silica glass; this glass fiber material is easily produced. Its major
drawback is the longer the cable, the higher the minimum detectable temperature, due to

losses in the glass fiber.



CHAPTER 5

EXPERIMENTAL DETAILS

5.1 Emissometer

The schematic of the spectral emissometer is presented in Fig.5. It consists of a
hemiellipsoidal mirror providing two foci, one for the exciting source in the form of a
diffuse radiating near blackbody source and the other for the sample under investigation.
A microprocessor controlled motorized chopper facilitates in simultaneous measurement
of the sample spectral properties such as radiance, reflectance and transmittance. A
carefully adjusted set of five mirrors provides the optical path for the measurement of the
optical properties. The source of heating of the samples is provided by oxy-
acetylene/propane torch. The sample size is typically in the range of 0.5 to I inch in
diameter. The spot size for the optical signal collection from the sample is ~3 mm in
diameter. Thus the temperature estimation, using the emissometer, is assumed to be
uniform over this small region of the sample. However, because of safety considerations
and potential sample contamination, various alternatives to heat the samples, uniformly in
a controlled environment, are. being investigated.

The spectral emissometer consists of three GaAs lasers to facilitate in aligning the
sample at the appropriate focus. A high resolution Bomem FTIR, consisting of Ge and
HgCdTe detectors, interfaced with a pentium processor, permits data acquisition of the
measured optical properties. Fourter Transform Infrared Spectroscopy involves a special
mathematical treatment of the experimentally measured spectral data[22]. Markham et.al.

[23] have designed and constructed a bench top FTIR instrument which allows for
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