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Abstract 

Temperature measurement is crucial for many industrial processes and monitoring tasks. 

Most of these measurement tasks can be carried out using conventional electric 

temperature sensors, but with limitations. Particularly under harsh conditions, fiber optic 

temperature sensors show their advantages over conventional instrumentation. There are 

several other benefits of using such sensing techniques; e.g. immunity from electrical, 

magnetic and electromagnetic interference, small sensor size, safety, capability of remote 

measurements, simplicity of calibration. 

One thermometric technique that is adaptable to the needs of a wide variety of situations 

is based on fluorescing materials, many of them phosphors. The temperature sensitive 

fluoro-optic behaviour of a phosphor can provide a viable means of monitoring the 

temperature profiles of surfaces and also measuring the temperature in a variety of 

situations. The thermographic phosphors and related techniques of measurement have 

been developed by many researchers; but the numbers of such phosphors which satisfy 

the requirements of linearity of response, stability, ease of synthesis, phosphors/binder 

(adhesive) compatibility, etc. are indeed very few. 

Therefore, there is a need to investigate more materials for this kind of application. In this 

context, copper-activated alkaline earth sulphides seem to be promising candidates as 

they can be easily synthesized, they are quite stable over long period of time, if protected 

from moisture and their fluorescence / phosphorescence is sensitive to temperature.  

Although these phosphors have been known for a very long time, almost no effort has 

been made to study the temperature sensitive behaviour of these phosphors for this kind 

of application. Therefore, the present work aims at investigating the thermographic / 

thermometric properties of CaS:Cu, BaS:Cu and SrS:Cu phosphors. 

The objectives of the present investigation are: 

(i) To synthesize alkaline earth sulphide phosphors activated by copper with and 

without flux. 

(ii) To investigate the temperature dependence of fluorescence intensity  
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(iii) To investigate the temperature dependence of phosphorescent lifetime of these 

phosphors; and 

(iv) To develop a fiber-optic temperature probe for measuring the temperature of 

hot surfaces and to assess the suitability of these materials for other 

thermographic applications. 

Consistent with these objectives, six series of alkaline earth sulphide phosphors have 

been synthesized by solid state fusion reaction. They are CaS:Cu (without flux), CaS:Cu 

(with Na2SO4 as flux), BaS:Cu (without flux), BaS:Cu (with flux) and SrS:Cu (without 

flux) and SrS:Cu (with flux). The crystalline structure of these materials has been 

confirmed by X-ray diffraction studies. The following investigations have been carried 

out on all the six series of phosphors. 

(i) Recording  of excitation spectra at RT 

(ii) Recording of fluorescence spectra at RT 

(iii)Study of the variation of fluorescence intensity at max (wavelength of 

 maximum emission) with temperature  

(iv) Recording of phosphorescent lifetime at max at RT and its variation with   

 temperature 

The excitation and emission (fluorescence) spectra recorded at room temperature both 

show single bands in the case of CaS:Cu, peaking around 310 nm and 480 nm 

respectively. Addition of flux gives rise to two excitation peaks, one at 310 nm and 

second, at 345 nm. But the emission peak remains same at 480 nm. The intensity, of 

course, changes with the concentration of Cu or flux.  

In the case of BaS:Cu phosphors, two peaks around 340 nm and 410 nm are observed in 

the excitation spectra in all the samples. The emission spectra of all the samples consist 

of a single peak with a maximum around 560 nm. 

In copper doped strontium sulphide phosphors, excitation spectra shows two prominent 

peaks around 310 and 345 nm and the emission peak is observed around 500 nm. 
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The study of variation of fluorescence intensity at  max (the wavelength of maximum 

intensity at RT) of all the series of phosphors shows that it decreases with increase in 

temperature; in most cases almost linearly. The lifetime of phosphorescence also 

decreases with temperature. 

 In the present thesis, these two properties have been utilized for designing a fiber-optic 

probe for measurement of temperature of hot surfaces. The potential applications of these 

phosphors in a variety of other temperature monitoring cases have also been discussed at 

the end. 
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5.3(c)  Variation of lifetime with temperature  

 of CaS:Cu (0.009M)(without flux). . . . . . . . . . . . . . . . . . . . . . . . . . .5.6 

5.3(d)  Variation of lifetime with temperature  
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 of CaS:Cu (0.01M)(without flux). . . . . . . . . . . . . . . . . . . . . . . . . . . .5.6 

5.3(e)  Variation of lifetime with temperature  

 of CaS:Cu (0.003M)(Flux:003M). . . . . . . . . . . . . . . . . . . . . . . . . . . .5.7 

5.3(f)  Variation of lifetime with temperature  

 of CaS:Cu (0.003M)(Flux:0.005M) . . . . . . . . . . . . . . . . . . . . . . . . . .5.7 

5.3(g)  Variation of lifetime with temperature 

 of CaS:Cu (0.003M)(Flux:0.01M).  . . . . . . . . . . . . . . . . . . . . . . . . . .5.8 

5.4(a)  Variation of lifetime with temperature  

 of BaS:Cu (0.001M)(without flux). . . . . . . . . . . . . . . . . . . . . . . . . . .5.8 

5.4(b)  Variation of lifetime with temperature  

 of BaS:Cu (0.002M)(without flux). . . . . . . . . . . . . . . . . . . . . . . . . . .5.9 

5.4(c)  Variation of lifetime with temperature  

 of BaS:Cu (0.005 M)(without flux) . . . . . . . . . . . . . . . . . . . . . . . . . .5.9 

5.4(d)  Variation of lifetime with temperature  

 of BaS:Cu (0.007M)(without flux). . . . . . . . . . . . . . . . . . . . . . . . . . .5.10 

5.4(e)  Variation of lifetime with temperature  

 of BaS:Cu (0.009M)(without flux). . . . . . . . . . . . . . . . . . . . . . . . . . .5.10 

5.4(f)   Variation of lifetime with temperature  

 of BaS:Cu (0.001M)(Flux:0.01M) . . . . . . . . . . . . . . . . . . . . . . . . . . .5.11 

5.4(g)  Variation of lifetime with temperature  

 of BaS:Cu (0.001M)(Flux:0.015M) . . . . . . . . . . . . . . . . . . . . . . . . . .5.11 

5.4(h)  Variation of lifetime with temperature  

 of BaS:Cu (0.001M)(Flux:0.005M) . . . . . . . . . . . . . . . . . . . . . . . . . .5.12 

5.5(a)  Variation of lifetime with temperature  

 of SrS:Cu (0.001M)(without flux) . . . . . . . . . . . . . . . . . . . . . . . . . . .5.12 

5.5(b)  Variation of lifetime with temperature  

 of SrS:Cu (0.003M)(without flux) . . . . . . . . . . . . . . . . . . . . . . . . . . .5.13 

5.5(c)  Variation of lifetime with temperature  

 of SrS:Cu (0.003M)(Flux:0.001M) . . . . . . . . . . . . . . . . . . . . . . . . . .5.13 

5.5(d)  Variation of lifetime with temperature  

 of SrS:Cu (0.003M)(Flux:0.002 M). . . . . . . . . . . . . . . . . . . . . . . . . .5.14 

5.5(e)  Variation of lifetime with temperature  

 of SrS:Cu (0.003M)(Flux:0.003 M). . . . . . . . . . . . . . . . . . . . . . . . . .5.14 
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Chapter 1 

Introduction 

1.1 Importance of Temperature Measurement 

The subject of temperature measurement is one of the most important in the field of 

measurement science and process control. Innumerable industrial processes, 

biomedical monitoring systems and environmental regulatory systems, to name the 

few primary applications depend on accurate, reliable temperature information to 

function effectively. With the continuing technological developments in aerospace 

and automotive design, as well as newer medical instruments, the need to extend the 

range of measurement of temperatures has never been greater. In particular, the 

requirement to measure temperatures in otherwise inaccessible or difficult 

circumstances, such as those bathed in RF radiation, or other noisy electromagnetic 

environments, has been one of the imperatives in the development of optical sensors 

for this purpose. 

The importance of temperature measurement can even be seen simplistically by 

consideration of the financial aspects of the sensors and devices used internationally. 

Estimates of the worldwide sales of temperature sensors run to several hundred 

million dollars per year, a figure that could be increased several times when the 

associated controllers, indicators and other aspects of the measurement system are 

added. 

Industrial, biological, research and development spheres pose to be real difficult 

environments for the determination of temperature. The region to be measured may be 

extremely hostile, moving or in a position where access is extremely difficult, or 

where the physical contact of a sensing probe may even be impossible, or where the 

presence of interference from other forms of electromagnetic noise excludes the use 

of electronic thermometers. These situations are, for example, the measurement of the 

winding temperature of a rotating blade of a turbine engine, the monitoring of 

winding temperatures in electrical transformers, and temperature monitoring during 

clinical RF heat treatment. In order to seek alternative means of temperature sensing, 

one of the alternative research and development areas in thermometry based on the 

use of fiber optics. 
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1.2 Fiber Optic Sensors for Temperature Measurement 

There are several optical properties of materials that vary with temperature  and hence 

there are as many ways of making the temperature measurement. As the sensor can 

either be formed using the fiber itself as the sensing medium (termed „intrinsic 

sensing‟) or from a material or structure attached to the end of the fiber (termed 

„extrinsic sensing‟), the number of possible fiber optic temperature sensor devices is 

quite large. Indeed, there has been something of an explosion of device proposals seen 

in the literature. Extensive reviews have been given by Udd and Spillman [1], Udd 

[2], Grattan [3] and Wickersheim [4], amongst others, on various proposed sensor 

schemes.  

1.2.1 Advantages of fiber optic sensors: 

The primary reason for interest in fiber optic sensors, in most cases, stems from the 

fundamental differences between optical fiber and metal wire for signal transmission. 

These differences give fiber optic sensors the following valuable characteristics: 

(a) Electrical, magnetic and electromagnetic immunity 

This is the dominant attribute of the fiber optic sensor. The materials in the probe are 

typically good electrical insulators. Since they do not conduct electricity, the probes 

cannot (in principle) introduce electrical shorting paths or cause electrical safety 

problems. Likewise, they do not absorb significant amounts of electromagnetic 

radiation or get heated by such fields with the resultant introduction of thermal 

artifacts into the readings. Last, but not the least, stray fields cannot induce electrical 

noise in fibers, so the probes exhibit a very high level of immunity to electromagnetic 

interferences (EMI) when used in electrically or magnetically hostile environments. 

(b) Small sensor size  

Since the typical sensor does not have to be any larger in diameter than the fiber itself, 

the sensor can, in principle, be extremely small. This allows its use in applications 

such as in medicine or in microelectronics where size is critical. Further, since small 

size means small thermal mass, the fiber optic sensors typically exhibit a 

commensurate very rapid thermal response. 

 



1.3 

 

(c) Safety 

The safety issue may be the main reason for use of fiber optic sensors in some 

particular areas of application. Most fiber optic sensors require no electrical power at 

sensor end of the system. They generate their own optical signal or they are „powered‟ 

remotely by radiation from a light source located within the instrument, therefore, 

introducing no danger of electrical sparking in hazardous environments. There is 

reason to believe that at normal levels of optical power coupled into an optical fiber, 

i.e., levels of upto several hundred milliwatts of optical power, there is almost no 

hazard with any accidental fracture of cable and the possible focusing of the optical 

radiation by the lensing effects of the broken end. Particularly in the chemical 

industry, where highly explosive gases or gas mixtures may be used, this is an 

important consideration, but on the whole in normal use, fiber optic sensing systems 

can be considered intrinsically safe. 

(d) Capability of remote measurements 

The small size of the fiber and its electrical, chemical and thermal inertness can allow 

for long-term location of the sensor deep inside complex equipment and thereby 

provide access to locations which are difficult to address, where monitoring the 

temperature may be of interest. Beyond this, however, certain of the optical 

techniques allow non-contact or remote sensing of temperature. For example, the 

sensor may be located some distance from the fiber tip. This is most easily 

accomplished with the use of fluorescence-based fiber optic techniques and with 

infrared radiometry. The point of interest may in fact be located on a moving or 

rotating part or behind a transparent window as in a pressure or vacuum chamber, and 

yet the radiation can be readily collected and analyzed to gain temperature 

information remotely. 

(e) Other advantages 

Beyond these generic advantages, certain of the optical techniques exhibit an 

unusually wide range of operation with precision good enough to meet reasonable 

requirements. At the same time these techniques provide simplicity of calibration (or, 

as in the case of the fluorescence lifetime techniques, the absence of the need for 

calibration for individual probes). 
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1.3 Fluoro-optic Temperature Sensing 

One thermometric technique that is adaptable to the needs of a variety of situations is 

based on fluorescing materials, many of them phosphors. The thermal dependence of 

phosphor fluorescence may be exploited to provide for a non-contact, emissivity-

independent, optical alternative to other more conventional techniques, e.g., those 

employing pyrometry, thermocouples, or thermistors. In fact, there are certain 

situations in which the advantages fluorescence-based thermometry has over other 

methods make it the only useful approach. Prior to discussing those properties of 

phosphors important to thermometry, some relevant terminology should be 

introduced.  

Luminescence refers to the absorption of energy by a material, with the subsequent 

emission of light. This is a phenomenon distinct from blackbody radiation, 

incandescence, or other such effects that cause material to glow at high temperature. 

Fluorescence refers to the same process as luminescence, but with the qualification 

that the emission is usually in the visible band and has a duration of typically 10
9

 to 

10
3

 s. Phosphorescence is a type of luminescence of greater duration,  10
3 

to 10
3
 s. 

Emission, luminescence, phosphorescence, and fluorescence are closely related terms 

[5]. These terms have been explained in detail in Chapter 3. 

A phosphor is a fine white, or slightly colored powder designed to fluoresce very 

efficiently. Color television and cathode-ray tube (CRT) displays employ phosphor 

screens that emit visible light when seen by the viewer. The source of energy that 

excites this fluorescence is a beam of electrons. Other examples of phosphor uses are 

in fluorescent spray paints, fluorescent lighting, photocopy lamps, scintillators and x-

ray conversion screens. For the last, a beam of x-rays provides the excitation. Other 

excitation sources are gamma rays, ultraviolet (UV) light and, in some cases visible 

light. Many different phosphors are manufactured for these and other applications. 

The lighting and display industries have provided the impetus for the study of 

thousands of phosphor materials over the last several decades [6,7,8]. 

In terms of their composition, phosphors may be divided into two classes: organic and 

inorganic. It is the latter that have primarily but not exclusively found use in 

thermometry. Inorganic phosphors consist of two components: a host inorganic 

compound and an activator or doping agent, from which the light is emitted. Such 
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materials do not have to be in the powdered form to be useful. Some phosphors are 

fabricated into macroscopic pieces of crystal or glass.  

1.4 Factors influencing fluorescence process 

1.4.1 Dopant concentration 

The parameters describing the luminescence characteristics of any given phosphor are 

dependent on the concentration of the activating impurity. Overall intensity, relative 

spectral distribution, decay time, rise time, and response to temperature are all 

affected to some degree. It is standard practice when characterizing the thermal 

response of a given phosphor to measure its brightness as a function of dopant 

concentration.  

 

Fig. 1.1: Fluorescence intensity vs dopant concentration for Eu in a host of Y2O3 [12] 

A representative case [9] is shown in Fig. 1.1. These data illustrate that a high dopant 

concentration of Eu in a host of Y2O3 results in most of the luminescence being 

concentrated into the 
5
D0 emission line (at 611 nm) that is of importance to color 

televisions. They further illustrate that the more activator centers there are in a 

phosphor, the more it will fluoresce, up to a point. However, when the concentration 

levels reach a certain point, another nonradiative deexcitation pathway becomes 

important. As the activator density is increased, the probability that an excited 

activator will transfer energy nonradiatively to a neighboring dopant ion increases. 

The arrival at a cutoff in this process is usually referred to as concentration 

quenching. For other dopants, even when in the same host, the concentration that 

produces the maximum brightness will be different. For example, the optimum 

concentration of Sm or Dy in Y2O3 is 0.5% [7, 10].  
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Generally, one seeks to maximize the brightness of the phosphor. With respect to 

thermometry applications, however, there are other considerations that may warrant 

the use of different strategies. For instance, at high concentrations the fluorescence 

decay profile may not be that of simple single-exponential decay. This is important 

for decay time based approaches since multiexponential and nonexponential decay 

profiles are more difficult to model. (Multiexponential decay is not necessarily a 

problem if measurements based on continuous line intensities are being made though.) 

These more complex waveforms can make calibration and data analysis difficult but 

not intractable. An example of this phenomenon arises in the use of YAG:Tb, which 

is a good phosphor for high temperature thermometry. At low concentrations, about 

5/6 of the excitation energy drives the 
5
D3 states (blue bands between 350 and 450 

nm) while the remainder excites the 
5
D4 states (blue-green and green bands at 488 and 

544 nm). At sufficiently high dopant levels, there is an energy transfer from the higher 

to the lower states. Whereas the latter states exhibit exponential decay at up to 3% 

dopant concentration, the former appear to follow the Förster model [11], the decay 

function for which is  
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where N0 = 3/(4 R0
3
) with R0 being the critical distance for energy transfer ( 1 

nm), N is the dopant concentration in number of atoms per cm
3
, and  is the 

unquenched spontaneous lifetime. The spectral emission distribution can be a 

sensitive function of dopant concentration. At low Eu concentrations, the 

shorter wavelength lines are stronger than they are at higher concentrations. 

Kusama et al [12] noted that this is particularly important for intensity based 

thermometry. They indicate that the 
5
D2 emission of Y2O2S:Eu is especially 

sensitive to Eu concentrations. In comparing temperature dependent ratios of 

this line to a 
5
D0 emission line, a difference of 0.1 mol % between samples will 

vary the ratio by about 5% and lead to an estimated error. 
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1.4.2 Saturation Effects 

Saturation effects on YAG:Tb, another phosphor of interest in  thermometry, are 

discussed by de Leeuw and ‟t Hooft [13]. A survey of the study of saturation effects is 

given there.  

High incident fluxes, whether from laser, particle beam, or any other excitation 

source, can lead to luminescence saturation effects. When this occurs, phosphor 

efficiency changes as a function of the incident flux. In typical applications, this 

would manifest itself as a spurious temperature change if the flux were to increase to 

the point of causing saturation. An illustrative example arises in the description of 

saturation of Y2O3S:Eu by Imanaga et al. [14] where the relative dopant 

concentrations were 0.1% and 4%. A nitrogen laser (337 nm) focused to a spot size of 

about 1 mm
2
 was used for short duration (4 ns) photon excitation. For cathode ray 

excitation, a 10 kV electron beam of 5 s duration was used and a number of effects 

were noted. With the latter form of excitation, the spectral distribution changed as a 

function of input fluence beginning at about 0.1 A/cm
2
. The effect was more 

pronounced at higher concentrations. Above a certain threshold value, overall 

intensity decreases, but for the lower concentration, this threshold value itself is lower 

and the rate of decrease is faster than at higher concentrations.  Increasing the beam 

voltage, independently of beam current, will degrade the saturation of this phosphor 

according to Yamamoto and Kano [15]. Conversely, the situation may improve for 

some phosphors over a certain range, as observed in the case of ZnS and Zn2SiO4 by 

Dowling and Sewell [16]. For short-pulse excitation via nitrogen laser, the saturation 

effects are even more complex. Moreover, saturation is itself a temperature dependent 

phenomenon. Generally, for all concentrations, the saturation thresholds are lower at 

higher temperatures. Saturation is enhanced at higher concentrations, but the rates will 

be different from one emission line to another. 

There is evidence for a decrease in fluorescence decay time with increasing laser 

fluence (energy over the area of the spot size of laser). Imanaga et al. [14] suggest 

several possible mechanisms that may cause luminescence saturation behavior in this 

case. Beam-induced temperature rise was ruled out as a possible cause since 

saturation was less pronounced for the most temperature-dependent emission lines, as 

well as for other reasons, although this might be the dominant mechanism at work in 
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other cases. Thermodynamic considerations, coupled with experimental studies, can 

help determine if beam-related effects will be a problem in a given situation. The 

results found by Imanaga et al may likely be due to the increased probability of 

having two excited dopant atoms in close proximity to each other. Evidently, when 

this occurs, an additional nonradiative deexcitation path is allowed. For instance, one 

of the excited atoms might transfer its energy to its neighbor, thus creating a doubly 

excited atom which nonetheless can emit only one fluorescence photon rather than 

two, thus decreasing the emission rate.  

In most applications, one does not have the opportunity to deliver a surfeit of laser 

excitation due to the necessity for transporting beams long distances, usually over 

optical fibers which have limited fluence-handling capacity. Saturation becomes a 

relatively important problem during laboratory calibrations, however, when a more 

nearly ideal optical arrangement is employed, i.e., one having higher available laser 

power and finer focusing. 

Finally, we note that Raue et al. [17] have studied saturation effects in Tb-doped 

phosphors excited by cathode ray beams. They have developed a model that is 

consistent with the results of excited state absorption experiments carried out on a 

variety of these materials. 

1.4.3 Impurities 

There are inevitably small amounts of undesired species in solid solution in the host 

material, and these change the atomic electronic environment experienced by the 

activators so as to either augment or hinder phosphor performance. For instance, at 

concentrations greater than 1 ppm, transition metal impurities will decrease phosphor 

brightness. This is because they absorb at wavelengths similar to those of the typical 

activators, thus effectively stealing excitation energy and decreasing the number of 

excited fluorescence centers. Moreover, nonradiative energy transfer from an excited 

activator to such impurities is efficient, thus increasing the decay rate and quenching 

the emission. 

Even so, it is possible to mix powdered phosphors with a great variety of substances, 

from epoxies to inorganic binders, without affecting emission characteristics. In fact, 

ceramic binders can be flame sprayed, plasma sprayed, etc., as long as the result is a 

suspension of mixed materials. Properly chosen additives can also play a positive role. 
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For example, addition of small amounts of  Dy and Tb or Pr to Y2O3:Eu has the effect 

of decreasing the lifetime by as much as a factor of 3 with little or no change in 

quantum efficiency [18]. Having a faster response can be important when using 

phosphor thermometry to interrogate, e.g., a high speed rotating shaft that has a 

„„viewing time‟‟ that is limited [19,20]. 

1.4.4 Sensitizers  

A sensitizer is a material that, when added to a phosphor, increases the fluorescence 

output. Weber [21], in a survey of rare-earth laser research, formulated a table of rare-

earth ions that have been used as active laser media, and included in it the 

corresponding rare earths used as sensitizers for each. The sensitizing dopant will 

absorb energy and, rather than emitting fluorescence, it transfers its energy to the 

main dopant from which an optical transition occurs. For example, Khare [22,23] 

notes that cerium has been found to be a sensitizer for erbium, while gadolinium is a 

sensitizer for cerium. A prospective sensitizer must exhibit no absorption at the 

emission wavelength of interest. It must also have absorption bands that do not steal 

excitation energy from the activator. Finally, it must have energy levels that are above 

the fluorescing line which feed the activator but which do not quench it [24]. 

1.4.5 Quantum efficiency 

Quantum efficiency, QE, is a parameter often used to help scale a phosphor‟s ability to 

produce bright light. Knowledge of the approximate quantum efficiency of a phosphor 

can aid in determining expected signal levels. Numerically, the quantum efficiency is 

the ratio of the rate of photons absorbed by the phosphor to the rate that are absorbed. 

If QE ≥ 0.8, a material is considered to be an efficient phosphor. QE is not as dominant 

a criterion for fluorescence thermometry as it is for lighting and display applications. 

Fig. 1.2. presents the emission intensities for a variety of activators in YVO4. With Eu 

as an activator, the resulting phosphor is most efficient and useful in thermometry 

only above the quenching temperature of ≈ 500°C. On the other hand, a Dy activator 

in this host will produce decay times that make the phosphor useful in the range from 

300 to 500°C. (The ratio of two emitting lines in this case can also be used to make 

measurements at somewhat lower temperatures.) It is interesting to note that 

YVO4:Nd is being used as a laser medium despite its low efficiency. For YVO4:Eu, 

QE = 68% at the optimum concentration of 0.05 mol % (253.7 nm excitation) whereas 
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QE = 88% for YVO4:Dy at a concentration of 0.003 mol %. The latter is clearly a 

more efficient phosphor, except for the fact that the concentration dependence is more 

pronounced. 

Efficiency is a wavelength-dependent phenomenon. Therefore, if, e.g., 

instrumentation availability prevents the use of mid-UV excitation with a phosphor 

that happens to be efficient in that band, then a substitute material better suited to the 

wavelength of the excitation source should be used instead. 

 

Fig. 1.2: The emission intensities for various rare-earth activators in YVO4 p. 438, 

 Ref.  [7] 

1.5 Temperature sensitive luminescence parameters  

Phosphors are thermographic if they exhibit luminescence properties that change with 

temperature. This gives the phosphors their temperature sensing characteristics. a 

number of schemes have been proposed based on these characteristics [25,26]. This 

section reviews all known temperature responses of phosphors. These are illustrated 

schematically in Fig.1.3. 

1.5.1 Fluorescence intensity 

Normally it has been observed that intensity of fluorescence varies with temperature. 

As an illustration of this fact, a comparison of the two spectra of La2O2S:Eu [7] 

presented in Fig. 1.4. shows that the relative intensities of the lines near 465 and 512 

nm are temperature dependent. 
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Fig 1.3: Different response modes for thermographic phosphors. 

 
  

Fig. 1.4: Temperature dependence of La2O2S:Eu spectra.[7] 

 

In fact, it is generally the case that certain of the lines in these phosphors get weaker, 

i.e., become less bright, as the temperature of the material is increased. A plot of 

intensity versus temperature is shown in Fig. 1.5 Clearly, for this material, there is a 

region where the selected emission line is no longer sensitive to temperature change. 

At a particular value, viz., the “quenching temperature” (as discussed above), the 

strength of the emission line falls off drastically. The quenching temperatures and the 
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slopes of the temperature dependencies usually differ for each type of phosphor and 

for each of the emission lines within the spectrum of a given phosphor. In some cases 

there may be an increase in intensity with temperature over a given range of 

temperatures, although the opposite is more typical. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5: Emission intensity vs temperature for La2O2S:Eu (after Ref. [27]). 

1.5.2 Fluorescence lifetime 

When a phosphor is excited by a pulsed source, the persistence of the resulting 

fluorescence can be observed providing that the length of the source pulse is much 

shorter than the persistence time of the phosphor‟s fluorescence. This is illustrated in 

Fig. 1.6 for the 514 nm line of La2O2S:Eu monitored at two different temperatures. 

The luminescence intensity decays exponentially in this case, according to the 

relation: 

/
0
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Fig. 1.6: Phosphor decay characteristics at 65 and 75 F (La2O2S:Eu at 514 nm).[27] 
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where  (the lifetime or decay time) is the standard 1/e ( 37%) folding time for the  

fluorescence. The decay time is often a very sensitive function of temperature and, 

therefore, a determination of its value constitutes a very useful method of 

thermometry. A portion of a calibration curve for La2O2S:Eu is shown in Fig. 1.7 for 

three of its emission lines. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7: Fluorescence decay time vs temperature for La2O2S:Eu [27]. 

1.5.3 Fluorescence line shift 

Each emission line is characterized by a wavelength for which the intensity is 

maximum. Its value may change slightly with temperature, and this is termed a line 

shift. Also, an emission line has a finite width, called the line width, which is often 

designated by the spectral width at half the maximum line intensity. Line width and 

line shift changes as a function of temperature are generally small, and are not often 

used in fluorescence thermometry. However, as previously mentioned, Kusama et al 

[12] utilized this approach for cathode-ray-tube thermometry. As shown in Fig. 1.8, 

they observed a shift to the blue of about 0.2 nm in going from –15 to 72°C. 

 

 

 

 

 

 

Fig. 1.8: Linewidth and line position at –15 and 72°C for Y2O2S:Eu [12]. 
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The data they presented indicate that the line shift has an approximately quadratic 

dependence on frequency.  

1.5.4 Temperature dependence of absorption band and excitation spectra  

The absorption spectra of many phosphors consist of a relatively broad band at the 

blue or ultraviolet end of the spectrum, along with sharper absorption features in the 

visible and near-IR. The sharper features are often due to atomic transitions of the 

dopant atom and, as noted above, exhibit some temperature sensitivity. The broad 

absorption band, however, since it results from direct interaction with the host, may 

show more marked temperature dependence.  

Bugos [28] studied the temperature-dependent excitation spectra of a number of 

thermographic phosphors. The results were very instructive, because an excitation 

spectrum provides an alternate means of determining the position and strength of 

absorption features in a material. Whereas absorption spectra are obtained by 

measuring the amount of light transmitted through a specimen as a function of 

wavelength, an excitation spectrum is determined by monitoring the intensity of an 

emission line while the excitation wavelength is varied. An example is shown in 

Fig.1.9 which presents the temperature-dependent excitation spectra [28] of Y2O3:Eu. 

Within the resolution of the Perkin-Elmer model 650-10S spectrometer (≈ 1 nm) used 

in that work, no discernible change was found in the atomic-transition bandwidths. 

Even so, the charge-transfer band is seen to move toward the red end of the spectrum 

by about 30 nm per 50°C (i.e., 0.6 nm/°C.) The peak of the absorption for this 

material increases up to about 400°C. (At this point, the heat generated by the oven 

placed inside the spectrometer could begin to affect the measurement.) We note that at 

room temperature this phosphor is not excited efficiently by standard sources such as 

a nitrogen laser (337 nm), a tripled YAG laser (355 nm), or a long-wavelength 

mercury vapor lamp (365 nm). Even so, these particular sources are efficiently 

absorbed at higher temperatures and are quite useful in that regime. 
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Fig. 1.9: The temperature-dependent excitation spectra of Y2O3 :Eu, as measured 

with a Perkin-Elmer model 650-10S spectrometer with a resolution of 

approximately 1 nm. (after [28]) 

 

The temperature dependence of the absorption was exploited by Turley et al. [29] to 

infer the energy of a CO2 laser by its heating of a phosphor sample. For this, constant 

excitation was applied to a YVO4:Dy phosphor by a flash lamp that was filtered to 

illuminate at 365 nm. This wavelength is weakly absorbed by the phosphor at room 

temperature. When the 100 ns laser pulse heated the sample, the absorption and the 

resulting (detected) fluorescence increased in proportion to the incident laser energy. 

The associated temperature rise did not exceed the quenching temperature of the 

phosphor.   

1.6 Statement of the problem 

In the preceding section, we have discussed that the parameters of fluorescence like 

intensity, decay time, etc. vary as a function of temperature. These parameters of 

fluorescence of some specific phosphors have been used for remote as well as direct 

measurement of temperature of both static and moving objects. The state of art of 

these thermographic phosphors and related techniques of measurement have been 

recently reviewed by Brübach et al [30], Khalid and Kontis [31], McSherry M., 

Fitzpatrick C.  and Lewis E. [32]. However, the number of such phosphors, which 

satisfy the requirement of linearity of response, spectral tunability, stability and ease 

of synthesis, are very few. Therefore, there is a need to investigate more materials for 

this application. In this context, copper activated alkaline earth sulphides seem to be 



1.16 

 

promising candidates as these phosphors can be easily synthesized, they are quite 

stable over long period of time (ten to fifteen years), if protected from moisture and 

their luminescence is sensitive to temperature. Although these phosphors have been 

known for a very long time [33] and their photoluminescence, cathodoluminescence 

and electroluminescence have been reported by many investigators in single sulphides 

[34-56] as well as mixed sulphides [57-60], no systematic efforts have been made to 

study the temperature dependence of luminescence of this system. A summary of the 

important results reported so far is given as follows.  

First detailed and systematic investigation on CaS was reported by Lehmann and 

Ryan and Lehmann [34, 35]. They concluded that it is an excellent host material for 

efficient cathode-ray tube phosphors when activated with rare earths. Since then a 

number of reports have appeared describing spectroscopic properties of pure and 

activated sulphides and revealing applications of BaS, SrS and MgS in alloy 

semiconductiors [61], radiation dosimetry [62] and fast high resolution optically 

stimulated luminescence imaging [63]. 

Experimental band gap energies of sulphides determined from the optical reflection 

spectra by various workers [34, 64, 65] are listed in Table 1.2.  

Table 1.1: Experimental band gap energies of alkaline earth sulphides 

Band-gap(eV) 

 

CaS SrS BaS 

Polycrystalline, 300K() 

Single crystal, 77K() 

Single crystal, 2K() 

Lattice constant (Å) 

4.8 

5.3 

5.343 

5.6975(Î) 

4.4 

- 

4.831 

6.0190(Î) 

3.8 

- 

3.941 

6.3842(Î) 

() Lehmann and  Ryan [35] (  ) Kaneko and Koda [64]     ( ) Realo and Jaek [65]   

( Î )  Kaneko et al. [66]     

The work so far reported on Cu-activated sulphides is limited to emission studies. The 

emission spectrum strongly depends on the presence of a co-activator in the lattice 

influencing the peak positions of the emission band [38]. However, no systematic 

trend in the peak-shift has been observed as either the host lattice or co-activators are 

varied [34]. 

The Cu emission also depends on the Cu-concentration in the lattice and shows 

concentration quenching at higher Cu concentrations. In mixed sulphides, SrS-BaS, a 

gradual shift of emission spectra to longer wavelengths with increasing BaS content 
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was observed as expected [67]. A similar shift has been reported by Yamashita et. al 

[59,68] in CaS-SrS mixed suphides. In spite of so much research work on these 

phosphors, the variation of fluorescence intensity and the mean lifetime of 

phosphorescence with temperature have not been investigated thoroughly. Such an 

investigation may lead to a better understanding of the mechanism of luminescence 

processes in this system as well as may lead to the development of materials for 

thermometry / thermography 

Therefore, the present work aims at investigating the fluoro-optic behaviour of 

copper-activated alkaline earth sulphide phosphors at room temperature and as a 

function of temperature.  

The objectives of the present investigations are: 

(i) To synthesize alkaline earth sulphide phosphors activated by copper with 

and without flux (a compatible low melting salt) 

(ii) To ascertain the crystalline structure of synthesized materials 

(iii) To study the spectral behaviour of these phosphors at room temperature 

(iv) To investigate the temperature dependence of fluorescence intensity and 

phosphorescent lifetime of these phosphors; and 

(v) To assess the suitability of these materials for thermographic applications 

Consistent with these objectives, six series of alkaline earth sulphide phosphors  have 

been synthesized by solid state fusion reaction. They are CaS:Cu (without flux), 

CaS:Cu (with flux), BaS:Cu(without flux), BaS:Cu(with flux) and SrS:Cu(without 

flux) and SrS:Cu (with flux). The following investigations have been carried out on 

all the six series of phosphors. 

(i) Recording  of excitation spectra at RT 

(ii) Recording of fluorescence spectra at RT 

(iii) Study of the variation of fluorescence intensity at max (wavelength of 

maximum emission) with temperature  

(iv) Recording of phosphorescent lifetime at max at RT. 

(v) Study of the variation of phosphorescent lifetime at max with temperature.  
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Finally the results of all the experiments have been correlated and suitability of these 

materials for thermograhphic applications has been discussed. 
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Chapter 2 

 Synthesis of Fluoro-optic Materials 

2.1 Introduction: 

An inorganic solid may be made to luminesce either by the „built in‟ traces of 

beneficial impurity and / or by structural defects foreign to the general pattern of its 

composition. Impurity-activated phosphors, thus, essentially consist of a bulk material 

which has a normal crystal structure, and an activating impurity which is incorporated 

in the host lattice by heating an intimate mixture of phosphor components to high 

temperatures. In some cases, certain low melting salts, called fluxes, are mixed with 

the charge to obtain efficient phosphors. The characteristics of a phosphor are jointly 

determined by these three components which play different roles and have, therefore, 

different requirements. 

Phosphors can be prepared in different forms according to the experimental needs or 

practical utility of the various forms such as single crystals [1], thin films [2,3], 

microcrystalline powder phosphors [4,5] and nano-phosphors [6]. The powder 

phosphors are the simplest and most commonly used. 

2.2 Basic Ingredients 

The basic ingredients of activated phosphors are, in general, as follows: 

2.2.1 Host material 

The pure insulating crystalline material forms the base or host, which primarily 

functions as a suspension for activator or imperfections and also as an energy transfer 

medium which surrounds the activator atoms [7]. It promotes luminescence by 

favourably altering the energy levels under the perturbing influence of the activator so 

that storage and radiative transitions are possible. 

2.2.2 Activator 

In general, the role of activator is to create a domain in the host lattice where electron 

and hole can recombine with the emission of radiation [8]. More specifically, 

activator may promote luminescence by: 

(i) Intensifying the latent emission bands of the host crystal;  
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(ii) Originating a new line or band emission,  

(iii) Sensitizing a luminescence emission attributable to another activator as in 

the case of Ce and Gd, which individually sensitize Tb and Ce in CaO 

under X-ray excitation [9]  

(iv) Furthermore activator may introduce electron and hole trapping states and 

may act predominantly as poison: (a) when present in excess; and (b) when 

incorporated in small proportion in certain phosphors in which it is 

incompatible. 

The site that an activator occupies within the host crystal depends upon the ionic radii 

of the activator and host crystal cation. Thus, if they are within 15% of each other, the 

activator atom occupies substitutional sites in place of regular host crystal atoms 

thereby forming s-centre, otherwise, it occupies interstitial sites between regular host 

crystal ions leading to an i-centre [10]. 

2.2.3 Flux 

These are salts that readily fuse below the firing temperature. The commonly used 

fluxes are alkali or alkaline earth halides, borates and sulphates which are water-

soluble and have low melting points. The precise function of fluxes is still a matter of 

conjecture. Prevalent views regarding their role in phosphor synthesis and the 

mechanism by which they affect luminescence characteristics are: 

(i) They act as mineralizer and catalyst which allows lower firing temperature 

and shorter firing time by promoting low temperature recrystallization so 

rapidly that large grains with lattice imperfections are formed [10,11]. 

(ii) They act as an inhibiter of sublimation [10]. 

(iii) They promote even distribution and incorporation of activator in the host 

lattice [10,11]. 

(iv) Flux atoms arrange themselves around activator atoms. 

(v) Flux provides charge compensating ions when ionic charge of the activator 

differs from that of the lattice ion it replaces and facilitates the entry of 

such activator, probably, because this way of charge compensation is less 

costly in energy than formation of vacancies and interstitials [12]. 
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(vi) They promote the formation of defects of lattice distortions and thus affect 

the luminescence efficiency. 

In many cases the anions and cations of the flux play an important role in the 

formation of luminescence centers [12]. The nature and quality of the fluxes have also 

been found to affect the characteristics of a phosphor. 

2.3 Method of Synthesis 

2.3.1 General considerations 

The luminescent properties of phosphors are known to be affected by a number of 

preparative parameters, e.g. purity of ingredients [10], particle size of the ingredients, 

firing time, temperature and atmosphere during firing [13], rate of cooling [10,12], 

grinding and the grain size of the phosphor [14]. 

2.3.2 Present method of synthesis 

Alkaline earth sulphide phosphors can be synthesized by several methods [15-20]. 

Theoretically it is possible to start with carbonates, nitrates or sulphates of alkaline 

earths and reduce them in the form of sulphides. It is also possible to start directly 

with the sulphides. When the starting materials are carbonates (CaCO3, SrCO3 or 

BaCO3) or nitrates (e.g. Ca (NO3)2), they are heated at elevated temperature in the 

presence of H2S gas to obtain respective sulphides; and when the starting materials 

are sulphates, carbon is used as a reducing agent. It is also possible to grow a single 

crystal of the sulphide or start directly with the poly-crystalline sulphides. 

In the present investigation, the starting materials were extra pure grade CaSO4, 

SrSO4, and BaSO4. They were reduced to respective sulphides by heating with the 

reducing agent, Carbon, (in the form of activated charcoal) as per the following 

reactions. 

CaSO4    + 2C   
900°C

 CaS + 2CO2 

SrSO4    + 2C             
900°C

 SrS + 2CO2    

BaSO4    + 2C           
900°C

 BaS + 2CO2 

In order to investigate the role of flux, samples with Na2SO4 (as flux) were also 

investigated. 
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The charge consisting of constituent alkaline earth sulphides, reducing agent, carbon, 

and desired amount of activator compound/flux was thoroughly grinded and dried in 

the oven and then kept in fused silica crucibles with lids closed. The charge was then 

fired in the muffle furnace at 900°C 10°C for one hour. The fired mass was cooled 

and crushed to the fine powdered form. Six series of samples have been prepared. The 

composition of the representative samples is given in the Tables 2.1 to 2.6. 

Table 2.1: Composition of CaS:Cu phosphors (without flux) 

S.No Ingredients Final composition 

C1 CaSO4: 10 gm, C: 1.8 gm 

0.1 ml of stock solution of 

CuSO4 (1M) 

CaS : Cu (0.001M) 

C2 CaSO4: 10 gm, C: 1.8 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

CaS : Cu (0.003M) 

C3 CaSO4: 10 gm, C: 1.8 gm 

0.5 ml of stock solution of 

CuSO4 (1M) 

CaS : Cu (0.005M) 

C4 CaSO4: 10 gm, C: 1.8 gm 

0.7 ml of stock solution of 

CuSO4 (1M) 

CaS : Cu (0.007M) 

C5 CaSO4: 10 gm, C: 1.8 gm 

1.0 ml of stock solution of 

CuSO4 (1M) 

CaS : Cu (0.01M) 

Table 2.2: Composition of CaS:Cu phosphors (with flux) 

S.No Ingredients Final composition 

C′1 CaSO4: 10 gm, C: 1.8 gm 

Soln. - 0.3 ml of stock 

solution of CuSO4 (1M),  

Flux - 104.3 mg 

CaS : Cu (0.003M) 

Flux (0.01M) 

C′2 CaSO4: 10 gm, C: 1.8 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux - 312.9 mg 

CaS : Cu (0.003M) 

Flux (0.03M) 

C′3 CaSO4: 10 gm, C: 1.8 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux - 521.5 mg 

CaS : Cu (0.003M) 

Flux (0.05M) 

C′4 CaSO4: 10gm, C: 1.8 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux - 1.043 gm 

CaS : Cu (0.003M) 

Flux (0.1M) 
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C′5 CaSO4: 10 gm, C: 1.8 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux - 3.129 gm 

CaS : Cu (0.003M) 

Flux (0.3M) 

Table 2.3: Composition of BaS:Cu phosphors (without flux) 

S.No Ingredients Final composition 

B1 BaSO4 -10 gm,C-1.0283 gm 

0.1 ml of stock solution of 

CuSO4 (1M) 

BaS : Cu (0.001M) 

B2 BaSO4 –10 gm,C-1.0283 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

BaS : Cu (0.003M) 

B3 BaSO4-10 gm, C-1.0283 gm 

0.5 ml of stock solution of 

CuSO4 (1M) 

BaS : Cu (0.005M) 

B4 BaSO4 –10 gm, C-1.0283 gm 

0.7 ml of stock solution of 

CuSO4 (1M) 

BaS : Cu (0.007M) 

B5 BaSO4 –10 gm, C-1.0283 gm 

1.0 ml of stock solution of 

CuSO4 (1M) 

BaS : Cu (0.01M) 

Table 2.4: Composition of BaS:Cu phosphors (with flux) 

S.No Composition mixture Final composition 

B′1 BaSO4 -10gm, C-1.0283 gm 

0.3 ml of stock solution of 

CuSO4 (1M)  

Flux-60.86 mg 

BaS : Cu (0.003M) 

Flux (0.01M) 

B′2 BaSO4 –10 gm, C-1.0283 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux-182.57 mg 

BaS : Cu (0.003M) 

Flux (0.03M) 

B′3 BaSO4 –10 gm, C-1.0283 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux-304.3 mg 

BaS : Cu (0.003M) 

Flux (0.05M) 

B′4 BaSO4-10 gm, C-1.0283 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux - 608.6 mg 

BaS:Cu (0.003M) 

Flux (0.1M) 

B′5 BaSO4-10 gm, C-1.0283 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux-1.8258 gm 

BaS : Cu (0.003M) 

Flux (0.3M) 
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Table 2.5: Composition of SrS:Cu phosphors (without flux) 

Sl.  no Composition Mixture Final Composition 

S1 SrSO4 : 10 gm, C : 1.4 gm 

0.1 ml of stock solution of 

CuSO4 (1M) 

SrS : Cu (0.001M) 

S2 SrSO4 : 10 gm, C : 1.4 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

SrS : Cu (0.003M) 

S3 SrSO4 : 10 gm, C : 1.4 gm 

0.5 ml of stock solution of 

CuSO4 (1M) 

SrS : Cu (0.005M) 

S4 SrSO4 : 10 gm, C : 1.4 gm 

0.7 ml of stock solution of 

CuSO4 (1M) 

SrS : Cu (0.007M) 

S5 SrSO4 : 10 gm, C : 1.4 gm 

1.0 ml of stock solution of 

CuSO4 (1M) 

SrS : Cu (0.01M) 

Table 2.6: Composition of SrS:Cu phosphors (with flux) 

S′1 SrSO4 : 10 gm, C:1.4 gm, 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux : 77.3 mg 

SrS : Cu (0.003M) 

Flux (0.01M) 

S′2 SrSO4 : 10 gm, C : 1.4 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux : 231.99 mg 

SrS : Cu (0.003M) 

Flux (0.03M) 

S′3 SrSO4 : 10 gm, C : 1.4 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux : 386.65 mg 

SrS : Cu (0.003M) 

Flux (0.05M) 

S′4 SrSO4 : 10 gm, C : 1.4 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux : 773.3 mg 

SrS : Cu (0.003M) 

Flux (0.1M) 

S′5 SrSO4 : 10 gm, C : 1.4 gm 

0.3 ml of stock solution of 

CuSO4 (1M) 

Flux : 2319.9 mg 

SrS : Cu (0.003M) 

Flux (0.3M) 

 

2.4 Structure of synthesized materials: 

In order to determine the structure of the synthesized materials, X-ray diffraction 

spectra of representative samples (powders) were recorded by Debye Scherrer 

Method. The results of these investigations are given as follows: 
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The X-ray diffraction (XRD) spectra of the three alkaline earth sulphides, namely, 

CaS, BaS, SrS and are shown in Fig 2.1, 2.2 and 2.3 respectively.  

 

Fig.2.1: XRD of CaS:Cu (0.003 M)  

 

Fig.2.2: XRD of BaS:Cu (0.003 M) 
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Fig.2.3: XRD of SrS:Cu (0.003 M) 

Sharp lines of XRD demonstrate that the sulphates which are used as starting 

materials have been converted into respective sulphides. The diffraction lines and the 

related dhkl values match very well with the standard values reported by National 

Bureau of Standards [21] and approved by Joint Committee for Powder Diffraction 

Standards (JCPDS) [22]. Following the procedure given below we have obtained the 

data from XRD of the three sulphides. 

1. The value of the diffraction angle  obtained from the recorded curves were 

compared with JCPDS values [22] and tentative values of (hkl) were assigned. 

2. The interplanar spacing dhkl corresponding to each  was calculated using the 

following relation: 

)
2d

λn
(Sinθ

hkl

1        (2.1) 

where  is the wavelength of reflected X-ray, n is the order of diffraction, dhkl  is 

the interspacing between reflecting planes, hkl are the Miller indices for that 

plane. 

3. Using the tentative values of (hkl) and the actual values of dhkl, the value of „a‟ 

was calculated using equation A 2.1 (in the Appendix 2.1). 

4. Average value of the lattice constant „a‟ was found from all the experimental 

values. That average was taken to be equal to d100. 
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5. From this value of d100 ,  was calculated using equation 

2d sin  = n, where n = 1 and  = 1.544 Ǻ 

6. From this value of 100 (= 1) we found the ratio of sin
2
/ sin

2
1 and then 

following the procedure described in brief [23] in Appendix 2.1, we confirmed 

the values of (hkl) corresponding to all values of . The same are tabulated in 

Tables 2.7 to 2.9.  

Table 2.7: dhkl and „a‟ values for CaS: Cu 

Measured 

value of  

angle of 

diffraction  

() 

JCPDS  

Values 

of  () 

Sin  Sin 
2


 

1

2

2





Sin

Sin
 

(hkl) dhkl 

(Å) 

Lattice 

constant   

(a in Å) 

7.76

 

13.40 

15.64 

22.54 

26.30 

27.94 

32.74 

- 

13.58 

15.70 

22.49 

26.65 

27.94 

32.75 

0.135 

0.223 

0.269 

0.380 

0.443 

0.468 

0.540 

0.018 

0.049 

0.072 

0.146 

0.196 

0.219 

0.290 

≈ 1 

≈ 3 

≈ 4 

≈ 8 

≈ 11 

≈12 

≈16 

100 

111 

200 

220 

311 

222 

400 

5.7120 

3.3312 

2.8544 

2.0079 

1.7378 

1.6428 

1.4233 

5.7120   

5.7698 

5.6791 

5.6791 

5.760 

5.6910 

5.6935 

 Standard value of 'a' = 5.6948Ǻ, Standard deviation σ = 0.0415 

Table 2.8: dhkl and „a‟ values for BaS: Cu 

Measured 

value of  

angle of 

diffraction  

() 

JCPDS  

Value 

of  () 

Sin  Sin 
2


 

1

2

2





Sin

Sin
 

(hkl) dhkl 

(Å) 

Lattice 

constant 

(a in Å) 

6.89§ 

12.06 

13.96 

19.96 

- 

12.05 

13.95 

19.94 

0.120 

0.208 

0.241 

0.341 

0.014 

0.043 

0.058 

0.116 

≈ 1 

≈ 3 

≈ 4 

≈ 8 

100 

111 

200 

220 

6.367 

3.6853 

3.1917 

2.2556 

6.367  

6.383 

6.383 

6.379 

                                                 

 extrapolated  value of diffraction angle  

§ 
extrapolated  value of diffraction angle 
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23.56 

24.71 

29.20 

32.0 

32.66 

23.57 

24.70 

28.83 

31.71 

32.62 

0.399 

0.418 

0.487 

0.529 

0.5396 

0.159 

0.174 

0.238 

0.280 

0.291 

≈ 11 

≈ 12 

≈ 16 

≈19 

≈20 

311 

222 

400 

331 

420 

1.9264 

1.8419 

1.578 

1.453 

1.4268 

6.389 

6.380 

6.312 

6.333 

6.381 

 Standard value of 'a' = 6.386Ǻ, Standard deviation σ = 0.0285 

Table 2.9: dhkl and ‘a’ values for SrS: Cu 

Measured 

value of  

angle of 

diffraction  

()  

JCPDS  

Value 

of  ()  

Sin  Sin
2


 

1

2

2





Sin

Sin
 

(hkl) dhkl 

(Å) 

Lattice 

constant   

(a in Å) 

7.38 

 

12.8 

14.9 

21.5 

26.5 

31.3 

- 

12.79 

14.84 

21.21 

26.31 

30.79 

0.128 

0.221 

0.257 

0.366 

0.446 

0.516 

0.016 

0.048 

0.066 

0.134 

0.199 

0.266 

≈ 1 

≈ 3 

≈ 4 

≈ 8 

≈ 12 

≈16 

100 

111 

200 

220 

222 

400 

5.987 

3.475 

2.994 

2.100 

1.725 

1.504 

5.987   

6.018 

5.988 

5.939 

5.975 

6.016 

 Standard value of 'a' = 6.020Ǻ,   Standard deviation σ = 0.0325  

 

From the above tables, it is clear that the diffraction data of the synthesized alkaline 

earth sulphides match very well with the standard JCPDS data. This establishes that 

the starting host materials CaSO4, BaSO4 and SrSO4 have been fully converted into 

CaS, BaS and SrS respectively. The values of Miller indices (hkl) found from the 

indexing method clearly reveal that the converted sulphides crystallize in the cubic 

lattice form. 

                                                 

 extrapolated  value of diffraction angle 
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APPENDIX 2.1 

Indexing of cubic Crystal [23] 

For cubic crystals, the interplanar spacing, dhkl, is related to the Miller indices (h, k, l) 

by the following relation: 

a
)(

1
d

222
hkl
















lkh
      (A 2.1) 

where a is the edge of the cubic lattice (or the unit cell parameter). 

Now, consider some families of planes (h, k, l) and note the corresponding values of 

h
2 

+ k
2 

+ l
2
 (as given in Table A 2.1 below). A close examination of this table reveals 

that the number 7 is missing. Whatever be the values of h, k, l, the sum of their 

squares will never be equal to 7. This is known as a forbidden number. Next two such 

numbers are 15 and 23.  

Table A 2.1: Planes (h, k, l) and corresponding values of h
2 

+ k
2 

+ l
2 

Plane represented by (hkl) h
2 

+ k
2 
+ l

2
 

100 

110 

111 

200 

210 

211 

220 

221 

300 

310 

etc 

1 

2 

3 

4 

5 

6 

8 

9 

9 

10 

etc 
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Another point of interest is that the sum of the squares of the indices 221 and 300 both 

equal 9. This simply means that the reflections from these planes overlap. 

Now combining the expression for dhkl for cubic crystals with the Bragg‟s equation  

n =2dhkl sinhkl  

and putting n=1, we get 

Sin
2
hkl = ) l  k  h(

4a

λ 222

2

2

      (A 2.2) 

For a particular powder pattern,  and „a‟ are constant and hence Sin
2
hkl is 

proportional to (h
2 

+ k
2 

+ l
2
). Thus, the above relationship may be used to recognize 

the powder pattern of the cubic lattice. 

The procedure is as follows. Measure the position of the diffraction lines on the chart. 

Calculate the values of  and write them in the increasing order and then calculate 

Sin
2
 values. Divide Sin

2
 values by Sin

2
1. If these ratios are approximately 1, 2, 3, 

4, 5, 6, 8, etc; then the diffraction pattern is that of a cubic crystal. Once the sequence 

of numbers is established, the Miller indices (hkl) can be assigned. This is called 

indexing of cubic crystals. 
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Chapter 3 

 Excitation and Emission Spectra at Room Temperature 

3.1 Introduction 

Luminescence is a general term applied to emission of light but is different from 

incandescence. This is a phenomenon that involves the absorption of energy by matter 

and its re-emission as visible or near-visible radiation. It has been sub-classified into 

fluorescence and phosphorescence on the basis of the mechanism by which the atom 

or molecule undergoes the reverse transition from the excited state to the ground state. 

Garlick [1] defines fluorescence as the luminescence emitted during excitation while 

phosphorescence as that emitted after the cessation of excitation. On the basis of 

physical processes, Pringsheim [2] defines fluorescence as the emission that takes 

place by one or more spontaneous transitions and phosphorescence as that which 

occurs with the intervention of a metastable state followed by return to the excited 

state due to addition of energy. 

One often sees terms in literature, such as, photoluminescence, radioluminescence, 

electroluminescence, cathodoluminescence etc; the classification being based on the 

type of exciting source employed. Excellent reviews on the subject may be found in 

the works of Curie [3], Butler [4], Ropp [5], Grattan and Zhang [6] and Shionoya and 

Yen [7].  

3.2 Theory of excitation and emission processes 

Several models have been proposed to explain the phenomenon of luminescence.  An 

energy band model based on the “collective electron theory” of Bloch [8] has been 

used by most researchers [9-20]. According to this theory, qualitatively, when atoms 

are arranged in an orderly way and in close proximity with each other to form a 

crystal, the energy states for the electrons in the atoms are distributed by mutual 

interaction. As a result, the discrete electronic states are broadened into bands of 

allowed energy separated by bands of forbidden energy. Thus, instead of the discrete 

energy states there are discrete energy bands for the electrons inside the crystal. The 

uppermost completely filled band is called the valence band and the next higher 

allowed band is called the conduction band. The energy levels in an allowed band are 

so closely spaced that effectively they form a continuum. 
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The incorporation of an activator atom in a crystalline solid will, in general, give rise 

to localized energy levels in the normally forbidden energy gap, which produces 

emission centers for luminescence. L represents the ground state of the centre above 

the filled band called valence band (VB) and L is its excited state. Other impurities, 

lattice perturbation due to activator or defects and the presence of vacant lattice sites 

produce unoccupied levels (T) at various depths in the forbidden gap below the 

conduction band (CB), in which excited electrons can be trapped. These levels are 

known as electron traps.  

Absorption and emission processes in phosphors may be explained on the basis of this 

model. The excitation of luminescence by photon absorption in the matrix lattice or 

luminescence centre involves raising of an electron from valence band or from the 

ground state of the luminescence centre to the conduction band or from a filled 

activator ground level to some higher activator level. These transitions are shown in 

Fig. (3.1) by A, B and D respectively. The absorption of energy may also result in 

transition E of the electron from the filled band directly into trapping states, the 

positive hole left behind migrating to the luminescence centers and emptying them. 

The luminescence emission occurs when an excited electron returns to an empty 

ground state of the luminescence centre. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
   

Fig. 3.1: Energy band model [Ec and Ev are the energies corresponding to the bottom 

of the conduction band (CB) and top of the valence band (VB)] 
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Electrons in the conduction band can return to luminescence centre or may be 

captured by the traps (T) and phosphorescence is then determined by their activation 

(thermal, optical or electrical) from traps and subsequent return to the empty 

luminescence centre. 

3.3 Processes in Crystalline Phosphors 

The luminescence process involves three stages viz.,  

(a) absorption and excitation  

(b) transfer and storage of energy and  

(c) conversion of stored energy as light i.e. emission. 

(a) Absorption and Excitation:    

The absorption and excitation characteristics of phosphors are primarily functions of 

the nature of the host lattice and the activator [3]. Some of the possible modes of 

excitation [21, 22] are shown in Fig. (3.2) and may be described as follows: 

(i) Excitation by fundamental lattice absorption produces a free electron in 

the conduction band (CB) and a free hole in the valence band (VB) on 

absorption of each photon. 

(ii) Excitation of the normal valence electrons produces a bound electron-

hole pair called exciton. In this case, no free electrons or holes are 

produced and energy transferred by the diffusion of the exciton as one 

unit.  

(iii) Excitation of the luminescence centre produces a free electron in the 

conduction band and a free hole in the neighborhood of the centre.  

(iv) Excitation of valence electrons raises an electron to an unoccupied centre 

and a free hole in the valence band. 

(v) Excitation of the valence electron creates a mobile hole in the valence 

band and the electron is trapped at ‟T‟. 

(vi) Excitation within a luminescence centre raises an electron to the excited 

state of the centre. In this case, no free electrons or holes are produced 

and the luminescence is highly localized, determined only by the centre 

configuration. 
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Fig. 3.2: Modes of excitation and physical picture of absorption processes 

(Schematic) 

(L1  – Occupied state of luminescence centre,  L2 - Unoccupied state of luminescence 

centre, L3 - Ground state of luminescence centre , L4 – Excited state of 

luminescence centre,  T - Trapping state) 

 

Corresponding to these transitions the absorption characteristics may be described as 

follows: 

(i) Any radiation of energy greater than the separation between conduction band 

and valence band raises electrons from the valence band to the conduction 

band and the absorption due to this is known as a fundamental absorption 

band. The wavelength corresponding to minimum energy required for the 

above transition is known as the fundamental absorption edge. For light of 

energy greater than minimum required, the absorption is continuous and fairly 

constant up to a certain minimum energy (transition I in Fig. 3.2). 

(ii) In the processes of excitation (marked II in Fig. 3.2) where the energy is lower 

than the band gap energy, the absorption by the lattice creates excitons, which 

are thermally dissociated at room temperature. These electron-hole pairs move 

in each other‟s field in the crystal with no net charge. The absorption is 

manifested by a series of narrow absorption lines on the low energy side of the 

absorption edge. 

(iii) Other absorption bands at longer wavelength than the absorption edge will be 

present corresponding to the electronic transitions III, IV and V (in Fig. 3.2) 
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which are dependent on the matrix and activator or both [5]. These transitions 

give some structure in the tail of the absorption spectrum lying outside the 

absorption edge. 

(iv) Corresponding to the electronic transition VI (in Fig. 3.2) the absorption band 

occurs at still longer wavelength and is due to the electronic transition 

confined to the luminescent centre or impurity centers. 

(v) The trapped electrons may be raised by optical stimulation into the conduction 

band, giving rise to a further set of absorption bands in the long wavelength 

region. These have been observed in materials in the powder form. 

In addition, electron in excited phosphors may be raised into emptied centers, thus 

giving long wavelength absorption band similar to trapped electrons. Defects and 

impurities present also give new absorption bands usually on the long wavelength side 

of the characteristic absorption [23]. 

In general, the absorption spectrum of a crystalline phosphor may be divided into a 

short wavelength absorption region associated with the matrix crystal lattice, 

culminating in the fundamental absorption edge and a longer wavelength region 

associated with the activators and other impurities. 

(b) Transfer and Storage of Energy:  

When a luminescence centre absorbs energy, it becomes ionized. This energy is not 

immediately converted into phonons or photons and may be stored in localized 

metastable states, first proposed by Jablonski [24] and later adopted by Johnson [25] 

to explain long decay phosphorescence. As shown in Fig. (3.3) absorption of exciting 

radiation by a luminescence centre raises an electron into the excited state (F). It may 

then directly return to the ground state (G) with the emission of fluorescence or it may 

fall into the metastable state (M) lying just below (F). The transition (MG) is 

usually forbidden. The electron in the metastable state requires some activation 

energy to return to the ground state via (F). The energy is supplied by thermal 

activation. The resulting delayed emission is phosphorescence. 
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Fig 3.3: Jablonski Model 

 

(c) Emission   

Luminescence emission takes place when an excited electron in the conduction band 

or in the excited state of a centre, returns to the ground state of the luminescence 

centre. The probability of direct transition from the conduction band to the valence 

band is low and generally not observable. The temporary storage of energy, by 

trapping of excited quasi or free electrons, positive holes or excitons in metastable 

state makes the luminescence emission complicated. The excited electrons may fall 

into these levels releasing energy as lattice vibrations or phonons. The nature of 

trapping centers is a major factor in determining the nature of phosphorescence [26]. 

The „anti-stokes‟ luminescence, the emission of shorter wavelength than the exciting 

one, has been observed in some phosphors [27, 28]. This has been explained on the 

basis of a two-stage excitation process. The first infrared photon ionizes the impurity 

level into the conduction band and a second one raises a valence electron into the 

empty level, thus creating an electron-hole pair followed by luminescence emission of 

shorter wavelength. 

3.4 Experimental setup 

The experimental setup (schematic) for studying the excitation and emission spectra 

of synthesized materials is shown in Fig. (3.4). The instrument used is SHIMADZU 

spectrofluorophotomenter RF-5301PC. 
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The excitation monochromator (1) isolates a particular wavelength form the light 

from the Xenon lamp to obtain excitation light. Since brighter excitation light will 

contribute to higher sensitivity of the spectrofluorophotometer, the excitation 

monochromator incorporates a diffraction grating with a larger aperture to collect the 

largest possible amount of light. The sample holder (2) holds a sample coated on glass 

substrate. The emission monochromator (3) selectively receives fluorescence emitted 

from the sample and its photomultiplier tube, PM, (5) measures the intensity of the 

fluorescence. This monochromator has a diffraction grating whose size is the same as 

that of the excitation monochromator to collect the greatest possible amount of light. 

The photomultiplier tube, PM, (4) is for monitoring. Generally, the Xenon lamps used 

on spectrofluorophotometer are characterized by very high emission intensity and an 

uninterrupted radiation spectrum. However, their tendency to unstable light emission 

will result in greater-signal noise if no countermeasure is incorporated. In addition, 

the non-uniformity in the radiation spectrum of the Xenon lamp and in the spectral 

sensitivity characteristics of the photomultiplier tube (these criteria are generally 

called instrument functions) causes distortion in the spectrum. To overcome these 

factors, the photomultiplier tube (4) monitors a portion of excitation light and feeds 

the resultant signal back to the photomultiplier tube (5) for fluorescence scanning. 

(This scheme is called the light-source compensation system). 

The optical system of the RF-5301PC instrument is illustrated in Fig. (3.5). A 150 W 

Xenon lamp (1) serves as the light source. The uniquely designed lamp housing 

contains generated ozone in it and decomposes the ozone by means of the heat 

Fig 3.4: Block diagram of spectrofluorophotometer 
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produced by the lamp. The bright spot on the Xenon lamp is magnified and converged 

by the ellipsoidal mirror (2) and then further converged on the inlet slit of the slit 

assembly (excitation side) (3) by the concave mirror (4). A portion of the light 

isolated by the concave grating (5) passes through the outlet slit, travels through the 

condenser lens (11) and illuminates the sample. (The concave grating in both the 

monochromators in a highly efficient ion-blazed holographic grating, a product of 

Shimadzu‟s unique optics technology.) To achieve light-source compensation, a 

portion of the excitation light is reflected by the beam splitter quartz plate (6) and 

directed to the Teflon reflector plate-1 (7) The diffusely reflected light from the 

reflector plate-1 (7) then passes through the aperture for light quantity balancing (21) 

and illuminates the Teflon reflector plate-2 (8). Reflected by the reflector plate-2 (8), 

the diffuse light is attenuated to a specific ratio by the optical attenuator (9) and then 

reaches the photomultiplier for monitoring (10). 

The fluorescence occurring on the sample surface is directed through the lens (13) to 

the emission monochromator that comprises the slit assembly (14) and the concave 

grating (15). Then, the isolated light is introduced through the concave mirror (16) 

into the photomultiplier for photometry (17) and the resultant electrical signal is fed to 

the preamplifier. 

The optical system of this instrument is primarily designed for studying the liquid 

samples. In order to study our samples we made a paint of the powdered phosphor 

with the help of a non-luminescent adhesive and painted on the glass substrates and 

dried. The painted slide was kept at an angle of 37 with respect to the excitation 

beam in the sample holder. 
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1. Xenon lamp, 150 W 

2. Ellipsoidal mirror, SiO2 –coated 

3. Slit Assy., excitation side  

4. Concave mirror  

5. Concave grating (for excitation) 

6. Beam splitter quartz plate  

7. Teflon reflector plate 1 

8. Teflon reflector plate 2 

9. Optical attenuator 

10. Photomultiplier for monitoring, R212-14 

11. Condenser lens (dual-lens) 

12. Sample Holder 

13. Condenser lens  

14. Slit Assy., emission side 

15. Concave grating (for emission) 

16. Concave mirror 

17. Photomultiplier for photometry, R3788-02 

18. Focal point 

19. Inlet slit 

20. Outlet slit 

21. Aperture for light quantity 

Fig 3.5: The optical system of the RF-5301PC instrument 
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3.5 Results: CaS:Cu - The record of excitation and emission spectra of CaS:Cu 

(without flux) phosphors is shown in Figs 3.6 and 3.7 respectively. In nearly all the 

samples the excitation peak is observed around 310 nm and the emission peak is 

observed around 480 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.7: Emission spectra of representative CaS:Cu(without flux) phosphors 
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Fig 3.6: Excitation spectra of representative CaS:Cu(without flux) phosphors  
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Addition of flux gives rise to two excitation peaks, one at 310 nm (as in the previous 

case) and second, at 345 nm. But the emission peak remains at 480 nm. However, the 

brightness of these phosphors increases almost three – fold as can be seen from Figs. 

3.8 and 3.9. 
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Fig 3.8: Excitation spectra of representative CaS:Cu(with flux) phosphors  
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Fig 3.9: Emission spectra of representative CaS:Cu(with flux) phosphors  
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BaS:Cu- In the case of copper doped Barium Sulphide phosphors two peaks are 

observed in the excitation spectra in all the samples as shown in Fig. 3.10. Although, 

the excitation peaks slightly vary with concentration of copper but, in general, the 

peaks are observed at 340 nm and 410 nm. The emission spectra of all the samples 

consist of a single peak with a maximum around 560 nm as can be seen from Fig. 

3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.11: Emission spectra of representative BaS:Cu(without flux) phosphors  
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Fig 3.10: Excitation spectra of representative BaS:Cu(without flux) phosphors  
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Fig 3.13: Emission spectra of representative BaS:Cu(with flux) phosphors  
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The addition of flux in these phosphors neither changes excitation peaks (340 nm and 

410 nm) nor emission peak (560 nm). However, the emission intensity increases two 

–fold as is evident by comparing Figs. 3.11 and 3.13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.12: Excitation spectra of representative BaS:Cu(with flux) phosphors  
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Fig 3.15: Emission spectra of representative SrS:Cu(without flux) phosphors  

SrS:Cu- In copper doped strontium sulphide phosphors (without flux), excitation 

spectra shows two prominent peaks around 310 and 345 nm, as shown in Fig. 3.14. 

However, the emission peak is observed around 500 nm (see Fig. 3.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.14: Excitation spectra of representative SrS:Cu(without flux) phosphors  
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The addition of flux in this case shifts the excitation peaks to 350 and 410 nm (see 

Fig. 3.16), but the emission peak remains at the same position, 500 nm (as can be seen 

in Fig. 3.17). The fluorescence intensity, in this case too, increases considerably. 

 
 

 

 
 

 

These results have been compared with those of other investigators and further 

discussed in the light of existing theories in Chapter 6. 
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Fig 3.16: Excitation spectra of representative SrS:Cu(with flux) phosphors  

Fig 3.17: Emission spectra of representative SrS:Cu(with flux) phosphors  
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Chapter 4 

 Temperature Dependence of Fluorescence 

4.1 Introduction:  

In past few decades the temperature dependent characteristics of fluorescence of 

“thermographic phosphors” have been used for remote (or noncontact) measurement 

of temperature of both static and moving surfaces and have performed many other 

tasks that standard sensors (thermocouple, thermistors, etc) cannot. The range of 

usefulness of this class of materials extends from cryogenic temperatures to those 

approaching 2000C [1-7]. The study of temperature dependent luminescence is also 

important from the point of view of its stability and applicability in other devices [8-

17]. In addition such systems have also been successfully employed to make contact 

measurements of temperature. It is from this point of view that the temperature 

dependence of fluorescence intensity was studied in detail in our system of 

phosphors. This chapter presents the temperature dependence of fluorescence of 

phosphors under investigation after briefly reviewing the prevalent theory.     

4.2 Theory of Temperature Dependence of Fluorescence: 

 The intensity of fluorescence during excitation falls if the temperature is raised 

sufficiently due to the emission of phonons in competition with photon emission. If 

Pr is the probability of radiative transition and Pnr the probability of a non-radiative 

transition, then the fluorescence is proportional to the ratio [18] 

nrr

r

PP

P


        (4.1) 

where η is called fluorescence efficiency. It is assumed that Pr is sensibly 

independent of temperature, while Pnr rises rapidly with temperature. The latter is 

given by 

𝑃𝑛𝑟 = 𝑠 𝑒𝑥𝑝  
−𝑊

𝑘𝑇
       (4.2) 

where s is called the frequency factor (which is of the order of magnitude of 10
9
 s

-1
); 

W is the thermal activation energy; k is Boltzmann constant and T is the temperature 

(K). 
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Rearranging eq. (4.1), we get 

r

nr

P

P




1

1
  

and substituting for Pnr from eq. (4.2) we see that 

 

)exp()(1

1

kT

W

P

s

r



  

or 

)exp(1

1

kT

W
C 

      (4.3) 

where C (= s/Pr) is a constant. In most phosphors, the nature of fluorescence 

efficiency is adequately described by equation (4.3). In some cases, it may be more 

complex. 

Based on the band theory of solids, Klasens [19] has given a satisfactory model for 

thermal quenching in sulphide phosphors. When electrons are in the conduction 

band, the holes in the luminescence centers may be filled up by electrons from the 

valence band. This process requires a certain activation energy W (energy necessary 

to remove an electron from the valence band) which can be supplied thermally above 

a certain temperature. The electron previously removed from the center by optical 

excitation now cannot return to it and after wandering in the conduction band for a 

short time may be captured by a non-radiative recombination center. If sufficient 

numbers of such centers are available, the thermal activation process will determine 

the probability of non-radiative transitions. 

4.3 Some Relevant Parameters Related to Thermal Quenching: 

In order to assess the suitability of a phosphor for thermographic application, some 

parameters are worth considering. These have been defined as follows: 
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Fig 4.1: Definition of thermal quenching parameters (Schematic) 

Quenching Range, T 

Following Kroger [20], Mishra and Sharma [21], quenching range is defined as the 

temperature range within which the fluorescence intensity decreases with 

temperature after non-radiative transitions begin to dominate and is given by 

∆𝑇 = 𝑇2 − 𝑇1 =  
5𝑊

3𝑘
   ln 𝐶 − ln 4 −1 − (ln 𝐶 + 𝐿𝑛 4)−1   (4.4) 

This parameter gives an estimate of the span of thermographic sensor. 

Quenching Temperature, TQ 

It is defined as the point of intersection of the abscissa and a straight line drawn 

through the points at which the intensity has fallen to 80 and 20% of the maximum 

value. In Fig.4.1, T2 is the quenching temperature and is often denoted as TQ and is 

given by the expression. 

𝑇𝑄 =
𝑊

3𝑘
 4 ln 𝐶 − ln 4 −1 −  ln𝐶 + ln 4 −1    (4.5) 

This gives the end point of the range. The span of the sensor will be limited by TQ. 

Breaking Point Temperature, TB 

It is the temperature at which non-radiative transitions set in; that is, the fluorescence 

intensity starts to decrease. It is approximately given by: 

9.0ln

/




C

kW
TB

      (4.6) 

        ΔT  
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The starting of the sensor span will be decided by this parameter. 

Half-Value Temperature, TH 

It is the temperature at which the intensity has decreased to half its maximum value 

within the quenching range T. It is given by the expression:  

C

kW
TH

ln

/
        (4.7) 

Experimental Setup: 

In order to study the variation of fluorescence intensity with temperature the 

experimental setup, shown block-diagrammatically, in Fig 4.2 was employed. The 

xenon arc lamp – excitation monochromator combination provides the excitation 

wavelength, λexc, which excites fluorescence in the phosphor kept in the sample 

holder. The mechanical chopper was not used in this experiment and hence the 

excitation was continuous. The sample holder is fitted with a heating element which 

provides a controlled temperature to the phosphor.  

 

Fig. 4.2: Experimental Setup for studying temperature dependence of fluorescence 

The fluorescence emitted by the phosphor is focused onto the entrance slit of the 

emission monochromator. The latter disperses the emission spectrum into its 

constituent lines or bands. The isolated emission wavelengths, λem are obtained at the 
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exit slit, which are then allowed to fall on the photomultiplier tube. The output 

photocurrent is processed and displayed on the digital meter. The digital storage 

oscilloscope is not used in this experiment. The temperature of the phosphor can be 

read using a copper-constantan thermocouple attached to the sample holder.  

4.4 Results: 

4.4.1Variation of Fluorescence Intensity with Temperature: 

The record of the variation of fluorescence intensity at max (the wavelength of 

maximum intensity at RT) as a function of temperature for all the alkaline earth 

sulphides activated by copper (with and without flux) are shown in Figs. 4.3-4.8. As 

is evident, the fluorescence intensity decreases in all the cases with increase in 

temperature. However, the addition of flux in these phosphors improves the slope of 

the curves. In some cases we did not observe the break temperature TB. It is possible 

that it lies beyond the range of temperatures studied in this investigation. 

Fig: 4.3(a): Temperature dependence of fluorescence intensity of 

CaS:Cu(0.001 M)(without flux) 
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Fig: 4.3(b): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.003 M)(without flux) 

 

Fig: 4.3(c): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.005 M)(without flux) 
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Fig: 4.3(d): Temperature dependence of fluorescence intensity of 

CaS:Cu(0.007 M)(without flux) 

 

Fig: 4.4(a): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.003M)(Flux:0.01M) 
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Fig: 4.4(b): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.003M)(Flux:0.03M) 

 

Fig: 4.4(c): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.003M)(Flux:0.05M) 
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Fig: 4.4(d): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.003M)(Flux:0.1M) 

 

Fig: 4.4(e): Temperature dependence of fluorescence intensity of  

CaS:Cu(0.003M)(Flux:0.3M) 
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Fig: 4.5(a): Temperature dependence of fluorescence intensity of  

BaS:Cu(0.001M)(without flux) 

 

 

 
Fig: 4.5(b): Temperature dependence of fluorescence intensity of  

BaS:Cu(0.003M)(without flux) 
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Fig: 4.5(c): Temperature dependence of fluorescence intensity of  

BaS:Cu(0.005M)(without flux) 

 

 
Fig: 4.5(d): Temperature dependence of fluorescence intensity of  

BaS:Cu(0.007M)(without flux) 
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Fig: 4.5(e): Temperature dependence of fluorescence intensity of  

BaS:Cu(0.01M)(without flux) 

 

 
Fig: 4.6(a): Temperature dependence of fluorescence intensity of 

BaS:Cu(0.003M)(Flux:0.01M) 
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Fig: 4.6(b): Temperature dependence of fluorescence intensity of 

BaS:Cu(0.003M)(Flux:0.03M) 

 

 
Fig: 4.6(c): Temperature dependence of fluorescence intensity of 

BaS:Cu(0.003M)(Flux:0.05M) 
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Fig: 4.7(a): Temperature dependence of fluorescence intensity of 

SrS:Cu(0.001M)(without flux) 

 

 
Fig: 4.7(b): Temperature dependence of fluorescence intensity of 

SrS:Cu(0.003M)(without flux) 
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Fig: 4.7(c): Temperature dependence of fluorescence intensity of 

SrS:Cu(0.005M)(without flux) 

 

 
Fig: 4.7(d): Temperature dependence of fluorescence intensity of 

SrS:Cu(0.007M)(without flux) 

 



4.16 

 

 
Fig: 4.7(e): Temperature dependence of fluorescence intensity of 

SrS:Cu(0.01M)(without flux) 

 

 
Fig: 4.8(a): Temperature dependence of fluorescence intensity of  

SrS:Cu(0.003M)(Flux:0.01M) 
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Fig: 4.8(b): Temperature dependence of fluorescence intensity of  

SrS:Cu(0.003M)(Flux:0.03M) 

 

 
Fig: 4.8(c): Temperature dependence of fluorescence intensity of  

SrS:Cu(0.003M)(Flux:0.05M) 
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Fig: 4.8(d): Temperature dependence of fluorescence intensity of  

SrS:Cu(0.003M)(Flux:0.1M) 
 

 
Fig: 4.8(e): Temperature dependence of fluorescence intensity of  

SrS:Cu(0.003M)(Flux:0.1M) 
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4.4.2 Calculation of different parameters 

Different quenching parameters were calculated employing eqs. (4.4 to 4.7). These 

are tabulated in Table 4.1.  

TABLE 4.1 

Thermal Quenching Parameters obtained from intensity versus temperature 

curves 

Sample 

Concentration 

 of 

Activator/Flux TB (K) ΔT (K) 

  

Theoretical Experimental Theoretical Experimental 

CaS:Cu 

(without 

flux) 0.002M 343 

 

 

342 60 

 

 

60 

 

0.003M 313 314 84 80 

 

0.005M 314 314 88 80 

 

0.007M 313 314 88 80 

   

 

 

 

CaS:Cu 

(with 

flux) 0.003M 314 

 

 

320 95 

 

 

80 

 

0.007M 314 312 95 80 

 

0.009M 315 312 94 80 

 

0.01M 343 344 62 60 

 

0.02M 313 314 96 88 

   

 

 

 

BaS:Cu 

(without 

flux) 0.002M 309 

 

 

312 110 

 

 

84 

 

0.003M 309 316 110 90 

 

0.005M 309 316 110 96 

 

0.007M 309 312 110 100 

 

0.009M 309 312 110 100 

   

 

 

 

BaS:Cu 

(with 

flux) 0.005M 309 

 

 

312 110 

 

 

100 

 

0.01M 309 312 110 100 

 

0.015M 309 312 110 100 

   

 

 

 

SrS:Cu 

(without 

flux) 0.001M 309 

 

 

308 105 

 

 

100 

 

0.002M 309 308 105 100 

 

0.003M 309 308 105 100 

 

0.005M 309 308 105 100 

 

0.007M 309 308 105 100 
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0.009M 309 308 105 100 

   

 

 

 

SrS:Cu 

(with 

flux) 0.003M 307 

 

 

312 112 

 

 

100 

 

0.007M 307 308 112 104 

 

0.01M 307 308 112 100 

 

0.02M 307 308 112 100 

 

0.03M 307 308 112 100 

 

 

From the above table, the values of TB and ∆T appear to be consistent for all the 

three types of materials. There is minor difference in the theoretical and 

experimental values, which is obvious considering the ideal assumptions made in the 

theoretical derivations. The span, ΔT, over which these materials can be used for 

temperature measurement, is also quite good; in CaS:Cu, it is around 80 K and in 

BaS and SrS, it is around 100 K. In conclusion, the temperature dependence of 

fluorescence of alkaline earth sulphides doped with copper may be used for 

measurement of temperature of hot surfaces in this temperature range.   
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Chapter 5 

 Temperature Dependence of Phosphorescent Lifetime 

5.1 Introduction 

It is well known that photoluminescence exhibits in two different forms, namely, 

fluorescence and phosphorescence. While fluorescence has very short lifetimes 

(typically on the order of nanoseconds), phosphorescence usually has much longer 

time and may last from microseconds to minutes and even hours. Since the lifetime of 

phosphorescence decay of some substances is dependent on temperature, it can be 

used for the measurement of temperature. Therefore, the study of variation of 

phosphorescent lifetime of the synthesized materials with temperature was undertaken 

in the present work. 

5.2 Theory of decay of phosphorescence 

According to quantum theory [1], the intensity of decay of phosphorescence process 

can be expressed in the form 

    (5.1) 

Where the lifetime τ refers to the time when the intensity drops to 37% (i.e. 1/e) of the 

initial intensity I0 at t = 0. 

For an excited state, the deactivation process may involve both radiative and non-

radiative pathways. The lifetime of the phosphorescence process τ, is determined by 

the sum of all deactivation rates: 

τ
-1

 = kr+knr      (5.2)  

where kr and knr are the radiative and non-radiative rate constants, respectively. These 

rate constants are, in general, dependent on temperature [2, 3] and, in general, give 

rise to thermal quenching of lifetime. Such a thermal quenching has been reported by 

many investigators [4-7]. This basis has been used for exploring the temperature 

dependence of phosphorescence of the synthesized materials in the present 

investigation.  
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5.3 Experimental setup 

The experimental setup used for studying the temperature dependence of 

phosphorescence is the same (as shown in Fig 4.2) and is reproduced below as Fig 5.1 

for convenience of discussion.  

 

 
 

Fig. 5.1: Experimental Setup 

 

The Xenon arc lamp followed by the excitation monochromator provides the 

excitation wavelength (λexc). The excitation beam falling on the sample is chopped by 

the mechanical chopper. The chopper frequency is adjusted, using a stepper motor and 

stepper driver card, according to the lifetime of phosphorescence. The resultant 

phosphorescence decay time is detected by the emission monochromator and PMT 

combination. The signal is recorded by the digital storage oscilloscope. Such decay 

patterns are recorded at different temperatures. The temperature variation is achieved 

using a heating element in the sample holder whose temperature is controlled by a 

temperature controller. Thermocouple is used for measuring the temperature.  
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5.4 Results: 

Variation of Lifetime of Phosphorescence as a Function of Temperature: 

At max, with pulsed excitation the decay of phosphorescence was recorded at 

different temperatures for all the phosphors. A few typical records of rise and decay 

of phosphorescence at different temperatures are shown in Fig. 5.2. 

 
Fig. 5.2 (a): Record of rise and decay of phosphorescence of SrS:Cu (With flux) at RT 

 

 

 
 

Fig. 5.2 (b): Record of rise and decay of phosphorescence of SrS:Cu (With flux) at 

80C 

 



5.4 

 

 
Fig. 5.2 (c): Record of rise and decay of phosphorescence of SrS:Cu (With flux) at 

107.2C 

 

 
Fig. 5.2 (d): Record of rise and decay of phosphorescence of SrS:Cu (With flux) at 

140C 

 

From such records, the lifetime of phosphorescence at different temperature was 

determined using eq. 5.1. The variation of lifetime as a function of temperature is 

shown in Fig 5.3 for CaS:Cu, Fig 5.4 for BaS:Cu and Fig 5.5 for SrS:Cu.  
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CaS:Cu (without flux) 

 
Fig. 5.3 (a) Variation of lifetime with temperature of CaS:Cu (0.003M) (without flux) 

 

 
Fig. 5.3 (b) Variation of lifetime with temperature of CaS:Cu (0.005M) (without flux) 
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Fig. 5.3(c) Variation of lifetime with temperature of CaS:Cu (0.009M) (without flux) 

 

 

 
Fig. 5.3(d) Variation of lifetime with temperature of CaS:Cu (0.01M) (without flux) 
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CaS:Cu (with flux) 

 
Fig. 5.3 (e) Variation of lifetime with temperature of CaS:Cu(0.003M)(Flux:0.003M) 

 

 
Fig. 5.3 (f) Variation of lifetime with temperature of CaS:Cu (0.003M)(Flux:0.005M) 
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Fig. 5.3 (g) Variation of lifetime with temperature of CaS:Cu (0.003M)(Flux:0.01M) 

 

 

BaS:Cu (without flux) 

`

 
Fig. 5.4 (a) Variation of lifetime with temperature of BaS:Cu (0.001M) (without flux) 
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Fig. 5.4 (b) Variation of lifetime with temperature of BaS:Cu (0.002M) (without flux) 

 

 

 
Fig. 5.4 (c) Variation of lifetime with temperature of BaS:Cu (0.005 M) (without flux) 
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Fig. 5.4 (d) Variation of lifetime with temperature of BaS:Cu (0.007M) (without flux) 

 

 

 
Fig. 5.4 (e) Variation of lifetime with temperature of BaS:Cu (0.009M) (without flux) 
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BaS:Cu (with flux) 

 
Fig. 5.4 (f) Variation of lifetime with temperature of BaS:Cu (0.001M) (Flux:0.01M) 

 

 

 
Fig. 5.4 (g) Variation of lifetime with temperature of BaS:Cu(0.001M)(Flux:0.015M) 
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Fig. 5.4 (h) Variation of lifetime with temperature of BaS:Cu (0.001M)(Flux:0.005M) 

 

SrS:Cu (without flux) 

 
Fig. 5.5 (a) Variation of lifetime with temperature of SrS:Cu (0.001M)(without flux) 
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SrS:Cu (with flux) 

 
Fig. 5.5 (b) Variation of lifetime with temperature of SrS:Cu (0.003M)(without flux) 

 

 
Fig. 5.5 (c) Variation of lifetime with temperature of SrS:Cu (0.003M)(Flux:0.001M) 
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Fig. 5.5 (d) Variation of lifetime with temperature of SrS:Cu (0.003M)(Flux:0.002 M) 

 

 

 
Fig. 5.5 (e) Variation of lifetime with temperature of SrS:Cu (0.003M)(Flux :0.003 M) 
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We utilized these experimental curves to assess approximate values of TB and ∆T. 

These are listed in Table 5.1.   

Table 5.1: Thermal quenching parameters of different phosphors as obtained 

from lifetime variation with temperature 

Sample 
Concentration of 
Activator/Flux(M) 

TB (K) T (K) 

CaS:Cu (without flux) 0.003 
 

335 
 

40 

 
0.005 335 40 

 
0.009 340 44 

 
0.01 341 40 

  

  

CaS:Cu(with flux) 0.003 336 60 

 
0.005 336 -- 

 
0.01 336 60 

  
  

BaS:Cu(without flux) 0.001 
 

308 
 

100 

 
0.002 308 100 

 
0.005 308 100 

 
0.007 308 100 

 
0.009 308 100 

  

  

BaS:Cu(with flux) 0.01 312 80 

 
0.015 312 80 

 
0.005 312 80 

  
  

SrS:Cu(without flux) 0.001 
 

302 
 

100 

 
0.003 302 100 

  
  

SrS:Cu(with flux) 0.001 312 80 

 
0.002 312 80 

 
0.003 312 80 

 

It is evident from this table that the values of TB and ∆T are very consistent for 

different phosphors. The span is good for BaS and SrS phosphors, whereas it is poor 

for CaS. Hence if the variation of lifetime of phosphorescence is to be used for 

measuring the temperature in this temperature range, BaS:Cu and SrS:Cu are good 

candidates. The variation of lifetime with temperature is also almost linear for these 

two systems of phosphors.   
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Chapter 6 

Discussion and Conclusions 

6.1 Introduction:  

To recall, the aim of present investigation is to synthesize alkaline earth sulphide 

phosphors activated by copper and study their fluoro-optic behavior to assess their 

suitability for thermographic / thermometric applications. 

This chapter is devoted to the discussion of all the results obtained through different 

studies of the synthesized materials. Some inferences have already been drawn and 

reported in the chapters dealing with specific investigations. Here an attempt has been 

made to summarize, correlate and discuss these results and judge the suitability of these 

materials for aimed applications. 

6.2 Thermographic phosphors are better alternatives to common techniques for 

surface thermometry 

Common techniques for surface thermometry are invasive thermocouples, non-invasive 

pyrometry as well as semi-invasive coatings of thermochromic liquid crystals, 

temperature sensitive paints, thermal paints or thermographic phosphors. The 

employment of thermocouples requires little effort. However, the presence of these 

invasive probes and their connections do often have a strong impact on the thermal state 

of the surface temperature and the entire device under test. The spatial and temporal 

resolution as well as the feasibilities of probe volume displacement or two-dimensional 

temperature imaging are strongly limited. Most often wiring is necessary, which is crucial 

regarding moving systems such as pistons in engines or rotors in gas turbines. Two-

dimensional temperature maps can be visualized with very high temporal and spatial 

resolution using non-invasive pyrometry. However, accurate pyrometry requires exact 

knowledge about the emissivity of the surface. The emissivity, in turn depends on the 

wavelength, the detection angle and the surface properties of the device under test, which 

might even change during operation. Moreover, all interfering light e.g. from soot 

radiation or chemiluminescence is a further source of error, which is crucial particularly 
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in combustion environments. Therefore, in many cases pyrometry suffers from poor 

accuracy. 

Semi-invasive diagnostics based on organic temperature-sensitive coatings such as 

thermochromic liquid crystals [1-2] or temperature sensitive paints [3] are generally 

limited to lower temperatures. In contrast to this, thermal paints (also termed as heat 

sensitive paints) are inappropriate for time-resolved measurements. They only allow an 

estimation of the peak temperature, which is indicated by an irreversible colour change of 

the paint [1,4]. 

Thermographic phosphors offer semi-invasive surface thermometry with high spatial and 

temporal [5] resolution over a broad temperature range from cryogenic temperatures [6,7] 

up to 1970 K [8]. The method is rather insensitive to the properties of the surface and 

robust against interferences from scattered light, chemiluminescence or soot radiation. 

Provided careful handling, its accuracy is better than 1%. Since phosphor thermometry 

needs to be calibrated against a temperature standard (most often a thermocouple), its 

accuracy is limited by this reference. However, phosphor thermometry overcomes many 

drawbacks of its temperature reference, since it is calibrated in a temporally and spatially 

homogeneous environment and then transfers its accuracy to a semi-invasive remote 

thermometry system with high spatial and temporal resolution. 

In chapter 1, we have already discussed that there are several parameters of luminescence 

of some specific phosphors that have been used for remote as well as direct measurement 

of temperature of both static and moving objects. However, the number of such 

phosphors, which satisfy the requirement of linearity of response, stability and ease of 

synthesis, are very few. Therefore, there is a need to investigate more materials for this 

application. In this context, copper activated alkaline earth sulphides seem to be 

promising candidates as these phosphors can be easily synthesized, they are quite stable 

over long period of time (ten to fifteen years), if protected from moisture and their 

luminescence is sensitive to temperature. Therefore, the present system of phosphors was 

taken up for investigation. 
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6.3 Spectral characteristics of present system of phosphors at RT: 

At room temperature (RT), the excitation spectra of CaS:Cu phosphors reveals that, in all 

the samples, the peak is around 310 nm and the emission spectra shows that its peak is 

around 480 nm. Addition of flux gives rise to two excitation peaks, one at 310 nm and 

second, at 345 nm. But the emission peak remains at 480 nm. The intensity, of course, 

changes with the concentration of Cu or flux.  

In the case of BaS:Cu phosphors, two peaks around 340 nm and 410 nm are observed in 

the excitation spectra in all the samples. The emission spectra of all the samples consist 

of a single peak with a maximum around 560 nm. 

In copper doped strontium sulphide phosphors, excitation spectra shows two prominent 

peaks around 310 and 345 nm and the emission peak is observed around 500 nm. 

These results have been summarized in Table 6.1and have also been compared with that 

reported in the literature. 

Table 6.1: Summary of excitation and emission spectra at RT of alkaline earth sulphide 

phosphors activated by Cu(with and without flux) 

λexc and λem as obtained in the 

present investigation 

em (nm) as reported in the 

literature  

SrS:Cu without flux 

exc = 310 & 345 nm 

em = 500 nm 

SrS:Cu with flux 

exc = 350 & 410 nm 

em = 500 nm 

466, 515 [9] 

471, 517, 548 [10] 

478 [11] 

459, 528  [12] 

490 [13] 

510 [14] 

530 [15] 

520 [16] 

485 [17] 

510 [18] 

520 [19] 
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475 [20]  

BaS:Cu without flux 

exc = 340 & 410 nm 

em = 560 nm 

BaS:Cu with flux 

exc = 367 & 408 nm 

em = 560 nm 

585 [21] 

568, 589 [22] 

518 [23] 

588 [24] 

CaS:Cu without flux 

exc = 310 nm 

em = 480 nm 

CaS:Cu with flux 

exc = 310 & 345 nm 

em = 480 nm 

413 [12] 

430 [25] 

465 [26] 

480 [15] 

490 [27] 

450 [28] 

 

The emission bands in Cu- activated sulphides have been attributed to Cu
+
 ions in the 

lattice and they have been thought to be due to a recombination process as is the case in 

the well known ZnS:Cu phosphors [29]. Such a model can easily explain two emission 

bands of SrS:Cu by two different acceptor levels within the SrS band gap due to the 

coexistence of Cu
+ 

 and some co-activator such as halogenide ions or vacancies[17]. 

However, in the work done by Yamashita [11], the lightly doped SrS:Cu powder was 

found to have a broad band emission located at 513 nm at 80 K and it was attributed to 

the emission from isolated Cu
+ 

centre. Moreover there is a well established model for Cu
+ 

doped alkali halides [30] where the luminescence mechanism is based on 3d
10
 3d

9
4s 

transition of Cu
+
 ion. Most of the alkali halides also have same crystal structure as SrS. 

With such model, however, it is difficult to explain the thermal quenching of 

fluorescence. As discussed in the next section, all the series of phosphors in the present 

investigation exhibited strong thermal quenching. Therefore, Schon Klasens Model [31] 

for sulphide appears more applicable in our case. This has been discussed in the next 

section. 
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6.4 Temperature sensitive properties of present system of phosphors 

We have already seen in chapter 4 that the fluorescence intensity at  max (the wavelength 

of maximum intensity at RT) decreases with increase in temperature for all the series of 

phosphors. This fall in intensity with temperature is related to the fluorescence efficiency 

 of the phosphors. The latter is given by 

nrr

r

PP

P


        (4.1) 

where Pr is the probability of radiative transitions and the Pnr is probability of non-

radiative transitions. It is assumed that Pr is almost independent of temperature while Pnr 

rises rapidly with temperature.  

The generally accepted Schon –Klasens Scheme [31] of Fig 6.1 furnishes a simple and 

interesting explanation of thermal quenching in these phosphors. 

   

Fig 6.1: Schon –Klasens model for thermal quenching of luminescence 

in sulphide phosphors 

 

An electron in the valence band can enter a luminescence center by a thermal activation 

of energy W. The electron previously removed from the center by optical excitation 

cannot now return and after diffusing in the conduction band for a while will finally 

recombine via some defect or other non-radiative transition. 

It has been observed that in a specific range of temperatures (which we have termed span, 

∆T), most of these phosphors show linear decrease in intensity. As we have discussed in 

 Valence band (sulphur) 

Centre 

W 
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chapter 5, the lifetime of phosphorescence of these phosphors also show a similar 

behavior; that is the thermal quenching is almost linear in the range of span. Both these 

attributes are favorable for application of these phosphors in temperature sensing. 

6.5 Conclusions: 

Fiber optic luminescence thermography / thermometry normally utilize two properties of 

the phosphor; viz (i) variation of fluorescence intensity with temperature and (ii) 

variation of lifetime of fluorescence / phosphorescence with temperature. From this point 

of view, all the alkaline earth sulphide (Cu) phosphors, synthesized and studied in the 

present work seem to be the potential candidates for thermography / thermometry 

because (i) their fluorescence intensity varies markedly with temperature (at least in the 

range governed by the span) and (ii) their phosphorescence lifetimes also vary with 

temperature. In fact, these phosphors may be used in a variety of applications. One of the 

applications for which these phosphors have been tested by Purohit and Khare is 

the measurement of temperature of hot surfaces [32]. A self-explanatory diagram of 

this system is shown in Fig. 6.2 (shown in next page).  

There are number of other applications for which these phosphors can be used. Some of 

these are summarized as follows: 

6.5.1 Electrical Machinery: 

The immunity of optical signals to electromagnetic interference makes phosphor 

thermometry very useful in diagnostic studies of electrical machinery. A thermographic 

phosphor based technique for monitoring the temperature of the rotor in a large 

turbogenerator may be developed. The motivation for doing this is to seek out any "hot 

spots" that might develop in the rotor of the generator as a result of several possible 

causes, including overheated insulation. A pulsed optical source may be used and the 

light conveyed along an all-silica optical fiber having a larger core diameter (Silica fibers 

are generally preferred over plastic-clad fibers because of their higher pulsed-power 

damage threshold and their superior transmission characteristics in the ultraviolet.) 
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Fig. 6.2: Fiber Optic Probe for Sensing Temperature of Hot Surfaces developed in the     

 present investigation [32]. 

A plastic-clad fiber can collect the fluorescence and convey it to a photomultiplier tube. 

A custom-designed data analysis system may be used to determine the phosphorescence 

decay times. A silicone binder, mixed 50% by weight with phosphor, may be painted in a 

5- 10 cm wide stripe around the circumference of the rotor.  

Hot spots are also developed in electrical transformers, and fluoro- optic thermometers 

have been used to determine the temperatures of the windings, the leads and the 

transformer tank. Other applications that call for the sensor to function in the presence of 

large electromagnetic fields include fiber optic thermometry-based measurements of 

microwave power and rf susceptibility.  

6.5.2 Flow Tracing: 

Phosphor particles may be used as tracer to aid in visualizing the flows of liquids. Both 

continuous ultraviolet lamps and the nitrogen laser may serve as sources of illumination 

for different configuration of this method. ZnS, CdS and CaS phosphors and their 

combinations have already been used in this technique. Longer phosphorescence 
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lifetimes of alkaline earth sulphide make them particularly well suited for measuring the 

flow of slowly moving liquids. 

Very recently, such systems have also been used for temperature imaging in gas-phase 

flows [33]. 

6.5.3 Gas Centrifuges:   

These phosphors may be used for making non-contact temperature measurement on the 

gas centrifuges. These devices are large right circular cylinders driven at very high speed. 

Their function is to separate U
235

 from the natural isotopic distribution in UF6 gas to 

create enriched fuel for nuclear power reactors. The flow pattern inside the machine and, 

hence, the separation efficiency of the centrifuge is affected by thermal variations on the 

rotor surface. The goal of maximizing separation work performance provided the impetus 

for developing a remote thermometry system compatible with a high speed mechanism of 

this type.  

6.5.4 Heat Flux: 

The determination of heat flux through a surface is important in a variety of scientific and 

engineering applications. The method may consist of an array of discrete circular and 

triangular spots of phosphor on the surface to be mounted. The alkaline earth sulphide 

phosphor may be used for the development of several embodiments of the thermal 

phosphor- based heat flux gauges.    

6.5.5 Particle Beam Characteristics: 

Phosphors and other scintillating materials can be used to study the structure of high 

energy ion and electron beams, indicating the position, profile, and flux density of the 

beam as a function of phosphor brightness. Also, if the beam current is large enough to 

heat the material, then an appropriate method of phosphor- based thermometry can be 

used to diagnose the beam. Over time, as a significant dose accumulates the phosphors 

efficiency will deteriorate due to radiation damage. This process, which manifests itself 

as a decrease in brightness.   
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Such information may be of significance in assessing the use of phosphors in nuclear 

reactor as well as particle beam application. The present set of phosphors can also be 

used for such an application 

6.5.6 Other applications: 

Phosphor thermometry is extensively being used in monitoring combustion processes 

[34, 35] as well as many other applications [36, 37].  

6.6 Suggestions for Further Research: 

(i) As new applications for phosphor thermometry arise, there will be a concomitant need 

for target materials that have luminescence characteristics appropriate to the 

measurement being undertaken. For instance, although many of the phosphors that 

have been studied to date emit at the longer visible wavelengths, i.e., at the yellow to 

red end of the spectrum, some color- sensitive applications might call for a phosphor 

that emits at shorter wavelengths, near the blue- to- violet end of the spectrum. 

(ii) At higher temperatures, the fluorescence lifetimes of virtually all phosphors are very 

short. Once the lifetime drops below about 100 s, the speed, resolution, and 

accuracy requirements placed on the data acquisition system typically call for the use 

of sophisticated transient digitizers and fast pulse analyzers. Equipment of this type is 

used routinely in nuclear, particle, and laser physics laboratories. If more research is 

done on the temperature dependence of phosphorescence, it may be possible to adapt 

it for use in phosphor thermometry systems. Then the range over which temperature 

measurements could be made with this technique might be extended. 

(iii) Improvement in the methods of phosphor bonding would also be welcome. A 

particularly valuable advance would arise from the development of a technique that 

would produce thin, durable, spray-on coatings like those created by flame and 

plasma deposition, but without the need for high temperature combusting gases and 

expensive apparatus. 

(iv) Finally, the potential of thermogaphic phosphors to sense still other physical 

quantities should be explored.                 
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