
 

Thermoluminescence and thermally stimulated conductivity in
CdGa2S4 : including an evaluation and some extensions of
the convertional two level model
Citation for published version (APA):
Kivits, P. J. (1976). Thermoluminescence and thermally stimulated conductivity in CdGa2S4 : including an
evaluation and some extensions of the convertional two level model. [Phd Thesis 1 (Research TU/e / Graduation
TU/e), Applied Physics and Science Education]. Technische Hogeschool Eindhoven.
https://doi.org/10.6100/IR155494

DOI:
10.6100/IR155494

Document status and date:
Published: 01/01/1976

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR155494
https://doi.org/10.6100/IR155494
https://research.tue.nl/en/publications/b6e5274e-a039-47f2-b6a8-c68d59334904




THERMOLUMINESCENCE AND THERMALL Y 

STIMULATED CONDUCTIVITY IN CdGa"2s 4 
INCLUDING AN EVALUATION AND SOME EXTENSIONS 

OF THE CONVENTIONAL TWO LEVEL MODEL 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 
TECHNISCHE WETENSCHAPPEN AAN DE TECHNISCHE 
HOGESCHOOL EINDHOVEN, OP GEZAG VAN DE RECTOR 
MAGNIFICUS, PROF. DR. IR. G. VOSSERS, VOOR EEN 
COMMISSIE AANGEWEZEN DOOR HET COLLEGE VAN 
DEKANEN, IN HET OPENBAAR TE VERDEDIGEN OP 

VRIJDAG 19 MAART 1976 TE 16.00 UUR 

DOOR 

PETRUS JOHANNES KIVITS 

GEBOREN TE EINDHOVEN 

DRUK WIBRO HELMONO 



Dit proefschrift is goedgekeurd door de promotoren 

Prof.dr. M.J. Steenland en Prof.dr. F. van der Maesen 



aan mijn ouders 



Contents 

1. Introduetion 

2. CdGa2s4
; its chemistry and general properties 

2.1 Compound preparatien and crystal growth 

2.2 Chemical analysis 

2.3 x-ray analysis 

2.4 Specific density measurements 

2.5 Optical measurements 

2.6 Electrical contacts 

3. General considerations on thermally stimulated luminescence 

and conductivity 

3.1 Introduetion 

3.2 Determination of trapping parameters from the conventional 

5 

6 

7 

I I 

12 

13 

14 

model for thermally stimulated luminescence and conductivity 18 

3.3 Evaluation of the model for thermallu stimulated luminescence 

and conductivity; reliability of trap depth determinations 32 

3.4 Interpretation of thermoluminescence and thermally stimulated 

conductivity experiments. 

Part I : Extensions of the conventional model 

4. Results and interpretation of measurements on CdGa2s4 
4.1 Hall effect 

4.2 Thermally stimulated luminescence and conductivity 

4.3 Photoluminescence and conductivity 

5. Concluding remarks on the properties of CdGa2s4 
Cited literature 

Summary 

Samenvatting 

Dankwoord 

Levensbericht 

68 

lOl 

108 

123 

139 

140 

142 

144 

146 

146 



I . INTRODUCTION 

In 1603 Casciarolo of Bologna, ltaly, used the word "phosphoros" (Greek, 

"light bearer") to describe a complex preternatural solid he made. This 

solid had the awe-inspiring property of glowing in the dark after 

exposure to daylight. In 1669 the chemical element phosphorus was 

discovered by Hennig Brand. It was called a phosphoros or phosphor 

because it too glowed in the dark while exposed to moist air. Even 

though phosphorus is nat a phosphor in the sense we define now, the 

name persisted in its present farm. 

It was nat until the middle of the nineteenth century that the 

phenomenon of light emission by solids after excitation, was subjected 

to systematic study. The first law in this field was formulated in 1852 

by Stokes. It is known as Stokes' rule and states that the emitted 

wave length is greater than the wave length of the excitation radiation. 

At about the same time, A.H. Becquerel laid the foundations for the 

experimental investigations of the emission spectrum and duration of the 

afterglow. 

In 1889 Wiedemann introduced the term "luminescence" and gave the 

first definition of this phenomenon as the excess emission over and above 

the thermal emission background. This definition was nat entirely 

accurate since the Cherenkov emission, for instance, is not considered 

as luminescence. As noted by Adirowitch (1950) luminescent emission may 

be distinguished from other effects by the time delay between excitation 

and emission which is long compared to the period of radiation. The 

radiative life times of the excited electronic states, that are 

responsible for the time constants for luminescence vary from 10-
10 

s to 

several years, while the period of visible radiation is about 10-
14 

s. 
-10 

Usually luminescent emission with a life time between about 10 and 

10-
8 

s is called fluorescence, while the term phosphorescence is used 
-B 

for emission that persists langer than 10 s. 

Another classification of luminescence phenomena can be made 

according to the kind of excitation of a substance prerequisite to 

emission. Photoluminescence, for instance, depends on excitation by 

electromagnetic radiation ar photons. Thermoluminescence, however, does 

nat refer to thermal excitation but rather to thermal stimulation of 

luminescent emission which was excited by other means. 



In the course of time many materials were discovered to be luminescent. 

The quantitative understanding about the light storage in these so-called 

phosphors, started in the beginning of this century with the experimental 

work of Lenard mainly on alkali halides. These investigations led to the 

concept of luminescence eentres due to irregularities in the crystals. 

Native defects or foreign impurities disturb the spatial symmetry in the 

lattice and cause localized energy levels in the forbidden gap of a 

semiconductor. 

In a photoconducting semiconductor one usually distinguishes between 

two kinds of defect states involved in the luminescence process: 

- Luminescence or recombination eentres A, also known as activator 

centres, containing levels responsible for the luminescence emission 

spectrum. These energy levels lie near the valenee band and are 

occupied in an unexcited phosphor that is fully compensated. 

- Electron traps or co-activator eentres H, containing levels where an 

electron can be trapped for some time at a metastable potential 

minimum. These trapping levels lie near the conduction band and are 

empty in an unexcited fully compensated phosphor. 

During irradiation of the solid at a certain temperature several 

processes soma of which are indicated in figure l, can occur. By the 

conduction band 

a 
w 

valenee band 

figure 1 

Energy teveZ scheme of a 

semiconductor aontaining two 

kinds of defeot oentres A and 

H~ in whioh possibZe 

eteotron transitions are 

indioated •. 

fundamental absorption U
0

, electrous are excited to the conduction band 

and consequently contribute to the electrical conduction. While holes 

become trapped in activator eentres (transition parameter S ), free 
a 

electrous are either captured by empty co-activator eentres (Bh) or 

recombine with holes bound to luminescence eentres (a). The latter 
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transition can be accompanied by emission of light. The intensity is 

quenched when electrous are thermally excited from the valenee band to 

empty activator states (transition probability y ), Electrous trapped 
a 

at co-activator eentres can either be thermally excited to the 

conduction band (yh) or recombine with bound holes via a quanturn 

mechanica! tunneling process (W). This transition is called donor

acceptor pair (DA) recombination and can also be accompanied by 

luminescence emission. 

Extrinsic absorption accompanied by photoconduction occurs when the 

phosphor is irradiated below the band gap energy (UA,UH), The probability 

of these kinds of transitions depends on the occupation of defect levels 

and will therefore be a function of temperature. 

For a clear comprehension of luminescence and electrical properties 

of a semiconductor a combination of experimental techniques is of 

importance. By measuring the photoluminescence spectrum the energy 

distance between A and the conduction band or the trapping levels H can 

be determined. The same distance may also be deduced from the excitation 

spectra for luminescence and conductivity. The depth of H below the 

conduction band can be calculated from thermally stimulated luminescence 

and conductivity experiments. Furthermore, the type of charge carriers 

can be determined from Hall effect measurements. 

Our investigations on CdGa2s4 started in 1971 at instigation of 
* * Dr. Beun who did some earlier work on this phosphor and Dr. Lieth who 

in the beginning prepared the crystals. The aim of our work was to 

study luminescence and conductivity properties and the influence of 

dopes on these, in order to construct an energy level scheme for CdGa2s4 
from which the phenomena observed with the formerly mentioned techniques 

can be explained. 

The structure of this semiconductor slightly differs from the zinc 

blende structure of cubic ZnS. Certain cation positions are vacant due 

to the presence of three-valenced gallium, leading to two tetrabedrally 

coordinated interstitial voids per unit cell. The open nature of this 

structure should make this material particularly interesting for 

investigations on its lumines.cence properties since it was to be 

* Both merobers of the Solid State Group of the Physics Department, 

Eindhoven Universityof Technology. 
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expected that large amounts of dopants could be added. Some pre

liminary photo- and thermoluminescence experiments indicated that 

some dopants had a characteristic influence on the luminescence 

properties of this material. This, combined with the fact that CdGa2s4 
was hardly mentioned in the literature formed a decisive argument to 

start the investigations that will be reported now. 

This thesis consists roughly of three parts. In the first part 

(chapter 2) the chemistry and some general properties of CdGa2s
4 

are treated. In the second part (chapter 3) copies of three papers 

on mathematica! models underlying thermoluminescence and thermally 

stimulated conductivity are given. The first paper (section 3.2) 

titled Determination of trapping parameters from the conventionat 

model for thermatly stimutated tv~nescenae and conduativity, is 

submitted for publication in Physica B. The other two papers, 

Evatuation the model for thermalty stimutated Zuminescence and 

conduativity, reliabiZity of trap dterminations (section 3.3) 

and Interpretation of thermoluminesaence and thermally stimutated 

eonduetivity experiments. Part I: Extensions of the conventional 

model (section 3.4), are accepted for publication in the Journal 

of Luminescence. In these articles the numbers of subsections are 

the same as used in the submitted versions. To avoid confusion 

these numbers are preceeded by 3.2, 3.3 or 3.4 if referred to 

elsewhere in the thesis. 

In chapter 4 the most important results of our measurements on 

CdGa2s4 are reported. With some minor modifications the results of 

Hall effect experiments (section 4.1) will be published in the 

Journal of Physics C : Solid State Physics. Two other papers dealing 

with our experimental findings on thermally stimulated luminescence 

ancl conductivity (section 4.2), and photoluminescence ancl photo

conductivity (section 4.3) are submitted for publication in the 

Journal of Luminescence. 

Reader should notice that except for those in sections 3.2, 3.3 

and 3.4 all references are listed on page 140 of this thesis. 

Literature cited in the articles is listed at the end of each. 

The work described here has been carried out in the Solid State 

Group of the Physics Department at Eindhoven University of 

Technology, Eindhoven, The Netherlands. 
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2. CdGa2s4; lTS CHEMISTRY AND GENERAL PROPERTIES 

2. 1 Compound preparation and arys ta Z gr01.Jth [ 1, 2] 

The compound is prepared by heating together equimolecular proportions 

of the constituent binary compounds CdS and Ga2s3 , during 30 min in an 
* evacuated and sealed silica ampoule • The temperature of preparatien 

is 1050 °C. Homogenisation is achieved by heating the material during 

2 hours at 920 °C which is below the melting point of CdGa2s4 (980 ± 

I °C) [3]. Most of the single crystals are grown by the vapour 

transport technique with iodine as transporting agent. In the 

arrangement used, the vitreous silica ampoule is situated in a 

horizontal furnace with a temperature gradient. The souree material 

is kept at 650 °C while single crystals grow at 620 °C at the other 

end of the ampoule. In about four days two grams of monocrystals are 

obtained in such a procedure. In an early stage of the investigations 

some crystals were grown using the Bridgman technique. Also some 

crystals were obtained following the Kaldis technique. All methods 

are quite suitable for the growth of monocrystals. 

In some cases the stoichiometry of the crystals was deliberately 

altered. An excess of cations was created by adding extra Cd or Ga to 

the souree material. The sulphur concentratien is áltered by either 

a heat treatment of monocrystals during 20 h at 800 °C or by crystal 

preparatien under sulphur pressure (~ 5 ato). 

The dopant was added to the souree material as element before 

heating at 1050 °C. The crystals were grown by the iodine transport 

technique in the same way as in the undoped case. As dopants several 

elements have been tried. Spectrochemical analysis showed that under 

the used conditions Mg, Cu, Ge, Au, In and Ag are incorporated in 

larger concentrations (a few mole percents) contrary to, for instanee 

Zn, Hg, Pb, Sn, Sb, Al, V, Nb, W, Zr, Se and Bi. Most of the experiments 

on doped crystals have been carried out on material doped with In and Ag 

in various concentrations. 

* CdS is obtained from Uclaf, France 

Ga2s3 is obtained from Alusuisse, Switzerland 
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2.2 ChemiaaZ anaZysis 

* Wet chemical analysis was performed on undoped as well as on doped 

material. The results are shown in table 2.1. 

Table 2 .I 

Micro analysis of CdGa
2
s 

4 

(wp: weight percents; gm: grammoles) 

Cd Ga s In,Ag 

batches wp gm wp gm wp gm wp gm 

* CdGa,
2
s 

4 
(-) QS 29.46 ]. 003 36.41 2.001 33.52 4 - -

CdGa
2

S!. (ln} Q2~-l 29.02 ]. 001 36.47 2.019 33.06 4 0.85 0.028 

CdGa ,S, (Ag) Q30 29.68 ]. 003 36.59 ]. 993 33.77 4 0.15 0.0053 
. " 

CciGci
2

S 
4 

(Ga) \,'Rl4 29. Oi 0.991 37. 3! 2. 050 33.48 4 

CJS, J;claf 

i 
77.67 l. 003 - 2]. 96 I -

Ga 2s 3' Alusuisse - - 59.43 2.001 41.01 3 

The index (-) is uscd for the not: intentionally doped batches 

The amount of grammeles is related to the sulphur content. It turns 

out that the CdS powder used for crystal preparatien contains an 

excessof Cd(~ 0.3 mole %). A slight excessof Cd is also present 

in the crystals CdGa2s4 except for the batch WR 14. This batch 

contains about 2.5 mole % excess of Ga. For the excess Cd and S 

batches ( WR 17 and WR 1, respectively) no micro analysis is 

available. 

-

Speetral chemical analysis was carried out on three samples of 

each batch that was prepared. The procedure is extensively described 

by van der Leeden [4]. Besides the deliberately added dope, a few 

trace elements are always detected in the crystals. These are listed 

in table 2.2. In table 2.3 the dope concentrations of the batches 

on which the reported measurements have been carried out, are given. 

It turned out that in the In doped case about 30 % of the added 

indium is incorporated. In the Ag doped samples this proved to be 50 %. 

* Carried out by Fa. Alfred Bernhardt, W. Germany. 
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Table 2.2. 

clement CQncentration (ppm) 

Si ' 50 

}!g 20 

Fe ' 20 

Ca JO 

cu 0.5 - 10 

Zn JO 

Table 2.3 

Speetral chemical determination of dope conccntrations in batches 

CdGa
2
s 

4 
used for the measurements 

Batch nr. dope concentratien (mole %) 

Q6 in 5 I 

Q28-l In 3.4 o. 2 

Q28-2 In o. 8 ' 0. I 

Q28-~ !n 0.09 ~ 0.01 

Q28-6 In 0.014 - 0.002 

Q30 Ag 1.0 ' 0. 2 

Q31-3a Ag o. 16 ' 0.02 

2.3 X-ray analysis 

X-ray diffraction measurements on powder samples have been carried 

out to ascertain, especially for the non-stoichiometrie compounds, 

that only one phase is present in the material. This proved to be 

the case for all batches that have been measured. Moreover, it was 

investigated whether the structure of CdGa2s
4 

changes when large 

amounts of impurities are incorporated. 

The crystals to be analysed were powdered until the estimated 

grain size was about I ~m. When the powder was found to be 

sufficiently dry it was carefully sweeped into a flat aluminium 

window with the aid of a camel's hair brush. The sample holder 

was mounted in a standard diffractometer apparatus (Philips). The 
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Pow-der 

k 1 1 

0 0 

I 0 I 

I 0 

I 0 

0 

0 0 4 

~ 0 

2 I 

JO I ! 4 

11 I 3 

13 1 0 

lio 0 

I ê 0 l 

I i I 0 

lil u 0 

19 3 1 

00tainea i rum 

Halm et :~L 

Our value~ 

Table 2. 4 

diagram of CdGa
2
s 

4 

2 ~cxp(o) 

17.409 

18. 187 

22.640 

28.692 

30. 8} 7 

32.242 

36.870 

J7. 242 

1.2. 310 

45.248 

46. 250 

47.580 

48.517 

49.770 

50. 124 

52.094 

54. 036 

55. 384 

() 

(A) 

5. 565 o. 004 

5. 546 

5. 57 

5.542!. 0.005 

8 

2 $ca1(
0

) 

17.393 

18. 176 

22. 635 

2il. 712 

30. e59 

32.23! 

35.244 

Jó. ~69 

37.266 

42.312 

45. 250 

40. 252 

47. 562 

48.527 

49.792 

50. i OS 

52. 103 

54.04 7 

55.366 

c (A) 

10.064 ' 0.008 

10. I é 

10. OI 

10.164" 0.008 



batches investigated were Q 5 (not intentionally doped), Q 6 (In 

doped) and Q 30 (Ag doped). 

The experimental values of the integrated intensities of the 

diffraction peaks are measured several times for several samples 

from the same batch, by counting the scattered radiation quanta 

with a digital counter. The background radiation contribution was 

obtained graphically from background measurements on both sides 

of each diffraction peak. 

Hahn et al. [S] found that the ternary compound CdGa2s4 has a 

thiogallate structure (figure 2), The space group is I4 (S~). 

0: Cd 

e :Ga 

Q:s 

The unit aeZZ of 

CdGa2s4• a phosphor 

with thiogattate 

s truature ( I4) . 

This is confirmed by our measurements. In this tetragonal structure 

the various reflection angles ~. obey the Bragg equation for first 

order reflection 

2 dhkl sin ~ = À (I) 

with 

(2) 

where a and c are lattice constants, À the wave length of the X-rays 

and dhkl the spacing between two adjacent planes indicated by the 

Miller indices h, k and 1. Reflection only occurs when 

h + k + 1 • m (m is an even integer) (3) 
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If the values of ~ are measured the lattice constants a and c, can 

be calculated using a simple fitting procedure. The integrated 

intensity I., of the j-th diffraction.peak is 
J 

(4) 

The factor ~. contains besides the Bragg angle ~. an absorption 

factor, the plane multiplicity, the Lorentzfactor and the 

polarization factor. The generalized temperature factor is 

represented by B, and the structure factor Fhkl can be expressed as 

Fhkl "' f fAn exp [2rri(hxn + kyn + lz )] (5) 
Pl ' n 

when no interstitial and misplaced atoms are present and all 

lattice sites are fully occupied. The scattering factor fA, of an 

atom A at (xn, Yn• zn) differs for each element and decreases with 

increasing ~· 

With the aid of the computer procedure MINIFUN [6], the 

quadratic sum of the differences between measured and calculated 

intensities can be minimized. We found 2B/À 2 
"' 0.50 and the sulphur 

coordinates (x5 , y5 , zs) = (0.284, 0.252, 0. 1335). 
* In table 2.4 the measured values of 2$ are given . Starting 

exp 
with peak 5, reflection is due to Cu Ka 1 radiation. For 2$ < 30° exp 
an overlap exists of Cu Ka 1 and Cu Ka2 reflections. In these 

cases an averaged value of 2$ is given. From (i) and the data exp 
in table 2.4 the lattice constauts can be calculated. These are 

tagether with literature values shown in table 2.5. Further it 

turned out that the lattice constauts in the undoped as well as 

in the In and Ag doped cases were equal within the experimental 

error, indicating that the incorporation of for instanee 5 mole % 

of indium does not cause any structure changes. 

With (!) values of 2~cal can now be calculated. These are also 

given in table 2.4. 

* The values of twice the Bragg angles are given for reasans of 

convent ion. 
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Although the agreement between calculated and measured diffraction 

intensities appeared to be fairly good, some small deviations 

remained. These may he due to several causes, viz. 

The intensities of diffraction peaks are influenced by vacancies, 

misplaced and interstitial atoms. 

- In our calculations we used a generalized temperature factor. In 

more precise analysis different values for each atom have to he 

taken into account since this factor depends on the atomie mass 

according to the Debye-Waller formula. 

- The scattering factors were calculated from data ohtained by 

Ferguson and Kirwan [9], using the Thomas-Fermi-Dirac statistical 

model in the case of Cd and Ga, and the self consistent model 

for the S atom. Bath models are mutually not consistent. Moreover, 

the value of the scattering factor will depend on the ionicity of 

the host lattice. 

We conclude that at present a more precise analysis of our X-ray 

data is nat possihle. 

2. 4 Speoifia density measu:t'ements 

The specific density of monocrystals is measured using a hydrastatic 

balance. The results are shown tagether with some literature data 

in table 2. 6. 

Table 2.6 

Hahn et al. [SJ 3.97 

Hobden [7] 3. 93 

Our value 3. 94 ± 0.06 

From the values of the lattice parameters (table 2.5) and the atomie 

weights of the constituents a specific density of 4.04 : 10 3 kgm- 3 

can he calculated which is about 2.5 % higher than the measured 

value. Microscopie examinatien of the singl~ crystals proves that 

this difference is certainly not due to pores (diameter ~ I ~m) in 
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the crystals. A possible explanation could be the presence of a 

large concentratien of vacancies. 

2.5 Gptieal measUPements 

Absorption measurements in the range 350 to 400 nm on CdGa2s4 were 

carried out at room temperature using a standard spectrophotometer 

(Carl Zeiss). The thickness of the measured samples was about 

30 ~m. The square absorption coefficient a!bs' versus excitation 

energy hV, is given in figure 3. 

i 
I 
i 
5~ 

10 11 

The squaPe optieal 

absorption eoeffieient 

a~8• versus exaitation 

energy hv 

From the results a band gap energy of 3.45 eV can be derived which 

is in close agreement with the value reported by Beun et al. [10] 

and with our own photoluminescence and photoconductivity 

measurements (section 4.3). A considerable higher value (3.58 eV) 

is found by Abdullaev et al [11] from reflection measurements that 

are, however, less accurate. Also, figure 3 seems to indicate that 

CdGa2s4 is a direct gap semiconductor and transitions between the 

lattice bands are allowed. 
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2.6 EteatriaaZ aantaats 

In conductivity experiments low ohmic electrical contacts are 

indispensable. We made some contacts by sputtering. I-V characteristics 

of metal-CdGa2s4 barriers were measured using a three probes method. 

Since no dark current could be measured because of the high bulk 

resistance (>I0 15Q) the contacts were illuminated with 365 nm 

radiation filtered from the spectrum of a high pressure mercury 

discharge lamp. Some typical shapes are shown in figure 4. 

-10 -8 -6 - 4 -2 D 2 
-V(VJ 

fi{JUI'e 4 

I-V aharacteristias of some 

iZZuminated metaZ-CdGa2s4 
harriers 

It can be seen that the voltage drop across the Ag-CdGa2s4 harrier 

is small in both forward and reverse directions. Moreover, it 

turned out that Ag contacts could be obtained in a reproducable 

way. In all our electrical measurements we therefore used 

sputtered Ag contacts. Generally voltages larger than 0.5 V have 

been applied. 
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3. GENERAL CONSIDERATIONS ON THERMALLY STIMULATED LUMINESCENCE AND 

CONDUCTIVITY 

3.1 Introduetion 

When a phosphor is heated after having been illuminated at low 

temperature, luminescence emission usually accompanied by 

conductivity enhancement can occur. The plots of thermally 

stimulated luminescence intensity (TSL) or conductivity (TSC) 

versus temperature are very similar and consist generally of one 

or more peaks. Since the work of Randall and Wilkins [12] these 

peaks are believed to be due to recombination and conduction of 

electrous that are thermally released from trapping levels below 

the conduction band. 

The model that one often uses for the explanation of these 

phenomena (figure 5) is a simplification of the model that is 

shown in figure 1. 

con duet ion band 
n 

valenee band 

figur-e 5 

Energy level seheme for> the 

interpretation of TSL and TSC 

measurements 

If equilibrium exists it follows from the principle of detailed 

balance that 

y h = Sn(h (6) 

where h is the concentration of trapping levels, the concentratien 

of trapped electrons, n the free electron concentration, f3 a trapping 

rate constant and y the escape probability for trapped electrous to 

the conduction band. The accupation of a trap at an energy EQ is 

given by the Fermi distribution function 

h 
h 

14 

(7) 



where k is Boltzmann's constant, T the absolute temperature and EF 

the position of the Fermi level. Since usually the difference 

between the energy in the conduction band, Ec' and the Fermi 

energy is much larger than kT, the concentratien of free electrans 

is given by 

(8) 

where N is the effective density of states in the conduction band. 
c 

Combining (6), (7) and (8) it follows that 

y = s exp [-E/kT] 

where E, the trap depth, is given by 

E = Ec - Eh 

and s, the frequency factor, by 

s = SN 
c 

(9) 

( 10) 

( 11) 

da+ 
The luminescence intensity is assumed to be proportional to dt' 

the time derivative of the concentratien of trapped holes. Since 

conductivity is determined by the free carrier concentratien when 

the mobility is tentatively be assumed to be constant, the TSL 

and TSC curves are related according to 

da+ 
dt 

+ a. na (12) 

where a. is a recombination rate constant. Since the change of the 

electron trap accupation under transient conditions existing 

after illumination at low temperature is given by (cf eq 6) 

(13) 

the occurrence of maxima in the TSL and TSC curves can now be 

understood in a qualitative way. The most important factor 

governing the TSL intensity is the rate of escape y h-. During 

the warming up h- is at first nearly constant but y increases 

rapidly with temperature as is seen from (9). As time proceeds, h 

will diminish at an increasing rate until its decrease 

overcompensates the increase of y • The TSL intensity will then 

pass through a maximum and subsequently decrease until it becomes 

15 



zero when all traps are exhausted. By differentiating (12) with 

respect to t it can be seen that in the TSL maximum 

[dnJ = ~02 
dt d2 a+= 0 

(14) 

dt 2 

indicating that the TSC maximum occurs at higher temperature than 

the TSL maximum. 

In theories of thermally stimulated processes one usually 

assumes full compensation of defect centres. The condition of 

charge neutrality then yields 

which relation connects eqs (12) and (13). 

(15) 

When we further assume that at T
0

, the temperature where the 

heating starts a+(T ) = h, h-(T ) = h and consequently n(T ) = 0, 
0 0 0 

the set of non-linear differential equations (12) and (13) can in 

principle be solved tagether with (9) and (15) when the relation 

between T and t is known. In experiments aften a constant heating 

rate w, is chosen. Hence, 

T = Wt + T 
0 

( 16) 

Since analytica! solutions can nat easily be derived simplifi-
. - dn dh- f . d d b . catLans such as n<<h or dt << dt are o ten Lntro uce to o ta1n 

an explicit expression for E in terms of measurable quantities. 

At least 31 of such formulae, that can be used for the 

determination of the trap depth from TSL or TSC measurements, 

exist in the literature. We applied these methods on TSL and TSC 

curves that were calculated without such approximations for 

different sets of model parameters with the aid of an iterative 

procedure [13]. It turns out [14] that in,the case the model of 

figure 5 is valid, the methods of Hoogenstraaten [16], Bube [17] 

and Unger [18] yield the same value of the trap depth as used in 

the calculations within 5 %, independent of the va1ues of E , s 

a and w. Other methods such as those of Chen [19) and Grossweiner 

[20] corrected by Sandomirskii and Zhdan [21] yield only a reliable 

trap depth for specific values of the retrapping ratio s/~. 
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The model of figure 5 is based upon the SchÖn-Klasens model for 

the interpretation of stationary photoluminescence and conductivity 

measurements [22]. It is not probable that such a model represents 

accurately an actual situation occurring in phosphors since 

essential simplifications have been introduced, for instance: 

- The free carriers are electrons, which implies that transitions 

of electroos from the valenee band to the recombination centre 

(thermal quenching) are neglected. 

- No interaction exists between eentres which excludes DA 

recombination and trap distributions. 

- Only one kind of eentres is involved in the recombination process 

thus no killer eentres are present. 

- Recombination of trappad electrens via excited statea of defect 

eentres does not occur. 

- The temperature dependenee of cross sections is negligible with 

respect to the exponential increase of y with T. 

It is possible to a certain extent, to calculate the influence of 

some extensions of the simple model on the TSL and TSC curves [23]. 

Subsequently, we applied some metbods for trap depth determination 

on such curves. It is concluded that the calculated trap deptbs 

generally depend on tbe model that is used. It turns out that only 

the metbod of Roogenstraaten is rather insensitive with respect to 

most of the treated extensions. It is markebly influenced by 

exponentially temperature dependent cross sections and produces 

the depthof the activator centre if thermal quenching occurs. 

It is concluded that if measured and theoretica! shapes 

calculated from the simple model deviate, one might hope to find 

the main cause for this deviation by comparing the experimental 

curves with shapes calculated from some extended model. 
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3.2 Determination of t~ping parameters from the aonventional 

model for thermally stimulated luminescence and aonduativityt 

H.J.L. Ragebeuk and P. Kivits 

Eindhoven University of Technology, 

Department of Physics, 

Eindhoven, The Netherlands. 

Abstract 

The conventional model for thermally stimulated luminescence and 

conductivity is solved by an expansion in a small parameter. A 

stable numerical method is given to obtain luminescence and con

ductivity curves from this model. 

Some relevant trapping parameters can be determined by a process 

of comparing theoretical calculations with experimental data with 

the help of non-linear regression analysis. 

Cited literature on page 30 

t Reader should notice that in this artiele reduced quantities are 

introduced with primes; the primes are omitted later on. 
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1. Introduetion 

Since the days of Urbach [1] a lot of theoretica! work has been 

done on thermally stimulated luminescence (TSL) and conductivity 

(TSC) in semiconductors. Klasens and Wise [2) first developed rate 

equations for the thermal excitation of trapped electrous from 

defect levels to the conduction band, These differential equations 

are still not solved analytically and some more or less plausible 

assumptions have to be made to obtain an explicit expression for 

the trap depth in terros of measurable quantities [3]. Kelly et al. 

(4] produced numerical approximations with the Runge-Kutta-Gill 

fourth order process. This procedure, however, is unstable except 

for very small step values, 

In this paper we present a salution of the so-called kinetic 

equations that govern the TSL and TSC processes in the form of an 

expression in a small parameter, valid in most of the experimental 

situations. Also a stable algorithm is described to solve the 

kinetic equations numerically. With the help of these fast and 

stable procedures it has become possible to attempt a non-linear 

regression analysis of the experimental data from TSL and TSC ex

periments, thus producing not only the trap depth, but also 

estimates of other relevant trapping parameters. 

Essentially, in this way the conventional model that is 

generally used for the interpretation of TSL and TSC measurements, 

can be tested against experimental data and conclusions can be 

formulated on the validity of the model. 

2. The conventional model for thermally stimulated luminescence and 

conductivity 

The simple model commonly used in TSL or TSC theories (fig 1) is 

described by four differential equations for the concentrations of 

electrous h~(t) and hz(t), trapped at h 1 and h2 respectively, for 

,the free electron concentratien n(t) and for the concentratien of 

trapped holes, a+(t). Irradiation at some low temperature T (e.g. 
0 

80 K), causes electron traps to become occupied while acceptor 
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eentres are emptied. Subsequently the sample is heated in the 

dark. At some temperature T, electrous from the first trap will be 

released into the conduction band (transition I) with a probabili

ty y, given by 

y s exp [-E/kT] (I) 

Here E is the trap depth, s a frequency factor and k is 

Boltzmann's constant. From the conduction band electrous can 

either be (re)trapped (2, trapping rate constant S) or recombine 

with a hole in an acceptor centre (3, recombination rate constant 

a). The latter transition may be accompanied by theemission of 

light. 

3 

conduction band 
n 

valenee band 

figure 1 

The conventional model general

ly used to describe thermally 

stimulated luminescence and 

conductivity. 

Assuming full charge compensation the neutrality condition re

quires that 

when no free holes are present. 

The differential equations for this model are 

dn 
dt 

+ -a na 

20 
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These equations imply that the occupation of h2 does not change 

during the emptying of h
1

• 

The initial conditions are 

a+(O) h h = I + 2' n(O) 0 (4) 

The relevant ranges of the physical quantities in this model are 

taken to be 

0.1 ~ E ' (eV) 

-14 s 10-8 (cm 3 -1 
JO :> a., ' s ) 

106 ' s ' 1012 (s-1) (5) 

These quantities are assumed to be independent of temperature. In 

TSL and TSC experiments, the temperature is generally raised 

linearly, according to 

T = T + wt 
0 

where w, the heating rate, is usually in the range 

0.01 ~ w ~ 1 Ks-1
• The TSL intensity is proportional 

the conductivity is proportional to n(T)*, Therefore 

(6) 

da+ 
to dT , and 

the time, t, 

in the system of coupled differential equations (3), will be 

transformed into temperature, according to (6), as we seek a 

solution for the concentrations with temperature rather than with 

time. Also, it can be remarked that in virtue of the neutrality 

condition (2) one of the equations of the system (3) can be omit

ted. Though the choice is quite arbitrary, there is a slight pre

ferenee for the first equation (3a) and hence for eliminating 

*The conduction is also proportional to the mobility of free elec

trens that may be a function of temperature. We shall not consider 

its influence on the shape of the TSC curve here and implicitly 

assume its value to be constant, 
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h~(t) from (3b) and (3c). Finally a transformation is made to 

dimensionless quantities: 

T' 

a' 

T/T 
0 

s' 

f!,/a, i;' 

E1 = E/kT , 
0 

(7) 

As will be apparent from sectien 3 it is convenient to include the 

factor a' in the transformation of n to n'. 

As a result of these manipulations the problem can be reformulated 

by a system of two coupled differential equations: 

+ -na 

with the boundary conditions 

a+(l) = 1, n(l) = 0 

(Sa) 

n (se-E/T+Ön)(8b) 
a 

(9) 

All quantities in the equations (8) and (9) should be primed, but 

for practical reasous the primes are omitted from now on. 

The transformation to dimensionless ferm of the equations shows 

that two out of seven physical quantities are non-essential. The 

ranges of the remaining five parameters are 

15 ~ E ~ 150 

108 ~ s $ 1016 

~ a ~ 1014 

10-6 

' 0 ' 10
6 

10-6 
:> i; :> 106 (I 0) 

As one of the two eigenvalues of the Jacobian of the system of 

coupled differential equations (8) is approximately equal to -a, 

the system is stiff for the interesting part of the range of that 
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parameter. It cannot be solved by step-wise integration procedures 

like Runge-Kutta, unless the step, öT, is impossibly small (-1/a). 

In the next two sections this problem is solved in two ways. 

Firstly, it will be solved by an expansion in powers of J/a. In 

this way approximate analytica! solftions found by other authors 

can be obtained [3]. 

Secondly, this problem will be solved by a stable numerical 

method, thus yielding approximate numerical solutions without 

wasting hours of computing time [4]. 

3. Expansion in powers of l/a 

The form of equation (8) in the previous sectien suggests an ex

pansion in powers of 1/a. Therefore we put 

+ + a (T) = a0 (T) I + 
+ (i al (T) 

I + 
+ a2 a2(T)+ 

n(T) = no (T) 
1 

+(i n 1 (T) 
1 

+ 2 n2(T)+ (I I ) 
a 

With increasing T the term with -E/T 
se from (8b) increases rapid-

ly, but the expansion in powers of 1/a will converge if se-E/T<< 

which is the case in the region of da+ 
interest, where ~ and n(T) 

differ substantially from zero. Only for large o and small t, the 

high-temperature tail of the TSC curve is very long and there the 

expansion in powers of 1/a converges slowly. 

In zeroth order, substitution of (11) in (8) yields 

a 

+ - n a 
0 0 (l2a) 

- n 
0 

(12b) 

The equations are uncoupled and substitution of (l2a) into (l2b) 

leads to 

0 + a; (1-o) + ot, 

da+ 
I o 
+ dT a 
0 

se-E/T (a+- t,) 
0 

0 + a+ (1-o) + ot, 
0 
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Equation (13a) can be integrated analytically with the result 

T + a 
(o-1) ln (a+-0 + ~ ln _ __;:o;,._ __ 

0 . I; + (1+1;)(a
0
-l;) 

J se-E/x dx = 0 

I 
(14) 

' From this implicit formula a+(T) can be solved by Newton iteration 
0 

for every value of E, s, o and 1;, whereas a matching salution for 

n
0

(T) can be obtained from (13b). As will be seen in the next 

sectien this salution is accurate in most cases (a.~ 104). There 

are two special cases to be considered, i.e. the case o ~ 0 

(approximated first order kinetics) and o = l (as a special case 

of secend order kinetics). In both cases equation (14) reduces 

to an explicit formula for a+(T) and consequently for n (T). 
0 0 

For o ~ 0 the salution of (14) is 

T 

I; + exp[- J se-E/x dx] 

For o I the salution of (14) is 

((l+f;} 

I r [ I; f se-E/x dx] + " - exp - 1 +I; 

which expression reduces in the limit Ç ~ 0 to 

T 

1 + J se -E/x dx 

1 

After differentiating (15), (16) and (17) with respecttoT 

(15) 

(16) 

(17) 

da+ 
approximate analytical expressions for ~ are obtained. Addition-

ally, inserting (15), (16) or (17) in (13b) zerothorder solutions 

for n(T) are found in bath cases o + 0 and o = 1. From these 

formulae methods for trap depth determination from TSL and/or TSC 

curves can be derived. As can be proven there are already a few 

reliable methods existing in the literature (3], hence, we do not 

intend to add new ones. 

24 



To include smaller values of a, the expansion can be continued, 

at least in principle, to first order in 1/a, but as this process 

becomes rapidly very cumbersome, we have abandonned this approach. 

This line of reasoning leads to an iterative solution of the 

problem given by (8) and (9), by which for instanee the accuracy 

of the approximate salution given by (14) can be checked. 

4. The numerical salution 

After the considerations in the previous section a stable metbod 

to solve the system of coupled differential equations (8) with the 

initial conditions (9) is obvious. Equation (8) is rewritten in an 

appropriate form for iteration: 

+ 
a 

T 

(!+~) exp[- I n dx] 

I 

(I Sa) 

f(n) se-E/T{a+-~) - n[o+a+(l-ó)+ó~] - ~[se-E/T•n+ón2~] 

{18b) 

The iteration is started with the salution for a + oo given by 

(17). This solution for a+(T) is substituted in (18b) and n(T) is 

solved from this equation by a modified Newton formula with an 

underrelaxation factor equal to 0.7. Then n(T) is integrated with 

Simpson's formula and a new approximation for a+{T) is obtained 

from (18a). This processis iterated until convergence for all 

values of T (see appendix on page 31). For most values of 

the parameters about 10 iterations are needed to insure an accura-
-4 da+ 

cy of 10 in n(T) and dT (T). On the Burroughs 6700 an implement-

ation of the iteration algorithm requires about 2 seconds of 

processtime for one set of the parameters. As the algorithm is 

0 (öT2), fairly large values of ÖT can be used (öT = 1/80- I K). 

The rate of convergence decreases for values of a < JOO, where the 

stiffness of equation {8) disappears. Though these values of a are 

physically not very interesting, equation {8) can be solved in 

this range with some standard library routine, such as Runge -

Kutta - Gill or Merson. 
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5. Results 

Both the TSL curve and the TSC curve peak at a certain (different) 

temperature, e.g. Ta and Tn' These peak temperatures depend mainly 

on E and s, Therefore, we have calculated lines of constant peak 

temperatures for TSL (drawn lines) and TSC (dashed linea) for a 

typical set of other parameters a, o and ~ (see fig 2). Along 

these lines the width of the curves for TSL and TSC changes (see 

figs 3 and 4). From these results it is clear that, at least in 

principle, E and s can be determined from measured values of the 

temperature for the peak of the TSL or TSC curves and their width 

[3]. 

w 

I 

-logs 

figure 2 

Lines of aonstant peak tem

perature for TSL (drawn 

linea) and TBC (dashed lines) 

for a = 108, o 0.01 and 

~ 10-3• For practical 

reasons aatual values of 

temperatures (in K) are in

serted in the figure. 

However, the peak temperatures and halfwidths are still de

pendent on the other parameters a, ê and ~. We have analyzed this 

dependenee in another set of calculations, given in figs 5, 6 and 

7, for a typical set of the parameters E and s. From fig 5 it is 

seen that a has but little influence on the TSL curve, but the TSC 

curve depends strongly on a if a< 104 • The shape of the TSC curve 

depends strongly on 8, the TSL curve only if 8 > 10-2 (see fig 6). 

The TSC curve is altered by ~ (fig 7), The asymmetry of the TSC 

curves, which is hardly observed in experiments, is seen to dis

appear rapidly for small values of ~. indicating the practical 

importance of assuming the presence of a secoud trap. The TSL 

curve is not significantly influenced by Ç if 8 ~ 0,01. However, 

it should he noted that for larger values of 8 the higher temper

ature halfwidth slightly decreases, 
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figure 3 

The varying 

width of the 

TSL curve 

aZ.ong a line 

of aonstant 

peak temperat

ure (shown in 

fig 2) for 

a 10 8, 

ó = o. 01, 
Ç, 10-3. 

figure 4 

The varying 

width of the 

TSC aurve 

aZ.ong a line 

of aonstant 

peak temperat-

ure (shown in 

fig 2) for 

a = 108, 

ó = 0.01, 
-3 

I; = 10 • 
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figure 6 

The influenae of a. 

on TSL and TBC 

curves; E = 75, 

s = 10 12• 

o o.o1. 
~ 10-

6
• 

figur>e 6 

The influenae 

of 8 on TSL 

and TSC aur>ves; 

E = n. 
8 = 2 • 
ct 10 8• 

~ 10-6 • 



In sectien 2 it was argumented that the model contains essent

ially 5 independent parameters, i.e. E, s, a, o and ~. The inter

pretation of the results of the calculations in terms of physical 

quantities is not always easy. For instance, from detailed balanc

ing a rèlation can be derived between the frequency factor, the 

recombination rate constant and the density of states Ne in the 

conduction band. Expressed in the dimensionless parameters s, a 

and o we have 

(19) 

As N is constant for a given phosphor a variatien of a with 
c 

constant s and o as in the calculation presented in figure 5, 

must imply a variatien of h
1

• 

-T 

figUJ'e 7 

The influenee of 

~ on TSL and TSC 

aurves; E = ?5~ 
8 = 1012• 

Ct = 10 8, 

0 = 0.01. 

However, in most of the given region for et (a ~ 104 ) the TSL and 

TSC curves do not depend on the value of this parameter. This 

means that if ~ is constant, the value of h
1 

has no important in

fluence on the shapes of TSL and TSC curves, Conversely, the con

dition that h
1 

must be constant for a given phosphor can be 

thought of in most cases as a variatien of a with s or o. as long 

as a ~ lOL+. 
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6. Determination of the trapping parameters 

With equation (14), assuming ~ ~ 104 or with the fast algorithm 

described in the appendix, it is possible to determine the values 

of the trapping parameters E, s, a, o and ~ by a non-linear re

gression analysis of experimental data from TSL and/or TSC 

measurements. We have simulated the experimental results by 

calculating TSL and TSC curves for known sets of parameters. 

These TSL and TSC curves are normalized, and a non-linear re

gression analysis (standard library routine MARQUARDT) is executed 

with these five trapping parameters and two normalization factors 

as unknowns. In all cases the original set of parameters was 

accurately reproduced. Hence this seems to be a useful method to 

determine parameters from experimental TSL and TSC curves or even 

to test if the simple model can be applied for the interpretation 

of such results. 

7. Con~lusions 

The conventional model for TSL and TSC contains 5 essential para

meters. An expansion in powers of 1/a leads to a useful solution 

of the model fora~ 104 • A stable numerical solution can be 

obtained for ~ > 100 by iteration in a few secouds of processtime. 

The results of these calculations show that except for a it is 

possible to determine all trapping parameters. Non-linear regres

sion analysis of calculated solutions indeed reproduces the 

values of the parameters E, s, 6 and Ç. In this way it has become 

possible to test the validity of the conventional model for 

practical purposes. 
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Appendix. 

array p,q[O:l]; .;.....;.;;..;;.>i'-'-'- i,j ,k; real x,dt,ns,lge,w; 

dt:=t/80; lge:=ln(!O); 

for i:=O step 1 until 1 

begin t(i]:=t+ixdt; x:=e/t[i]; p[i]:=exp(lge*s-x); 

q[i]:=t(i]*p(i]*(l-((x+4.03640)*x+J.JSJ98)/ 

((x+5.03637)*x+4.19160)); 

a[i]:=l/(l+q[i]);n[i]:=p(i]/(l+q[i]);t[i]:=SOxt[i]; 

if p(i]>l03 

end; k:=2; in[O]: 

1~10xl0=1then l:=i; 

I] :"'0; 

for j:=O,j+t j<25 and k<l-1 do 

begin for i:=l step I until 1-1 do dn[i]:=(n[i+I]-n[i-Ij)/dt/2; 

for i:=k step I until 1-1 do 

end; 

begin in[i]:=in[i-2]+(n(i-2]+4*n[i-l]+n[i])xdt/3; 

a[i]:=(l+ksi)xexp(-in[i]); 

w:=a[i]+delta*(l+ksi-a[i]); 

ns:=(p[i]*(a[i]-ksi)-n[i]*w-(dn[i]+n[i]*(P[i]+delta* 

n[i]))/alfa)/(w+(p[i]+2*delta*n[i])/a1fa); 

n[i]:=n[i]+0.7*ns; 

n[i]<O then n[i]:=O; 

(abs(ns)< 10-4*(l+abs(n[i])) or n[i)< 10-4) k=i 

k:=k+l; 

end; 

iter:=j; a[l]:=ksi;n[O]:=n[1]:=dn[O):=dn[l]:=da[O]:=da[1]:=0; 

in[1]:=in[1-l]; dda[O]:= dda[l]:=O; 

for i:=l step I unti1 1-1 do 

begin da[i]:=a[i]*n[i]; dda[i]:=(da[i+l]-da[i-1])/dt/2; 

end CURVE; 
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3.3 EvaZuation of the modeZ for thermaZZy stimulated Zuminescenee 

and conduativity; reliability of trap depth determinations 

P. Kivits and H.J.L. Ragebeuk 

Eindhoven University of Technology, 

Department of Physics, 

Eindhoven, The Netherlands. 

Abstract 

A review of the basic theory on thermally stimulated luminescence 

(TSL) and conductivity (TSC) based on a certain simple model is 

given. Approximate analytica! expressions for the shapes of the 

TSL and TSC curves are derived. Methods from the literature for 

trap depth determination, some of which can easily be derived 

from these expressions, are applied on numerically calculated 

TSL and TSC curves. It turns out that the methods of Bube, 

Haering and Adams, Hoogenstraaten and Unger yield a correct value 

for the trap depth independent of the values of the retrapping 

ratio and the frequency factor. The method of Garlick and Gibson 

is reliable if applied below 15 % of the maximum TSL intensity. 

Some methods as most of those derived by Chen yield a correct 

trap depth for a specific value of the retrapping ratio in the 

case of TSL only. 

Cited literature on page 64 
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1. Introduetion 

Tbermally stimulated conductivity (TSC) is the phenomenon that 

the conductivity of a semiconductor is temporarily enhanced 

when heated in the dark after excitation at a low temperature. 

Simultaneously light can be emitted which is known as thermally 

stimulated luminescence or thermoluminescence (TSL). The TSC 

and TSL curves which are the plots of the thermally stimulated 

conductivity and luminescence intensity versus temperature, 

respectively, are often used for the determination of the 

thermal energy depth of trapping levels in the forbidden gap 

of a semiconductor. 

In the course of time quite a number of methods have been 

publisbed to realize this objective. Some methods were developed 

for TSC, ethers for TSL. In practice, however, many of the 

methods are applied on both curves without proving that this is 

correct. In several papers [1,2,3,4) the results of some of 

these methods are compared experimentally. It was found that 

different methods do not produce the same trap depth for a given 

TSL or TSC peak. The real trap depth was not known in these 

investigations, however. 

Some workers [5] conclude in their papers that TSL and TSC 

measurements are a helpful tool for the determination of trapping 

parameters. Others [6], however, state that no conclusion can 

be drawn from such experiments without any previous knowledge 

about, for instance, the defect structure of the phosphor. 

In almost all theories on TSL and TSC the same model is used 

(section 2). From these model we shall derive expressions for 

the TSL and TSC curves and from these some formulae for the trap 

depth in terms of measurable quantities (section 3). A survey of 

all currently used methods will also be given. 

With a numerical procedure described by Ragebeuk and Kivits 

[7] TSL and TSC curves can be calculated for various sets of 

parameters. Nearly all methods for trap depth determination 

mentioned in this paper are applied on these curves. whE!Jl the ,, 
trap depth obtained in this way is compared with the value used 

in the numerical calculations a stat.ement can be made about the 

reliability of the methods (section 4). 
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The validity of the model itself will not be discussed here. 

In a separate paper this will be done by extending the model with 

some additional properties, as recombination via excited states, 

trap distributions, donor-acceptor pair recombination, cross 

sections that depend exponentially on reciprocal temperature, 

thermal queuehing of luminescence and a variatien of mobility [8]. 

2. Basic theory for thermally stimulated luminescence and 

conductivity 

2.1. The mathematica! model 

The physical model which one often uses to describe the TSL and 

TSC processes is shown in figure !. Electrens are thermally 

3 

conduction band 
n 

--L-- a•.a 

valenee band 

figure 1 

Energy level scheme forming the 

model whiah is aften used for the 

interpretation of thermalZy 

stimulated luminescence and 

conductivity experiments 

excited from trap h 1 to the conduction band (transition I) where 

they contribute to the conduction. From this band they can 

either be (re)trapped (transition 2), or r~combine with a hole 

trapped at a recombination centre a (transition 3). The latter 

transition may be accompanied by the emission of light. In this 

model, the time derivatives of the concentratien of free and 

trapped electrens are given by the following equations 

dhï 
- yhï· + B n (h 1 - hÏ) (I) 

dt 

dn 
dh-

dt 
- a n a+ (2) 

dt 
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The following symbols are used: 

E trap depth (eV) 

concentratien of the two trapping levels (cm-3) 

concentratien of electrous trapped at h
1 

and 

h
2 

(cm- 3)* 

n concentratien of free electrous (cm-3) 

a concentratien of recombination eentres (cm-3) 

a+: concentratien of holes trapped at recombination 

eentres ( cm- 3 ) * 
B trapping rate constant (cm3 s-1) 

~ recombination rate constant {cm3 s-1) 

y transition probability for electrous from trap 

to conduction band (s- 1) 

!t is assumed that the accupation of h2 does not change during the 

emptying of the shallower trap. Both traps are then called 

"thermally disconnected". The consequences of this assumption are 

discussed later. 

Equations (I) and (2) govern the process of emptying hl as a 

function of time (t). During this process the condition of charge 

neutrality requires that 

(3) 

if no free holes are present. The transition probability y is 

given.by 
y ; s exp I-E/kT] (4) 

in which k is Boltzmann's constant and T the absolute temperature. 

Between the pre-exponential factor s, which is called the 

frequency factor because of its dimension, and B the following 

relation exists 

(5) 

where N is the effective density of states of the conduction 
c 

* Here Klasens' notatien has been used, J.Phys.Chem.Solids L,175 

(1958). By h- is meant that the centre has trapped an electron, 

a+ means that the centre has lost an electron. 
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band (usually proportional to T~2) and g is the degeneracy factor 

of the trap (taken equal to 1 in the following), The coefficients 

u and B are given by 

(6) 

where v is the mean thermal velocity of free electrens (proportional 
1'2 toT') and and Share the cross sections for capture of 

electrans by recombination eentres and traps, respectively. 

According to Lax [9] capture cross sections of deep eentres are 

proportional to r-m (m z 2.5 or 4), Chen and Fleming [10] assume 

a range 0 s m 4. Following the latter authors we obtain with (5) 

and (6) that 
( T ~b s s - : ' -2 < b .;; 2 (7) o T

0
j 

[ T i c 
' -~2 1:2 (8) ll ll - J < c < o T 

0 

where s
0

, a
0 

and are constants. 

From (7) and (8) it fellows that generally s and u are rather 

slowly varying with temperature compared to the exponential 

increase of y, when E >> kT as is always the case. Therefore it 

is often assumed that s and a are independent of the temperature. 

In our calculations we shall consider both cases. The influence 

of an exponential dependenee on reciprocal temperature of S 
ac 

and Sh as is found by Henry and Lang [11] , is discussed elsewhere 

[8] and will not be considered here. 

The integrated luminescence intensity defined as the number of 

photons emitted by the phosphor per unit time interval, is 

proportional to the change of the accupation of the recombination 
da+ 

centre, dt • The conductivity on is proportional to the uurober of 

free electrons, according to 

n e lln (9) 

where ~n is the drift mobility for electrons. The mobility is 

proportional to for the interaction between charged carriers 

and acoustical vibrations in non-ionic crystals (12]. For 

scattering by neutral impurities the mobility is independent of 

temperature (13]. An exponentia1 decrease of lln with T is found 

for polaren scattering by optica1 phonons [14]. Further lln ~ r 3~ 
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wben tbe carriers are scattered by chargedeentres [15]. In the 

latter case the mobility also depends on the concentratien of 

cbarged defect eentres which may be of importance for the 

thermally stimulated conductivity where the number of charged 

eentres aften increases with temperature [8]. 

In practice the value of on generally cannot be measured using 

an experimental arrangement with only two centacts on the sample. 

However, since the evaluation of on under transient conditions 

existing during the presence of a thermally stimulated current 

from a four probes metbod as described by van der Pauw [16], roeets 

witbrather complicated experimental problems, one bas to realize 

tbat contact properties and the formation of space charge may 

influence the results*. 

Since generally a variatien of ~0 will nothave a large influence 

on the TSC curve [8] we shall restriet ourselves in this paper to 

the case that \l is independent of temperature. 
n 

We assume that at T
0

, the temperature where the heating starts, 

hÏ(T
0

) • h1, hz(T
0

) = h2 , a+(T
0

) = h 1 + h2 and consequently 

n(T ) = 0. Finally, we need a relation betweenT and t since we 
0 

are mainly interested in solutions with temperature rather than 

with time. The heating rate w is given by 

dT w:-
dt (I 0) 

Since in experiments usually a constant heating rate is chosen 

this means that 

T = T
0 

+ wt (11) 

da+ 
An analytica! salution for dt and n from the non-linear 

differential equations (I) and (2) tagether with (3), (4) and (11) 

and the initial conditions bas not been found up to now. Several 

simplifications have to be introduced to obtain approximating 

expressions for the TSL and the TSC curve. 

* Sametimes space charge is deliberately created by applying high 

electrical fields. Such an experimental arrangement can lead to 

model simplifications since the recombination life time may be 

assumed to be constant (see also sectien 2.2). 
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2.2. Simplifications of the kinetic equations 

In this sectien we shall briefly discuss assumptions and 

approximations that are often used in literature in order to 

simplify the system (1,2). 

One currently assumes that 

i dn I « I dh ï I 
dt dt (12) 

From (3) it can be seen that this implies that the luminescence 

intensity only depends on the change of the accupation of h 1• It 

is obvious that this will be correct if the recombination life 

time is sufficiently small. This life time T is defined by (c.f. 

eq. 2) 
T = ( 13) 

aa+ 

Hence, T increases with T since a+ decreases. This means that the 

assumption becomes more unreliable for higher temperatures. If, 

however, it is additionally assumed that h
2 

>> h
1

, hence a+~hz=h2 , 

the recombination life time will be short and nearly constant 

during the emptying of the shallower trap. Equation (2) then 

reduces to a linear differential equation. 

Another simplification aften used is 

n << ( 14) 

Kelly et al. [6] concluded that approximate solutions based on 

this assumption "must break down past some definite higher 

temperature". However, in our apinion this temperature is not in 

the region of interest. Wi th ( 1) it fellows that 

n dt 
+ yhï 

y 
< (15) 

dh-
since dtl < 0. For higher temperatures h 1-hj will be nearly 

constant while y still increases. Thus, we may write 

n y N c 
(-E/kT) ( 16) < exp 

h-
I Sh 1 hl 

where (4) and (5) have been used. In the maximum of the TSL curve 
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E ~ 27 kT (section 4). Hence, in normal phosphors the assumption 

(14) will be justified. In the appendix numerical examples of the 

ratio n/hï as a function of temperature ar.e given. 

The model given by (I) and (2) involves essentially a second 

order mechanism for luminescence independent of the value of S/a. 

Nevertheless, first order kinatics can be approximated by taking 

B << a. Unfortunately, in thermoluminescence literature one often 

takes B 0 which does not have any physical relevanee as will be 

seen in section 2.3. As a special case of second order kinatics 

one usually takes B = a, for raasons of mathematica! simplicity. 

The methods that were originally derived for each of these 

cases, also known as mono- and bimolecular recombination, or slow 

and fast retrapping, are called first and second class methods in 

this paper; when no specific value of the ratio 8/a is assumed 

the term general class methods is used. 

2.3. Approximating expressions for the TSL and TSC curves 

Using the simplifications discussed in the previous section it is 
+ 

possible to derive approximating expressions for ~: (T) and n(T) 

from (I) and (2). However, we shall not use the presence of a 

thermally disconnected trap since this, together with the 

assumption h
2 

>> h
1 

would lead to a too far-reaching simplification 

of the mathematica. Further we shall drop the suffix of h 1 for 

practical reasens in this and the next section. 

The set of non-linear differentlal equations of the first order 

can be rewritten as one differential equation of the second order. 

We obtain 
+2 

+-
d2a+ 

ya 
da+ a dt2 

dt 
.!.h l+ó da+l a+(l-ê) + oh + 
a + dt 

(17) 

a 

where o, the ratrapping ratio, is given by 

a = Bla (18) 

Since 
. da+ 

the luminescence intensity is proportLonal to dt , the TSL 

curve can be calculated numerically from (17) for different values 
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of E, s, w, 6, hand a (7]. From (2) and (3) it follows that 

1 da+ 
+ ëit n = (19) 

a a 

which makes it subsequently possible to calculate n(T). As an 

illustration of the following calculations we show some TSL and 

TSC curves for specific sets of parameters in figure 2. 

TSC 
-a -.,. 10 
"'0 

10 -

-T<Kl 

10 

c 

l 

figure 2 

2'he 2'SL and TSC eurvea for 

E = 0.516 eV, s = 1.25 .1012 s-1, 

w = 0.1 Ks-1~ h 101 7 om-3, 

a = 10-6 om 3s-1, and different 

values of 6. The faotor 1/6 

along the axes is introduaed 

to reduoe all eurves to the 

same soale 

It can be shown (see appendix) that for normal dope concentrations 

and in the relevant temperature region, adequate approximations for 

and n are given by 

(20) 

and 

n = (21) 

It should be noted that the same equations are obtained from (l), 

(2) and (3) when the simplifications (12) and (14) are used, 
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Following the literature we shall now distinguish between the 

cases ö = I and ö << I. When ó = l, eqs. (20) and (21) can be 

simplified to 2 
da+ - ya+ (22) dt h 

and 

n = 1.!!+ 
(23) ah 

From figure 2 it is seen that when 6 = I, n(T) shows only a very 

smooth maximum. This is usually not measured. It might mean that 

a : I represents a situation that hardly occurs in phosphors, but 

we believe that it is more probable that the model under con

sideration is too simple. When this model is extended with thermal

ly disconnected trapping eentres in a relatively low concentratien 

the long high temperature tail of the TSC curve vanishes rapidly 

[7' 8). 

In the case o << I, eqs. (20) and (21) tend to 

and 

n = 

- aN c 

éa+ e-E/kT 

+ oh 
a+ 

N 
c 

óe-E/kT 

+ ah 
? 

(24) 

(25) 

where (4), (5) and (18) have been used. To acquire insight in the 

behaviour of the nominators of (24) and (25) the value of a+/oh as 

a function of temperature is shown in figure 3 for the same 

parameter values as in figure 2. Since a+ >> ah over a relevant 

part of the temperature region, the TSL curve can almost fully be 

represented by 
- ao N a+ e -E/kT 

c 
(26) 

A similar simplification of (25) can only be made in the initial 

part of the TSC curve since for higher temperatures a+ and éh 

are of the same order of magnitude. 

As already noted, one sametimes takes a 0. From (24) and (25) 

it is clearly seen that in this case the TSL curve as well as the 

TSC curve vanish. Physically this means that the trap in fact can 

not be filled. 
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In this section we derived approximating expressions for the TSL 

and TSC curves, the validity ranges of which are unambiguously 

formulated. In the next sectien we shall use these expressions for 

the derivation of formulae on which some methods for trap depth 

determination are based. 

t 
I 

190 200 210 
-T<Kl 

figure 3 

The ratio a+/oh versus temperature 

for the same paramete1• values as 

in figure 2 

3. Hethods for the determination of the trap depth 

In literature several expressions exist for the trap depth in 

terms of measurable quantities. These can be used for the calcul

ation of the trap depth from TSC and TSL curves. The derivation 

of some of these expressions as presented ~y their authors, 

sametimes is very cumbersome. Horeover, assumptions are made which 

are not obvious at first sight. However, it is possible to derive 

some of the formulae for the trap depth in an appropriate way from 

the approximating equations (20) and (21) as will be shown in 

section 3.1. Current methods fortrap depth determination are 

summarized in section 3.2. An attempt is made to indicate the 

underlying principles. As we do not intend to derive or even to 

mention all methods, some others remain undiscussed. These methods, 

however, are generally less manageable and therefore not often 

used in practice [16]. 
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3. I. Derivation of expressions for the trap depth 

From (20) and (21) it follows that 

r d +' E ( sa+
2 

oh) 
ln , - d: J = -- + ln kT a+(J-o) + 

(27) 

and 

ln n = (28) 

where (4) is used. In the initial part of the TSL and TSC curves 

where a+ varies only slowly compared to the exponential increase 

of y with T one obtains from (27) and (28) that 

[ 
da+1 E 

ln - dt Jinit ~ -kT (29) 

and 

ln n init 
E 

-kT (30) 

since a+(init) z h. Thus, a plot of ln( ::+) or ln n versus l/T 

should yield a straight line with slope -E/k in the initia! part 

of both curves. This procedure is known as the initial rise 

method of GarUak and Gibson [17]. 

Some methods for trap depth determinatlon use the variation of 

the maximum intensity - or the temperature at which this maximum 

occurs - with the heating rate. To acquire insight in the validity 

of the expressions on which these methods are based we calculated 
da+ 

for different heating rates the values of dtL, a~, T
1 

and nC, a~. 

TC where the indices L and C stand for the TSL and TSC maxima, 

respectively. As an example we give some results in table I. It 
da! is seen that ~ and nC depend strongly on the value of w, contrary 

to ~ and a~. We may therefore assume the logarithmic terms at the 

right hand sides of (27) and (28) as constauts in a first approxim

ation. It then follows that at the TSL and TSC maxima 

ln [- ~) (31) 

and 
(32) 
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where c and c
2 

are (nearly constant) functions of ~ and a~, 
J dn+ 

respectively. Thus, a plot of the value of ln(- ~) or ln nC 

versus I/TL or I/TC' respectively, for various heating rates, 

should give a straight line with slope -E/k. This method for trap 

depth determination was originally derived by Bube [18] for TSC. 

It is now found that it can also be applied for TSL independent 

of the value of the retrapping ratio. 

Table 1 

Some characteristic values of the TSL and TSC curves with 

E""' 0.516 ev. s"' 1.25 • tol2 s-
1 

and ó = 0.01 for different 

v.alues of the heating rate w. 

I w(Ks-1) 

+ I + 

1 '\ nc ac 
T

1
(K) - h (s-1) 

ïï Tt(K) ïï ïï 

175.9 6.0 • 10-4 
0.395 183.6 4.4 10-14 0.0225; 

187.9 5. 2 10-3 0.396 196.6 3.8 • 10-13 0. 0223 

1 201.5 4.6 • 10-2 0.397 211.6 3. 3 10_12 0.0221 

I 
217.2 

i 
4.0 • 

lO_, 
0.398 i 228.9 2.9 10- 11 

0.0219' 

It is obvious that from (27) and (28) also equations can be 

derived for any specific temperature. For instanee for the 

temperature T
1 

at the lower temperature side of a TSL curve, 

where the luminescence intensity equals half its maximum value. 

We obtain from (27) that 

- ~ + C 
1 
(a +

1
) + ln 2 

kT
1 

(33) 

where a~ is the concentratien of trapped holes at T1• Since also 

a7 will not strongly depend on the value of w, a plot of ln(- ~) 
versus l/T 1 for various heating rates, should yield a straight 

line with a slope -E/k. Unger [19] derived that the method of Bube 

which is based on (31) produces an upper limit for the value of 

the trap depth and that the method based on (33) yields a lower 

limit. In this paper we shall refer to the latter as the method 

of Unger. 
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In the TSL maximum ~T(~) = 0 and in the TSC maximum ~ = 0. 

When differentiating (20) and (21) with respect to temperature we 

must take into account that s and a depend on temperature as 

given by (7) and (8), respectively. We shall distinguish between 

(a) b = 0, c = 0 and (b) b f 0, c f 0. 

(a) The case b = 0, c = 0. 

When ö << I it follows from (26) that in the TSL maximum 

(34) 

Hence, a plot of ln (w/Ti) versus 1/TL should-yield a straight line 

with a slope -E/k. This procedure is known as the method of 

Hoogenstraaten [20). He proved that this method is also valid for 

o = I. After differentiating (22), derived for o = 1, with respect 

toT, it follows with (5) that in the TSL maximum 

wE za+ 
L 

h 
(35) 

The only difference between (34) and (35) is the pre-exponential 

factor. As already was mentioned, the value of at does not strongly 

change for different values of the heating rate and may readily be 

assumed as a constant, It is now obvious to define a parameter 

seff' called the "effective frequency factor" according to 
2a+ 

seff,L = hL s (36) 

This parameter is nearly constant for a given trapping level. It 

should be noted that either s or seff,L can be determined by 

extrapolation to I/TL = 0 from the plot ln(w/Tf) versus I/TL as 

follows from (34) and (35). 

Hoogenstraaten derived his method for TSL but it is possible 

to prove analytically that this method is also correct for TSC in 

the case o = I. From (4) and (23) it fellows that in the TSC 

maximum wE 
(-E/kTC] 

kT2 seff,C exp 
c 

(37) 

a+ 

seff,C = __ç_s 
h 

with 

(38) 
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Thus, a plot of ln(w/T~) versus I/TC should yield a straight 

line with slope -E/k since seff,C may be assumed to be essentially 

constant. Since except for the initia! rise, no simple expression 

for the TSC curve exists when ê << I (section 2.3) it is not easy 

to prove analytically that Hoogenstraaten's metbod yields also a 

correct value for the trap depth in this case, as fellows from our 

numericài results in sectien 4. 

Chen and Winer [21] derived a metbod for TSL which produces 

according to the authors, a correct value of the trap depth in

dependent of the value of ê. The expression which they used in the 

case o = I is 
ln f_ d~ 

l dt 
+ 

It is easy to derive (39) from (31) and (35) taking 

c3 cat) = c 1 (~) - 2 ln seff,L 

(39) 

(40) 

It may thus be concluded that (39) is valid for TSL in both cases 

o = I and o << I. Moreover, it is valid for TSC since it was 

proved above that the methods of Bube and Hoogenstraaten yield a 

correct value of the trap depth in those cases. In general the 

trap depths calculated with these three methods are related 

according toE (Chen and Winer) = 2 E (Hoogenstraaten)- E (Bube). 

(b) The case b + 0, c + 0. 

When b + 0 and c + 0 it is easy to prove that (20) and (21) are 

also valid. 1t can further be derived from (4), (7), (8) and (21) 

that independent of the value of 0 

n 
E ln ---- + c

4
(a+) 

Tb-c kT 

where 
e-b s T a+ 

c
4

(a+) 0 0 

a [a+(l-6) + öh] 
0 

Boiko, Raehba and Trofimenko [22] assumed that b-c 

TSC maximum and came to 

nc 
In --

T~ c 

46 
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Hence, the plot of 

rates should yield 

the value of o. We 

3;, 
ln (nc/TC 2 ) versus I/TC for various heating 

a straight line with slope -E/k independent of 

shall refer to this procedure as tbe first 

metbod of Boiko et al. 

Another metbod from the same authors derived for the case 6 

is obtained from (4), (7), and (8) after differentiating (23). It 

tben follows tbat in the TSC maximum 

wE w(c-b) 

kTb+2 -
c 

a+ s c 0 
h Tb exp [ -E/kTC] 

0 

(44) 

where (22) has been used. As will be sbown in sectien 4, a rough 

estimate for the value of the trap depth can be obtained as 

E ~ 25 kTC. In that case we can neglect the secend term at the 

left hand side of equation (44) in a first approximation. We then 

obtain 
wE 

k 
b+2 

Tc 
(45) 

wbich is equivalent with (37) wben b = 0. Tbe secend formula of 

Boiko et aZ. [22] can now be obtained taking b = \~. Hence, 

wE 

kr72 
c 

exp 

The autbors state tbat this metbod also leads to correct 

determination of tbe trap depth in the case 6 << I. 

(46) 

Another metbod basedon (45) is tbe one of Böer et aZ. [23]. 

Tbey obtained 

exp (47) 
h 

which fellows from (45) by substituting b = -2. Originally this 

methad was derived for o << I. The authors estimated that when 

the metbod is applied on experimental results the calculated 

trap depth is about 20 % too high. 

We shall now prove that for TSL expressions similar to (46) and 

(47) can be obtained. From (22) and (26) it can be derived that 

T=+ I [ k~L + b) 
L 

s' exp [-E/kTL) (48) 
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where s' = s /Tb when o << I 
0 0 

and s' =za: s /hTb when o =1. 
L 0 0 

Neglecting b with respect to E/kT
1 

we come to the equivalents of 

(46) and (47) in the TSL case. For b= 312 it fellows that 

and for'"'b -2, 

wE --,,-
kT'2 

L 

wE 
k 

s 1 exp [ -E/kT
1

] 

s' exp [ -E/kT
1

] 

( 49) 

(50) 

from which it is obvious that both methods yield the same results 

for TSL and TSC. 

In this sectien we derived some expressions for the trap depth 

in terms of measurable quantities. It has been proven that methods 

originally derived for TSC can also be applied in the TSL case and 

vice versa, which was not predicted by the original authors. 

However, these are not the only methods for trap depth determination 

from TSL and TSC curves. In sectien 3.2 we present a list of 31 

methods that can be used for this purpose. 

3.2. A survey of methods from the literature 

In the previous sectien we derived several formulae for the trap 

depth. Most of the methods based on these expressions use the 

shift of the TSL or TSC maximum with different heating rates. 

However, this is not the only way of determining a trap depth 

from TSL or TSC curves. In this sectien we give a survey of 

currently used methods to realize this objective. For completeness, 

those methods mentioned in 3.1 arealso included. If possible the 

conditions under which the methods according to the authors are 

valid are given. It is indicated whether they were originally 

derived for TSL or TSC. 

The methods are roughly divided into three groups: 

A. Methods making u se of heating rate variation. Most of them have 

been discussed in sectien 3. I ; 

B. Methods making u se of geometrical approximations; 

C. Other methods. 

Additionally they are ordered in first, second and general class 

methods (section 2.2). 
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A. Methods making use of various heating rates. 

The following symbols are used: 

w. the heating rate in the i-th experiment 
l. 

L mi the intensity of the TSL maximum 

n mi the maximum of the TSC curve 

T mi the temperature at the TSL or TSC maximum 

Tl i the temperature at the lower side of the TSL or TSC curve 

where either L = ! L mi or n = ! n mi 

1. First class methods 

Method 1 Booth, Bohun and Parfianovitah (TSL) [24,25,26] 

E 

Method 2 Böer, OberZänder and Voigt (TSC) [23] 

According to ref.[23] a plot of ln w. versus 1/T. yields a 
l. ml. 

straight line with a slope -pE/k with 0.7 < p < 0.9. In our 

numerical calculations presented in section 4 the value p = is 

used. This method is derived insection 3.1. 

2. Second class methods 

Method 3 Chen and Winer (TSL) [21] 

A plot of ln (L .T~./w?) versus 1/T . yields a straight m1. m1. 1. m1. 
line with a slope E/k. (section 3.1). 

3, General class methods 

Methad 4 Hoogenstraaten (TSL) (20] 

A plot of ln(T2./w.) versus 1/T . should yield a straight m1. 1. m1. 
line with a slope E/k (section 3.1). Method 4 is a 

generalized method 1. If one uses more than two heating 

rates method 4 is of course more accurate than method I. 

Therefore method I will not be included in our discussions. 
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Method 5 Bube, Haering and Adame (TSC) [18,27] 

A plot of ln n . versus 1/T . yields a straight line with a m1. ml 
slope -E/k (section 3.1). Haering and Adams claim that this 

method is valid when E/kT >> I. An additional condition for 
m 

largervalues of 6 is: h/N >> exp [-E/kT ], c m 

Method 6 Ungep (TSC) [19] 

Platting ln n . versus I/T 1• yields a straight line with ml l 
slope -E/k (section 3,i), 

Method 7 Sahön (TSC) [28] 

E 
kTmJTm2 

Method 8 Boiko, Rashba and TPofimenko 1 (TSC) [22] 

The plot of ln(n ./T3?) versus 1/T . yields a straight line 
m1. ml. m1 

with a slope -E/k (section 3.1). 

Method 9 Boiko, Rashba and Trofimenko 2 (TSC) [22] 

The plot of ln(w./T~?) versus 1/T . yields a straight line 1. m1. m1. 
with a slope -E/k (section 3.1). This method is in fact an 

extension of methad 7. For this reason the method of SchÖn 

will not be included in our discussions. 

B. Methods making use of geometrical approximations 

In figure 4 a general shape of a TSL or TSC curve is given. It 

can roughly be approximated by a triangl~. This principle has 

been used for the derivation of several expressions for the 

trap depth. Following the literature, from the figure several 

parameters can be defined: 

(l) T2 - TI 
À T -Tl m 
a T2 - T m 

llg a/w 

x cr/X. 

!::,. E/kTm 
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As an illustration of the underlying principles of these methods 

we will now derive a formula for E in the case of TSL when o << 1. 

From (26) it follows that 

Further 

(
da+) 
dt T 

m 

[
da+] 
dt T 

I 

T 
m 

figur>e 4 

Gene:ml shape of a TSL or 

TSC aurve with the 

definition of some 

aharaateristia quantities 

r L dT 
w T 

m 

(51) 

(52) 

where L is the measured TSL intensity. A similar equation 

exists for a; . With the triangle approximation we obtain 
I c5 L r::J aT m (53) 
m w 

and 
+ 

(54) 

~1 w 

The left hand side of (51) equals 2. Hence, one finally obtains 

E (55) 

Since all quantities in (55) are measurable, E can be calculated 

with this formula. Several expressions similar to (55) are 

possible. Those known to us, will now be given. 
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I. First class methods 

Method 10 Lusahik (TSL) [29] 

E = kT2/cr 
m 

Method 11 Hal.pe:r>in a:nd Bra:ne:r 1 (TSL) [30] 

I. 72 kT2 ( 
E = À m I _ 5.;16 ) 

with the condition 

Method 12 HaZpe:rin and B:rane:r 2 (TSL) [30] 

with the condition 

This method is in fact identical with method 10. 

Method 13 Chen 1 (TSL) [31] 

( 

1.25 T 
E = 2kTm m 

w 

with the condition 

D.» 

Method 14 Chen 2 (TSL) [31] 

2.29 
E = __ ___...;;;; 

w 

which is a simplification of metbod 13. 

Method 15 Chen 3 (TSL) [31] 

E 
1.548 kT; ( _ 3 • 16 \ 

À \1 D. j 
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Method 16 Che~ 4 (TSL) [31] 

1.52 kT2 

E = -..."----'m= - 3. 16 kT 
À m 

which is a simplification of metbod 15. 

Method 17 Chen 5 (TSL) [31] 

kT2 

E = C ~ 
6 cr 

with 

c
6 

= 0.976 ± o.oo4 

This is the Luschik method, but corrected for the fact that the 

area under the glowcurve is not exactly equal to the area of a 

triangle. 

Method 18 Chen 6a, 6b (TSO) [32,33] 

3 crkT2 
E 

m 
(a) = --wr-

2.8 crkT2 
E = m (b) 

WÀ 

2. Second class methods 

Method 19 Halper-in and Braner 3 (TSL) [30] 

2kT2 6 
E =-...!!!. (I - ïi) 

À 

with the condition 

Method 20 Halper-in and Brane:r:> 4 (TSL) [30] 

2kT2 
E = __!!!. cr 

with the condition 

lJ "' 0.5 g 
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Method 21 HaZperin and Braner 5 (TSL) [30] 

kT2. 
(I + !!:!.) ~ 

À cr 
E m 

with the condition 

jJ "' 0.5 g 

This method has in fact been derived for the case o > 1. 

Method 22 Chen 7 (TSL) [31 J 

E = 2kTm ( 
1.77 T 

I ) 
m 

w 

Method 23 Chen 8 (TSL) [31] 

kT2 

E "" m 4kT 1.813 -À-- m 

Method 24 Chen 9 (TSL) [31] 

2kT2 
E 

C __ m 
7 IJ 

with 

c7 = o.s53 ± o.oo12 

This is the corrected method 20. 

C. Other methods 

I. First class methods 

Method 25 RandaZZ and WiZkins (TSL) [34] 

E = 25kT m 

In ref. [34] it is assumed that y = 1 for T = Tm' when 

0.5 < w < 2.5 Ks- 1 and s = 2.9•!09 • This is the earliest 

published methad for trap depth determination although 

Franz Urbach (35] must be considered as the founder of thermo

luminescence theory. 
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Method 26 Grosaweiner (TSL) [36] 

Although similar to expressions where the triangle approximation 

is used, the formula of Grossweiner is derived by integrating (26). 
TM 

The integral f y dT which is obtained in that way is approxim
T, 

ated by a series that may he truncated after the first term when 

~ > 20 and s/w > 107 K- 1, according to the author. 

Method 27 Franks and Keating (TSL) [37 ,38] 

1/~ = Tw (1.2X- 0.54) + 5.5•10-3- (X; 0.75 )
2 

m 

with the additional conditions that 

10 < ~ < 35 and 0.75 <x< 0.9 

Method 28 DusseZ and Bube (TSC) [39] 

When ~ = 17, 22 or 26, for ca a value of 1.402, 1.415 or 1.421 

has to be taken, respectively, The method is a correction of 

method 26. 

3. General class methods 

Method 29 GarZiak and Gibson (TSL) [17] 

In the initial rise of the TSL curve a slope -E/k is obtained 

when ln L is plotted versus 1/T. In practice, however, it is 

rather arbitrary what region should be taken as the initial 

rise. 

Our numerical calculations presented in section 4 have been 

applied on three parts of the TSL and TSC curves. 

a : From 0.01 to 0.15 L or n m m 
b From 0.15 to 0.30 L or n m m 
c : From 0.15 to 0.50 L or n m m 
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Haake [40] concluded that this metbod becomes more accurate 

for larger s and lower E values. 

Methad 30 Sandomirskii and Zhdan (TSL) [41] 

T 
with 1.02 <Tm< 2.0, which according to the authors is 

equivalent to 1J.06 < ~ < 121.01. The formula is the Grossweiner 

expression, but corrected with the aid of computer calculations. 

Methad 31 Voigt (TBC) [42] 

18kT < E < 25kT • 
m m 

4. Reliability of trap depth determinations 

In sectien 3 a number of methods for trap depth determination 

from TSL of TSC curves are listed. Some methods were extensive

ly discussed, ethers merely mentioned. In the derivation of ex

pressions on which these methods are based some more or less 

plausible assumptions or approximations are used. Whether these 

are allowed or net can easily be verified for the simple model 

when TSL and TSC curves are calculated without making simplif

ications. This can be done with the aid of a numerical pro

cedure described in [7]. Most of the methods mentioned in this 

paper are applied on these curves. Subsequently the determined 

trap deptbs are compared with the value used in the numerical 

calculations. 

We calculated TSL and TSC curves for a phosphor with 

Ne= Jo20 cm-3, g = 1, h
1 

1017 cm-3 and both h
2 

0 and 

h2 >> h 1• In the case h2 >> h
1 

the TSL curves differ mainly 

from these with h2 = 0 with respect to the shape at the high 

tempersture side, T2 - Tm being smaller [8]. As fellows from 

(19) with a+= h
2

, the TSC curve is identical with the TSL 

curve when h2 >> h 1• For T
0 

a value of 80 K was taken. 
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Further we chose the following values for the other relevant 

parameters to cover roughly all reasonable sets of values 

E = 0.273, 0.341, 0.511, 0.682 eV 

6(TSL) • 0.01, I, 3 

6(TSC) 0.01, 0.1 

s = 1.25•106 , 1.25•109, 1.25•1012 s-1 

w = 0.01, 0.1, I Ks-1 

The value of a is fixed by this choice because from (5) and 

(18) it fellows that 

(56) 

Both s and a are taken independent of temperature, thus 

b = c = 0 (c.f. eqs. 7 and 8). We did not calculate TSC curves for 

6 = I and 6 = 3 in the case h2 = O,in view of the shapes shown 

in figure 2. 

For each curve with a specific set of values 6, s, wandE, 

a relative error e, was calculated according to 

E - E 
E: .. 

m r 
E 

(57) 
r 

where Em is the trap depth determined with a certain method and 

Er is the trap depth used in the numerical calculations. Except 

for methods 25 and 31 we found that E did not strongly depend 

on the values of s, w and E. Therefore we also calculated an 

averaged value Ë0 of the relative error in Em for each value 

of 6, and its standard deviation o
0 

according to 

(58) 

(59) 

The summatien is carried out over all values of E: calculated 

fr"om (57) for 36 TSL or TSC curves that have been calculated 

for the mentioned values of E, s and w. The value of E and its 
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Nr .author(s) retrapping ratio ê 

general alass methode 
i 

0.01 1 3 

4 Hoogenstraaten 0.1 (O,l) • +0,25 (0.15). +0.7 (0.2). 

5 Bube, Haering and Adams +0.25 (0.08)* +0.5 (O,l) • +1,0 (0.2)* 

6 Unger +0.1 (0.02)* +O,Z (0.04). +0,3 (0.1). 

8 Boyko, Rashba and Trofime'nko 1 -6.0 (0,8) -5.7 {0. 7) -5.5 (0.7) 

9 Boyko, Rashba and Trof imenko -6.0 (0.8) -5.9 (0.8) -5.5 {0,8) 

29a. Garlick and Gibson/15 -2.7 (0.1 )* -4.5 (0.1 )* -8.5 (0,1) 

29b Garlick and Gibson/30 -5.3 (0.2) -7.3 (0.2) -11.7 (0.2) 

29c Garlick and Gibson/50 -10.0 (0.3) -13.7 (0.4) -20.8 (0.4) 

31 Voigt (lower limit) 28 (28) 28 (28) 28 (28) 
i 

first alass methods 

2 BÖer 1 Oberländer and Voigt +7 .9 (1.0) +8.5 (1 .4) +9.0 (1.4) 

10 Luschik +2 (I). -42 (3) -56 (4) 

11 Halperin and Braner I 5 (!3) -20 ( 14) 

13 Chen I 0.5 (0.8)* -32 (1) -48 (1) 

14 Chen 2 2 (2). -30 (2) -45 (2) 

15 Chen 3 2 (4). -18 (5) 

16 Chen 4 I (2) * -15 (4) -33 (7) 

17 Chen 5 0.5 (1.4)* -43 (2) -57 (4) 

18 Chen 6a -5 (3) 3 (3)* -15 (9) 

18 Chen 6b -12 (3) -6.0 (0.3) -21 (9) 

25 Randall a.nd Wi lkins 19 (38) 19 (38) 19 (38) 

26 Grossweiner +6.0 (0. 7) -10 (I) -27 (3) 

27 Franks and Keating -41 (I 0) -72 (16) -80 (20) 

28 Dussel and Bube I (0,6) * -15 (I) -32 (3) 

30 Sandomirskii and Zhdan -0.5 (0.4). -16 (2) -33 (2) 

aecond ,itass methode 

3 Chen and Winer -0.3 (0.1) * o.os (0,03)* +0.7 (0.1) * 

19 Halperin and Braner 3 18 (IS) 7 (18) 

20 Halperin and Braner 4 1+103 (3) +17 (5) -12 (0. 7) 

21 Halperin and Braner 5 +180 (5) +80 (5) +40 (3) 

Z2 Chen 7 +44 (0.1) 0.1 (0.1). -24 (0.6) 

1 

23 Chen 8 +20 (2 .5) 0.5 (5) * -22 (0. 7) 

24 Chen 9 +73 (2) 0.5 (4)* -25 (I) 
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Table 2 

Tbe averaged relative error e6 (%) and standard deviation "ó (%) of the trap depth 

calculated with literature methode applied on numerically calculated TSL curves for 

three values of the retrapping ratio ó in the case h2 = 0. The methods marked with 

a c·) yield a value for the trap depth which deviates less than 5% from the correct 

one. 

see page 58 

Table 3 

The averaged relativ-a errór s 5 (%) and standard deviation a
0 

(%) of the trap depth 

calculated with literature methods applied on TSL or TSC curves for three values of 

the retrapping ratio 0 in the case h 2 >> h
1

• The methods indicated with a (*) yield 

a value for the trap depth which deviates less than 5% from the correct one. The 

results of the methods that are not given do not differ more than 1% from the values 

shown in Table 2. 

Nr author(s) retrapping ratio ó 

first <1Zase methcds 0.01 I 3 

10 Lus:chik +1.7 (0.1)* -20 (0. 7) -31 ( 1.4) 

13 Chen I 0.7 (I)• -20 (2) -34 (2) 

14 Chen 2 1.8 (2)* -19 (2) -32 (I) 

17 Chen 5 -0.8 (0.1). -22 (0. 7) -33 (1.4) 

18 Chen 6a -7 (3) -17 (8) -31 (6) 

18 Chen 6b -13 (3) -23 (7) -36 (5) 

27 Franks and. Keating -41 (10) -57 ( 16) -61 (20) 

seconà "laas metlwds 

20 Halperin and Braner 4 +103 (I) +60 (2) +37 0) 

21 Halperin and Braner 5 +177 (3) +123 (2) +90 (I) 

22 Chen 7 +43 (I) +16 (I) -2.9 (I)* 

24 Chen 9 +73 (2) +37 {2) +17 (2) 
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# 

Table 4 

The averaged relative error €"0 (%) and standard deviation cr
0 

(%) of the trap depth 

calculated with literature methods applied on nume.rically caleulated TSC curves in 

the case h
2 

= 0. The methods marked with (*) yield a value for the trap depth which 

deviates less than 5% from the correct one. 

Nr author(s) retrapping ratio ö 

genera~ aZass methode 0.01 I 0.1 

4 Hoogenstraaten -0.3 (0.2). +0,09 (0,05)* 

5 Bube • Haering and Adams +0.07 (0.05)* +0.56 (0.03)* 

6 Unger 0,01 (0.04)* +0.1 (0,005) * 

8 Boyko, Rashba and Trof imenko l -6,5 (2.5) -8 (2) 

9 Boyko, Rashba and Trofimenko 2 -7 (2) -8 (2) 

29a Garlick and Gibson/ 15 -0.11 (0.005)* -0.67 (o.ol)* 

29b Garlick and Gibson/30 -0.6 (0.02). -2.5 (0,06)* 

29c Garlick and Gi bsoni 50 -1.7 (0,1). -5.3 (0.08) 

31 Voigt (lower limit) 25 (62) 12 (38) 

2 BÖer • Oberländer and Voigt +8.5 (2.5) +11.5 (0.2) 

lO Luschik -17 (5) -69 (4) 

13 Chen 1 +6 (2) -55 (3) 

14 Chen 2 +4.9 (4 .0) * -49 (3) 

16 Chen 4 +41 (6) +5,6 (0.4) 

17 Chen 5 -19 (2) -70 (4) 

18 Chen 6a +68 (2) +74 (0.1) 

18 Chen 6b +51 (1) +63 (0.1) 

25 Randall and ~Jilkins 21 (84) 33 (31) 

26 Grossweiner +47 (I) +14 (I) 

28 Dussel and Bube +37 (5) +6 (2) 

30 Sandomirskii and Zhdan +28 (I) +5,5 (0.4) 

second a Zass methode 

~-

3 Chen and Winer -0.6 (0.4)* -0.38 (0.06). 

20 Halper in and Braner 4 +67 (10) -38 (8) 

21 Halperin and Braner 5 +68 ( 13) +43 (9) 

22 Chen 7 +53 (4) -31 (5) 

23 Chen 8 +67 (7) +25 (I) 

24 Chen 9 +42 (9) -47 (6) 
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standard deviation can be considered as a measure for the 

correctness of a metbod for one value of the retrapping ratio 6. 

The results for TSL are shown in table 2 (h2 = 0) and table 

3 (h2 >> h 1). In the latter table only those methods are given 

that yield a value of the trap depth that differs more than 1% 

from the value in the case h2 = 0. As could be expected from 

our finding on the shape of the TSL curve when h2 >> h 1, all 

these methods without exception make use of the value of r
2

• 

The results for TSC in the case h 2 = 0 are shown in table 4. 

When h
2 

» h
1 

table 3 can be applied. For those methods not 

listed in table 3, the results in table 2 must be used. 

For most of the results the sign of € calculated according 

to (57) appears to be the same for all values of E, s and w in 

one retrapping case. This is also indicated in the tables. The 

methods marked with a {*) yield a trap depth which deviates less 

than 5% from the value used in the numerical calculations. 

In bath the TSL and the TSC cases the methods of Hoogenstraaten 

(4), Bube, Haering and Adams (5) and Unger (6) produce the best 

value of the trap depth although the latter is devised to give a 

lower limit for the trap depth. Also the metbod of Chen and 

Winer (3) turns out tobevalid when 6 = 0.01, which was not 

predicted by the authors. The methods of Boiko, Rashba and 

Trofimenko (8 and 9) and BÖer, Oberländer and Voigt (2) can 

easily be corrected in such a way that they become independent 

of the value of 6. In the latter case the correction factor p 

should be above the range proposed by the authors. 

The initial rise methad of Garlick and Gibson (29) turns out 

to be more unreliable for TSL as the slope is calculated nearer 

to the maximum. In fact only the shape of the TSL curve below 

15% of the maximum intensity can be used to calculate an accurate 

value for the trap depth. In the TSC case the reliability range 

is larger. The systematically negative value of the error was 

already predicted by Hofmann [43] who used this fact to develop 

the fractional glow technique. 
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The methods of Voigt (31) and Randall and Wilkins (25) turn 

out to he inaccurate. These methods are independent of the value 

of the retrapping ratio but depend strongly on the frequency 

factor and the heating rate. To ohtain a rough estimate for the 

trap depth we propose E = 27kTm for TSL and E = 25kTm for TSC. 

This yiels a value with a maximum deviation of 30%. The TSL 

methods of Chen, applied on TSL curves, give an accurate value 

for E if ö = 0.01 (13~14~15~16~17) and if ö =I (22~23,24) wben 

h2 = 0. Applied on TSC curves these metbods lead to incorrect 

results. In the case where h2 >> h
1 

the methods 22 and 24 become 

less accurate for TSL if o = I although it might he possible that 

they are correct for values of the retrapping ratio other than 

those discussed here. The metbod Chen (18) derived for TSC gives 

an inaccurate value if applied on TSC curves. A better result 

is ohtained in the TSL case if o = I and h2 = 0. 

The original method of Grossweiner (26) did not result in a 

correct value for the trap depth in the cases investigated. The 

data of Tahle 2 suggest that this metbod may incidently be correct 

fora value of Ö in the order of O.I. The correction made by 

Dussel and Bube (28), although derived for TSC, is more success

ful in the TSL case if o = 0.01. The correction from Sandomirskii 

and Zhdan (30) yields a good estimate for TSL if ö = 0.01. The 

expectation of the authors that the corrected expressions would 

be generally valid is not confirmed. 

The formula of Franks and Keating (27) turns out to be incorrect 

in the cases investigated. The value of X for the calculated TSL 

curves is 0.74 ± 0.02 for 0 0.01 in bo~h cases h2 = 0 and 

h2 >>hl' I. 10 ± 0.04 for 0 I when h2 = 0 and 0.79 ± 0.04 when 

h2 >>hl. Even in the case that the condition 0.75 < x < 0.9 is 

fulfilled the produced trap depth is much too low. 

From our data it follows that the method of Halperin and 

Braner (20) may incidently be correct for TSL in cases wbere 

ö ~ 2 and h2 = 0, and o > 3 when h2 >> h
1

• These cases were not 

included in our calculations. Another metbod of Halperin and 

Braner (21) might be correct when the retrapping ratio is very 

large. 

62 



5. Conclusions 

Many papers have been publisbed on the tbeory of thermally 

stimulated luminescence and conductivity. Reviews of this field 

hardly exist. The methods which have been developed for the deter

mination of the trap depth from TSL or TSC curves are generally 

applied without sufficient knowledge of wbether they are reliable 

or not. 

In tbis paper we have indicated tbe mutual conneetion between 

several expressions for the trap depth that exist in the literature. 

After application on numerically calculated TSL and TSC curves it 

is found that from the considered methods only those of Bube, 

Haering and Adams, Hoogenstraaten and Unger produce reliable 

values for the trap depth independent of the values of the fre

quency factor and the retrapping ratio. An estimate of the latter 

quantity can be made by camparing the trap deptbs determined 

with the TSL methods of Chen since these produce correct results 

in the cases o = 0.01 or ó = for TSL. Hence, when the simple 

model of figure I can be used, TSL and TSC measurements are 

indeed a helpful tool for determining trapping parameters, in 

agreement with the statement of BÖhm and Scharmann [5]. 

One of the main results of our TSL and TSC measurements on 

the ternary compound CdGa2s4 that will be publisbed elsewhere 

[44], is that application of some methods mentioned in this paper 

on the measured TSC curves leads to calculated trap deptbs that 

indicate the same value of the retrapping ratio. Hence, one migbt 

conclude that this phosphor is a good example of a case where the 

simple model is applicable. However, this is certainly not the 

case for CdGa
2
s

4
, since the same methods applied on measured 

TSL curves yield different results. 

Summarizing we come to the conclusion tbat very much care must 

be taken in attaching value to quantitative results of trap depth 

calculations from TSL and TSC experiments if the model than can 

be applied is not known, in agreement with the conclusion of 

Kelly et al. [6]. 

For a better understanding of the processes occurring in a 

semiconductor showing thermally stimulated luminescence or 

conductivity during heating, elaborated experiments on well-
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defined phosphors .have to be carried out in conneetion with 

other measuring techniques. 
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Appendix 

It must be proven that (17) is adequately approximated by (20). 

We calculated numerically the magnitudes of the terms in (17) 

for all used sets of parameter values (section 4). As a represent

ative example we give in table 5 the results for the same para

meter values as used in figure 2 and o = 0.01. We found that the 

terms with! in (17) are several orders of magnitude smaller than 
a 

the other terms and may thus be ignored. 

Table 5 

The magnitude of the terms in equation 07) for E = 0.516 eV, s = 1.25 .JQ
12s-1, 

w a 0.1 Ks- 1, b = I0 17cm- 3, a Q I0-
6

cm- 3s-l and 1i a 0.01. 

da+ 

I 
.2 l 1 d2a+ -.!:i !!i: T - dt ya ii;T a+ ( 1-éi)+éib y/a CU+ dt 

(l.<) (cm-3.-1) (cm-6s-1) (cm-Gs-1) (cm- 3) (cm-3) (cm -3) 

170 4.57 .1013 4.45 • 1030 7.4 ,1017 9. 7 , 101s 4. 7 .102 4. 7 .1o2 

J80 2.69 .1014 2.J8 • 1031 3.J ,J018 8.J .1016 3.3 .Jol 3.4 .Jol 

190 4.86 . Jo14 I. 30 • J031 - 3.0 .J018 2. 7 .1016 1.9 .JO' J.9 .JO' 

200 1.43 .IOJ3 2.09 • 10 28 - 6.0 .]Q17 1.5 ,JO IS 9.4 .JO' 3.1 ,104 

210 o.62 • 10 12 6.4 • JOH - J .o .to1s J.o .1o1s 3.9 • JOS 
I 

!.5 .JO' 

Some illustrative analytica! proofs can also be given. Consicier 

the denominator of (17). 

A. Firstly, we prove that 

y/a « oh (60) 

With (4) and (18) this can also be written as 

...!!. » -E/kT 
N e (6 I) 

c 

which is valid for normal dope concentrations 

(10 14 < h (cm-3) < 102 0) in the relevant temperature region 

since E - 25 kTC where TC is the temperature of the TSC 

maximum (see section 4). 
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B. We prove that 

+ 
- l+o da «oh+ (1-o)a+ 

+ dt a. a 
(62) 

First we consider the case Ö + 0. In that case applying (2) 

and (3), inequality (62) is equivalent with 

+ n << a (63) 

This inequality, or rather n << h , is used by several authors 

to simplify the original differential equations (I) and (2). 

It is difficult to prove the validity analytically (section 

2.2). Therefore, we calculated numerically n/h- as a function 

of tempersture for different sets of parameter values. Some 

results are given in figure 5. It is concluded that in the 

relevant tempersture region n << h and (63) are valid. 

figure 5 

The ratio n/h- versus 

tempe:roture for> the same 

parameter va~ues as in 

figure 2 

In the case 6 = I, inequality (62) is simplified to 

2 n « h (64) 

where (2) and (3) have again been used. Since h- < h the 

validity of (64) is obvious. 
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3.4 Inte~retation of the~Zumineaaenae and thermally atimulated 

oonduotivity experiments. 

Part I : Extenaions of the aonventional modelt 

P. Kivits 

Department of Physics 

Eindhoven University of Technology, 

Eindhoven, The Netherlands 

Ah straat 

The conventional model that one often uses for the interpretation 

of thermally stimulated luminescence (TSL) and conductivity (TSC) 

experiments does usually not describe adequately the actual 

situation in phosphors since in most of the practical cases there 

is a significant difference between the shapes of measured and 

calculated TSL and TSC curves. We calculated the influence of 

several model extensions such as recombination via excited states, 

the presence of a trap distribution, donor-acceptor pair recombination, 

the presence of additional centres, temperature dependent rate 

parameters, thermal queuehing of luminescence and scattering due to 

ionized defect centres, on TSL and TSC curves. 

It is concluded that such extensions may strongly alter these 

curves. We also found that trap depths determined after application 

of some methods from the literature are unreliable if the model 

that can be used for the interpretation of experimental results, 

is not accurately known. Only the method of Hoogenstraaten appears 

to be rather insensitive for most of the extensions treated in this 

paper. 

Cited Uterature on page 99 · 
• 

t The second part of this paper deals with our TSL and TSC results 

on CdGa2s4 as described in section 4.2. 
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J. Introduetion 

The phenomena of thermally stimulated luminescence (TSL) and 

conductivity (TSC) in semiconductors although in principle well 

understood, can in general not be described in a quantitative way. 

In most of the practical cases the conventional model that one 

uses for the interpretation of the experiments (fig.!) does not 

describe adequately the actual situation since usually there is a 

significant difference between the shapes of measured TSL and TSC 

curves and calculated ones [1-6]. If the simple model is extended 

with more levels, transitions, temperature dependent parameters, 

etc., one might hope to obtain a better agreement between experiment 

and theory at least in a qualitative way. 

In this paper we show how the value of the trap depth calculated 

after application of some well known methods (7) depends on the 

extension of the simple model. Some of the results will be applied 

on data from the literature. 

In part II of this paper [SJ the application on our TSL and TSC 

measurements on CdGa2s4 will be discussed. 

2. The simple model 

The model that one often uses to describe the TSL and TSC processes 

is shown in figure I. Electrans are thermally released from the 

trap to the conduction band (transition I) where they contribute 

to the conduction. From this band they can either be (re)trapped 

(2) or recombine with holes in the recombination centre (3). The 

latter transition can be accompanied by the emission of light. 

conduction band 

valenee band 

figure 1 

EnePgy level saheme foPming the aonventional 

mo<kl often used for the interpretation of 

thermally stimulated luminesaenae and 

aonduativity expePiments 
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The time derivatives of the concentrations of trapped and free 

electrous are given by 

dh-
-yhh- + Sn(h-h-) (I) dt 

dn dh- - ana+ (2) 
dt - dt 

The following symbols have been used: 

n, P 

E trap depth (eV) 

concentration of trapping eentres and trapped 

electrons, respectively (cm-3)* 

concentration of recombination eentres and trapped 

holes, respectively (cm-3)~ 

concentration of free electrens and free holes, 

respectively (cm-3) 

transition probability for electrous from trap to 

conduction band (s-1) 

6 trapping rate constant (cm3s-1) 

a recombination rate constant (cm3s-1). 

The transition probability yh is given by 

yh sh exp [-E/kT] (3) 

where k is Boltzmann's constant and T the absolute temperature. 

Between the frequency factor sh and 6 the following relation exists 

SN /g c 
(4) 

where Ne is the effective density of states in the conduction band 

and g is the degeneracy of the trap. The value of the latter will 

be taken equal to l in the following. The luminescence intensity 

is proportional to the change of the accupation of the 

recombination centre, ~:+. The thermally stimulated conductivity 

is proportional to n, and to tbe drift mobility ~. We sball 

* Here Klasens' notatien bas been used, J.Pbys.Chem.Solids l,l75(1958). 

By b- is meant tbat tbe centre bas trapped an electron, a+ means 

tbat the centre has lost an electron. 
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provisionally assume the latter to be a constant and discuss its 

influence on the TSC curve later (section 9). 

Beside a+ and n, equations (I) and (2) contain the concentration 

of trapped electrons, h-. This quantity can be eliminated with the 

condition of charge neutrality 

(5) 

since it is assumed that no free holes are present (c.f. section 8). 

Since we are mainly interested in solutions of (I) and (2) with 

temperature rather than with time, we finally need a relation 

between T and t. In experiments often is chosen 

T • wt + T 
0 

(6) 

where w, the heating rate, is constant and T
0 

is the temperature 

where the heating of the phosphor starts. In our calculations we 

took T
0 

equal to 80 K. 

With (5) the system of non-linear differential equations of 

the first order can be rewritten as one differential equation of 

tbe second order. We ohtain, assuming a to be independent of T 

+ I 1+6 da+ 
a ( J-6) + oh + -[ y - - - ] 

a h a+ dt 

where 6, the retrapping ratio, is defined by 

6 • S/a 

(7) 

(8) 

From (7), a+(T) and :~+(T) can be solved numerically for various 

sets of parameter values and appropriate boundary conditions [9]. 

Often a+(T ) = h-(T ) = h, n(T ) = 0 is taken, implicitely 
. 0 0 0 

assuming full compenstation. Subsequently it is possible to 

calculate n(T) according to 

n = 
__ l_ da+ 

+ dt a a 

which follows from (2) and (5). 
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Equation (7) can not be solved exactly. However, when certain 

simplifications are introduced it is possible to obtain analytica! 

expressions for the trap depth in terms of measurable quantities. 

In [7] we extensively discussed the results of a test in which a 

number of methods for trap depth determination from TSL or TSC 

experiments were applied on numerically calculated TSL and TSC 

curves in the case the simple model is valid. The results of some 

of these methods for a specific set of parameters are given in 

table 1*. 

Table I 

The thap depth Ec' calculated with some methods from the literature 

applied on TSL and TSC curves calculated with E = 0.516 eV, sh = 10
12 

5 = 0.01 and three values of the heating rate. 

Author(s) ref Ee (eV) 

TSL TSC 

Garlick/Gibson 12 o:489 0.510 

Luschik 13 0,526 0.418 

Chen 1 14 0,514 0.543 

Chen 2 14 0.510 0.528 

Chen 4 14 0.513 o. 730 

Chen 5 14 0.518 0.408 

Gros.sweiner 15 0.547 0.753 

Duesel/Bube 16 0.513 o. 705 

Sandomirskii 17 0.513 0.712 

Hoogenstraaten 18 0.·516 

I 
0.510 

Bube 19 0.5!7 0.51 I 

-1. 
s • 

The methad of Garlick and Gibson uses the initial rise and 

yields for TSL only correct results if applied in the region where 

the intensity is lower than 15 % of its maximum value. In practice, 

however, this region is aften less accurately known. Therefore we 

applied this methad in the range 15 to 30 % of maximum intensity. 

For TSC the validity range is broader. 

* We choose E = 0.516 eV because of reasans that become clear from 

[9]. There E was made dimensionless by taking E* = E/kT
0

• A value 

of E* = 75 then corresponds with E = 0.516 eV, using T
0 

= 80 K. 
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Some methods, like those of Chen, use the actual shape of TSL 

or TSC curves and are only correct for specific values of the 

retrapping ratio o, contrary to the methods of Bube and Hoogen

str~aten that yield a correct trap depth independent of the value 

of o, These methods use the variatien of the maximum or the 

temperature at which this maximum occurs with different heating 

rates. 

When the methods from table I are applied on TSL and TSC curves 

calculated from some extended model the obtained trap deptbs can 

be compared with the values in table I. In such a way one obtains 

an indication whether there are methods insensitive for model 

extensions. 

In the following sections we shall consider: 

- recombination via excited states (section 3) 

- a distribution of trapping levels due to the interaction between 

charged eentres (section 4) 

"leaking" of traps via donor-acceptor pair recombination (section 5) 

- the presence of an additional trap (section 6.1) or a second 

recombination centre (section 6.2) 

- cross sections that depend exponentially on reciprocal temperature 

(section 7) 

- electron transitions from valenee band to recombination centre, 

generally known as thermal queuehing of luminescence (section 8) 

- a variation in electron mobility (section 9) 

Of cours.e, these extensions are not the only cases which can 

influence the shape of TSL and TSC curves. Consequently, not all 

phenomena observed in experiments can be explained with the models 

considered bere (see for instanee ref 8). 

3. Excited states 

Impurity eentres may be expected to have excited states, The 

evidence available from infrared measurements [18} suggests that 

excited states of deep impurities tend to be near to the 

semiconductor band edges. This implies that the wave function of 

an electron in an excited state has a much larger spatial extent 

than the wave function of an electron in the ground state, 

especially for deep centres. The excited states contribute to the 
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free electron capture process via the cascade model of Lax [19]and 

they may be of importance in the thermoluminescence process [20,21]. 

To calculate roughly the effect of recombination via excited 

statas on trap depth determinations we introduce the following 

simplifications (see fig. Z); 

- Recombination of excited electrons only occurs with holes trappad 

at naarest neighbour acceptor centres. 

- Transitions from the ground state of the trapping centre to the 

acceptor are neglected (see also section 5). 

- Thermal excitation of electrous to the conduction band is 

negligible. 

conduct ion band 

...,....,-r--r hï 
E 

__...];-L......I.hö 

figu:re 2 

Energy level· saheme showing reaombination 

via exaited states of a trapping aentre 
valenee band 

The time derivatives of electrons occupying ground states (h~) and 

excited states (hj) are then given by 

dt 

dhj 

dt 

-xh~ + 

-Wh-
I 

Bhj (JO) 

dh-
0 

(I I) 
dt 

where B is a constant that is usually small compared to x because 

of the asymmetrie character of the potential harrier between ground 

and excited state [22]. The factor x contains a Boltzmann factor 

with E, a quantity that now represents the energy difference between 

ground- and excited states: 

x s exp ( -E/kT] 
e 

(12) 

where se is a constant. The transition probability W depends on r, 

the distance between trap and recombination centre, according 

to [16,23] ( 13) 
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where aB in a first approximation equals half the Bohr radius of the 

shallower centre, The constant Wm usually is larger than 3 .IOq s-1[30]. 

Since aB is of the order of 100 ~ for excited states, the probability 

for transitions from an excited state of a trapping centre to a 

recombination centre may in a first approximation be assumed to be 

independent of r for eentres whose mutual distauces are not too 

large. 

Aftersome mathematical manipulations we find from (JO) and (11) 

(14) 
I + (B + x)/W 

where the condition of charge neutrality 

(15) 

has been used. When W is sufficiently large we can approximate (14) 

by 

( J 6) 

clearly indicating first order kinetics. Since a similar equation 

results from (7) if all terms with a- 1are neglected and o << J 

[7], it can not be concluded from TSL measurements only whether 

excited states are involved in the recombination process. However, 

this becomes probable when thermoluminescence is not accompanied 

by simultaneous conduction as is found in CdGa2s4 [8]. 

4. Trap distributions 

The energy states of some defect in a semiconductor are aften 

represented by one single level in the forbidden gap. This level 

is considered to be NV-fold degenerated, N being the concentratien 

of defects and V the crystal volume. Implicitely it is assumed that 

no interaction between eentres exists. The ionization energy of 

such a defect is then only determined by the local distartion of 

the host lattice. If, however, a trap is surrounded by charged 

eentres at short distauces its ionization energy may considerably 

be perturbed by their coulomb fields and a distribution of levels 

exists. 
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As already mentioned it is aften assumed in thermoluminescence 

theories that all acceptor eentres are emptied and all trapping 

eentres are filled by excitation at low temperatures. When these 

eentres were singly charged in the unexcited phosphor, coulomb 

interaction then vanishes after excitation and consequently all 

trapped electrans will have the same energy, When the phosphor is 

subsequently heated the initial rise analysis of Garlick and 

Gibson [10] will therefore yield the ionization energy of an 

isolated donor centre. Effects of surrounding charges will become 

more important at higher temperatures when most of the traps are 

empty. The same situation occurs when at low temperatures only a 

small portion of traps is filled. This case prevails, for instance, 

with excited ZnS phosphors where generally low absolute light sums 

have been found [16]. 

At the growth or anneal temperature donor and acceptor eentres 

tend to arrange themselves in such a way that the total free energy 

is minimized [24]. This means that ionized, positive, donors are 

screened by negative defects which has the effect of lowering the 

donor ionization energy. When only a small portion of traps is filled 

at low temperatures and the phosphor is heated, a flatter initial 

rise of the TSL and TSC curves than in case coulomb interaction is 

absent, will be found. To study the effect of a trap distribution 

on the trap depth calculated with the other methods we need explicite 

expressions for the shapes of the TSL and TSC curves. As may be 

apparent from the foregoing an exact calculation of these shapes 

will be rather difficult. Therefore we shall introduce some rather 

rigarous simplifications and further restriet ourselves to the case 

of TSL. 

Let us first assume that the TSL intensity Lt(T), emitted 

during the thermal emptying of a trap distribution P(E), can be 

written'as ED 
Lt(T) N J ~(T) P(E) dE (17) 

0 
where LE(T) is the contribution to the total luminescence 

intensity of a level at an energy E and N is the defect concen

tration. The integral is taken from the bottam of the conduction 

band (at E = 0) to the deepest level of the trap distribution, 

taken tobeED (see below). 
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The shape of the trap distribution function P(E) depends on 

the distribution of donor and acceptor eentres over the lattice 

sites, If there is no preferential pairing [25] one finds a 

Poisson function for P(E) [26]. When only nearest neighbour 

acceptor eentres are taken into account, the probability P(r) of 

finding such an acceptor at a distance between r and r+dr from a 

donor centre is given by (27] 

P(r) dr ( 18) 

To transform P(r) in a trap distribution function we need a 

relation between r and E. Let us therefore further assume that the 

nearest neighbour acceptor centre of an occupied trap is singly 

negatively chargedt. Since this charge will have the largest 

g 6r-r----~.-----,-----,-----r-; 
o..O 

-E<eVl 

figure J 

The trap àietribution funetion 

P(E) aeeoràing to (20) for 

different defeet eonaentrations 

N (em-3); ED = 0.616 eV 

t Such a model is of course somewhat artificial, It may possibly 

apply to a semiconductor with double acceptors. 
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influence on the dpnor energy E, this energy is in a first 

approximation lowered according to 

E = ED - q2/4nEr (19) 

where q is the elementary charge and E the static dielectric 

constant of the medium; ED represents the ionization energy of an 

isolated donor centre, the lowest energy of the trap distribution. 

With ( 18) and (19) it fellows that 

3zN 
exp t zN 

P(E) dE 
(E -E) 4 (ED-E) D 

(ZO) 

where 4n [~r z - 3 (ZI) 

From (ZO) it can be calculated that the energy Emax at the 

distribution maximum is given by 

E ED ( nN) 113 _g_ (2Z) max 4nE 

The shape of P(E) for different defect concentrations N is given 

3, in the case ED = 0.516 eV and er = 10. in figure 

_7100.--.----~,-----.-~--~~.--. 

t 
80 

60 
d 

L.O 

20 

fi{JUI'e 4 

The shape of the TSL aurve for 

different defect concentrations N; 

E = 0.516 eV, sh = 1012 s-1, 
0 = 0.01 and üi = 0.1 Ks- 1• 

a: 1019 cm-3 

b: 1Ql8 C11/3 

a: 101 7 

d: no trap dist!'ibution 

The integral in (17) càn now be evaluated numerically for 

different defect concentrations. The results for ED = 0.516 eV, 

sh = 1012 s-1. ö = 0.01 and w • 0.1 Ks-1 are given in figure 4. It 

is seen clearly that with increasing defect concentratien the TSL 

maximum shifts to lower temperatures. 

78 



The methods from table I are applied on three TSL curves 

calculated with different heating rates and N = 1018 cm-3. The 

results are given in table 2. It should be noted that if ED 

the energy of the distribution maximum is at 0.496 eV for N 

as follows from (22). This value is rather accurately reproduced 

by the methods of Bube and Hoogenstraaten. All other methods 

produce a value that is lower, 

Table 2 

The influence of a trap distribution according to eq.20 with 

N = 10
18 

cm- 3
, on the trap depth E

0
, calculated with some methods 

from the literature applied on the TSL curve with ED = 0.516 eV, 

sh = 1012 s~ 1 , ê = 0.01 aud tbree different heating rates 

Author(s) E
0 

(eV) 

Garlick/Gibson 30 0.33* 

Lus eh ik 0.374 

Chen 1 0.378 

Chen 2 0.374 

Chen 4 0.393 

Chen 5 0.365 

Grossweiner 0,415 

Dussel/Bube 0.388 

Sandomirskii/Zhdan 0.389 

Hocgems traaten 0.492 

Bube 0.497 

*This value gives only an :Î.ndication since in the initia1 part 

of the TSL curve the intemd ty does nat depend exponentially 

on ree i procal temperature when a trap distribut ion is present. 

The question which conclusions can be drawn from our simple 

considerations for practical purposes can not easily be answered. 

Certainly our results do not apply when the distribution of donor 

energies changes strongly during heating. This is the case, for 

instance, when most eentres are initially neutralized by excitation. 

In practice, however, this can not easily be achieved (see also 

section 5). Furthermore, the results of our calculations depend 

on the validity of (17). The total luminescence intensity is 
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accurately represented by this formula if either the retrapping 

ratio is small or if an electron is only retrapped in a level at 

about the same energy as from which it was liberated. For the 

latter process some theoretica! evidence exists [28]. 

With respect to the shape of the distribution function P(E) in 

(17) it can be remarked that the methods of Bube and Hoogenstraaten 

also yield an accuratç estimate for Emax for other values of N in 

(20), or even when for P(E) a Gaussian profile or a Poisson function 

is used, Apparently, the results of these both methods do not 

strongly depend on the trap distribution function that is chosen. 

We may conclude that if after excitation occupied, neutral, 

traps are surrounded by charged centres, the initial 

slopes of both the measured TSL and TSC curves are flatter than 

in the case of the simple model. From all considered methods for 

trap depth determination only those of Bube and Hoogenstraaten 

produce a significant value viz. the energy of the distribution 

maximum. Whether this value depends on the filling degree of eentres 

might experimentally be checked by studying so-called built-up 

glow curves [16], see also section 5. 

Finally, some attention must be paid to the fractional glow 

technique. This metbod developed by Gohrecht and Hofmann [28,29], 

should be suitable for the determination of trap distribution 

functions. 

After a phosphor is excited, it is alternatingly heated and 

cooled in the dark in such a way that the mean temperature .increases 

only very slowly, When the light intensity is plotted logarithmically 

versus reciprocal temperature two energi~s may be determined from 

the slopes in the heating and cooling part of each cycle. The light 

emitted during one cycle is supposed to be onZy caused by recombin

ation of electrens that were thermally excited from trapping 

levels between these two energies. Summing up the contributions in 

a special way, the trap distribution function is expected to be 

found. 

From our qualitative considerations in this sectien it should 

be clear that for distributions due to coulomb interaction this 

can generally not be achieved since the energy distribution will 

depend on the filling degree of centres. 
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There is a second reason why this metbod can not yield accurate 

information. It is evident that at a certain temperature aZZ trapping 

levels are partly emptied. To illustrate this, we have calculated 

the contribution ~P(E) of each level to the TSL intensity at 

different temperatures in the case that the distribution function 

is given by (20). The results are given in figure 5 for N = 1018cm-3. 

0.50 
-E(eV) 

- figure 5 

The reZative aontribution 

of trapping levels to the 

TSL intensity for different 

temperatures and N = 1018 am-3 

It is seen that in the start of the TSL curve (140 to 160 K, c.f. 

fig 4b), a broad interval of trapping levels is emptied. Hence, 

a plot of ln Lt versus 1/T [29] can not yield a straight line from 

which slope an activation energy can accurately be calculated. The 

evaluation of the shape of the distribution function for lower 

energies is therefore impossible. 

We conclude that the fractional glow technique does not yield 

correct information about the shape of the trap distribution 

function, at least not when its shape is similar to (20). 

Application of this elaborated and complicated technique results 

in a mean trap depth that is too low. 
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5. Leaking of traps via DA pair recombination 

When the electron wave functions of a donor and an acceptor centre 

overlap sufficiently, donor-acceptor (DA) recombination is probable 

(30]. There is a particular influence of DA transitions on the 

shape of the TSL curve. Immediately after excitation of the phosphor 

at low temperatures is stopped, a rather slow decay of luminescence 

can be observed. This luminescence is not accompanied by 

conductivity. Hoogenstraaten [16] and later Riehl [31]. proposed 

that this behaviour is caused by the decay of excited DA pairs. 

Generally the wave length of the emitted radiation is longer than 

observed during the thermal emptying of trapping centres. It is 

evident that the number of electrens that escape from a trap via 

DA transitions increases when the phosphor is kept longer at T
0

• 

or when a lower heating rate is used, The integrated TSL intensity 

due to recombination of thermally released electrous and the TSC 

signal are then also smaller. 

In the example of section 4 we neglected DA recombination. To 

estimate roughly the consequences of this "leaking" on the TSL 

curve in the presence of a trap distribution (figure 4), we 

calculate how the concentratien of occupied trapping eentres 

changes due to DA transitions only. hence assuming yh << W. Provided 

only the nearest neighbour acceptor centre is involved, ~~-is given 

by 
-Wh- (23) 

from Wbich it follows that 

exp [- Wm t exp (-r/~)] (24) 

0 
where (13) bas been used. Taking for instanee Wm = 10 5 s-1 , ~ = 5 A, 

and t = 600 s (the time needed to heat a phosphor from 80 to 140 K 

with 0.1 Ks-1), it can easily be verified from (24) that *- < 0.1 

for all trapping eentres the distance to the nearest acceptor 
0 

eentres of which is smaller than 85 A. With (19) this means that 

in our example all levels with a trap depth smaller than about 

0. 50 eV are al ready emptied via DA re combination before thermal 

excitation from these levels can occur. From figure s. where DA 

recombination was not taken into account. it is seen that at 140 K 
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the contribution of levels deeper than 0,50 eV is only very small. 

In practice this means that the TSL curve will start at higher 

temperatures than suggested in figure 4b. Since in the given example 

only the deepest levels of the distribution (E ~ 0.50 eV) contribute 

to the TSL intensity the initial rise analysis will now yield a 

value that is only somewhat lower than 0.50 eV if traps are leaking 

via DA recombination. 

Of course the quantitative results strongly depend on the values 

of the parameters used. lt is, at leasi: in principle, possible 

to estimate whether a donor can act as a leak-free trap in the 

presence of some acceptor. If the thermal ionization·energy and 

the cross sectien of the donor are known the TSL curve neglecting 

DA transitions can be calculated, Inserting known values for W 
m 

and aB' from (24) an upper limit for r is determined for which 

about all donor eentres are empty via DA transitions before T, the 

temperature where the TSL curve would start, is reached. It is 

evident that when this value of r is large with respect to the 

mean distance between eentres no TSL or TSC curves can be measured. 

Althongh several approximations have beenmade, our simple 

considerations illustrate the importance of· the leaking trap 

concept. In practice, it can be chècked whether traps are leaking 

by measuring the light sum in TSL experimènts for various excitation 

levels or waiting times after excitation at low temperatures 

(built-up glow curves [16]). 

6. The presence of more than two kinds of eentres 

6.1 The case of two trapping eentres and one recombination centre 

In general two (or more) kinds of trapping eentres will be present 

when the TSL and TSC curves consist of two more or less isolated 

peaks. When these peaks lie in two sufficiently separated 

temperature regions the traps are called "thermally disconnected", 

The condition of charge neutrality in this case is, assuming 

full compensation 

(25) 

where hï and hz are the concentrations of trapped electrous in 

the first and the secoud trap, respecti vely. Usually hz » h Ï is 

k . h h d' . dho;:; 0 . h . h ta en w1t t e con 1t1on ~ = , Ln t e temperature reg1on w ere 
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the first trap is thermally emptied. The concentratien of trapped 

holes a; can then be considered as a constant. Equations (2) with 

h- = h~, and (9) become linear differential equations resulting in 

identical shapes of the TSL and TSC curves. 

How the shape of the TSL curve is changed when h2 >> h}• is 

demonstrated in figure 6. It is seen that the value of Tm- T1 
(the lower tempersture side halfwidth) does not significantly 

change contrary to the value of T2 - Tm (the higher tempersture 

side halfwidth) which is smaller than in the case h2 = 0, It is 

therefore not surprising that the trap depth calculated after 

application of those methods which make use of the value of the 

latter quantity is different in the cases h2 >> hj and hz = 0. For 

the method Chen 5, for instance, this difference amounts to about 

20 % in the example given in figure 6 [7] . 
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figun 6 The shape of the TSL eul'Ve UJith E = 0. 516 eV, 

sh = 1012 s-1• 6 = 1 arul w 0.1 Ks-1 • 

a: h2 = o. b: h2 >> hï 

It is, of course not necessary to assume h2 >> h]. The influence 

of the ratio ~ = h2/h1 on the TSC curve is illustrated in figure 7 

(9]. It is seen that relatively low concentrations h
2

, have already 

a streng influence on the higher tempersture part of the curve. In 

general the shape of the measured TSC curves resembles more a TSC 
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curve calculated for ; > 10-3, than a curve for ; = 0. The latter 

TSC curve is measured only when highly pure crystals are available 

[32]. 

5.-------.--------.-------,--------.-------~ 
c: 

l 

figure 7 The infZuenee of the patio ~ = h2/h1, on the ahape 

of the TSC curve with E = 0,516 eV, ah= 1012 

o = 0.01 and w = 0.1 xa-1 

Conclusions about the reliability of trap depth determinations 

for any value of ~ between ~ = 0 and s >> 1 can readily be derived 

from the results for these two limiting cases given in tables 

2, 3 and 4 of ref. [7]. For TSL with ó = 0.01 all methods that are 

considered here except for the one of Grossweiner, produce 

reliable results independent of the value of ~. However, for TSL 

with ó = I and for TSC.only the trap depth calculated with the 

methods of Bube, Garlick and Gibson, and Hoogenstraaten is found 

to be correct in bath cases~= 0 and ~ >> I, 

When the two traps are not sufficiently thermally disconnected 

this can also lead to erroneous trap depth determinations. In that 

case hz can not be considered as a constant during the emptying of 

the shallowest trap. Also, the change of hz with temperature will 
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be different for each applied heating rate. The quantitative 

influence of this effect on the TSL and TSC curves is difficult 

to calculate, since this would lead to a system of three coupled 

non-linear differential equations. Most methods for trap depth 

calculation, including these based on the shift ~f the measured 

curve with heating rate, become inaccurate, however, especially 

in the TSC case. 

An example might illustrate this. Suppose that for very low 

heating rates two TSC peaks are measured in two separate temperature 

regions. The accupation of the deepest trap is then about constant 

during the emptying of the first trap, hence a specific value of 

can be assumed. Due to the energy difference between the two 

levels, the peaks shift differently with heating rate and considerable 

overlap may occur for higher rates. In that case hz does net only 

vary during the emptying of the first trap but hz is also smaller 

than with low heating rates. This causes an extra shift of the first 

TSC peak to higher temperatures according to figure 7t. 

6.2 The case of one trapping centre and two recombination eentres 

Hoogenstraaten [16] pointed out that when two recombination eentres 

and ene kind of trapping eentres are present "conclusions from the 

glow curve must be drawn judiciously", He expressed this opinion in 

conneetion with bis thermoluminescence measurements on the phosphor 

ZnS (5. w-s Cu, 10-s Ga) where he found two TSL peaks. He concluded 

that these peaks both originated from the same trap. Since the 

emitted colour during heating changed from blue to green, he 

assumed that this caused a dip in the recorded TSL curve because 

the detector that he used was more sensitive to blue than to green 

light. 

It now appears possible to give quantitative support to this 

reasoning. Consider the energy level scheme in figure 8. 

t 
It wi11 be clear that also with the metbod of "thermal cleaning" 

as proposed by K.H, Nicholas and J, Woods, Brit.J.Appl.Phys. 

11• 783 (1964) this effect can not be precluded. 
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Equation (2) is now replaced by 

da+ 
I + 

dt 
- a

1
na

1 
(26) 

and 
da+ 

2 + 

dt 
- o.2na2 (27) 

The neutrality condition in this case is, again assuming no free 

holes and full compensation 

(28) 

conduction band 
n 

E 

figure 8 

Energy ~evel saheme with two aaaeptor oentres 

invo~ved in the reaombination proaess 
valenee band 

With the initial conditions ar(T
0

) = a
1 

and a~(T0) 
from (26) and (27) that 

= r :~ r 
a2, it fellows 

(29) 

where ~ a
1
/o.2 . Combining (27) with (28) and (29) we find 

da+ 
2 

dt 
(30) 

The system (1,30) can be solved with a similar numerical procedure 
da+ 

as was done with (1,2). When dt2 and ai are known as a function of 

T, the values of dat and a+
1 

can be calculated with 
dt 

+($-1) 
1);a 1 a2 da~ 

(31) 
dt dt 

and (29), respectively. 
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As an example we show the results for w • 10 and a 1/h = 0.1 in 

figure 9. We assumed that the detector sensitivity differs a factor 

10 for the two emission spectra. 

·----.- 10 

+N/ ii:; ..., 
8 

i 
6 

4 

2 2 

- \ 
~.--~~-='-=..:r_ ____ j__·----"----L--.. 0 

170 1\\0 190 200 
-T!Kl 

figure 9 The influenae of two reaombination eentres 

on the TSL aurve with E = 0.516 eV, 

sh = 1012 s-1, 6 B/(a1+a2) = 0.01, 

w = 0.1 Ks-1, 1jl = a1;a2 = 10 and a1!h = 0.1. 

The detector sensitivity is assumed to 

differ a factor 10 for the emitted aolours 

during the two reaombination proaesses 

It is now clear that erroneous conclusions may be drawn from 

the TSL curve. However, after application of the methods of Bube 

and Hoogenstraaten a correct value for the trap depth is determined 

from both peaks. The peak half widths can adequately be measured 

in practice using a set of suitable filters. The values found in 

that way will be slightly smaller than in the case of the simple 

model with one acceptor. Most of the other methods therefore 

produce trap depths that are too high. 

With constant detector sensitivity only one TSL peak will be 

measured, of course, independent of the values of 1jl and a 1/h. 
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1. The temperature dependenee of cross sections 

The trapping rate constant S, and the recombination rate constant 

a, are given by 

(32a) 

(32b) 

where v is the mean thermal velocity of free electrans (proportional 

toT!), and Sh and Sa are the capture cross sections for electrans 

of the trap and the recombination centre, respectively. It was 

found theoretically [33] that Sh '\. T-m (m " 2.5 or 4). In [7] we 

used 0 < m < 4 in the derivation of some methods for trap depth 

determi:ati:n. Since usually N ""T
3
b, it follows with (4) and (32) 

c 
that the frequency factor sh, generally is a slowly varying 

function of temperature compared with the exponential increase of 

yh when E >>kT, as is always the case. Therefore it is often 

assumed that sh is independent of temperature. 

Recently, however, Henry and Lang [34] found an exponential 

dependenee of Sh with reciprocal temperature in GaAs and GaP. In 

such a case we have to reconsider eqs. (l) and (2). LetShand Sa 

be given by 
S exp [-E0 /kT] h,o .., 

S exp (-EN/kT) 
a,o " 

(33a) 

(33b) 

where Sh and S are constants, From (3), (4), (32) and (33) it ,o a,o 
follows that 

yh = sh,o exp [-(ES + E)/kT] 

6 =V S exp (-E0 /kT) h,o .., 

a =V S exp (-EN/kT) 
a,o " 

with 

With (8), (35) and (36) it follows that 

where 
ö

0 
= S /S h,o a,o 
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When the temperature dependences of the parameters are taken into 

account the system (1,2) can be rewritten with (S) as 

+2 I d 2a+ 
yha + a dt2 

----------~----~~-------w;-E (40) 
oh + ! [ - l+o da+ + _a] 

a yh a+ dt kT2 

where yh, a and 6 are now given by (34), (36) and (38), respectively. 

c 

I 

-r<Kl 

figure 10 The influence of an exponential temperature 
dependenee of aross seations on the shape 

of the TBC curve; 

1 E =E =0 
a B 

2 = 0.207 eV~ E == 0 
B 

E
01 

= 0, EB= 0.207 eV 

E
01 

==EB= 0.207 eV 

The differences between (40) and the original equation (7) are: 

the term wE /kT2 • However this term will not be of great influence a 
because of the usually large value of ah (9]. 

- the temperature dependenee of a. This will not strongly influence 

the shape of the TSL curve as long as the value of ah is larger 

than about 103 s-1, However, the shape of the TSC curve changes 
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strongly when a varies with temperature as can beseen from (9). 

the temperature dependenee of a will change both curves. lts 

influence on the TSL curve, however, will be negligible if 

ö(T) < 0.01, in the temperature region where this curve is 

measured. 

the factor exp [-EB/kT] in yh' the most important difference 

between (40) and (7). This implies that it is essentially 

impossible to calculate the trap depth E from TSL or TSC curves 

with conventional methods, since it can not be distinguished 

from EB. 

Table 3 

The influence of capture cross sections that depent exponentially on 

reciprocal temperature,. on the trap depth Ec,. calculated with some 

methods from the literature applied on the TSC curves of figur, .. 10; 

E E 0 516 V 10
12 

s-l 6 = 0.01 and three different + B = • e ' 5 h ~ o o 
heating rates 

Ea = 0.207 eV • Ea = 0 

Es = o ES = 0,207 eV • 

Author(s) E (eV) E
0 

(eV) c 

tioogenstra.aten 0.479 0.542 

Buhe 0.327 0,499 

E EB =- 0.207 e\'* 
~ 

E c (eV) 

Garlick/Gibson 30 0.306 

Luschik 0.564 

Chen I 0.512 

Chen 2 0.500 

Chen 4 0,488 

Cben 5 0.550 

Grosaweiner 0.512 

llussel/Bube 0.480 

Sandomirskii/Zhdan 0.481 

Hoogenstraaten 0.510 

Bube 0~306 

E 0.207 eV corresponds with E* 30~ see also fo,Jt not,_; 
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Here we shall only discuss our results for TSC since effects of 

thermally activaeed cross sections are most apparent in this case. 

For reasans that will be clear from the foregoing we took 

E + ES = 0.516 eV. How the TSC curve changes for different values 

of Ea and ES is illustrated in figure 10. 

In table 3 the calculated trap depths are listed. Only in the 

case Ea = E
8 

(curve 4 in fig. JO) the complete set of methods is 

applied. A representative example for the other cases can not be 

given since the results strongly depend on the value of ES - Ea. 

From table 3 it is concluded that the metbod of Hoogenstraaten 

yields in all cases about the same value for E + ES as has been 

used in the calculations. The methods of Garlick and Gibson and of 

Bube yield a value that nearly corresponds with E + ES - Ea as 

could be expected from (9). Except for the methods Chen I and 2, 

the apparentiy good result of the other methods is accidental as 

can be seen by camparing the originally produced values (table I) 

with the present results. The difference is in all cases about 

equal to Ea 

8. The influence of thermal queuehing 

In nearly all thermoluminescence theories transitions from the 

valenee band to the recombination centre are neglected. In reality 

this is only allowed for specific values of the energy deptbs and 

capture cross sections of the two kinds of eentres involved [35). 

Consider the energy level scheme in figure IJ. The complete set 

of differential equations belonging to this model is 

dh-
- yhh- + Sn(h - h .. ) - Rh-p (41) dt 

da+ 
- ana+ - Y a+ + Sp(a- a+) (42) dt a 

dn - ana+ + yhh- Sn(h- h-) (43) dt 

The condition of charge neutrality assuming full compensation is 

(44) 

Solution of these equations in a similar way as we did in section 2 

would lead to a complicated non-linear differential equation of the 
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third order. However, when certain approximations are introduced it 

turns out to be possible to obtain an expression for the TSL curve 

in a more simple way. 

conduct ion band 
n 

a 
R 

figure 11 

Energy level scheme ahowing the~l 

quenahing of lumineaaence 

Let us first assume that retrapping of electrans and holes is 

negligible ( Sn(h-h-) << yhh-, Sp(a-a+) << yaa+). From (43) it then 

follows that 

dn 
dt 

and from (42) and (45) 

da+ dn 
dt - dt 

(45) 

(46) 

' dn << da+ Further it can be assumed that dt dt and n,p <<a+, h- [7]. 

Inserting these in (46) we are finally left with 

da+ 
dt -(y + Y ) a+ a h 

(47) 

da+ 
which makes a simple numerical calculation of dt possible. Note 

that for ya « yh (negligible thermal quenching) eq. (47) reduces 

to the salution of the original set of equations (1,2) in the 

case ê <<las is shown in [7]. 

From figure 11 it is seen that two transitions occur that can 

be accompanied by luminescence (represented by the parameters a 

and R). Both recombination processes can contribute to the 

measured TSL intensity which complicates the determination of 

trap depths. We calculated the shape of the TSL curve for different 

values of the thermal activatien energy EA' and the frequency 

factor sa' of the acceptor centre with the condition that transitions 

from the electron trap to the valenee band occur radiationless, see 

figure lt. 
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It is seen that the influence of thermal queuehing of luminescence 

becomes important when ya ~ yh. Some literature methods for the 

.r. 1 o-2r-----.-----.-----.-----.-----.------, 
+-., 

L: 
:>-

),,,: 
I 

a 

-HKl 

200 
-HKl 

figu!'e 12 

The infZuenae of 

the!'maZ quenahing of 

Zuminesaenae on the 

shape of the TSL 

CUT'Ve With 

EH= 0. 516 eV, 

sh = 1012 s-1 and 

w = 0.1 vs-1 foT' 

diffe!'ent vaZues of 

a: s (s-1) with 
a 

EA = 0.516 eV 

b: EA ( eV) with 

8 = 1012 8 -1 
a 

determination of the trap depth are applied on TSL curves calculated 

with EA = 0.465 eV and three different heating rates. The results 

are shown in table 4. 

In general the calculated values are not strongly influenced by 

the thermal quenching process. The methad of Hoogenstraaten, 

however, nearly yields the value of EA. This can easily be under-
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stood from the expression on which this methad is based. After 

differentiating (47) with respect toT, one finds in the TSL 

maximum of the considered TSL curve (at 170 K for w = 0.1 Ks-1) that 

(48) 

since here ya ~ 50 yh. On this expression the methad of Hoogenstraaten 

is based, thus yielding a value of E A. 

Table 4 

The influence of thermal quenching of luminescence on the trup d~fHll 

Ec~ calculated with some methods trom the literature appli~.?d {m tlH' 

TS~?cu~~e of figure l2b with EH= 0.516 eV, EA = 0.465 eV, sh"' :-:a~ 

10 ·· s and three different heating rates 

Author (s) Ee (eV) 

Garlick/Gibson 30 0.510 

Lus eh ik 0.499 

Chen I 0.496 

Chen 2 0.491 

Chen 4 0.537 

Chen 5 0.487 

Grossweiner 0.557 

Dussel/Bube" 0.522 

Sandomirskii/Zhdan 0.525 

Hoogenstraaten 0.460 

Bube 0.511 

In this section we considered thermal queuehing of luminescence 

due to transitions of electrans from the valenee band to acceptor 

centres. As a consequence, another type of leaking traps was 

introduced (c.f. section 5). Quenching, however, mayalso occur if 

additional so-called killer eentres are present, This causes a 

competitive, radiationless, recombination path for free electrous 

and holes. If this process occurs more rapidly than radiative 

recombination with empty acceptors, it can be derived that the TSL 

curve has the same shape as in the case of the two level model with 

ó = I even when retrapping is neglected. 
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9. The influence of the mobility on the TSC curve 

The tempersture dependenee of ~ is determined by the scattering 

mechanism of electrons. Often the mobility is found to be pro-
• _3;;z 

portlonal to T 

eentres [~7]), to 

(dipoles [39]). 

(acoustical phonons [36] , to T0 (neutral impurity 

T~2 (charged impurity eentres [38]) or to T42 

The thermally stimulated conductivity oTSC' is given by 

oTSC = n q 11 (49) 

Hence, it might be concluded that in these cases the tempersture 

dependenee of mobility will not strongly influence the shape of the 

TSC curve, since n generally changes much more rapidly with 

tempersture. 

L.r-----.--

1, 
2 

190 200 210 
_..:....,. TCK) 

figure 13 The influenae of the variation of the 

mobility due to aharged impurity saattering 

on the shape of the TBC aurve with E = 0,516 eV, 

sh = 10 12 s-1• ö = 0.01 and w = 0.1 Ks-1 

a \.1 is constant 

b \.1 rv T3t2/(a - a+) 
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However, in the case of scattering at charged centres, the 

mobility is also inversely proportional to the concentratien Ni of 

charged centres. When after illumination at low temperatures all 

eentres are neutralized, Ni increases when the phosphor is heated. 

In figure 13 is shown how the shape of the TSC curve is changed 

when the dominant scattering mechanism is due to charged centres, 

the concentratien of which is taken proportional toa- a+. Since 

both curves in figure 13 are normalized to the same scale it is 

clearly seen that the initial rise as well as the lower temperature 

side balfwidth are appreciably affected. The temperature of the TSC 

maximum, however, is hardly influenced. 

Hence when scattering is due to charged centres, methods based 

on the lower temperature side halfwidth or the initial rise produce 

a trap depth that is too low if applied on a TSC curve without 

correction for mobility variation. Those methods making use of the 

higher temperature side halfwidth or the variation of the maximum 

with different heating rates, yield correct results. 

Finally, it should be noted that when the mobility decreases 

exponentially with temperature due to polaron scattering at optical 

phonons [40), or increases exponentially with temperature as has 

been found in non-crystalline solids [41], the TSC curve may 

appreciably be affected. The consequences are comparable with the 

case of cross sections that depend exponentially on reciprocal 

temperature (section 7). 

10. Application on literature data 

One usually finds a significant difference between the shapes of 

measured TSL and TSC curves and those calculated from the simple 

model. Unfortunately, experimental data presented in the literature 

are often too inaccurate to allow a quantitative comparison with 

our theoretica! models. Nevertheless, we found two interesting 

cases which might illustrate the presented models. 

The first example is the comparitive study of thermally 

stimulated conductivity on CdS crystals of Dittfeld and Voigt [42). 

They stated that the initial rise analysis could not be applied 

because no straight line was obtained. A better proof that the simple 
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model is not valid hardly exists! Furthermore they found that the 

methods of Bube and Hoogenstraaten produced equal trap depths. The 

values found after application of the methods of Grossweiner and 

Luschik were lower, These results indicate a variatien of mobility 

(section 9) or that a trap distribution is present (section 4). In 

those cases the trap depth calculated with the methods of Bube and 

Hoogenstraaten is most significant. 

Barkhalov and Lutsenko also applied several methods on measured 

TSC curves of organic dyes [43]. The initial rise metbod could be 

applied and produced the same value of the trap depth as found after 

application of Bube's method. With the method of Booth [44], that is 

in fact a simplification of the metbod of Hoogenstraaten, a 

considerable higher value is found. This might be explained by 

assuming cross sections that depend exponentially on reciprocal 

tempersture (section 7). 

11. Genelusion 

From the results of this paper it fellows that the shapes of TSL and 

TSC curves depend strongly on the model that is used. We also showed 

that the values of the trap depth determined after application of 

most literature methods are unreliable if an extended model is used. 

Only the methad of Reagenstraaten appears to be rather insensitive 

for most of the extensions treated here. On the other hand, if the 

values of the trap depth calculated with different methods are 

mutually compared, one might be able to deduce the main reasen for 

observed deviations from the simple model. Such an attempt with our 

experiments on CdGa2s4 will be demonstrated. in part II of this paper. 

It is hardly necessary to point out that in reality the processes 

that can occur might be even more complicated than these considered 

here. Moreover, several of the treated model extensions can be 

present at the same time. An exact calculation will then be very 

difficult. Furthermore, not all possible extensions have been 

calculated yet, All these facts must be borne in mind when inter

preting results of TSL or TSC measurements. 

Nevertheless, the phenomena of thermally stimulated luminescence 

and conductivity deserve a lot of interest. Their most salient 

attraction is the rather simple way they can be measured. However, 
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in order to acquire insight in the occurring processes the use of 

a simple well-defined phosphor whose defect structure is precisely 

known, is a main condition. 
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4. RESULTS AND INTERPRETATION OF MEASUREMENTS ON CdGa2s4 

4.1 Hall effeat [24] 

4.1.1 IntPDduation 

It is to be expected that such a large amount of native defects as 

is present in CdGa2s4 (~2.5 mole %, see sectien 2.4) influences the 

scattering mechanism for free carriers. We measured the Hall 

mobility ~H' as a function of temperature under stationary as well 

as under transient conditions existing during the presence of a 

thermally stimulated current. 

The approximately circular samples were sawed, polished and 

provided with four nearly equally spaeed circular Ag centacts 

sputtered at the crystal edges in a square arrangement. For the 

evaluation of the Hall effect measurements we used the method 

described by van der Pauw [25]. 

4.1.2 Measurements under stationary aonditions of illumination 

Even at 360 K no dark conductivity could be measured because of the 

high value of the bulk resistance (>10 15 Q). The product of averaged 

photoconductivity ä, and crystal thickness d, was measured as a 

function of temperature using 365 nm radiation from a 150 W high 

pressure mercury discharge lamp provided with a set of suitable 

filters. The results are shown in figure 6. 

When a magnetic field B, is applied perpendicular to the supply 

current I, a Hall voltage VH' is induced that varies linearly with 

current and magnetic field intensity. From the sign of the Hall 

voltage it is concluded that the photoconductivity is n-type. 

The Hall mobility can be evaluated using the well known formula 

VH ä d 
~ =---
H I B 

( 17) 

lts measured variatien with T is given in figure 7. Between 120 and 

300 K the ~obility can be expressed by the empirica! formula 

( 
T I a 

~ = w-3 
H Tîöj . (m2 /Vs) ( 18) 

with a I. 35 ± 0. I 0. 
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In the most simple case the recombination of free electrous 

is determined by only one constant life time 'L The number N of 

generated free electrous per unit crystal area is then given by 

N D u ' (19) 

where U is the excitation intensity (35 Wm- 2 ~ 6 .!0 19 photons/m2 s 

at 365 nm}. 
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figure 6 

The measured produet of 

averaged photoaonduativity 

o, and ar-ystaZ thiakness 

d, versus reaiproaaZ 

temperature for CdGa2s
4

(-) 

Q 26-2 

ï4hen reflection at the crystal surface is neglected the value of T is 

calculated to be for instanee 6 .JO-a s at .300 K by combining (19) 

with 
(20) 

where q is the elementary charge. The value of Nis then 3.6 .1012 m-2
• 

Whether an exponential profile of the free electron density n, in 

the crystal can be assumed depends on the relative values of the 

absorption depth ~- 1 (~lo-s m at 365 nm, see section 2.5) and the 

diffusion recombination length lnR· The value of the latter is about 

2 .J0- 6 m according to 

(21) 
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where the diffusion coefficient D, is given by the Einstein relation. 

Therefore, in a first approximation n can be expressed as 

n = ns exp [-ax] (22) 

where x is the distance from the crystal surface and the concentratien 

of free electrous at the crystal surface ns' is given by 

n =Na s 
(23) 

When the measured values of N and a are inserted in (23) it follows 

that n increases from 2.9 ,10 15 m- 3 at 125 K to 3,6 .10 17 m- 3 at 

300 K. 

N 
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figure ? 

The Hall mobility ~8, versus 

temperature CdGa
2
s

4 
un~r 

stationar-y conditions of 

illumination. The dashed curve 

1
1 has been caZcuZated with Ni = 

,~1 2 .10 24 m- 3
, Nd 1026 m- 3

• The 
1 same curve is obtained takinn 

rl " 1 1o~;;O_L__c___720;;;0::---'--::::30!::::0-'--4;;!00 N . :::: 1. 9 • 10 2 4 m- 3 , N 1. 3 • 10 2 5 m- 3 • 

- HKl -z. u 

Relation (18) indicates that scattering in CdGa2s4 is mainly due to 

charged centres. The effect of ionized defect eentres on the mobility 

has been calculated by several workers [26,27,28]. Following Brooks 
\ 

the mobility ~i can be expressed as 

with 

~l 

2. 312 3;2 

64s (2k) ! [ln(l+b) 
!;z 3 t;2 N. 

7f q m 1 

8TI 2 e:mk2 T 2 

b = ----
q2.h2. n 

(24) 

(25) 

N. is the concentratien of charged defect centres, E the dielectric 
l. 

~onstant (sr is taken as 10), k and hare Boltzmann's and Plancks' 

constants, respectively and m is the effective electron mass (9. 10- 31 

kg). In (24) the factor between brackets has the effect of increasing 

the exponent of T and can consequently not account for the slightly 

different T dependences in (18) and (24). 
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Oppositely charged donors and accepters may attract one other 

forming ion pair dipoles. Such a dipole will be a considerably less 

effective scatterer of electrens than individual centres. The problem 

of finding an expression for the mobility ~d' due to dipole scattering 

is studied by Stratton [29] , Boardman [30] and Moore [31]. The first 

two authors mainly deal ~ith almost fully compensated semiconductors 

as is probably the case in CdGa2s4 since we found rather small free 

electron densities. Stratton obtained 

(26) 

with 

c = -n 
(27) 

where Nd is the concentratien of dipoles and p the average dipole 

moment (4. I0-29 Cm). 

With 
(28) 

the measured variatien of mobility ~H with temperature can adequately 

bedescribed taking Ni= 2 .1024 m- 3 and Nd = 1026 m- 3 (see fig 7). 

Another type of mechanism that may be of importance is scattering 

due to neutral defect centres. According to Erginsoy [32] the 

mobility ~u' can in that case be expressed as 

=~I 
~u !Oh3 E Nu 

where N is the concentratien of unionized centres. When we now 
u 

assume that 

we obtain a succesful fit with the experimental data taking Ni 

1.9 • 1024 m- 3 and N = 1.3 .1025 m- 3 • 
u 

(29) 

(30) 

It should be noted that scattering by acoustic phonons as 

described by Bardeen and Shockley [33] does not limit the observed 

mobility. In that case the mobility ~a is given by 

lla 

1 
(87r) '2 qh4cll 

3(211) 4E2m~'2 é2 .f'2 
I 
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where c11 is the average longitudinal elastiè constant (taken as 

toll Nm-2) and E
1 

the deformation potential for dilational strain 

for the conduction band (7500 eV/m). Both data are obtained from 

measurements on ZnS [34,35]. The value of ~a at 300 Kis about 

I m2/Vs which exceeds appreciably the measured value of 3.4 .10-3 

m2 /Vs. 

4.1.3 Measu~ements unde~ tPansient conditions 

When a semiconductor is heated after excitation at a low temperature 

the conductivity can temporarily be enhanced. Measurements of 

thermally stimulated conductivity (TSC) do not indicate whether this 

conductivity is due to free electrous or to holes. In other words, 

no statement can be made whether electrous are thermally excited 

from trapping eentres to the conduction band or from the valenee 

band to empty acceptor states. Since the distinction between these 

processes is of decisive importance for the construction of an 

energy level schema for CdGa
2
s

4 
we measured the Hall effect also 

under transient conditions existiug during the presence of thermally 

stimulated conductivity. 

The execution and interpretation of such an experiment is rather 

difficult. In particular, ~H can not be evaluated from (17) since 

od can not adequately be measured using a zero-current method. 

Therefore, we used the empirica! formula 

=f~ 
(32) 

BV 

where V is the supplied voltage, B the magnetic flux density, VH 

the Hall voltage and f a geometrical factor which is deduced from 

stationary measurements. 

At 80 K the sample is illuminated with 365 nm radiation during 

2 min. Subsequently, the TSC curve was recorded in the dark using 

a heating rate of 0.4 Ks- 1 and V= JO V (figure 8). Only one single 

peak is seen but it should be noted that for lower values of V, two 

peaks are measured in the same temperature region (section 4.2). 

Probably this is due to the formation of space charge at the cantacts 

for higher supply voltages. 
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During continuous heating the magnetic field is switched on 

several times alternatingly in both field directions. The response 

time appeared to be sufficiently small to allow accurate measurements 

of VH. Again the photoconductivity was n-type. The measured variation 

of ~H is also shown in 
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The HaU mobiUty ~H, 
versus temperature of 
CdGa2s4 during the 

presenae of the thermalZy 

stimuZated aurrent (TBC). 

The indiaated experimentaZ 

error is estimated from 

three measurements. 

The decrease of mobility might be explained as follows. It is to be 

expected that short distance ion pairs can not act as trapping eentres 

because of the overlap of electron wave functions [36]. Only those 

eentres that are sufficiently isolated become filled by excitation at 

lower temperatures. When all trapping eentres are filled the mobility 

at 200 Kwhere the thermally stimulated current starts, is mainly due 

to dipoles. With (26) the dipale concentratien is estimated to be 

4 .1026 m-~ When the temperature is raised,' the number of charged 

eentres increases since electrous are thermally excited from trapping 

levels to the conduction band. Hence, when (28) is used the measured 

variation of ~ can be explained assuming that N. increases with H 1 

temperature. The concentratien of charged defect eentres in the 

maximum of the TSC curve at about 265 K appears to be 2 .1025 m- 3
• 
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4.1.4 Conalusion 

Scattering in CdGa2s4 is mainly due to ionized native defect centres. 

A small contribution (~10%) is probably caused by dipales and/or 

neutral centres. The estimated high concentratien of defects from 

Hall measurements is not in contradietien with the value obtained 

from specific density measurements. However, consiclering the high 

defect concentratien it is very probable that higher order complexes 

are formed whose influence on the scattering mechanism is not yet 

known. Therefore, a better agreement between those values may not be 

expected using simple models as we did in this section. 

Measurements of the Hall effect under transient conditions provide 

valuable information for the interpretation of the results of TSC 

experiments. We found that the mobility decreased with increasing 

temperature. This is probably due to an increase of charged eentres 

during thermal emptying of electron traps. When this effect is not 

taken into account, this can lead to erroneous trap depth calculations 

(section 3.4.9). 

For a more precise analysis of the scattering mechanism in CdGa2s4 
studies over a range of illumination levels are of importance in the 

stationary as well as in the transient case. These experiments have 

to be carried out in conneetion with photoluminescence studies 

since the accupation of defect levels does not only depend on the 

excitation density but also on the values of cross sections. However, 

the interpretation of such experiments will be rather complicated 

since only very simple mathematica! models are available [22]. 
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4.2 ThermaZZy stimuZated Zuminesaenae and aonduativtty (37] 

4.2.1 Introduetion 

The aim of our investigations was to study some luminescence 

and photoconductivity properties of CdGa2s4• In this section we 

report our thermally stimulated luminescence (TSL) and 

-conductivity (TSC) results. The shapes of the measured TSL and 

TSC curves can be compared with the shapes calculated in 

section 3.4 for different extensions of the generally used 

simple model. Moreover, the values of the trap deptbs 

calculated with methods from the literature (section 3.3) can 

mutually be compared. It may then be possible to give an in

dication which extensions have to be introduced in the convent

ional two level model to obtain at least qualitative agreement 

between theory and experiment. 

4.2.2 ExperimentaZ arrangements 

The TSL curves were recorded for powdered monocrystals with an 

automized apparatus which is essentially the same as the one 

described by Kemper and Kivits [38]. For the TSC measurements 

a similar apparatus was used. In this case sawed and polisbed 

monocrystals with a size of about 5x5x0.2 mm were used. On the 

front side of a sample two circular Ag contacts were sputtered. 

The resistances of these contacts proved to be so low that they 

did not influence the results of the measurements as long as 

the applied voltage was lower than 5 V. In most cases we chose 

2 V. The temperature of both crystal bolders can be varied 

between 80 and 450 K. Linear heating rates between 0 and 

1.15 can be adjusted. It turned out, however, that heating 

rates larger than 0.5 Ks-1 could not be used because of the 

occurrence of a temperature delay. Moreover, we found that 

there exists also a lower limit of about 0.1 Ks-1• The reason 

for this will be discussed in section 4.2.3. 

The samples were illuminated by either the full spectrum of 

a 150 W high pressure Xenon lamp or with 365 nm radiation from 
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a 150 W high pressure Mercury discharge lamp provided with a 

set of suitable filters. It was proved that this did not cause 

any significant difference between the measured curves when a 

sufficiently long excitation time was used, 

4.2.3 Results and their interpretation 

The shapes of the TSL and TSC curves with heating rate 

w = 0,4 Ks- 1 are given in figure 9. Each of the two curves 

t 

100 150 350 
---T<K) 

figure g The TSL and TSC curves of CdGa2si-J Q26-2 

(w = 0.4 Ks- 1
). The value of the maximum 

emission wavelength Àem during heating is 

indiaated. 

consists roughly of two peaks but more precise analysis shows 

that the higher temperature peaks bath are composed of at least 

two peaks which cannot accurately be separated by the metbod of 
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thermal cleaning (39]. Therefore our discussions will be 

restricted mainly to the peak at 215 K in the TSL curve and at 

235 K in the TSC curve. 

The most remarkable difference between the TSL and the TSC 

curve is not the difference between the peak temperatures which 

can be qualified as "normal" in the two level model, but is the 

absence of any measurable conduction in the low temperature 

region where a decay of luminescence is observed in the TSL 

curve. Another interesting feature of the TSL curve is the fact 

that the wavelength of the emitted luminescence differs for the 

two temperature regions as is indicated in figure 9. 

Before we present the results of the trap depth calculations 

we first discuss the existence of a lower limit of the heating 

rate. Consider figure 10 where the methods of Bube [17] and 

BÖer et al. (40] are applied on experimental data. According to 

figure 10 

The applieation of 
!!! l.O 1.0 - the methods of 
ë .... 
=> CdGat34 H0.26-2 :: Böer et al. (A) Li ;: ... 
!! 

~r 
and Bube (B) on O.!l 

E _, the TSL curve of 

I 02 0.2 
CdGa2S/-) Q26-2 

demonatrating the 

deviations from 
0.1 0.1 

the theor-etiaaZ. 

formula for- high 
0.05 o.os and low values of 

the heating rate w. 

4.5 4.6 47 1..8 4.9 5.0 5.1 The temperature at 
- 103JTmiK"11 whieh maximum in-

tensi ty oeaurs is 

repr-esented by Tm. 
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these methods a straight line must be obtained when the maximum 

intensity·Lm,· and heating rate w, respectively, are plotted 

versus reciprocal temperature of the TSL maximum Tm for differ-

ent heating rates. It is seen clearly that deviations occur for 

w > 0,5 Ks- 1 and w < 0.1 Ks-1• For higher heating rates this 

deviation is definitively caused by a temperature delay as is 

already mentioned in the previous section. The explanation of 

the mismatch at lower values is more difficult and is based on 

rather speculative arguments. Due to the high defect concentrat-

ion in CdGa
2
s

4
, leaking to acceptor eentres will occur from a large 

number of traps because of the small mean distance between defects 

(about 10 R for 2.5 mole% of vacancies). Insection 3.4.5 it was 

stated that the number of electrans that recombine via DA transitions 

increases with increasing heating rate. These electrous do not 

contribute to the conduction and to the TSL peaks at higher 

temperatures. Hence, the smaller the value of the heating rate, the 

larger the deviations from the formulae of Bube and BÖer et al., 

since the maximum intensity will be relatively too small and the 

temperature of the maximum too high. For the calculation of the trap 

depth we used only measurements with heating rates between 0.1 and 

0.5 Ks- 1• 
For. the first peaks in the TSL and TSC curves we give in 

table 4.1 the results of trap depth calculations using some 

methods from which it is known how the results are influenced 

by model extensions. We give also the relative deviation of each 

calculated value with respect to the trap depth obtained with 

the method of Hoogenstraaten since it was shown (section 3.4) 

that this methad is least influenced by extensions of the simple 

two level model. The relative deviations can be compared with 

the average values that we calculated in table 2 of sectien 3.3. 

For the methods applied on our present results this table can 

be used in both the TSL and the TSC case when two trapping 

levels (concentration h1 and h2, h2 >> h1) and a recombination 

centre are present. The most striking agreement is at first 

sight obtained in the TSC case. All relative deviations indicate 
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Table 4.1 

The trap depth of the first TSL and TSC peaks in CdGa2s 4(-) Q26-2, calcu1ated with 

some methods from the literature. The nUlllbers of the methods correspond with section 3.1 

The values in parenthesis are the relative deviations -with respect to the results of 

the metbod of Hoogenstraaten (%). 

trap depth (eV) 

Metbod nr Author(s) TSL TSC 

2 BÖer et aL [40) 0.59 ± 0.01 (+7) 0.40 ± 0.01 (+8) 

4 Hoogenstraaten [16] o.ss ± 0.01 (0) 0.37 ± 0.01 (0) 

5 Bube [17] 0.50 ± O.Ol (-9) o.37 ± o.o1 (0) 

16 Chen 4 [19] 0.59 0.01 (+7) 0. 29 ± Q.Ol (-21) 

23 Chen 8 [19) 0.69 ± 0.01 (+26) 0.34 ± 0.01 (-8) 

25 Randall/Wilkins [12) 0.44 ± 0.02 (-20) 0.49 ± 0.02 (+32) 

26 Crossweinar [20] 0.62 ± 0.01 (+13) 0.32 ± 0.01 (-13) 

28 Dus se 1/Bube [41] 0.58 ± 0.01 (+5. 5) o.3o ± o.Ol (-19) 

30 Sandomirskii/Zhdan [21] 0.59 ± Q.Ol (+7) o.3o ± o.o1 (-19) 

that the model with h2 >> h1 can possibly be applied. In that 

case E = 0.37 : 0.01 eV and ë ~ 2 are found. There are, however, 

several reasons to doubt this conclusion: 

- The most decisive argument is that the trap depth calculated 

from the corresponding TSL peak differs significantly which 

fact cannot be explained in the simple model. 

According to the method of Garlick and Gibson [42] a plot of 

the logarithm of LTSL' the TSL intensity, or of Irsc• the 

thermally stimulated current. versus reciprocal temperature 

should yield a straight line in the initial part of both 

curves with slope - E/k. 

From figure 11 it is seen that no straight line is obtained 

in either of the two cases. 

- The difference between the TSL and the TSC curve in the lower 

temperature region is not expected from the simple model. 
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- When the TSL curve was measured after the phosphor was kept 

in the dark at 80 K during 10
5 

s, the integrated luminescence 

intensity was about 15% smaller than the lightsurn obtained in 

the case the heating started immediately after illumination, 

This decrease is much too high when the simple model is 

assumed to be valid. 
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figu.re 11 

The initial rise analysis 

of the TSL and TSC aurves 

of CdGa2S4(-) Q 26-2 

The results of our thermoluminescence experiments indicate that 

in CdGa2s4 a distribution of trapping levels is present. 

Qualitatively it can then be explained why the shapes of the 

TSL and the TSC curves differ at low temperatures since these 

electrens which are captured by a donor centre at a short distance 

from the nearest acceptor, recombine via DA transitions. This is in 

agreement with the fact that the emission spectrum for TSL changes 

during heating. With the concept of a leaking trap (section 3.4.5) 

the decrease in the light sum of 15% when the phosphor is kept at 

80 K in the dark can be made plausible. An exact calculation, how

ever, is impossible since the distribution of eentres is unknown. 

The introduetion of a distribution of levels cannot account 

for all observed phenomena. Most applied methods yield a trap 

depth that is higher than the value obtained with 

Hoogenstraaten's method. This is caused by the fact that the 

halfwidths at the lower temperature sicles of the TSL and TSC 

curves are too small. None of the extensions treated in sectien 

3.4 leads to smaller halfwidths. Therefore, the crigin of a 

deviating half width remains unclear. 
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For the first peaks in the TSL and TSC curves it is possible 

to fit the experimental data witb a theoretica! model consisting 

of two thermally disconnected traps and one recombination 

centre. This fitting procedure is described in section 3.2. The 

following values of actual parameters are then obtained:' 

E = 0.76 eV, s = 10 17 s- 1, Ö = 2 and ~ = 10- 3• Although obvious

ly the difference between the trap deptbs calculated from the 

TSL and TSC curves may be explained by assuming a'relatively 

small concentration of thermally disconnected traps, the ex

tremely large frequency factor indicates that no pbysical value 

can be attached to tbe calculated results. 

A difference between the trap deptbs calculated from TSL or TSC 

curves might occur when the capture cross sections depend exponentially 

on reelprocal temperature. However, such a large difference as we 

found is improbable in view of the results of Hoogenstraaten's 

metbod (section 3.4.7), Also there may be an influence of the variatien 

of mobility (section 3.4.9) since the scattering mechanism in CdGa2s4 
is mainly due to ionized defect eentres (section 4.1). However, for 

tbis model extension the metbod of Hoogenstraaten is rather insen

sitive. 

Another possible explanation for the calculated difference is 

that the two traps in CdGa2s4 are not sufficiently thermally 

disconnected (section 3.4.6). Quantitative supportfortbis 

argument can not easily be given because of mathematica! 

complications, 

When the metbod of Hoogenstraaten is applied on the second 

peak in the TSL and TSC curves, 0.65 ! 0.04 eV is found in both 

cases. This value must only be taken as an indication since both 

peaks are complex as already mentioned. 

It must be concluded tbat a satisfactory explanation for the 

measured shapes of the TSL and TSC curves in CdGa
2
s
4 

cannot yet 

be given. 

CdGa2s4 (Ga) 

In figure 12 the shapes of the TSL and TSC curves for CdGa2s4 
grown with an excess of Ga are shown. Again no TSC is measured 

in the lower temperature region while there the TSL curve shows 
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a monotonically decreasing intensity. In both curves a single 

main peak of identical shape is measured at 215 K 

(w a 0.4 Ks- 1
). This indicates that with the incorporation of 

Ga an additional trap is formed which merely acts as a charge 

reservoir (section 3.4.6). At first sight one would not expect this 

since the second complex peak has vanished. The small peak in 

the TSC curve at about 295 K is certainly not caused by any 

thermally stimulated process since it also shows up during cool

ing of the crystal. 
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The TSL and TSC curves of CdGa2s
4 

(Ga) WR-14 (w = 0.4 Ks-1). 

The value of the maximum emission waveZength À during heat-
em 

ing is indicated. 

From figure 13 it is clear that the initial rise analysis 

does not yield a straight line. The shapes of the presented 

curves may indicate that a trap distribution is present (section 

3.4.4). The results of the calculation of the trap depth from 

the TSL and the TSC peaks in figure 12 are given in table 4.2. 

It is seen that the methods which use the higher temperature 

halfwidth (Lutschik and Chen 5) yield a value which is very low. 

This is probably caused by the fact that the peak which seem

ingly is a single one is not sufficiently isolated. Consiclering 
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the results for TSL it is seen that there exists a difference 

between the values calculated with the methods of Bube and 

Hoogenstraaten. This can be due to the influence of thermal 

quenching (section 3.4. 8). As is seen from tables 2 and 4 in 

section 3.4 the methods of Chen l and 2 both yield a smaller 

figu.re 1J 

The initiaZ Piee analysie of 

the TSL and the TSC aurve of 
CdGa

2
s

4 
(Ga) WR-14. 

value when a trap distribution and when thermal quenching are 

present. The other methods result in a higher value when the 

latter extension is introduced. This trend can be seen in our 

TSL results. 
Table 4.2 

The trapdepthof the TSL and TSC peako in CdGa2S4(Ga). WR 14, calculated with 

some methods front the literature. The values iu parenthesis are the relative 

deviations with respect to the results of the metbod of Hoogenstra.aten (%}. 

trap depth (eV) 

Metbod nr Author(s) TSL TSC 

2 BÖer et aL 0.495 ± 0.01 (+7 .5) 0.465 ± 0.02 (+8) 

4 Hoogens traaten 0.46 ± 0.01 (0) 0.43 ± 0.02 (0) 

5 Buhe 0.53 ± o. 02 (+15) 0.44 ± 0.03 (+2) 

10 Luschik [43] 0.27 0.02 (-41) 0.27 ± 0.02 (-37) 

13 Chen I [19] o. 35 ± 0.02 (-24) 0.35 ± 0.02 (-19) 

14 Chen 2 [19] 0.35 ± 0.02 (-24) 0.35 ± 0.02 (-19) 

16 Chen 4 (19] 0.48 ± 0.03 (+4) 0.47 ± 0.03 (+9) 

17 Chen 5 [19] 0.26 ± 0.02 (-43) 0.27 0.02 (-37) 

25 Randall/Wi1kins 0.45 ± 0.01 (-2) 0.45 ± 0.01 (+5) 

26 Grossweiner 0.51 ± 0.02 (+11) 0.50 ± 0.02 (+16) 

28 Dus se 1/ Bube 0.48 ± 0.02 (+4) 0.47 ± 0.02 (+9) 

30 Sandomirskii/Zhdan 0.49 ± 0.02 (+6.5) 0.48 ,± 0.02 (+12) 
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It is expected tbat in tbe interpretation of tbe results on 

CdGa
2
s

4 
(Ga) at least two extensions of tbe model are involved 

and exact calculations will tberefore be difficult. Nevertbe

less, we assume tbat tbe trap deptb corresponding to the peak 

at 215 K (w s 0.4 Ks-1) is 0.53 eV. This is calculated from tbe 

TSL curve with Bube's metbod since this method is less sensit

ive to tbe influence of thermal quencbing tban the method. of 

Hoogenstraaten. Tbis value is very close to the trap deptb of 

0.55 eV which is found in the undoped case after application of 

tbe metbod of Hoogenstraaten on tbe TSL curve. Hence, we con

clude tbat in both materials tbe same kind of trapping eentres 

causing the first peaks in tbe TSL and tbe TSC curves, are 

present. 

CdGa2s4 (Ag) 

Tbe sbapes of the TSL and TSC curves for w = 0.4 Ks- 1 are given 

in figure 14. It is seen that tbe TSL curve is composed of only 

one peak at about 215 K and a decay of luminescence at lower 
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The TSL and TSC curves of CdGa2s4 (Ag) Q31-3a (w = 0.4 Ks-1). 

The value of the maximum emission wavelength À during heat-em 
ing is indiaated. 
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temperatures the relative intensity of which is larger than in 

the undoped material. Again no conduction accompanies this 

decay. The small peak at 295 K in the TSC curve previously men

tioned is also present in this crystal. The emission spectrum 

during heating is simHar to the undoped case. The plot of 

ln LTSL and ln ITSC versus 1/T is also of the same shape as in 

figure 11. 

table 4.3 

The trap depth of the TSL and tsc peaks in CdGa
2

S 
4 

(Ag) Q31-3a, calculated with 

some methods from the literature~ The v&l\les in parenthesis are the relative 

deviations with respect to the results of the method of Hoogenstraaten (%). 

trap d"pth (eV) 

Method nr Author(s) TSL TSC 

2 BÖer et al. ().61 ± 0.02 (+9) 0.51 ± ().02 (+8.5) 

4 Hoogenstraaten 0.56 ± 0.02 (0) 0.47 ± 0.02 (0) 

5 Bube 0.57 ± 0.02 (+2) 0•50 ± 0.02 (+6) 

10 Lus eh ik 0.12 ± 0.02 (-79) 0.28 ± 0.01 (-40) 

!3 Chen l 0.18 ± 0.02 (-68) o. 33 ± 0.0! (-30) 

14 Chen 2 0.19 ± 0.02 (-66) 0.34 ± 0.01 (-28) 

16 Chen 4 0.39 ± 0.04 (-30) 0.42 0.02 (-11) 

17 Chen 5 0 .•. 12 ± 0. OI (-79) 0.28 0.01 (-40) 

22 Chen 7 [19] 0.27 ± 0.03 (-52) 0.49 0.01 (+4) 

23 Chen 8 0.46 ± 0.05 (-20) 0.50 0.02 (+6) 

24 Chen 9 [19] 0.21 ± ().02 (-64) 0.48 0.01 (+2) 

26 Grossweiner 0.42 ± 0.04 (-25) 0.45 0.02 (-4) 

28 Dussel/Suhe 0.39 ± 0.04 (-30) 0.42 ± 0.02 (-11) 

30 Saudomirskii/Zhdan 0.40 ± Q.04 (-29) 0.43 ± 0.02 (-8.5) 

When the calculated deviations with respect to the trap 

depth obtained for TSL by the metbod of Hoogenstraaten (table 

4.3) are compared with table 2 in sectien 3.3 the agreement 

with the case o in the order of 5 to 10, obtained by linear 

extrapolation from o = and o = 3, is striking. For the trap 

depth a value of 0.56 eV is then found. It is, however, improb

able that the simple two level model can be applied for similar 

reasens as in the undoped material. 
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Additionally, the measured shape of the TSC curve is in 

contradietien with such a high value of the retrapping ratio. 

Hence, the model has to be extended with at least a secoud 

electron trap. The concentratien of these trapping eentres must 

be less than the concentratien of defect eentres to which the 

peak at 215 K (w = 0.4 Ks- 1) in the TSL curve is attributed to 

explain the difference in the temperatures of the TSL and the 

TSC maximum. We conclude that the trapping eentres that cause 

the 215 K peak in the TSL curve of the undoped material are 

also present in the Ag doped case. 

The TSL curves for different In concentrations incorporated in 

the crystals are given in figure 15. It is seen that already at 

low In concentrations a peak at 110 K (w = 0,4 Ks- 1) is present. 

At higher dope concentrations there appears another peak at 

about 175 K. Both these peaks are not measured in the TSC curve 

(fig. 15d). Fora sample from the batch Q28-l theemission 

spectrum during heating is measured. The wavelength at maximum 

luminescence intensity is given in figure 16 as a function of 

temperature. It shows that the emitted wavelength decreases 

during the emptying of the traps which cause the TSL peaks at 

110 and 175 K. As in the undoped case the emission spectrum 

does not change for T > 220 K. 

The values of the trap depth which are calculated from the 

two new peaks are given in table 4.4. Gomparing the deviations 

with respect to the results of the metbod of Hoogenstraaten 

with the values of table 2 in sectien 3.3, the agreement is 

very good for both peaks when ó - 3. For the trap depth values 

of about 0.17 and 0.48 eV, respectively, are found. 

Our results indicate that in the recombination process ex

cited statesof trapping eentres are involved (section 3.4.3). 

It was predicted that the shape of the TSL curve in this case 

would be similar to the shape in the case 6 < 0.01 in the two 

level model. This is not confirmed by our experiments. The 

presence of a distribution of defect levels probably causes 

this difference. This distribution can be expected because of 

119 



the high concentration of incorporated Indium and is confirmed 

by the initial rise analysis which yields a similar picture as 

in figure 13. The increasing value of the emitted energy during 

4 
~ CdGa2S41Jnl028·6 a 'ë 
:I 

.ci 
lü 

...J 
3 

U) ... 
-' 

t TSL 
2 

CdGa2s~ <In> Q.28·4 b 

100 200 

figure 15 

The TSL curves for different vaZues of the In aonaentration 

(a: 0.014~ b : 0.09 mole %) in the avystaZs. 
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heating can be explained by assuming that the energy distance 

from the ground state to the excited state will differ for each 

defect. Higher excited states are reached when the temperature 

is enhanced. 

d 

u 
I!! ... 
.:.. 
I!! ..... 

1 

100 150 

figux>e 15 

The TSL auPVes foP diffePent values of the In oonoentPation 

(o: 0.8 and d: 3.4 mole %) in the orystals. The TSC aurve 

of CdGa2s4 (In) Q28-1 is given in d (w 0.4 Ks- 1
). 

121 



Table 4.4 

The trap deptbs calculated from the 110 and 175 K peaks in the TSL curve of CdGa2s4 (In) 

Q28-l. with some methods from 1:he literatut:e .. The: v.tlues in parenthesis are the relative 

dêviations 'with respect to _the results of the method: of Hoogenstraaten (%). 

Metbod nr 

2 

4 

5 

10 

13 

14 

16 

17 

22 

23 

24 

26 

28 

30 

] 
J 

i 

Author(s) 

BÖer et· al. 

Hoogenstraaten 

Bube 

Lus eh ik 

Chen l 

Chen 2 

Chen 4 

Chen 5 

Chen 7 

Chen 8 

Chen 9 

Grossweiner 

Dussel/Bube 

Sandomirski i/Zhdan 

550 

100 ISO 

figUY'e 16 

I 

200 

trap depth (eV} 

110 K 

Q;l7 ± 0.02 (+13) 

0.15 ± 0.02 (0) 

0.17 ± 0.02 (+13) 

0.047 ± 0.003 (-69) 

o. 046 ± 0.003 (-69) 

0.079 ± 0.005 (-47} 

V 

175 K 

0.52 0.03 (+8) 

0.48 ± 0.03 (0) 

o. 50 ± 0.03 (+4) 

0.18 ± 0.01 (-62) 

0.23 ± 0.01 (-52) 

0.23 ± 0.01 (-52) 

0.33 ± 0.02 (-31) 

0.43 ± 0.03 (-12) 

0.33 ± 0.02 (-31) 

0.39 ± 0.02 (-23) 

0.30 ± 0.02 (-38) 

0.35 ± 0.02 (-27) 

0.33 ± 0.02 (-31) 

0.33 ± 0.02 (-31) 

E 
1.9 ~ 

2.1 

2.2 

2.3 

250 300 
---t.,..,.T!KI 

350 

The value of the maximum emission wavelength Àem as a function 
of temperatUY'e for CdGa2s 4 (In) Q28-1. 
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4.2.4 Conalusion 

In section 3.3 it was stated that from trap depth calculations 

on the TSC curves of CdGa2s4 it might be concluded that "this 

phosphor is a good example of a case where the simple model is 

applicable". In this section we gave several examples that this 

model indeed seems to be valid. More accurate analysis shows, 

however, that in none of the considered cases the simple model 

can account for all observed phenomena. Even the introduced 

extensions as trap distributions and excited states do not lead 

to a quantitative understanding of the thermally stimulated 

processes which occur in this semiconductor. 
Nevertheless a more qualitative treatment of our results can 

lead to the construction of energy level schemes with which 

most of the observed phenomena can be understood. After the 

presentation of our photoluminescence and photoconductivity re

sults in the next section such schemes will be proposed. 

4.3 Photoluminesaenae and Photoaonduativity [44] 

4.3.1 Introduetion 

In this section we report our results on photoluminescence 

and photoconductivity spectra of CdGa2s4 in undoped as well as 

in doped material, For a qualitative explanation of most of the 

observed phenomena energy level schemes are proposed. However, in 

using them one must be aware of the exact meaning of such simple 

schemes to avoid erroneous conclusions. For instance, in figs. 21, 

27 and 32 distribution functions are schematically drawn for donor 

levels (the shapes are according to Reiss et al. [47]). From these 

levels transitions to the conduction band as well as to acceptor 

levels are indicated. For the first type of transitions the 

distribution function represents different donor ionization 

energies. In the case of DA transitions, however, it actually 

represents the different electronic states of a donor-acceptor pair 

as a system in the host lattice. 
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4,3.2 ExperimentaZ arrangements 

The luminescence and excitation spectra were recorded using a 

light current stabilized high pressure 450 W Xe are (Osram). 

Monochromatic light was obtained using a double prism mono

chromator (Carl Leiss). The sample was mounted on the crystal 

holder of a cryostat. The tempersture was controlled to be 

constant within 0.1 K and could be varied between 80 and 360 K. 

In case of the luminescence experiments the light emitted by the 

crystal was focussed on the entry slit of a prism monochromator 

(Aus Jena). Because of the low intensities to be measured 

(- Jo- 3wm-2
) a rather large slit width (0.5 mm) was used, re

sulting in a speetral resolution of 13 meV at 500 nm and 23 meV 

at 900 nm. A dry ice cooled photomultiplier tube (EMI 9558 QB) 

with an S 20 cathode was used as a detector. On the crystal 

edges two circular Ag contacts were sputtered for the electrical 

measurements. These contacts proved to have such a low resist

ance that they did not influence the results of the measurements 

as long as the supplied voltage did not exceed 5 V. The photo

current was measured with an electrometer (PAR 134). All results 

were corrected for the speetral response of the excitation 

system. The photoluminescence spectra were also corrected for 

the transmission and dispersion of the monochromator and the 

quantum efficiency of the photomultiplier tube. 

In this section we restriet ourselves to representative re

sults on the not intentionally doped CdGa2s4 (-). on 

CdGa2S4(0.I6! 0.02 mole% Ag) and CdGa2s4(3.4 ± 0.2 mole% In). 

4.3.3 ResuZts and diseussion 

We measured the photoluminescence spectra, i.e. the luminescence 

intensity L versus emitted photon energy hUem' at temperatures 

between 80 and 320 K for three different excitation wavelengtbs 

(Àexc) : 365 nm (3.4 eV), 400 nm (3.1 eV) and 425 nm (2.9 eV), 

see figures 17 a, b and c, respectively. The spectra consist of 

two broad bands in which no phonon structure can be observed*. 
-*----

Even at 4.2 K we did not succeed in resolving this structure. 
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At temperatures below 200 K the spectrum is dominated by a 

red band. With increasing temperature the intensity of this band 

decreases and a weak green band appears. Between 140 and 240 K 

the luminescence bands have equal intensity for some excitation 

7 
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'I! 

.0 
::) CdGa2S4< ·JQ26·1 
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CdGa2S4Ha26·1 ....! 

60 
Àexc • 36'5nm I 5 
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4 

16, 1.8 2.0 
-hvem<eVl 

figure 17 

Photoluminesaenae speatra of CdGa2s4(-) for different temperatures 

(KJ and exaitation wavelengths. 

a : 365 nm b : 400 nm 

energy between 2.8 and 3.5 eV. The temperatures where red emis

sion changes to green emission as a function of excitation 

energy have more accurately been measured (fig. 18). 
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An accurate evaluation of the excitation spectrum for 

luminescence, i.e. the integrated luminescence intensity versus 

excitation energy hUexc• between 140 and 240 K is difficult. 

Therefore we give these spectra only for two temperatures out

side the mentioned region (fig. 19). In the higher temperature 

region where the green luminescence band dominatea the lumines

cence spectrum, an excitation band at 3.1 eV caused by extrinsic 

absorption is present. From the lower energy cut-off an estimate 

can be obtained for the non-pbonon transition energy: 

2.75! 0.10 eV. About the same value is found from the higher 

7 
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.ri 
:;; 6 
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CdGa2s4 ( ·l Q26·1 
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figu;r'e 17 

Photolumineaaenae apeatPa of 

(CdGa2S4(-) foP different 

temperaturea (K) and exait

ation wavelengtha. 

a : 425 nm. 
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figure 19 

The e:x:aitation epeatra 

for photoluminesaenae of 

CdGa2s 4 (-) for two 

different temperatures. 
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figure 20 

The exaitation speetrum 

for photoaonduetivity of 

CdGa2s4(-) for different 

temperatures. Below 200 K 

no e:x:aitation peak is 

mBasured. 



energy cut-off of the luminescence spectrum at higher 

temperatures (fig. 17a), 

F~r T > 200 K a peak is observed in the excitation spetrum 

for photoconductivity, the photocurrent I h versus excitation p oto 
energy (fig.20). This peak moves to lower energies when 

temperature increases. At T = 360 K the zero phonon energy is 

estimated to be about 2.7 ± 0.1 eV. 

In section 4.2 it was concluded that there are at least two 

kinds of trapping eentres H1 and H2 , whose energy levels are 

broadly distributed. Furthermore, we assumed only one kind of 

acceptor eentres A. For a qualitative explanation of our present 

results we start from the energy level scheme in figure 21. 

conduction band 

Ya 

valenee band 

figu:t'e 21 

Proposed ene~ Zevel 

seheme of CdGa2S4(-). 

When the phosphor is excited below the band gap, extrinsic 

absorption can occur between occupied acceptor levels and the 

conduction band (transition UA), or between the valenee band 

and empty trapping states (U 1 and u2). Free electrous either 

recombine with holes in A (transition parameter cv.), or become 

captured by H
1 

or H2 CS 1 or s
2

, respectively). We assume all 

generated holes to be trapped (Sa)• Trapped electrous can 

thermally be excited to the conduction band (y
1 

and y 2). More

over, tunneling transitions (W
1

, w2) between donor and acceptor 

eentres are probable when the wavefunctions of these eentres 

overlap [16, 36]. 
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Assume that in CdGa2s4 donor eentres are filled and acceptor 

eentres are emptied by optical excitation at 80 K if their mutual 
0 

distance is larger than a certain value, say 85 A (c.f. our example 

in sectien 3.4.5). Consequently, these eentres can not play a role 

in extrinsic absorption processes at low temperatures. 

Above 200 K these eentres are thermally ionized. This is immediately 

clear for the trapping eentres since in section 4.2 we found 0.55 and 

0.65 eV for the trap depths of H1 and H2 , respectively. For EA we only 

determined the optical value (3.45- 2,75 0.70 eV). However, from 

this the thermal depth of acceptor eentres can roughly be estimated 

using a Franck-Condon ratio of 0.78 found for the self-activated 

centre in ZnS [8] . The thermal energy depth of acceptor eentres is 

then approximately 0.55 eV. 

104 ms 
-time!sl 

figu:t'e 22 

The deaay with time 

of the integraZ red 

Zuminesaenae band 

of CdGaé/-) at 
80 K. 

Hence, at low temperatures extrinsic absorption is mainly due to 
0 

eentres whose mutual distanee is smaller than about 85 A. DA transit-

ions between these eentres are assumed to be aecompanied by red 

lumineseence, The intensity of this band increases with higher 

exeitation energies {fig. 19) due to the fundamental absorption 

u0 • This also leads to red lumineseence since generally the 

capture cross sections for free electrens of associated donor 

eentres are mueh larger than those of acceptor centres. This is 

also the reasen why the green band is absent in this temperature 

reg ion. 
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Other support for the assumption that the red luminescence 

band is caused by donor-acceptor pair transitions is obtained 

from the measured time decay of this band (fig. 22). The result 

is in qualitativ~ agreement with the shape that is expected 

[ 46]. As we we re not able to measure the decay in. very short 

time intervals, it is impossible to calculate. a value for W or 
m 

aB from our data. 
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figure 23 

The integrated 

tumineeaenae intene

ity of CdGa2s4(-) 

versus temperature. 

The vaZue of the 

wave Zength À e~ emi t
ted in the maxirrrum of 

the photoZumineeeenee 

speetrum ie indiaated • 

The ratio between the probabilities for thermally stimulated and 

DA transitions from a trapping level increases with increasing 

temperature. This implies that the larger the temperature the more 

trapped electrous are thermally excited to the conduction band rather 

than recombine directly to acceptor centres. As a consequence the 

red luminescence band queuehes (fig.23). Simultaneously, the con

duction is enhanced and the intensity of the green band, due to 

transitions from conduction band to empty acceptor states, increases, 

At higher temperatures where Yl » W1 and y 2 » W2 for all trapping 

levels, the red luminescence bas completely vanished and only a 

green emission band is measured, 

130 



Above 320 K the intensity of the green band quenches since 

transitions from valenee band to acceptor states {ya) occur. 

The shift of the excitation peak in the photoconductivity 

spectrum to lower energies (fig. 20), can be explained by 

assuming that the higher the temperature, the deeper the trap

ping levels from which thermally activated transitions to the 

conduction band can occur. From this shift the widths of the 

trap distributions H1 and H2, can be estimated to be at least 

0.2 eV. The optical value of the trap de:pth, 3.4 - 2.7 = 0.7 eV, 

is roughly consistent with the thermal values determined from 

thermally stimulated luminescence experiments. 

The luminescence spectra for different excitation energies are 

given in figure 24. Compared with the spectra obtained on 

CdGa2s4 (-), the peak maximum energy of the red luminescence band 

as well as the zero phonon energy have a somewhat lower value. 

Moreover, the relative intensity of the green band with respect 

to the red band has decreased. The excitation spectrum for 

luminescence at low temperatures is essentially the same as in 

the undoped case. Since the red and the green band are not suf

ficiently separatedat high temperatures (fig. 24), the excit

ation spectrum could not be measured accurately. 

The thermal quenching of the red band when the sample is 

irradiated with 365 nm, is shown in figure 25. The behaviour at 

low temperatures is similar to the undoped material (fig. 23). 

The excitation spectrum for photoconductivity shows, contrary 

to the results for CdGa2s4 (-), extrinsic absorption in the 

complete temperature range (fig. 26). It is seen that the ex

citation peak shifts from 3.15 eV at 80 K toabout 2.85 eV at 

T > 280 K. 

To explain our measurements we assume that Ag ions form short 

distance complexes with defects causing H2• No charge storage can 

occur at these associates. This is in accordance with the fact that 

in the TSL curve the peak attributed to H2 has vanished (section 4.2). 

The associate H2-AAg is schematically indicated in figure 27, 
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CdGa2S4(Ag) fo~ diffe~ent 

tempe~atues and exaitation 

!ûatlelengths. 

a 365 nm~ 

b 400 nm. 
a 425 nm. 

7 
80 c 

.'!:! 
ï5 
J!Î 6 Cd~%l.Ag)Q31· 
:V 

_J A.exc • 425nm 

I 5 

1.8 2.0 22 2J. 2~ 

- h'lem<eVl - lwem<eVJ 

132 



After excitation at low temperatures long distance eentres of 

H1 become filled. Recombination of free electrous occurs either 

via H1 or H2 and short distance acceptor eentres A, or via 

H2-AAg complexes. All transitions are obviously accompanied by 

red emission. Since the concentratien of short distance complex

es is higher, the number of shallow levels in H2 is larger than 

in the undoped material. Therefore, an excitation peak in the 

photoconductivity can now also be observed at low temperatures. 

The higher the tempersture the deeper the donor eentres from 

which thermally activated transitions to the conduction band 

occur. This causes not only the shift of the excitation peak for 

photoconductivity but also the queuehing of the red luminescence 

band. 

At higher temperatures two luminescent transitions occur; 

direct transitions from deeper H2 levels to AAg (red), and 

transitions from the conduction band to empty long distance 

acceptor eentres A accompanied by green emission. 
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figu:re 25 

The integrated Zumineseenee 

intensity of CdGa2s4(Ag) 

versus temperature. The 

value of the wavelength 

emitted in the maximum of 

the photoZumineaeenee 

speetrum is about 650 nm for 

all temperatures. 
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The photoluminescence spectra for different temperatures and 

excitation energies are given in figure 28. The emission peak 

shifts to higher energies with increasing temperature. From 

figure 29 it is seen that the luminescence intensity increases 

with temperature until a maximum at 118 Kis reached. No ex

trinsic absarptien peak is measured in the excitation spectrum 

for luminescence (fig. 30). Above about 200 Kan excitation 

peak in the photoconductivity spectrum that shifts to lower 

energies with increasing temperature, is observed (fig. 31). 
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Some of the observed phenomena differ significantly from the 

results obtained on CdGa2s4(-) and can consequently not be ex

plained by the presence of a trap distribution only. Dur TSL 

and TSC results could qualitatively be interpreeed by assuming 

that In gives rise to two deep trapping eentres ·(section 4.2), 

Electrans trapped at these defects recombine via excited statea 

with holes bound to acceptor centres. This explained why the 

measured thermoluminescence was not accompanied by correspond

ing conductivity, The averaged thermal energy distauces between 

ground- and excited statea of the two In eentres were found to 

be 0.17 and 0.48 ev. respectively. 
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In figure 32 the levels of only one In centre are drawn. For 

simplicity, we represent the distribution of ground states by 

one single level. At low temperatures extrinsic absorption 

occurs due to UlnO' Thermally activated transitions (parameter 

Yrnl) followed by radiative transitions toA, are probable since 

the energy distance of 0.17 eV between In0 and In1 is 

sufficiently small. Obviously, the broad distributions of im

purity states in the band gap cause that no peak in the excitat

ion spectrum for luminescence can be observed. 

The higher the temperature, the higher the excited states 

that can be reached. This explains that the emitted energy and 

the luminescence intensity increase with increasing temperature. 

Thermal quenching of luminescence occurs due to competitive 
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f-i.gure 30 

The exaitation spectra for 

photoluminesaenae of 

CdGa2S /In) for two temper

atures. 
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figure 31 

The exaitation spectra for 

photoaonduativity of 

CdGaé/In) for different tem

peratures. Below 160 K no ex

citation peak is measured. 



transitions from excited states to the conduction band (y102) 

which explains the maximum in the luminescence intensity (fig. 

29). 

conduction band 

valenee band 

figU!'e 52 

Proposed ene~gy level saheme of CdGa2s4(In). The 

levels of only one In aentre ~e ~awn. For 

simpliaity, the distribution of ground states is 

~epresented by one single level. 

Absorption also occurs between the valenee band and the trap 

distributions H
1 

and H2• As in the undoped material this ex

plains why the peak in the photoconductivity spectrum shifts to 

lower energies with increasing temperature (fig. 31). 
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5. CONCLUDING REMARKS ON THE PROPERTIES OF CdGa2s4 

In section 4.3 we proposed energy level schemes for undoped as well 

as for doped CdGa2s4 , It was seen that most of the results could be 

explained in a qualitative way although some of the arguments used 

in interpreting the experimental results are admittedly speculative. 

One of the most remarkable features of CdGa2s4 is the high 

concentratien of native defecte in stoichiometrie ratio. We found 

a concentratien of 1027 m- 3 (~ 2.5 mole%) by camparing the specific 

densities measured with the hydrastatic balance and calculated from 

X-ray data. Additionally it was proved that large amounts of dopante 

could he added without any noticable change in crystal parameters. 

Further evidence was obtained from Hall effect measurements where 

the variatien of the mobility with tempersture under stationary as 

well as under transient conditions indicates a large concentratien 

of charged defects. Moreover, the results of our luminescence and 

conductivity experiments indicate that broad distributions of 

trapping levels caused by a large electrastatic interaction between 

defects, are present. 

We therefore conclude that the measured properties of CdGa2s4 are 

strongly influenced by a high native defect concentration. Although 

most of the luminescence and electrical properties of this phosphor 

are now in principle understood, the lack of knowledge about the 

defect structure of the not intentionally doped material seems to 

make a more quantitative description difficult. Until this problem 

is made accessible it is, in our opinion, not justified to perform 

luminescence and conductivity experiments with more refined 

techniques than now have been used. 
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Summcwy 

This thesis .can roughly be devided into two parts. One part deals with 

an evaluation ánd some extensions of the conventional model for 

thermolutninescence · (TSL) and thermally stimulated conductivity (TSC). 

In the other pàrt the result of this theoretica! study is used fot the 

interpr~tation' öf luminescence and conductivity experiments on CdGa2s4• 

Aftel( a brief historica! introduetion on luminescence the results of 

measurem~nts on some general properties of CdGa2s4 are reported in the 

secoud chapter. This ternary compound has a thiogallate structure with 

space group I4. A direct band gap of about 3.45 eV was found from 

optical absorption measurements. From X-ray diffraction experiments and 

specific density measurements we found that CdGa2s
4 

shows a remarkably 

high native defect concentradon ("-' 2.5 mole%) in stoichiometrie ratio. 

The third chapter contains three integral copies of our papers on 

theoretica! models for TSL and TSC. In the first paper a numerical 

solution of the kinetic equations governing these processes is pre

sented. A review of basic TSL and TSC theory is given in the secoud 

paper. Some approximating analytica! expressions for the trap depth are 

derived. The reliability of 31 currently used methods for trap depth 

determination is tested by applying these methods on numerically calcul

ated TSL and TSC curves. lt is concluded that if a simple two level 

model is valid the methods of Bube, Hoogenstraaten, Unger and: Garlick 

and Gibson yield a value for the trap depth that is correct independent 

of the values of the other model parameters, Some methods like those of 

Chen produce only reliable results for a specific value of the retrapping 

ratio. 

The influence of several model extensions on TSL and TSC curves and on 

the trap depth calculated with some methods from the literature is 

discussed in the third paper. It turns out that only the method of 

Hoogenstraaten is rather .insensitive for most of the considered 

extensions. 

In chapter 4 the experimental results are given, From Hall effect 

measurements we found that scattering in CdGa
2
s4 is mainly due to ioni~ed 

defects. The photoconductivity measured under stationary conditions as 

well as during the presence of a thermally stimulated current, appeared 

to be n-type. 
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The shapes of the TSL and TSC curves of undoped material, both 

consisting roughly of two peaks, could not satisfactory be explained 

with any of the considered model extensions. Nevertheless, we concluded 

that in the not intentionally doped material there are at least two 

kinds of trapping eentres with ionization energies of about 0.55 and 

0,65 eV. Some evidence exists that both levels show a broad 

distribution. Doping with Ag causes the higher temperature peaks in 

both curves to vanish while In gives rise to two new peaks in the TSL 

curve only, 

From our photoluminescence and photoconductivity experiments it 

follows that in the undoped material only one type of recombination 

eentres at 0.70 eV above the valenee band, is present. At low 

temperatures donor-acceptor pair recombination occurs, The presence of 

Ag in the lattice probably leads to associates in which no charge 

starage can occur, in accordance with the TSL and TSC results. From our 

experiments on In doped material it is concluded that excited states of 

indium eentres are involved in the recombination process. This Hlso 

explains the absence of indium peaks in the TSC curve. 

Finally, it is concluded that the high native defect concentratien 

strongly influences the luminescence and electrical properties of 

CdGa2s4• Although these are in principle well understood, the lack of 

knowledge about the defect structure of this material makes a more 

quantitative description of the measured properties difficult. 
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Samenvatting 

Het werk dat hier beschreven wordt bestaat ruwweg uit twee gedeelten. 

In het ene gedeelte worden verschillende modellen voor de interpretatie 

van thermoluminescentie (TSL) en thermisch gestimuleerde stroom (TSC) 

eksperimenten besproken. Aan deze modellen worden in het andere gedeelte 

de resultaten van metingen aan CdGa2s
4 

getoetst, 

Na een korte historische inleiding over luminescentie worden in 

hoofdstuk 2 enkele algemene eigenschappen van CdGa2s4 besproken. Deze 

ternaire verbinding heeft een thiogallaat struktuur met ruimtegroep I4. 

Uit optische absorptie metingen volgt een direkte bandafstand van 

ongeveer 3.45 eV. Door de resultaten van RÖntgendiffraktie- en soortelijke 

massa metingen te vergelijken is gevonden dat in CdGa2s4 van nature een 

opmerkelijk hoge kansentratie vakatures in stoichiometrische verhouding 

van de verschillende elementen aanwezig is (~ 2.5 mole%). 

Het derde hoofdstuk bestaat uit drie artikelen die alle betrekking 

hebben op theoretische modellen voor TSL and TSC. In het eerste artikel 

wordt een numerieke oplossing voor de kinetische vergelijkingen die deze 

processen beschrijven, besproken. In het tweede artikel wordt een over

zicht van de theorie die ten grondslag ligt aan TSL en TSC, gegeven, 

Hierin wordt ook nader ingegaan op de afleiding van formules waarin de 

trapdiepte uitgedrukt wordt in meetbare grootheden. De juistheid van 31 

van zulk soort uit de literatuur bekende uitdrukkingen is getest door 

met behulp hiervan de trapdiepte te bepalen uit numeriek berekende TSL 

and TSC krommes. Het blijkt dat binnen het kader van het eenvoudige twee 

nivo model de methoden van Bube, Hoogenstraaten, Unger en Garlick en 

Gibson een korrekte waarde voor de trapdiepte opleveren onafhankelijk 

van de grootte van andere model parameters. Sommige methoden zoals die 

van Chen, geven alleen goede resultaten voor bepaalde waarden van de 

retrapping faktor . 

In het derde artikel wordt de invloed van enkele uitbreidingen van 

.het twee nivo model op de votm van de TSL en TSC krommes, èn op de met 

enkele methodes hieruit bepaalde trapdiepte, geanalyseerd. De enige 

methode die tamelijk ongevoel1g blijkt te zijn voor de meeste van deze 

uitbreidingen is die van Hoogenstraaten. 

In hoofdstuk 4 worden de eksperimentele resultaten gepresenteerd. 

Met Hall effekt metingen is gevonden dat de verstrooiing van vrije 

elektronen voornamelijk plaats vindt aan geladen centra. Zowel onder 
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stationaire omstandigheden als tijdens.het optreden vàn de thermisch 

gestimuleerde stroÓm blijkt: de geleiding n-type te zijn. 

De 'TSL en TSC krommes van het niet bewust verontrE;litligde mater:iaal 

bestaan ruwweg uit twee pieken. De vorm hiervan kan met geen van.de 

besproken modellen bevredigend verklaard worden. Deze twee pieken worden 

veroorzaakt door tenminste twee verschillende traps, gelegen op ongeveer 

0.55 en 0,65 eV onder de geleidingsband. Deze waarden geven hoogstwaar

schijnlijk alleen de plaats aan van het maximum van brede trapverdelings-
' funkties. Het verontreinigen met Ag heeft tot gevolg dat de piek bij de 

hoogste temperatuur in beide krommes verdwijnt. Indium veroorzaakt twee 

nieuwe pieken, echter alleen in de TSL kromme. 

Uit fotoluminescentie en fotogeleidingsmetingen volgt dat in het niet 

bewust verontreinigde CdGa2s4 slechts één rekomhinatie centrum aanwezig 

is~ op 0. 70 eV boven de valen·tieband. Bij lage temperaturen vindt donor

acceptor paar rekombinatie plaats, Zilver vormt waarschijnlijk een 

associaat met de trap die de piek bij hoge temperatuur in·de TSL en TSC 

krommes veroorzaakt, In het met In verontreinigde materiaal spelen aan

geslagen toestanden van de In centra een rol in het rekombinatie proces. 

T.enslotte. wordt gekonkludeerd dat de luminescentie-, en geleidinge

eigenschappen van CdGa2s4 globaal verklaard kunnen worden. 'Deze worden 

in ernstige mate beïnvloedt door de hoge kansentratie van defekten. De 

defektstruktuur vandit materiaal is echter nog te onbekend om in dit 

stadium van het onderzoek een meer kwantitatieve beschrijving van de 

eigenschappen te geven. 
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Het bewijs van Kelly et al., dat in een halfgeleider de kousentratie 

van de vrije elektronen bij een bepaalde temperatuur veel groter is dan 

de kansentratie van elektronen in een donorcentrum, berust op een 

foutieve veronderstelling. 

P.Kelly, M.J.Laubitz and P.Bräunlich, Phys.Rev.B i• 1960 (1971) 

2 

De door Tscholl berekende thermisch-gestimuleerde-stroom-krommes uit

gaande van een verdeling van energienivoos ten gevolge van coulombwissel

werking zijn niet juist. 

E.Tscholl, proefschrift TH Eindhoven 1967 

3 

Bij het meten van de diffusielengte en de dikte van niet-luminescerende 

lagen in LED's* met behulp van SEM** technieken neemt het scheidend 

vermogen - mede door de relatief groter wordende invloed van de opper

vlakterekombinatie - toe met afnemende versnellingsspanning. 

* LED: Light Emitting Diode 

** SEM: Scanning Electron Microscope 

4 

Bij optische eksperimenten kan een opgave van de hoeveelheid vals licht 

in procenten van de intensiteit een foutieve indruk wekken over de 

kwaliteit van de opstelling. 



5 

Het onderscheid tussen champignons van de eerste, tweede en derde soort 

kan aan de hand van de verhouding tussen de diameters van hoed en stam 

bepaald worden. 

6 

Uit het feit dat een buitenlandse vrouw, in tegenstelling tot een 

buitenlandse man, de Nederlandse nationaliteit kan verkrijgen door 

huwelijk met een Nederlands staatsburger, valt af te leiden dat de 

Nederlandse vrouw wordt achtergesteld bij de Nederlandse man. 

7 

Als gevolg van de wet universitaire bestuurshervorming 1970 besteden 

veel medewerkers van Universiteiten en Hogescholen een onaanvaardbaar 

deel van hun tijd aan andere zaken dan aan het wetenschappelijk 

onderwijs en onderzoek; tevens is door deze wet de besluitvaardigheid 

op de universitaire instellingen in ernstige mate aangetast. 

8 

Bij verkiezingen voor gemeenteraad, provinciale staten en tweede kamer 

moet de kiezer de mogelijkheid hebben, bijvoorbeeld door het invullen 

van een apart daarvoor bestemd vakje op het kiesformulier, kenbaar te 

maken dat de politieke situatie voor hem te ondoorzichtig is om zijn 

stem op verantwoorde wijze op een der partijen uit te brengen. De 

voorlichting over het gebruik van dit vakje is een taak van de overheid. 


