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Preface 

This thesis is one of the products of the co-op program that has 

recently been added to the program of Nuclear Engineering. This 

program places the student in one of the laboratories at Wright Field 

under the supervision of a leading scientist where he will not only be 

able to realize some original research, but also learn to appreciate 

the basic problems involved in research. It was hoped that the student 

would be so motivated that he would contribute after graduation from 

the Institute to the "in-house" research of the Air Force. 

I had the good fortune to be placed in the Aeronautical Research 

Laboratory under Dr. Bernard Kulp. Dr. Kulp is one of the leading 

authorities in radiation damage and is the only one in the country who 

is studying crystalline compounds with a low-energy electron beam. 

The six months that I spent under his guidance has provided the basis 

for several technical papers, the first of which has already been 

presented at the American Physical Society Conference in Baltimore m 

March 1962. Dr. Kulp gave freely of his time, personally guiding my 

thesis research as well as patiently teaching me the rudiments of 

Solid State Physics. I could not have hoped to have had a better arrange¬ 

ment or a more interesting experience in a laboratory. 
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The field of radiation damage, especially in fluorescent crystals, 

is a challenging problem. There are many that are interested in its 

complexities, but few that will spend the time to try to solve them. 

Low-energy radiation damage is an excellent supplement to the high- 

energy particle analysis associated with Nuclear Engineering. I 

sincerely hope that one of the results of this paper will be to interest 

future students to work in this fascinating field. 

Robert M. Detweiier 
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Abstract 

The fluorescence structure and the displacement energy of lattice 

atoms in single-crystal synthetic zinc selenide have been investigated 

with a low-energy electron beam probe. Fluorescence peak intensities 

at 77°K have been observed at 0. 45|a , 0.46p, 0.49m-. 0.5 25 m-. 0. 5 5p, 

0.64ml, 0.85p, l.Op, 1.25m-, 1.65p, 2.Op, and2.2p. The tempera¬ 

ture dependence of 5 of the more prominent peaks has been examined. 

The structured edge emission containing as many as 5 lines has also 

been observed. The threshold for the controlled growth of a broad 

0. 5 5p peak band was observed at 240 + 10 kev, which corresponds to 

a maximum energy transfer to the selenium atom of 8.2 ev. Although 

positive evidence is lacking, the causing defect for the 0. 5 5 p band 

appears to be the selenium vacancy. 

viii 
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THE DISPLACEMENT OF THE SELENIUM ATOM IN SINGLE-CRYSTAL 

ZINC SELENIDE BY ELECTRON BOMBARDMENT 

I. INTRODUCTION 

The purpose of this work is to investigate the relationship between 

the displacement of atoms in the lattice of single-crystals of zinc 

selenide and the existence of certain bands observed in the fluores¬ 

cence spectrum. The displacement of the lattice atoms was accom¬ 

plished by electron bombardment, while the fluorescence spectrum was 

observed as a result of ionization by ultraviolet (uv), x-rays, or 

electrons. The definition of the displacement energy for the selenium 

atom from the zinc selenide crystal lattice as well as the study of the 

fluorescence spectrum preceding this measurement are presented. 

Advantages of Electron Bombardment * 

Electron bombardment, as contrasted to heavy particle bombard¬ 

ment, provides a much more qualitative analysis of crystalline behavior. 

Neutron damage, for example, has been by far more intensively 

studied, but by the very nature of its damage little more than effect 

can be analyzed. In order to find the cause of crystal degradation and 

consequently the basic properties of its defects, radiation damage 
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would have to be minutely controlled even to the extent of being able to 

effectively account for defect ionization. Further, displacement of 

atoms by neutrons where there is a large transfer of momentum 

leads to a complex kind of damage such as formation of clusters and 

localized heating of the lattice, leaving the crystal in a state in which 

the distribution of the induced defects in nonuniform. Electrons, on 

the other hand, transfer a small momentum to the displaced atoms. 

The probability that such a displaced atom can produce further dis¬ 

placements is low.*9 One should expect, therefore, that in its simplest 

form, displacements by incident electrons will consist of individual 

vacancy-interstitial pairs called Frenkel defects. Interstitial atoms 

are defined as being any atom that is dislocated from the regular 

array of the crystal lattice. A low-energy electron beam has been 

used and been proven to be a very satisfactory probe for the energy 

measurement of these defects and for the subsequent recombination 

radiation and hence, a method for defect definition. 

The true complexity of this program has slowly become apparent. 

Each class of solid that has been investigated under bombardment be¬ 

haves differently, and with further study the individual members of 

each class have proven to be quite distinct. Thus, through radiation 

experiments, the noble metals copper, silver, and gold, which have 

2 
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often been treated as though they were alike, have proven to be quite 

different. Another important factor is the ability of radiation damage 

to heal its own induced defects, which is termed "annealing, " at ex¬ 

tremely low temperatures. Also, one finds that individual defects will 

perturb one another unless levels of exposure are kept very low, but 

even at such low levels the influence of impurities and existing lattice 

defects still complicates the picture in even the most carefully pre¬ 

pared crystal specimens. Different kinds of radiation will cause 

different results, so that the control of quality and intensity of the 

radiation is most important. 

Related Work 

In I957, D. C. Reynolds and L. C. Greene at the Aeronautical 

Research Laboratory, Wright-Patterson Air Force Base, reported 

they had produced green edge emission in cadmium sulfide, a II-VI 

compound, by proton bombardment at 1 mev.15 The mechanism for 

this production was merely observed, but not well defined. It was 

decided to explore the possibility that this emission might have been 

caused by the displacement of either the sulfur or cadmium atom from 

the lattice. Dr. Bernard A. Kulp was engaged for this work and subse¬ 

quently found, through the use of a low-energy electron beam probe, 

that this emission was due to the sulfur interstitial.10 Continued 
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work by Dr. Kulp on this compound over the past three years using the 

electron beam has resulted in establishing the threshold, which is the 

energy for the displacement of a lattice atom, for both sulfur and 

cadmium,11 and their effect on the near-infrared fluorescence.1^ The 

work has now expanded to other U-VI semiconductor compounds such 

as the sulfides, tellurides, and selenides of cadmium, zinc, and 

mercury. 
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H. SOME PHYSICAL AND OPTICAL PROPERTIES OF ZINC SELENIDE 

The properties of zinc selenide are generally known in%o far as the 

ones that are directly associated with cathodoluminescence and electro¬ 

luminescence. ^ The optical and fluorescent properties have only 

recently received enough attention to be accurately measured and even 

today, most of the theories associated with these measurements have 

not been extensively verified. The following sections present a 

review of some of the properties of this compound. 

Physical Properties of ZnSe Crystals 

Zinc selenide is a II-VI semiconductor compound which has an 

interpenetrating face-centered cubic lattice with a lattice constant of 

2. 8 X 10-8 cm at 3 00°K. This type of lattice is often referred to as a 

zinc blende structure.13 The macroscopic structure of the crystal, 

however, is not uniform. Crystals from the same preparation can 

vary from a very brittle opaque crust-like construction to a clear 

crystalline structure that can be easily cleaved. All of the various 

types of construction were investigated on the basis of their "as-grown" 

fluorescence pattern. 

The color of ZnSe varies from yellow to dark red. L. C. Greene 

of the Aeronautical Research Lab reports that the red crystals can be 
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made by cooking stoichiometric proportions of Zn and Se at about 

1200°C. The crystals are initially yellow in the early stages of growth, 

but turn a deeper red the longer they are cooked. This is most 

probably due to the more volatile selenium being sublimed from the 

crystal. This is supported by G. A. Zholdevich who reported that 

decreasing the selenium content in the crystal preparation was accom¬ 

panied by the appearance of an extended long wavelength tail in the 

absorption spectrum all the way out to 1. 0|i. ^ Thus, the red ZnSe 

crystals are characterized by a selenium deficiency. 
3 

The density has been measured at 5.42 gm/cm , which gives a 

value of 1.13 x 10^ atoms/cm^. 

The value for the heat of sublimation for ZnSe has been found to be 

65.0 kilocalories/mole. 9 From this value, the displacement energy 

for the selenium atom is roughly estimated to be about 11. 3 ev. 

Optical Properties 

The absorption edge in ZnSe has been known for quite some time. 

R. H. Bube measured this quantity to be 2. 8 0 ev at 90°K. He also 

measured the temperature dependency by photoconductivity response 

between 90°K and 400°K to be 

E(ev) = 2.80 - 0. 00072 T (1) 

where T is the temperature in degrees Kelvin.4 A later measurement 

6 
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by Reynolds, Pedrotti, and Larson of 2. 83 ev at 4.2°K confirmed the 

I L 
extrapolation of this dependency. ° G. A. Zholdevich found the band- 

gap to be 2.66 ev at room temperature, which is also in close agree¬ 

ment. 20 

Absorptivity experiments by Zholdevich have shown the maximum 

o o 
absorptivity band to be at 4437 A with a 0.7 A/degree Kelvin displace¬ 

ment. 

Reflectivity measurements on ZnSe have been done mainly by 

M. Aven, et al. of General Electric Research Lab.2 A number of 

optical constants in the 1. 0 to 10 ev range were obtained. Efforts by 

Dr. D. Langer, ARL, to reproduce these results have been unsuccess¬ 

ful. Aven also made some mobility versus temperature measurements 

using various doping agents, but did not use a large enough tempera¬ 

ture range to develop a good analysis.2 However, the ohmic resist¬ 

ance limits have been found to be 10^1 to 10^2 ohm-cm in undoped 

? n * crystals. 

Crystal Growth Characteristics 

Zinc selenide is a covalent compound that is characterized by a 

loosely packed structure with large interstitial spaces in which dis¬ 

placed atoms or impurities may lodge. ^ It can be grown from the 
• 

melt or vapor phase and can be made either "p" or "n" type. ® 

7 
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It forms solid solutions with most other II>VI compounds giving it a 

large variety of doping possibilities. Although there are several re¬ 

fined methods for the preparation of ZnSe crystals, single crystals 

are difficult to obtain because of the refractory nature of ZnSe and its 

pronounced tendency to decompose far below its melting point of 

1515°C.5 

The ZnSe crystals used in this experiment were grown at ARL by 

controlled zone-sublimation-recrystallization method developed by 

7 Greene, Reynolds, and Czyzak. Such vapor phase growth, as opposed 

to melt growth, has fewer native dislocations because of two basic 

reasons; first, vapor phase growth takes place at a lower temperature 

and secondly, the ingredients are never in the liquid phase so generally 

there are no stoichiometric gradients or impurity segregations. ^ 

Chemical Analysis 

In our experiments crystals from two separate preparations were 

used. The first run produced yellow crystals of various sizes and 

construction that were cleaned and ground as needed. Although the 

crystals were not intentionally doped, spectrochemical analysis showed 

copper, silicon, magnesium, and calcium present in quantities of 

about 0. 001% and silver, manganese, aluminum and iron in quantities 

of 0. 0001%. 

8 
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Crystals produced from the second run were of uniform crystal* 

line construction and were a dark red. These crystals could be 

easily cleaved so almost no grinding was necessary in their prepara¬ 

tion. They also were undoped, but their chemical analysis showed 

impurities of silicon, magnesium, manganese, beryllium, iron, 

chromium, calcium and silver in quantities of less than 0. 001% and 

copper in a quantity of less than 0. 01% 

# 

9 
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m. FUNDAMENTALS OF DEFECT PRODUCTION 

The interaction of energetic electrons with matter is a rather 

complex phenomena and it is useful to reduce this process to two 

categories based on effect rather than cause. The primary or direct 

effects consist of ionization of host atoms and defects, the displacement 

of atoms from lattice sites, excitation of atoms without displacement, 

interorbital electron excitation, and the transmutation of nuclei. Trans 

mutation takes place in the energy range of several mev, which is far 

above the electron energies of this experiment. Interorbital electron 

excitation of tightly bound states results in Auger electrons which 

cause further ionization, x-ray emission, or characteristic fluores- 

cence. Valence electrons are generally excited into the conduction 

band and this process can be classed as ionization. Atom excitation 

without displacement is dissipated by lattice vibrations and thermal 

ionization, which may or may not be radiative. The displacement of 

atoms is the object of this experiment, while fluorescence resulting 

from ionization of valence band and defect atom electrons provides the 

means by which displacement is observed. These two phenomena, 

displacement and fluorescence, will now be discussed. 
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Displacement of Atoms 

In radiation damage considerations, the most important character¬ 

istic of a collision is the energy transferred to the struck atom. This 

may range from zero in glancing collisions to a maximum, Tm, which 

is transferred in a head-on collision. Since the fluorescence is very 

sensitive to defect population, the energy at which displacements are 

first produced is most important. In a classical consideration of 

energy and momentum conservation it is easily seen that 

m 
4ml MZ 

(mj + M-,)' 
(2) 

where m^ is the electron mass, is the struck atom mass, and E 

is the electron energy. Using 240 kev as the electron bombardment 

energy necessary to displore selenium, Tm is 6.6 ev. However, the 

case of electron bombardment requires some modification of (2). 

Because of the small mass of the electron, it must travel at relativ¬ 

istic velocities in order to produce displacements, Formula (2) now 

becomes 

E + 2mjc E 

m 
c‘ 

2 

(3) 

where c is the velocity of light.18 Relativistic considerations change 
« 

Tm to 8. 2 ev. This value from collision theory is somewhat smaller 
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than 11.3 ev obtained from the heat of sublimation. 

The probability that a given amount of energy will cause a dis¬ 

placement can be measured in terms of a small area through which 

the electron must pass in order for this energy transfer to occur. 

If it is assumed that a selenium atom is always displaced when it re¬ 

ceives energy greater than its threshold energy and is never displaced 

at lower energies, the total cross-section for production of the selen¬ 

ium interstitial is 

16 it z| 

where a0 is the Bohr radius, is the selenium atomic number and 

Er is the Rydberg energy constant. The total cross-section rises 

steeply from zero at the threshold energy and then becomes constant 

as the bombardment energy increases. This equation applies for Tm 

between E¿, the atom displacement energy, and about 2 E^, where 

equation (3) is used to calculate Tm. For Tm much larger than E^, 

the cross-section in the limit approaches 

cr c 
8 IT 

(5) 

The calculated value of ac has a value of 246 barns. Figure 1 

12 
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FIGURE K THE CROSS-SECTION FOR SELENIUM 

ATOM DISPLACEMENT AS A FUNCTION OF 

ELECTRON BOMBARDMENT ENERGY 

13 
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shows the cross-section as a function of electron bombardment energy. 

Effects on Fluorescence Caused by Defects 

Most of the energy of the electron beam is dissipated in ioniza¬ 

tion of crystal host atoms and defects. It is reasonable to asstime 

that multiple-ionized states of defect and host atoms can exist each 

having their own fluorescent properties. Any radiation capable of 

producing ionization can therefore change the population of the energy 

states of a defect thereby causing a redistribution of electrons over 

existing defects. Any or all of these states are interchangeable under 

ionizing radiation and may or may not take part in recombination, so 

that one might observe the growth or decline of a particular fluores¬ 

cence band solely due to ionization of a defect. Thus, such a growth 

or decline would result from a change in the relative population of 

ionized states and therefore would generally not exhibit any threshold 

property. 

The total number of electrons in the conduction band increases as 

a result of ionization. This number is also a function of the tempera¬ 

ture since temperature increases cause increased lattice vibrations 

which can thermally ionize electrons from shallow traps. The transition 

of an electron to its ground state would clearly be a function of the 

number of electrons and defect recombination centers, temperature, 

14 
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41 
as well äs ä distinct probäbility fäctor thät such a transition can take 

place. Not all the conduction electrons are free to recombine, some 

being trapped at various energy levels in the band-gap. The energy 

position under equilibrium conditions in the band-gap where there is 

a 50% probability of trap occupation is called the Fermi Level. Con¬ 

sequently, this level would be dependent on any factor that changes 

the number of ionized electrons or the total defect population. 

The Fermi Level differs among undoped crystals since it is de- 

pendent on minute defects which are insensitive to chemical analysis. 

These defects tend to collect on surfaces, flaws, or boundary layers 

in the crystal. Thus the Fermi Level and the fluorescent spectra 

from different sections of the same crystal are frequently not the 

same.1 New defects, under bombardment, are randomly created in 

a crystal. The position of the energy levels of these defects in the 

band-gap will determine a shift in the various Fermi Levels and con¬ 

sequently an overall change in the recombination probabilities. Such 

a shift may lessen the probability for that center participating in a 

radiative recombination as well as enhance it. Therefore, defect 

production is not always accompanied by a fluorescence band growth. 
* 

Under excitation it is not appropriate to define a Fermi Level 

since there no longer exists a Fermi distribution of electron energy. 

15 
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According to the model proposed by A. Rose,17 the Fermi Level 

splits into two separate energy levels which he calls the Fermi Level 

for electrons, Efe, and the Fermi Level for holes, E^. These two 

levels are defined on the basis of 50% trap occupation, except Efe is 

concerned only with electron densities and E^ with hole densities. 

Figure 2 shows the location of these levels under the influence of elec¬ 

tron bombardment. 

A second set of energy lines shown in Figure 2 are termed lines 

of demarcation. Electrons in shallow traps near the conduction band 

generally do not take part in recombination since they are very easily 

ionized. The line of demarcation for^electrons, Le, is that energy 

position in the band-gap where the probability of a trapped electron 

capturing a free hole becomes greater than its probability for reiomza- 

tion. The line of demarcation for holes, Lh, is defined in the same 
• 

manner. One may conclude from these definitions that the recombina¬ 

tion of electrons and holes is chiefly determined by the centers that 

lie between the demarcation lines. Under heavy ionization, such as 

electrons or x-rays, there would be a shift of both lines of demarca-, 

tion toward the conduction band but not necessarily the same increment 

for both. This in turn would change the probabilities of an electron 

being trapped at or below the electron demarcation line and thus 

16 
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CONDUCTION BAND 

VALENCE BAND 

FIGURE 2! CONTINUUM OF ENERGY LEVELS 

IN THE BAND GAP, SHOWING THE POSITIONS 

OF THE LINES OF DEMARCATION AND 

FERMI LEVELS FOR HOLES AND ELECTRONS 

(NOT TO SCALE) 

( FROM REF 17: IB) 

IT 
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improve its chances for transition to its ground state. Under a less 

energetic source, such as ultraviolet light, the demarcation lines 

would move less radically thus affecting recombination to a smaller 

degree. An energy level within a few kT above the electron demarca¬ 

tion line would change from a reionizing level to a recombination center 

under heavy ionization, but would most likely remain a reionizing 

level under less intense radiation. Thus, this model affords a plaus¬ 

ible explanation of fluorescent spectra that are dependent on the source 

of excitation. 

18 
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IV. EXPERIMENTAL PROCEDURE 

Approach Problem 

Radiation damage in II-VI compounds is observable through changes 

in their fluorescent spectra. Since the spectrum of ZnSe was largely 

unknown, with the exception of the region near the band edge, the 

fluorescence was examined from the band edge to about 2.4p, the 

limit of this laboratory's equipment. This examination was done at 

room temperature and at liquid nitrogen temperature (77°K) since 

nearly all the fluorescent lines of ZnSe appear at these temperatures. 

The fluorescence was observed under three different sources of excita¬ 

tion. X-rays were used to excite the visible fluorescence to overcome 

the lack of intensity with ultraviolet. Band-gap light was used for the 

infrared region to preclude interference by the mercury spectrum and 

to exclude x-ray shielding problems. Electron excitation was used to 

provide a means to observe these fluorescent regions as well as a 

means to induce radiation damage. 

The displacement experiments were done with the electron beam. 

An electron accelerator in conjunction with a spectrometer was used to 

observe changes in the fluorescence pattern of ZnSe as a result of the 

production of crystal defects. The following generalized bombardment 

sequence shows a method for defining this phenomena. 
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Generalized Bombardment Schedule 

The fluorescence of an "as-grown" crystal is first excited by one 

of the above methods and analyzed. Subsequent electron bombardment 

is then carried out in energy regions based on classical calculations of 

energy transfer and heat of sublimation of ZnSe. The fluorescence is 

followed as a function of bombardment time. As the electron energy is 

changed through these displacement regions, one hopefully looks for a 

fluorescent band that will grow beyond a certain energy and will remain 

stable or decrease when the electron energy is below that value. If 

such a band proves to be controllable, so that it can be grown or 

destroyed under a given set of conditions, then one expects a correlation 

between the fluorescent band and the crystal damage at that energy. 

It is a well accepted fact that crystal defects are responsible for 

the various fluorescent patterns in ZnSe.1? To differentiate between 

interstitials, vacancies, and combinations of these, overlay experi¬ 

ments such as those on CdS can be tried.10’11 This is done by evapor¬ 

ating a thin layer of one of the constitutents of the compound onto a 

portion of the crystal; the remaining part is masked off to prevent 

deposit. The crystal is subsequently bombarded through the overlay so 

that the atoms of the overlay are driven down into the crystal by the 

incident electrons. This is done below the threshold energy for the 

20 
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production of the suspect interstitial atom from the crystal. If the 

fluorescence band appears on the unmasked section, one can strongly 

speculate a fluorescence band-interstitial relationship. If the particu¬ 

lar band does not appear, the causing defect can most likely be associ¬ 

ated with the vacancy. Densitometer traces of glass prism spectrometer 

pictures of the fluorescence can be used to verify any fluorescence 

change. 

The successful conclusion of this sequence does not offer conclusive 

proof of a defect-fluorescence band relationship since a change in defect 

population or their states of ionization may occlude or enhance this 

fluorescence. However, the overlay effect reproduced in a number of 

crystals combined with a well defined fluorescence band threshold pro¬ 

vides a necessary, if not a sufficient condition, for the production of 

the particular defect. 

21 
« 
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V. EXPERIMENTAL EQUIPMENT 

Crystal bombardment was carried out with two electron accelera¬ 

tors. The resulting fluorescence was analyzed with a spectrometer 

fitted with a photomultiplier and/or lead sulfide cell in conjunction with 

an X - Y or strip-chart recorder. The fluorescence spectra were also 

recorded on film of various sensitivity and wavelength response with 

X-rays and ultraviolet as the means of excitation. In the following dis¬ 

cussion each system is described in detail. 

Van de Graaff Accelerator and Associated Equipment 

Electrons have an energy range of about 150 kev to 1. 0 mev in 

this machine. The range which was used in this experiment was 175 

2 
kev to 500 kev at a steady electron d. c. current of 5pa/cm . The 

electron energy was calibrated at 300 kev with aluminum foil of 

0. 010 + 0. 0005 inches thickness mounted in front of an anthracene 

scintillation crystal. Extrapolated penetration of electrons gave a 

maximum range of 0. 081 gm/cm2 as compared with about 0. 082 

gm/cm2 from R. D. Evans,6 which gives an electron energy error of 

not more than + 5%. Crystals were mounted with a conducting cement 

{General Cement Silver Paint) on a copper finger extending from a 

cryostat as shown in Figure 3 . This arrangement facilitated tempera¬ 

ture control during bombardment from 77°K to room temperature. In 
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FIGURE 3: VAN DE gJaaFF CRYOSTAT 

SHOWING THE LOCATION OF CRYSTAL MOUNTING 
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some instances heating rods were used to extend this range to 5 00°K. 

As shown in Figure 3 , the cryostat can be equipped with a copper- 

constantan thermocouple so that crystal temperatures within + 5°K can 

be recorded. The cryostat is placed inside the Van de Graaff so that 

bombardment is generally done in a vacuum o£ 10“5 millimeters of 

mercury or less. By removal of the cryostat, crystals could be 

mounted outside of the evacuated chamber behind an aluminum window 

and bombardment carried out in atmospheric conditions, 

The crystal fluorescence was diffracted by a Perkin-Elmer 

spectrometer equipped with a type "O" Kodak lead sulfide cell operated 

at 45 d. c. volts bias or a RCA 5819, S-ll photomultiplier. Figure 4 

shows the schematic of this arrangement. The spectral response of 

the two detectors is shown in Figure 5 . The lead sulfide cell has a 

satisfactory response between 0.6p and 2.7p with peak sensitivity at 

2. Op, while the photomultiplier's useful wavelength response is be¬ 

tween 0.35p and 0.60p. Thus the spectrum can effectively be covered 

from 0.4p to 2.7p. 

The intensity of the spectrum as seen by these two detectors was 

recorded by a Moseley Autograf Two Axis Recorder. Its input signal 

from the photomultiplier was passed through a Keithley electrometer 

fitted with a decade shunt to give a greater range of intensity plot. 
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FIGURE SAÍ SPECTal RESPONSE OF THE 

LEAD SULFIDE CELL 

WAVELENGTH (MCRONS) 

FIGURE SB! SPECTRAL RESPONSE OF THE 

S-ll PHOTOMULTIPLIER 
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When the lead sulfide cell was used, the fluorescence was chopped at 

13 cycles per second. The detector signal was then amplified by an 

a. c. thermocouple amplifier, model 81, rectified, and fed into the 

Autograf. Wide range of intensity response was possible by varying the 

amplifier sensitivity and/or the Autograf amplitude scale. 

The temperature dependence of the spectrum peaks was recorded 

on two of the three channels of a Micromax strip recorder, while the 

third channel was utilized for the temperature readout from a copper- 

constantan thermocouple located either in the inner Dewar of the cryo¬ 

stat or mounted directly on the copper finger holding the crystal. 

The Perkin-Elmer spectrometer and Autograf were also usèd for 

the study of fluorescence stimulated by band-gap light. The source 

light was a Sylvania zirconium arc light with a CuSO^ filter placed be¬ 

tween the arc lamp and the crystal and a Corning type 2030 filter be¬ 

tween the crystal and the spectrometer. 

This arrangement of the Van de Graaff and its associated equip¬ 

ment gave excellent reliability for over 8 00 hours of crystal bombard¬ 

ment. * 

Cocker of t-Walton Accelerator 

The Cocker oft-Walton Accelerator was used for low-energy 

bombardments at 77°K or at room temperature. Bombardments were 
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carried out exclusively in a vacuum of 2 x 10'5 millimeters of mercury 

or less using electrons ranging in energy from 10 kev to 175 kev and 

beam currents of 2 to 6 ua/cm2. The crystal fluorescence was gener¬ 

ally followed visually during bombardment, however, most any readout 

recording system could be used. The dependabUity of this machine is 

indicated by the fact that 520 hours of bombardment was obtained in 

this experiment without any maintenance trouble. 

Glass Prism Spectrometer 

This spectrometer, used in taking film pictures, was designed and 

fabricated by Dr. Kulp and has a useful wavelength range of about 0. l\i 

to 0.7(1. This apparatus was arranged so that either x-rays from a 

tungsten target, FA 60 type x-ray tube or ultraviolet from a H-100; 

SP4 tube could be used as a means of crystal excitation while at 7 / K 

or at room temperature. Kodak Type 1 F, Type 103a F, and Type HI F 

were used in this experiment. Types 1 F and 103a F are extremely 

fast, while Type III F has a much lower response requiring exposures 

four times as long as the other two type films. All three types have a 

maximum sensitivity range from 0.46(1 to 0.68(1. 

Densitometer 

An NSL (National Spectrographic Laboratories, Inc.) Spec 
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Recorder, designed for spectral analysis, coupled with a Bristol strip- 

recording potentiometer was used to transfer spectral intensities from 

film to paper for ease of graphic display of fluorescence intensity. This 

densitometer has a variable sensitivity so that the spectral transfers 

show only relative intensity rather than absolute intensity. 

29 
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VI. DATA AND RESULTS OF 

ELECTRON BOMBARDMENT OF ZINC SELENIDE 

The experimental information presented in this section points out 

the manner in which crystals were initially examined, the fluorescence 

band patterns of the selected crystals, and the definition of a defect- 

fluorescence relationship in ZnSe. Corrections of the data curves for 

lead sulfide cell response have not been applied since these corrections 

do not change the peak values or the shape of the bands. However, all 

curves from the phototube have been corrected for tube response. Al¬ 

though this correction does not change any peak values, the shape of the 

curves, especially in the longer wavelengths, is greatly affected. The 

argument is based on relative sizes of the peaks as well as their growth 

rates, which are evident on the original curves, but obviously so on the 

corrected ones. 

Crystal Selection 

Zinc selenide has a variety of fluorescent colors. The general 

classes of fluorescence can be divided into four groups; blue, green, 

yellow, and red. These colors \^ere not only seen singly, but in various 

combinations that resulted in nearly all shades of color from dark blue 

# 

to a very dark red. 

Ultraviolet, x-rays, and band-gap light were used to stimulate this 
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emission for crystal selection. Initially, only uv was used, but only 

very few crystals were found that fluoresced intensely enough for 

spectrum analysis. However, when the crystals were broken the new 

edges fluoresced brightly. X-rays, on the other hand, increased the 

intensity by at least an order of magnitude in nearly all crystals. 

Therefore, since spectroscopy is enhanced by intensity and since a 

cross-section fluorescence is desirable, x-rays at 45 kv, 40 ma at a 

distance of about 3 cm from the crystal were used in place of uv. X- 

-4 
rays at this energy have a half-thickness attenuation of about 4 x 10 cm 

_5 
while uv penetrates a total distance of about 10 cm. 

Crystals from the second preparation fluoresced red or yellow at 

300°K or 77°K under uv or x-rays. The yellow fluorescence increased 

in intensity as it was cooled, while the red sometimes shifted to yellow. 

Under x-rays at 77°K, there was always an increase in intensity, es¬ 

pecially notable with the yellow. However, a green layer was observed 

on the red fluorescing crystals on the side closest to the x-ray beam. 

This could possibly be attributed to an increase in the ionization density 

in the first increment of the crystal. * 

Yellow crystals from the first preparation were used almost ex¬ 

clusively throughout the experiment. These crystals were separated 

under x-rays at 77°K into those which fluoresced blue, those which 

fluoresced green, and those showing essentially no fluorescence. 
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The Fluorescence Spectrum of ZnSe 

The fluorescence of ZnSe in the visible region has been studied by 

several investigators. 9,13 '16 With the exception of work by Avinor and 

Meijer3 on vanadium activated ZnSe, little reference is made to obser¬ 

vations in the infrared region of the spectrum. The fluorescence spec¬ 

tra of several ZnSe single crystals is described as well as the tempera¬ 

ture dependence and dependence on stimulating radiation of some of 

these fluorescence bands. 

Near Infrared Spectra. Figure 6 shows the spectrum of several 

ZnSe crystals at 77°K under electron excitation at 3 00 kev, 5. Opa/cm . 

The fluorescence peaks at about 0. 85p, 1. OOp, 1. 25p, 1. 65p, 2. Op, 

and 2. 2h- are observed. At 300°K only the 2. 0,1 and sometimes the 

2. 2|i bands are observed. Figure 7 shows the temperature dependence 

oí the most prominent bands in the range of 77°K to 300°K. The three 
t 

shorter wavelength bands decrease monatomically as the temperature 

is increased. The 2. Op.band however, reaches a maximum at about 

175°K. There is some variation in the temperature dependence of the 

1. 65p band which is seen at 300°K in some crystals. Neither the 1. Op, 

the 0. 85p, nor the 1.25p bands have been observed at 3 00°K. All of 

these bands are observed when the crystal is excited with band-gap 

light except that the intensity of the 2. Op band is generally much less 
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TEMPERATURE ( KELVIN ) 

FIGURE 7! THE TEMPERATURE DEPENDENCE OF 

THE INFRARED FLUORESCENCE BANDS IN ZNSE 

(ELECTRON EXCITATION) 



0 

GNE/Phys/62-5 

at 77°K compared to its intensity at 300°K. It should be noted that the 

relative intensities of bands vary from crystal to crystal and that any 

or all of the bands may be absent or present in different crystals. 

The origin of these bands is uncertain, but since the doping is 

accidental, it is probable that some of them originate from defects in 

the crystals, e.g., vacancies, interstitials, and/or combinations of 

these with impurities. 

Spectrum in Visible Region. Noticeable differences are ob¬ 

served in the visible fluorescence spectra when the crystals are ex- 
• 

cited with uv and x-rays or electrons. X-rays or electrons stimulate 
♦ 

very similar fluorescence patterns. One difference between uv and 

x-ray excitation is in the crystals showing a phonon structured edge 

emission at 77°K. In place of only two lines of the series,1** when the 

crystal is excited by x-rays as many as five lines may be seen. The 

intensity is also considerably increased. The emission very near the 

band edge on the other hand is not usually observed under x-radiation. 

In many crystals a second difference is observed as shown in Figure 8. 

The spectrum under uv light shows broad bands at 0.49(1, 0. 525|i, and 

0.64(1, while under x-rays the phonon structure lines at 0.458(1, 0.463|i, 

0.468(1, and 0.4745(1 are clearly resolved. The 0.525(1 band also 

appears, but with much less intensity than the structured emission. 
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FIGURE SI DENSITOMETER TRACES OF 2N6E • 

FLUORESCENCE UNDER X-RAYS AND ULTRAVIOLET AT 

LIQUID NITROGEN TEMPERATURE 
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Such is not always the case. In some crystals the structured emission 

does not appear in either excitation case and the spectra is the same 

whether the crystal is excited with uv or x-rays. Differences in spec¬ 

tra with different exciting radiation are common in fluorescent 

13 materials. 

In crystals which do not have the structured edge emission, two 

other bands, one at 0.46p and the other at 0.45p, are often observed 

under x-ray stimulation. These bands generally do not appear to¬ 

gether in the same crystal. The bands are observed also at 4. 2°K 

xmder uv and are located at about 0.45p and 0.44p respectively. These 

latter bands arise from centers which are different from the edge 

emission centers observed by Reynolds. The 0.45p band has been 

observed in a crystal which has the structured emission, a type II 

crystal, according to Reynolds. 

Discussion. The bands observed at 2. Op and 2. 2p in these crystals 

•a 

are very close to the bands reported by Avinor^and Meijer for vanadium 
# 

activated ZnSe, and while Ag and Cu were found in the spectral analysis, 

no vanadium was detected. The excitation spectrum of the fluorescence 

observed here was not measured so that no further comparison is 

* * possible. 

The observance of the intense edge emission at liquid nitrogen 

temperature under x-ray excitation while not under uv excitation can 

37 



GNE/Phys/62-5 

be explained in several possible ways. First, surface contamination 

can contribute since the uv light is strongly absorbed on the surface 

while the x-rays are not. This effect would seem to be eliminated if 

the crystals were cleaved, however even cleaved surfaces give the 

effect shown in Figure 8. A second possible explanation is that the 

number of centers ionized by the deeply penetrating x-radiation is 

several orders of magnitude larger than the number of centers ionized 

by the strongly absorbed uv. A third possible explanation could be that 

17 the demarcation level under uv excitation is below the defect level 

responsible for the fluorescence, hence the electron trapped at the 

defect is not in a ground state and available for recombination with a 

free hole with the emission of fluorescence radiation. (Note the model 

of a trapped hole and free electron is equally applicable. ) Probably all 

three causes are contributing to the effect although it has been observed 

that the crystals used were of very high resistivity. Nó edge emission 

is observed in low resistivity "p" type ZnSe, which supports the demarc¬ 

ation line effect. However, since neither the defect responsible nor the 

conditions necessary and sufficient for Observation of edge emission 

are known, the latter observation is not conclusive. 
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t 
« 

Displacement of the Selenium Atom 

The native defects in ZnSe, zinc and selenium vacancies and 

interstitials, are most likely responsible for some of the fluorescence 

bands observed under bombardment. It is the object of this experi¬ 

ment to correlate the production of one particular fluorescence band 

with the creation of the selenium defect. Even though the atomic 

weights of zinc and selenium are fairly close together, it should be 

possible to observe distinct thresholds for their displacement, one at a 

lower energy representing displacement of the zinc atom and one at the 

higher energy representing displacement of the selenium atom. Such 

measurements have been made on CdS by Kulp and Kelly, the sul¬ 

fur displacement being observed at 115 kev and the cadmium atom dis- 
t 

placement at 290 kev. It is reasonable to assume similar measurements 
t 

can be made in ZnSe. 

The experimental results which have led to the definition of the 

déplacement energy of the selenium atom in ZnSe are presented in this 

section. 

Displacement Data and Results. Figure 9 shows the initial curves 

of the fluorescence of a certain crystal of ZnSe under electron bombard- 

ment, which were taken at 3 50 kev, 5. Opa/cm (3 x 1010 electrons/sec), 

at 77°K in the Van de Graaff Accelerator. Large peaks at 0.46|jl and 

1. 6p are observed as well as a small peak at 1. Op. There is also an 
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obvious tailing off of the 0.46^ peak on the long wavelength side, 

which is evidence of possible 0.49p and/or 0. 525p bands. The 

crystal was subsequently bombarded with 10^® electrons/cm^ at 

energies ranging from 350 kev to 400 kev at 300°K. Figure 10 shows 

the spectrum at the completion of this series. These bombardments 

indicated that a new band with a peak value of 0. 55p was being pro¬ 

duced in this energy range at room temperature. When the electron 

beam was nemoved from the crystal for several hours, the crystal re¬ 

turned to its original fluorescence pattern indicating that the new band 

was unstable at room temperature. The infrared spectrum declined 

in intensity during these bombardments and was not further investi¬ 

gated. When bombardment was carried out at 77°K, one observes the 

intensity of the 0. 55p band to increase by a factor of 10 after 3 x 101® 

electrons/cm2 at 350 kev and even more rapidly at higher energies 

without any apparent saturation. The increased peak intensity can be 

plainly seen in Figure 11, which shows the fluorescence spêctrum 

after 3 x 10^ electrons/cm2 at 350 kev at 77°K. When compared to 

the original fluorescence of Figure 9 2-nd the fluorescence after room 

temperature bombardment shown in Figure 10, one observes that 

liquid nitrogen temperature appears to be much more favorable for 

the growth of this band. 

The intensity of the 0, 55p band as a function of bombardment 
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WAVELENGTH (MICRONS) 

« 

FIGURE IO: ZN8E FLUORESCENCE AFTER IO>8 ELECTRONS 

AT ENERGIES BETWEEN 350 KEV AND 400 KEV AT 300'K 
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WAVELENGTH (MICRONS) 

FIGURE IC ZNSE FLUORESCENCE AFTER 

I X 1017 ELECTRONS AT 350 KEV AT 77*K 

JL._ 
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time in the energy range between 225 kev and 500 kev is shown in 

Figure 12. It was observed that the growth rates of the 0. 55|¿ band 

were very nearly linear at all energies except at 500 kev. This ex¬ 

ception could be caused by the heating of the crystal, which possibly 

causes annealing or some saturation effect to take place. The rate 

of growth of the band at energies above 350 kev was so large that 

the spectra were taken at an energy of 275 kev, where the growth 

rate was small. The spectrum scan required about 7 minutes, which 

was approximately the time required for the peak intensity to double 

under 500 kev bombardment electrons. The increase in fluorescence 

intensity in the energy range of 250 kev to 300 kev was recorded after 

the crystal had been bombarded at a higher energy, at which the 

0.55(1 peak could clearly be identified. This was done to differentiate 

between the growth of the 0. 55|i band and the growth and decline of 

adjacent peaks. The growth of the 0. 525(i band near the threshold 

made low intensity peak resolution difficult. The growth rate of the 

0. 55|i Jjand can be observed without high energy bombardment by ob¬ 

serving a shift in the peak value of the broad 0. 525(i - 0. 55|i complex. 

The shift from 0. 525(1 to 0. 55(i occurs very slowly at energies between 

250 kev and 300 kev requiring long term bombardment for a complete 

shift. The 0.46(1 band also frequently overlapped the 0. 55(i band 
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FIGURE 12: THE RATE OF GROWTH OF THE 0.550 MICRON BAND 

AT VARIOUS ENERGIES AS A FUNCTION OF BOMBARDMENT TIME 
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which precluded seeing small changes in the 0. 55p band peak. 

Figure 13 shows the rate of growth of the 0. 55p band as a 

function of the electron energy. The linear portion of the curve 

shows the same steep rise in growth rate that would be expected from 

the sharp increase in the cross-section shown in Figure 1. One can 

conclude from Figure 12 and 13 that the threshold must be in the 

range between 225 kev and 250 kev. The slow growth of the fluores¬ 

cence at 250 kev is readily evident in Figure 14. The solid line 

shows the initial fluorescence at 77°K. As bombardment is contin¬ 

ued for 3 X 1017 electrons/cm2, the fluorescence changes to the dotted 

line in Figure 14. The bombardment time required for this small 
» 

change was 5 1/2 hours. 

The temperature dependence of this fluorescence band is shown 

in Figure 15. The peak fluorescence of the band was followed while 

•the temperature was raised from 77°K while being bombarded with 

275 kev electrons. It was noted that upon recooling to 77°K that the 

fluorescence peak did not return, as the infrared band peaks have 

been observéd to do under similar conditions. To further investigate 

this phenomena, an isochronal experiment was performed, which con¬ 

sists of raising the temperature of the crystal a few degrees while 

under electron bombardment and holding it at this temperature for 

some arbitrary length of time and then re cooling to obtain a spectrum. 
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FIGURE I»: THE RATE OF GROWTH OF THE O.B«0 MICRON 

BAND AS A 'FUNCTION OF BOMBARDMENT ENERGY 
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FIGURE 14! THE FLUORESCENCE GROWTH OF 

THE O.SftO MICRON BAND UNDER 250 KEV 

ELECTRONS AT LIQUID NITROGEN TEMPERATURE 
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FIGURE 16 ! THE TEMPERATURE DEPENDENCE 

OF THE 0.560 MICRON BAND WHILE UNDER 

275 KEV BOMBARDMENT ELECTRONS 
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The peak temperature is increased on each successive cycle until 

the temperature at which the fluorescence completely disappears is 

defined. The results of this experiment showed that the fluorescence 

peak decreased in intensity starting at about 85°K with complete dis¬ 

appearance of the band at about 130°K. 

Discussion. This experiment shows that the intensification of 

the 0. 55|i band in ZnSe under electron bombardment has a threshold 

between 225 kev and 250 kev. The necessity of conducting this ex¬ 

periment at liquid nitrogen temperature is borne out by the fact that 

the defect responsible for this band is very sensitive to temperature 

changes as shown in Figure 15. The instability of the fluorescence 

above 77°K indicates that this defect is a simple one, that is, it does 

not depend on a second impurity or another defect for its formation. 
■ 

A similar unreported threshold in ZnSe for the growth of the 0. 525|i 

band has been observed in the vicinity of 200 kev. 21 Therefore, since 

a definite threshold characteristic is exhibited, one can assume the 

0. 55|jl band to be a product of atom displacement of the heavier 

element and not a redistribution of electrons over the existing defects. 

The threshold observed here is for the displacement of the selenium 

atom from its lattice point, while the threshold near 200 kev is associ¬ 

ated with the zinc displacement. For convenience, a value of 

iftiii 
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240 + JO kev is taken as the displacement energy. This corresponds 

to a maximum energy transfer to the selenium atom of 8, 2 ev. 

It is interesting to note that the shape of the curve in Figure 13 

compares quite favorably to the probability of displacement curve 

for germanium reported by Loferski and Rappaport. 14 The fact that 

this does not coincide with the theoretical cross-section shown in 

'U1 
Figure 1 is to be expected. The displacement of an atom from the 

lattice does not take place at a definite energy. The vibrational 

motion of the atom and the isotope concentrations and the different 

ionization states of the lattice atoms contribute to the broadening of 

the displacement interval. The growth rates observed near the dis¬ 

placement energy, most probably as a result of these factors, point 

out the sensitivity of the electron beam probe for this type of analysis. 

On the basis of the calculated cross-section at 350 kev and an 

electron flux of 5 pa/cm^, the reaction rate, which is assumed to 

be equal to the atom displacement rate, is approximately 10^ selenium 

atom displacements/hour-cm^. The actual area of the particular 

crystal was about 4 mm2 as compared to the cross-section area of 

the electron beam of about 75 mm2. If we consider the electron flux/unit 

area to be uniform, a total of about lO*4 defects/hour are created in 

the crystal. The change in intensity observed at 350 kev from Figure 

11 resulting from a 5 hour bombardment is nearly 100 times the 
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detectable amount in a fluorescence change. Therefore, it is possible 

to observe a change in defect population of the order of 10*2 to 10*3 

by observing a change in the fluorescence spectrum. 

The temperature sensitivity of the 0. 55p band as shown in Figure 

15 as well as the disappearance of the band following a temperature 

cycle to room temperature indicate that this effect could be caused by 

either a redistribution of electrons over existing defects or an anneal¬ 

ing of the causing defect. If the destruction of this band is due to 

the redistribution of electrons over existing defects, the regrowth of 

the 0. 55fi band should not exhibit a threshold property. However, 

each time the band was destroyed, it was necessary to bombard the 

crystal above 225 kev at 77°K to restore the 0. 55|i band. Thus, the 

annealing process is most likely responsible for this effect. 

An attempt was made to differentiate between the selenium inter¬ 

stitial and vacancy as the causing defect for the fluorescence band by 

the interstitial diffusion experiment shown schematically in Figure 

16. The crystal was overlayed with a few micrograms/cm2 of 

selenium. Bombardment with 100 kev electrons at 2. 0 pa/cm2 for 

4 hours did not produce the 0. 55p band. Additional bombardment 

at 120 kev, 2. 0 pa/cm^ for .6 hours did not produce any change in 

the fluorescence. 
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Although one may postulate the selenium vacancy to be the causing 

defect, the results of this overlay experiment are not conclusive in 

this respect. However, the high mobility of the responsible defect 

observed in the sharp temperature dependency in the annealing experi¬ 

ment in addition to the results of the overlay experiment indicated 

that the 0. 55jjl band is most probably caused by the selenium vacancy. 

# 

f;» 
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VII. CONCLUSIONS 

The low-energy electron beam provides a unique means with 

which the analysis of crystal fluorescence can be made. It not only 

provides a discrete energy source for producing radiation damage, 

but also the ionization of these defects, which is necessary for their 

detection. The threshold energy measurements in CdS and ZnSe are 

analytical in nature and show conclusively that there is an energy 

dependent relation between particular fluorescence bands and the de¬ 

fects found in the crystal. Many other factors may be involved in 

these measurements, but are apparently well behaved and, in general, 

do not preclude the reproducibility of these experiments. The electron 

beam, by comparison to any other method of radiation damage, holds 

these parameters to a minimum so that defects may be singled out 

for examination. The resulting information is limited only by ones 

ingenuity and ones ability to analyize the data. 

The fluorescence band-defect relationships for zinc selenide are 

by no means solved. This work has just begun the long series of 

experiments on this compound that are necessary in order to have an 

intimate knowledge of just a few of its basic characteristics. Addition¬ 

al experiments are plainly evident at this time. The study of the 

infrared spectrum out to 5. Op could be examined with an InSb infrared 
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detector, which would provide a much more complete range of optical 

interest. A threshold for the production of the 0. 525(0. band has been 

observed at about 200 kev and has been assumed to be the displacement 

energy required for the zinc defect. Overlay experiments have not 

been conclusive in verifying this observation. All of the fluorescence 

bands that were observed in ZnSe crystals change under electron 

bombardment; some are destroyed with no apparent threshold, while 

others show no definite pattern. As yet, there is no way to identify 

which one of the several possible states of ionization a defect may be 

in to cause fluorescence. Photoconductivity and Hall measurements 

will certainly add strength, and may ultimately verify, the theory of 

interstitial-vacancy production at various thresholds in zinc selenide. 

All of the fluorescence bands must some day be explained in terms of 

defects, impurities, or lattice rearrangements. These problems 

pose an interesting challenge for further study in the field of radiation 

damage. 
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